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Abstract 

An accumulating body of evidence suggests that physiological reactive oxygen 

species (ROS) generated by NADPH oxidases act as a redox signal to re-establish 

homeostasis, a capacity that progressively declines during aging, but is maintained in 

long-lived animals to promote healthy aging. In the model organism Caenorhabditis 

elegans, ROS generated by dual oxidases (Duox) are important for extracellular matrix 

integrity, pathogen defense, oxidative stress resistance, and longevity. The Duox 

enzymatic activity is tightly regulated and under cellular control. Developmental 

molting cycles, pathogen infections, toxins, mitochondrial-derived ROS, drugs, and 

small GTPases (RHO-1) can activate Duox (BLI-3) to generate ROS, whereas NADPH 

oxidase inhibitors and negative regulators, such as MEMO-1, can inhibit Duox to 

generate ROS. Three mechanisms-of-action have been discovered for the Duox/BLI-

3-generated ROS: 1) enzymatic activity to catalyze cross-linking of free tyrosine ethyl 

ester in collagen bundles to stabilize extracellular matrices, 2) high ROS bursts/levels 

to kill pathogens, and 3) Redox signaling activating downstream kinase cascades to 

transcription factors orchestrating oxidative stress- and immunity responses to re-

establish homeostasis. Although Duox function at the cell surface is well established, 

recent genetic and biochemical data also suggests a novel role for Duoxs at the 

endoplasmic reticulum membrane to control redox signaling. Evidence underlying 

these mechanisms initiated by ROS from NADPH oxidases and their relevance for 

human aging are discussed in this review. Appropriately controlling NADPH oxidase 

activity for local and physiological redox signaling to maintain cellular homeostasis 

might be a therapeutic strategy to promote healthy aging.  
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Introduction 

How reactive oxygen species (ROS) influence the rate of aging is an unsolved mystery 

in biology. Chronic exposure to ROS accelerates the development of age-dependent 

diseases, such as Alzheimer’s disease, Parkinson’s disease, cancer, diabetes, 

cardiovascular diseases, and chronic inflammation. Thus, one could assume that 

using antioxidants to inactivate ROS would ameliorate accelerated development of 

these age-dependent diseases. However, in recent clinical trials, intake of antioxidants 

has been associated with a negative impact on human health [1-3]. Since ROS can 

cause molecular damage, organisms have evolved mechanisms that protect against 

abnormally high levels of ROS. Acute or low ROS exposure can initiate these 

protective mechanisms. In model organisms, this low or acute ROS exposure can 

increase lifespan of yeast [4-6], flies [7], nematodes [8-13], and rodents [14,15]. Low 

or acute ROS levels at the physiological level can act as a second messenger to alter 

cellular signaling, also known as redox signaling, and they are also important for 

adaptation against oxidative stress [16,17]. In cells, ROS can either originate as a by-

product of mitochondrial oxidative phosphorylation [18] or be produced via enzymes, 

such as nicotinamide adenine dinucleotide phosphate (NADPH)-oxidases [19-21]. 

Since NADPH oxidases are under cellular control, the ROS generated by NADPH 

oxidases is ideal for localized activation of redox signaling.  

In mammals, there are seven NADPH oxidases (NOX1-5 and Duox1-2). These 

NADPH oxidases are membrane bound enzymes that generate superoxide, which is 

important for cellular signaling, development, apoptosis, protein modification, and 

protection against pathogens [19-21]. The roles of NADPH oxidases during aging are 

discussed below in the conclusive remarks of this review. Here, I focus more on the 

role of Dual oxidases (Duox) for redox signaling and aging. In addition to the 
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superoxide-generating NADPH oxidase domain, Duoxs also have a peroxidase 

domain that converts the superoxide into hydrogen peroxide needed for the iodination 

of tyrosine in the thyroid hormone biosynthesis pathway in humans [22,23]. Mutations 

in Duox2 cause congenital hypothyroidism in humans [24]. Duoxs play important roles 

in tyrosine crosslinking, for instance in sea urchins eggs [25], Drosophila wings [26], 

and in the A. gambiae gut [27]. Furthermore, Duox are expressed in the respiratory 

and gastrointestinal tract in mammals [28], where they potentially could function as a 

host defense mechanism against infections similar as in Drosophila [29,30] and 

zebrafish [31]. In C. elegans, Duox function is also important for tyrosine crosslinking 

[32], immunity [33], oxidative stress resistance [13,34], and healthy aging [13,35] 

(Figure 1). Here, I discuss how the C. elegans Duoxs become activated and how the 

generated ROS acts in redox signaling to adapt to oxidative stress and re-establish 

cellular homeostasis.  

 

Insights of Duox functions from the model organism C. elegans 

The nematode C. elegans encodes two Duox genes (bli-3 and duox-2) that share a 

94% identical amino acid sequence to each other and about 30% to human Duox 1 

and 2 [32]. Similar to the human, the C. elegans Duoxs are 7-transmembrane 

spanning proteins containing an intracellular flavin adenine dinucleotide (FAD)-binding 

and NADPH-oxidase domain, two intracellular ER-hand calcium-binding domains, and 

an extracellular peroxidase domain (Figure 2). The amino acids involved in calcium 

ligation of the EF-hand calcium binding domain are poorly conserved, suggesting that 

the C. elegans Duox might not be activated by calcium binding [32]. In support of this 

observation, calcium was not required to stimulate ROS production when the C. 

elegans Duox was heterologously expressed in cultured human cells [36]. By contrast, 
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the peroxidase and the putative FAD-binding domains as well as the NADPH-binding 

regions are up to 90% conserved between C. elegans and humans [32]. The C. 

elegans Duox BLI-3 peroxidase domain covalently binds heme (Figure 2B), a 

prerequisite for its catalytic function [37], and in-vitro the peroxidase domain of BLI-3 

showed similar peroxidase activity compared to the human Duox1 [32]. Furthermore, 

treating C. elegans with NADPH-inhibitor diphenyleneiodonium (DPI) blocked BLI-

3/Duox-induced ROS production in vivo [13]. Together, this suggests that the C. 

elegans peroxidase and NADPH-oxidase are fully functional and that calcium might 

not be required for C. elegans Duox activation. Hence, the current model of C. elegans 

BLI-3/Duox function is that the intracellular NADPH-oxidase domain uses NADPH to 

reduce oxygen to superoxide, which is then rapidly converted into hydrogen peroxide 

by its extracellular peroxidase domain (Figure 2C).  

 

Tissue distribution of Duox in C. elegans 

The C. elegans Duox genes (bli-3 and duox-2) are located on the same chromosome 

about 2 kb apart in opposite directions and show high similarity, suggesting a gene 

duplication event during evolution. Both genes are expressed at low levels, but bli-3 

expression strongly correlates with the molting cycle during development, whereas 

significant duox-2 mRNA expression has not been observed [32]. Because no function 

of the C. elegans duox-2 has yet been observed [38,39], this review will focus on bli-

3 and all further mentioning of C. elegans Duox mainly refers to BLI-3. A note of 

caution, since bli-3 and duox-2 mRNA sequences are highly similar, RNA interference 

(RNAi) against bli-3 might also knock down duox-2.  

The BLI-3/Duox is predominantly expressed in epidermal tissue and in the 

gastrointestinal tract. Using BLI-3 antibodies, the BLI-3 protein has been detected on 
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the cell surface of the C. elegans hypodermal cells in a “string-of-pearls” pattern [32]. 

A promoter of bli-3 fused to green fluorescent protein (GFP) showed bli-3 expression 

in the intestine, hypodermis, and neurons [40]. Transgenic expression of mCherry 

driven by the bli-3 promoter and including the first two exons showed that bli-3 is 

expressed in the pharynx, hypodermis, and intestine [38]. This truncated BLI-3-fused 

mCherry expression product localizes to the cell membrane of the hypodermis and the 

apical membrane of the intestine in a punctate-manner [38], reminiscent of the 

previously mentioned “string-of-pearls” pattern. It would be interesting to know 

whether these BLI-3 puncta are important for its Duox function.  

 

The maturation complex of Duox in C. elegans 

In an elegant genetic screen searching for Duox-characteristic phenotypes, mutations 

in bli-3/Duox, doxa-1/DOXA, and tsp-15/TSP have been isolated [36]. Similar to 

mammals, the C. elegans Dual oxidase maturation factor DOXA-1 physically binds to 

BLI-3/Duox to recruit BLI-3 to the cell membrane [36]. The tetraspanin TSP-15 

complexes together with BLI-3 and DOXA-1 (Figure 3), and this is required for the BLI-

3 function [36]. Overexpression of BLI-3 is sufficient to increase ROS production in 

vivo, which is enhanced by overexpressing the three (BLI-3/DOXA-1/TSP-15) together 

in C. elegans [13], suggesting improved BLI-3 function of this matured BLI-3/DOXA-

1/TSP-15 complex. Because mammalian tetraspanin is found enriched in membrane 

microdomains, which are important for cell-cell communication [41-43], it is tempting 

to speculate that the observed BLI-3 “string-of-pearls” pattern might represent such 

microdomains.   

 

BLI-3-generated hydrogen peroxide catalyzes collagen crosslinking 
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The Duox bli-3 is an essential gene, since homozygous deletions (gk141 or gk3069) 

or knockdown of bli-3 by RNAi are embryonic lethal. This embryonic lethality can be 

rescued by expressing bli-3 cDNA in hypodermal cells [36]. Reduction-of-function 

mutations cause a blistering phenotype in the developing larvae and adults, which is 

reflected in the gene name (bli-3 = BLIstered cuticle -3; Figure 4). The cuticle is a 

collagenous extracellular matrix forming the exoskeleton of C. elegans [44]. Collagens 

are secreted from the hypodermis to integrate and form this multi-layered network of 

the cuticle [44]. RNAi knockdown of bli-3 solely in the hypodermis leads to a blistering 

phenotype [45], suggesting that BLI-3 might function at the cell-surface of the 

hypodermis. Reducing bli-3 function leads to detachment of the cortex layer from the 

basal layer of the cuticle, filling up this space with an opaque fluid (Figure 4) [32]. This 

fluid in the bli-3(mutant)-blisters is observed by electron microscopy [32] and also by 

GFP that is expressed in the hypodermis, but defuses into these blisters (Pdpy-

7::GFP; [36]). These hypodermal fluid-filled blisters are not observed by other 

blistering-causing gene mutations, such as bli-2, and therefore are characteristic for 

bli-3 and genes associated with bli-3-function, such as tsp-15 and doxa-1 [36]. It is 

unclear how the hypodermal cytoplasm leaks through the remaining basal part of the 

cuticle into the blisters. A likely explanation could be the loss of cuticle integrity leads 

to less protection against mechanical shear forces or other insults towards the 

hypodermis.  

The BLI-3 peroxidase domain requires heme binding to catalyze the 

crosslinking of free tyrosine ethyl esters to di- and tri-tyrosine linkages as shown in in-

vitro assays [32,46]. 99% of all di- and tri-tyrosine are found in the cuticle fraction, 

whereas these tyrosine crosslinks are almost absent in the remaining non-cuticular C. 

elegans lysates [32]. By contrast, vertebrate extracellular matrices rarely use tyrosine 
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for collagen crosslinking, instead use hydroxylated lysine residues for crosslinking 

collagens [47]. Hydroxylysine crosslinks are absent in the C. elegans cuticle but found 

in the second extracellular matrix of C. elegans, the basement membrane [48,49]. In 

vivo, mutations in the peroxidase domain as well as mutations in NADPH oxidase 

domain of bli-3 cause a blistering phenotype [36,50]. The superoxide generated by the 

NADPH oxidase domain is rapidly converted into hydrogen peroxide by the peroxidase 

domain, suggesting that mutations in the NADPH oxidase domain lead to less 

superoxide production required to be converted to hydrogen peroxide for the collagen 

crosslinking. Knocking down bli-3 by RNAi during development, but not during 

adulthood, causes this blistering phenotype [13]. Together with the observation that 

the expression of bli-3 spikes during the molting cycle [32], this suggests that lowering 

bli-3 function by either RNAi, mutations in the peroxidase domain, or NADPH oxidase 

domain causes inadequate crosslinking of the cuticle. Because hydrogen peroxide is 

crucial to catalyze the tyrosine crosslinking, one would assume that complete loss-of-

function mutations in the BLI-3 peroxidase domain should be lethal. Interestingly, a 

secreted heme peroxidase, MLT-7 (MoLTing defective), can convert the superoxide 

to hydrogen peroxide in the extracellular space thereby rescuing the function of the 

mutant BLI-3 peroxidase domain [36,50] (Figure 3).  

An interesting twist where loss of the BLI-3 peroxidase domain might be 

beneficial is under magnesium-induced dopamine toxicity conditions [51]. Due to the 

structural similarity between tyrosine and dopamine, the BLI-3 peroxidase domain 

might catalyze extracellular dopamine to neurotoxic 6-hydroxydopamine leading to 

reduced survival when C. elegans is exposed to high magnesium and dopamine levels 

[51]. A second phenotype where mutations in bli-3 are protective is under high iodide 

concentration [52]. Iodide in the presence of peroxidase and hydrogen peroxide can 
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iodinate tyrosine to 3-Iodotyrosine, an intermediate of thyroid hormone synthesis [53] 

and might also act as an inhibitor of dopamine synthesis [54]. Excess iodide leads to 

high ROS levels, detachment of the cuticle, and developmental arrest, which are 

ameliorated and by-passed by lowering BLI-3 function [52]. Therefore, to avoid 

collateral damage, the activity of BLI-3 must be under tight control. Taken together, 

during development and under normal physiological conditions, BLI-3 at the 

hypodermal cell-surface generates superoxide that is converted by its own peroxidase 

domain and by the secreted MLT-7 peroxidase to hydrogen peroxide to catalyze 

tyrosine crosslinks of collagens to strengthen the cuticular extracellular matrix.  

 

The protective role of BLI-3 in pathogen defense  

In a simplistic view, the C. elegans’ body plan is like a tube, whereby the cuticular 

extracellular matrix represents the “outer” part of the tube and the cell surface of the 

gastrointestinal tract (mouth opening, pharynx, intestine, rectum) forms the inner part 

of the tube to function as physical barriers to the outside. Thereby, pathogens can 

either infect C. elegans through the cuticle or when not properly digested through the 

intestine. Pathogenic bacteria, such as P. aeruginosa [55,56], E. faecalis [39,55], and 

yeast, such as S. cerevisiae [57] and C. albicans [58], infect C. elegans through the 

intestine, whereas nematophagous fungi, such as D. coniospora [59,60] and C. 

comatus [60] infect through the C. elegans’ cuticle.  

BLI-3 is required for resistance against all these above listed pathogens [39,55-

58,60]. Although severe cuticle defective mutants are not susceptible to E. faecalis 

bacterial infection, suggesting the route of infection is through the intestine, both 

reduction of bli-3 function either in the hypodermis or intestine leads to a higher 

mortality rate of C. elegans upon E. faecalis infection [39]. By contrast, only 
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hypodermal reduction of bli-3 but not intestinal bli-3 reduction rendered C. elegans 

susceptible to fungal infection via the cuticle by D. coniospora and C. comatus [60].  

Furthermore, all these pathogens induce BLI-3 to produce high levels of ROS 

[39,55-58,60], reminiscent of how macrophages use NADPH oxidases to induce high 

ROS bursts to kill off invading pathogens [20]. For instance, S. cerevisiae and C. 

albicans need their own oxidative stress response to be fully functional in order to 

withstand these high BLI-3-induced ROS levels and to successfully infect C. elegans 

[57,58]. Moreover, using antioxidants to neutralize the BLI-3-induced ROS upon E. 

faecalis bacterial infection diminishes the survival of C. elegans against this pathogen 

[39]. Pathogenic bacterial might be detected by released uracil since providing 

exogenous uracil induced Duox-generated ROS in C. elegans [61]. This suggest a 

simple model: Upon pathogen infection, BLI-3 is activated to generate high levels of 

ROS to eliminate these invading pathogens.  

This model is only one aspect of BLI-3 function, since BLI-3 has tailored 

responses to different pathogen infections. Mutations in the peroxidase domain of BLI-

3 (e767 or n529; Figure 2B) do not lead to susceptibility of C. elegans towards E. 

faecalis infection [39] because another peroxidase, SKPO-1, secreted from the 

hypodermis can efficiently convert the BLI-3-genereated superoxide to hydrogen 

peroxide [62], which is analogous to the secreted peroxidase MLT-7 supporting bli-3 

function for collagen crosslinking of the cuticle. Although skpo-1 mutants are 

susceptible to E. faecalis infection, these skpo-1 mutants are not susceptible to P. 

aeruginosa infection [62], suggesting that either another peroxidase is involved or 

additional mechanisms confer protection against infection. For instance, upon E. 

faecalis or P. aeruginosa infection, the BLI-3-generated ROS activates p38 MAPK 

signaling to the transcription factor SKN-1(Nrf1,2,3), thereby eliciting the C. elegans 
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endogenous oxidative stress response in the intestine (Figure 1, [55]). How BLI-3 is 

activated is unknown. Interestingly, P. aeruginosa infection increases proline 

catabolism in the mitochondria, thereby generating ROS as a by-product released 

from the mitochondria that in a presently unknown way can stimulate the activity of 

BLI-3 to signal via p38 MAPK to activate SKN-1 to transcribe oxidative stress response 

genes [56]. In the hypodermis, upon fungal infection or physical injury, BLI-3-

generated ROS activates CST-1/STE20 kinase promoting nuclear translocation of the 

FOXO transcription factor DAF-16 to transcribe immunity genes (Figure 1, [60]). 

Although the downstream kinase cascade to SKN-1 and DAF-16 transcription factors 

and their functional importance is established, the mechanism(s) by which BLI-3 is 

activated upon these different infections and how BLI-3 can tailor distinct responses 

to these infections is not well understood.   

 

BLI-3-generated ROS as a signaling molecule to activate the oxidative stress 

response 

ROS can modify protein function by specifically and reversibly reducing/ oxidizing 

reactive thiol-groups on cysteine residues. If the cysteine residue is in the kinase 

domain, hydrogen peroxide can oxidize this thiol-group of that cysteine to the sulfenic 

form (Cys-SOH) causing an allosteric change that might promote or inhibit the kinase 

function [16]. If this kinase is in a signaling pathway, this redox change might alter the 

downstream biological processes. A well-established example of redox signaling is 

that of ROS oxidizing a cysteine residue in the protein phosphatase 1 (PTP1), thereby 

transiently inhibiting PTP1’s phosphatase activity [63]. For this transient redox 

signaling to occur, the ROS must be localized because of the high intracellular 

concentration of the antioxidant glutathione (about 1-10 mM in mammals [64] and C. 
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elegans [65]), which allows the ROS to travel for only a short distance of about 5-20 

m [66] with a half-life time of about 1 ms [67]. These physical constrains make the 

ROS generated by NADPH oxidase ideal to selectively and in a controlled manner 

induce these redox switches to change cellular signaling pathways. In C. elegans and 

human HepG2 cells, AGC-family kinases, such as AKT, p70S6K, PKC, and ROCK1, 

have conserved cysteines two residues after the DFG-kinase motive, and these 

become sulfenylated (Cys-SOH) upon oxidative stress [34]. This sulfenylation was 

abolished in the presence of an NADPH-oxidase inhibitor [34], suggesting the 

importance NADPH oxdase function for these redox switches.  

Emerging and exciting evidence suggests that the ROS generated by BLI-3 

acts as a signaling molecule to mediate redox signaling to promote oxidative stress 

resistance [13,34]. The oxidative stress response is orchestrated by the transcription 

factor SKN-1, which is the orthologue of mammalian Nrf1,2,3 [68]. Upon oxidative 

insults, a kinase cascade consisting of NSY-1/ASK mitogen-activated protein kinase 

kinase kinase (MAPKKK) is phosphorylated to phosphorylate SEK-1/MAPKK, which 

phosphorylates PMK-1/p38 MAPK, which then phosphorylates SKN-1 to allow SKN-

1’s nuclear translocation and transcription of anti-oxidant genes (Figure 3, [68]). How 

NSY-1 becomes activated upon oxidative insult is unclear. However, the inorganic 

compound sodium arsenite is known to induce ROS and activate the p38MAPK/Nrf2 

oxidative stress response in mammals and C. elegans [34,68-72]. Treating C. elegans 

with sodium arsenite leads to a physical interaction between BLI-3/Duox and 

endoplasmic reticulum membrane-bound kinase IRE-1 [34]. BLI-3 then generates 

localized ROS that sulfenylates cysteine (C663) two residues after the conserved 

DFG-motive in the IRE-1 kinase domain, which inhibits IRE-1 kinase activity, but leads 

to the recruitment of TRF-1/TRAF and NSY-1/ASK [34]. This BLI-3-IRE-1-TRF-1-NSY-
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1 complex leads to sulfenylation and phosphorylation of NSY-1, which then 

phosphorylates SEK-1 and the canonical downstream kinase cascade to SKN-1 

(Figure 3) [34]. This beautiful redox signaling is essential for C. elegans to withstand 

the oxidative stress from sodium arsenite treatment and importantly is also well 

conserved in human Hep2G cells [34]. In addition, ROS generated by mitochondria 

can also elicit this BLI-3-IRE-1-TRF-1-NSY-1 activation complex and downstream 

signaling to SKN-1 [34]. Mitochondria and the endoplasmic reticulum can form 

connections with extensive communication between these two organelles [73]. Given 

the observation that bacterial pathogen infection results in mitochondrial ROS 

production signaling to BLI-3 to generate ROS that signals via p38 MAPK to SKN-1 

[56] and fungi infection to endoplasmic reticulum calcium release to activate BLI-3 to 

generate ROS [60], it is tempting to speculate that BLI-3 bound to the endoplasmic 

reticulum is activated rather than cell-surface BLI-3. Furthermore, diminishing the 

function of these genes, bli-3 [39,55-58,60], ire-1 [34,74,75], trf-1 [34,76], nsy-1 [77,78] 

leads to susceptibility to pathogen infections and to oxidative stress, whereas 

activating BLI-3 redox signaling to SKN-1 enables protection against pathogen 

infection [55] and oxidative stress [13]. This suggests that molecular insults either from 

chemicals, xenobiotics, or pathogens lead to the formation of this BLI-3-IRE-1-TRF-1-

NSY-1 complex around the endoplasmic reticulum to initiate a redox switch to initiate 

the p38 MAP kinase cascade to SKN-1 to orchestrate the oxidative stress response 

(Figure 3). 

 

BLI-3-generated ROS redox signaling to SKN-1 to promote longevity 

C. elegans that carry a mutation in either the BLI-3 peroxidase domain (n529) or 

NADPH oxidase domain (im10) are extremely short-lived. These two mutants show a 
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lifespan reduction of about 20-60% compared to wild type either on live or on heat-

killed OP50 E. coli food source [35,38]. It is worth pointing out that the standard OP50 

E. coli used as a food source to culture C. elegans is a little bit pathogenic during 

aging. Since bli-3 is needed for protection against pathogens, the lifespan results on 

heat-killed OP50 E. coli indicate a functional role of BLI-3 during aging. The BLI-3 

peroxidase domain mutant (e767) has been reported to be long-lived in one study [35] 

and short-lived in another [38]. Because bli-3 is important for collagen crosslinking and 

molting during development, the altered adult lifespan might be a consequence of 

developmental defects of reduced bli-3 function. Knocking down bli-3 specifically 

during adulthood, had no effect on lifespan [13]. By contrast, activating BLI-3 function 

either by redox co-factor pyrroloquinoline quinone (PQQ) [35], inhibiting memo-1 [13], 

or by overexpressing BLI-3 [13,35] was sufficient to increase the lifespan of C. elegans 

either on alive or heat-killed OP50 E. coli food source. In all three circumstances, the 

increased lifespan was completely dependent on BLI-3-generated ROS during 

adulthood and on SKN-1 [13,35].  

MEMO-1, the orthologue of mammalian mediator of ErbB2-driven cell motility, 

acts as a negative regulator of BLI-3 activity in C. elegans [13]. MEMO-1 physically 

interacts with RHO-1, the orthologue of mammalian small GTPase RhoA [13]. 

Knocking down memo-1, frees RHO-1 leading to more RHO-1 complexing with BLI-3 

and inducing BLI-3-ROS production to redox signal via p38 MAPK pathway to SKN-1 

to transcribe oxidative stress response genes (Figure 3) [13]. Small Rho-like 

GTPases, such as Rac1 and Rac2 are known to activate various NADPH oxidases in 

mammals [19,20,79]. In C. elegans, BLI-3 activation and redox signaling to SKN-1 

requires in addition to RHO-1 also RAC-2 and PAK-1/p21-activated kinase [13]. Loss 

of memo-1 does not result in any blister phenotype [13], suggesting that memo-1 acts 
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as a negative regulator for BLI-3 redox signaling to SKN-1 rather than for extracellular 

matrix crosslinking. Interestingly, in the promoter region of memo-1 are two SKN-1-

binding sites and overexpressing SKN-1 or constitutively activated SKN-1 leads to 

higher memo-1 mRNA levels, suggesting a negative feedback loop (Figure 3) [13]. 

Hence, when BLI-3 activation is high, redox signaling to SKN-1 induces the expression 

of antioxidants and detoxification genes to neutralize the high cellular ROS levels and 

at the same time increases MEMO-1 levels to put the brakes on BLI-3-ROS production 

(Figure 1). Furthermore, BLI-3 generated ROS is important for collagen crosslinking 

and SKN-1 is also essential for collagen homeostasis to promote longevity [80], 

suggesting an intertwined interplay to strengthen the extracellular matrix integrity. In 

summary, these findings suggest that Duox-generated ROS acts as a redox signal via 

p38 MAPK to SKN-1/Nrf1,2,3 to protect against oxidative insults and re-establish 

cellular and organismal homeostasis to promote healthy aging.  

 

Conclusive remarks and relevance to human aging 

ROS generated from NADPH oxidases or Duox is a double-edged sword. At 

physiological levels, this ROS acts on reactive thiols groups on cysteine residues (Cys-

SOH) to initiate redox signaling important for the oxidative stress response and other 

physiological processes. During development, these physiological ROS catalyze 

tyrosine crosslinking of biomolecules important for extracellular matrices and tissue 

integrity as exemplified by the sea urchin egg [25], Drosophila wing [26], the A. 

gambiae gut [27], and the C. elegans collagenous cuticle [32]. By contrast, high levels 

or bursts of ROS from NADPH oxidases are utilized to kill invading pathogens. These 

ROS bursts need to be neutralized via the oxidative stress response to avoid collateral 

damage. It makes sense that under these ROS bursts, mechanisms such as redox 
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signaling have evolved to directly activate the oxidative stress response to detoxify or 

neutralize these free radicals before cellular damage occurs. Upregulating these 

protective mechanisms makes organisms more resistant to oxidative insults. During 

aging, the activation or mobilization of these protective mechanisms is progressively 

lost. Long-lived animals are in general more stress resistant [81]. Selective activation 

of Duox during aging, upregulated the oxidative stress response genes via redox 

signaling to the p38 MAPK pathway to SKN-1 making C. elegans more oxidative stress 

resistant and long-lived [13]. 

 Similarly, in mammals the ROS generated by NADPH oxidases is a double-

edged sword during aging. On the one hand, promoting physiological ROS generated 

by NADPH oxidases transiently and reversibly inhibits protein tyrosine phosphatases 

to potentiate insulin sensitivity and protection against high-fat-diet induced insulin 

resistance in mice [82]. On the other hand, uncontrolled and improper activation of 

NADPH oxidases exacerbates oxidative insults of the aging heart muscles via 

mitochondrial membrane bound Nox4 [83], promotes cellular senescence via 

heterologous Nox4 overexpression in fibroblasts [84], and accelerates aging of the 

skin of xeroderma pigmentosum type C deficient mice via Nox1 [85]. It is worth noting 

that increasing the activation of Nox4 by overexpression showed no detrimental health 

effects in young mice [86]. These young Nox4 overexpressing mice also showed 

upregulated oxidative stress response genes, such as catalases, in the heart, 

indicating an activation of the oxidative stress response as a compensatory and 

protective mechanism [86]. However, during old age these Nox4 overexpressing mice 

showed hypergrowth of cardio myocytes, fibrosis, and apoptosis, presumably leading 

to decreased heart function [86]. In line with this is the observation that during aging 

the Nox2 expression levels as well as Rac1 protein levels increase leading to 
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increased ROS levels driving cardiomyocyte hypertrophy and fibrosis in the aging 

hearts of rats [87]. Interestingly, these age-dependent and improper NOX 

overactivation phenotypes are ameliorated by exercising the rats [88]. Furthermore, 

during aging the ROS from Nox1, 2, 4 contribute to molecular damage of the vascular 

system potentially leading to hypertension, stroke, neuroinflammation, and dementia 

[89,90]. These in-vivo results show that chronic activation of NADPH oxidases can be 

tolerated by young but not by old animals maybe because of the age-dependent 

progressive decline of protective mechanisms that normally in young animals normally 

prevent collateral molecular damage.  

Although knock down of Nox4 in human umbilical vein endothelial cells 

prolonged their cellular replicative lifespan and slowed cellular senescence [91], Nox4 

knock out had no effect on mice lifespan [92]. By contrast, loss of physiological 

NADPH oxidase function also leads to accelerated aging phenotypes. Nox2 knock out 

mice spontaneously and prematurely develop arthritis, which is increased in severity 

during aging [93]. Loss of Nox2 affected development and differentiation of myeloid 

and T cells, thereby promoting an inflammatory production and release of cytokines 

leading to arthritis [93]. Furthermore, loss of physiological Nox2 generated ROS 

accelerated the development of cellular senescence and inflammation of osteoblastic 

cells in the skeleton of elderly mice [94]. These results suggest that physiological ROS 

generated by NADPH oxidases are important for healthy aging.  

 In humans, there is an association between single nucleotide polymorphism 

(SNP) CC for C242T in NADPH oxidase subunit (p22phox) and longevity (people >85 

years) in the Turkish population [95]. In the Korean centenarian cohort, no significant 

difference between C242T genotype frequency was found between centenarian vs 

non-centenarians [96]. However, the CT and TT for C242T genotype frequency was 
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associated with hypertension, suggesting better blood pressure for the CC genotype 

in elderly Korean people (>90 years) [96]. In Brazilian hypertensive patient 

mononuclear blood cells, the CT + TT genotype showed higher NADPH oxidase 

activity compared to the CC genotype of C242T p22phox gene [97], suggesting 

detrimental effects of improper higher ROS levels generated by NADPH oxidase. By 

contrast, there is an association between the A640G polymorphism in p22phox and a 

reduction of systemic oxidative stress levels measured by plasma thiobarbituric acid 

reactive substances (TBARS) after exercise training [98], suggesting a potential redox 

signaling from NADPH oxidase in response to exercise training to mediate the 

oxidative stress response in humans. Exercise training leads to ROS formation that is 

important to gain health benefits from the exercise in humans [1]. Exercise is 

mechano-transductively linked to NADPH oxidase activity and to the activation of the 

Nrf2 oxidative stress response [99,100]. These findings suggest that appropriate 

NADPH oxidase activation via exercise might lead to redox signaling to activate the 

Nrf2 oxidative stress response and to improve cellular homeostasis.  

Interestingly, while studying Korean centenarians, researchers noticed a high 

incidence of healthy long-lived “Hansen people” who had suffered and were cured 

from leprosy [101]. The researcher noticed that these Hansen centenarians either took 

or are still taking 4,4'-diaminodiphenylsulfone (DDS) [101], an antibiotic commonly 

used to treat leprosy. DDS protects human diploid fibroblasts from oxidative insults via 

down regulation of NOX4 [102] and DDS is sufficient to increase C. elegans lifespan 

[103]. This further strengthens the molecular link of NADPH oxidase redox signaling 

to oxidative stress response mechanisms that are conserved across species.  

In summary, accumulating evidence suggests that physiological or transient 

ROS from NADPH oxidases act as a signal to re-establish homeostasis. This 
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physiological redox signaling is diminished or even lost during aging and re-

establishing this physiological redox signaling promotes health during aging. An 

exciting aspect is that NADPH oxidase activity is inducible and controllable, 

suggesting a novel target for therapeutics to promote healthy aging. 
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Figure 

 

 

Figure 1. BLI-3/Duox activation and function.  

On the left side are the inputs that either directly or indirectly activate (arrows or green 

text) or inhibit (T-bar or red text) the BLI-3/Duox activity. On the right side are the 

outputs that are mediated by the BLI-3 generated ROS. Evidence and explanations 

are in the main text of this review. Pyrroloquinoline quinone (PQQ), 

Diphenyleneiodonium (DPI). 
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Figure 2. Schematic representation of human Duox1 and C. elegans BLI-3/Duox 

A. Human Duox1. 

B. C. elegans BLI-3/Duox. Arrowheads and arrows indicate mutation, in italics are the 

allele names and below the amino acid substitution. 

C. Proposed topology model of C. elegans BLI-3/Duox. 

For A-C. TM = transmembrane region, EF = EF-hand, NOX = NADPH oxidase domain 
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Figure 3. Model of BLI-3 functions 

This model of BLI-3 functions includes (1) ROS bursts at the cell surface to kill invading 

pathogens, (2) ROS as a signaling molecule from the cell surface BLI-3 to p38 MAPK 

signaling to SKN-1, (3) the feedback loop to MEMO-1 important for healthy aging, (4) 

endoplasmic reticulum localized BLI-3 to sulfenylate IRE-1 leading to TRF-1 

recruitment and NSY-1 activation signaling to p38 MAPK pathway to SKN-1 

orchestrating the oxidative stress response, and (5) during development BLI-3 

generated ROS together with MLT-7 to crosslink collagens.   
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Figure 4. C. elegans showing bli-3 blisters 

Wild-type C. elegans fed bli-3 RNAi from the hatching. White chevron point to the bli-

3 blisters. Fluid material in the blisters is visible. Head to the right, ventral side down.  

 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 September 2018                   doi:10.20944/preprints201809.0171.v1

Peer-reviewed version available at Antioxidants 2018, 7, 130; doi:10.3390/antiox7100130

http://dx.doi.org/10.20944/preprints201809.0171.v1
http://dx.doi.org/10.3390/antiox7100130


NADPH oxidases and aging 

 24 

References 

1. Ristow, M.; Zarse, K.; Oberbach, A.; Klöting, N.; Birringer, M.; Kiehntopf, M.; 
Stumvoll, M.; Kahn, C. R.; Blüher, M. Antioxidants prevent health-promoting effects of 
physical exercise in humans. Proceedings of the National Academy of Sciences 2009, 
106, 8665–8670. 
2. Ristow, M. Unraveling the truth about antioxidants: mitohormesis explains ROS-
induced health benefits. Nat Med 2014, 20, 709–711. 
3. Bjelakovic, G.; Nikolova, D.; Gluud, L. L.; Simonetti, R. G.; Gluud, C. Antioxidant 
supplements for prevention of mortality in healthy participants and patients with 
various diseases. Cochrane Database Syst Rev 2012, 336, CD007176. 
4. Pan, Y.; Schroeder, E. A.; Ocampo, A.; Barrientos, A.; Shadel, G. S. Regulation of 
Yeast Chronological Life Spanby TORC1 via Adaptive Mitochondrial ROS Signaling. 
Cell Metab 2011, 13, 668–678. 
5. Mesquita, A.; Weinberger, M.; Silva, A.; Sampaio-Marques, B.; Almeida, B.; Leão, 
C.; Costa, V.; Rodrigues, F.; Burhans, W. C.; Ludovico, P. Caloric restriction or 
catalase inactivation extends yeast chronological lifespan by inducing H2O2 and 
superoxide dismutase activity. Proceedings of the National Academy of Sciences 
2010, 107, 15123–15128. 
6. Schroeder, E. A.; Raimundo, N.; Shadel, G. S. Epigenetic Silencing Mediates 
Mitochondria Stress-Induced Longevity. Cell Metab 2013, 17, 954–964. 
7. Albrecht, S. C.; Barata, A. G.; Grosshans, J.; Teleman, A. A.; Dick, T. P. In vivo 
mapping of hydrogen peroxide and oxidized glutathione reveals chemical and regional 
specificity of redox homeostasis. Cell Metab 2011, 14, 819–829. 
8. Schulz, T. J.; Zarse, K.; Voigt, A.; Urban, N.; Birringer, M.; Ristow, M. Glucose 
restriction extends Caenorhabditis elegans life span by inducing mitochondrial 
respiration and increasing oxidative stress. Cell Metab 2007, 6, 280–293. 
9. Doonan, R.; McElwee, J. J.; Matthijssens, F.; Walker, G. A.; Houthoofd, K.; Back, 
P.; Matscheski, A.; Vanfleteren, J. R.; Gems, D. Against the oxidative damage theory 
of aging: superoxide dismutases protect against oxidative stress but have little or no 
effect on life span in Caenorhabditis elegans. Genes & Development 2008, 22, 3236–
3241. 
10. Yang, W.; Hekimi, S. A mitochondrial superoxide signal triggers increased 
longevity in Caenorhabditis elegans. PLoS Biol 2010, 8, e1000556. 
11. Schmeisser, S.; Priebe, S.; Groth, M.; Monajembashi, S.; Hemmerich, P.; Guthke, 
R.; Platzer, M.; Ristow, M. Neuronal ROS signaling rather than AMPK/sirtuin-mediated 
energy sensing links dietary restriction to lifespan extension. 2013, 1–11. 
12. Lee, S.-J.; Hwang, A. B.; Kenyon, C. J. Inhibition of respiration extends C. elegans 
life span via reactive oxygen species that increase HIF-1 activity. Curr. Biol. 2010, 20, 
2131–2136. 
13. Ewald, C. Y.; Hourihan, J. M.; Bland, M. S.; Obieglo, C.; Katic, I.; Moronetti 
Mazzeo, L. E.; Alcedo, J.; Blackwell, T. K.; Hynes, N. E. NADPH oxidase-mediated 
redox signaling promotes oxidative stress resistance and longevity through memo-1 
in C. elegans. Elife 2017, 6, 819. 
14. Lapointe, J.; Hekimi, S. Early mitochondrial dysfunction in long-lived Mclk1+/- 
mice. J Biol Chem 2008, 283, 26217–26227. 
15. Liu, X.; Jiang, N.; Hughes, B.; Bigras, E.; Shoubridge, E.; Hekimi, S. Evolutionary 
conservation of the clk-1-dependent mechanism of longevity: loss of mclk1 increases 
cellular fitness and lifespan in mice. Genes & Development 2005, 19, 2424–2434. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 September 2018                   doi:10.20944/preprints201809.0171.v1

Peer-reviewed version available at Antioxidants 2018, 7, 130; doi:10.3390/antiox7100130

http://dx.doi.org/10.20944/preprints201809.0171.v1
http://dx.doi.org/10.3390/antiox7100130


NADPH oxidases and aging 

 25 

16. Schieber, M.; Chandel, N. S. ROS function in redox signaling and oxidative stress. 
Curr. Biol. 2014, 24, R453–62. 
17. Miranda-Vizuete, A.; Veal, E. A. Caenorhabditis elegans as a model for 
understanding ROS function in physiology and disease. Redox Biology 2017, 11, 708–
714. 
18. Halliwell, B.; Gutteridge, J. Free Radicals in Biology and Medicine; fourth. Oxford 
University Press, 2007. 
19. Bedard, K.; Krause, K.-H. The NOX family of ROS-generating NADPH oxidases: 
physiology and pathophysiology. Physiol Rev 2007, 87, 245–313. 
20. Lambeth, J. D. NOX enzymes and the biology of reactive oxygen. Nature Reviews 
Immunology 2004, 4, 181–189. 
21. Lambeth, J. D.; Neish, A. S. Nox enzymes and new thinking on reactive oxygen: 
a double-edged sword revisited. Annu Rev Pathol 2014, 9, 119–145. 
22. De Deken, X.; Wang, D.; Many, M. C.; Costagliola, S.; Libert, F.; Vassart, G.; 
Dumont, J. E.; Miot, F. Cloning of two human thyroid cDNAs encoding new members 
of the NADPH oxidase family. J Biol Chem 2000, 275, 23227–23233. 
23. Dupuy, C.; Ohayon, R.; Valent, A.; Noël-Hudson, M. S.; Dème, D.; Virion, A. 
Purification of a novel flavoprotein involved in the thyroid NADPH oxidase. Cloning of 
the porcine and human cdnas. J Biol Chem 1999, 274, 37265–37269. 
24. Moreno, J. C.; Bikker, H.; Kempers, M. J. E.; van Trotsenburg, A. S. P.; Baas, F.; 
de Vijlder, J. J. M.; Vulsma, T.; Ris-Stalpers, C. Inactivating mutations in the gene for 
thyroid oxidase 2 (THOX2) and congenital hypothyroidism. N Engl J Med 2002, 347, 
95–102. 
25. Heinecke, J. W.; Shapiro, B. M. The respiratory burst oxidase of fertilization. A 
physiological target for regulation by protein kinase C. J Biol Chem 1992, 267, 7959–
7962. 
26. Anh, N. T. T.; Nishitani, M.; Harada, S.; Yamaguchi, M.; Kamei, K. Essential role 
of Duox in stabilization of Drosophila wing. Journal of Biological Chemistry 2011, 286, 
33244–33251. 
27. Kumar, S.; Molina-Cruz, A.; Gupta, L.; Rodrigues, J.; Barillas-Mury, C. A 
peroxidase/dual oxidase system modulates midgut epithelial immunity in Anopheles 
gambiae. Science 2010, 327, 1644–1648. 
28. Krause, K.-H. Tissue distribution and putative physiological function of NOX family 
NADPH oxidases. Jpn. J. Infect. Dis. 2004, 57, S28–9. 
29. Ha, E.-M.; Oh, C.-T.; Bae, Y. S.; Lee, W.-J. A direct role for dual oxidase in 
Drosophila gut immunity. Science 2005, 310, 847–850. 
30. Kim, S.-H.; Lee, W.-J. Role of DUOX in gut inflammation: lessons from Drosophila 
model of gut-microbiota interactions. Front Cell Infect Microbiol 2014, 3, 116. 
31. Flores, M. V.; Crawford, K. C.; Pullin, L. M.; Hall, C. J.; Crosier, K. E.; Crosier, P. 
S. Dual oxidase in the intestinal epithelium of zebrafish larvae has anti-bacterial 
properties. Biochemical and Biophysical Research Communications 2010, 400, 164–
168. 
32. Edens, W. A.; Sharling, L.; Cheng, G.; Shapira, R.; Kinkade, J. M.; Lee, T.; Edens, 
H. A.; Tang, X.; Sullards, C.; Flaherty, D. B.; Benian, G. M.; Lambeth, J. D. Tyrosine 
cross-linking of extracellular matrix is catalyzed by Duox, a multidomain 
oxidase/peroxidase with homology to the phagocyte oxidase subunit gp91phox. J Cell 
Biol 2001, 154, 879–891. 
33. McCallum, K. C.; Garsin, D. A. The Role of Reactive Oxygen Species in 
Modulating the Caenorhabditis elegans Immune Response. PLoS Pathog 2016, 12, 
e1005923. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 September 2018                   doi:10.20944/preprints201809.0171.v1

Peer-reviewed version available at Antioxidants 2018, 7, 130; doi:10.3390/antiox7100130

http://dx.doi.org/10.20944/preprints201809.0171.v1
http://dx.doi.org/10.3390/antiox7100130


NADPH oxidases and aging 

 26 

34. Hourihan, J. M.; Moronetti Mazzeo, L. E.; Fernández-Cárdenas, L. P.; Blackwell, 
T. K. Cysteine Sulfenylation Directs IRE-1 to Activate the SKN-1/Nrf2 Antioxidant 
Response. Mol Cell 2016, 63, 553–566. 
35. Sasakura, H.; Moribe, H.; Nakano, M.; Ikemoto, K.; Takeuchi, K.; Mori, I. Lifespan 
extension by peroxidase and dual oxidase-mediated ROS signaling through 
pyrroloquinoline quinone in C. elegans. Journal of Cell Science 2017, 130, 2631–
2643. 
36. Moribe, H.; Konakawa, R.; Koga, D.; Ushiki, T.; Nakamura, K.; Mekada, E. 
Tetraspanin is required for generation of reactive oxygen species by the dual oxidase 
system in Caenorhabditis elegans. PLoS Genet 2012, 8, e1002957. 
37. Meitzler, J. L.; Ortiz de Montellano, P. R. Caenorhabditis elegans and human dual 
oxidase 1 (DUOX1) “peroxidase” domains: insights into heme binding and catalytic 
activity. J Biol Chem 2009, 284, 18634–18643. 
38. van der Hoeven, R.; Cruz, M. R.; Chávez, V.; Garsin, D. A. Localization of the Dual 
Oxidase BLI-3 and Characterization of Its NADPH Oxidase Domain during Infection of 
Caenorhabditis elegans. PLoS ONE 2015, 10, e0124091. 
39. Chávez, V.; Mohri-Shiomi, A.; Garsin, D. A. Ce-Duox1/BLI-3 generates reactive 
oxygen species as a protective innate immune mechanism in Caenorhabditis elegans. 
Infect. Immun. 2009, 77, 4983–4989. 
40. MacNeil, L. T.; Pons, C.; Arda, H. E.; Giese, G. E.; Myers, C. L.; Walhout, A. J. M. 
Transcription Factor Activity Mapping of a Tissue-Specific in vivo Gene Regulatory 
Network. Cell Systems 2015, 1, 152–162. 
41. Yáñez-Mó, M.; Barreiro, O.; Gordon-Alonso, M.; Sala-Valdés, M.; Sánchez-
Madrid, F. Tetraspanin-enriched microdomains: a functional unit in cell plasma 
membranes. Trends Cell Biol 2009, 19, 434–446. 
42. Hemler, M. E. Tetraspanin functions and associated microdomains. Nat Rev Mol 
Cell Biol 2005, 6, 801–811. 
43. Levy, S.; Shoham, T. The tetraspanin web modulates immune-signalling 
complexes. Nature Reviews Immunology 2005, 5, 136–148. 
44. Page, A. P.; Johnstone, I. L. The cuticle. WormBook : the online review of C 
elegans biology 2007, 1–15. 
45. Kage-Nakadai, E.; Imae, R.; Suehiro, Y.; Yoshina, S.; Hori, S.; Mitani, S. A 
conditional knockout toolkit for Caenorhabditis elegans based on the Cre/loxP 
recombination. PLoS ONE 2014, 9, e114680. 
46. Meitzler, J. L.; Brandman, R.; Ortiz de Montellano, P. R. Perturbed heme binding 
is responsible for the blistering phenotype associated with mutations in the 
Caenorhabditis elegans dual oxidase 1 (DUOX1) peroxidase domain. Journal of 
Biological Chemistry 2010, 285, 40991–41000. 
47. Myllyharju, J. Collagens, modifying enzymes and their mutations in humans, flies 
and worms. Trends in Genetics 2004, 20, 33–43. 
48. Cox, G. N.; Kusch, M.; Edgar, R. S. Cuticle of Caenorhabditis elegans: its isolation 
and partial characterization. J Cell Biol 1981, 90, 7–17. 
49. Norman, K. R.; Moerman, D. G. The let-268 locus of Caenorhabditis elegans 
encodes a procollagen lysyl hydroxylase that is essential for type IV collagen 
secretion. Developmental Biology 2000, 227, 690–705. 
50. Thein, M. C.; Winter, A. D.; Stepek, G.; McCormack, G.; Stapleton, G.; Johnstone, 
I. L.; Page, A. P. Combined extracellular matrix cross-linking activity of the peroxidase 
MLT-7 and the dual oxidase BLI-3 is critical for post-embryonic viability in 
Caenorhabditis elegans. J Biol Chem 2009, 284, 17549–17563. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 September 2018                   doi:10.20944/preprints201809.0171.v1

Peer-reviewed version available at Antioxidants 2018, 7, 130; doi:10.3390/antiox7100130

http://dx.doi.org/10.20944/preprints201809.0171.v1
http://dx.doi.org/10.3390/antiox7100130


NADPH oxidases and aging 

 27 

51. Benedetto, A.; Au, C.; Avila, D. S.; Milatovic, D.; Aschner, M. Extracellular 
dopamine potentiates Mn-induced oxidative stress, lifespan reduction, and 
dopaminergic neurodegeneration in a BLI-3-dependent manner in Caenorhabditis 
elegans. PLoS Genet 2010, 6, e1001084. 
52. Xu, Z.; Luo, J.; Li, Y.; Ma, L. The BLI-3/TSP-15/DOXA-1 dual oxidase complex is 
required for iodide toxicity in Caenorhabditis elegans. G3 (Bethesda) 2014, 5, 195–
203. 
53. Degroot, L. J.; Niepomniszcze, H. Biosynthesis of thyroid hormone: basic and 
clinical aspects. Metab. Clin. Exp. 1977, 26, 665–718. 
54. Xiao, N.; Venton, B. J. Characterization of dopamine releasable and reserve pools 
in Drosophila larvae using ATP/P2X2 -mediated stimulation. J Neurochem 2015, 134, 
445–454. 
55. Hoeven, R. V. D.; McCallum, K. C.; Cruz, M. R.; Garsin, D. A. Ce-Duox1/BLI-3 
generated reactive oxygen species trigger protective SKN-1 activity via p38 MAPK 
signaling during infection in C. elegans. PLoS Pathog 2011, 7, e1002453. 
56. Tang, H.; Pang, S. Proline Catabolism Modulates Innate Immunity in 
Caenorhabditis elegans. Cell Rep 2016, 17, 2837–2844. 
57. Jain, C.; Yun, M.; Politz, S. M.; Rao, R. P. A pathogenesis assay using 
Saccharomyces cerevisiae and Caenorhabditis elegans reveals novel roles for yeast 
AP-1, Yap1, and host dual oxidase BLI-3 in fungal pathogenesis. Eukaryotic Cell 2009, 
8, 1218–1227. 
58. Jain, C.; Pastor, K.; Gonzalez, A. Y.; Lorenz, M. C.; Rao, R. P. The role of Candida 
albicans AP-1 protein against host derived ROS in in vivo models of infection. 
Virulence 2013, 4, 67–76. 
59. Pujol, N.; Cypowyj, S.; Ziegler, K.; Millet, A.; Astrain, A.; Goncharov, A.; Jin, Y.; 
Chisholm, A. D.; Ewbank, J. J. Distinct innate immune responses to infection and 
wounding in the C. elegans epidermis. CURBIO 2008, 18, 481–489. 
60. Zou, C.-G.; Tu, Q.; Niu, J.; Ji, X.-L.; Zhang, K.-Q. The DAF-16/FOXO transcription 
factor functions as a regulator of epidermal innate immunity. PLoS Pathog 2013, 9, 
e1003660. 
61. Lee, K.-A.; Kim, S.-H.; Kim, E.-K.; Ha, E.-M.; You, H.; Kim, B.; Kim, M.-J.; Kwon, 
Y.; Ryu, J.-H.; Lee, W.-J. Bacterial-derived uracil as a modulator of mucosal immunity 
and gut-microbe homeostasis in Drosophila. Cell 2013, 153, 797–811. 
62. Tiller, G. R.; Garsin, D. A. The SKPO-1 peroxidase functions in the hypodermis to 
protect Caenorhabditis elegans from bacterial infection. Genetics 2014, 197, 515–526. 
63. Salmeen, A.; Andersen, J. N.; Myers, M. P.; Meng, T.-C.; Hinks, J. A.; Tonks, N. 
K.; Barford, D. Redox regulation of protein tyrosine phosphatase 1B involves a 
sulphenyl-amide intermediate. Nature 2003, 423, 769–773. 
64. Meister, A. Glutathione metabolism and its selective modification. J Biol Chem 
1988, 263, 17205–17208. 
65. Romero-Aristizabal, C.; Marks, D. S.; Fontana, W.; Apfeld, J. Regulated spatial 
organization and sensitivity of cytosolic protein oxidation in Caenorhabditis elegans. 
Nat Commun 2014, 5, 5020. 
66. Winterbourn, C. C. Reconciling the chemistry and biology of reactive oxygen 
species. Nat Chem Biol 2008, 4, 278–286. 
67. D'Autréaux, B.; Toledano, M. B. ROS as signalling molecules: mechanisms that 
generate specificity in ROS homeostasis. Nat Rev Mol Cell Biol 2007, 8, 813–824. 
68. Blackwell, T. K.; Steinbaugh, M. J.; Hourihan, J. M.; Ewald, C. Y.; Isik, M. SKN-
1/Nrf, stress responses, and aging in Caenorhabditis elegans. Free Radic Biol Med 
2015, 88, 290–301. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 September 2018                   doi:10.20944/preprints201809.0171.v1

Peer-reviewed version available at Antioxidants 2018, 7, 130; doi:10.3390/antiox7100130

http://dx.doi.org/10.20944/preprints201809.0171.v1
http://dx.doi.org/10.3390/antiox7100130


NADPH oxidases and aging 

 28 

69. Wang, X.-J.; Sun, Z.; Chen, W.; Li, Y.; Villeneuve, N. F.; Zhang, D. D. Activation 
of Nrf2 by arsenite and monomethylarsonous acid is independent of Keap1-C151: 
enhanced Keap1-Cul3 interaction. Toxicology and Applied Pharmacology 2008, 230, 
383–389. 
70. Teuscher, A. C.; Ewald, C. Y. Overcoming Autofluorescence to Assess GFP 
Expression During Normal Physiology and Aging in Caenorhabditis elegans. BIO-
PROTOCOL 2018, 8. 
71. Ewald, C. Y.; Hourihan, J. M.; Blackwell, T. K. Oxidative Stress Assays (arsenite 
and tBHP) in Caenorhabditis elegans. BIO-PROTOCOL 2017, 7. 
72. An, J. H.; Blackwell, T. K. SKN-1 links C. elegans mesendodermal specification to 
a conserved oxidative stress response. Genes & Development 2003, 17, 1882–1893. 
73. Kornmann, B. The molecular hug between the ER and the mitochondria. Current 
Opinion in Cell Biology 2013, 25, 443–448. 
74. Durai, S.; Singh, N.; Kundu, S.; Balamurugan, K. Proteomic investigation of Vibrio 
alginolyticus challenged Caenorhabditis elegans revealed regulation of cellular 
homeostasis proteins and their role in supporting innate immune system. Proteomics 
2014, 14, 1820–1832. 
75. Glover-Cutter, K. M.; Lin, S.; Blackwell, T. K. Integration of the unfolded protein 
and oxidative stress responses through SKN-1/Nrf. PLoS Genet 2013, 9, e1003701. 
76. Pujol, N.; Link, E. M.; Liu, L. X.; Kurz, C. L.; Alloing, G.; Tan, M. W.; Ray, K. P.; 
Solari, R.; Johnson, C. D.; Ewbank, J. J. A reverse genetic analysis of components of 
the Toll signaling pathway in Caenorhabditis elegans. CURBIO 2001, 11, 809–821. 
77. Kim, D. H.; Feinbaum, R.; Alloing, G.; Emerson, F. E.; Garsin, D. A.; Inoue, H.; 
Tanaka-Hino, M.; Hisamoto, N.; Matsumoto, K.; Tan, M.-W.; Ausubel, F. M. A 
conserved p38 MAP kinase pathway in Caenorhabditis elegans innate immunity. 
Science 2002, 297, 623–626. 
78. Hayakawa, T.; Kato, K.; Hayakawa, R.; Hisamoto, N.; Matsumoto, K.; Takeda, K.; 
Ichijo, H. Regulation of anoxic death in Caenorhabditis elegans by mammalian 
apoptosis signal-regulating kinase (ASK) family proteins. Genetics 2011, 187, 785–
792. 
79. Hordijk, P. L. Regulation of NADPH oxidases: the role of Rac proteins. Circulation 
Research 2006, 98, 453–462. 
80. Ewald, C. Y.; Landis, J. N.; Porter Abate, J.; Murphy, C. T.; Blackwell, T. K. Dauer-
independent insulin/IGF-1-signalling implicates collagen remodelling in longevity. 
Nature 2015, 519, 97–101. 
81. Shore, D. E.; Ruvkun, G. A cytoprotective perspective on longevity regulation. 
Trends Cell Biol 2013. 
82. Loh, K.; Deng, H.; Fukushima, A.; Cai, X.; Boivin, B.; Galic, S.; Bruce, C.; Shields, 
B. J.; Skiba, B.; Ooms, L. M.; Stepto, N.; Wu, B.; Mitchell, C. A.; Tonks, N. K.; Watt, 
M. J.; Febbraio, M. A.; Crack, P. J.; Andrikopoulos, S.; Tiganis, T. Reactive oxygen 
species enhance insulin sensitivity. Cell Metab 2009, 10, 260–272. 
83. Ago, T.; Matsushima, S.; Kuroda, J.; Zablocki, D.; Kitazono, T.; Sadoshima, J. The 
NADPH oxidase Nox4 and aging in the heart. Aging (Albany NY) 2010, 2, 1012–1016. 
84. Geiszt, M.; Kopp, J. B.; Várnai, P.; Leto, T. L. Identification of renox, an NAD(P)H 
oxidase in kidney. Proc Natl Acad Sci USA 2000, 97, 8010–8014. 
85. Hosseini, M.; Mahfouf, W.; Serrano-Sanchez, M.; Raad, H.; Harfouche, G.; 
Bonneu, M.; Claverol, S.; Mazurier, F.; Rossignol, R.; Taieb, A.; Rezvani, H. R. 
Premature skin aging features rescued by inhibition of NADPH oxidase activity in XPC-
deficient mice. J. Invest. Dermatol. 2015, 135, 1108–1118. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 September 2018                   doi:10.20944/preprints201809.0171.v1

Peer-reviewed version available at Antioxidants 2018, 7, 130; doi:10.3390/antiox7100130

http://dx.doi.org/10.20944/preprints201809.0171.v1
http://dx.doi.org/10.3390/antiox7100130


NADPH oxidases and aging 

 29 

86. Ago, T.; Kuroda, J.; Pain, J.; Fu, C.; Li, H.; Sadoshima, J. Upregulation of Nox4 by 
hypertrophic stimuli promotes apoptosis and mitochondrial dysfunction in cardiac 
myocytes. Circulation Research 2010, 106, 1253–1264. 
87. Wang, M.; Zhang, J.; Walker, S. J.; Dworakowski, R.; Lakatta, E. G.; Shah, A. M. 
Involvement of NADPH oxidase in age-associated cardiac remodeling. J. Mol. Cell. 
Cardiol. 2010, 48, 765–772. 
88. Lee, Y.; Kwak, H.-B.; Hord, J.; Kim, J.-H.; Lawler, J. M. Exercise training attenuates 
age-dependent elevation of angiotensin II type 1 receptor and Nox2 signaling in the 
rat heart. Exp Gerontol 2015, 70, 163–173. 
89. Choi, D.-H.; Lee, J. A Mini-Review of the NADPH oxidases in Vascular Dementia: 
Correlation with NOXs and Risk Factors for VaD. Int J Mol Sci 2017, 18, 2500. 
90. Ma, M. W.; Wang, J.; Zhang, Q.; Wang, R.; Dhandapani, K. M.; Vadlamudi, R. K.; 
Brann, D. W. NADPH oxidase in brain injury and neurodegenerative disorders. Mol 
Neurodegener 2017, 12, 7. 
91. Lener, B.; Kozieł, R.; Pircher, H.; Hütter, E.; Greussing, R.; Herndler-Brandstetter, 
D.; Hermann, M.; Unterluggauer, H.; Jansen-Dürr, P. The NADPH oxidase Nox4 
restricts the replicative lifespan of human endothelial cells. Biochem J 2009, 423, 363–
374. 
92. Rezende, F.; Schürmann, C.; Schütz, S.; Harenkamp, S.; Herrmann, E.; Seimetz, 
M.; Weissmann, N.; Schröder, K. Knock out of the NADPH oxidase Nox4 has no 
impact on life span in mice. Redox Biology 2017, 11, 312–314. 
93. Lee, K.; Won, H. Y.; Bae, M. A.; Hong, J.-H.; Hwang, E. S. Spontaneous and aging-
dependent development of arthritis in NADPH oxidase 2 deficiency through altered 
differentiation of CD11b+ and Th/Treg cells. Proceedings of the National Academy of 
Sciences 2011, 108, 9548–9553. 
94. Chen, J.-R.; Lazarenko, O. P.; Blackburn, M. L.; Mercer, K. E.; Badger, T. M.; 
Ronis, M. J. J. p47phox-Nox2-dependent ROS Signaling Inhibits Early Bone 
Development in Mice but Protects against Skeletal Aging. Journal of Biological 
Chemistry 2015, 290, 14692–14704. 
95. Kayaaltı, Z.; Kaya, D.; Bacaksız, A.; Söylemez, E.; Söylemezoğlu, T. An 
association between polymorphism of the NADH/NADPH oxidase p22phox 
(phagocyte oxidase) subunit and aging in Turkish population. Aging Clin Exp Res 
2013, 25, 511–516. 
96. Kim, K.-I.; Na, J.-E.; Kang, S. Y.; Cho, Y.-S.; Choi, D.-J.; Kim, C.-H.; Kim, H.-S.; 
Oh, B.-H.; Choi, Y.-H.; Kwon, I. S.; Park, S. C. Impact of NAD(P)H oxidase p22 phox 
gene polymorphism on vascular aging in Korean centenarian and nonagenarian. Int. 
J. Cardiol. 2007, 123, 18–22. 
97. Schreiber, R.; Ferreira-Sae, M. C.; Ronchi, J. A.; Pio-Magalhães, J. A.; Cipolli, J. 
A.; Matos-Souza, J. R.; Mill, J. G.; Vercesi, A. E.; Krieger, J. E.; Franchini, K. G.; 
Pereira, A. C.; Nadruz Junior, W. The C242T polymorphism of the p22-phox gene 
(CYBA) is associated with higher left ventricular mass in Brazilian hypertensive 
patients. BMC Med. Genet. 2011, 12, 114. 
98. Park, J.-Y.; Ferrell, R. E.; Park, J.-J.; Hagberg, J. M.; Phares, D. A.; Jones, J. M.; 
Brown, M. D. NADPH oxidase p22phox gene variants are associated with systemic 
oxidative stress biomarker responses to exercise training. J. Appl. Physiol. 2005, 99, 
1905–1911. 
99. Muthusamy, V. R.; Kannan, S.; Sadhaasivam, K.; Gounder, S. S.; Davidson, C. J.; 
Boeheme, C.; Hoidal, J. R.; Wang, L.; Rajasekaran, N. S. Acute exercise stress 
activates Nrf2/ARE signaling and promotes antioxidant mechanisms in the 
myocardium. Free Radic Biol Med 2012, 52, 366–376. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 September 2018                   doi:10.20944/preprints201809.0171.v1

Peer-reviewed version available at Antioxidants 2018, 7, 130; doi:10.3390/antiox7100130

http://dx.doi.org/10.20944/preprints201809.0171.v1
http://dx.doi.org/10.3390/antiox7100130


NADPH oxidases and aging 

 30 

100. Brandes, R. P.; Weissmann, N.; Schröder, K. Nox family NADPH oxidases in 
mechano-transduction: mechanisms and consequences. Antioxidants & Redox 
Signaling 2014, 20, 887–898. 
101. Park, S. C. Serendipity in search for longevity from experiences of Hansen 
people. Translational Medicine of Aging 2017, 1, 12–17. 
102. Cho, S. C.; Rhim, J.-H.; Son, Y. H.; Lee, S. J.; Park, S. C. Suppression of ROS 
generation by 4,4-diaminodiphenylsulfone in non-phagocytic human diploid 
fibroblasts. Exp. Mol. Med. 2010, 42, 223–232. 
103. Cho, S. C.; Park, M. C.; Keam, B.; Choi, J. M.; Cho, Y.; Hyun, S.; Park, S. C.; 
Lee, J. DDS, 4,4'-diaminodiphenylsulfone, extends organismic lifespan. Proceedings 
of the National Academy of Sciences 2010, 107, 19326–19331. 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 September 2018                   doi:10.20944/preprints201809.0171.v1

Peer-reviewed version available at Antioxidants 2018, 7, 130; doi:10.3390/antiox7100130

http://dx.doi.org/10.20944/preprints201809.0171.v1
http://dx.doi.org/10.3390/antiox7100130

