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Introduction: Reactive oxygen species (ROS) represent molecules of great interest in the field of regenerative biology since several animal models require their production to promote and favor tissue, organ, and appendage regeneration. Recently, it has been shown that the production of ROS such as hydrogen peroxide (H2O2) is required for tail regeneration in Ambystoma mexicanum. However, to date, it is unknown whether ROS production is necessary for limb regeneration in this animal model. Methods: forelimbs of juvenile animals were amputated proximally and the dynamics of ROS production was determined using 2′7- dichlorofluorescein diacetate (DCFDA) during the regeneration process. Inhibition of ROS production was performed using the NADPH oxidase inhibitor apocynin. Subsequently, a rescue assay was performed using exogenous hydrogen peroxide (H2O2). The effect of these treatments on the size and skeletal structures of the regenerated limb was evaluated by staining with alcian blue and alizarin red, as well as the effect on blastema formation, cell proliferation, immune cell recruitment, and expression of genes related to proximal-distal identity. Results: our results show that inhibition of post-amputation limb ROS production in the A. mexicanum salamander model results in the regeneration of a miniature limb with a significant reduction in the size of skeletal elements such as the ulna, radius, and overall autopod. Additionally, other effects such as decrease in the number of carpals, defective joint morphology, and failure of integrity between the regenerated structure and the remaining tissue were identified. In addition, this treatment affected blastema formation and induced a reduction in the levels of cell proliferation in this structure, as well as a reduction in the number of CD45+ and CD11b + immune system cells. On the other hand, blocking ROS production affected the expression of proximo-distal identity genes such as Aldha1a1, Rarβ, Prod1, Meis1, Hoxa13, and other genes such as Agr2 and Yap1 in early/mid blastema. Of great interest, the failure in blastema formation, skeletal alterations, as well as the expression of the genes evaluated were rescued by the application of exogenous H2O2, suggesting that ROS/H2O2 production is necessary from the early stages for proper regeneration and patterning of the limb.
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INTRODUCTION
The ability to regenerate structures is widely distributed throughout the animal kingdom including vertebrates and invertebrates (Brockes and Kumar, 2008; Daponte et al., 2021; Elchaninov et al., 2021). Accordingly, understanding the mechanisms underlying this regenerative capacity has become one of the major challenges in developmental and regenerative biology, with the firm purpose of providing new insights and directions for the development of new therapies in the field of regenerative medicine (Brockes and Kumar, 2005; Poss, 2010; Dolan et al., 2018; Iismaa et al., 2018; Arenas Gómez and Echeverri, 2021; Grigoryan, 2021). Within vertebrates, salamanders possess an exceptional ability to regenerate a variety of tissues, organs, and appendages including tail and limbs (Joven et al., 2019). Limb regeneration is a fascinating process and given the complexity of this structure, its regeneration represents one of the main and most conventional models for the study of regenerative response, control of morphogenesis, and final patterning of the regenerated structure (Simon and Tanaka, 2013; Brockes and Gates, 2014; Tanaka, 2016; Dwaraka and Voss, 2019). Among salamanders, Urodeles such as A. mexicanum is considered a primary reference model for the study of limb regeneration, given its capacity to regenerate this structure throughout its life (Kragl et al., 2009; Voss et al., 2009, 2015; Haas and Whited, 2017a).
Amputation of a limb in Salamanders including A. mexicanum consequently promotes a regenerative response characterized in the first instance by the migration of epithelial cells from the edge of the wound, giving rise to the wound epithelium, which subsequently thickens to form the apical epithelial cap (AEC), which covers the remnant tissue and acts as a signaling center (Tank et al., 1976; Satoh et al., 2012; McCusker et al., 2015; Stocum, 2017; Aztekin, 2021). Simultaneously to the formation of the AEC, other processes such as histolysis and remodeling of the extracellular matrix of the remnant tissue take place, favoring its dedifferentiation, re-entry into the cell cycle, and consequently, the accumulation of progenitor cells (including resident stem cells) between the wound epithelium and the remnant tissue to form the blastema (Tank et al., 1976; McCusker et al., 2015; Voss et al., 2015; Stocum, 2017). Finally, following the growth and patterning of the blastema, a phase of morphogenesis and growth of the regenerating structure takes place to form the lost or amputated limb (McCusker et al., 2015; Voss et al., 2015; Stocum, 2017). During limb regeneration, a wide group of signals has been identified from the immediate amputation to the formation, growth, and patterning of the blastema, as well as signals involved in the morphogenesis of blastema-derived structures (Yokoyama, 2008; Kumar et al., 2010; Makanae and Satoh, 2012; Tanaka, 2016; Haas and Whited, 2017b; Stocum, 2017). Within these signals, we can mention Bioelectrical signals, TGFβ, FGF, SHH, WNT, Retinoic Acid (RA) signaling, and other neurotrophic factors that promote blastema formation and growth, such as n(AG), among others (Borgens et al., 1984; Jenkins et al., 1996; Kawakami et al., 2006; Kumar et al., 2007, 2010; Satoh et al., 2011; Makanae et al., 2014; Nacu et al., 2016; Wischin et al., 2017; Vieira et al., 2019; Maden, 2020; Sader and Roy, 2021). However, other signaling mechanisms are subject to future studies to determine their potential requirement during limb regeneration.
Interestingly, although reactive oxygen species (ROS) have been listed as deleterious molecules for cellular and tissue homeostasis, today they represent molecules of great interest in the field of developmental biology and regeneration, given their capacity to regulate events such as apoptosis, migration, cell proliferation, and differentiation, among other cellular processes (Covarrubias et al., 2008; Hernández-García et al., 2010; Meda et al., 2018; Rampon et al., 2018; Sies and Jones, 2020a). Notably, ROS can regulate the activity of various molecules including transcription factors and kinases (Marinho et al., 2014; Sies, 2017; Rhee et al., 2018)). Previous studies have identified ROS production as a pro-regenerative signal post-amputation of various structures in both vertebrates and invertebrates (Pirotte et al., 2015; Rampon et al., 2018). In vertebrate models, ROS have been extensively involved in the regeneration of appendages such as tail in Gecko (Zhang et al., 2016), tail fin in zebrafish (Yoo et al., 2012; Gauron et al., 2013; Romero et al., 2018; Thauvin et al., 2022), and tail regeneration in Xenopus (Love et al., 2013; Ferreira et al., 2016, 2018). Of great interest, in several of these models, it has been evidenced that ROS regulate the activity of signals such as Wnt, Fgf, Shh, and kinases which are described as necessary signals for limb regeneration (Yoo et al., 2012; Love et al., 2013; Romero et al., 2018; Thauvin et al., 2022). In salamanders, studies performed in axolotl embryos show that ROS are necessary for tail regeneration (Al Haj Baddar et al., 2019). In addition, we have recently identified that ROS, particularly H2O2, promotes tail regeneration in juvenile axolotls by regulating blastema formation and growth through activation of the transcriptional co-activator of the Hippo signaling pathway, Yap1, as well as regulating Agr2 expression and AKT kinase activation (Carbonell et al., 2021). Of great interest, a recent study in Xenopus shows that ROS production induced by melanocortin receptor 4 (Melanocortin four receptor (Mc4r)) is necessary to promote limb regeneration (Zhang et al., 2018). However, to date, it is unknown whether ROS production is necessary for axolotl limb regeneration.
Therefore, considering the background of ROS during appendage regeneration in different species, particularly, its implication during tail regeneration in the A. mexicanum model, and considering the need to identify whether this signaling mechanism is conserved during regeneration of other structures in this animal model, our aim was to evaluate whether ROS-mediated redox signaling is necessary during axolotl limb regeneration.
Here we show for the first time that post-amputation ROS production is necessary for proper limb regeneration in the A. mexicanum model. Thus, ROS production, particularly H2O2 is required for blastema formation and growth, and blocking NADPH oxidases (NOXs)-dependent ROS production induces regeneration of a miniaturized limb. Additionally, as a first approach to the function of ROS during limb regeneration, it was observed that ROS regulate the expression of several proximal-distal identity genes such as Meis1, Meis2, Prod1, Hoxa13, Aldh1a1, Rarβ and other genes such as Agr2 and Yap1 during blastema formation. In addition, ROS were necessary to promote the recruitment of CD45 + leukocytes and CD11b + monocytes/macrophages, as well as their phagocytic activity. These results suggest a potential regulation and interaction between ROS production and these signaling pathways during A. mexicanum limb regeneration.
MATERIALS AND METHODS
Animal handling and ethical aspects
Leucistic Juvenile axolotls (10 cm snout to tail) were used for this research. Animals were obtained from the Ambystoma Genetic Stock Center (AGSC) of the University of Kentucky and bred at the SIU (Sede de Investigación Universitaria) of the University of Antioquia, Colombia. All animals were maintained under the same conditions and fed ad libitum with protein pellets at a temperature between 19 and 21°C in 20% Holftreter’s solution. The animal experimentation procedures were previously approved by the Ethics and Animal Experimentation Committee of the University of Antioquia under the animal experimentation protocol registered in Acta No. 121.
Limb amputation surgery and regeneration assays
Juvenile axolotls were anesthetized by immersion in 0.1% ethyl-3-aminobenzoate methanesulfonate (Sigma Aldrich, Louis, MO) dissolved in 20% Holtfreter’s solution for all surgical procedures. Bilateral proximal forelimb amputations were performed at the medial humerus level with microsurgical scissors and the protruding bone tissue was regularized with iridectomy scissors to promote proper wound epithelium formation as previously suggested (Kragl and Tanaka, 2009; Arenas Gómez et al., 2017a). Subsequently, the animals were placed in their respective treatments and, once the treatments were completed, they remained in a 20% Holtfreter solution. Each limb was photographed under the same magnification parameters for each of the experimental groups using a stereomicroscope (Olympus SZ×16, Tokyo, Japan) with a digital camera (MotiCAM 5, Kowloon, Hong Kong) pre-amputation, immediate post-amputation, and during the time course of regeneration. The size of the blastema and the regenerated limb was obtained by using Motic Images Plus software (Version 2.0, Kowloon, Hong Kong). Blastema size was determined by subtracting the size of the post-amputation remnant tissue from the distance obtained from the most distal and medial point of the blastema to the most proximal region of the limb at 11, 14, and 21 dpa. The size of the regenerated limbs was determined by subtracting the size of the post-amputation remnant from the distance obtained from the most proximal region of the humerus to the elbow and from the elbow to the most distal point regenerated the second digit at 62 dpa.
Reactive oxygen species detection
In vivo detection of ROS production was performed using 2′7- dichlorofluorescein diacetate (H2DCFDA, Sigma). Animals were incubated for 2 h in 50 μM of H2DCFDA in a dark environment before image acquisition by confocal microscopy as previously described (Carbonell M et al., 2021). Subsequently, animals were immersed in 40% Holtfreter solution to remove excess H2DCFDA and anesthetized in 0.1% ethyl-3-aminobenzoate methanesulfonate (Tricaine) for image acquisition. The animals used for each point were different and were not reused for subsequent analyses. In this way, the potential accumulation of DCFDA residues that could interfere with subsequent detections of ROS production was avoided. Fluorescence generated by oxidation of H2DCFDA was acquired on a confocal microscope (Olympus FV1000 MPE, FV10-ASW software) using the mosaic stitching tool given the size of the limb area to be imaged. Samples were excited with a 488 nm laser and the emitted fluorescence was detected using a 520/39 nm filter. Given the thickness of the samples and the difficulty that this can generate to detect the global fluorescence in each sample, a semiquantitative approximation of fluorescence intensity with ImageJ software according to previous studies was performed (Schneider et al., 2012; Jensen, 2013). Thus, a region of interest (ROI) was determined for each acquired image. The area of interest extended from the most distal point of the regenerated tissue to 500 µm proximal to the amputation plane. The intensity of the gray pixels was measured, and the background was subtracted according to previous studies (Schneider et al., 2012; Jensen, 2013; Al Haj Baddar et al., 2019). The gray intensity obtained for each day assessed was compared with pre-amputation levels using a one-way ANOVA and a Tukey’s post hoc analysis between each point assessed was performed to determine differences between these. In addition, fluorescence levels obtained for animals in the control group (0.1% DMSO) and exposed to NOX inhibitors (400 μM apocynin) were compared using Student’s t-test. An n = 6 was used for each point, and a p-value < 0.05 was considered statistically significant.
Chemical inhibition of NOX activity and rescue treatment by exogenous H2O2 during axolotl’s limb regeneration
For all the tests, the experimental groups remained submerged in each treatment for 1 h before amputation. After the amputation process, animals were incubated in 400 μM apocynin (NOX activity inhibitor, Santa Cruz, SC-203321) for incremental time intervals of 0 dpa - 3 dpa and 0 dpa - 11 dpa. Apocynin inhibits the production of ROS by blocking the formation of the NOX complex (Stefanska and Pawliczak, 2008). Control animals were incubated in 0.1% DMSO for the same time intervals. For the rescue assay, after amputation, animals were incubated from 0 dpa to 11 dpa in 400 μM apocynin combined with 50 μM H2O2. For the rescue group, a control group exposed to the same concentration of H2O2 in the absence of the inhibitor was included. A n = 10 animals group was used for each experimental group. Each treatment was changed every 24 h. The size of the regenerated structure was evaluated at 72 dpa and the values obtained were compared by one-way ANOVA and Tukey’s post-hoc analysis to establish the differences between each group evaluated. Similarly, blastema size at 11, 14, and 21 dpa was compared between each group evaluated. A value of p < 0.05 was considered statistically significant.
Histology and immunofluorescence
Regenerated tissues were collected at 11 dpa for histological analysis and stained with Hematoxylin-Eosin (H-E) to evaluate blastema formation and immunofluorescence for cell proliferation assay. Similarly, regenerated limbs were analyzed histologically by H-E staining and Masson’s Trichrome staining at 72 dpa for identification of regenerated tissues including the joint between the stylopod and zeugopod.
After tissue collection, tissues were fixed in 4% paraformaldehyde for 24 h and embedded in paraffin. Subsequently, 5 μm histological sections were stained with H-E or Masson’s Trichrome stain to evaluate the effect of the different experimental conditions. For immunofluorescence, blastemas at 11 dpa from control animals in 0.1% DMSO, exposed to 400 μM apocynin and from the rescue assay group (50 μM H2O2 + 400 μM apocynin) were collected. Briefly, tissues were fixed in 4% PFA for 24 h, embedded in paraffin, and 5 μm histological sections were made on a microtome. Histological sections were deparaffinized, rehydrated, postfixed in 4% PF4 for 5 min, and washed 3 times for 5 min in 1X TBST (1X Tris-buffered Saline, 0.1% Tween 20). All sections were incubated in blocking solution (10% fetal bovine serum in 1X TBST) for 3 h at room temperature and then incubated with anti-BrdU primary antibody (1:500) diluted in blocking solution at 4°C overnight. The next day, histological sections were washed with 1X TBST and incubated with anti-mouse Alexa fluor 594 secondary antibody (1:200, Abcam #ab 150120). To detect leukocyte recruitment direct immunofluorescence was performed using anti-CD45 FITC Mouse anti-CD45 (1:500, BD Pharmingen), additionally direct immunofluorescence against CD11b was performed using APC mouse anti-CD11b (1:1,000, Invitrogen ref 17-0118-42) to detect monocytes/macrophages. Finally, nuclear counterstaining was performed with Hoechst, and photographs were acquired on an AXIO Vision Zoom V16 stereomicroscope (Carl Zeiss) using ZEN software. An n = 5 was used for each group.
In vivo BrdU labeling assay
5-Bromo-2-deoxyuridine (BrdU) (Sigma, United States) was used as an S-phase proliferative marker during blastema formation. Control animals exposed to 0.1% DMSO (n = 5), animals exposed to 400 μM apocynin inhibitor treatment, and animals exposed to rescue treatment (50 μM H2O2 + 400 μM apocynin) were injected with BrdU intraperitoneally (0, 4 mg/g body weight) in two pulses (24 and 48 h before blastema tissue collection) at 9 dpa and 10 dpa according to Arenas et al and Carbonell et al (Arenas Gómez et al., 2017b; Carbonell et al., 2021). Blastema tissues collected at 11 dpa were processed for immunofluorescence as described in the previous item “histology and immunofluorescence”. A total of five to six histological sections were analyzed for each replicate. The percentage of BrdU-positive cells was determined by dividing the number of BrdU-positive cells by the number of Hoechst-labeled nuclei.
Skeletal preparations
To visualize skeletal structures, alcian blue and alizarin red staining was performed as previously described (Depew, 2008). Whole limbs were fixed in 4% PFA in 1X PBS for 48 h. Subsequently, the samples were washed in distilled water for 24 h, with water replacement every 8 h. Carefully, skin and muscle tissue were removed with dissecting forceps. The samples were then immersed in 0.3% alcian blue solution for 48 h at 37°C, rehydrated in ethanol series (75%, 40%, and 15%), and washed in distilled water for 2 h. Then, the samples were left in 1% trypsin/sodium borate solution for 24 h and exposed to 0.5% alizarin red/KOH solution for 24 h. Finally, washings were performed with 0.5% KOH, clearing over the next several days by carrying through a 1% KOH/glycerol solution for 24 h at 3:1, 1:1, and 1:3 ratios, and the samples were left in 87% glycerol for photography. Photographs were acquired using stereomicroscopy (Olympus SZX16, Tokyo, Japan) with a digital camera (MotiCAM 5, Kowloon, Hong Kong). Measurements of skeletal structures were performed using Motic Images Plus software (Version 2.0, Kowloon, Hong Kong).
Phagocytic activity
For the evaluation of phagocytic activity, live neutral red staining was used according to previous studies (Herbomel et al., 2001; Godwin et al., 2013; Franklin et al., 2017). Neutral red stains phagocytic cell populations and has a high affinity for macrophages. This method has been used with great efficiency to label macrophages in zebrafish as well as to identify macrophage phagocytic activity during tail and limb regeneration in A mexicanum (Herbomel et al., 2001; Godwin et al., 2013; Franklin et al., 2017). The animals were immersed in neutral red solution 5 μg/ml in Holtfreter’s solution for 6 h. Subsequently, the animals were left for 24 h in Holtfreter’s solution to destain them. Finally, the animals were photographed under a brightfield stereomicroscope with prior anesthesia. Counting of cells per unit area (1mm2) was performed using ImageJ.
RNA extraction and RT/Q-PCR
Total RNA was isolated from limb blastema at 11 dpa using Trizol reagent (Ambion, 15,596-026) according to the manufacturer’s protocol. Subsequently, cDNA was synthesized using the RevertAid H minus Strand cDNA Synthesis kit (Thermo Scientific #K1632) from 500 ng of total RNA, pretreated with RNase-free DNase I. The cDNA was diluted 1:10 before qPCR assays. The q-PCR reactions were performed using iQ SYBER Green supermix and an iCycler iQTm detection system (Bio-Rad). Gene expression levels were normalized to endogenous 18S reference gene expression as previously reported (Zhu et al., 2012). Three independent experiments (n = 3) with respective biological replicates (n = 3) and technical triplicates for each experimental point and condition were performed. In addition, negative controls without the first cDNA strand were performed for each gene evaluated. Gene expression levels were calculated by the comparative CT (2−ΔΔCT) method (Schmittgen and Livak, 2008) and between-group comparisons were performed by one-way ANOVA and Tukey’s post-hoc. The sequences of the primers are listed in Table 1 together with the respective reference where they were previously described. All protocols and information necessary for the reproducibility of the experiments will be available to all interested researchers upon request.
TABLE 1 | List of primers used for Q-PCR.
[image: Table 1]An illustrative diagram of the Overall experimental design is presented (See Supplementary Figure S1)
RESULTS
ROS production during axolotl limb regeneration
As a first step to identify whether ROS are necessary during limb regeneration, we set out to characterize the dynamics of ROS production during the regeneration of this structure using 2′,7′-dichlorofluorescein diacetate (DCFDA). Following limb amputation, at 1 dpa high levels of ROS were detected at the level of the amputation plane and remnant tissue (Figure 1A). ROS production was confined to the epidermis covering the wound. These levels increased at 2 dpa maintaining the same localization pattern; however, at 3 dpa and 5 dpa ROS production decreased and ROS production remains localized in the wound epithelium. (Figures 1A,B). At 7 dpa, a new increase in ROS production was detected in the area circumscribed to thickened epithelium covering the wound now called the apical epithelial cap (AEC). These levels were maintained between 9 and 11 dpa when blastema formation takes place. At 9 dpa ROS remained in the AEC and at 11 dpa, in addition to localization in the AEC, signals are detected in presumptive blastema cells (Figure 1A). Finally, ROS levels decreased at 18 dpa reaching basal levels at 21 dpa (Figures 1A,B). Although ROS levels are less detectable at 18 dpa, ROS can be detected in both AEC and presumptive blastemal cells. Fluorescence semiquantification shows that ROS production was detected for at least 18 dpa (Figure 1B). These results indicate that limb amputation significantly induces substantial ROS production during the first 2 weeks post-amputation suggesting a potential role of these molecules during limb regeneration both in the early stages of the regenerative response up to blastema formation and growth.
[image: Figure 1]FIGURE 1 | ROS production during limb regeneration in A. mexicanum. (A) representative images of ROS production acquired by confocal microscopy. The pre-amputation image represents the medial area of the non-amputated humerus (basal level of ROS production). ROS production was detected at the amputation plane at 1, 2, 3, and 5 dpa. At 7 dpa and 9 dpa ROS was detected in the apical epithelial cap (AEC) and at 11 dpa in the AEC and developing blastema region. White arrowheads represent the amputation plane. A white box with a dashed line is shown at higher magnification in lower panel images acquired with differential interference contrast (DIC) in conjunction with fluorescence images for anatomical details. Yellow arrows indicate epithelial localization of ROS and red arrows localization in blastema cells. (B), Semi-quantification of relative fluorescence intensity. Fluorescence levels show two apparent waves of ROS production between 1dpa and 3 dpa for the first wave, and between 7 and 15 dpa, for the second wave of ROS production. One-way ANOVA with a Tukey post-hoc was performed to compare each point with basal levels of pre-amputation ROS production (n = 10 for each point, 5 animals per point). Data are expressed as mean ± SEM (mean standard error). ***p < 0.001, **p < 0.01, *p < 0.05.
NOXs-dependent ROS production is required for proper limb regeneration and exogenous H2O2 rescues limb regeneration impaired by NOX inhibition
To evaluate the requirement of ROS during limb regeneration, we blocked the activity of NOXs using the inhibitor apocynin. Considering the ROS production dynamics characterized above, animals were exposed to 400 µM apocynin and the resulting phenotype was evaluated at 72 dpa. Initially, considering that early blockade of post-amputation tail and caudal fin ROS production in zebrafish larvae and adult animals as well as in Xenopus tails and A mexicanum affects the regeneration of these appendages (Gauron et al., 2013; Love et al., 2013; Tauzin et al., 2014; Al Haj Baddar et al., 2019; Carbonell M et al., 2021), we hypothesized that given this background and early detection of post-amputation limb ROS production, ROS blockade of 0 dpa-3pa would generate some perturbation in limb regeneration in A mexicanum. The animals were incubated in apocynin from 0 to 3 dpa corresponding to the first wave of ROS production; however, the animals regenerated their limbs correctly, without any alteration (See Supplementary Figure S2). Subsequently, it was decided to increase the apocynin inhibitor exposure interval from 0 to 11 dpa, covering the second wave of ROS production according to the ROS production dynamics (Figure 1B) and to previous studies showing that extended blockade of ROS production impacts later events during appendage regeneration (Gauron et al., 2013; Love et al., 2013; Carbonell M et al., 2021). The results show that animals exposed to the inhibitor regenerated limbs of reduced size, resembling a miniature structure when compared to control animals exposed to 0.1% DMSO (Figures 2A,B). Additionally, the external morphology of the limbs of apocynin-treated animals showed no apparent intersegmental boundary between the regenerated autopod, zeugopod and stylopod (Figure 2A).
[image: Figure 2]FIGURE 2 | Blocking ROS production by apocynin affects limb regeneration in A. mexicanum. (A), Representative images of animals exposed to different treatments compared to the control group in 0.1% DMSO. Defects generated by inhibition of NOX activity and rescue treatments (apocynin 400 µM + H2O2) are shown. Solid red lines represent the amputation plane. (B), Quantification of regenerated limb size at 72 dpa. Apocynin-exposed group evaluated at 124 dpa was included. One-way ANOVA and post-hoc Tukey were performed to compare the evaluated groups (n = 10 per group). (C), Semi-quantification of ROS levels post-exposure to apocynin inhibitor (n = 7). ROS levels decrease significantly under inhibitory treatment. Student’s t-test was performed to compare the two groups. Data are expressed as mean ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05.
Considering that H2O2 is one of the main products of NOXs activity and one molecule involved in ROS-mediated redox signaling and that in a previous study we have shown that H2O2 is required for tail regeneration in A. mexicanum (Carbonell M et al., 2021), this prompted us to perform a rescue assay using 50 µM H2O2 in combination with the inhibitor apocynin from 0 dpa to 11 dpa. The results show that exogenous H2O2 allows to rescue the phenotype generated by the inhibition of NOXs activity (Figures 2A,B). The regenerated limb in the rescue group presents a larger size compared to animals treated only with the inhibitor apocynin and present an external morphology like that observed in controls exposed to DMSO 0.1%, without apparent syndactyly or supernumerary digits (Figures 2A,B). Animals exposed to exogenous H2O2+ 0.1% DMSO showed no differences when compared to controls in 0.1% DMSO, indicating that the animals can tolerate this concentration of H2O2 without affecting the regeneration process (Figures 2A,B). To evaluate whether the defects observed in animals exposed to the inhibitor were permanent, re-amputation of the affected limbs was performed. After re-amputation, the limbs regenerated similarly to controls exposed to 0.1% DMSO (Figures 2A,B). This indicates that the defects generated were the result of transient inhibition of ROS production and that the remaining tissues still retain the ability to induce a regenerative response.
On the other hand, to evaluate whether the regenerated limb with miniature appearance was due to an apparent delay in the speed of the regenerative process post-exposure to the inhibitor, a group of animals exposed to apocynin was evaluated at a longer time corresponding to 124 dpa (approximately twice the time initially evaluated). The results show that this additional time was not sufficient for the miniature limbs to reach a similar size to the controls in DMSO and the rescue group evaluated at 72 dpa (Figures 2A,B). These results suggest that early-stage ROS production potentially influences the determination of the final size of the regenerated structure. Additionally, to ratify that the phenotype observed post apocynin treatment was a product of decreased ROS production, post apocynin treatment, the ROS levels were quantified from 0 dpa to 11 dpa. The results show a significant reduction in ROS levels when compared to the control group (Figure 2C).
Finally, to confirm whether the rescue effect observed in the treatments from 0 to 11 dpa was due to H2O2 as such and not to potential interference between H2O2 and apocynin, we performed another new rescue assay. Thus, we treated two groups of animals with apocynin from 0 to 11 dpa and withdrew the apocynin treatment. Subsequently, one of these groups previously treated with apocynin was treated with 50 µM exogenous H2O2 for 7 days until 18 dpa and the other group was not treated at all (Figure 3A). At 31 dpa, we were able to determine that the treatment with 50 µM exogenous H2O2 effectively promoted a rescue effect on the regenerating structure in contrast to the group not exposed to this treatment, which presented an apparent delay in digit formation and a reduction in the size of the regenerate (Figures 3B,C). This confirms that the rescue effect previously observed when apocynin was administered simultaneously with exogenous H2O2 was due to the effect of exogenous H2O2, and not to interference with the inhibitor apocynin (see new Figure 3). This latter result suggests that exogenous H2O2 can regulate the regenerative response.
[image: Figure 3]FIGURE 3 | Exogenous H2O2 induces a rescue effect on the regenerating structure. (A) Illustrative scheme of the rescue assay performed. (B) Representative images of regenerating tissues at 11 and 31 dpa of controls in 0.1% DMSO, inhibitory treatments with apocynin and without rescue, and inhibitory treatments rescued with exogenous H2O2. (C) Quantification of regenerate size at 31 dpa. White arrowheads represent the amputation plane. One-way ANOVA and post-hoc Tukey were performed to compare the evaluated groups (n = 10 per group). Data are expressed as mean ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05.
Exogenous H2O2 rescues skeletal alterations generated by blocking NOX-dependent ROS production
Given our previous observations regarding the post-inhibition effect of ROS production on the size and external morphogenesis of regenerated limbs, we proceeded to perform a skeletal analysis using alcian blue and alizarin red staining. The results showed that animals exposed to apocynin inhibitor from 0 to 11 dpa regenerated the skeletal structures that make up the stylopod (humerus), zeugopod (radius and ulna), and autopod (carpal bones, metacarpals, and phalanges) with a discernible number of four digits (Figure 4A). However, it can be globally identified that the skeleton of the regenerated limb shows a size reduction, recapitulating the external phenotype of a miniature limb described above (Figure 2A). Of great importance, treatment with exogenous H2O2 was able to rescue the size of the skeleton affected by the inhibition of ROS production, generating a phenotype like that observed in the control group (Figure 4A). A discriminative analysis for each skeletal structure shows that treatment with apocynin generated a proximal-distal reduction in the size of the humerus, radius, ulna, and zeugopodium when compared to the control group in 0.1% DMSO (Figures 4B–E). Similarly, it was identified that the application of exogenous H2O2 peroxide significantly rescued the size of the affected skeletal structures (Figures 4B–E). These results suggest that redox signaling mediated by ROS/H2O2 production during the early stages of limb regeneration is necessary to regulate the size of regenerated skeletal structures.
[image: Figure 4]FIGURE 4 | Inhibition of NOXs activity reduces the size of the regenerated skeleton and induces a decrease in the number of carpals in A. mexicanum at 72 dpa. (A), Representative images of the treatments evaluated. The skeleton of apocynin (APO)-treated limbs confirms a miniature limb phenotype. Treatments with exogenous H2O2 partially rescue the phenotype generated by NOXs inhibition. (B–E), Quantification of the skeletal elements of the stylopod (humerus), zeugopod (radius and ulna), and autopod (carpals, metacarpals, and phalanges). One-way and post-hoc Tukey ANOVA was performed to compare the evaluated groups (n = 10 per group). (F), inhibition of ROS production by APO generated a decrease in the number of carpals (5 animals had only 5 carpals and 2 animals had six carpals out of 10 animals evaluated). Red arrow, black arrow and dotted circle indicate apparent ectopic fusions in anterior (ant), posterior (post), and intermediate carpals, respectively. (G), Porcetage of animals with reduction in the number of carpals observed in the different experimental groups. h, humerus; r, radius; u, ulna. Data are expressed as mean ± SEM. ***p < 0.001, **p < 0.01, *p < 0.05.
On the other hand, it was identified that inhibition of NOXs activity resulted in a decrease in the number of carpals in 70% of the animals treated with the inhibitor, compared to the controls in 0.1% DMSO, in which a decrease in the number of carpals was identified in 10% of these animals (less than 8 carpals was considered as a reduction in the number of these structures). Of great interest, only 30% of the animals treated with exogenous H2O2 showed a decrease in the number of carpals, indicating rescue of the phenotype generated by the inhibition of NOXs activity (Figures 4F,G). Additionally, the treatments of the control group exposed to 0.1% DMSO + exogenous H2O2 did not differ from the control group exposed only to 0.1% DMSO, confirming that the concentration of H2O2 used does not affect the regeneration process (Figures 4A–G). These results suggest that the inhibition of ROS/H2O2 production not only affects the proximal-distal size of the regenerate but also disturbs the number of skeletal elements of the autopodium.
Additionally, we observed that the group of animals treated with the inhibitor apocynin presented failure in the integration between the regenerated skeletal tissue and the remaining skeletal tissue compared to the control group in 0.1% DMSO (Figures 5A–C). For better identification of this defect by using alcian blue and alizarin red staining, we identified a region that we called the “area of integration (ai)”, which corresponds to the area where the regenerated skeletal tissue integrates with the remnant tissue (junction between the most proximal region of the regenerated humerus and the distal region of the remnant humerus) (Figure 5A). Control animals in 0.1% DMSO show an area of integrity characterized by continuity between the remnant humerus and the regenerated humerus (Figure 5B). Histological sections show continuity between the perichondrium of the regenerated humerus, periosteum of the regenerating ossified humerus, and periosteum of the remnant humerus (Figure 5F). In contrast, 90% of the animals treated with apocynin (9/10 animals) present integration failure characterized by the discontinuity between the regenerated humerus and the remnant humerus (Figures 5C,J). This discontinuity can be observed as an angular junction between these two skeletal components; in addition, histological sections show that the perichondrium of the regenerated humerus does not continue with the periosteum of the remaining humerus (Figures 5C,G). Of great importance, rescue treatment with exogenous H2O2 reduced to 40% (4/10 animals) the integrity failure between the regenerated skeletal tissue and the remnant skeleton generated by inhibition of ROS production (Figures 5D,H). Additionally, only 20% (n = 2/10) of the control animals exposed to 0.1% DMSO + H2O2 presented integration failure (Figures 5E,I,J). Taken together, these results suggest that ROS production during the first 11 dpa is necessary to promote integration between regenerated skeletal tissue and the remnant skeleton.
[image: Figure 5]FIGURE 5 | Inhibitory treatment of NOXs-dependent ROS production affects the integration of the regenerated skeleton and joint morphology in A. mexicanum at 72 dpa. (A), Illustration of the areas of interest evaluated: ai (integration area) delimited with red brackets. The red circle indicates the joint area studied. (B–E), representative images of the experimental groups evaluated by alcian blue and alizarin red staining: Controls in 0.1% DMSO, apocynin (APO) treatment, rescue assay (APO + H2O2) and control exposed to 0.1% DMSO +50 µM H2O2. Yellow dotted lines indicate remnant bone tissue. (F–I), Histological sections with Masson’s trichrome staining at 5 µm. (F), shows continuity between the regenerated humerus and remnant skeletal tissue in the “ai”. (G), the integration area shows discontinuity between the regenerated and remnant humerus. (H), application of exogenous H2O2 rescues the phenotype affected by ROS inhibition. (I), Control animals exposed to 0.1% DMSO + H2O2 show integration between regenerated skeletal tissue and remnant skeletal tissue. (J), Percentage of animals that presented integration failure in the different experimental groups. (K,L) Representative images of joint morphology. (K), typical synovial joint morphology. (L), APO treatment affects the joint capsule and generates constriction of synovial spaces. (M), treatment with exogenous H2O2 rescues the articular morphology. (N), DMSO + H2O2 treatments do not affect typical joint morphology. (O–R), magnification of area delimited with red dotted lines in K, L, M, and N. (O) A well-defined synovial space can be observed. (P) Animals treated with apocynin show a fairly constricted synovial space with apparent continuity between the connective tissue of the articular capsule and the articular surface of the regenerated humerus (orange arrows). (Q) Similar to controls, a more defined synovial space is observed. (R) An articular morphology as seen in the DMSO controls can be observed. (S), Percentage of animals that presented joint morphological abnormality in the evaluated groups. Yellow arrows indicate connective tissue joint capsule. Black arrows indicate synovial spaces. ai, integration area; h, regenerated humerus; r, radius; u, ulna.
Finally, considering that the animals that regenerated miniature limbs did not present a defined boundary between the stylopod and zeugopod, this prompted us to perform an analysis of the joint morphology between these two segments. The results show that control animals exposed to 0.1% DMSO (90%, n = 9/10) presented a typical synovial joint with defined acellular synovial cavities and bounded externally by a connective tissue joint capsule and internally by the articular surfaces of the humerus, radius, and ulna bones (Figures 5K,O,S). In contrast to the controls, the animals treated with apocynin presented an altered articular morphology, characterized by a reduced articular capsule and apparently absent synovial spaces (superior and inferior) (80%, 8/10) (Figures 5L,P,S). On the other hand, animals exposed to rescue treatment with exogenous H2O2 regenerated a joint with a morphology like controls, and only 30% (n = 3/10 joints) presented morphological alterations as those reported in the apocynin-treated group (Figures 5M,Q,S). Additionally, animals exposed to 0.1% DMSO + H2O2 (90%, n = 9/10) presented a typical synovial joint morphology comparable to controls in 0.1% DMSO (Figures 5N,R). These results suggest a potential role of ROS in the early patterning of precursors that will form the articular region between the stylopod and zeugopod.
NOX-dependent ROS production is required to induce cell cycle re-entry and blastema formation during limb regeneration
One of the prominent features during limb regeneration is blastema formation. The formation of the blastema and the proliferation of the cells forming this structure are considered fundamental events for the growth of the regenerating structure (McCusker et al., 2015). Therefore, considering that inhibition of ROS production caused a significant reduction in the final size of the regenerated limb, the next step was to evaluate the effect of inhibition of NOXs activity on blastema formation. The results show that at 11 dpa, control animals in 0.1% DMSO formed an early blastema characterized by the accumulation of mesenchymal cells between the apical epithelial layer and the remnant cartilage (Figures 6A,D). In contrast, the apocynin-treated group of animals from 0 to 11 dpa showed an apparent absence of blastema formation (Figure 6B). Histological sections show sparse blastema cells between the epithelium and remnant cartilage in this experimental group (Figure 6E). Of great interest, between the epithelial layer and the remnant cartilage, a predominant deposition of connective tissue was identified overlying the accumulation of blastema mesenchymal cells (Figure 6E). Accordingly, we decided to evaluate whether the application of exogenous H2O2 could rescue blastema formation. The results show that exogenous H2O2 from 0 to 11 dpa induced the formation of a blastema similar in size and shape to the control group, favoring the accumulation of mesenchymal cells between the epithelium and the remnant cartilage (Figures 6C,F,G). This shows that exogenous H2O2 is sufficient to rescue the size of the blastema affected by ROS inhibition. Finally, although at 11 dpa blastema formation was affected by apocynin treatments, we followed up with these animals and identified the formation of a late blastema whose size was smaller compared to the control group in DMSO at 14 and 21 dpa. However, blastema growth in the rescue group animals experienced similar growth to the control group in DMSO (Figures 6L–R). These results show that although there is a delayed blastema formation in apocynin-treated animals, its size was smaller compared to controls, which correlates with the final size and miniaturized appearance of the regenerated limb.
[image: Figure 6]FIGURE 6 | ROS is required for cell cycle re-entry, blastema formation, and blastema growth during limbregeneration in A. mexicanum. (A–C), representative images of blastema formation at 11 dpa of controls (DMSO 0.1%), APO and rescue treatment (APO + H2O2 50 µM). White arrowheads indicate the amputation plane. (D–F), Hematoxylin-Eosin histologic sections of blastemas at 11 dpa of evaluated groups. (G), Quantification of blastema size. (H–J), Imnunofluorescence anti-BrdU at 11 dpa. Hydrogen peroxide rescues proliferation (re-entry into the cell cycle) of blastema cells affected by inhibition of ROS production. White arrows indicate the amputation plane. (K), Quantification of cell proliferation expressed as percentage of BrdU-positive cells. (L–Q), representative images of blastema growth at 14 dpa and 21 dpa in the different groups evaluated. (R), quantification of blastema size at 14 and 21 dpa. b, blastema; c, cartilage; ep, epithelium.*, indicates area of fibrous tissue accumulation between epithelium and remnant cartilage. Black and white arrowheads indicate the amputation plane. A one-way ANOVA with a Tukey post hoc was performed to compare the groups evaluated (n = 10 for blastema sizes and n = 5 for immunofluorescence analysis). Data are expressed as mean ± SEM (mean standard error). ***p < 0.001, **p < 0.01, *p < 0.05.
Additionally, considering the deficient blastema formation in apocynin-treated animals, the effect of ROS inhibition on blastema cell proliferation by BrdU incorporation was evaluated. The results show that apocynin-treated animals showed a significant reduction in the percentage of cells incorporating BrdU compared with the control group in 0.1% DMSO (Figures 6H,I). Few BrdU-positive cells were detected at the amputation plane, whereas only a small percentage of positive cells were detected lateral to the amputation plane in apocynin-treated animals (Figure 6I). Of great importance, rescue treatment with exogenous H2O2 increased BrdU incorporation levels like controls in 0.1% DMSO. Therefore, H2O2 can rescue the effect generated by inhibition of ROS production (Figures 6J,K). These results suggest that ROS production is required for cell cycle re-entry and subsequent blastema formation and growth during limb regeneration in axolotls.
Identifying potential target genes regulated by ROS production during axolotl limb regeneration
In order to approach a potential explanation for the phenotypic alterations observed upon inhibition of ROS production such as failure of blastema formation, shortening of regenerated skeletal structures, decrease in the number of carpals, alteration in joint morphogenesis and failure of the integrity of the new regenerated structure to the remnant, we set out to evaluate the effect of ROS on the expression of genes related to blastema formation and growth in axolotls, we set out to evaluate the effect of ROS on the expression of genes related to blastema formation and growth (Agr2 and Yap1), positional identity and tissue integrity such as Retinoic Acid (RA) pathway genes such as Aldh1a1, Aldh1a2, Rarβ, Rarα, RarG, and other positional identity genes such as Meis1, Meis2, Prod1 and Hoxa13. Accordingly, the expression of these genes was evaluated by RT-qPCR after blocking NOX-dependent ROS production and after exposure to rescue assay with exogenous H2O2 from 0 to 11 dpa.
The results show a significant increase in Prod1 expression levels upon blocking ROS production compared to the control group in 0.1% DMSO. Of great relevance, rescue assay with exogenous H2O2 was able to significantly reduce Prod1 expression to similar levels as those observed for the control group in 0.1% DMSO (Figure 7A). In addition, we also identified that like Prod1, Meis1, another gene involved in proximal identity, increased its expression post-inhibition of ROS production and its expression levels decreased upon rescue treatment with exogenous H2O2(Figure 7B). No significant effects on Meis2 expression were observed (Supplementary Figure S3). Considering the presence of skeletal alterations in the distal region such as decrease in the number of carpals, the effect of ROS on Hoxa13 gene expression was evaluated. In contrast to Prod1 and Meis1, it was found that inhibitory treatments with apocynin significantly reduced Hoxa13 expression levels when compared to the control group. However, rescue treatment with exogenous H2O2 rescued the expression of this gene (Figure 7C).
[image: Figure 7]FIGURE 7 | NOXs-dependent production ROS inhibition and exogenous H2O2 induces expression changes of genes related to blastema formation and positional identity during limb regeneration in A. mexicanum at 11 dpa. (A–G), RT-qPCR of Prod1, Meis1, Hoxa13, Aldh1a1, Rarβ, Agr2 and Yap1 genes. The results show that blocking ROS production significantly affects the expression of the genes described here and their expression levels can be rescued by the application of exogenous H2O2. Gene expression levels were normalized to the expression of the endogenous reference gene 18S. Data are expressed as mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was performed for comparisons between groups treated with apocynin, exogenous H2O2 and controls in 0.1% DMSO. ***p < 0.001, **p < 0.01, *p < 0.05.
On the other hand, considering the function of the retinoic acid pathway on the specification of the identity of the proximo-distal axis and previous reports linking the expression of Prod1 and Meis1 with this signaling pathway (Da Silva et al., 2002; Mercader et al., 2005; Kumar et al., 2015) as well as previous studies showing a regulatory effect of ROS on the activity and expression of some retinoic acid receptors (Casadevall and Sarkar, 1998; Demary et al., 2001; Park et al., 2009), we decided to evaluate the effect of ROS on the expression of some RA signaling component genes. Inhibition of ROS production generated an increase in the expression levels of Aldh1a1 and Rarβ genes, which were rescued by rescue treatment with exogenous H2O2 when compared with the control group in 0.1% DMSO (Figures 7D,E). No significant differences were found in the expression of Aldh1a2, Rarα, and RarG (Supplementary Figure S3). Finally, considering previous results describing the effect of Agr2 and Yap1 on blastema formation and the regulation of events such as proliferation during appendage regeneration in vertebrates and their relationship with ROS production, we proceeded to evaluate their expression under conditions of loss and gain of ROS activity (Kumar et al., 2007; Hayashi et al., 2014b; Carbonell M et al., 2021). The results show that ROS inhibition significantly decreased the expression levels of Agr2 and Yap1 at 11 dpa. Of great interest, exogenous H2O2 treatments rescued the expression levels of these genes (Figures 7F,G). These results suggest that ROS are necessary to regulate the expression of proximo-distal identity genes. Additionally, these results also suggest Agr2 and Yap1 as potential mediators of redox signaling during limb regeneration in A. mexicanum. However, the cell population in the blastema of apocynin-treated animals was more reduced than that of the control and rescue groups which could promote a greater accumulation of proximal identity cells and consequently a higher expression of proximal identity genes as shown above (Figures 7A–E). Therefore, to corroborate whether ROS have a real effect on the expression of proximo-distal identity genes during blastema development, we allowed the blastema to grow until 11 dpa and then apply treatments with the inhibitor apocynin, as well as rescue assays with exogenous hydrogen peroxide from 12 dpa to 13 dpa (48 h of treatment), and again evaluated the impact of ROS on the expression of the genes previously evaluated (Figure 8A).
[image: Figure 8]FIGURE 8 | NOXs-dependent production ROS inhibition and exogenous H2O2 from 12 dpa to 13 dpa regulate the expression of positional identity and blastema formation-related genes during limb regeneration in A. mexicanum. (A), scheme of treatments performed. Treatments used are symbolized with colored bars. (B–I) RT-qPCR of Prod1, Meis1, Meis2 Hoxa13, Aldh1a1, Rarβ, Agr2 and Yap1 genes. The results show that blocking ROS production significantly regulate the expression of these genes and their expression levels can be rescued by the application of exogenous H2O2. As in the previous trials, the expression levels were normalized to the expression of the endogenous reference gene 18S. Data are expressed as mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was performed for comparisons between groups treated with apocynin, exogenous H2O2 and controls in 0.1% DMSO. ***p < 0.001, **p < 0.01, *p < 0.05.
The results of this new assay show that blocking ROS production from 12 dpa to 13 dpa induced a decrease in the expression of Prod1 and Meis1 differing from the results obtained at 11 dpa, where apocynin treatment promoted an increase in the expression of these genes (Figures 8B,C). In addition, an increase in Meis2 expression was now identified (Figure 8D). Like what was observed at 11 dpa, a decrease in the expression of the distal identity marker Hoxa13 was identified (Figure 8E). On the other hand, an increase in the expression of RA pathway component genes such as Aldh1a1 and Rarβ was similar to that observed at 11 dpa (Figures 8F,G). Of great relevance, H2O2 rescued the expression of each of the genes regulated by blocking NOXs activity.
Therefore, considering that the effect on the expression of proximal identity genes (Prod1 and Meis1) was contrasting at 11 and 13 dpa, the data obtained suggest that the increase in the expression of these genes and the decrease in Hoxa13 expression at 11 dpa was potentially attributed in this case, more to a predominant accumulation of proximal identity cells and a probable lack of distal identity cells as a consequence of the failure of blastema cell formation generated by the effect of ROS inhibition, than to an effect of ROS/H2O2-mediated transcriptional regulation. However, given that assays blocking ROS production from 12 to 13 dpa, when presumably proximal and distal identity cell populations are already present generated changes in the expression of several genes (including Prod1, Meis1, Meis2, Hoxa13, Rarβ and Aldh1a1) when compared to the control group, and their expression was rescued by exogenous H2O2 treatments, the data further suggest, that ROS/H2O2 does indeed regulate the expression of these proximal-distal identity genes during blastema formation and growth. Thus, ROS production is necessary for the formation of blastema cells and the expression of their proximo-distal identity genes necessary for the growth of the blastema and its derivatives. In addition to proximodistal identity genes, blocking ROS production from 12 to 13 dpa reduced the expression levels of Yap1 and Agr2, which were rescued by exogenous H2O2 treatments corroborating the transcriptional regulation of these genes by ROS (Figures 8H,I).
Inhibitory treatments of NOXs by apocynin and exogenous H2O2 treatments impact inflammatory cell recruitment and phagocytic activity
Inflammatory cell recruitment represents a prominent feature following tissue injury or appendage amputation in different vertebrate animal models such as zebrafish and Xenopus (Niethammer et al., 2009; Love et al., 2013). In zebrafish, NOX-dependent ROS production is required to promote leukocyte recruitment following tail amputation (Niethammer et al., 2009; Yoo et al., 2011). Of great interest, post-amputation of limbs in A mexicanum, macrophage recruitment is required for proper regeneration of this structure (Godwin et al., 2013), and previous studies during tail regeneration in this animal model have shown that NADPH oxidase-dependent ROS production is required to promote leukocyte recruitment (Carbonell M et al., 2021). In addition, several studies have shown that apocynin possesses anti-inflammatory properties mediated by the regulation of NADPH oxidases and oxidative stress, which has been explored in several inflammatory diseases. (Kim et al., 2012; Hwang et al., 2019; Boshtam et al., 2021). This background motivated us to question whether inhibitory treatments of ROS production using the NOX inhibitor apocynin have any effect on the inflammatory response after limb amputation. To address this question, we first evaluated the effect of blocking ROS production from 0 dpa to 11 dpa on leukocyte recruitment using a leukocyte pan marker, CD45 (Im et al., 2011). The results show a significant reduction in CD45 + leukocyte recruitment in animals treated with the inhibitor apocynin compared to controls in DMSO (Figures 9A,B,G). Of great interest, rescue treatment with exogenous H2O2 rescued the recruitment of these cells and even promoted higher recruitment of CD45 + cells when compared to controls in 0.1% DMSO (Figures 9C,G). The CD45 + cells were predominantly located in the region underlying the amputation plane (Figures 9A–C). Subsequently, to evaluate the effect of blocking ROS production on monocyte/macrophage recruitment, we used the CD11b marker, previously used in this animal model for the same purpose (Godwin et al., 2013). Similar to what was observed previously, treatment with apocynin reduced the number of CD11b + cells compared to the control group, and relevantly, treatment with exogenous H2O2 promoted a greater increase in monocyte/macrophage recruitment compared to both the group exposed to the inhibitory treatment and the control group in DMSO (Figures 9D–F,H). Finally, we set out to evaluate the effect of inhibitory treatment with apocynin on macrophage phagocytic activity using the neutral red labeling method previously used in this animal model (Godwin et al., 2013; Franklin et al., 2017). The results show a remarkable accumulation of phagocytic cells in the blastema of control animals in 0.1% DMSO (Figures 9I, 9I’). In contrast, treatment with apocynin reduced the number of phagocytes (Figures 9J,J’,L). On the other hand, treatment with exogenous H2O2 rescued the number of phagocytic cells, which were widely located in the blastema region (Figures 9K,K’,L). Consistently, neutral red-positive cells were located at sites comparable to CD11b + cells. In the first instance, these results suggest that NADPH oxidase-dependent ROS production is required for the recruitment and activity of inflammatory cells whether leukocytes or monocytes/macrophages. This then suggests that the inflammatory response represents a potential mechanism for mediating ROS function during limb regeneration in A. mexicanum.
[image: Figure 9]FIGURE 9 | The production of ROS generated post-amputation of the limb is necessary for the recruitment and phagocytic activity of inflammatory cells. (A–C), Representative immunofluorescence images against the leukocyte pan marker CD45 at 11 dpa. Boxes in white dotted lines are shown at higher magnification in solid line boxes for each image. (A) CD45 + cells are predominantly located in the blastema region adjacent to the amputation plane. (B) A reduced number of CD45 + cells are observed near the amputation plane. (C) a notable increase of CD45 + cells are observed in the region of the blastema and the amputation plane. (D–F), Representative immunofluorescence images against CD11b. A higher presence of CD11b + cells can be seen in the control group compared with the apocynin-treated group. Animals exposed to rescue treatment show a prominent accumulation of CD11b + cells in the blastema and amputation plane. (G,H), quantification of CD45 and CD11b + positive cells, respectively. (I–K), vital staining with neutral red at 11 dpa. Representative images of control animals in 0.1% DMSO, exposed to apocynin inhibitor (APO) and rescue assays. Boxes in dotted white lines are shown at higher magnification in (I′,j′,K′) for each experimental group. (L), quantification of cells positive for neutral red staining. Data are expressed as mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was performed for comparisons between groups treated with apocynin, exogenous H2O2 and controls in 0.1% DMSO. ***p < 0.001, **p < 0.01, *p < 0.05.
DISCUSSION
ROS production and signaling are conserved during the regeneration of appendages such as tail and limbs in vertebrates
Recently, ROS have emerged as a group of key molecules in redox signaling, among them H2O2 (Sies, 2017; Sies and Jones, 2020b). ROS are highlighted because they can regulate a wide range of cellular processes including proliferation, migration, differentiation, and apoptosis, among others (Milkovic et al., 2019; Sies and Jones, 2020b; Sun et al., 2020). This has promoted a growing interest in the requirement of these molecules during biological processes such as the regeneration of tissues and complex structures such as appendages, including tails and limbs in vertebrates (Meda et al., 2017, 2018; Rampon et al., 2018). Our results show that post-amputation of limbs in axolotl, ROS production was detected up to 18 dpa, with peaks of production at 2, 7, and 11 dpa which correlates with events such as wound closure, blastema formation, and growth. These results are comparable with previous results obtained in our group where after tail amputation in juvenile salamanders, ROS production was also detected at these stages of the regenerative process (Carbonell M et al., 2021). Similarly, another study performed in embryos of the same species shows that ROS production is also detected during wound closure and blastema formation (Al Haj Baddar et al., 2019). In the present study, NOX-dependent blockade of ROS production affected the size and patterning of the regenerated limb. Consistent with these results, blocking ROS production during tail regeneration in embryonic and juvenile axolotls also perturbed regeneration of this structure (Al Haj Baddar et al., 2019). This suggests that NOX-dependent ROS signaling represents a conserved mechanism during regeneration of appendages such as tail and limb in the salamander A. mexicanum. On the other hand, studies in other vertebrate species show that post-amputation of tail in Xenopus, Gecko, and tail fin in zebrafish, ROS production is also part of an immediate response which is sustained during the early stages of the regeneration process (Gauron et al., 2013; Love et al., 2013; Ferreira et al., 2016, 2018; Meda et al., 2016; Zhang et al., 2016; Romero et al., 2018). Similarly, blocking ROS production during regeneration in these species disrupts the regeneration of the amputated structure. Additionally, studies in Xenopus tadpoles during stages 52–53 show that ROS production is necessary for regeneration of amputated limbs (Zhang et al., 2018). Taken together, our results suggest that NOXs-dependent ROS/H2O2 signaling is a conserved mechanism during appendage regeneration among different vertebrate species with regenerative capacity, and in particular, its production is required during limb regeneration in urodele amphibians such as axolotls, and other amphibians such as Xenopus.
NOX-dependent ROS production is necessary for cell cycle re-entry and blastema formation during limb regeneration
Blastema formation and growth are critical steps during epimorphic limb regeneration (Tassava et al., 1987; McCusker et al., 2015; Stocum, 2019). Thus, the recruitment of progenitor cells from remnant “Stump” tissues and the re-entry of these cells into the cell cycle are necessary events for blastema development (Tassava et al., 1987; Heber-Katz et al., 2013; McCusker et al., 2015). In the present study, blocking NOX-dependent ROS production from 0 dpa to 11 dpa affected blastema formation (failure of blastema progenitor recruitment) and significantly decreased BrdU incorporation, reflecting a reduction in cell cycle reentry. Consistent with our results, previous studies show that blocking ROS production during tail regeneration in embryonic and juvenile axolotls disrupts blastema formation and reduces cell proliferation (Al Haj Baddar et al., 2019). Additionally, studies in other vertebrates such as Xenopus and zebrafish show that ROS production induced post-amputation of tail and tail fin is necessary to promote blastema cell formation and proliferation (Yoo et al., 2012; Gauron et al., 2013; Love et al., 2013). Relevantly, our results show that the application of exogenous H2O2 rescues blastema formation and increases cell proliferation levels in limbs exposed to the inhibitor apocynin. These findings are consistent with previous results showing that overexpression of cyba, an inducer of ROS production, rescues blastema formation inhibited by mcr4 receptor activity-dependent reduction in ROS production during limb regeneration in Xenopus (Zhang et al., 2018). Similarly, during tail regeneration in this animal model, H2O2 production induced by cyba overexpression rescues blastema formation (Love et al., 2013). Like our results, the application of exogenous H2O2 rescues blastema formation, proliferation, and growth inhibited by NOXs complex blockade during tail regeneration in axolotls (Carbonell M et al., 2021). On the other hand, during zebrafish tail fin regeneration, exogenous H2O2 treatments rescue cell proliferation levels and blastema formation in denervated fins or fins exposed to SHH signaling inhibitors (Meda et al., 2016; Thauvin et al., 2022). Accordingly, our results suggest that ROS, particularly H2O2, are required as early signals for blastema formation and re-entry into the cell cycle of blastema progenitors during limb regeneration in axolotl like that observed in other vertebrates.
To date, the molecular and cellular mechanisms by which ROS/H2O2 regulate blastema formation and proliferation in vertebrates are still under study and a small number of studies show some evidence of interactions between ROS and other signaling pathways (Yoo et al., 2012; Gauron et al., 2013; Love et al., 2013; Romero et al., 2018; Thauvin et al., 2022). Our results show that inhibition of ROS production generated a reduction in Agr2 (nAG) and Yap1 expression at 11 dpa during early/mid blastema formation, positioning these genes as new potential mediators of ROS signaling. Of great interest, the expression of these genes was rescued post-treatment with exogenous H2O2. These results agree with previous studies, where post-amputation of tails in axolotls, similar treatments generate a similar effect on Agr2 and Yap1 expression during early blastema formation (Carbonell M et al., 2021). Additionally, in this animal model, blocking ROS-dependent YAP1 signaling decreases cell cycle re-entry and mitotic index, affecting blastema formation and growth (Carbonell M et al., 2021). Of great relevance, during limb regeneration in axolotls, YAP1 has been detected at the nuclear level in proliferating blastema dedifferentiated cells, and blocking its activity, delays blastema formation and growth, like what was observed in the present study by blocking ROS production (Erler, 2017). Likewise, YAP1 activity is necessary to promote blastema proliferation and formation during tail and limb regeneration in Xenopus (Hayashi et al., 2014b; 2014a). In addition, several studies demonstrate that Yap1 expression and transcriptional activity is regulated by ROS, particularly H2O2 (Delaunay et al., 2000; Veal et al., 2003; Dixit et al., 2014; Tung et al., 2018; Shome et al., 2020). Regarding Agr2, consistent with our results, previous studies show that ROS can regulate its expression in regeneration and cancer contexts (Zweitzig et al., 2007; Chevet et al., 2013; Carbonell M et al., 2021) and nAG can promote regeneration of denervated limbs, as well as induce a high mitogenic response on blastema cells in newts (Kumar et al., 2007; Grassme et al., 2016). Therefore, our results and the above results suggest that ROS signaling could potentially be mediated by YAP1 and AGR2 to induce blastema formation during limb regeneration.
Finally, taking into account the localization of ROS production detected in this study and that its blockade led to alterations in gene expression and failure of blastema formation, and the fact that in salamanders signals from the epithelium and from the blastema itself are necessary to induce its formation and growth, respectively (Mullen et al., 1996; Han et al., 2001; Christensen et al., 2002; Stocum, 2017; Lovely et al., 2022), we propose two potential ways by which ROS can regulate the expression and potential activity of signals required for blastema formation. 1) according to the remarkable ability of ROS, especially hydrogen peroxide to diffuse with great ease across membranes (Veal et al., 2007; Miller et al., 2010; Bienert and Chaumont, 2014; Sies, 2017; Ledo et al., 2022), it could potentially regulate the expression and activity of genes and signaling pathways directly on blastema cells at the expense of its outstanding diffusion capacity from the epithelium to the blastema and between cells of the same blastema. 2) On the other hand, although in our work we did not evaluate the effect of ROS on the activity and expression of genes and activation of signaling pathways with epithelial predominance, ROS could also regulate the expression of soluble factors from the epithelium (AEC), which in turn can influence signaling pathways in the remaining tissue and the blastema itself to regulate its formation and growth. Additionally, considering that the localization of ROS was persistent in the AEC and the blockade of NOXs only slowed the rate of blastema formation without completely blocking its formation, then the function of the AEC as an inducer of blastema formation was not blocked in its entirety but transiently. Further studies are required to evaluate the effect of ROS on the expression and activity of epithelial and mesenchymal localized genes in the blastema.
ROS/H2O2 an early signal potentially involved in the determination of regenerated limb size
The regulation of growth and determination of the final size of a developing structure or during regeneration represents an area of great interest and the underlying mechanisms are still debated (Hafen and Stocker, 2003; Tornini and Poss, 2014; Penzo-Mendez and Stanger, 2015; Vollmer et al., 2017; Wells et al., 2022). Our results show that blocking ROS production during the early stages of regeneration (early/mid blastema formation) generated a significant shortening in the final size of the regenerate and its skeletal components, simulating a miniature limb. We hypothesize that a first potential explanation for this phenotype can be attributed to the formation of a reduced blastema size caused by decreased cell cycle re-entry and decreased amount of progenitor cells post-blockade of ROS production. This approach is consistent with previous results showing that the reduction in proliferation levels and progenitor cell numbers in axolotl limb buds by colchicine results in the development of miniature limbs as a product of a decrease in the embryonic field “limb bud area" (Alberch and Gale, 1983). Therefore, the reduction in this embryonic field could be equivalent to the decrease in blastema size observed in the present study. Similarly, other studies have shown that repeated amputations during limb regeneration in axolotls generate a miniature limb phenotype, which developed from a reduced blastema size, similar to that observed in our study (Bryant et al., 2017). Of great interest, the authors showed that re-amputation of the miniaturized limb generates a reduced size blastema and consequently, a new miniaturized limb, suggesting that local blastema tissue size and cellular bias represent a major force for size determination during regeneration (Bryant et al., 2017). Supporting our approach, similar to our results, blocking ROS production during regeneration of other appendages such as tail in salamanders, Xenopus, Gecko, and tail fin in Zebrafish reduces the size of the regenerated appendage (Gauron et al., 2013; Love et al., 2013; Zhang et al., 2016; Carbonell M et al., 2021). Accordingly, our results suggest that ROS production is necessary as an early signal to promote an adequate number of progenitor cells in the blastema to support its growth and the final size of the regenerated structure.
Several studies show that from early stages the presence of the nerve is necessary to promote blastema formation and growth, and denervation of a mid-stage blastema (Singer, 1978; Mullen et al., 1996; Stocum, 2019), as well as blockade of early nerve-regulated signals (Farkas et al., 2016; Satoh et al., 2016; Purushothaman et al., 2019) result in miniature limbs, indicating that from early stages the nerve and other signals regulate the size of the regenerate. Wells et al demonstrated that nerve fiber thickness as well as factors produced from the nerve are determinants from the early tiny stage in regulating the growth rate and determining the final size of the regenerated limb (Wells et al., 2021). Similar to the requirement of the nerve to regulate the size of the regenerate, our results show that ROS blockade from 0 dpa to 11 dpa, affects the final size of the regenerated limb. Additionally, this phenotype is rescued by the addition of exogenous H2O2 and relevantly, previous reports have suggested an integration between ROS signaling and nerve (Meda et al., 2018). Therefore, it is feasible to hypothesize that ROS production could regulate the production of factors from the nerve affecting the size of the regenerate. Previous studies in Zebrafish show that ROS production regulates Shha expression in Schwann cells and reciprocally, HH (shha) signaling from these cells controls ROS levels and rescues the size of the regenerated caudal fin in animals treated with ROS production inhibitors (Meda et al., 2016; Thauvin et al., 2022). Of great relevance, our results show that blocking ROS production and exogenous H2O2 affect Agr2 expression levels, which has been previously detected in Schwann cells during limb regeneration in axolotls (Kumar et al., 2010) and overexpression of this gene promotes blastema formation and denervated limb regeneration in newts (Kumar et al., 2007). Notably, limb denervation in Xenopus reduces the ROS production required for the regeneration of this structure and Agr2 inhibition reduces the regenerated tail area in this same animal model (Zhang et al., 2018; Ivanova et al., 2021). Additionally, during tail regeneration in salamanders, blocking ROS production reduces Agr2 expression levels and the final size of the regenerate (Carbonell M et al., 2021). Therefore, these findings suggest that from early stages ROS could regulate the production of Agr2 from the Schwann cells, without excluding the production of other factors such as Shh, Fgf, Wnt and Bmp also necessary for limb regeneration (Mullen et al., 1996; Kawakami et al., 2006; Guimond et al., 2010; Wischin et al., 2017; Purushothaman et al., 2019) and regulated by ROS during the regeneration of other appendages (Love et al., 2013; Meda et al., 2016; Satoh et al., 2016; Romero et al., 2018) to favor an adequate regenerative response that contributes to growth control and size of the regenerate.
On the other hand, several of the genes regulated by blocking ROS production, such as Prod1 and Yap1, have been previously implicated in the regeneration of shortened structures. The shortening of skeletal structures of regenerated limbs in axolotl has also been evidenced after overexpression of Prod1, which also reduces proliferation levels in the blastema (Echeverri and Tanaka, 2005). Consistent with our results, Yap1 expression and its transcriptional activity are regulated by ROS/H2O2 production (Delaunay et al., 2000; Veal et al., 2003; Kim and Hahn, 2013; Tung et al., 2018; Shome et al., 2020), and of great interest, its activity has been implicated in the control of organ and appendage size in contexts such as development and generation (Camargo et al., 2007; Dong et al., 2007; Halder and Johnson, 2011; Hayashi et al., 2015). Particularly, during tail regeneration in Xenopus and axolotls, blocking Yap1 transcriptional activity causes regeneration of reduced size tails and in the axolotls model, its activity was dependent on ROS production (Hayashi et al., 2014a). Considering the above, our results suggest that ROS signaling can regulate growth and size determination through Yap1 signaling and Prod1 during limb regeneration. Furthermore, although in our study we did not evaluate the effect of ROS on tissue differentiation, a premature differentiation of tissues with a reduction in tissue growth is not excluded as a potential mechanism to explore as a cause for this phenotype. Accordingly, our results propose ROS signaling as a new candidate for regulating regenerate size early in the regenerative process, potentially participating in blastema patterning and proliferation. Further studies are required to elucidate the mechanisms proposed here.
Regulation of positional identity genes by ROS and their potential relationship to skeletal defects generated post-inhibition of NADPH oxidases
Our results show that blockade of ROS production from 0 dpa to 11 dpa generated a series of skeletal alterations that included in addition to proximal-distal shortening of skeletal structures: failure of integration between the regenerated structure and the remnant tissue, and decrease in the number of carpals, and alteration in joint morphogenesis. Likewise, blocking ROS production generated overexpression of gene Meis1,Meis2, Prod1, Rarβ, and Aldh1a1, and a reduction in the expression of the Hoxa13. Of great relevance, both skeletal alterations and expression levels of these genes were rescued by exogenous H2O2 treatments, suggesting that ROS/H2O2 production from early stages is required for the final patterning of skeletal structures and its function, may potentially be mediated by the activity of these positional identity genes.
Comparable to our results, integration failures have been reported when regenerating limbs are exposed to different exogenous treatments such as vitamin D and RA (Niazi et al., 1985; McCusker et al., 2014; Vieira et al., 2018). The application of exogenous RA during early/late blastema formation generates ectopic integration characterized by hypertrophic growth and a discontinuity in the area of integration between the newly regenerated humerus and the remnant tissue, similar to what was observed in our study when ROS production is blocked (Niazi et al., 1985). Although to date, the mechanisms responsible for the failure of integration have not been elucidated, several authors suggest that a potential explanation may be related to disturbances in positional identity (McCusker and Gardiner, 2014; Vieira and McCusker, 2018). Accordingly, overexpression of several proximal identity genes such as Mesi1, Prod1, Rarβ, and Aldh1a1 after ROS inhibition may, on the one hand, affect the positional values of proximal cells that potentially contribute to the integration between the new regenerate and the remaining tissues and, on the other hand, may promote some degree of proximalization of more distal cells, which by preserving part of their distal identity, may affect integration by a “discontinuity of positional values” as has been previously proposed (McCusker and Gardiner, 2014).
Accordingly, ROS function could be mediated by RA and previous studies have shown a relationship between the redox state and RA signaling (Casadevall and Sarkar, 1998; Demary et al., 2001; Cao et al., 2015). Studies performed in melanoma tumor cell lines and fibroblasts show that antioxidant treatments or overexpression of antioxidant enzymes increase the binding of RA receptors (RARa/RARβ) to RARE (Retinoic Acid Response Elements) and the application of exogenous H2O2 stabilizes RA signaling by decreasing the affinity of its receptors to RARE (Demary et al., 2001; Park et al., 2009). Additionally, Rarβ expression levels are increased by reducing ROS levels and rescued post-application of exogenous H2O2, similar to what was observed in our results (Park et al., 2009). Of great interest, during AR-dependent nephrogenesis in Xenopus, peroxiredoxin 1(Prdx1) functions as a modulator of AR signaling by regulating ROS levels (Chae et al., 2017). Therefore, we hypothesize that optimal levels of ROS are necessary to maintain balanced RA signaling (including RARa) and consequently, the expression of other genes such as Meis1, Meis2 and Prod1 for the establishment of positional identity values that favor integration between the regenerated structure and the remnant tissue during limb regeneration in axolotls.
On the other hand, inhibition of ROS production also generated decrease in the number of carpals and alterations in elbow joint morphogenesis. Previous studies show that the specification of intersegmental precursor cells (stylopod, zeugopod, and autopod) during limb regeneration in axolotls is progressively defined during blastema formation and growth (from early, middle, to late blastema) and follows a pattern similar to that reported during development (Echeverri and Tanaka, 2005; Roensch et al., 2013). Previous studies show that this specification is regulated by HoxA family genes. Particularly Hoxa13-positive cells located more distally in the mid blastema are determined to form autopod structures (Gardiner and Bryant, 2004; Roensch et al., 2013). Our results show that ROS blockade during early/mid blastema formation reduced Hoxa13 gene expression and generated a decrease in the number of carpals; additionally, these alterations and Hoxa13 expression were rescued by the application of exogenous H2O2. Although there are no previous reports evidencing transcriptional regulation of Hox genes by ROS, a previous study shows that the transcriptional activity of the HoxB5 factor is dependent on its ROS-mediated oxidation (Galang and Hauser, 1993). Therefore, this background and our results suggest that ROS, specifically H2O2, could regulate distal cell identity by mediating activity and Hoxa13 factor expression for the correct patterning of blastema cells destined to form distal structures such as carpal bones either directly or indirectly through RA signaling. Additionally, the phenotype of reduced carpal number could be due to decreased levels of cell proliferation, or potentially, to a differentiation defect, such as “premature differentiation” as proposed above for skeletal shortening, which would not allow the formation of the correct number of carpals. Further trials evaluating this approach are needed.
ROS production as a potential regulatory mechanism of the inflammatory response during limb regeneration
Following amputation of appendages in different vertebrate models, several responses of adjacent tissues have been identified (Yoo et al., 2012; Ferreira et al., 2016; Liu et al., 2021). Within these responses, ROS production and activation of the inflammatory response top the list of major events (Niethammer et al., 2009; Yoo et al., 2011; Godwin et al., 2013; Meda et al., 2018; Niethammer, 2018; Al Haj Baddar et al., 2019; Carbonell M et al., 2021; Liu et al., 2021).
Our results show that ROS production is required for blastema formation and proper regeneration of the limb. Additionally, our data show that blocking ROS production affects the recruitment of cells such as leukocytes (CD45+) including CD11b + monocytes/macrophages, as well as phagocytic activity. The relationship between ROS production and the inflammatory response has been described in principle under the fact that polymorphonuclear leukocytes generate ROS from NADPH oxidase activity as an antimicrobial mechanism (Gabig and Babior, 1979; Panday et al., 2015). However, in the context of regeneration, the functional relationship between ROS production and the inflammatory response is still unclear. Previous studies in Zebrafish show that NADPH oxidase Duox-dependent ROS production is necessary to promote leukocyte recruitment favoring their directionality and tissue infiltration during tail regeneration (Niethammer et al., 2009). On the other hand, in adult zebrafish and larvae it has been identified that H2O2 production from the wound epithelium is necessary to activate the redox sensor protein Lyn in neutrophils favoring the recruitment of these cells (Yoo et al., 2011). Previous results in our group have shown that during tail regeneration in A mexicanum blocking ROS production reduces leukocyte recruitment to the site of blastema formation (Carbonell M et al., 2021). Therefore, our results and the aforementioned studies suggest that ROS production acts as a necessary signal to promote post-amputation inflammatory cell recruitment of appendages such as tails and limbs. This function would be predominantly regulated from the wound epithelium and AEC from where the main source of ROS concerning limb regeneration in A mexicanum was identified. However, although the inflammatory response has been suggested as a determinant factor for the regenerative response, several studies show some contrasting results among vertebrates (Godwin and Brockes, 2006; Mescher and Neff, 2006; Godwin et al., 2017). Studies in Zebrafish show that immune system cell depletion does not affect caudal and tail fin regeneration in embryos and adults of this species (Mathew et al., 2007; Yoo et al., 2012). On the other hand, similar results have been reported in the Xenopus model, where myeloid precursor depletion does not affect tail regeneration (Love et al., 2013). Thus, although in each of these models ROS production is necessary to promote regeneration and recruitment of these cells, in these species it appears that the inflammatory response is not the mechanism by which ROS mediate their role in the regenerative response. However, in other vertebrate models, the recruitment of inflammatory cells is required for the regenerative response. Studies in A mexicanum show that monocyte/macrophage recruitment is required for limb regeneration (Godwin et al., 2013). Thus, early macrophage depletion blocks regeneration and promotes scar tissue formation between the remnant tissue and the wound epithelium affecting blastema formation. On the other hand, macrophage depletion at a later stage generates a delay in regeneration and reduce the expression of Mmp9/Mmp3 and failure of extracellular matrix remodeling. Additionally, it reduces the expression of blastema markers such as Prrx1 and Sp9, as well as reduces the activation of TGFβ, necessary for blastema formation and progression of the regenerative response (Godwin et al., 2013). Interestingly, our results show that blocking ROS production, in addition to generating a decrease in monocyte/macrophage (CD11b+) recruitment and a reduction in their phagocytic activity, affected blastema formation. ROS blockade promoted the formation of a fibrous tissue between the epithelium and the remnant tissue, similar to that reported when macrophage depletion is induced (Godwin et al., 2013). These findings suggest that in the case of limb regeneration in A mexicanum, regulation of the inflammatory response could represent a potential mechanism by which ROS may be mediating processes such as extracellular matrix remodeling necessary for blastema formation. In support of this, in contexts other than regeneration such as cancer, ROS have been implicated during extracellular matrix remodeling by mediating the expression of several metalloproteinases (Svineng et al., 2008; Shin et al., 2015; Hsieh et al., 2017). Further assays are needed to assess whether ROS blockade affects the activity of the metalloproteinases MMP9 and MMP3, as well as the expression and activation of other pathways regulated by macrophage activity during limb regeneration in the A mexicanum model.
CONCLUSION
Overall, our results propose ROS, particularly H2O2 as an early signal necessary for proper limb regeneration in salamanders, mediating in the first instance the formation and growth of the blastema. Likewise, it was evidenced that ROS/H2O2 are necessary for the correct morphogenesis and size of the skeletal structures, as well as for the correct integration between the new regenerated structure and the remaining tissue. Finally, according to the transcriptional regulation evidenced in the present work, the function of ROS/H2O2 would be potentially related to the proximal-distal specification of intersegmental precursors for stylopod, zeugopod, and autopod formation. Additionally, our results show for the first time that ROS are necessary to promote the recruitment of inflammatory cells such as leukocytes including monocytes/macrophages during blastema formation, as well as their phagocytic activity (Figure 10). Future studies are needed to further decipher the mechanism by which ROS such as H2O2 participate in limb regeneration and how their activity relates to signaling pathways involved in proximal-distal and anterior-posterior specification during limb regeneration.
[image: Figure 10]FIGURE 10 | Graphical abstract of the results obtained and putative mechanistic insight of ROS in regeneration. Following limb amputation, ROS are produced. The production of ROS is necessary for the re-entry into the cell cycle of the remaining tissues and consequently for the formation and growth of the blastema. ROS also regulates the expression of genes previously involved in blastema formation such as Yap1 and Agr2. This suggests that ROS production-dependent blastema size influences the final size of the limb and its regenerating skeleton. Moreover, ROS regulates the expression of proximal-distal identity genes, suggesting that the obtained phenotype of integration failure between the regenerated and remnant skeleton as well as alterations in joint morphogenesis could be regulated by ROS production. In addition, ROS are necessary to promote the recruitment of inflammatory cells such as leukocytes including monocytes/macrophages during blastema formation, as well as their phagocytic activity. Therefore, we hypothesize that the regulation of the inflammatory response represents a potential mechanism by which ROS mediate its function during axolotl limb regenearation. The solid black lines represent the results obtained in this work and the dotted blue lines represent the proposed relationships according to previous studies and those obtained in this work.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Ethics and Animal Experimentation Committee of the University of Antioquia under the animal experimentation protocol registered in Acta No. 121.
AUTHOR CONTRIBUTIONS
BC-M: Conceptualization; data curation; formal analysis; investigation; methodology; validation; visualization; writing—original draft; writing—review and editing. JZ: Formal analysis; methodology. JD: Conceptualization; funding acquisition; project administration; supervision; writing review and editing. All authors contributed to manuscript revision, read and approved the submitted version.
FUNDING
This work was financed with resources from the Universidad de Antioquia, Colombia and by the student instructor grant (No. 1000235120) from the Faculty of Exact and Natural Sciences of the Universidad de Antioquia.
ACKNOWLEDGMENTS
We thank the Universidad de Antioquia for providing us with the financial sources and laboratory infrastructure to conduct this research. We also thank Professor Miguel Mendivil P of the Neuroscience Research Group of Antioquia, University of Antioquia, for his support in the acquisition of images and the donation of the anti-CD45 antibody and Professor Diego Uribe Yunda for providing us the equipment to perform q-PCR. We also thank Felipe Valdez of the GICIB research group for the donation of cd11b antibody.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.921520/full#supplementary-material
REFERENCES
 Al Haj Baddar, N. W., Chithrala, A., and Voss, S. R. (2019). Amputation-induced reactive oxygen species signaling is required for axolotl tail regeneration. Dev. Dyn. 248, 189–196. doi:10.1002/dvdy.5
 Alberch, P., and Gale, E. A. (1983). Size dependence during the development of the amphibian foot. Colchicine-induced digital loss and reduction. Development 76, 177–197. doi:10.1242/dev.76.1.177
 Arenas Gómez, C. M., and Echeverri, K. (2021). Salamanders: The molecular basis of tissue regeneration and its relevance to human disease. Curr. Top. Dev. Biol. 145, 235–275. doi:10.1016/BS.CTDB.2020.11.009
 Arenas Gómez, C. M., Gómez Molina, A., Zapata, J. D., and Delgado, J. P. (2017b)., 4. Oxford, England, 227–235. doi:10.1002/reg2.93Limb regeneration in a direct-developing terrestrial salamander, Bolitoglossa ramosi (Caudata: Plethodontidae): Limb regeneration in plethodontid salamandersRegeneration
 Arenas Gómez, C. M., Gomez Molina, A., Zapata, J. D., and Delgado, J. P. (2017a). Limb regeneration in a direct-developing terrestrial salamander, Bolitoglossa ramosi (Caudata: Plethodontidae): Limb regeneration in plethodontid salamanders.Regeneration 4, 227–235. doi:10.1002/reg2.93
 Aztekin, C. (2021). Tissues and cell types of appendage regeneration: A detailed look at the wound epidermis and its specialized forms. Front. Physiol. 12, 2047. doi:10.3389/fphys.2021.771040
 Bienert, G. P., and Chaumont, F. (2014). Aquaporin-facilitated transmembrane diffusion of hydrogen peroxide. Biochim. Biophys. Acta 1840, 1596–1604. doi:10.1016/J.BBAGEN.2013.09.017
 Borgens, R. B., McGinnis, M. E., Vanable, J. W., and Miles, E. S. (1984). Stump currents in regenerating salamanders and newts. J. Exp. Zool. 231, 249–256. doi:10.1002/JEZ.1402310209
 Boshtam, M., Kouhpayeh, S., Amini, F., Azizi, Y., Najaflu, M., Shariati, L., et al. (2021). Anti-inflammatory effects of apocynin: A narrative review of the evidence. Pharmacol. Pharm. 14, 997–1010. doi:10.1080/26895293.2021.1990136
 Brockes, J. F., and Kumar, A. (2005). Appendage regeneration in adult vertebrates and implications for regenerative medicine. Science 80310, 1919–1923. doi:10.1126/SCIENCE.1115200
 Brockes, J. P., and Gates, P. B. (2014). Mechanisms underlying vertebrate limb regeneration: Lessons from the salamander. Biochem. Soc. Trans. 42, 625–630. doi:10.1042/BST20140002
 Brockes, J. P., and Kumar, A. (2008). Comparative aspects of animal regeneration. Annu. Rev. Cell Dev. Biol. 24, 525–549. doi:10.1146/annurev.cellbio.24.110707.175336
 Bryant, D. M., Sousounis, K., Farkas, J. E., Bryant, S., Thao, N., Guzikowski, A. R., et al. (2017). Repeated removal of developing limb buds permanently reduces appendage size in the highly-regenerative axolotl. Dev. Biol. 424, 1–9. doi:10.1016/J.YDBIO.2017.02.013
 Camargo, F. D., Gokhale, S., Johnnidis, J. B., Fu, D., Bell, G. W., Jaenisch, R., et al. (2007). YAP1 increases organ size and expands undifferentiated progenitor cells. Curr. Biol. 17, 2054–2060. doi:10.1016/J.CUB.2007.10.039
 Cao, Y., Wei, W., Zhang, N., Yu, Q., Xu, W.-B., Yu, W.-J., et al. (2015). Oridonin stabilizes retinoic acid receptor alpha through ROS-activated NF-κB signaling. BMC Cancer 15, 248. doi:10.1186/S12885-015-1219-8
 Carbonell, M. B., Zapata Cardona, J., and Delgado, J. (2021). Hydrogen peroxide is necessary during tail regeneration in juvenile axolotl. Dev. Dyn. 251, 1054–1076. doi:10.1002/DVDY.386
 Casadevall, M., and Sarkar, B. (1998). Effect of redox conditions on the DNA-binding efficiency of the retinoic acid receptor zinc-finger. J. Inorg. Biochem. 71, 147–152. doi:10.1016/S0162-0134(98)10046-6
 Chae, S., Lee, H. K., Kim, Y. K., Jung Sim, H., Ji, Y., Kim, C., et al. (2017). Peroxiredoxin1, a novel regulator of pronephros development, influences retinoic acid and Wnt signaling by controlling ROS levels. Sci. Rep. 7, 8874. doi:10.1038/S41598-017-09262-6
 Chevet, E., Fessart, D., Delom, F., Mulot, A., Vojtesek, B., Hrstka, R., et al. (2013). Emerging roles for the pro-oncogenic anterior gradient-2 in cancer development. Oncogene 32, 2499–2509. doi:10.1038/onc.2012.346
 Christensen, R. N., Weinstein, M., and Tassava, R. A. (2002). Expression of fibroblast growth factors 4, 8, and 10 in limbs, flanks, and blastemas of Ambystoma. Dev. Dyn. 223, 193–203. doi:10.1002/DVDY.10049
 Covarrubias, L., Hernández-García, D., Schnabel, D., Salas-Vidal, E., and Castro-Obregón, S. (2008). Function of reactive oxygen species during animal development: Passive or active?Dev. Biol. 320, 1–11. doi:10.1016/j.ydbio.2008.04.041
 Da Silva, S. M., Gates, P. B., and Brockes, J. P. (2002). The newt ortholog of CD59 is implicated in proximodistal identity during amphibian limb regeneration. Dev. Cell 3, 547–555. doi:10.1016/S1534-5807(02)00288-5
 Daponte, V., Tylzanowski, P., and Forlino, A. (2021). Appendage regeneration in vertebrates: What makes this possible?Cells 10, 242. doi:10.3390/CELLS10020242
 Delaunay, A., Isnard, A. D., and Toledano, M. B. (2000). H2O2 sensing through oxidation of the Yap1 transcription factor. EMBO J. 19, 5157–5166. doi:10.1093/emboj/19.19.5157
 Demary, K., Wong, L., Liou, J. S., Faller, D. V., and Spanjaard, R. A. (2001). Redox control of retinoic acid receptor activity: A novel mechanism for retinoic acid resistance in melanoma cells. Endocrinology 142, 2600–2605. doi:10.1210/ENDO.142.6.8201
 Depew, M. J. (2008). Analysis of skeletal ontogenesis through differential staining of bone and cartilage. Methods Mol. Biol. 461, 37–45. doi:10.1007/978-1-60327-483-8_5
 Dixit, D., Ghildiyal, R., Anto, N. P., and Sen, E. (2014). Chaetocin-induced ROS-mediated apoptosis involves ATM-YAP1 axis and JNK-dependent inhibition of glucose metabolism. Cell Death Dis. 5, e1212. doi:10.1038/cddis.2014.179
 Dolan, C. P., Dawson, L. A., and Muneoka, K. (2018). Digit tip regeneration: Merging regeneration biology with regenerative medicine. Stem Cells Transl. Med. 7, 262–270. doi:10.1002/SCTM.17-0236
 Dong, J., Feldmann, G., Huang, J., Wu, S., Zhang, N., Comerford, S. A., et al. (2007). Elucidation of a universal size-control mechanism in Drosophila and mammals. Cell 130, 1120–1133. doi:10.1016/J.CELL.2007.07.019
 Dwaraka, V. B., and Voss, S. R. (2019). Towards comparative analyses of salamander limb regeneration. J. Exp. Zool. B Mol. Dev. Evol. 336, 129–144. doi:10.1002/jez.b.22902
 Echeverri, K., and Tanaka, E. M. (2005). Proximodistal patterning during limb regeneration. Dev. Biol. 279, 391–401. doi:10.1016/J.YDBIO.2004.12.029
 Elchaninov, A., Sukhikh, G., and Fatkhudinov, T. (2021). Evolution of regeneration in animals: A tangled story. Front. Ecol. Evol. 0, 121. doi:10.3389/FEVO.2021.621686
 Erler, P. (2017). Role of proto-oncogenes, Pi3K, Her2, braf and Yap1 and adult stem cells in regeneration. 
 Farkas, J. E., Freitas, P. D., Bryant, D. M., Whited, J. L., and Monaghan, J. R. (2016). Neuregulin-1 signaling is essential for nerve-dependent axolotl limb regeneration. Development 143, 2724–2731. doi:10.1242/DEV.133363
 Ferreira, F., Luxardi, G., Reid, B., and Zhao, M. (2016). Early bioelectric activities mediate redox-modulated regeneration. Development 143, 4582–4594. doi:10.1242/dev.142034
 Ferreira, F., Raghunathan, V. K., Luxardi, G., Zhu, K., and Zhao, M. (2018). Early redox activities modulate Xenopus tail regeneration. Nat. Commun. 9, 4296. doi:10.1038/s41467-018-06614-2
 Franklin, B. M., Voss, S. R., and Osborn, J. L. (2017). Ion channel signaling influences cellular proliferation and phagocyte activity during axolotl tail regeneration. Mech. Dev. 146, 42–54. doi:10.1016/j.mod.2017.06.001
 Gabig, T. G., and Babior, B. M. (1979). The O2(-) -forming oxidase responsible for the respiratory burst in human neutrophils. Properties of the solubilized enzyme. J. Biol. Chem. 254, 9070–9074. doi:10.1016/s0021-9258(19)86810-2
 Galang, C. K., and Hauser, C. A. (1993). Cooperative DNA binding of the human HoxB5 (Hox-2.1) protein is under redox regulation in vitro. Mol. Cell. Biol. 13, 4609–4617. doi:10.1128/mcb.13.8.4609
 Gardiner, D. M., and Bryant, S. V. (2004). Molecular mechanisms in the control of limb regeneration: The role of homeobox genes. Int. J. Dev. Biol. 40, 797–805. doi:10.1387/IJDB.8877453
 Gauron, C., Rampon, C., Bouzaffour, M., Ipendey, E., Teillon, J., Volovitch, M., et al. (2013). Sustained production of ROS triggers compensatory proliferation and is required for regeneration to proceed. Sci. Rep. 3, 2084. doi:10.1038/srep02084
 Godwin, J., Pinto, A., and Rosenthal, N. (2013). Macrophages are required for adult salamander limb regeneration. Proc. Natl. Acad. Sci. U. S. A. 110, 9415–9420. doi:10.1073/pnas.1300290110
 Godwin, J. W., and Brockes, J. P. (2006). Regeneration, tissue injury and the immune response. J. Anat. 209, 423–432. doi:10.1111/J.1469-7580.2006.00626.X
 Godwin, J. W., Pinto, A. R., and Rosenthal, N. A. (2017). Chasing the recipe for a pro-regenerative immune system. Semin. Cell Dev. Biol. 61, 71–79. doi:10.1016/J.SEMCDB.2016.08.008
 Grassme, K. S., Garza-Garcia, A., Delgado, J. P., Godwin, J. W., Kumar, A., Gates, P. B., et al. (2016). Mechanism of action of secreted newt anterior gradient protein. PLoS One 11, e0154176. doi:10.1371/journal.pone.0154176
 Grigoryan, E. N. (2021). Study of natural longlife juvenility and tissue regeneration in caudate Amphibians and potential application of resulting data in biomedicine. J. Dev. Biol. 9, 2–19. doi:10.3390/JDB9010002
 Guimond, J. C., Lévesque, M., Michaud, P. L., Berdugo, J., Finnson, K., Philip, A., et al. (2010). BMP-2 functions independently of SHH signaling and triggers cell condensation and apoptosis in regenerating axolotl limbs. BMC Dev. Biol. 10, 15. doi:10.1186/1471-213X-10-15
 Haas, B. J., and Whited, J. L. (2017a). Advances in decoding axolotl limb regeneration. Trends Genet. 33, 553–565. doi:10.1016/j.tig.2017.05.006
 Haas, B. J., and Whited, J. L. (2017b). Advances in decoding axolotl limb regeneration. Trends Genet. 33, 553–565. doi:10.1016/j.tig.2017.05.006
 Hafen, E., and Stocker, H. (2003). How are the sizes of cells, organs, and bodies controlled?PLoS Biol. 1, E86. doi:10.1371/JOURNAL.PBIO.0000086
 Halder, G., and Johnson, R. L. (2011). Hippo signaling: Growth control and beyond. Development 138, 9–22. doi:10.1242/dev.045500
 Han, M.-J., An, J.-Y., and Kim, W.-S. (2001). Expression patterns of fgf-8 during development and limb regeneration of the axolotl. Dev. Dyn. 220(1):40–48. doi:10.1002/1097-0177(2000)9999:9999<:AID-DVDY1085>3.0.CO;2-8
 Hayashi, S., Ochi, H., Ogino, H., Kawasumi, A., Kamei, Y., Tamura, K., et al. (2014a). Transcriptional regulators in the Hippo signaling pathway control organ growth in Xenopus tadpole tail regeneration. Dev. Biol. 396, 31–41. doi:10.1016/j.ydbio.2014.09.018
 Hayashi, S., Tamura, K., and Yokoyama, H. (2014b). Yap1, transcription regulator in the Hippo signaling pathway, is required for Xenopus limb bud regeneration. Dev. Biol. 388, 57–67. doi:10.1016/j.ydbio.2014.01.018
 Hayashi, S., Yokoyama, H., and Tamura, K. (2015). Roles of Hippo signaling pathway in size control of organ regeneration. Dev. Growth Differ. 57, 341–351. doi:10.1111/dgd.12212
 Heber-Katz, E., Zhang, Y., Bedelbaeva, K., Song, F., Chen, X., and Stocum, D. L. (2013). Cell cycle regulation and regeneration. Curr. Top. Microbiol. Immunol. 367, 253–276. doi:10.1007/82_2012_294
 Herbomel, P., Thisse, B., and Thisse, C. (2001). Zebrafish early macrophages colonize cephalic mesenchyme and developing brain, retina, and epidermis through a M-CSF receptor-dependent invasive process. Dev. Biol. 238, 274–288. doi:10.1006/DBIO.2001.0393
 Hernández-García, D., Wood, C. D., Castro-Obregón, S., and Covarrubias, L. (2010). Reactive oxygen species: A radical role in development?Free Radic. Biol. Med. 49, 130–143. doi:10.1016/j.freeradbiomed.2010.03.020
 Hsieh, C. L., Liu, C. M., Chen, H. A., Yang, S. T., Shigemura, K., Kitagawa, K., et al. (2017). Reactive oxygen species–mediated switching expression of MMP-3 in stromal fibroblasts and cancer cells during prostate cancer progression. Sci. Rep. 71 (7), 1–14. doi:10.1038/s41598-017-08835-9
 Hwang, Y. J., Nam, S. J., Chun, W., Kim, S. I., Park, S. C., Kang, C. D., et al. (2019). Anti-inflammatory effects of apocynin on dextran sulfate sodium-induced mouse colitis model. PLoS One 14, e0217642. doi:10.1371/JOURNAL.PONE.0217642
 Iismaa, S. E., Kaidonis, X., Nicks, A. M., Bogush, N., Kikuchi, K., Naqvi, N., et al. (2018). Comparative regenerative mechanisms across different mammalian tissues. npj Regen. Med. 3, 6–20. doi:10.1038/s41536-018-0044-5
 Im, M., Chae, H., Kim, T., Park, H. H., Lim, J., Oh, E. J., et al. (2011). Comparative quantitative analysis of cluster of differentiation 45 antigen expression on lymphocyte subsets. Korean J. Lab. Med. 31, 148–153. doi:10.3343/KJLM.2011.31.3.148
 Ivanova, A. S., Tereshina, M. B., Araslanova, K. R., Martynova, N. Y., and Zaraisky, A. G. (2021). The secreted protein disulfide isomerase Ag1 lost by ancestors of poorly regenerating vertebrates is required for Xenopus laevis tail regeneration. Front. Cell Dev. Biol. 9, 2725. doi:10.3389/fcell.2021.738940
 Jenkins, L., Duerstock, B., and Borgens, R. (1996). Reduction of the current of injury leaving the amputation inhibits limb regeneration in the red spotted newt. Dev. Biol. 178, 251–262. doi:10.1006/DBIO.1996.0216
 Jensen, E. C. (2013). Quantitative analysis of histological staining and fluorescence using ImageJ. Anat. Rec. 296, 378–381. doi:10.1002/ar.22641
 Joven, A., Elewa, A., and Simon, A. (2019). Model systems for regeneration: Salamanders. Development 146, dev167700. doi:10.1242/dev.167700
 Kawakami, Y., Esteban, C. R., Raya, M., Kawakami, H., Martí, M., Dubova, I., et al. (2006). Wnt/beta-catenin signaling regulates vertebrate limb regeneration.Genes Dev. 20, 3232–3237. doi:10.1101/GAD.1475106
 Kim, D., and Hahn, J.-S. (2013). Roles of the Yap1 transcription factor and antioxidants in Saccharomyces cerevisiae’s tolerance to furfural and 5-hydroxymethylfurfural, which function as thiol-reactive electrophiles generating oxidative stress. doi:10.1128/AEM.00643-13
 Kim, S. Y., Moon, K. A., Jo, H. Y., Jeong, S., Seon, S. H., Jung, E., et al. (2012). Anti-inflammatory effects of apocynin, an inhibitor of NADPH oxidase, in airway inflammation. Immunol. Cell Biol. 90, 441–448. doi:10.1038/ICB.2011.60
 Kragl, M., Knapp, D., Nacu, E., Khattak, S., Maden, M., Epperlein, H. H., et al. (2009). Cells keep a memory of their tissue origin during axolotl limb regeneration. Nature 460, 60–65. doi:10.1038/nature08152
 Kragl, M., and Tanaka, E. M. (2009). Axolotl (Ambystoma mexicanum) limb and tail amputation. Cold Spring Harb. Protoc. 4, pdb.prot5267. doi:10.1101/pdb.prot5267
 Kumar, A., Gates, P. B., Czarkwiani, A., and Brockes, J. P. (2015). An orphan gene is necessary for preaxial digit formation during salamander limb development. Nat. Commun. 6, 8684. doi:10.1038/NCOMMS9684
 Kumar, A., Godwin, J. W., Gates, P. B., Garza-Garcia, A. A., and Brockes, J. P. (2007). Molecular basis for the nerve dependence of limb regeneration in an adult vertebrate. Science 318, 772–777. doi:10.1126/science.1147710
 Kumar, A., Nevill, G., Brockes, J. P., and Forge, A. (2010). A comparative study of gland cells implicated in the nerve dependence of salamander limb regeneration. J. Anat. 217, 16–25. doi:10.1111/J.1469-7580.2010.01239.X
 Ledo, A., Fernandes, E., Salvador, A., Laranjinha, J., and Barbosa, R. M. (2022). In vivo hydrogen peroxide diffusivity in brain tissue supports volume signaling activity. Redox Biol. 50, 102250. doi:10.1016/J.REDOX.2022.102250
 Liu, Y., Lou, W. P. K., and Fei, J. F. (2021)., 10. London, England, 12. doi:10.1186/S13619-020-00073-1The engine initiating tissue regeneration: Does a common mechanism exist during evolution?Cell Regen.
 Love, N. R., Chen, Y., Ishibashi, S., Kritsiligkou, P., Lea, R., Koh, Y., et al. (2013). Amputation-induced reactive oxygen species are required for successful Xenopus tadpole tail regeneration. Nat. Cell Biol. 15, 222–228. doi:10.1038/ncb2659
 Lovely, A. M., Duerr, T. J., Qiu, Q., Galvan, S., Voss, S. R., and Monaghan, J. R. (2022). Wnt signaling coordinates the expression of limb patterning genes during axolotl forelimb development and regeneration. Front. Cell Dev. Biol. 10, 742. doi:10.3389/fcell.2022.814250
 Maden, M. (2020). RA signaling in limb development and regeneration in different species. Subcell. Biochem. 95, 87–117. doi:10.1007/978-3-030-42282-0_4
 Makanae, A., Mitogawa, K., and Satoh, A. (2014). Co-operative Bmp- and Fgf-signaling inputs convert skin wound healing to limb formation in urodele amphibians. Dev. Biol. 396, 57–66. doi:10.1016/J.YDBIO.2014.09.021
 Makanae, A., and Satoh, A. (2012). Early regulation of axolotl limb regeneration. Anat. Rec. Hob. 295, 1566–1574. doi:10.1002/AR.22529
 Marinho, H. S., Real, C., Cyrne, L., Soares, H., and Antunes, F. (2014). Hydrogen peroxide sensing, signaling and regulation of transcription factors. Redox Biol. 2, 535–562. doi:10.1016/j.redox.2014.02.006
 Mathew, L. K., Sengupta, S., Kawakami, A., Andreasen, E. A., Löhr, C. V., Loynes, C. A., et al. (2007). Unraveling tissue regeneration pathways using chemical genetics. J. Biol. Chem. 282, 35202–35210. doi:10.1074/JBC.M706640200
 McCusker, C., Bryant, S., and Gardiner, D. (2015)., 2. Oxford, England, 54–71. doi:10.1002/REG2.32The axolotl limb blastema: Cellular and molecular mechanisms driving blastema formation and limb regeneration in tetrapodsRegeneration
 McCusker, C. D., and Gardiner, D. M. (2014). Understanding positional cues in salamander limb regeneration: Implications for optimizing cell-based regenerative therapies. Dis. Model. Mech. 7, 593–599. doi:10.1242/DMM.013359
 McCusker, C., Lehrberg, J., and Gardiner, D. (2014). Position-specific induction of ectopic limbs in non-regenerating blastemas on axolotl forelimbs. Regeneration 1, 27–34. doi:10.1002/REG2.10
 Meda, F., Gauron, C., Rampon, C., Teillon, J., Volovitch, M., and Vriz, S. (2016). Nerves control redox levels in mature tissues through Schwann cells and Hedgehog signaling. Antioxid. Redox Signal. 24, 299–311. doi:10.1089/ars.2015.6380
 Meda, F., Joliot, A., and Vriz, S. (2017). Nerves and hydrogen peroxide: How old enemies become new friends. Neural Regen. Res. 12, 568–569. doi:10.4103/1673-5374.205088
 Meda, F., Rampon, C., Dupont, E., Gauron, C., Mourton, A., Queguiner, I., et al. (2018). Nerves, H2O2 and Shh: Three players in the game of regeneration. Semin. Cell Dev. Biol. 80, 65–73. doi:10.1016/j.semcdb.2017.08.015
 Mercader, N., Tanaka, E. M., and Torres, M. (2005). Proximodistal identity during vertebrate limb regeneration is regulated by Meis homeodomain proteins. Development 132, 4131–4142. doi:10.1242/DEV.01976
 Mescher, A. L., and Neff, A. W. (2006). Limb regeneration in Amphibians: Immunological considerations. ScientificWorldJournal. 6, 1–11. doi:10.1100/TSW.2006.323
 Milkovic, L., Cipak Gasparovic, A., Cindric, M., Mouthuy, P. A., and Zarkovic, N. (2019). Short overview of ROS as cell function regulators and their implications in therapy concepts. Cells 8. doi:10.3390/CELLS8080793
 Miller, E. W., Dickinson, B. C., and Chang, C. J. (2010). Aquaporin-3 mediates hydrogen peroxide uptake to regulate downstream intracellular signaling. Proc. Natl. Acad. Sci. U. S. A. 107, 15681–15686. doi:10.1073/PNAS.1005776107
 Mullen, L. M., Bryant, S. V., Torok, M. A., Blumberg, B., and Gardiner, D. M. (1996). Nerve dependency of regeneration: The role of distal-less and FGF signaling in amphibian limb regeneration. Development 122, 3487–3497. doi:10.1242/DEV.122.11.3487
 Nacu, E., Gromberg, E., Oliveira, C. R., Drechsel, D., and Tanaka, E. M. (2016). FGF8 and SHH substitute for anterior–posterior tissue interactions to induce limb regeneration. Nature 533, 407–410. doi:10.1038/nature17972
 Nguyen, M., Singhal, P., Piet, J. W., Shefelbine, S. J., Maden, M., Voss, S. R., et al. (2017). Retinoic acid receptor regulation of epimorphic and homeostatic regeneration in the axolotl. Development 144, 601–611. doi:10.1242/DEV.139873
 Niazi, I. A., Pescitelli, M. J., and Stocum, D. L. (1985). Stage-dependent effects of retinoic acid on regenerating urodele limbs. Wilhelm Roux'. Arch. 194, 355–363. doi:10.1007/BF00877373
 Niethammer, P., Grabher, C., Look, A. T., and Mitchison, T. J. (2009). A tissue-scale gradient of hydrogen peroxide mediates rapid wound detection in zebrafish. Nature 459, 996–999. doi:10.1038/nature08119
 Niethammer, P. (2018). Wound redox gradients revisited. Semin. Cell Dev. Biol. 80, 13–16. doi:10.1016/j.semcdb.2017.07.038
 Panday, A., Sahoo, M. K., Osorio, D., and Batra, S. (2015). NADPH oxidases: An overview from structure to innate immunity-associated pathologies. Cell. Mol. Immunol. 12, 5–23. doi:10.1038/CMI.2014.89
 Park, U. H., Han, H. S., Um, E., An, X. H., Kim, E. J., and Um, S. J. (2009). Redox regulation of transcriptional activity of retinoic acid receptor by thioredoxin glutathione reductase (TGR). Biochem. Biophys. Res. Commun. 390, 241–246. doi:10.1016/J.BBRC.2009.09.097
 Penzo-Mendez, A. I., and Stanger, B. Z. (2015). Organ-size regulation in mammals. Cold Spring Harb. Perspect. Biol. 7, a019240. doi:10.1101/CSHPERSPECT.A019240
 Pirotte, N., Stevens, A. S., Fraguas, S., Plusquin, M., Van Roten, A., Van Belleghem, F., et al. (2015). Reactive oxygen species in planarian regeneration: An upstream necessity for correct patterning and brain formation. Oxid. Med. Cell. Longev. 2015, 392476. doi:10.1155/2015/392476
 Poss, K. D. (2010). Advances in understanding tissue regenerative capacity and mechanisms in animals. Nat. Rev. Genet. 11, 710–722. doi:10.1038/nrg2879
 Purushothaman, S., Elewa, A., and Seifert, A. W. (2019). Fgf-signaling is compartmentalized within the mesenchyme and controls proliferation during salamander limb development. Elife 8, e48507. doi:10.7554/ELIFE.48507
 Rampon, C., Volovitch, M., Joliot, A., and Vriz, S. (2018). Hydrogen peroxide and redox regulation of developments. Antioxidants 7, E159. doi:10.3390/antiox7110159
 Rhee, S. G., Woo, H. A., and Kang, D. (2018). The role of peroxiredoxins in the transduction of H2O2 signals. Antioxid. Redox Signal. 28, 537–557. doi:10.1089/ars.2017.7167
 Roensch, K., Tazaki, A., Chara, O., and Tanaka, E. M. (2013). Progressive specification rather than intercalation of segments during limb regeneration. Science 342, 1375–1379. doi:10.1126/SCIENCE.1241796
 Romero, M. M. G., McCathie, G., Jankun, P., and Roehl, H. H. (2018). Damage-induced reactive oxygen species enable zebrafish tail regeneration by repositioning of Hedgehog expressing cells. Nat. Commun. 9, 4010. doi:10.1038/s41467-018-06460-2
 Sader, F., and Roy, S. (2021). Tgf-β superfamily and limb regeneration: Tgf-β to start and Bmp to end. Dev. Dyn. 251, 973–987. doi:10.1002/DVDY.379
 Satoh, A., Bryant, S. V., and Gardiner, D. M. (2012). Nerve signaling regulates basal keratinocyte proliferation in the blastema apical epithelial cap in the axolotl (Ambystoma mexicanum). Dev. Biol. 366, 374–381. doi:10.1016/J.YDBIO.2012.03.022
 Satoh, A., makanae, A., Hirata, A., and Satou, Y. (2011). Blastema induction in aneurogenic state and Prrx-1 regulation by MMPs and FGFs in Ambystoma mexicanum limb regeneration. Dev. Biol. 355, 263–274. doi:10.1016/J.YDBIO.2011.04.017
 Satoh, A., Makanae, A., Nishimoto, Y., and Mitogawa, K. (2016). FGF and BMP derived from dorsal root ganglia regulate blastema induction in limb regeneration in Ambystoma mexicanum. Dev. Biol. 417, 114–125. doi:10.1016/J.YDBIO.2016.07.005
 Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 3, 1101–1108. doi:10.1038/nprot.2008.73
 Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675. doi:10.1038/nmeth.2089
 Shaikh, N., Gates, P. B., and Brockes, J. P. (2011). The Meis homeoprotein regulates the axolotl Prod 1 promoter during limb regeneration. Gene 484, 69–74. doi:10.1016/J.GENE.2011.06.003
 Shin, D. H., Dier, U., Melendez, J. A., and Hempel, N. (2015). Regulation of MMP-1 expression in response to hypoxia is dependent on the intracellular redox status of metastatic bladder cancer cells. Biochim. Biophys. Acta 1852, 2593–2602. doi:10.1016/J.BBADIS.2015.09.001
 Shome, D., Von Woedtke, T., Riedel, K., and Masur, K. (2020). The HIPPO transducer YAP and its targets CTGF and Cyr61 drive a paracrine signalling in cold atmospheric plasma-mediated wound healing. Oxid. Med. Cell. Longev. 2020, 4910280. doi:10.1155/2020/4910280
 Sies, H. (2017). Hydrogen peroxide as a central redox signaling molecule in physiological oxidative stress: Oxidative eustress. Redox Biol. 11, 613–619. doi:10.1016/j.redox.2016.12.035
 Sies, H., and Jones, D. P. (2020a). Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 21, 363–383. doi:10.1038/s41580-020-0230-3
 Sies, H., and Jones, D. P. (2020b). Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 21, 363–383. doi:10.1038/s41580-020-0230-3
 Simon, A., and Tanaka, E. M. (2013). Limb regeneration. Wiley Interdiscip. Rev. Dev. Biol. 2, 291–300. doi:10.1002/wdev.73
 Singer, M. (1978). On the nature of the neurotrophic phenomenon in urodele limb regeneration. Am. Zool. 18, 829–841. doi:10.1093/ICB/18.4.829
 Stefanska, J., and Pawliczak, R. (2008). Apocynin: Molecular aptitudes. Mediat. Inflamm. 2008, 106507. doi:10.1155/2008/106507
 Stocum, D. L. (2019). Nerves and proliferation of progenitor cells in limb regeneration. Dev. Neurobiol. 79, 468–478. doi:10.1002/DNEU.22643
 Stocum, D. (2017)., 4. Oxford, England, 159–200. doi:10.1002/REG2.92Mechanisms of urodele limb regenerationRegeneration
 Sun, Y., Lu, Y., Saredy, J., Wang, X., Drummer IV, C., Shao, Y., et al. (2020). ROS systems are a new integrated network for sensing homeostasis and alarming stresses in organelle metabolic processes. Redox Biol. 37, 101696. doi:10.1016/J.REDOX.2020.101696
 Svineng, G., Ravuri, C., Rikardsen, O., Huseby, N. E., and Winberg, J. O. (2008). The role of reactive oxygen species in integrin and matrix metalloproteinase expression and function. Connect. Tissue Res. 49, 197–202. doi:10.1080/03008200802143166
 Tanaka, E. M. (2016). The molecular and cellular choreography of appendage regeneration. Cell 165, 1598–1608. doi:10.1016/j.cell.2016.05.038
 Tank, P. W., Carlson, B. M., and Connelly, T. G. (1976). A staging system for forelimb regeneration in the axolotl, Ambystoma mexicanum. J. Morphol. 150, 117–128. doi:10.1002/JMOR.1051500106
 Tassava, R. A., Goldhamer, D. J., and Tomlinson, B. L. (1987). Cell cycle controls and the role of nerves and the regenerate epithelium in urodele forelimb regeneration: Possible modifications of basic concepts. Biochem. Cell Biol. 65, 739–749. doi:10.1139/O87-097
 Tauzin, S., Starnes, T. W., Becker, F. B., Lam, P. Y., and Huttenlocher, A. (2014). Redox and Src family kinase signaling control leukocyte wound attraction and neutrophil reverse migration. J. Cell Biol. 207, 589–598. doi:10.1083/jcb.201408090
 Thauvin, M., Matias de Sousa, R., Alves, M., Volovitch, M., Vriz, S., and Rampon, C. (2022). SHH-H2O2-RECIPROCAL-REGULATORY, 135. doi:10.1242/JCS.259664/274206/AM/AN-EARLY-An early Shh-H2O2 reciprocal regulatory interaction controls the regenerative program during zebrafish fin regenerationJ. Cell Sci.
 Tornini, V. A., and Poss, K. D. (2014). Keeping at arm’s length during regeneration. Dev. Cell 29, 139–145. doi:10.1016/J.DEVCEL.2014.04.007
 Tung, J. N., Lin, P. L., Wang, Y. C., Wu, D. W., Chen, C. Y., and Lee, H. (2018). PD-L1 confers resistance to EGFR mutation-independent tyrosine kinase inhibitors in non-small cell lung cancer via upregulation of YAP1 expression. Oncotarget 9, 4637–4646. doi:10.18632/oncotarget.23161
 Veal, E. A., Day, A. M., and Morgan, B. A. (2007). Hydrogen peroxide sensing and signaling. Mol. Cell 26, 1–14. doi:10.1016/J.MOLCEL.2007.03.016
 Veal, E. A., Ross, S. J., Malakasi, P., Peacock, E., and Morgan, B. A. (2003). Ybp1 is required for the hydrogen peroxide-induced oxidation of the Yap1 transcription factor. J. Biol. Chem. 278, 30896–30904. doi:10.1074/jbc.M303542200
 Vieira, W. A., and McCusker, C. D. (2018). Regenerative models for the integration and regeneration of head skeletal tissues. Int. J. Mol. Sci. 19, E3752. doi:10.3390/ijms19123752
 Vieira, W. A., Wells, K. M., Milgrom, R., and McCusker, C. D. (2018). Exogenous Vitamin D signaling alters skeletal patterning, differentiation, and tissue integration during limb regeneration in the axolotl. Mech. Dev. 153, 1–9. doi:10.1016/J.MOD.2018.08.004
 Vieira, W., Wells, K., Raymond, M., De Souza, L., Garcia, E., and McCusker, C. (2019). FGF, BMP, and RA signaling are sufficient for the induction of complete limb regeneration from non-regenerating wounds on Ambystoma mexicanum limbs. Dev. Biol. 451, 146–157. doi:10.1016/J.YDBIO.2019.04.008
 Vollmer, J., Casares, F., and Iber, D. (2017). Growth and size control during development. Open Biol. 7, 170190. doi:10.1098/RSOB.170190
 Voss, S. R., Epperlein, H. H., and Tanaka, E. M. (2009). Ambystoma mexicanum, the axolotl: A versatile amphibian model for regeneration, development, and evolution studies. Cold Spring Harb. Protoc. 2009, emo128. doi:10.1101/pdb.emo128
 Voss, S. R., Palumbo, A., Nagarajan, R., Gardiner, D. M., Muneoka, K., Stromberg, A. J., et al. (2015). Gene expression during the first 28 days of axolotl limb regeneration I: Experimental design and global analysis of gene expression. Regeneration 2, 120–136. doi:10.1002/reg2.37
 Wells, K. M., Baumel, M., and McCusker, C. D. (2022). The regulation of growth in developing, homeostatic, and regenerating tetrapod limbs: A minireview. Front. Cell Dev. Biol. 0, 768505. doi:10.3389/FCELL.2021.768505
 Wells, K. M., Kelley, K., Baumel, M., Vieira, W. A., and McCusker, C. D. (2021). Neural control of growth and size in the axolotl limb regenerate. Elife 10, e68584. doi:10.7554/ELIFE.68584
 Wischin, S., Castañeda-Patlán, C., Robles-Flores, M., and Chimal-Monroy, J. (2017). Chemical activation of Wnt/β-catenin signalling inhibits innervation and causes skeletal tissue malformations during axolotl limb regeneration. Mech. Dev. 144, 182–190. doi:10.1016/J.MOD.2017.01.005
 Yokoyama, H. (2008). Initiation of limb regeneration: The critical steps for regenerative capacity. Dev. Growth Differ. 50, 13–22. doi:10.1111/J.1440-169X.2007.00973.X
 Yoo, S. K., Freisinger, C. M., LeBert, D. C., and Huttenlocher, A. (2012). Early redox, Src family kinase, and calcium signaling integrate wound responses and tissue regeneration in zebrafish. J. Cell Biol. 199, 225–234. doi:10.1083/jcb.201203154
 Yoo, S. K., Starnes, T. W., Deng, Q., and Huttenlocher, A. (2011). Lyn is a redox sensor that mediates leukocyte wound attraction in vivo. Nature 480, 109–112. doi:10.1038/nature10632
 Zhang, M., Chen, Y., Xu, H., Yang, L., Yuan, F., Li, L., et al. (2018). Melanocortin receptor 4 signaling regulates vertebrate limb regeneration. Dev. Cell 46, 397–409. e5. doi:10.1016/J.DEVCEL.2018.07.021
 Zhang, Q., Wang, Y., Man, L., Zhu, Z., Bai, X., Wei, S., et al. (2016). Reactive oxygen species generated from skeletal muscles are required for gecko tail regeneration. Sci. Rep. 6, 20752. doi:10.1038/srep20752
 Zhu, W., Pao, G. M., Satoh, A., Cummings, G., Monaghan, J. R., Harkins, T. T., et al. (2012). Activation of germline-specific genes is required for limb regeneration in the Mexican axolotl. Dev. Biol. 370, 42–51. doi:10.1016/j.ydbio.2012.07.021
 Zweitzig, D. R., Smirnov, D. A., Connelly, M. C., Terstappen, L. W. M. M., O’Hara, S. M., and Moran, E. (2007). Physiological stress induces the metastasis marker AGR2 in breast cancer cells. Mol. Cell. Biochem. 306, 255–260. doi:10.1007/s11010-007-9562-y
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Carbonell-M, Zapata Cardona and Delgado. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-921520-g005.gif





OPS/images/fcell-10-921520-g006.gif





OPS/images/fcell-10-921520-g003.gif
« owsoor

diys pos amputaton





OPS/images/fcell-10-921520-g004.gif





OPS/images/fcell-10-921520-g009.gif





OPS/images/fcell-10-921520-g007.gif





OPS/images/fcell-10-921520-g008.gif
Blastema Colction

and apcn

4

A

S s

T

EErerrrrriN





OPS/xhtml/nav.xhtml
Contents

		Cover

		Post-amputation reactive oxygen species production is necessary for axolotls limb regeneration		Introduction

		Materials and methods		Animal handling and ethical aspects

		Limb amputation surgery and regeneration assays

		Reactive oxygen species detection

		Chemical inhibition of NOX activity and rescue treatment by exogenous H2O2 during axolotl’s limb regeneration

		Histology and immunofluorescence

		In vivo BrdU labeling assay

		Skeletal preparations

		Phagocytic activity

		RNA extraction and RT/Q-PCR





		Results		ROS production during axolotl limb regeneration

		NOXs-dependent ROS production is required for proper limb regeneration and exogenous H2O2 rescues limb regeneration impaired by NOX inhibition

		Exogenous H2O2 rescues skeletal alterations generated by blocking NOX-dependent ROS production

		NOX-dependent ROS production is required to induce cell cycle re-entry and blastema formation during limb regeneration

		Identifying potential target genes regulated by ROS production during axolotl limb regeneration

		Inhibitory treatments of NOXs by apocynin and exogenous H2O2 treatments impact inflammatory cell recruitment and phagocytic activity





		Discussion		ROS production and signaling are conserved during the regeneration of appendages such as tail and limbs in vertebrates

		NOX-dependent ROS production is necessary for cell cycle re-entry and blastema formation during limb regeneration

		ROS/H2O2 an early signal potentially involved in the determination of regenerated limb size

		Regulation of positional identity genes by ROS and their potential relationship to skeletal defects generated post-inhibition of NADPH oxidases

		ROS production as a potential regulatory mechanism of the inflammatory response during limb regeneration





		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-921520-g001.gif





OPS/images/fcell-10-921520-g002.gif
&
e
ol w{&

f@;





OPS/images/fcell-10-921520-t001.jpg
Gen

Meisl
Meis2
Hoxal3
Prod1
RARA
RARB
RARG
Aldhlal
Aldh1a2
Yapl
Agr2
188

Forward 5°-3"

CCATCTACGGACACCCCCT
AGTGGAGGGCACGCTTCT
TCTGGAAGTCCTCTCTGCCG
GGTGGCAGTGAGCACAGGGT
ATACTTGGCAGCCAGAAGGT
AAAACTCTGAGGGGCTTGAA
CTTCTGCGTTTGATCCTTCA
AAGACATCGACAAGGCACTG
GCCAAGACGGTCACAATAAA
TACCATACCTTCCCAACAAACC
GCTTTCAACAAACACCTTCTTCA
AGGCCCTGCCTGCCC

Reverse 5

GGAAGAACACACGTCCCCG
GCTTCTTGTCTTTGTCCGGGT
TCAGCTGGACCTTGGTGTACG
TGGCATTCCTGTATCAGAGT
GCCAACGTTGTATGCATCTC
CTGGTGTGGATTCTCCTGTG
AGTGAGTATGGGGCTGTTCC
CCAAAAGGACACTGTGAGGA
CATTCCTGAGTGCTGTTGCT
TACATTCATTGCTTCTCCGTCT
CCTCCACAGAGCCCAGAC
TTACGCTACCTTTGCACGGTC

References

Mercader et al. (2005)
Mercader et al. (2005)
Mercader et al. (2005)
Shaikh et al. (2011)
Nguyen et al. (2017)
Nguyen et al. (2017)
Nguyen et al. (2017)
Nguyen et al. (2017)
Nguyen et al. (2017)
(Carbonell M et al,, 2021)
(Carbonell M et al, 2021)
Zhu et al. (2012)





OPS/images/fcell-10-921520-g010.gif
|
)

CEE =

J
e









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





