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Introduction: Diabetic distal symmetric polyneuropathy (DDSP) is the most prevalent form of diabetic peripheral neuropathy, and 25% of patients develop pain in their toes. DDSP is associated with increased cutaneous microvessel density (MVD), reduced skin blood flow, endothelial dysfunction, and impaired fluid filtration with vasodilation. The Piezo family of mechanosensitive channels is known to be involved in the control of vascular caliber by converting mechanical force into intracellular signals. Furthermore, Piezo2 is particularly involved in peripheral pain mechanisms of DDSP patients. To date, very little is known about the number, structure, and PIEZO expression in cutaneous blood vessels (BVs) of individuals with DDSP and their relation with pain and time span of diabetes.
Methods and results: We studied microvessels using endothelial markers (CD34 and CD31) and smooth cell marker (α-SMA) by indirect immunohistochemical assay in sections of the glabrous skin of the toes from patients and controls. MVD was assessed through CD34 and CD31 immunoreaction. MVD determined by CD34 is higher in short-term DDSP patients (less than 15 years of evolution), regardless of pain. However, long-term DDSP patients only had increased BV density in the painful group for CD31. BVs of patients with DDSP showed structural disorganization and loss of shape. The BVs affected by painful DDSP underwent the most dramatic structural changes, showing rupture, leakage, and abundance of material that occluded the BV lumen. Moreover, BVs of DDSP patients displayed a Piezo1 slight immunoreaction, whereas painful DDSP patients showed an increase in Piezo2 immunoreaction.
Discussion: These results suggest that alterations in the number, structure, and immunohistochemical profile of specific BVs can explain the vascular impairment associated with painful DDSP, as well as the temporal span of diabetes. Finally, this study points out a possible correlation between increased vascular Piezo2 immunostaining and pain and decreased vascular Piezo1 immunostaining and the development of vasodilation deficiency.
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1 INTRODUCTION
Diabetic peripheral neuropathy (DPN) is one of the most common long-term complications of diabetes mellitus (DM) (Pop-Busui et al., 2017). A total of 25% of these patients develop pain in their toes (Bierhaus and Naworth, 2004; Boulton et al., 2005), but the mechanism behind painful and painless DPN remains unclear. The Toronto Expert group has defined DPN as a symmetrical, length-dependent sensorimotor polyneuropathy attributable to metabolic and microvessel alterations as a result of chronic hyperglycemia exposure and cardiovascular risk covariates (Tesfaye et al., 2010). Diabetic patients with DPN have altered blood flow patterns in the lower limbs (Archer et al., 1984; Tomešová et al., 2013), impairment of cutaneous endothelium-related vasodilatation, and c-fiber-mediated vasoconstriction (Quattrini et al., 2007). Beyond metabolically triggered microvascular changes induced by DM, the presence of neuropathic abnormalities is the main factor associated with microvascular abnormalities (Schmiedel et al., 2008; Tomešová et al., 2013; Stirban, 2014). Patients with DPN show only partial improvement in microvascular function after lower extremity revascularization, highlighting the pathogenic contribution of DPN to microvascular dysfunction (Arora et al., 2002). The presence of DPN is associated with increased microvessel density (MVD) in the skin, reduced cutaneous blood flow, endothelial dysfunction, impairment in fluid filtration, and vasodilatation (Stirban, 2014; Adamska et al., 2019). Several studies have shown that regulation of the peripheral blood flow is altered in patients with painful DPN, compared with painless DPN (Archer et al., 1984; Quattrini et al., 2007; Doupis et al., 2008). Moreover, endothelial dysfunction and the increased vascular density were associated with the severity of pain in patients with diabetic neuropathy (Quattrini et al., 2007; Shillo et al., 2019; 2021).
Mechanotransduction is the process through which mechanical forces are translated to electrical inputs. The physiological response is very important for local blood flow control and regulation of vascular tone (Ge et al., 2015; Rode et al., 2017; Beech and Kalli, 2019; Arishe et al., 2020). In the last decade, mechanosensitive channels Piezo1 and Piezo2 have been implicated in the control of vascular function, converting mechanical forces (shear stress and stretch) into intracellular signals. Both are present in the vascular system on either the endothelial cell (EC) membrane and the vascular smooth muscle (VCM) (Ranade et al., 2014; Retailleau et al., 2015; Wang et al., 2016; Yang et al., 2016; Li et al., 2017; Martinac and Cox, 2017; Rode et al., 2017; Otto et al., 2020; Wang et al., 2022).
The mechanosensitive channel Piezo1 is required for adequate formation of blood vessels (BVs) (Cahalan et al., 2015) and regulation of vascular tone and blood pressure (Wang et al., 2016; Rode et al., 2017; Wu et al., 2017). Piezo1 appears to function in endothelial cell types under both static and shear stress conditions. In fact, mice with endothelium-specific disruption of Piezo1 also exhibited abnormal vessel formation and perturbed endothelial cell organization with alignment in the direction of the flow (Li J et al., 2014; Ranade et al., 2014; Nourse and Pathak, 2017; Fang et al., 2021). Recent studies have shown the considerable importance of Piezo1 as a mechanical sensor responsible for endothelial barrier disruption in the lungs (Friedrich et al., 2019), and shear stress-induced sensitization of Piezo1 increases the membrane density of Piezo1 channels in endothelial cell cultures (Lai et al., 2021).
The mechanosensitive channel Piezo2 is present in the endothelial cell lining the lumen of BVs (Ferrari et al., 2015; Martinac and Cox, 2017). Piezo2 is known to regulate endothelial cell proliferation, migration, and tube formation in tumor vasculature (Yang et al., 2016), and the experimental knockdown of Piezo2 shows decreased angiogenesis, vascular hyperpermeability, and vascular leakage in tumor endothelial cells (Yang et al., 2016). In addition, the endothelial Piezo2 channel plays a role in peripheral pain mechanisms of painful peripheral neuropathy produced by cancer chemotherapy (Joseph et al., 2013; Ferrari et al., 2015).
Overall, both Piezo channels play a role in the miscellaneous aspects of the microvascular dysfunction and could be, therefore, a possible clinical target for the treatment of diabetic complications such as pain or diabetic foot.
To date, despite considerable dedicated research, a full understanding of neuropathic pain mechanisms remains difficult to achieve. In fact, there are few distinct differences in the neurological examination between painless and painful DPN, and it has been suggested that an inappropriate skin microcirculation may play a role in the pathogenesis of pain in diabetic neuropathy (Quattrini et al., 2007; Shillo et al., 2021; Wang et al., 2022), but no in-depth study has been carried out. Therefore, the identification of BV distinctive aspects that could characterize painful or painless DDPN in short- and long-term diabetes is the purpose of this study. Here, we studied the glabrous skin of the toes of patients clinically and analytically diagnosed with DM with painless or painful diabetic neuropathy. We used immunohistochemistry to detect CD31, CD34, and alpha-smooth muscle actin (α-SMA) markers to analyze the MVD, microvessel localization within the dermis, arrangement of BV components (EC and VCM or pericytes), and expression of mechanosensitive Piezo channels in cutaneous BVs of subjects with painless and painful DPN. Finally, we analyzed if differences between the groups could be associated with pain and diabetes duration.
2 MATERIALS AND METHODS
2.1 Patients
The control samples were obtained from subjects of both genders, free of neurologic disease, who suffered accidental toe amputation (n = 10) and were collected within 6 h after incidental toe amputation at the Service of Plastic Surgery of the Hospital Universitario Central de Asturias, Oviedo, Principality of Asturias, Spain. Patients clinically and analytically diagnosed with DM with painless (n = 10) or with painful diabetic neuropathy (n = 10), who were subjected to toe amputation due to ischemic complications of DM, were also studied. The age range was 48–84 years. Each group with diabetic distal symmetric polyneuropathy (DDSP) was divided into two subgroups depending on the time of evolution from the diagnosis of DM: short evolution (ST) if less than 15 years and long evolution (LT) if more than 15 years. The skin samples from diabetic patients were collected within 3 h after amputation and were obtained at the Service of Vascular Surgery, Fundación Hospital Jove of Gijón, Principality of Asturias, Spain. These materials were all obtained in compliance with Spanish law (RD 1301/2006; Ley 14/2007; DR 1716/2011; Orden ECC 1414/2013) and according to the guidelines of the Helsinki Declaration II. The study was approved by the Ethical Committee for Biomedical Research of the Principality of Asturias, Spain (Cod. CElm, PAst: Proyecto 266/18).
The subjects included in this study were used previously in our published manuscript about changes in cutaneous sensory corpuscles associated with painful and painless DPN (García-Mesa et al., 2021).
2.2 Materials and treatment of the tissues
Skin samples (n = 30) were obtained from the plantar aspect of the distal phalanx of amputated toes. Tissues were fixed in 4% formaldehyde diluted in 0.1 M phosphate buffer saline (pH 7.4) for 24 h, dehydrated, and routinely embedded in paraffin.
2.3 Histology and immunohistochemistry
2.3.1 Single immunohistochemistry
Deparaffinized and rehydrated 7 µm sections were processed for indirect detection of antibodies (Table 1), using the EnVision antibody complex detection kit (Dako, Copenhagen, Denmark), following the supplier’s instructions. In brief, the endogenous peroxidase activity was inhibited (3% H2O2) for 15 min, and 10% bovine serum albumin (BSA) was used to block non-specific binding for 20 min. The sections were incubated overnight at 4°C with the primary antibody. After that, the sections were incubated with the anti-rabbit and anti-mouse EnVision system-labeled polymer (Dako-Cytomation) for 30 min and washed in a buffer solution. Then, the slides were washed with buffer solution, and the immunoreaction was visualized with diaminobenzidine as a chromogen. Finally, the sections were washed, dehydrated, and mounted with Entellan® (Merck, Dramstadt, Germany). The sections were counterstained with Mayer’s hematoxylin to ascertain structural details.
TABLE 1 | Primary antibodies used in the study.
[image: Table 1]2.3.2 Double immunofluorescence
The sections were processed for simultaneous detection of PIEZO2 (targeted against the FEDEN-KAAVRIMAGDNVEICMNLDAASFSQHNP amino acid sequence) with specific markers CD34 and alpha-SMA for the endothelium and muscular layer of BVs, respectively (DeLisser et al., 1997; Matsumura et al., 1997; Zhou et al., 2022) (Table 1). Non-specific binding was reduced using a solution of 25% calf bovine serum in a Tris buffer solution (TBS) for 30 min. The tissues were incubated overnight at 4°C in a humid chamber with a 1:1 v/v mixture of the polyclonal antibody against Piezo2 with a monoclonal antibody against CD34 and alpha-SMA. After that, the sections were washed with TBS and incubated for 1 h with CFL488-conjugated bovine anti-rabbit IgG (sc-362260, Santa Cruz Biotechnology), diluted 1:200 in TBS, then rinsed again, and incubated for another hour with the CyTM3-conjugated donkey anti-mouse antibody (Jackson-ImmunoResearch, Baltimore, MD, United States) diluted 1:100 in TBS. Both steps were performed at room temperature in a dark humid chamber. Finally, the sections were washed, and the cell nuclei were stained with DAPI (10 ng/mL).
The Leica DMR-XA automatic fluorescence microscope (Microscopía fotónica y Proceso de imagen, Servicios científico-técnicos, Universidad de Oviedo) coupled with Leica Confocal Software, version 2.5 (Leica Microsystems, Heidelberg GmbH, Germany), was used to detect triple fluorescence, and the images captured were processed using the software ImageJ version 1.43 g Master Biophotonics Facility, Mac Master University Ontario (www.macbiophotonics.ca).
For control purposes, representative sections were processed in the same way as described previously, using non-immune rabbit or mouse sera instead of the primary antibodies or omitting the primary antibodies in incubation. Furthermore, in some cases, additional controls were carried out using specifically preabsorbed antisera. Under these conditions, no positive immunostaining was observed (data not shown). Positive controls for Piezo1 and Piezo2 were performed previously to confirm their specificity (Supplementary Material S1).
2.3.3 Semiquantitative study
Semiquantitative analyses were performed to determine the MVD using the “hot spot technique” (Adamska et al., 2019). The sections were scanned by using an SCN400F scanner (Leica, Leica Biosystems™), and the scans were computerized using SlidePath Gateway LAN software (Leica, Leica Biosystems™). The number of BVs was calculated as follows: in each section, 10 areas with the highest number of BVs (hot spot) were identified under a small magnification (×10) and counted under a magnification of ×40 in a selected area by two independent observers (YG-M and O. G-S). We examined 10 hot spots in each tissue section (five from the papillary dermis and five from the reticular dermis). The arithmetic mean of the five “hot spots” in each area was calculated for the microvessel number and subsequently calculated to 1 mm2. We quantified 10 hot spots in five sections separated by 50 µm per sample in the glabrous toe skin from all groups: healthy individuals (n = 10), NP-DDSP-ST (n = 5), NP-DDSP-LT (n = 5), NP-DDSP-ST (n = 5), and P-DDSP-LT (n = 5). Data are expressed as mean ± SD/mm2. This procedure was applied separately for CD34 and CD31. We used CD34 (endothelium and pericytes) and CD31 (endothelium) as markers for morphological and functional endothelial integrity (Yao et al., 2007).
2.3.4 Clinical measurement
Clinical data management was divided into five parts though a checklist:
1 Clinical history: Age, sex, variant of peripheral neuropathy, HbA1c, proinflammatory and inflammatory factors (c-reactive protein and erythrocyte sedimentation rate), alterations in the blood clotting test, and nervous conduction studies.
2 Physical examination: Maintained local sensibility, pedal pulse assessment, skin alterations or deformities, and allodynia/hyperalgesia/paresthesia/anesthesia. Sensitivity was focused on in the clinical examination, as long as anatomical structures and biochemical channels in study are responsible of this sensation.
3 Vascular examination: Ankle–brachial index and Doppler valued the alteration of the microvascular distal system.
4 DM evolution: The evolution from the diagnosis of DM was measured in years.
5 DN4 test to estimate neuropathic pain: Previous studies describe how alterations on these sensory structures may produce extreme effects in the form of a total anesthesia in the studied region or even excessive painful responses under normally painless stimuli.
3 RESULTS
3.1 Semiquantitative analyses of cutaneous blood vessels: the association between density, neuropathy, and diabetes duration
In this work, subjects under study were classified into five groups: healthy individuals (n = 10), painless ST-DDSP (n = 5), painful ST-DDSP (n = 5), painless LT-DDSP (n = 5), and painful LT-DDSP (n = 5). The limit to consider long-term DDSP was 15 or more years of illness arbitrarily.
We calculated the median MVD by CD34 and CD31 BVs per 4 mm2 of the dermal skin; moreover, we quantified both layers of the skin dermis: the papillary and reticular dermis (Figures 1B, C).
[image: Figure 1]FIGURE 1 | Bar graph showing the microdensity blood vessels/4 mm2 defined by CD31 and CD34 in the glabrous toes skin of healthy individuals (n = 10), DDSP-NP ST (n = 5) and LT (n = 5), and DDSP-P ST (n = 5) and LT (n = 5). Comparison of the number of blood vessels positive for CD31 (green) and CD34 (orange) in the dermis (A); comparison of CD31-positive blood vessels in the papillary (blue) vs. reticular (gray) dermis (B); and comparison of CD34-positive blood vessels in the papillary (blue) vs. reticular (gray) dermis (C). ST, short term; LT, long term. I—I is SD.
The mean determined by the CD31 antibody immunoreaction was higher in all groups affected by diabetic neuropathy with respect to healthy controls (Table 2; Figure 1A). The comparison of MVD determined by CD31 between the papillary and reticular dermis in each group showed that the MVD was higher in all the groups, tripling the number of healthy control BVs in the papillary dermis, whereas in the reticular dermis, patients with DDPN did not show such an evident increase. In fact, the DDSP NP (LT) group showed a lower MVD (6.6) versus healthy individuals (8.4). CD31 antibody indicated a higher increase of BV in the papillary dermis than the reticular dermis (Table 2; Figures 1B, C). The painful DDSP group showed a higher index with respect to healthy individuals (Figures 1B).
TABLE 2 | Comparison of groups of patients with DDPN and healthy individuals.
[image: Table 2]The median density of microvessels determined by the CD34 immunoreaction was higher in patients with short-term DDSP NP (53.2 and 63.4), whereas those with long-term DDSP (33.8 and 35.2) had a similar number of vessels compared to the control group (34.4) (Table 2; Figure 1A). Regarding the distribution of vessels through the different dermal layers, all the groups presented a similar pattern, with MVD being higher in the papillary dermis than that in the reticular dermis (Figures 1C). It must be mentioned that the highest MVD appeared in ST-DDSP patients in both the papillary dermis (32.4 and 32.8) and the reticular dermis (20.8 and 30.6) with respect to LT-DDSP (21.4 and 22 in the papillary dermis; 12.4 in the reticular dermis for both groups).
We further analyzed the relationship between BV density (CD34 and CD31 positive) and the presence or absence of pain. When we related painful versus painless DDSP, we observed a greater MVD for ST-DDPN with CD34 and for LT-DDSP with CD31 (Figure 1A). On the other hand, if the painless DDSP groups are compared with each other, a notable difference emerged, i.e., there is a decrease in the number of vessels associated with a long evolution of diabetes, for both antibodies CD31 and CD34 with respect to painful DDSP, and MVD remained the same for CD31 but decreased for CD34.
Finally, if the MVD from CD31-positive BVs is compared against CD34-positive BVs, we observed that CD34 is adequate to assess the number of vessels and pain in ST-DDSP while CD31 is better for LT-DDSP (Figure 1A).
3.2 Cutaneous blood vessel morphology in painful and painless DDSP subjects
BVs were analyzed in dermal layers (papillary and reticular dermis) according to immunopositive staining by using antibodies against α-SMA to detect α-smooth muscle cells and pericytes, CD34 to identify ECs and individual smooth muscle cells, and CD31 for ECs. All of them were found in both dermal layers in all experimental groups (Figures 2, 3).
[image: Figure 2]FIGURE 2 | Immunostaining for α-SMA and CD34 in the glabrous toes skin. α-SMA antibody identifies the muscular layer in arteries and venules (A, C–J). Blood vessels of neuropathy patients showed, in some cases, a lack of lumen [black arrow in (F, J)] in the papillary dermis. In the reticular dermis, the blood vessels of healthy controls present a constant muscle layer and with intense immunoreactivity (A), whereas patients with diabetic neuropathy present an irregular immunostaining without a continuous α-SMA immunopositive muscle layer [see red arrows (C, E, G)] and the muscular layer thickness decreased [red arrow in (I)], even blood vessel wall was broken [black arrow in (I)]. CD34 immunostaining marks endothelium and single smooth muscle cells. In healthy individuals (B) and in patients with DDSP NP (K, L, O, P), a continuous and regular endothelium is observed, while patients with DDSP-P present interruptions in the course of the endothelium [red arrow in (Q)]. Black arrows indicate blood vessels in the papillary dermis that present a (M,N,Q,R) closed lumen in DPN patients [see (L, N P, R)]. The green asterisks indicate accumulations of debris in the lumen of the vessels (I, Q).
[image: Figure 3]FIGURE 3 | Number of microvessels in the skin of healthy adults (A) and with diabetes neuropathy (B–E). Sections are stained by immunohistochemistry to show the number of blood vessels defined by a CD31, an endothelium marker (A–E). Blood vessels are identified with a red spot in the pictures (A–E). The number of blood vessels is shown in a small red box in the same images. A higher number of blood vessels are noted in patients with neuropathy, especially in DDPS-P (D,E). In the papillary dermis of patients with neuropathy, (F,H,I,J,K) a reduced capillary luminal area [red arrow (H,L,K)] was observed. With respect to the reticular dermis, the immunoreaction with CD31 allows observing a continuous and regular endothelium in the healthy individuals (F,G), while the patients with DDPS (L,M,N,O) present interruptions in the endothelium in some cases [see red arrows (L,O)] or multiple layers [black arrow in (N, O)].
3.2.1 α-SMA immunoreactivity in blood vessels
Depending on the type of BV, pericytes or smooth muscle cells were tightly associated with the underlying endothelial cells in the normal skin (Figures 2A). Both types of cells can be immunolabeled with the α-SMA antibody. In the normal skin, arterioles were completely covered by circumferentially arranged α-SMA-positive cells displaying a regular morphology (Figures 2A). Venules were also completely covered by α-SMA-positive cells but had a more irregular shape with missed packing than smooth muscle cells from arterioles (Figure 2A, small square).
BVs in DDSP patients expressed α-SMA in pericytes and smooth muscle cells, which revealed that almost all BVs did not have normal morphological features. Thus, in arterioles, the typical transversal rounded shape of BVs and characteristic packing of α-SMA-positive cells were absent, leaving spaces between them (Figures 2C, E, G, I; red arrow). The most extreme changes were seen in painful DDSP due to completely irregular BVs with cellular processes projecting out of the vessel wall (Figure 2E; black arrow), which showed, in the case of long-term DDSP, a pronounced discontinuity of α-SMA-positive cells around BVs. Such vessels lost normal smooth muscle circular arrangement and presented areas of vascular wall where smooth cells almost completely disappeared and the vessel wall was about to break or had already broken (black arrow in Figures 1E, I), along with material accumulations inside (Figure 1I; asterisk in green). In the vessels located in the papillary dermis, the immunoreaction was maintained in all the study groups (Figures 1D, F, H, J), although more closed vessels were observed in DDSP-P (black arrow in Figures 1F, I).
3.2.2 CD34 immunoreactivity in blood vessels
The CD34 antigen is considered a pan-immunomarker for endothelial cells as well as individual smooth muscle cells present in arterioles. The positive immunoreaction in control samples was found in the endothelial cells, which defined the perimeter of the BV lumen, forming a continuous barrier (Figure 2B). In individuals with DDSP, the typical transversal rounded shape of arterioles was absent, especially in the painful group (Figures 2K, M, O, Q). The greatest involvement was found in the group with painful long-term DDSP, presenting loss of endothelial continuity or endothelial layer rupture (red arrow in Figure 2Q) with material accumulation (green asterisk). Regarding the vessels located in the papillary dermis, all the groups studied expressed immunoreaction for CD34 in the endothelium (Figures 2L, N, P, R), as described previously in the case of α-SMA immunomarker, displaying a decrease in the vessel lumen diameter and being absent in some cases (black arrow in Figures 2L, N, P, R).
3.2.3 CD31 immunoreactivity in blood vessels
In a high-magnification view of the dermis, a large number of vessels were present in the DDSP group, regardless of pain manifestation or diabetes duration (Figures 3A–E; red point). BVs from the normal skin, found in both the papillary and reticular dermis, expressed CD31 on endothelial cells, which formed a continuous and uniform monolayer (Figure 3F). Arterioles presented the CD31-positive immunoreaction in the endothelial cells in contact with the lumen of the vessel (Figure 3, G). In painless neuropathy, more irregular shaped arterioles were seen (Figure 3L, M); CD31-positive endothelial cells in contact with the lumen of BVs displayed some irregular projections (Figure 3L); furthermore, some regions of the lining cells were close together and linked by junctions, while others were separated from each other (arrow in Figure 3L). In pain-DDSP, CD31-positive cells in arterioles can be observed in the monolayer or multiple layers; cells formed two, three, or perhaps more incomplete layers, and cell projections extended between layers (Figures 3N, O); moreover, the lining cells exhibited bizarre branching shapes with irregular projections into the lumen (arrow in Figure 3O). In the papillary dermis of patients with neuropathy, a reduced capillary luminal area was observed (Figures 3H, I, K; red arrow).
3.3 Immunostaining of ion channels PIEZO1 and PIEZO2 in cutaneous blood vessels from subjects with painless and painful neuropathy
The immunoreaction was intense for the Piezo1 ion channel in vessels located in both the papillary and reticular dermis of healthy individuals (Figures 4A, B). The immunolabeling was found in the endothelium in contact with the lumen of the vessel (Figure 4A) and in arterioles, where it was also located in the smooth muscle cells (Figure 4B). Patients with DDSP exhibited a decrease in the immunostaining intensity in BVs, which was very evident in arterioles in both the endothelial and muscle cells from all study groups (Figures 4D, F, H, J). In the reticular and papillary dermis, the immunoreaction was slight and there were even BVs without immunolabeling (red arrows in Figures 4C, E, G, I).
[image: Figure 4]FIGURE 4 | Expression of the PIEZO1 ion channel in the glabrous skin of the feet. The immunoreaction in healthy controls is intense in the endothelium of the vessels of the papillary dermis (A) and in the endothelium and muscle layer of the arterioles (B). In patients with neuropathy, there is almost no immunoreaction in the endothelium of papillary vessels [red arrows indicate PIEZO1-negative vessels in (C, E, G, I)]. The muscular layer of the arteries presents diffuse labeling in diabetic patients, as well as a discontinuous endothelium [red arrows indicate loss of endothelial continuity in (D, F, H, J)].
With respect to Piezo2, the skin of healthy individuals displayed a strong immunoreaction localized in endothelial cells and α-SMA in both venules and arterioles (Figures 5A, B). Individuals with short- and long-term painless neuropathy in the papillary dermis showed weak immunoreaction and even non-immunoreactive vessels (red arrow in Figures 5C, G). Regarding arterioles, a decrease in the immunoreaction intensity in both the endothelium and smooth muscle fibers was also shown (Figures 5D, H); patients with LT-DDSP presented immunoreaction for Piezo2 in the endothelium without continuity in arterioles and lack of expression in pericytes or smooth muscular cells adjacent to the endothelium (arrow in Figure 5H). Patients with painful neuropathy had intense immunostaining for this channel in papillary dermis vessels, which was more intense in case of longstanding diabetes; negative vessels were not seen (Figures 5E, I); however, arterioles presented an immunoreaction similar to the group with painless DPPN because of immunostaining decrease in the endothelium and adjacent smooth muscle cells (Figures 5F, J, K).
[image: Figure 5]FIGURE 5 | Immunoexpression of PIEZO2 in the vessels of the glabrous skin of the feet. In the healthy controls, an immunoreaction is observed in the endothelium of the veins (A), as well as in the muscular layer of the arteries (B). In patients with DDPS-NP, (C,D,G,H) the intensity of the reaction is lower and several blood vessel are negative [red arrows in (C,G)]; Moreover ie cells clot to endothelium are arectuve ub arterues [red arrow in (H)] . Patients with DDPS-P present a more intense immunoreaction in the papillary vessel (E,I), while arteries in the reticular dermis show a diffuse immunoreaction with respect to healthy individuals (F,K,J).
To confirm that Piezo2 occurrence in BVs in DDSP patients may be related with pain, double immunofluorescence for BV markers (CD34 and α-SMA) and Piezo2 was performed by confocal microscopy (Figure 6).
[image: Figure 6]FIGURE 6 | Double fluorescence of CD34/α-SMA and PIEZO2 ion channels in blood vessels. Healthy individuals show PIEZO2 expression in the endothelium of blood vessels (A) and arteries (B). Patients with painless diabetic neuropathy show a loss of immunoreaction [white arrow in (C, E, G)]. However, PIEZO2 immunostaining in green is higher in patients with painful neuropathy (D, F, H), being more striking in the endothelium of the vessels of the papillary dermis [see arrow in (D, F)]. Objective ×63/1.40 oil; pinhole 1.37; xy resolution 139.4 nm and Z resolution 235.8 nm.
In agreement with the data described previously, Piezo2 immunostaining was apparently localized in the endothelium and muscular layer in healthy individuals (Figures 6A, B). Piezo2 immunostaining (green) was placed around CD34-positive cells in endothelial cells (red) (Figure Fig6A) and in flattened cells inside α-SMA cells (red; Figure 6B) in healthy subjects. The immunofluorescence of Piezo2 channels in BVs could be determined by topographical localization (Figures 6A, B), although it is also obvious that there was not apparent co-localization of both proteins (merged images in yellow; not seen). This discrepancy could explain because both proteins, CD34 and α-SMA, were expressed in high intensity, which masked the Piezo2 immunofluorescence; moreover, CD34 immunoreaction exclusively showed an intense linear labeling at the luminal aspect of the BV endothelium, whereas Piezo2 staining (in green) was diffuse, including the cytoplasm of endothelial cells (Figures 6A, C–F).
Therefore, we applied the same double immunofluorescence in painless and painful LT-DDSP skin. In the papillary dermis, the images obtained showed a weak or lack of immunoreaction for Piezo 2 (green) in CD34-positive (red) BVs (see the arrow in Figure 6C) of painless patients, while an intense immunostaining (green) was observed around CD34-positive (red) BVs for painful DDSP patients (see the arrow in Figure 6D). In the reticular dermis, we observed the same results as in the papillary dermis in relation with Piezo2 staining with an intense immunoreaction in DDSP-P (Figure 6E, F). Moreover, CD34 immunofluorescence (red) was discontinuous in some endothelium as we described previously on simple immunohistochemistry (white arrow in Figure 6E). Finally, α-SMA immunofluorescence (red) showed that smooth muscle cells presented on DDPN arterioles lost the packing (Figures 6G, H). Piezo2 is localized in the endothelium in a discontinuous manner in some cases (white arrow in Figure 6G) and between BV muscle cells (Figures 6G, H).
4 DISCUSSION
The aim of this research was to try to identify the differences between painful and painless DPN, looking for phenotypes in toes skin BV morphology and distribution associated with pain.
The literature about patients with neuropathy has reported alterations of capillary circulation in the skin from patients with DDPN (Netten et al., 1996; Quattrini et al., 2007; Wang et al., 2022) and an increase in the number of BVs (Adamska et al., 2019; Shillo et al., 2021). In the present study, we used the most common vascular markers for the evaluation of BV density, i.e., CD34 and CD31 (Pusztaszeri et al., 2006), and found an increase in the MVD in the DDPN skin as was previously reported (Adamska et al., 2019; Shillo et al., 2021). The median MVD defined by CD34 protein expression was increased when compared with the number of CD31-positive BV in ST-DDSP, the opposite of the work of Adamska et al. (2019). This discrepancy may be due to differences between studies, type I versus II diabetes, glabrous versus hairy skin, or young people (over 40) versus old people (more than 63 years). In the LT-DDSP group, the results were different; we found a higher increase for CD31+ BV with respect to healthy control, whereas MVD for CD34 was the same as for healthy individuals. In light of these results, it seems that the CD31 antigen may be the most promising marker to confirm the association between BV increase and diabetic neuropathy at short evolution (less than 15 years) and the CD34 antigen at long evolution.
Recently, punch skin biopsy studies in type II diabetes indicated that skin microcirculation may be involved in the pathogenesis of painful DPN; in fact, Shillo et al. (2021) demonstrated a significant increase in MVB in subjects with DDPN, particularly in the painful DDPN group using dermal von Willebrand factor (vWF) as a BV marker. This study underlies that the painful DDSP group always has a greater number of BV. Thus, CD34 immunodetection indicates an increase in BV in the painful group with respect to the painless group in ST-DPN; however, the LT DDPN group has more CD31-positive BVs in the painful DDPN group.
Moreover, our research carried out a semiquantitative analysis in both layers of the dermis in all groups. We found an increase in immunopositive BVs in both dermis layers in DDPN patients for both vascular markers. These results suggest that there are slight differences in MDV between the dermis layers. Thus, painful MVD with respect to painless DDPN patients showed an increase in CD31- and CD34-positive BVs, mainly in the reticular dermis in long-term and short-term diabetes, respectively. The results indicate that an increase in BVs is more evident in the reticular dermis.
Overall, the present study confirmed previous studies that established an association between the increase of vessels, DDPN, and pain (Adamska et al., 2019; Shillo et al., 2021). Moreover, the obtained results point out that the most promising method to evaluate painful and painless neuropathic BVs in ST-DDSP is the CD34 marker, whereas the CD31 antibody is adequate for LT-DDSP.
Several classic research studies have reported abnormalities in this patients with mild-to-severe DPN in relation to the BV morphological changes induced by DPN, which include basement membrane thickening, pericyte degeneration, and endothelial cell hyperplasia and hypertrophy (Yasuda and Dyck, 1987; Malik et al., 1989; Malik and Fenton, 1992). To our knowledge, there are no published data about the immunostaining profile with specific markers for skin BVs (CD31, CD34, and α-MCA) of healthy subjects compared to patients with DDSP-P and DDSP-NP, considering the time of disease evolution. A monoclonal antibody that consistently and specifically reacts with BVs permits us to observe a microangiopathy associated with DPN as demonstrated by previous studies (Adamska et al., 2019; Shillo et al., 2019; Shillo et al., 2021). We found some BVs completely or partially collapsed by material. Most of the BVs had a patent lumen delineated by a tortuous and irregular disarrangement in the vascular wall, even leading to its rupture in the affected toe in DPN compared to controls, as previously observed (Malik and Fenton, 1992; Ward, 1993). Moreover, we must note that these results, when comparing DDSP-P and DDSP-NP, indicate that vascular impairment is greater in painful than that in painless DDSP, so this disorganization of the vascular wall could be related to peripheral pain, since it has been reported that the vascular endothelium plays a role in pain mechanisms (Joseph et al., 2013; Joseph et al., 2014). On the other hand, these results are in good agreement with our previous studies about human cutaneous sensory corpuscles in DDSP patients where it was demonstrated that corpuscular alterations were greater in painful DDSP than those in painless DDSP (García-Mesa et al., 2021).
A crucial link in the microvascular etiology of DPN is endothelial dysfunction and inappropriate local blood flow regulation (for a review, see the work of Bönhof et al. (2019)); thus, previous studies have demonstrated that the presence of DPN is accompanied by the impairment of cutaneous endothelium-related vasodilatation (Hamdy et al., 2001; Quattrini et al., 2007) and lower capillary blood flow (Arora et al., 1998; Nabuurs-Fransen et al., 2002; Zhou et al., 2022) in the foot skin. The literature has demonstrated that Piezo mechanosensitive ion channels are expressed in BVs and are involved in the integrated response of BVs to changes in pressure, vascular permeability, and vascular integrity (for a review, see the work of Wu et al. (2017) and Fang et al. (2021)). However, until now, no one has studied the distribution of Piezo channels in relation to vascular alterations caused by diabetic neuropathy.
In last 10 years, numerous research groups have demonstrated that the Piezo1 channel is a sensor for shear stress in the vasculature. The loss of Piezo1 affects the ability of endothelial cells, altering their alignment to the direction of the flow, (Ranade et al., 2014; Cahalan et al., 2015; Rode et al., 2017; Arishe et al., 2020), and mice with induced endothelium-specific Piezo1 deficiency lost the ability to induce NO (oxide nitric) formation in the endothelium and vasodilatation in response to flow (Li et al., 2014; Wang et al., 2016). Moreover, several research studies have suggested that the Piezo1 channel is involved in regulating vascular tone under pathological conditions (for a review, see the work of Fang et al. (2021)). This study using immunohistochemistry with the Piezo1 marker in skin DPN BVs demonstrates a slight staining compared with healthy individuals; in fact, numerous BVs are negative for the Piezo1 marker. The present result could partially explain why skin BVs in neuropathy patients lost the ability to induce vasodilatation. Moreover, Yoda-1 (Piezo1-agonist) also induces vasorelaxation by mimicking the effect of shear stress on endothelial cells (Wang et al., 2016). These findings may facilitate clinical trials to extend the application of Yoda-1 in patients with DPN and also might shed a new light into clinical treatment for diabetic complications.
In the current experiment, we tested the hypothesis that Piezo2 could be the mechano-transducer in the BVs that mediates pain in painful DPN, since the murine model of cancer chemotherapy-induced painful peripheral neuropathy plays a role in vascular pain for Piezo2 (Ferrari et al., 2015). In support of this hypothesis, we found a strong immunostaining for Piezo2 on vascular smooth muscle and endothelial cells in painful DPN when compared to painless DPN, which was mainly associated with the papillary dermis. It should be noted that in the reticular dermis, arterioles are negative for these ion channels in some cases. Vascular wall impairment may produce the loss of characteristic markers on the surface of the endothelium. In fact, we found BVs with the CD31-negative endothelium (data not shown). In light of these results, the Piezo2 antagonist could be effective in the treatment of endothelial cell-dependent vascular neuropathic pain.
Various limitations to the present study should be considered. These data obtained by semiquantitative analysis are limited by the small sample size, although they show the tendency of CD31-positive higher values in subjects with DDSP as compared with healthy controls, like previous studies developed in DPN patients with other specific BV antibodies (Shillo et al., 2021). However, taking into consideration the difficulty of recruiting participants into the study, the current data would still be of value in terms of providing direct pathological evidence of differences between BV morphology and density, comparing participants with painless and painful DPN in the short- and long-term cases. The current findings might, therefore, be validated in future studies with a larger number of samples. Moreover, additional antibody characterization data should be obtained using comparative knockout data, since antibodies Piezo1 and Piezo2 used in this study are new commercial antibodies and do not yet have bibliographic support.
In conclusion, the results of the present study further expand the association between vascular impairment and neuropathy and reveal an association between peripheral diabetic neuropathy and Piezo mechanosensitive ion channels. Therefore, we hypothesize that the presence of Piezo2 could be a risk factor for the development of pain and deficiency of Piezo1 could be related to a vasodilatation deficiency. The current protocols allowed us to detect cutaneous DPN microangiopathy associated with the presence of CD31 and CD34, pain, and duration of diseases in patients with DDPN. Finally, the expression of the Piezo2 channel in BVs of patients with painful DPN might represent early features preceding the onset of pain in these patients. Further investigation is warranted to determine whether the endothelium immunopositivity for Piezo2 in skin microvasculature offers novel therapeutic targets for the prevention of pain appearance.
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