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Abstract


Novel senotherapeutics are needed to reverse aging-related skin decline. The research question addressed was whether mesoglycan, a clinically approved glycosaminoglycan formulation known to enhance perfusion, angiogenesis, and VEGF-A signaling, possesses therapeutic potential for rejuvenating photo aged human skin. To test this, we treated full-thickness photoaged facial human skin samples (mean age: 72 ± 5 years) from seven women ex vivo. The samples were treated with topical or medium-delivered mesoglycan (100, 200, and 300 µM) for 6 days under serum-free conditions that accelerate skin aging. Biomarkers associated with aging were assessed using quantitative immunohistomorphometry. Mesoglycan treatment improved key skin aging biomarkers at all doses. Compared to vehicle-treated skin, mesoglycan broadly enhanced epidermal structure and function, improved pigmentation-related markers, reduced cellular senescence, boosted mitochondrial performance and antioxidant defenses, and improved dermal matrix structure and microvasculature density. Notably, mesoglycan also upregulated VEGF-A and VEGFR2, promoting skin rejuvenation. Medium-delivered mesoglycan produced stronger overall effects, while rete ridge reappearance was observed exclusively after topical application. Mesoglycan demonstrates senotherapeutic potential in photoaged human skin, acting via complementary pathways, including VEGF-A upregulation. Although medium-delivered mesoglycan yielded the greatest biomarker improvements topical application restored rete ridges, a sign of epidermal reorganization and also significantly enhanced basement membrane structure, pigmentation, mitochondrial function and antioxidant defenses, while avoiding systemic exposure, making it the safer and more feasible route for localized skin anti-aging.
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1. Introduction


Photoaging is a primary contributor to the prominently visible aging phenotype of facial skin and accelerates the intrinsic skin aging process [1,2,3,4,5]. With life expectancy steadily increasing, the demand for safe and effective treatments that slow or, ideally, reverse cellular senescence, increased fragility, and both structural and functional degradation of photoaged skin [6,7,8,9] is expected to rise significantly [10]. However, despite the availability of a wide range of anti-aging treatments and products that claim efficacy, with the possible exception of retinoids [11,12], estradiol [13], melatonin [14], and possibly calcitriols [15], few have been demonstrated to effectively target key molecular markers of aging in mature human skin [11,12,13].



The demand for more effective anti-aging strategies arises not only from the growing desire to halt or reverse personal skin aging for psychological and sociocultural reasons but also because progressive skin senescence impairs normal skin functions, reduces wound healing capacity, increases the risk of skin cancer, and may be an indicator of several age-related morbidities [16]. Furthermore, chronic inflammatory skin diseases, glucocorticoid therapy, or chemotherapy can exacerbate aging processes in human skin [17]. Thus, identifying new candidate activities for anti-aging therapies is not only cosmetic, but of genuinely dermatological concern. The recent identification of vascular endothelial growth factor (VEGF-A) and VEGF receptor 2 (VEGFR2)-mediated signaling as a key driver of tissue rejuvenation in both mouse internal organs [18] and human skin [19] has paved the way for the discovery of new classes of potent anti-skin-aging agents. However, systemic VEGF-A administration carries the risk of serious adverse effects, including aberrant angiogenesis and the potential promotion of tumor growth [20]. Even topical application of this skin-rejuvenating growth factor [19] over large skin areas is technically very challenging, impractical, and not economically viable. Therefore, the field is challenged to come up with persuasive alternative anti-skin-aging strategies beyond photoprotection and optimized epidermal barrier management.



One attractive candidate senotherapeutic agent is mesoglycan, a composite of various gylcosaminoglycans (GAGs) derived from animal sources, namely heparan sulfate (HS), dermatan sulfate (DS), electrophoretically slow-moving heparin, and varying amounts of chondroitin sulfate (CS) [21,22,23]. Mesoglycan synergizes with VEGF [24,25,26] and has shown promise in wound healing management, e.g., by promoting keratinocyte migration and early differentiation [27,28,29,30,31,32,33] and supporting vascular function [25,34]. Reportedly, mesoglycan also mitigates microvascular dysfunction and oxidative stress and modulates inflammatory pathways [25,31] in a manner that might reduce “inflammaging” and slow cellular senescence [18,35,36]. Additionally, mesoglycan increased dermal expression of extracellular matrix (ECM)-related markers, such as collagen-associated staining and fibrillin-1, which are commonly diminished in aged skin and contribute to reduced firmness, elasticity, and structural support [14,37].



Therefore, this preclinical study aimed to evaluate the senotherapeutic efficacy of mesoglycan as a potential anti-skin-aging agent. Using a serum-free, standardized ex vivo human skin organ culture model that induces a markedly accelerated aging phenotype (“speed aging”) [38], we assessed how topically or medium-delivered mesoglycan impacts skin morphology and key biomarkers of intrinsic and extrinsic aging in aged female facial skin ex vivo. Mesoglycan is already marketed as an oral and topical treatment for chronic venous disease, hemorrhoid disease, and superficial vein thrombosis [25,26], which enhances its clinical relevance as a potential skin-senotherapeutic agent. Overall, our study provides proof of principle that the tested mesoglycan preparation exerts profound anti-aging activities in naturally photoaged human facial skin ex vivo.




2. Results


The impact of mesoglycan on biomarkers of aging in female photoaged facial skin ex vivo was assessed in serum-free full-thickness organ culture [14,19,38] as summarized in Figure 1, comparing the effects of topical with medium-delivered mesoglycan.



2.1. Rationale for Biomarker Selection


To comprehensively evaluate mesoglycan’s anti-aging effects, we selected a panel of biomarkers arranged anatomically from epidermis to dermis: in the epidermis, laminins were measured to assess basement-membrane integrity and epidermal–dermal cohesion [39,40,41], filaggrin to assess barrier function and hydration [42], collagen 17A1 for keratinocyte adhesion to the basement membrane [39,43,44,45], Ki-67 expression levels as a marker of basal-layer proliferative activity [46,47], p16INK4A [14,19,48,49,50] and p-S6 as indicators of cellular senescence and mTORC1 signaling, respectively [14,51,52], Lamin B1 [3,19,53,54,55] and SIRT1 for nuclear integrity and longevity pathways [14,56,57]. As pigmentation readouts, Masson–Fontana histochemistry [58] alongside gp100 (PMEL) [59], MITF [60,61,62], and c-KIT [63] immunohistology were performed to evaluate melanin production and melanocyte function.



In the dermis, fibrillin-1 was assessed to elastic fiber content [14], and Masson’s trichrome histochemistry for overall collagen content and organization [64]. CD31 immunohistochemistry was used to quantify endothelial cells and microvascular density [65,66,67], and VEGF-A/VEGFR2 as drivers of angiogenesis and human skin rejuvenation [18,19,65,66,68,69,70].



Mitochondrial status was assessed by PGC1α [71,72,73], MTCO-1 and VDAC/porin [14,38,74,75,76]. Antioxidant defenses were probed by NRF-2 as the master regulator of oxidative-stress responses [57,77,78,79], HO-1 for heme degradation and cytoprotection [79,80], glutathione reductase for redox buffering [81], and PRDX (peroxiredoxin) for peroxide detoxification and cellular repair [80,82,83]. Together, this provides a comprehensive battery of skin aging-relevant read-outs.




2.2. Medium-Delivered Mesoglycan Improves Epidermal Morphology and Increases Thickness, Basal Layer Proliferation, and Skin Barrier Status in Photoaged Facial Skin


First, we asked if medium-delivered mesoglycan improves key aging-associated epidermal parameters in photoaged female facial skin after addition to the organ culture medium. Quantitative histomorphometry (quantification was performed as described in Section 4.7) showed that mesoglycan significantly increased epidermal thickness in old photoaged facial skin compared to baseline and vehicle controls, even though rete ridges remained and did not show improved elongation (Figure 2a), a key morphological indicator of human epidermal rejuvenation [19].



Yet, mesoglycan treatment enhanced Ki-67 protein expression predominantly in basal layer keratinocytes, an indicator of proliferative activity (Figure 2b) [46,47]. Mesoglycan also significantly elevated filaggrin levels (Figure 2c) [37]. Moreover, laminin levels within the basement membrane were markedly elevated (Figure 2d) [39,40,41], suggesting improved dermo-epidermal-junction-associated features. Collectively, these results highlight that medium-delivered mesoglycan does indeed improve key epidermal parameters, including morphology, basal proliferation, and barrier-related markers, in photoaged female facial skin ex vivo.




2.3. Medium-Delivered Mesoglycan Enhances Pigment-Associated Markers in the Photoaged Human Epidermis Ex Vivo


While it has long been known that epidermal pigmentation declines during human skin aging and that its restoration is an indicator of skin rejuvenation [14,84], it has only recently become appreciated that senescent melanocytes can drive epidermal aging, e.g., by impairing basal keratinocyte proliferation and promoting their aging on multiple levels [85]. Therefore, we specifically interrogated the effects of medium-delivered mesoglycan on a battery of pigmentary read-outs. qIHC demonstrated that mesoglycan markedly improves the pigmentation of photoaged facial skin on several levels.



Fontana–Masson histochemistry [58] revealed a significant increase in the epidermal melanin content in all mesoglycan-treated skin fragments, indicating enhanced melanogenesis (Figure 3a). Additionally, epidermal expression of the premelanosomal marker protein, gp100 [59], was significant increased compared to both the vehicle control and baseline levels, highlighting that mesoglycan activates melanocytes and promotes melanogenesis (Figure 3b). Intraepidermal immunoreactivity for the SCF receptor, c-KIT (CD117), and for MITF, the master transcription factor that governs melanogenesis and melanocyte biology [53,54,55,56,57,58,59,60], was also significantly increased compared to the vehicle control and baseline levels (Figure 3c,d), confirming melanocyte activation/reaction [60,63]. Moreover, double immunostaining for gp100 and c-KIT, as well as for gp100 and MITF, was also significantly enhanced when comparing these groups (Figure 3e,f).



Taken together, these findings demonstrate an impressive reactivation of the human epidermal pigmentary unit on multiple levels in old, photoaged facial epidermis ex vivo by medium-delivered mesoglycan, suggesting a skin rejuvenation effect [19] of the GAG composite preparation tested here.




2.4. Medium-Delivered Mesoglycan Improves Several Key Biomarkers of Skin Aging Ex Vivo


A significant reduction in p-S6 [14,51,52] (Figure 4a) and p16INK4A [14,19,48,49,50] (Figure 4b) was observed across all mesoglycan concentrations compared to the vehicle control and baseline levels. Moreover, mesoglycan treatment restored intraepidermal Lamin B1 levels [3,19,53,54,55,86] (Figure 4c) and significantly raised protein expression of SIRT1 [14,56,57] throughout the epidermis (Figure 4d). Furthermore, mesoglycan markedly increased collagen 17A1 expression in the epidermal basement membrane zone (Figure 4e) [39,43,44,45].



Taken together with the pigmentary effects reported above, the responses seen in these core biomarkers of skin aging and senescence strongly support that medium-delivered mesoglycan exerts profound ant-aging/senescence effects in photoaged facial skin ex vivo.




2.5. Mesoglycan Also Improves Mitochondrial Function Parameters and Cutaneous Oxidative Damage Defenses


Given that skin aging is associated with progressive decline of mitochondrial function [57,87,88], we also assessed how mesoglycan impacted key mitochondrial read-outs. qIHC showed that, compared to baseline levels and the vehicle control, medium-delivered mesoglycan significantly increased intraepidermal protein expression of MTCO-1 [38] (Figure 5a). We had previously shown that MTCO-1 upregulation in human skin is correlated with increased mitochondrial activity [74,75], while reduced MTCO-1 immunoreactivity is associated with skin aging [38]. Epidermal protein levels for VDAC/porin protein [14,38,74,75,76] (Figure 5b), as well as those of PGC1α [70,71,72] (Figure 5c), were also significantly increased by medium-delivered mesoglycan.



Since mitochondria are the main sources of reactive oxygen species (ROS) production, we complemented these analyses with assessing key systems that mitigate oxidative damage. This showed that medium-delivered mesoglycan also increased the intraepidermal protein levels of NRF-2 [57,77,78,79] (Figure 6a) and of its downstream targets, HO-1 (Figure 6b) [79,80], glutathione reductase (Figure 6c) [81], and PRDX (Figure 6d) [80,82,83]. These findings suggest that mesoglycan can also counteract mitochondrial aging, as well as skin aging processes driven by the decline of mitochondrial function, and strengthens epidermal defense systems against oxidative damage in photoaged facial skin.




2.6. Mesoglycan Increases Dermal Collagen Staining and Fibrillin-1 Expression in Photoaged Human Skin Ex Vivo


Since collagen fragmentation, diminished biosynthesis, and elastic fiber damage are key contributors to dermal aging [89], we also assessed the dermal collagen by Masson’s trichrome staining [64] and Picrosirius red histochemistry [90]. Both were increased by mesoglycan (Figure 7a,b). Fibrillin-1 levels [14] were also significantly elevated by medium-delivered mesoglycan compared to baseline and vehicle control (Figure 7c), indicating substantial improvements in the extracellular matrix composition of photoaged dermis.




2.7. Medium-Delivered Mesoglycan Increases the Number of Endothelial Cells and VEGF-A/VEGFR2 Protein Expression in Photoaged Dermis


Intrinsic and extrinsic aging of human skin is associated with reduced cutaneous microvasculature and reduced VEGFR1 and VEGF-A expression [18,19,65,66,67,69,70]. Therefore, it was interesting to note that, compared to controls, medium-delivered mesoglycan treatment significantly increased the number of CD31+ endothelial cells in the reticular and papillary dermis (Figure 8a). In addition, mesoglycan markedly elevated protein expression of VEGF-A—a key regulator of angiogenesis and recently implicated in human skin rejuvenation [18,19] (Figure 8b)—which was predominantly localized to the epidermis, particularly in the basal and suprabasal layers. VEGFR2 was also detected primarily in basal keratinocytes and in a limited number of dermal cells, including some with perivascular localization (Figure 8c).




2.8. Topical and Medium-Delivered Mesoglycan Elicit Differential Anti-Skin-Aging Effects Ex Vivo


As shown in Supplementary Table S1, both topical (Figure 9 and Figures S1–S6) and medium-delivered mesoglycan treatments over 6 days significantly improved multiple skin aging biomarkers compared to baseline and the PEG4000 + PBS vehicle control. However, important differences were observed between the two treatment routes. Topical mesoglycan induced elongation of rete ridges (Figure 9a), a morphological feature often reduced in aged skin and indicative of a more complex epidermal–dermal interface. It also exerted stronger effects on markers involved in melanocyte function and pigmentation, including c-KIT (Supplementary Figure S1c) and MITF (Supplementary Figure S1d), as well as PGC1α (Supplementary Figure S3c), which supports mitochondrial biogenesis. Laminin (Figure 9d), important for basement membrane structure, also showed greater improvement following topical treatment. In contrast, medium-delivered mesoglycan produced a more pronounced increase in several key anti-aging and functional biomarkers. These included the barrier function marker filaggrin (Figure 9c); pigmentation-related proteins such as gp100 (Supplementary Figure S1b), gp100/c-KIT (Supplementary Figure S1e), and gp100/MITF ratios (Supplementary Figure S1f); the senescence-associated marker p16INK4A (Supplementary Figure S2b); the longevity and anti-inflammatory marker SIRT1 (Supplementary Figure S2d); collagen 17A1, a matrix component linked to epithelial stem cell niches (Supplementary Figure S2e); the antioxidant enzyme PRDX (Supplementary Figure S4d); and the extracellular matrix component fibrillin-1 (Supplementary Figure S5c). Several biomarkers responded similarly to both topical and medium-delivered treatments, showing comparable levels of change across conditions. These included Ki-67 (Figure 9b) as an indicator of proliferative activity; p-S6 (Supplementary Figure S2a); Lamin B1 (Supplementary Figure S2c), associated with nuclear envelope stability and aging; MTCO-1 and VDAC/porin (Supplementary Figure S3a,b), related to mitochondrial function; NRF2, HO-1, and glutathione reductase (Supplementary Figure S4a–c), all markers of antioxidant defense; Masson–Fontana (Supplementary Figure S1a), Masson’s trichrome, and Picrosirius red staining (Supplementary Figure S5a,b) for collagen content; and CD31+ cell counts and VEGF-A/VEGFR2 expression (Supplementary Figure S6a–c), reflecting vascularization and angiogenic activity.



These findings underscore that topical and medium-delivered mesoglycan elicit partially overlapping yet distinct molecular and morphological anti-aging responses in human photoaged skin ex vivo. Understanding these differences is essential for guiding future clinical applications, especially when selecting the most appropriate route of administration for targeted therapeutic outcomes.





3. Discussion


Our ex vivo study, conducted using a highly sensitive “speed-aging” organ culture system [38], provides proof of principle that animal-derived glycosaminoglycans (GAGs), particularly mesoglycan, can exert substantial anti-aging effects in photoaged female facial skin. These effects were observed in both the epidermis and dermis using a broad range of classical skin aging-related protein-level biomarkers. The associated improvements in pigmentation, mitochondrial function, and oxidative damage repair suggest that mesoglycan has significant senotherapeutic potential. These findings highlight the need for clinical trials to explore mesoglycan’s long-term efficacy, especially for topical applications, potentially using PEG-containing vehicles to enhance skin penetration.



Efficient wound repair and intrinsic skin aging share overlapping molecular pathways; delayed healing—characterized by persistent senescent cells, impaired angiogenesis, and disordered extracellular-matrix turnover—not only underlies chronic non-healing wounds but also mirrors the molecular hallmarks of aged skin [3,91]. Conversely, interventions that promote pro-regenerative healing—by clearing senescent cells, restoring vascular networks, and normalizing matrix remodeling—simultaneously attenuate core features of cutaneous aging [92,93]. This duality underscores the mechanistic overlap between wound repair and skin rejuvenation and highlights why therapies targeting one process often benefit the other [88,94]. Recent work clarifies how each GAG in mesoglycan contributes to these multi-pathway benefits. Heparan-sulfate and heparin chains enhance VEGF-A and FGF-2 signaling in collagen–heparin scaffolds, greatly accelerating angiogenesis and dermal regeneration in a fetal-sheep wound mode [95]. In addition, heparan-sulfate/heparin chains unmask otherwise cryptic VEGF-binding motifs within fibronectin, thereby amplifying VEGF signaling and further stimulating neovascularization [96]. Dermatan sulfate incorporated into a bioactive three-layered skin substitute enhances FGF-10-driven keratinocyte migration and re-epithelialization [97], while chondroitin sulfate nano-formulations upregulate NRF-2/HO-1 and suppress NF-κB, providing antioxidant and anti-inflammatory “inflammaging” protection, as NRF-2 activity declines with age [98]. Finally, ex vivo application of GAG-enriched formulations significantly boosts dermal collagen deposition and skin hydration in aged human samples, underscoring translational relevance [99]. Together, these up-to-date findings provide a mechanistic framework linking mesoglycan’s components to the angiogenic, antioxidant, anti-inflammatory, and extracellular-matrix-rebuilding effects documented in our photo-aged skin model.



Notably, we observed differences in the anti-skin-aging effects following topical versus medium-delivered mesoglycan treatment ex vivo. For instance, rete ridge elongation, indicative of epidermal reorganization, was exclusively induced by topical application. Meanwhile, medium-delivered mesoglycan more significantly impacted markers related to barrier function, oxidative stress protection, and dermal matrix components like filaggrin, SIRT1, and collagen 17A1. These differences may reflect the limited penetration of high-molecular-weight GAG components, such as dermatan sulfate and heparan sulfate, across the epidermal barrier when applied topically. In contrast, lower-molecular-weight GAGs may preferentially accumulate in the epidermis or dermis depending on the delivery route. These route-dependent effects underline the need for future research to optimize delivery strategies and enhance the targeted therapeutic effects. Spatial proteomic analyses [100] may offer further insights into the localization and accumulation of mesoglycan components within specific skin compartments.



While mesoglycan has primarily been studied for its systemic effects in vascular, fibrotic, and metabolic disorders like chronic venous insufficiency, thrombophlebitis, and diabetic microangiopathy [25,34,101], our findings extend its therapeutic relevance to human skin aging. Previous studies have shown mesoglycan’s ability to enhance microcirculation, reduce endothelial dysfunction, and provide anti-inflammatory and cytoprotective effects [25]. In our study, we observed similar improvements in dermal vascular markers (CD31, VEGF-A, VEGFR2), mitochondrial function (PGC1α, MTCO-1, VDAC/porin), and antioxidant defenses (NRF-2, HO-1, PRDX). These findings suggest that mesoglycan acts through mechanisms common to both vascular and skin aging, supporting its potential as senotherapeutic agent in dermatology. Importantly, our study also addresses key gaps in the literature by demonstrating mesoglycan’s impact on skin architecture, pigmentation, and cellular senescence—areas that have been largely unexplored in the mesoglycan literature. Enhancements in melanocyte-associated markers such as gp100, MITF, and c-KIT indicate potential applications for treating hyperpigmentation and uneven skin tone, expanding mesoglycan’s potential beyond anti-aging to more cosmetic uses. Although improved pigmentation is very likely to reflect restoration of melanocyte function in aged epidermis [19,85,102,103] and will provide improved photoaging protection, future clinical trials will have to assess the possibility of cosmetically undesired hyperpigmentation.



Mesoglycan’s ability to suppress aging-associated markers like p16INK4A and p-S6 while upregulating proteins such as Lamin B1, SIRT1, and collagen 17A1 positions it as a promising candidate in the growing class of senotherapeutic agents. These agents are capable of delaying or mitigating age-related cellular deterioration. While our findings are still limited and preliminary, they provide a valuable foundation for designing follow-up studies to validate mesoglycan’s efficacy in long-term in vivo models. Such studies should also optimize delivery strategies for improved skin penetration and evaluate its potential in combination with other skin senotherapeutics, e.g., [14,38]. One of the most intriguing findings in our study is the robust upregulation of VEGF-A and VEGFR2 protein expression under mesoglycan treatment. This is consistent with our previous work, where VEGF-A was identified as a key driver of human skin rejuvenation [19]. However, while VEGF-A upregulation is beneficial for rejuvenating skin, prolonged activation of this pathway can have adverse effects. For example, overexpression of VEGF-A promotes pathological angiogenesis that sustains tumor growth and facilitates metastatic spread. In fact, clinically, anti-VEGF therapeutics such as bevacizumab and small-molecule VEGFR inhibitors have become integral to cancer treatment by targeting this aberrant vasculature [104,105,106], and may be beneficial in psoriasis [107]. Elevated VEGF-A serum levels contribute to vascular leakage and inflammation in sepsis [106], exacerbate synovial angiogenesis in rheumatoid arthritis [108], andserve as a biomarker of disease activity and nephritis risk in systemic lupus erythematosus [109,110]. In the eye, chronic VEGF-A overexpression accelerates cataract formation [111], while in the skin, VEGF-A-driven angiogenesis underlies psoriatic plaque formation [112] and acute UV-induced sunburn [113].



As such, further research using VEGF-A neutralizing antibodies or VEGF/VEGFR antagonists will be necessary to clarify the functional role of VEGF-A/VEGFR signaling in mediating mesoglycan’s anti-aging effects and to assess its potential risks.



Despite the limitations of the organ culture model used in this study, which lacks innervation, functional vasculature, and physiological perfusion [114], the findings provide valuable insights into the potential of mesoglycan as a senotherapeutic agent. While the model does not replicate the full complexity of in vivo conditions, it serves as an instructive platform for understanding the mechanistic basis of mesoglycan’s effects on skin aging. However, caution is warranted when extrapolating these results to systemic applications. If skin aging is indeed a reliable indicator of systemic/organ aging [115,116,117], the anti-aging effects of mesoglycan observed in cultured skin may suggest potential benefits for other organs and even the brain. While no serious adverse effects have been reported in patients with venous thrombosis treated systemically with mesoglycan [118,119], chronic overstimulation of VEGF-A production could lead to unwanted angiogenesis and tumor growth [16,19,120]. These concerns emphasize the need for careful clinical monitoring when considering mesoglycan as a systemic senotherapeutic and suggest that topical applications, possibly in combination with microneedling, may offer a safer alternative for slowing or reversing human skin aging. In addition to the potential systemic effects, the range of biological effects associated with distinct GAGs, such as hyaluronic acid, chondroitin sulfate, dermatan sulfate, and heparan sulfate, in mammalian skin is vast [21,22,23]. However, the precise composition and concentration of individual GAGs in the mesoglycan preparation used in this study remain insufficiently characterized. Future research should focus on dissecting the mechanisms of action for each GAG component and understanding how they contribute to the anti-aging effects observed. This will provide a more robust framework for selecting the most effective mesoglycan components, particularly those that can raise intracutaneous VEGF-A levels and target key skin aging pathways, and will strengthen the mechanistic basis for future formulations [19].



In our previous work we have established VEGF-A as a pathway-specific reference compound for this same six-day “speed-aging” human-skin organ-culture model; in that study VEGF-A rapidly normalized basal-layer Ki-67, filaggrin, collagen I/III, fibrillin-1 and CD31, thereby validating the model’s responsiveness and providing a clear reference standard for epidermal, dermal, and vascular rejuvenation [19]. In fact, in this study, we had identified VEGF-A as the key driver of human skin rejuvenation ex vivo and in vivo. This serves as dependable reference data for comparing, wherever possible, the magnitude of mesoglycan’s anti-aging effects with those of VEGF-A across the relevant read-outs: filaggrin, collagen 17A1, Ki-67, p16INK4A, SIRT1, Masson–Fontana, c-KIT, CD31, VEGF-A, PGC1α, MTCO-1, NRF-2, HO-1, glutathione reductase, and PRDX (peroxiredoxin). Our pilot study results are limited by the fact that we had to utilize the very limited supply of valuable human facial skin (n = 7), for mesoglycan dose-finding studies and therefore could not possibly run an additional positive control arm like rhVEGF-A or, potentially, rhEGF for direct comparison with mesoglycan, and recommend to do so in a follow-up study.



While our pilot proof-of-concept study included a limited number of donors (n = 7), this sample size is relatively robust compared to other human skin organ culture studies, which often include 3–5 donors [19,74,121,122,123]. The scarcity of photoaged female human facial skin further limits donor availability. To mitigate inter-individual variability, we employed multiple technical replicates per donor and conducted paired within-donor comparisons. Rather than increasing the sample size for ex vivo experimentation, a more pertinent next step is to validate our findings in vivo, such as studying photoaged human skin xenotransplants on SCID/beige mice [19]. This approach would allow for a more comprehensive assessment of mesoglycan’s therapeutic potential in a physiologically relevant context. Importantly, topical mesoglycan, shown here to improve epidermal architecture, melanocyte function, basement membrane structure, mitochondrial function, and antioxidant defenses offer the safest, most practical approach for inducing localized skin rejuvenation, while short-term systemic mesoglycan administration may be best-suited to counter skin aging-associated vascular degeneration. Collectively, despite remaining mechanistic questions, these data underscore mesoglycan’s strong promise as a senotherapeutic for reversing key hallmarks of photoaged human facial skin.




4. Materials and Methods


4.1. Human Skin Sourcing


Aged facial skin samples were obtained from seven healthy female patients (mean age: 72 ± 5 years) undergoing routine plastic surgery (facelift). All human samples were obtained after informed written consent and ethics committee approved by the Rambam Health Care Campus Institutional Helsinki Committee (0182-14-RMB).




4.2. Skin Organ Culture


Full-thickness human facial skin samples were obtained from consenting donors. Two 5 × 5 mm skin fragments were excised per donor and either processed immediately or organ-cultured as described before [14,38]. The samples were divided into five groups:



Baseline Control (Pre-culture): Two fragments per donor were fixed in 10% neutral-buffered formalin for 24 h for subsequent analysis.



Two sets of experiments were performed:



	
Medium-delivered treatment of the test agent (n = 4 donors; two 5 × 5 mm skin fragments per donor): Mesoglycan was added directly to the culture medium at final concentrations of 100, 200, and 300 µM (Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8).



	
Topical treatment (3 donors; two skin fragments per donor): Skin fragments were placed in a Cell Strainer (SPL, 93040). Mesoglycan was dissolved in PEG 4000 to increase viscosity and then applied to the skin surface via pipette, preventing diffusion into the underlying medium (Figure 9; Supplementary Figures S1–S6).






Vehicle Controls: Two fragments per donor were organ-cultured for 6 days in 1 mL of supplemented William’s E medium containing either PBS (used as the solvent for mesoglycan) or polyethylene glycol 4000 (PEG4000, 98%) plus 2% PBS, corresponding to the medium-delivered and topical treatment conditions, respectively, according to the assay design [14,38].



Mesoglycan (Prisma, Neopharmed Gentili): Two fragments per donor were cultured in serum-free, supplemented William’s E medium for 6 days with 100, 200, or 300 µM mesoglycan. PEG 4000 (98%), a common solvent and penetration enhancer, was used as the vehicle for topical mesoglycan application due to its ability to facilitate diffusion of large GAGs through the stratum corneum [124]. For medium-delivered treatment, mesoglycan was diluted in PBS, which also served as the vehicle. These tested mesoglycan doses were selected based on the previous demonstration that they promote angiogenesis and wound healing in mice [24]. For additional details, see Supplementary Information.




4.3. Histochemistry and Immunohistochemical and Immunofluorescence Staining


Hematoxylin and Eosin (H&E) staining was performed on paraffin sections as previously described [19]. Briefly, five-micrometer paraffin sections were deparaffinized and hydrated in distilled water. Following washing with tap water for 10 min, slides were incubated with Hematoxylin (Sigma-Aldrich Co. LLC, Wisconsin, WI, USA) for 10 min. Slides were than washed with tap water for 20 min and were placed in Eosin staining solution for 30 s. Following staining slides were dehydrated with ascending concentration of ethanol, cleared with xylene and mounted using DPX (Sigma-Aldrich Co. LLC).



For the immunohistochemical analysis, five-micrometer paraffin sections were used. Antigen retrieval was for 20 min at 90 °C in a microwave. Specimens were blocked for 30 min to prevent nonspecific binding and were incubated with 1ry Antibody (Ab) overnight, followed by the usual avidin biotin system, and by a wash and incubation with biotinylated 2nd Ab (Jackson ImmunoResearch, West Grove, PA, USA). The markers were revealed with AEC (red) substrate kit (Aminoethyl Carbazole Substrate kit, Vector laboratories, CA, USA). Sections were then mounted and analyzed under a light microscope.



For immunofluorescence analysis, the same protocol was used as above (immunohistochemical analysis) except slides were blocked for 1 h to prevent nonspecific binding and then incubated the primary antibodies overnight. The following day, slides were washed and incubated with secondary antibodies for 1 h. Slides were washed and incubated with DAPI for 10 min and then washed and mounted. Analysis was done by using the Confocal LSM 700 Upright Microscope (Zeiss, Oberkochen, Germany).



For VEGF-A, VEGFR2, Fibrillin-1, Masson trichrome, NRF-2, MTCO-1, PGC1α, Lamin B1, p-S6, VDAC/porin, Picrosirius red, HO-1, glutathione reductase, PRDX, filaggrin, and SIRT1, image analysis was performed using ImageJ software (Version 1.54j). Staining was calculated as the percentage of staining coverage. For Ki-67, p16INK4A, laminin, c-KIT, gp100, and collagen 17A1, the positive cells in the dermal compartment were counted in an area of 0.66 mm2. CD31-positive blood vessels were counted within an area of 0.4 mm2.



Protein immunoreactivity was evaluated using qIHM on specifically designated reference areas within non-consecutive sections as previously described [14,19,38,74,125], analyzing three sections per condition across two distinct skin fragments for each biomarker per donor, sourced from a total of 7 independent organ cultures. (For technical details see Supplementary Material and Methods and Tables S1 and S2).




4.4. Masson–Fontana Staining


(Abcam) was performed as described by us [126]. Briefly, five-micrometer paraffin sections were deparaffinized and hydrated in distilled water. Slides were placed in mixed ammoniacal silver solution in a 58–60 °C water bath and allowed adequate time for the temperature to equilibrate. Slides were then placed in warmed ammoniacal silver solution for 30–60 min or until the tissue section became yellowish/brown in color. Counterstaining was performed with Nuclear Fast Red Solution for 5 min.




4.5. Picrosirius Red Staining


(Abcam) was performed as described by us [19]. Five-micrometer paraffin sections were deparaffinized and hydrated in distilled water. Slides were covered in Picrosirius red solution and were incubated for 60 min at room temperature. Slides were then placed in acetic acid solution and immidiatley washed with absolute alcohol. Slides were then dehydrated, cleared with xylen, and mounted using DPX (Sigma-Aldrich Co. LLC).




4.6. Determination of Epidermal Thickness


Histological assessment of the skin was performed using light microscopy. Epidermal thickness was determined using an ocular micrometer at a minimum of 50 points along the epidermis selected to represent points of maximal and minimal thickness. The thickness of the suprapapillary plate was measured similarly at 50 points for each sample.




4.7. Quantification of Marker Staining


Epidermal Markers



Filaggrin: Measured as % intensity within the stratum corneum.



Cell-counted markers: Ki-67, p16INK4A, MITF, gp100/c-KIT, gp100/MITF



Quantified by counting the % of positive basal-layer keratinocytes (lowest two cell layers; 0.66 mm2 field).



Basal-layer histochemistry: Masson–Fontana, gp100, c-KIT, laminin, collagen 17A1. Counted as positive cells per 0.66 mm2 basal-layer field.



Fluorescence-intensity markers: NRF-2, HO-1, glutathione reductase, PRDX, SIRT-1, PGC1α, MTCO-1, p-S6, VDAC/porin, Lamin B1, VEGF-A, VEGFR2. Measured by mean fluorescence intensity over the full epidermal thickness (excluding stratum corneum).



Dermal Markers



Matrix staining: Masson’s trichrome, Picrosirius red, Fibrillin-1. Mean staining intensity in the upper 150 μm of the subepidermal dermis (papillary dermis).



Endothelial cells: CD31. Counted as positive vessels per 0.4 mm2 within the first 200 μm of subepidermal dermis.



Imaging Details:



Histochemistry and Immunohistochemical Staining: captured on an AxioLab 5 (Zeiss, Oberkochen, Germany) bright-field microscope.



Immunofluorescence: acquired on a Zeiss LSM 700 confocal at 200×, with identical exposure settings for each marker across all donors.



Analysis: Quantitative immunohistomorphometry (qIHM) performed in ImageJ (NIH).




4.8. Statistical Analysis


Data are presented as the mean ± standard deviation (SD), and p values of <0.05 were regarded as significant.



Gaussian distribution of the data was analyzed using the Shapiro–Wilk test. Significant differences were analyzed using the Mann–Whitney test (comparison between one set of data and before transplantation and no treatment) or One-way ANOVA (comparison between multiple sets of data).
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Figure 1. Ex vivo organ-culture setup for mesoglycan treatment of aged human facial skin. Full-thickness forehead skin fragments (5 × 5 mm; n = 70, ten per donor) were washed in William’s E medium supplemented with penicillin, streptomycin, glutamine, insulin, and hydrocortisone. For Topical treatment, 30 fragments were placed, epidermis side up, on cell strainers in six well plates containing 5.5 mL medium per well. For culture medium-delivered treatment, 40 fragments were floated epidermis-up in 24-well plates containing 1 mL supplemented medium per well. In both setups, explants were kept at the air/liquid interface and incubated for 6 days at 37 °C in 95% air/5% CO2, with medium changes every other day. 
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Figure 2. Medium-delivered mesoglycan enhances epidermal thickness, proliferation, and barrier function in photoaged facial skin ex vivo. Human skin was treated with medium-delivered mesoglycan (100–300 µM) under serum-free “speed-aging” conditions for 6 days. (a) Epidermal thickness significantly increased compared to baseline and medium-only controls, though rete ridges remained absent. (b) Expression of Ki-67, (c) filaggrin, and (d) laminin was significantly elevated, with filaggrin showing a dose-dependent effect. These changes were exclusive to mesoglycan-treated samples. Gray and black dots represent individual donors, and the horizontal bar indicates the group average. Red boxes on the micrographs mark the exact regions of interest that were quantified in the adjacent plots (see Section 4.7 for details). Data are mean ± SEM (n = 3 sections from 2 skin samples per group, 4 donors). Images were taken under ×200 magnification. Statistical significance: p < 0.05 (Shapiro–Wilk, One-way ANOVA, or Mann–Whitney U test). Scale bars: 50 µm. 
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Figure 3. Medium-delivered mesoglycan enhances pigmentary markers in photoaged human epidermis ex vivo. Mesoglycan treatment significantly increased epidermal melanin content and expression of pigmentation-associated markers. (a) Fontana–Masson staining showed elevated melanin levels. Immunohistomorphometry confirmed upregulation of (b) gp100, (c) c-KIT, (d) MITF, and co-expression of (e) gp100/c-KIT and (f) gp100/MITF across all concentrations. Gray and black dots represent individual donors, and the horizontal bar indicates the group average. Red boxes on the micrographs mark the exact regions of interest that were quantified in the adjacent plots (see Section 4.7 for details). Data are mean ± SEM from three non-consecutive sections per group (two skin samples, four donors). Images were taken under ×200 magnification. Statistical analysis: Shapiro–Wilk, One-way ANOVA, or Mann–Whitney U test (p < 0.05). Scale bars: 50 µm. 
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Figure 4. Medium-delivered mesoglycan improves key classical skin aging biomarkers in photoaged facial epidermis ex vivo. Medium-delivered administration of mesoglycan at 100 µM, 200 µm, and 300 µM reduces (a) p-S6 and (b) p16INK4A while upregulating (c) Lamin B1 (d) SIRT1 and (e) Collagen17A1 compared to baseline and control medium culture. Quantitative immunohistomorphometry and representative images illustrate evaluated markers. Gray and black dots represent individual donors, and the horizontal bar indicates the group av-erage. Red boxes on the micrographs mark the exact regions of interest that were quantified in the adjacent plots (see Section 4.7 for details). Data are presented as mean ± SEM (n = 3 non-consecutive sections from 2 skin samples per group, taken from 4 donors). Images were taken under ×200 magnification. Statistical analysis (Shapiro–Wilk test, One-way ANOVA, or Mann–Whitney U test) considered p < 0.05 statistically significant. Scale bars: 50 µm. 
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Figure 5. Medium-delivered mesoglycan enhances mitochondrial markers in aged human epidermis ex vivo. Treatment with mesoglycan (100–300 µM) significantly increased expression of mitochondrial proteins: (a) MTCO-1, with the highest levels at 300 µM; (b) VDAC/porin, involved in mitochondrial metabolite exchange; and (c) PGC1α, a regulator of mitochondrial biogenesis. Quantitative immunohistomorphometry and representative images illustrate these changes. Gray and black dots represent individual donors, and the horizontal bar indicates the group av-erage. Red boxes on the micrographs mark the exact regions of interest that were quantified in the adjacent plots (see Section 4.7 for details). Data: mean ± SEM from three non-consecutive sections per group (two skin samples, four donors). Images were taken under ×200 magnification. Statistical tests: Shapiro–Wilk, One-way ANOVA, or Mann–Whitney U (p < 0.05). Scale bars: 50 µm. 
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Figure 6. Medium-delivered mesoglycan enhances antioxidant markers in aged human epidermis ex vivo. Mesoglycan treatment (100–300 µM) significantly increased expression of key oxidative stress regulators: (a) NRF-2, (b) HO-1 (highest at 300 µM), (c) glutathione reductase, and (d) PRDX. Quantitative immunohistomorphometry and representative images demonstrate marker upregulation across treatment groups. Gray and black dots represent individual donors, and the horizontal bar indicates the group av-erage. Red boxes on the micrographs mark the exact regions of interest that were quantified in the adjacent plots (see Section 4.7 for details). Data are presented as mean ± SEM from three non-consecutive sections per group (two skin samples, four donors). Images were taken under ×200 magnification. Statistical analysis: Shapiro–Wilk, One-way ANOVA, or Mann–Whitney U test (p < 0.05). Scale bars: 50 µm. 
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Figure 7. Medium-delivered mesoglycan enhances collagen and fibrillin-1 expression in aged human dermis ex vivo. Mesoglycan treatment (100–300 µM) significantly increased dermal staining intensity for (a) Masson’s trichrome staining with the strongest effect at 300 µM, and (b) Picrosirius red staining showed increased collagen deposition; (c) fibrillin-1 expression was also elevated, reflecting changes in elastic fiber-related structures. Quantitative immunohistomorphometry and representative images demonstrate these effects. Gray and black dots represent individual donors, and the horizontal bar indicates the group av-erage. Red boxes on the micrographs mark the exact regions of interest that were quantified in the adjacent plots (see Section 4.7 for details). Data: mean ± SEM from three non-consecutive sections per group (two skin samples, four donors). Images were taken under ×20 magnification. Statistics: Shapiro–Wilk, One-way ANOVA, or Mann–Whitney U test (p < 0.05). Scale bars: 50 µm. 
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Figure 8. Medium-delivered mesoglycan increases vascularization markers in human skin ex vivo. Mesoglycan treatment significantly upregulated the following dermal vascular markers: (a) CD31+ cell numbers, indicating enhanced endothelial presence; (b) VEGF-A, elevated significantly at 300 µM; and (c) VEGFR2 expression. Quantitative immunohistomorphometry and representative images show consistent trends across treatment groups. Gray and black dots represent individual donors, and the horizontal bar indicates the group av-erage. Red and green boxes on the micrographs mark the exact regions of interest that were quantified in the adjacent plots (see Section 4.7 for details). Data are presented as mean ± SEM from three non-consecutive sections per group (two skin samples, four donors). Images were taken under ×200 magnification. Statistical analysis: Shapiro–Wilk, One-way ANOVA, or Mann–Whitney U test (p < 0.05). Scale bars: 50 µm. 
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Figure 9. Topical mesoglycan enhances epidermal thickness, proliferation, and barrier markers in photoaged human skin ex vivo. Topical mesoglycan (100–300 µM) significantly increased (a) epidermal thickness with induction of rete ridges, (b) Ki-67 expression, (c) filaggrin levels, and (d) laminin expression. These effects were exclusive to mesoglycan-treated samples and absent in controls. Quantitative immunohistomorphometry supports these findings. Gray and black dots represent individual donors, and the horizontal bar indicates the group average. Red boxes on the micrographs mark the exact regions of interest that were quantified in the adjacent plots (see Section 4.7 for details). Data are shown as mean ± SEM from three non-consecutive sections per group (two skin samples, four donors). Images were taken under ×200 magnification. Statistical analysis: Shapiro–Wilk, One-way ANOVA, or Mann–Whitney U test (p < 0.05). Scale bars: 50 µm. 
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