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Scarless skin regeneration remains one of the most ambitious goals in 
regenerative medicine. Unlike fibrotic healing, which results in excessive 
collagen accumulation and functional impairment, true regeneration restores 
both the structural integrity and physiological function of skin, including 
the reconstitution of hair follicles and other appendages. Retinoids, a broad 
class of natural and synthetic vitamin A derivatives, have attracted increasing 
attention for their potential to modulate wound repair at multiple levels. These 
compounds regulate a diverse array of biological processes, including epidermal 
differentiation, fibroblast activation, immune response, and extracellular matrix 
remodeling. This review provides a comprehensive overview of how retinoids 
coordinate cellular and molecular events across key skin compartments during 
healing. Retinoids have been reported to suppress TGF-β1/Smad signaling, 
inhibit myofibroblast differentiation, and restore matrix homeostasis, thereby 
exerting anti-fibrotic effects. In addition, retinoid-based therapies enhance 
re-epithelialization, stimulate angiogenesis, and promote dermal regeneration 
when incorporated into advanced biomaterial systems. Recent studies further 
demonstrate that retinoids can support skin appendage regeneration, including
de novo hair follicle formation, a hallmark of functional repair typically absent 
in adult wounds. In view of converging evidence from developmental biology, 
stem cell research, and regenerative engineering, retinoids present a promising 
pharmacological strategy in reduced-scarring healing and functional skin 
regeneration.

KEYWORDS

retinoids, fibroblasts, skin regeneration, scarless wound healing, hair follicle neogenesis, 
regenerative biomaterials 

 1 Introduction

The skin is the largest organ of the human body, functioning as a barrier against 
environmental insults while maintaining immune surveillance, thermoregulation, and 
sensory integration (Joshi et al., 2025; Lopez-Ojeda et al., 2022). It is composed 
of three primary layers (epidermis, dermis, and hypodermis) each containing 
distinct cellular components that coordinate structural support, immune defense,
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and regenerative capacity (Figure 1A). The epidermis is populated 
primarily by keratinocytes and houses epidermal stem cells 
within the basal layer. The underlying dermis contains fibroblasts, 
endothelial cells, and a dynamic ECM, while the skin appendages 
such as hair follicles, sebaceous glands, and sweat glands originate 
at the epidermal-dermal interface. These specialized compartments 
play critical roles in maintaining skin homeostasis and facilitating 
wound healing.

Upon injury, adult skin typically undergoes fibrotic repair, 
restoring the epidermal barrier but often resulting in permanent scar 
formation. Such scarring can compromise tissue function, mechanical 
strength, and aesthetic appearance (Peña and Martin, 2024). During 
fibrotic healing, immune cells infiltrate the wound bed and release 
large amounts of cytokines, triggering a sustained inflammatory 
response. In parallel, local levels of reactive oxygen species (ROS) rise 
rapidly, further amplifying tissue stress. Resident dermal fibroblasts are 
activated by profibrotic mediators, particularly transforming growth 
factor-beta 1 (TGF-β1) and ROS, and subsequently differentiate into 
myofibroblasts (Figures 1A,B). These myofibroblasts migrate into the 
wound site, where they deposit excessive extracellular matrix (ECM) 
and perpetuate a positive feedback loop (Figure 1B). This cycle not only 
drives fibrotic remodeling but also impairs key regenerative processes 
such as angiogenesis and hair follicle neogenesis (Wang et al., 2023). 
Despite advances in wound care, current interventions rarely enable 
full-thickness tissue regeneration. 

Scarless skin healing, the aspirational goal of regenerative 
dermatology, is defined by two key hallmarks: the suppression 
of fibrotic remodeling and the regeneration of skin appendages, 
particularly hair follicles (Li et al., 2024). These features are essential 
not only for restoring skin integrity but also for reinstating its 
full physiological function. Retinoids, which include both natural 
and synthetic derivatives of vitamin A, have already been widely 
applied in cosmeceuticals and are well recognized for their anti-aging 
efficacy (Siddiqui et al., 2024; Böhm et al., 2025). More recently, they 
have emerged as compelling candidates in the field of regenerative 
dermatology. The bioactive form of vitamin A, retinoic acid (RA), 
is synthesized endogenously from dietary precursors such as retinyl 
esters and β-carotene (Bohn et al., 2023). RA governs a broad range 
of biological processes including epithelial differentiation, embryonic 
patterning, immune modulation, and ECM remodeling (Wang et al., 
2020; Szymański et al., 2020). Through regulating these biological 
events, retinoids display unique function that concurrently target the 
two key hallmarks of scarless healing: inhibiting fibrogenesis and 
promoting skin appendage regeneration (Wang et al., 2020; Wen et al., 
2025). This review examines the therapeutic potential of retinoids 
in promoting scarless skin regeneration by targeting both fibrosis 
suppression and appendage renewal, with a focus on their molecular 
mechanisms and translational prospects. 

2 Biological basis of retinoids in skin

2.1 Synthesis, metabolism, and signaling of 
RA

As shown in Figure 1C, RA is the primary bioactive metabolite 
of vitamin A (Osanai et al., 2023). Although RA itself is not directly 
obtained from the diet, it is synthesized intracellularly through a 

multistep enzymatic process (Gudas, 2022a). Various dietary forms 
of vitamin A, including retinyl esters and provitamin A carotenoids 
such as β-carotene, can serve as precursors (Gudas, 2022a). 
These compounds are first hydrolyzed to retinol (Lavudi et al., 
2023). The final and rate-limiting step is the irreversible oxidation 
of retinaldehyde to all-trans retinoic acid (atRA), catalyzed by 
retinaldehyde dehydrogenases RALDH1, RALDH2, and RALDH3, 
encoded by the ALDH1A1–3 genes (Thompson et al., 2019). RA 
exerts its biological effects by binding to RA receptors (RARα, 
RARβ, RARγ), which form heterodimers with retinoid X receptors 
(RXRs). These complexes interact with RA response elements 
(RAREs) in the promoter regions of target genes to regulate 
transcription (Lavudi et al., 2023; Cunningham and Duester, 2015). 
Intracellularly, RA is further regulated by cellular RA-binding 
proteins (CRABPs). In addition, cytochrome P450 enzymes, such as 
CYP26A1 and CYP26B1, metabolize RA into inactive derivatives, 
providing negative feedback to prevent excessive signaling. This 
tightly controlled system ensures that RA levels remain within a 
precise range, enabling context-specific responses to injury and 
repair signals (Das et al., 2013; Hu et al., 2024). 

2.2 Biological effects of retinoids across 
skin compartments

The regenerative effects of RA in skin repair arise from its 
ability to modulate key cellular populations and signaling pathways 
across multiple layers of tissue. RA orchestrates healing by regulating 
epidermal stem cells, dermal fibroblasts, and immune cells.

In the epidermis, RA promotes re-epithelialization by enhancing 
keratinocyte proliferation and differentiation, effects that have long 
been established (Saitou et al., 1995; Fuchs and Green, 1981). Both 
retinol and RA have been shown to increase epidermal thickness and 
upregulate the expression of collagen types I and III in human skin 
(Kon et al., 2016). Notably, the fourth-generation retinoid seletinoid 
G has been demonstrated to stimulate keratinocyte proliferation 
and migration, thereby accelerating wound re-epithelialization 
(Lee et al., 2020). In the dermis, RA attenuates fibrotic activation of 
fibroblasts. It suppresses the expression of key fibrogenic markers 
such as α-SMA, COL1A1, and COL3A1 through downregulation 
of the TGF-β1/Smad signaling axis (Lin et al., 2023). In a murine 
ear wound model, topical application of the RAR agonist tazarotene 
enhanced wound closure and led to regeneration of skin appendages, 
including newly formed hair follicles and mature collagen fibers 
(Al et al., 2016). At the ECM level, RA promotes matrix turnover by 
upregulating matrix-degrading enzymes such as MMP-3 and MMP-
13, while downregulating tissue inhibitors of metalloproteinases 
(TIMPs), thus slowing fibrotic progression (Kartasheva-Ebertz et al., 
2021; Sorg et al., 2006). These effects have been confirmed in animal 
models, where RA-treated wounds exhibit reduced scar formation 
and restoration of near-normal tissue architecture. The immune 
microenvironment is another critical target of RA (Mora et al., 
2008). RA has been shown to influence macrophages, T cells, 
and B cells, and plays an essential role in maintaining immune 
homeostasis during tissue repair (Oliveira et al., 2018; Erkelens and 
Mebius, 2017). As reviewed in detail by Oliveira et al. (Oliveira et al., 
2018), RA modulates both innate and adaptive immune responses. 
In photoaged skin, vitamin A derivatives reduce the production 
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FIGURE 1
Overview of retinoic acid metabolism and skin fibrosis mechanism (A) Schematic illustration of fibrotic wound healing. Following injury, infiltrating 
immune cells release cytokines and reactive oxygen species (ROS), which amplify local inflammation and tissue stress. Resident dermal fibroblasts are 
activated and differentiate into myofibroblasts under the influence of ROS and transforming growth factor-beta 1 (TGF-β1). These myofibroblasts 
migrate into the wound site, deposit excessive extracellular matrix (ECM), and secrete profibrotic mediators, leading to collagen accumulation, matrix 
stiffening, and scar formation. (B) Positive feedback loop driving fibrosis. Crosstalk among ROS, inflammation, TGF-β1 signaling, and myofibroblast 
activation establishes a self-perpetuating cycle that reinforces ECM overproduction. This process promotes skin fibrosis while impairing regenerative 
events such as angiogenesis and hair follicle neogenesis. (C) Metabolism and Signaling of Retinoids: The uptake and metabolism of retinoids can be 
  (Continued)
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FIGURE 1 (Continued)
broadly divided into three stages based on organ localization. In the first stage, within the gastrointestinal tract, β-carotene and retinyl esters are 
absorbed and converted into retinol. Retinol then binds to cellular retinol-binding protein II (CRBPII) to prevent premature oxidation. The 
retinol-CRBPII complex is subsequently re-esterified into retinyl esters, packaged into chylomicrons, and transported through the lymphatic system 
into systemic circulation. In the second stage, hepatocytes uptake circulating retinyl esters from the bloodstream. These are hydrolyzed back to 
retinol, a portion of which is stored in hepatic stellate cells as retinyl esters within cytoplasmic lipid droplets, while another portion is secreted back 
into plasma. In the third stage, plasma retinol is taken up by target cells. Once inside, it may bind to cellular retinol-binding proteins (CRBPs) or 
undergo sequential oxidation by alcohol dehydrogenases and retinol dehydrogenases (ADH/RDH) to form retinaldehyde (retinal). Retinal is then 
irreversibly oxidized by aldehyde dehydrogenases (ALDHs) to form RA, including atRA, 9-cis-RA, and 13-cis-RA. atRA binds to CRABPs and 
translocates to the nucleus, where it interacts with nuclear receptors RAR and RXR to regulate gene transcription. In parallel, 9-cis-RA can activate 
intracellular kinase cascades. Retinoic acids are further metabolized by cytochrome P450 enzymes (particularly CYP26 family) into inactive 
oxidative metabolites such as 4-hydroxyretinoic acid (4-OH-RA) and 4-oxoretinoic acid (4-oxo-RA).

of pro-inflammatory cytokines (Riahi et al., 2016). In psoriasis, 
which is an inflammatory dermatosis characterized by leukocyte 
infiltration, topical tazarotene cream has demonstrated notable 
therapeutic efficacy (Weinstein et al., 2003). 

3 Mechanistic potential of retinoids in 
scarless skin healing

3.1 Anti-fibrotic mechanisms

As shown in Figures 1A,B, fibrotic scarring in skin wounds arises 
primarily from the pathological activation of dermal fibroblasts into 
myofibroblasts, sustained stimulation of the TGF-β1/Smad pathway, 
and excessive accumulation of ECM (Peña and Martin, 2024). 
These processes ultimately result in disorganized tissue architecture, 
stiffness, and functional impairment (Martin and Nunan, 2015). 
RA, the active metabolite of vitamin A, has been shown to 
interfere with multiple steps in fibrogenesis (Barber et al., 2014; 
Jumper et al., 2016). Its anti-fibrotic actions, observed across various 
organs including the lung, liver, and kidney, involve inhibition 
of TGF-β signaling, suppression of myofibroblast differentiation, 
and enhancement of ECM degradation (Wang et al., 2020). To 
be specific, in pulmonary fibrosis models, RA reduces oxidative 
stress, regulates inflammatory cytokines, and attenuates ECM 
deposition (Gokey et al., 2021; Eleraky et al., 2021; Lu et al., 
2022). In the liver fibrosis, RA suppresses IL-17A production 
and downregulates IL-6R and IL-23R expression, thereby limiting 
hepatic stellate cell activation and collagen synthesis (Kartasheva-
Ebertz et al., 2021; Xiong et al., 2023; Cassim and Zhang, 2023). 
Although mechanistic insights into RA’s anti-fibrotic activity in the 
skin are still emerging, early studies have demonstrated that RA, 
particularly atRA, inhibits fibroblast proliferation and collagen type 
I production in human dermal cultures (Daly and Weston, 1986). 
However, the anti-fibrotic effects of RA are not universally consistent 
(Zhou et al., 2012). Some studies report context-dependent pro-
fibrotic outcomes (Hwang et al., 2021), such as increased collagen 
synthesis and ECM accumulation under specific concentrations, 
delivery methods, or cellular states (Zhou et al., 2012; Czuba et al., 
2021; Möller-Hackbarth et al., 2021; Rankin et al., 2013; Jalian et al., 
2008). These paradoxical findings emphasize the need to clarify RA’s 
“conditional specificity” in cutaneous fibrosis, which will be essential 
for safe and effective clinical application. 

3.1.1 RA and modulation of TGF-β1/smad 
signaling

The TGF-β1/Smad signaling pathway is considered the central 
driver of dermal fibrosis (Wang et al., 2023). Following skin injury, 
TGF-β1 levels rise sharply, activating Smad2/3 phosphorylation 
and nuclear translocation. Within the dermis, this cascade triggers 
the transition of fibroblasts into myofibroblasts and promotes the 
production of type I and type III collagen, thereby reinforcing 
the fibrotic microenvironment (Figure 1C) (Wang et al., 2023; 
Chang et al., 2025). Furthermore, the accumulation of type I collagen 
in the dermis can activate integrin-mediated signaling, which in 
turn stimulates the proliferation and differentiation of epidermal 
keratinocytes, ultimately shaping the characteristic histological 
architecture of scar tissue (Chang et al., 2025).

RA has been shown to suppress TGF-β1 expression and reduce 
phosphorylation of Smad1/5/8, thereby interrupting the pathway’s 
activation loop (Song et al., 2013; Shimono et al., 2011). In vitro
studies on human fetal palatal mesenchymal cells demonstrated that 
RA dose-dependently inhibited the synthesis of ECM components, 
such as fibronectin and tenascin C, through downregulation of 
MMP2 and TIMP2 mediated by suppression of TGF-β/Smad 
signaling (Li et al., 2014). Other reports confirm that RXR agonists 
inhibit Smad nuclear translocation, suppress fibroblast activation, 
and reduce collagen production in TGF-β1-stimulated fibroblasts 
(Lin et al., 2023). These findings suggest that RA and RXR-targeted 
ligands act synergistically to exert anti-fibrotic effects in the dermis 
by disrupting the TGF-β1 axis. In addition, within the epidermis, 
retinoids have been shown to play a pivotal role in maintaining 
homeostasis and promoting regeneration. Supplementation with 
retinoid metabolites revitalizes epidermal cells, enhancing their 
structural and functional integrity (Wu et al., 2025; Kim et al., 1992; 
Quan, 2023). The regulatory effects of retinoic acid on epidermal 
biology may, at least in part, be mediated through interactions with 
the TGF-β1 signaling pathway (Kim et al., 1992). 

3.1.2 Regulation of myofibroblast differentiation 
and collagen deposition

Myofibroblast activation is a pivotal event in dermal fibrosis, 
characterized by α-smooth muscle actin (α-SMA) expression and 
elevated contractile and collagen-synthetic activity. RA has been 
reported to inhibit pro-inflammatory fibroblast (PIF) activation and 
promote differentiation into less fibrogenic mesenchymal fibroblast 
phenotypes (Xiao et al., 2024). Delivery of RA via nanoparticles has 
been shown to reduce α-SMA levels and collagen accumulation in 
fibrotic tissues (Xia et al., 2023). In systemic sclerosis models, atRA 
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reduced the expression of fibrosis markers including Fra2, collagen 
I, and α-SMA (Pi et al., 2023). Moreover, RA downregulates a broad 
set of ECM-related genes such as fibronectin-1, thrombospondin-
1, tenascin C, integrins, and laminins (Du et al., 2013). Suppression 
of these components may prevent matrix crosslinking and stiffness, 
facilitating a tissue environment conducive to regeneration.

Recent work by Correa-Gallegos et al. (2023) revealed that 
RA gradients within wound beds shape fibroblast fate decisions. 
In early inflammation, CD201+ progenitor fibroblasts upregulate 
Aldh1a3 and Rdh10, enzymes critical for RA biosynthesis, which in 
turn activate RARγ and favor the emergence of pro-inflammatory 
fibroblasts over myofibroblasts. Exogenous RA or CYP26B1 
inhibition further suppressed myofibroblast formation, reduced 
wound contraction, and minimized scar formation. This study 
provides a compelling mechanistic link between local RA signaling 
and myofibroblast lineage specification, reinforcing the rationale for 
RA-based anti-fibrotic therapies. 

3.2 Skin appendage regeneration

In recent years, RA has emerged as a promising regulator of 
skin appendage regeneration, especially in the context of wound-
induced hair follicle neogenesis (WIHN). As a classical morphogen, 
RA participates in epithelial-mesenchymal crosstalk and stem cell 
activation, positioning it as a central signal in the transition from 
fibrotic repair to structural regeneration (Ankawa and Fuchs, 2022). 

3.2.1 Role of RA in WIHN
Hair follicles, sebaceous glands, and sweat glands are 

essential components of fully functional skin. In adult mammals, 
these structures rarely regenerate after full-thickness injury, 
leading to functionally deficient scars. However, WIHN, a 
phenomenon first characterized in murine dorsal wounds, 
demonstrates that appendage regeneration is possible under specific 
conditions (Ito et al., 2007).

RA has been shown to play a critical role in this process 
(Bhoopalam et al., 2020; Goggans et al., 2024). Endogenous RA 
synthesis is induced by double-stranded RNA signaling through 
Toll-like receptor 3 (TLR3), which stimulates RA production and 
promotes WIHN. Kim et al. showed that RA is essential for WIHN 
in mice (Kim et al., 2019). In human skin, laser resurfacing 
similarly activates RA production, suggesting translational relevance 
(Kim et al., 2019). Standardized WIHN models developed by 
Garza and colleagues have further validated RA’s involvement 
in appendage regeneration (Xue et al., 2022). Recent studies 
indicate that RA can restore hair follicle stem cell (HFSC) identity 
(Tierney et al., 2024). Through RARγ/RXRα signaling, RA activates 
lineage-determining factors such as SOX9 and suppresses epidermal 
markers like KLF5, thereby steering HFSCs back toward a hair 
follicle fate (Tierney et al., 2024). These findings suggest that RA 
may serve as a “lineage-resetting” signal in early wound healing, 
providing a mechanistic window for targeted intervention. 

3.2.2 Crosstalk between RA and Wnt/β-catenin, 
shh, and BMP signaling

RA does not act in isolation but intersects with key 
developmental pathways, notably Wnt/β-catenin, Sonic hedgehog 

(Shh), and bone morphogenetic protein (BMP) signaling. Activation 
of Wnt/β-catenin is essential for HFSC activation and anagen 
entry. In a recent study on androgenetic alopecia, Wen et al. 
demonstrated that RA reactivates dormant HFSCs and prolongs 
hair cycling through Wnt enhancement (Wen et al., 2025). Clinical 
observations supported RA’s potential in restoring follicular activity 
in early-stage AGA patients (Wen et al., 2025). In developmental 
biology, RA has been shown to interact synergistically with 
multiple signaling pathways, including the Shh axis. RA plays a 
pivotal role in embryogenesis and the regenerative development 
of various tissues and organs, as demonstrated in multiple studies 
(Lukonin et al., 2020; Rekler and Kalcheim, 2022; Niederreither 
and Dollé, 2008; Wu et al., 2022). The Shh pathway is a key 
regenerative signal during embryonic hair follicle morphogenesis 
and WIHN. Through activation of downstream effectors such as 
Ptch1 and Gli1, Shh signaling induces bidirectional activation 
of both epidermal and dermal stem cells, thereby initiating 
the formation of new follicular units (Wier and Garza, 2020; 
Liu et al., 2022). Similarly, the BMP pathway plays a critical role 
in cutaneous wound healing, hair follicle cycling, and spatial 
patterning (Plikus et al., 2017; Hu et al., 2021). These developmental 
insights offer valuable mechanistic parallels for understanding 
how RA may coordinate with conserved morphogenetic 
pathways to promote skin regeneration and appendage
restoration.

4 Therapeutic applications and 
translational opportunities

The biological effects of RA are mediated through its 
interaction with RARs, which are members of the nuclear 
receptor superfamily of transcription factors (Figure 1C). These 
receptors include three main isoforms: RARα, RARβ, and RARγ 
(di Masi et al., 2015). Each of these can form homodimers or 
heterodimers with retinoid X receptors (RXRα, RXRβ, and RXRγ), 
enabling gene regulation through RA response elements (RARE) 
(Di Masi et al., 2015). Non-selective activation of all three RAR 
isoforms has been linked to adverse cutaneous effects, such 
as skin irritation, erythema, and desquamation. Among these, 
RARγ is the most abundantly expressed isoform in the epidermis, 
accounting for approximately 90 percent of total RAR expression 
in this layer (Di Masi et al., 2015). RARγ plays a central role in 
controlling terminal differentiation of keratinocytes. As a result, 
selective activation of RARγ is considered a key strategy for 
maximizing therapeutic benefit while minimizing systemic and local
side effects.

Retinoids are routinely used to treat acne, photoaging, psoriasis, 
pigmentary disorders, and certain skin cancers (Chen et al., 2014; 
Gudas, 2022b; Paichitrojjana and Paichitrojjana, 2023). Currently, 
retinoids are grouped into four generations based on chemical 
structure and receptor selectivity. First- and second-generation 
agents (e.g., tretinoin, isotretinoin, etretinate, and acitretin) 
bind non-selectively to all RAR subtypes and are associated 
with systemic toxicity and teratogenicity (Chambon, 1996). 
Third-generation retinoids (such as adapalene and tazarotene) 
demonstrate improved receptor selectivity, particularly for RARβ 
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and RARγ, resulting in better tolerability. Trifarotene, a fourth-
generation compound, is a highly selective RARγ agonist that offers 
efficacy in truncal and facial acne with a favorable safety profile 
due to rapid hepatic metabolism (Gudas, 2022b; Aubert et al., 2018;
Wagner et al. 2020).

Table 1 summarizes the applications, dosage considerations, 
and administration routes of various generations of retinoids in 
skin diseases. In clinical dermatology, topical adapalene is a first-
line therapy for mild acne, while oral isotretinoin is typically 
prescribed for severe or treatment-resistant cases (Wagner et al. 
2020; Kolli et al., 2019). Topical retinoid formulations are also 
extensively applied in the management of skin aging, where they 
improve dermal collagen synthesis, reduce fine wrinkles, and 
counteract photoaging (Kon et al., 2016; Kligman et al., 1986; 
Talwar et al., 1995). Tretinoin was the first retinoid to receive 
FDA approval for photoaged skin and has demonstrated significant 
efficacy in reducing wrinkles, mottled hyperpigmentation, and 
surface roughness (Mukher et al., 2006; Yoham and Casadesus, 
2025). Combination products such as Tri-Luma, which includes 
fluocinolone acetonide, hydroquinone, and tretinoin, are approved 
for the treatment of melasma and hyperpigmentation (Torok, 
2006; McKesey et al., 2020). In psoriasis, systemic acitretin 
is often combined with phototherapy to reduce cumulative 
UV exposure, while topical tazarotene provides local anti-
inflammatory effects (Lebwohl et al., 2004; Ogawa et al., 2018; 
Mehta and Lim, 2016; van de Kerkhof and de Rooij, 1997). 
Beyond inflammatory conditions, retinoids play a role in skin 
oncology. Bexarotene, a selective RXR agonist, is approved 
for cutaneous T-cell lymphoma (Duvic et al., 2001). In the 
cosmetic domain, retinol and other stable retinoid derivatives 
are incorporated into cosmeceuticals targeting signs of aging 
with favorable skin tolerance (Mambwe et al., 2025; Zasada
and Budzisz, 2019).

RA has recently attracted growing attention in regenerative 
dermatology. When delivered through advanced carriers such as 
solid lipid nanoparticles or chitosan-based hydrogels, RA exhibits 
improved solubility, stability, and tissue retention (Arantes et al., 
2020; Oluwole et al., 2024). These delivery platforms have shown 
therapeutic efficacy by accelerating wound closure, reducing 
leukocyte infiltration, optimizing collagen deposition, and 
minimizing scar formation. In addition to its anti-fibrotic and 
immunomodulatory effects, RA also promotes pro-regenerative 
phenotypes in mesenchymal stem cells. Treatment of mesenchymal 
stem cells with all-trans RA has been shown to enhance the 
expression of angiogenesis- and migration-related genes, including 
COX-2, HIF-1, CXCR4, VEGF, and angiopoietins, thereby 
improving both in vitro cell behavior and in vivo wound healing 
outcomes (Pourjafar et al., 2017). The regenerative potential of RA 
further extends to the reconstitution of skin appendages. Recent 
studies have shown that RA can induce the differentiation of 
human induced pluripotent stem cells (iPSCs) into dermal papilla-
like cells (DPCs) (Lv et al., 2024), which are essential for hair 
follicle formation (Ji et al., 2021). RA-induced pluripotent stem
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cell-derived multipotent mesenchymal cells, when transplanted in 
combination with keratinocytes, are capable of forming hair follicle-
like structures in vivo (Veraitch et al., 2017). Notably, in murine skin 
wound, topical application of RA has also been shown to induce hair 
follicle neogenesis (Tierney et al., 2024). Sustained RA treatment 
in a study by the Fuchs’ group successfully reactivated follicular 
neogenesis at wound sites, offering proof-of-concept for RA-based 
strategies in functional skin regeneration (Tierney et al., 2024).

Together, these findings support the integration of RA 
into next-generation regenerative therapies. By simultaneously 
modulating fibrosis, stem cell behavior, vascularization, and 
appendage formation, RA represents a uniquely versatile molecule 
for promoting comprehensive skin repair beyond mere scar 
attenuation. 

5 Conclusion and future perspective

Retinoids represent a unique class of compounds that bridge 
dermatologic therapy and regenerative medicine. Their well-
established efficacy in treating acne, psoriasis, photoaging, and 
selected malignancies is now being complemented by emerging roles 
in scar modulation and appendage regeneration. Acting through 
nuclear RARs, RA regulates a diverse set of biological processes, 
including keratinocyte differentiation, fibroblast activation, ECM 
remodeling, and immune modulation, which are core elements 
of both wound healing and fibrosis. Mechanistic studies have 
identified RA as a key regulator of myofibroblast differentiation and 
collagen deposition, largely through inhibition of TGF-β signaling. 
Additionally, RA enhances the regenerative capacity of stem cells 
and supports the restoration of skin appendages such as hair follicles. 
These properties collectively position RA as a potential driver of 
adult scarless wound healing, a long-sought goal in regenerative 
dermatology.

Despite promising therapeutic potential, the clinical translation 
of RA-based regenerative strategies faces challenges derived 
from poor aqueous solubility, light and oxidative sensitivity, 
and systemic toxicity at pharmacologic doses (Ferreira et al., 
2020; Nau, 2001; Collins and Mao, 1999). Although topical use 
minimizes systemic absorption, the risk remains for high-potency 
compounds or poorly controlled formulations. These issues may be 
addressed by future advances in receptor-selective ligand design, 
smart delivery systems, and controlled release technologies. The 
integration of RA into combination therapies, such as stem cell 
transplantation, tissue-engineered scaffolds and gene-modulated 
regenerative systems, could hopefully enhance healing outcomes. 
Elucidating the temporal and spatial dynamics of RA signaling 
during wound repair would be essential for maximizing therapeutic 
benefit while minimizing risk. With continued progress, retinoids 

may transition from symptomatic treatment agents to molecular 
modulators capable of promoting comprehensive skin regeneration.

Author contributions

KW: Writing – review and editing, Supervision, Writing – 
original draft, Software, Investigation. ZY: Data curation, Writing 
– original draft, Writing – review and editing, Investigation, 
Validation. YM: Project administration, Validation, Writing – 
original draft, Funding acquisition, Writing – review and editing. 
WL: Writing – original draft, Writing – review and editing. GL: 
Writing – original draft, Writing – review and editing. XX: Writing 
– original draft, Writing – review and editing. QL: Writing – original 
draft, Project administration, Writing – review and editing. 

Funding

The author(s) declare that financial support was received for 
the research and/or publication of this article. The research utilized 
institutional facilities provided by Sichuan University.

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.

Generative AI statement

The author(s) declare that no Generative AI was used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable efforts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us.

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.

References

Amanda, R., Abby S, V. V., Sylvia, H., Neil J, K., Mark G, L., Bruce F, B., et al. 
(2012). Treatment of pustular psoriasis: from the medical board of the national psoriasis 
foundation. J. Am. Acad. Dermatol 67 (2), 279–288. doi:10.1016/j.jaad.2011.01.032

Al, H. Z. A., Nawrot, D. A., Howarth, A., Caporali, A., Ebner, D., Vernet, A., et al. 
(2016). The retinoid agonist tazarotene promotes angiogenesis and wound healing. Mol. 
Ther. J. Am. Soc. Gene Ther. 24 (10), 1745–1759. doi:10.1038/mt.2016.153

Frontiers in Cell and Developmental Biology 08 frontiersin.org

https://doi.org/10.3389/fcell.2025.1683851
https://doi.org/10.1016/j.jaad.2011.01.032
https://doi.org/10.1038/mt.2016.153
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Wang et al. 10.3389/fcell.2025.1683851

Ankawa, R., and Fuchs, Y. (2022). May the best wound WIHN: the hallmarks 
of wound-induced hair neogenesis. Curr. Opin. Genet. Dev. 72, 53–60. 
doi:10.1016/j.gde.2021.10.006

Arantes, V. T., Faraco, A. A. G., Ferreira, F. B., Oliveira, C. A., Martins-Santos, 
E., Cassini-Vieira, P., et al. (2020). Retinoic acid-loaded solid lipid nanoparticles 
surrounded by chitosan film support diabetic wound healing in in vivo study. Colloids 
Surf. B Biointerfaces 188, 110749. doi:10.1016/j.colsurfb.2019.110749

Aubert, J., Piwnica, D., Bertino, B., Blanchet-Réthoré, S., Carlavan, I., Déret, S., 
et al. (2018). Nonclinical and human pharmacology of the potent and selective 
topical retinoic acid receptor‐γ agonist trifarotene. Br. J. Dermatol. 179, 442–456. 
doi:10.1111/bjd.16719

Baldwin, H., Webster, G., Stein Gold, L., Callender, V., Cook-Bolden, F. E., and 
Guenin, E. (2021). 50 years of topical retinoids for acne: evolution of treatment. Am. 
J. Clin. Dermatol 22 (3), 315–327. doi:10.1007/s40257-021-00594-8

Barber, T., Esteban-Pretel, G., Marín, M. P., and Timoneda, J. (2014). Vitamin a 
deficiency and alterations in the extracellular matrix. Nutrients 6 (11), 4984–5017. 
doi:10.3390/nu6114984

Bhoopalam, M., Garza, L. A., and Reddy, S. K. (2020). Wound induced hair 
neogenesis – a novel paradigm for studying regeneration and aging. Front. Cell Dev. 
Biol. 8, 582346. doi:10.3389/fcell.2020.582346

Bikash, C., and Sarkar, R. (2023). Topical management of acne scars: the uncharted 
terrain. J. Cosmet. Dermatol 22 (4), 1191–1196. doi:10.1111/jocd.15584

Blanchet-Bardon, C., Nazzaro, V., Rognin, C., Geiger, J. M., and Puissant, A. (1991). 
Acitretin in the treatment of severe disorders of keratinization. Results of an open study. 
J. Am. Acad. Dermatol 24 (6 Pt 1), 982–986. doi:10.1016/0190-9622(91)70158-x

Böhm, M., Stegemann, A., Paus, R., Kleszczyński, K., Maity, P., Wlaschek, M., 
et al. (2025). Endocrine controls of skin aging. Endocr. Rev. 46 (3), 349–375. 
doi:10.1210/endrev/bnae034

Bohn, T., de Lera, A. R., Landrier, J. F., Carlsen, H., Merk, D., Todt, T., et al. (2023). 
State-of-the-art methodological investigation of carotenoid activity and metabolism - 
from organic synthesis via metabolism to biological activity - exemplified by a novel 
retinoid signalling pathway. Food Funct. 14 (2), 621–638. doi:10.1039/d2fo02816f

Cassim, B. F. N., and Zhang, Y. (2023). Retinoic acid signaling in fatty liver disease. 
Liver Res. 7 (3), 189–195. doi:10.1016/j.livres.2023.07.002

Chambon, P. (1996). A decade of molecular biology of retinoic acid receptors. FASEB 
J. Off. Publ. Fed. Am. Soc. Exp. Biol. 10 (9), 940–954. doi:10.1096/fasebj.10.9.8801176

Chang, H., Shen, Q., Tan, Y., Tong, J., Zhang, Z., Ouyang, W., et al. (2025). Red 
light promotes dermis-epidermis remodeling via TGFβ and AKT-mediated collagen 
dynamics in naturally aging mice. Zool. Res. 46 (5), 967–982. doi:10.24272/j.issn.2095-
8137.2024.405

Chen, M. C., Hsu, S. L., Lin, H., and Yang, T. Y. (2014). Retinoic acid and cancer 
treatment. Biomedicine 4 (4), 22. doi:10.7603/s40681-014-0022-1

Chien, A. L., Kim, D. J., Cheng, N., Shin, J., Leung, S. G., Nelson, A. M., et al. (2022). 
Biomarkers of tretinoin precursors and tretinoin efficacy in patients with moderate 
to severe facial photodamage: a randomized clinical trial. JAMA Dermatol 158 (8), 
879–886. doi:10.1001/jamadermatol.2022.1891

Collins, M. D., and Mao, G. E. (1999). Teratology of retinoids. Annu. Rev. Pharmacol. 
Toxicol. 39, 399–430. doi:10.1146/annurev.pharmtox.39.1.399

Coors, E. A., and von den Driesch, P. (2012). Treatment of 2 patients with 
mycosis fungoides with alitretinoin. J. Am. Acad. Dermatol 67 (6), e265–e267. 
doi:10.1016/j.jaad.2012.05.011

Cunningham, T. J., and Duester, G. (2015). Mechanisms of retinoic acid signalling 
and its roles in organ and limb development. Nat. Rev. Mol. Cell Biol. 16 (2), 110–123. 
doi:10.1038/nrm3932

Czuba, L. C., Wu, X., Huang, W., Hollingshead, N., Roberto, J. B., Kenerson, H. 
L., et al. (2021). Altered vitamin a metabolism in human liver slices corresponds to 
fibrogenesis. Clin. Transl. Sci. 14 (3), 976–989. doi:10.1111/cts.12962

Daly, T. J., and Weston, W. L. (1986). Retinoid effects on fibroblast proliferation and 
collagen synthesis in vitro and on fibrotic disease in vivo. J. Am. Acad. Dermatol 15 (4 
Pt 2), 900–902. doi:10.1016/s0190-9622(86)70248-x

Das, B. C., Thapa, P., Karki, R., Das, S., Mahapatra, S., Liu, T. C., et al. (2013). 
Retinoic acid signaling pathways in development and diseases. Bioorg Med. Chem. 22 
(2), 673–683. doi:10.1016/j.bmc.2013.11.025

di Masi, A., Leboffe, L., De Marinis, E., Pagano, F., Cicconi, L., Rochette-Egly, C., 
et al. (2015). Retinoic acid receptors: from molecular mechanisms to cancer therapy. 
Mol. Asp. Med. 41, 1–115. doi:10.1016/j.mam.2014.12.003

Du, Y. H., Hirooka, K., Miyamoto, O., Bao, Y. Q., Zhang, B., An, J. B., et al. 
(2013). Retinoic acid suppresses the adhesion and migration of human retinal pigment 
epithelial cells. Exp. Eye Res. 109, 22–30. doi:10.1016/j.exer.2013.01.006

Duvic, M., Hymes, K., Heald, P., Breneman, D., Martin, A. G., Myskowski, P., 
et al. (2001). Bexarotene is effective and safe for treatment of refractory advanced-
stage cutaneous T-cell lymphoma: multinational phase II-III trial results. J. Clin. 
Oncol. Off. J. Am. Soc. Clin. Oncol. 19 (9), 2456–2471. doi:10.1200/JCO.2001.19.
9.2456

Eleraky, A. F., Helal, G. K., Elshafie, M. F., and Ismail, R. S. (2021). Concomitant 
inhibition of hedgehog signalling and activation of retinoid receptors abolishes 
bleomycin‐induced lung fibrosis. Clin. Exp. Pharmacol. Physiol. 48, 1024–1040. 
doi:10.1111/1440-1681.13486

Erkelens, M. N., and Mebius, R. E. (2017). Retinoic acid and immune homeostasis: a 
balancing act. Trends Immunol. 38 (3), 168–180. doi:10.1016/j.it.2016.12.006

Ferreira, R., Napoli, J., Enver, T., Bernardino, L., and Ferreira, L. (2020). Advances 
and challenges in retinoid delivery systems in regenerative and therapeutic medicine. 
Nat. Commun. 11, 4265. doi:10.1038/s41467-020-18042-2

Foster, R. H., Brogden, R. N., and Benfield, P. (1998). Tazarotene. Drugs 55 (5), 
705–712. doi:10.2165/00003495-199855050-00008

Fuchs, E., and Green, H. (1981). Regulation of terminal differentiation of 
cultured human keratinocytes by vitamin a. Cell 25 (3), 617–625. doi:10.1016/0092-
8674(81)90169-0

Gniadecki, R., Assaf, C., Bagot, M., Dummer, R., Duvic, M., Knobler, R., et al. (2007). 
The optimal use of bexarotene in cutaneous T-cell lymphoma. Br. J. Dermatol. 157 (3), 
433–440. doi:10.1111/j.1365-2133.2007.07975.x

Goggans, K. R., Belyaeva, O. V., Klyuyeva, A. V., Studdard, J., Slay, A., Newman, 
R. B., et al. (2024). Epidermal retinol dehydrogenases cyclically regulate stem cell 
markers and clock genes and influence hair composition. Commun. Biol. 7 (1), 453. 
doi:10.1038/s42003-024-06160-2

Gokey, J. J., Snowball, J., Green, J., Waltamath, M., Spinney, J. J., Black, K. 
E., et al. (2021). Pretreatment of aged mice with retinoic acid supports alveolar 
regeneration via upregulation of reciprocal PDGFA signalling. Thorax 76, 456–467. 
doi:10.1136/thoraxjnl-2020-214986

Gudas, L. J. (2022a). Retinoid metabolism: new insights. J. Mol. Endocrinol. 69 (4), 
T37–T49. doi:10.1530/JME-22-0082

Gudas, L. J. (2022b). Synthetic retinoids beyond cancer therapy. Annu. Rev. 
Pharmacol. Toxicol. 62, 155–175. doi:10.1146/annurev-pharmtox-052120-104428

Guenther, L. C. (2003). Optimizing treatment with topical tazarotene. Am. J. Clin. 
Dermatol 4 (3), 197–202. doi:10.2165/00128071-200304030-00006

Hu, X. M., Li, Z. X., Zhang, D. Y., Yang, Y. C., Fu, S. A., Zhang, Z. Q., et al. (2021). A 
systematic summary of survival and death signalling during the life of hair follicle stem 
cells. Stem Cell Res. Ther. 12 (1), 453. doi:10.1186/s13287-021-02527-y

Hu, Y., Wang, Y., Li, Y., Zeng, X., Li, J., Zhou, Y., et al. (2024). Retinoid treatment for 
oral leukoplakia: current evidence and future development. J. Clin. Pharm. Ther. 2024 
(1), 6616979. doi:10.1155/2024/6616979

Hwang, I., Lee, E. J., Park, H., Moon, D., and Kim, H. S. (2021). Retinol from hepatic 
stellate cells via STRA6 induces lipogenesis on hepatocytes during fibrosis. Cell Biosci.
11 (1), 3. doi:10.1186/s13578-020-00509-w

Ito, M., Yang, Z., Andl, T., Cui, C., Kim, N., Millar, S. E., et al. (2007). Wnt-dependent 
de novo hair follicle regeneration in adult mouse skin after wounding. Nature 447 (7142), 
316–320. doi:10.1038/nature05766

Joseph, L., Janine E, P., and Magdalene A, D. (2008). Safety of dermatologic drugs 
used in pregnant patients with psoriasis and other inflammatory skin diseases. J. Am. 
Acad. Dermatol 59 (2), 295–315. doi:10.1016/j.jaad.2008.03.018

Jalian, H. R., Liu, P. T., Kanchanapoomi, M., Phan, J. N., Legaspi, A. J., and 
Kim, J. (2008). All-trans retinoic acid shifts propionibacterium acnes-induced matrix 
degradation expression profile toward matrix preservation in human monocytes. J. 
Invest Dermatol. 128 (12), 2777–2782. doi:10.1038/jid.2008.155

Ji, S., Zhu, Z., Sun, X., and Fu, X. (2021). Functional hair follicle regeneration: an 
updated review. Signal Transduct. Target. Ther. 6, 66. doi:10.1038/s41392-020-00441-y

Joshi, S., Maan, M., Barman, P., Sharely, I., Verma, K., Preet, S., et al. (2025). Advances 
in biomaterials for wound care management: insights from recent developments. Adv. 
Colloid Interface Sci. 343, 103563. doi:10.1016/j.cis.2025.103563

Jumper, N., Hodgkinson, T., Arscott, G., Har-Shai, Y., Paus, R., and Bayat, A. (2016). 
The aldo-keto reductase AKR1B10 is up-regulated in keloid epidermis, implicating 
retinoic acid pathway dysregulation in the pathogenesis of keloid disease. J. Invest 
Dermatol 136 (7), 1500–1512. doi:10.1016/j.jid.2016.03.022

Kajal, B., and Reza, N. (2010). Cosmeceuticals: the evidence behind the retinoids. 
Aesthetic Surg. J. 30 (1). doi:10.1177/1090820X09360704

Kapser, C., Herzinger, T., Ruzicka, T., Flaig, M., and Molin, S. (2015). Treatment 
of cutaneous T-cell lymphoma with oral alitretinoin. J. Eur. Acad. Dermatol Venereol. 
JEADV 29 (4), 783–788. doi:10.1111/jdv.12684

Kartasheva-Ebertz, D. M., Pol, S., and Lagaye, S. (2021). Retinoic acid: a new old 
friend of IL-17A in the immune pathogeny of liver fibrosis. Front. Immunol. 12, 691073. 
doi:10.3389/fimmu.2021.691073

Kim, H. J., Bogdan, N. J., D’Agostaro, L. J., Gold, L. I., and Bryce, G. F. (1992). Effect of 
topical retinoic acids on the levels of collagen mRNA during the repair of UVB-induced 
dermal damage in the hairless mouse and the possible role of TGF-beta as a mediator. 
J. Invest Dermatol. 98 (3), 359–363. doi:10.1111/1523-1747.ep12499805

Kim, D., Chen, R., Sheu, M., Kim, N., Kim, S., Islam, N., et al. (2019). Noncoding 
dsRNA induces retinoic acid synthesis to stimulate hair follicle regeneration via TLR3. 
Nat. Commun. 10 (1), 2811. doi:10.1038/s41467-019-10811-y

Frontiers in Cell and Developmental Biology 09 frontiersin.org

https://doi.org/10.3389/fcell.2025.1683851
https://doi.org/10.1016/j.gde.2021.10.006
https://doi.org/10.1016/j.colsurfb.2019.110749
https://doi.org/10.1111/bjd.16719
https://doi.org/10.1007/s40257-021-00594-8
https://doi.org/10.3390/nu6114984
https://doi.org/10.3389/fcell.2020.582346
https://doi.org/10.1111/jocd.15584
https://doi.org/10.1016/0190-9622(91)70158-x
https://doi.org/10.1210/endrev/bnae034
https://doi.org/10.1039/d2fo02816f
https://doi.org/10.1016/j.livres.2023.07.002
https://doi.org/10.1096/fasebj.10.9.8801176
https://doi.org/10.24272/j.issn.2095-8137.2024.405
https://doi.org/10.24272/j.issn.2095-8137.2024.405
https://doi.org/10.7603/s40681-014-0022-1
https://doi.org/10.1001/jamadermatol.2022.1891
https://doi.org/10.1146/annurev.pharmtox.39.1.399
https://doi.org/10.1016/j.jaad.2012.05.011
https://doi.org/10.1038/nrm3932
https://doi.org/10.1111/cts.12962
https://doi.org/10.1016/s0190-9622(86)70248-x
https://doi.org/10.1016/j.bmc.2013.11.025
https://doi.org/10.1016/j.mam.2014.12.003
https://doi.org/10.1016/j.exer.2013.01.006
https://doi.org/10.1200/JCO.2001.19.9.2456
https://doi.org/10.1200/JCO.2001.19.9.2456
https://doi.org/10.1111/1440-1681.13486
https://doi.org/10.1016/j.it.2016.12.006
https://doi.org/10.1038/s41467-020-18042-2
https://doi.org/10.2165/00003495-199855050-00008
https://doi.org/10.1016/0092-8674(81)90169-0
https://doi.org/10.1016/0092-8674(81)90169-0
https://doi.org/10.1111/j.1365-2133.2007.07975.x
https://doi.org/10.1038/s42003-024-06160-2
https://doi.org/10.1136/thoraxjnl-2020-214986
https://doi.org/10.1530/JME-22-0082
https://doi.org/10.1146/annurev-pharmtox-052120-104428
https://doi.org/10.2165/00128071-200304030-00006
https://doi.org/10.1186/s13287-021-02527-y
https://doi.org/10.1155/2024/6616979
https://doi.org/10.1186/s13578-020-00509-w
https://doi.org/10.1038/nature05766
https://doi.org/10.1016/j.jaad.2008.03.018
https://doi.org/10.1038/jid.2008.155
https://doi.org/10.1038/s41392-020-00441-y
https://doi.org/10.1016/j.cis.2025.103563
https://doi.org/10.1016/j.jid.2016.03.022
https://doi.org/10.1177/1090820X09360704
https://doi.org/10.1111/jdv.12684
https://doi.org/10.3389/fimmu.2021.691073
https://doi.org/10.1111/1523-1747.ep12499805
https://doi.org/10.1038/s41467-019-10811-y
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Wang et al. 10.3389/fcell.2025.1683851

Kligman, A. M., Grove, G. L., Hirose, R., and Leyden, J. J. (1986). Topical tretinoin 
for photoaged skin. J. Am. Acad. Dermatol 15 (4 Pt 2), 836–859. doi:10.1016/s0190-
9622(86)70242-9

Kolli, S. S., Pecone, D., Pona, A., Cline, A., and Feldman, S. R. (2019). Topical 
retinoids in acne vulgaris: a systematic review. Am. J. Clin. Dermatol 20 (3), 345–365. 
doi:10.1007/s40257-019-00423-z

Kong, R., Cui, Y., Fisher, G. J., Wang, X., Chen, Y., Schneider, L. M., et al. 
(2016). A comparative study of the effects of retinol and retinoic acid on histological, 
molecular, and clinical properties of human skin. J. Cosmet. Dermatol 15 (1), 49–57. 
doi:10.1111/jocd.12193

Lavudi, K., Nuguri, S. M., Olverson, Z., Dhanabalan, A. K., Patnaik, S., 
and Kokkanti, R. R. (2023). Targeting the retinoic acid signaling pathway as 
a modern precision therapy against cancers. Front. Cell Dev. Biol. 11, 1254612. 
doi:10.3389/fcell.2023.1254612

Lebwohl, M., Menter, A., Koo, J., and Feldman, S. R. (2004). Combination therapy 
to treat moderate to severe psoriasis. J. Am. Acad. Dermatol. 50 (3), 416–430. 
doi:10.1016/j.jaad.2002.12.002

Lee, E. S., Ahn, Y., Bae, I. H., Min, D., Park, N. H., Jung, W., et al. (2020). 
Synthetic retinoid seletinoid G improves skin barrier function through wound healing 
and collagen realignment in human skin equivalents. Int. J. Mol. Sci. 21 (9), 3198. 
doi:10.3390/ijms21093198

Li, X., Zhang, L., Yin, X., Gao, Z., Zhang, H., Liu, X., et al. (2014). Retinoic acid 
remodels extracellular matrix (ECM) of cultured human fetal palate mesenchymal cells 
(hFPMCs) through down-regulation of TGF-β/smad signaling. Toxicol. Lett. 225 (2), 
208–215. doi:10.1016/j.toxlet.2013.12.013

Li, Y. Y., Ji, S. F., Fu, X. B., Jiang, Y. F., and Sun, X. Y. (2024). Biomaterial-based 
mechanical regulation facilitates scarless wound healing with functional skin appendage 
regeneration. Mil. Med. Res. 11 (1), 13. doi:10.1186/s40779-024-00519-6

Lin, X. yan, Chu, Y., Zhang, G. shan, lin, Z. H., Kang, K., Wu, M. X., et al. 
(2023). Retinoid X receptor agonists alleviate fibroblast activation and post-infarction 
cardiac remodeling via inhibition of TGF-β1/smad pathway. Life Sci. 15, 329. 
doi:10.1016/j.lfs.2023.121936

Liu, Y., Guerrero-Juarez, C. F., Xiao, F., Shettigar, N. U., Ramos, R., Kuan, C. H., 
et al. (2022). Hedgehog signaling reprograms hair follicle niche fibroblasts to a hyper-
activated state. Dev. Cell 57 (14), 1758–1775.e7. doi:10.1016/j.devcel.2022.06.005

Lopez-Ojeda, W., Pandey, A., Alhajj, M., and Oakley, A. M. (2022). “Anatomy, skin 
(integument),” in Statpearls (Treasure Island, Florida, USA: StatPearls Publishing). 
Available online at:  https://www.ncbi.nlm.nih.gov/books/NBK441980/.

Lu, Y., Zhang, Y., Pan, Z., Yang, C., Chen, L., Wang, Y., et al. (2022). Potential 
“therapeutic” effects of tocotrienol-rich fraction (TRF) and carotene “against” 
bleomycin-induced pulmonary fibrosis in rats via TGF-β/smad, PI3K/akt/mTOR and 
NF-κB signaling pathways. Nutrients 14 (5), 1094. doi:10.3390/nu14051094

Lukonin, I., Serra, D., Challet Meylan, L., Volkmann, K., Baaten, J., Zhao, R., et al. 
(2020). Phenotypic landscape of intestinal organoid regeneration. Nature 586 (7828), 
275–280. doi:10.1038/s41586-020-2776-9

Lv, Y., Yang, W., Kannan, P. R., Zhang, H., Zhang, R., Zhao, R., et al. (2024). Materials-
based hair follicle engineering: basic components and recent advances. Mater Today Bio
29, 101303. doi:10.1016/j.mtbio.2024.101303

Mambwe, B., Mellody, K. T., Kiss, O., O’Connor, C., Bell, M., Watson, R. E. B., et al. 
(2025). Cosmetic retinoid use in photoaged skin: a review of the compounds, their use 
and mechanisms of action. Int. J. Cosmet. Sci. 47, 45–57. doi:10.1111/ics.13013

Martin, P., and Nunan, R. (2015). Cellular and molecular mechanisms of 
repair in acute and chronic wound healing. Br. J. Dermatol 173 (2), 370–378. 
doi:10.1111/bjd.13954

McKesey, J., Tovar-Garza, A., and Pandya, A. G. (2020). Melasma treatment: an 
evidence-based review. Am. J. Clin. Dermatol 21 (2), 173–225. doi:10.1007/s40257-019-
00488-w

Mehta, D., and Lim, H. W. (2016). Ultraviolet B phototherapy for psoriasis: review 
of practical guidelines. Am. J. Clin. Dermatol 17 (2), 125–133. doi:10.1007/s40257-016-
0176-6

Möller-Hackbarth, K., Dabaghie, D., Charrin, E., Zambrano, S., Genové, G., Li, X., 
et al. (2021). Retinoic acid receptor responder1 promotes development of glomerular 
diseases via the nuclear factor-κB signaling pathway. Kidney Int. 100 (4), 809–823. 
doi:10.1016/j.kint.2021.05.036

Mora, J. R., Iwata, M., and von Andrian, U. H. (2008). Vitamin effects on the 
immune system: vitamins a and D take centre stage. Nat. Rev. Immunol. 8 (9), 685–698. 
doi:10.1038/nri2378

Mukherjee, S., Date, A., Patravale, V., Korting, H. C., Roeder, A., and Weindl, G. 
(2006). Retinoids in the treatment of skin aging: an overview of clinical efficacy and 
safety. Clin. Interv. Aging 1 (4), 327–348. doi:10.2147/ciia.2006.1.4.327

Nau, H. (2001). Teratogenicity of isotretinoin revisited: species variation and 
the role of all-trans-retinoic acid. J. Am. Acad. Dermatol 45 (5), S183–S187. 
doi:10.1067/mjd.2001.113720

Niederreither, K., and Dollé, P. (2008). Retinoic acid in development: towards an 
integrated view. Nat. Rev. Genet. 9 (7), 541–553. doi:10.1038/nrg2340

Ogawa, E., Sato, Y., Minagawa, A., and Okuyama, R. (2018). Pathogenesis of 
psoriasis and development of treatment. J. Dermatol 45 (3), 264–272. doi:10.1111/1346-
8138.14139

Oliveira, L. de M., Teixeira, F. M. E., and Sato, M. N. (2018). Impact of retinoic 
acid on immune cells and inflammatory diseases. Mediat. Inflamm. 2018, 3067126. 
doi:10.1155/2018/3067126

Oluwole, D. O., Diaz-Delgado, J., Buchanan, W., La Ragione, R. M., Chen, 
T., and Liu, L. X. (2024). Wound recovery efficacy of retinol based-micellar 
formulations in an organotypic skin wound model. Int. J. Pharm. 653, 123875. 
doi:10.1016/j.ijpharm.2024.123875

Osanai, M., Takasawa, A., Takasawa, K., Kyuno, D., Ono, Y., and Magara, K. (2023). 
Retinoic acid metabolism in cancer: potential feasibility of retinoic acid metabolism 
blocking therapy. Med. Mol. Morphol. 56 (1), 1–10. doi:10.1007/s00795-022-00345-6

Paichitrojjana, A., and Paichitrojjana, A. (2023). Oral isotretinoin and 
its uses in dermatology: a review. Drug Des. Dev. Ther. 17, 2573–2591. 
doi:10.2147/DDDT.S427530

Peña, O. A., and Martin, P. (2024). Cellular and molecular mechanisms of skin wound 
healing. Nat. Rev. Mol. Cell Biol. 25 (8), 599–616. doi:10.1038/s41580-024-00715-1

Pi, Z., Liu, J., Xiao, Y., He, X., Zhu, R., Tang, R., et al. (2023). ATRA ameliorates 
fibrosis by suppressing the pro-fibrotic molecule Fra2/AP-1 in systemic sclerosis. Int. 
Immunopharmacol. 121, 110420. doi:10.1016/j.intimp.2023.110420

Plikus, M. V., Guerrero-Juarez, C. F., Ito, M., Li, Y. R., Dedhia, P. H., Zheng, Y., et al. 
(2017). Regeneration of fat cells from myofibroblasts during wound healing. Sci. (n Y 
NY) 355 (6326), 748–752. doi:10.1126/science.aai8792

Pourjafar, M., Saidijam, M., Mansouri, K., Ghasemibasir, H., Karimi dermani, F., 
and Najafi, R. (2017). All-trans retinoic acid preconditioning enhances proliferation, 
angiogenesis and migration of mesenchymal stem cell in vitro and enhances wound 
repair in vivo. Cell Prolif. 50 (1), e12315. doi:10.1111/cpr.12315

Quan, T. (2023). Human skin aging and the anti-aging properties of retinol. 
Biomolecules 13 (11), 1614. doi:10.3390/biom13111614

Rankin, A. C., Hendry, B. M., Corcoran, J. P., and Xu, Q. (2013). An in vitro model 
for the pro-fibrotic effects of retinoids: mechanisms of action. Br. J. Pharmacol. 170 (6), 
1177–1189. doi:10.1111/bph.12348

Rekler, D., and Kalcheim, C. (2022). Completion of neural crest cell production and 
emigration is regulated by retinoic-acid-dependent inhibition of BMP signaling. Elife
11, e72723. doi:10.7554/eLife.72723

Reynolds, R. V., Yeung, H., Cheng, C. E., Cook-Bolden, F., Desai, S. R., Druby, K. 
M., et al. (2024). Guidelines of care for the management of acne vulgaris. J. Am. Acad. 
Dermatol 90 (5), 1006.e1–1006.e30. doi:10.1016/j.jaad.2023.12.017

Riahi, R. R., Bush, A. E., and Cohen, P. R. (2016). Topical retinoids: therapeutic 
mechanisms in the treatment of photodamaged skin. Am. J. Clin. Dermatol 17 (3), 
265–276. doi:10.1007/s40257-016-0185-5

Roeder, A., Schaller, M., Schäfer-Korting, M., and Korting, H. C. (2004). Tazarotene: 
therapeutic strategies in the treatment of psoriasis, acne and photoaging. Skin. 
Pharmacol. Physiol. 17 (3), 111–118. doi:10.1159/000077236

Susan, T., Nada, E., Pearl, G., Anna, C., Iltefat, H., Andrew, A., et al. (2023). 
Treatment recommendations for acne-associated hyperpigmentation: results of the 
delphi consensus process and a literature review. J. Am. Acad. Dermatol 89 (2), 316–323. 
doi:10.1016/j.jaad.2023.02.053

Saitou, M., Sugai, S., Tanaka, T., Shimouchi, K., Fuchs, E., Narumiya, S., et al. (1995). 
Inhibition of skin development by targeted expression of a dominant-negative retinoic 
acid receptor. Nature 374 (6518), 159–162. doi:10.1038/374159a0

Shimono, K., Tung, W. E., Macolino, C., Chi, A. H. T., Didizian, J. H., Mundy, C., et al. 
(2011). Potent inhibition of heterotopic ossification by nuclear retinoic acid receptor-γ 
agonists. Nat. Med. 17 (4), 454–460. doi:10.1038/nm.2334

Shu, P., Jiang, L., Li, M., Li, Y., Yuan, Z., Lin, L., et al. (2024). Comparison of 
five retinoids for anti-photoaging therapy: evaluation of anti-inflammatory and anti-
oxidative activities in vitro and therapeutic efficacy in vivo. Photochem Photobiol. 100 
(3), 633–645. doi:10.1111/php.13872

Siddiqui, Z., Zufall, A., Nash, M., Rao, D., Hirani, R., and Russo, M. (2024). 
Comparing tretinoin to other topical therapies in the treatment of skin photoaging: 
a systematic review. Am. J. Clin. Dermatol 25 (6), 873–890. doi:10.1007/s40257-024-
00893-w

Song, X., Liu, W., Xie, S., Wang, M., Cao, G., Mao, C., et al. (2013). All-
transretinoic acid ameliorates bleomycin-induced lung fibrosis by downregulating the 
TGF-β1/Smad3 signaling pathway in rats. Lab. Investig. J. Tech. Methods Pathol. 93 (11), 
1219–1231. doi:10.1038/labinvest.2013.108

Sorg, O., Antille, C., Kaya, G., and Saurat, J. H. (2006). Retinoids in cosmeceuticals. 
Dermatol Ther. 19 (5), 289–296. doi:10.1111/j.1529-8019.2006.00086.x

Szymański, Ł., Skopek, R., Palusińska, M., Schenk, T., Stengel, S., Lewicki, 
S., et al. (2020). Retinoic acid and its derivatives in skin. Cells 9 (12), 2660. 
doi:10.3390/cells9122660

Talwar, H. S., Griffiths, C. E., Fisher, G. J., Hamilton, T. A., and Voorhees, J. J. (1995). 
Reduced type I and type III procollagens in photodamaged adult human skin. J. Invest 
Dermatol 105 (2), 285–290. doi:10.1111/1523-1747.ep12318471

Frontiers in Cell and Developmental Biology 10 frontiersin.org

https://doi.org/10.3389/fcell.2025.1683851
https://doi.org/10.1016/s0190-9622(86)70242-9
https://doi.org/10.1016/s0190-9622(86)70242-9
https://doi.org/10.1007/s40257-019-00423-z
https://doi.org/10.1111/jocd.12193
https://doi.org/10.3389/fcell.2023.1254612
https://doi.org/10.1016/j.jaad.2002.12.002
https://doi.org/10.3390/ijms21093198
https://doi.org/10.1016/j.toxlet.2013.12.013
https://doi.org/10.1186/s40779-024-00519-6
https://doi.org/10.1016/j.lfs.2023.121936
https://doi.org/10.1016/j.devcel.2022.06.005
https://www.ncbi.nlm.nih.gov/books/NBK441980/
https://doi.org/10.3390/nu14051094
https://doi.org/10.1038/s41586-020-2776-9
https://doi.org/10.1016/j.mtbio.2024.101303
https://doi.org/10.1111/ics.13013
https://doi.org/10.1111/bjd.13954
https://doi.org/10.1007/s40257-019-00488-w
https://doi.org/10.1007/s40257-019-00488-w
https://doi.org/10.1007/s40257-016-0176-6
https://doi.org/10.1007/s40257-016-0176-6
https://doi.org/10.1016/j.kint.2021.05.036
https://doi.org/10.1038/nri2378
https://doi.org/10.2147/ciia.2006.1.4.327
https://doi.org/10.1067/mjd.2001.113720
https://doi.org/10.1038/nrg2340
https://doi.org/10.1111/1346-8138.14139
https://doi.org/10.1111/1346-8138.14139
https://doi.org/10.1155/2018/3067126
https://doi.org/10.1016/j.ijpharm.2024.123875
https://doi.org/10.1007/s00795-022-00345-6
https://doi.org/10.2147/DDDT.S427530
https://doi.org/10.1038/s41580-024-00715-1
https://doi.org/10.1016/j.intimp.2023.110420
https://doi.org/10.1126/science.aai8792
https://doi.org/10.1111/cpr.12315
https://doi.org/10.3390/biom13111614
https://doi.org/10.1111/bph.12348
https://doi.org/10.7554/eLife.72723
https://doi.org/10.1016/j.jaad.2023.12.017
https://doi.org/10.1007/s40257-016-0185-5
https://doi.org/10.1159/000077236
https://doi.org/10.1016/j.jaad.2023.02.053
https://doi.org/10.1038/374159a0
https://doi.org/10.1038/nm.2334
https://doi.org/10.1111/php.13872
https://doi.org/10.1007/s40257-024-00893-w
https://doi.org/10.1007/s40257-024-00893-w
https://doi.org/10.1038/labinvest.2013.108
https://doi.org/10.1111/j.1529-8019.2006.00086.x
https://doi.org/10.3390/cells9122660
https://doi.org/10.1111/1523-1747.ep12318471
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Wang et al. 10.3389/fcell.2025.1683851

Thompson, B., Katsanis, N., Apostolopoulos, N., Thompson, D. C., Nebert, D. W., and 
Vasiliou, V. (2019). Genetics and functions of the retinoic acid pathway, with special 
emphasis on the eye. Hum. Genomics 13 (1), 61. doi:10.1186/s40246-019-0248-9

Tierney, M. T., Polak, L., Yang, Y., Abdusselamoglu, M. D., Baek, I., Stewart, K. S., et al. 
(2024). Vitamin a resolves lineage plasticity to orchestrate stem cell lineage choices. Sci. 
(n Y NY) 383 (6687), eadi7342. doi:10.1126/science.adi7342

Torok, H. M. (2006). A comprehensive review of the long-term and short-term 
treatment of melasma with a triple combination cream. Am. J. Clin. Dermatol 7 (4), 
223–230. doi:10.2165/00128071-200607040-00003

Uw, W., and Rc, C. (1998). Pharmacokinetics of acitretin and etretinate. J. Am. Acad. 
Dermatol 39 (2 Pt 3), S25–S33. doi:10.1016/s0190-9622(98)70441-4

van de Kerkhof, P. C., and de Rooij, M. J. (1997). Multiple squamous cell carcinomas 
in a psoriatic patient following high-dose photochemotherapy and cyclosporin 
treatment: response to long-term acitretin maintenance. Br. J. Dermatol 136 (2), 
275–278. doi:10.1111/j.1365-2133.1997.tb14914.x

Vašková, J., Stupák, M., Vidová Ugurbaş, M., Židzik, J., and Mičková, H. (2025). 
Therapeutic uses of retinol and retinoid-related antioxidants. Molecules 30 (10), 2191. 
doi:10.3390/molecules30102191

Veraitch, O., Mabuchi, Y., Matsuzaki, Y., Sasaki, T., Okuno, H., Tsukashima, A., 
et al. (2017). Induction of hair follicle dermal papilla cell properties in human induced 
pluripotent stem cell-derived multipotent LNGFR(+)THY-1(+) mesenchymal cells. Sci. 
Rep. 7 (1), 42777. doi:10.1038/srep42777

Wier, E. M., and Garza, L. A. (2020). Through the lens of hair follicle neogenesis, a 
new focus on mechanisms of skin regeneration after wounding. Semin. Cell Dev. Biol.
100, 122–129. doi:10.1016/j.semcdb.2019.10.002

Wa, J., Al, R., Jj, W., S, H., A, A., Eb, W., et al. (2024). Full guidelines-from the medical 
board of the national psoriasis foundation: perioperative management of systemic 
immunomodulatory agents in patients with psoriasis and psoriatic arthritis. J. Am. 
Acad. Dermatol 91 (2), 251.e1–251.e11. doi:10.1016/j.jaad.2024.03.008

Wagner, N., Benkali, K., Alió Sáenz, A., Poncet, M., and Graeber, M. (2020). Clinical 
pharmacology and safety of trifarotene, a first-in-class RARγ-selective topical retinoid. 
J. Clin. Pharmacol. 60 (5), 660–668. doi:10.1002/jcph.1566

Wang, S., Yu, J., Kane, M. A., and Moise, A. R. (2020). Modulation of retinoid 
signaling: therapeutic opportunities in organ fibrosis and repair. Pharmacol. Ther. 205, 
107415. doi:10.1016/j.pharmthera.2019.107415

Wang, K., Wen, D., Xu, X., Zhao, R., Jiang, F., Yuan, S., et al. (2023). Extracellular 
matrix stiffness-the central cue for skin fibrosis. Front. Mol. Biosci. 10, 1132353. 
doi:10.3389/fmolb.2023.1132353

Weinstein, G. D., Koo, J. Y. M., Krueger, G. G., Lebwohl, M. G., Lowe, N. J., Menter, M. 
A., et al. (2003). Tazarotene cream in the treatment of psoriasis: two multicenter, double-
blind, randomized, vehicle-controlled studies of the safety and efficacy of tazarotene 
creams 0.05% and 0.1% applied once daily for 12 weeks. J. Am. Acad. Dermatol 48 (5), 
760–767. doi:10.1067/mjd.2003.103

Wen, L., Fan, Z., Huang, W., Miao, Y., Zhang, J., Liu, B., et al. (2025). 
Retinoic acid drives hair follicle stem cell activation via wnt/β-catenin signalling in 
androgenetic alopecia. J. Eur. Acad. Dermatol Venereol. 39 (1), 189–201. doi:10.1111/jdv.
20000

Wu, Y., Kurosaka, H., Wang, Q., Inubushi, T., Nakatsugawa, K., Kikuchi, M., et al. 
(2022). Retinoic acid deficiency underlies the etiology of midfacial defects. J. Dent. Res.
101 (6), 686–694. doi:10.1177/00220345211062049

Wu, X., Zhong, J., Jiang, J., Zou, Y., Wang, D., Chen, Z., et al. (2025). 
Endothelium-specific sensing of mechanical signals drives epidermal aging through 
coordinating retinoid metabolism. Theranostics 15 (14), 7045–7063. doi:10.7150/thno.
112299

Xia, S., Liu, Z., Cai, J., Ren, H., Li, Q., Zhang, H., et al. (2023). Liver fibrosis therapy 
based on biomimetic nanoparticles which deplete activated hepatic stellate cells. J. 
Control Release Off. J. Control Release Soc. 355, 54–67. doi:10.1016/j.jconrel.2023.01.052

Xiao, K., Wang, S., Chen, W., Hu, Y., Chen, Z., Liu, P., et al. (2024). Identification 
of novel immune-related signatures for keloid diagnosis and treatment: insights 
from integrated bulk RNA-seq and scRNA-seq analysis. Hum. Genomics 18 (1), 80. 
doi:10.1186/s40246-024-00647-z

Xiong, Y., Wu, B., Guo, X., Shi, D., Xia, H., Xu, H., et al. (2023). Galangin delivered 
by retinoic acid-modified nanoparticles targeted hepatic stellate cells for the treatment 
of hepatic fibrosis. RSC Adv. 13 (16), 10987–11001. doi:10.1039/d2ra07561j

Xue, Y., Lim, C. H., Plikus, M. V., Ito, M., Cotsarelis, G., and Garza, L. A. (2022). 
Wound-induced hair neogenesis model. J. Invest Dermatol. 142 (10), 2565–2569. 
doi:10.1016/j.jid.2022.07.013

Yoham, A. L., and Casadesus, D. (2025). “Tretinoin,” in Statpearls (Treasure Island 
(FL): StatPearls Publishing). Available online at:  http://www.ncbi.nlm.nih.gov/books/
NBK557478/.

Zasada, M., and Budzisz, E. (2019). Retinoids: active molecules influencing skin 
structure formation in cosmetic and dermatological treatments. Postepy Dermatol 
Alergol. 36 (4), 392–397. doi:10.5114/ada.2019.87443

Zhou, T. B., Drummen, G. P. C., and Qin, Y. H. (2012). The controversial role of 
retinoic acid in fibrotic diseases: analysis of involved signaling pathways. Int. J. Mol. 
Sci. 14 (1), 226–243. doi:10.3390/ijms14010226

Frontiers in Cell and Developmental Biology 11 frontiersin.org

https://doi.org/10.3389/fcell.2025.1683851
https://doi.org/10.1186/s40246-019-0248-9
https://doi.org/10.1126/science.adi7342
https://doi.org/10.2165/00128071-200607040-00003
https://doi.org/10.1016/s0190-9622(98)70441-4
https://doi.org/10.1111/j.1365-2133.1997.tb14914.x
https://doi.org/10.3390/molecules30102191
https://doi.org/10.1038/srep42777
https://doi.org/10.1016/j.semcdb.2019.10.002
https://doi.org/10.1016/j.jaad.2024.03.008
https://doi.org/10.1002/jcph.1566
https://doi.org/10.1016/j.pharmthera.2019.107415
https://doi.org/10.3389/fmolb.2023.1132353
https://doi.org/10.1067/mjd.2003.103
https://doi.org/10.1111/jdv.20000
https://doi.org/10.1111/jdv.20000
https://doi.org/10.1177/00220345211062049
https://doi.org/10.7150/thno.112299
https://doi.org/10.7150/thno.112299
https://doi.org/10.1016/j.jconrel.2023.01.052
https://doi.org/10.1186/s40246-024-00647-z
https://doi.org/10.1039/d2ra07561j
https://doi.org/10.1016/j.jid.2022.07.013
http://www.ncbi.nlm.nih.gov/books/NBK557478/
http://www.ncbi.nlm.nih.gov/books/NBK557478/
https://doi.org/10.5114/ada.2019.87443
https://doi.org/10.3390/ijms14010226
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

	1 Introduction
	2 Biological basis of retinoids in skin
	2.1 Synthesis, metabolism, and signaling of RA
	2.2 Biological effects of retinoids across skin compartments

	3 Mechanistic potential of retinoids in scarless skin healing
	3.1 Anti-fibrotic mechanisms
	3.1.1 RA and modulation of TGF-β1/smad signaling
	3.1.2 Regulation of myofibroblast differentiation and collagen deposition

	3.2 Skin appendage regeneration
	3.2.1 Role of RA in WIHN
	3.2.2 Crosstalk between RA and Wnt/β-catenin, shh, and BMP signaling


	4 Therapeutic applications and translational opportunities
	5 Conclusion and future perspective
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

