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	Abstract
Alopecia areata (AA) is a common, immune-mediated, non-scarring alopecia characterized by unpredictable hair loss and substantial psychosocial burden. Once considered a hair-restricted disorder, AA is now recognized as a systemic disease arising from complex interactions between genetic susceptibility, immune dysregulation, environmental triggers, intrinsic hair follicle vulnerabilities. Central to disease pathogenesis is the collapse of hair follicle, driven predominantly by cytotoxic CD8⁺NKG2D⁺ T cells within a Th1-skewed cytokine milieu dominated by interferon-γ and interleukin-15. Genome-wide association studies have identified multiple susceptibility loci, including HLA class II genes and immune regulatory pathways, while emerging evidence implicates hair-shaft–specific genes, oxidative stress regulators, and epigenetic modifiers, underscoring disease heterogeneity beyond classical autoimmunity. Environmental factors such as smoking, sleep disturbance, psychological stress, and microbiome dysbiosis, further modulate disease risk and severity. Advances in Trichoscopy have refined non-invasive diagnosis and disease monitoring, while therapeutic strategies have expanded from conventional corticosteroids to targeted Janus kinase inhibitors, representing a paradigm shift in disease management. However, challenges related to long-term safety, relapse, accessibility, and cost still remain. This review integrates current insights into AA pathogenesis, diagnostics, and emerging therapies, emphasizing the need for personalized, multidisciplinary, and translational approaches to improve long-term outcomes and quality of life.
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1. INTRODUCTION 

Alopecia areata (AA) is an autoimmune condition characterized by non-scarring hair loss that may affect any hair-bearing site (1). Clinical patterns vary from solitary, well-circumscribed patches to diffuse loss or complete scalp/body hair loss, and the disease course is often unpredictable with spontaneous regrowth or relapse (2,3). The lifetime incidence of AA is approximately 2% worldwide (4).  The condition manifests as the second most common hair loss disorder after androgenetic alopecia, with annual incidence rates ranging from 2.53 to 26 per 100,000 person-years depending on the population studied (5). While AA is not age-restricted, it predominantly presents before the age of 40 (6,7). The majority of research indicates that there are no appreciable differences by sex or ethnicity in the type, duration, or age of onset of AA (7). This review summarizes current knowledge of AA pathogenesis, integrating immunological, genetic, environmental, and psychosocial determinants, and discusses evolving diagnostic and therapeutic strategies with translational relevance.

2. methodology 

A comprehensive literature search was performed using electronic databases including PubMed/MEDLINE, Scopus, Web of Science, and Google Scholar. Searches were conducted using combinations of relevant keywords. Priority was given to recent publications as well as landmark studies that have significantly contributed to the understanding of alopecia areata. Reference lists of relevant articles were manually screened to identify additional pertinent studies. The retrieved literature was qualitatively analyzed and thematically organized to provide an integrated overview of current knowledge, identify areas of consensus and controversy, and highlight gaps requiring further investigation.

3. CLINICAL FEATURES
[bookmark: _Hlk219998206]Clinically, the disease manifests as well-defined round or oval patches of hair loss, with some patients exhibiting patchy alopecia affecting multiple hair-bearing sites (8). Disease severity ranges from a single localized patch to extensive scalp or body involvement. The pattern of scalp involvement may be patchy, mosaic, confluent, or diffuse (9). Another form of AA is ophiasis, which consists of a broad band of hair loss around the margin of the scalp (10). 

4. PATHOGENESIS OF ALOPECIA AREATA

4.1 Immunological Mechanisms
 Immune dysregulation, genetic vulnerability, environmental variables, and epigenetic changes are all part of the complex pathophysiology of AA. Hair follicles (HFs) are considered sites of immune privilege (IP) normally maintained by physical barriers, low expression of major histocompatibility complex (MHC) molecules, suppression of natural killer (NK) cell activity, and the local secretion of immunosuppressive molecules (11). In AA, this protective environment collapses due to the upregulation of MHC class I and II molecules, adhesion molecules, and NKG2D ligands, accompanied by elevated levels of pro-inflammatory cytokines including IFN-γ, interleukin-15, and interleukin-2 (12,13). Cytotoxic CD8⁺NKG2D⁺ T lymphocytes are the earliest immune cells to infiltrate the hair follicle microenvironment and are regarded as the principal effectors driving disease pathogenesis. These cells secrete key inflammatory mediators, including IL-2, IL-15, granzyme B (GZMB), and IFN-γ. IL-2 and IL-15 sustain the survival and activation of CD8⁺NKG2D⁺ T cells through a self-amplifying positive feedback loop, while GZMB mediates target cell cytolysis. IFN-γ plays a pivotal role in disrupting hair follicle immune privilege by activating JAK/STAT signaling pathways. NK cells, which also express NKG2D, can similarly target hair follicle cells through engagement with NKG2D ligands, paralleling the actions of CD8⁺ T cells. In addition, effector CD4⁺ T cells and NK cells contribute to disease amplification by producing IFN-γ, which stimulates the expression of chemokines such as CXCR3 and its ligands CXCL-9, CXCL-10, and CXCL-11, thereby perpetuating inflammation through recruitment of additional immune cells to the peribulbar region. Plasmacytoid dendritic cells further intensify this immune response by releasing high levels of type I interferons (IFN-α and IFN-β), promoting robust CD4⁺, CD8⁺, and NK cell–mediated immune activity against hair follicles in patients with AA (14,15).

4.2 Humoral immunity
Past studies with direct immunofluorescence have failed to show particular antibodies to epidermal cells or HFs in AA (16). Hair growth in grafted transplants of human scalp skin was not inhibited by studies that passively transferred serum from AA patients to naked mice (17). In contrast to just 44% of normal controls, Tobin et al., 1994 observed that 100% of the AA patients investigated had antibodies against pigmented HFs in their serum. High levels of autoantibodies against several anagen HF structures were found in AA patients in another investigation (19). Because different patients generate various patterns of antibodies to different HF features, it has been discovered that the antibody response to HFs in AA patients is heterogeneous. The most frequently targeted structures were the outer root sheath, followed by the matrix, inner root sheath, and hair shaft (20).

4.3 Pattern of inheritance
AA exhibits a complex, polygenic inheritance pattern, with substantial genetic contributions but lacking a simple Mendelian mode of transmission (21). Evidence shows lifetime risks of 7.1% in siblings, 7.8% in parents, and 5.7% in offspring, underscoring a heritable basis (22). In adults, the prevalence of a familial history ranges from 0% to 8.6%, while substantially higher rates of 10% to 51.6% have been documented in children (23–26).  The occurrence of the disease in identical twins (27), siblings (28) and families with affected individuals spanning multiple generations (29), indicates that AA has a heritable basis (3). 20% of patients have at least one family member with AA with higher incidence among siblings and monozygotic twins (31).  In addition, there have been reports of AA in twins, with concordance rate of up to 55% in identical twins (20).

4.4 Genetic Factors
Alopecia areata is a polygenic disorder (32). Multiple methodological strategies have been applied to understand the complex genetics of AA, including candidate gene association studies, transcriptional profiling of affected skin, and large-scale genome wide associations. Reflecting the autoimmune basis of the disease, the HLA region, which encodes MHC molecules in humans, was among the first loci identified as a major determinant of the alopecia areata phenotype (32-35). Situated on chromosome 6p, the HLA region is highly gene-dense and encodes key immune regulatory molecules (36). Findings from recent GWAS meta-analyses suggest that the HLA susceptibility signal for alopecia areata is primarily attributable to the HLA-DRB1 locus. Several GWAS in human populations have revealed 14 genetic loci associated with alopecia areata, a substantial proportion of which are involved in immune-related pathways (33,37,38). Subsequent studies revealed that several other genes are also associated with alopecia and they further validated the role of HLA region genes.   In the past few years, there has been an increased consistency in evidence revealing associations between AA and HLA class II antigens. The studies revealed a significant association of broad antigens HLA-DR4, -DR5 (antigenic subtypes -DR4 and -DR11, respectively) and -DQ3 (antigen subtypes DQ7 and DQ8) in patients with AA (39) with HLA-DR5 being linked to the early-onset form of AA and more extensive hair loss (40,41). There is a significant increase in alleles HLA-DQB1*0301 (DQ7), HLA-DQB1*03 (DQ3), and HLA-DRB1*1104 (DR11) in patients with AA.
One locus, in particular, containing the genes encoding the NK cell receptor D (NKG2D; encoded by KLRK1) ligands NKG2DL3 (encoded by ULBP3) and retinoic acid early transcript 1L protein (encoded by RAET1L; also known as ULBP6), was uniquely implicated in AA and not in other autoimmune diseases, which suggests that they play a key role in pathogenesis (37). Studies identified a significantly higher ULBP3 mRNA levels in AA patients, with positive correlations to disease duration (42,43). Indeed, this has been borne out of functional immunological studies showing that CD8+NKG2D+ T cells are the major effectors of AA disease pathogenesis. Since these cells are dependent on IL-15 signaling for their survival, accordingly a rationale was drawn for using JAK inhibitors to target the downstream effectors of this pathway (44,45). 
Among other immune related genes, the MICA (Major Histocompatibility Complex Class I Chain-Related Gene A) gene encodes a protein that plays a crucial role as a stress-induced activator for immune cells like NK cells and certain T cells. MICA gene variants MICA(*)6 and MICA(*)5.1 are significantly associated with AA (46). Short tandem repeats (STRs), were also found to be independently associated with AA (47). The PTPN22 (Protein Tyrosine Phosphatase Non-Receptor Type 22) gene is a negative regulator of T cell receptor (TCR) signaling. The T allele of the PTPN22 rs2476601 polymorphism increases AA susceptibility (48-51). CTLA4 (Cytotoxic T-lymphocyte Associated Protein 4 ) which downregulates T-cell activation, plays a significant role in AA as a key genetic susceptibility factor involving immune regulation (37,52), and its blockade in mice induces autoimmune diseases, suggesting a potential mechanism (53).  CTLA4 rs231775 variant significantly associated with AA risk, especially in males (54). Clinical studies initiated based on GWAS identifies CTLA4 as a potential therapeutic target (55,56). The IL2RA (Interleukin 2 Receptor Subunit Alpha) gene encodes the alpha subunit of the Interleukin-2 receptor, that helps regulate T-cell growth, activation, and differentiation, and shows potential association with AA. A study on the Chinese population identified significant differences in the rs3118470 polymorphism, with the C allele frequency being notably higher in AA patients (57). A subsequent Iranian study confirmed a significant association between the IL2RA polymorphism and AA susceptibility (58). The rs1701704 variant of the IKZF4 (IKAROS family zinc finger 4) gene which encodes Eos, a zinc finger transcription factor crucial for T-regulatory cell function and immune homeostasis, showed a significant association with AA across multiple studies (59,60).
ERBB3 (Erb-B2 Receptor Tyrosine Kinase 3) was also identified as a significant locus in their GWAS (59). The CT genotype of the rs1255953 polymorphism is a risk factor for AA in females (61).  Another study provided evidence for the involvement of microRNAs, specifically miR-30b/d, in the pathogenesis of AA and implicated ERBB3 as a target gene (62). Genetic variations in the inflammatory cytokine encoding gene TNF (Tumor Necrosis Factor) may influence disease susceptibility. Studies showed that rs1800629 SNP and the GA genotype of TNFα -238 G/A polymorphism is significantly associated with AA (63,64). Moreover, TNF-α levels were significantly higher in both serum and skin biopsies of AA patients (65,66). FOXP3 (forkhead box P3), is involved in T cell regulation. A study discovered the FOXP3 rs2294020-3675(A) allelic variant was associated with a 2.55-fold increased risk of AA and reduced FOXP3 gene expression in patients (67). A significant reduction in FOXP3+ T regulatory cells in AA patients was also observed (68). The variants of the cytokine coding gene IL17A (Interleukin-17A) show a modest but significant association with AA across different populations (69,70). The AIRE (Autoimmune Regulator) gene produces a transcription factor important for central immune tolerance by helping to eliminate self-reactive T-cells in the thymus to prevent autoimmune diseases. Tazi-Ahnini et al., 2002, found the AIRE G961C variant increased risk by over 3-fold for severe AA (71). Toraih et al., 2020, later confirmed a strong association with the rs2075876 variant, showing the G allele increased AA risk in a male population (72).
Autophagy related gene STX17 (Syntaxin 17) was identified as a significant susceptibility locus in a GWAS (59).  Variations in CLEC16A (C-type lectin domain family 16, member A) was also associated with AA (37), and modulates thymic epithelial cell autophagy and T cell selection, suggesting a role in immune dysregulation (73). Collectively, these associations reinforce the concept that AA arises not from immune hyperactivity alone, but from a failure of immune regulation that permits autoreactive cytotoxic responses against the HF. 
Recent genetic discoveries challenge the long-held assumption that AA is exclusively immune-driven. Variants in HF–specific genes such as CCHCR1 (Coiled-Coil Alpha-Helical Rod Protein and KRT82 (Keratin 82) implicate intrinsic follicular abnormalities in disease susceptibility. CCHCR1 is involved in HF development with a specific non-synonymous variant (rs142986308, p. Arg587Trp) associated with increased risk of AA with higher recurrence rate (74). The variant appears to impact hair keratinization and potentially contribute to an alternative AA pathogenesis mechanism beyond traditional autoimmune events (75). KRT82 encodes a hair-specific type II keratin localized exclusively to the hair shaft cuticle, and pathogenic variants are linked to decreased expression and disruption of hair shaft structural stability (76). 
Mitochondrial protein encoding gene PRDX5 (Peroxiredoxin 5) is crucial for regulating oxidative stress and is upregulated in AA HFs (37,59). Specifically, the variant rs574087 was significantly enriched and predicted to be causal in keratinocytes and melanocytes (77). Epigenetic regulator SIRT1 (Sirtuin 1) downregulation was found to be associated with immune-inflammatory responses in HF outer root sheath cells, contributing to AA development (78). The MTHFR (Methylenetetrahydrofolate Reductase) gene C677T mutation appears to be a potential susceptibility factor for AA with statistically significant genetic associations observed in a Turkish population study (79). A summary of key genetic contributors of AA is presented in Table 1. 

Table 1. Key genetic contributors to Alopecia Areata and their functional roles.
	Gene Symbol
	Chromosome
	Biological Role in AA
	Evidence Type
	Primary Reference

	HLA-DRB1
	6p21.3
	Antigen Presentation: The strongest risk locus; key in presenting hair follicle autoantigens to T-cells.
	GWAS (Meta-analysis)
	Petukhova et al. (2010)

	ULBP3
	6q25.1
	NK Cell Activation: Encodes a ligand for NKG2D; acts as a "kill me" signal on hair follicles, leading to immune privilege collapse.
	GWAS / Functional
	Petukhova et al. (2010)

	MICA
	6p21.33
	NK/CD8+ Activation: Stress-induced ligand that triggers cytotoxic attacks on the hair follicle.
	Candidate / Case-Control
	Mingorance et al. (2020)

	PTPN22
	1p13.2
	Lymphocyte Signaling: Modulates T-cell and B-cell receptor signaling; common risk factor across multiple autoimmune diseases.
	GWAS
	Petukhova et al. (2010)

	CTLA4
	2q33.2
	Immune Checkpoint: Downregulates T-cell activation; variants lead to reduced inhibition of self-reactive T-cells.
	GWAS / Candidate
	Petukhova et al. (2010)

	IL2RA
	10p15.1
	T-reg Maintenance: Essential for the development and function of Regulatory T-cells (Tregs) that suppress autoimmunity.
	GWAS
	Petukhova et al. (2010); 

	IKZF4 (Eos)
	12q13.2
	T-reg Stability: Transcription factor that maintains Treg suppressive function; linked to persistent AA.
	GWAS
	Petukhova et al. (2010)

	ERBB3
	12q13
	Cell survival and proliferation: ERBB3-driven signaling normally protects follicular keratinocytes from stress-induced apoptosis.
	GWAS
	Jagielska et al. (2012)

	TNF
	6p21.33
	Inflammation: Pro-inflammatory cytokine; serum levels correlate with disease severity and activity.
	Meta-analysis
	Gohary & Abdel Fattah (2017)

	FOXP3
	Xp11.23
	Treg Master Regulator: Essential for the development of Tregs; reduced expression found in lesional skin.
	Candidate / Functional
	Conteduca et al. (2014)

	IL17A
	6p12.2
	Th17 Immunity: Promotes neutrophilic inflammation; associated with acute/severe forms of AA.
	Serum Study
	Aytekin et al. (2015)

	AIRE
	21q22.3
	Self-Tolerance: Regulates the expression of self-antigens in the thymus; mutations lead to multiorgan autoimmunity including AA.
	Candidate / Rare Variant
	Toraih et al. (2020)

	STX17
	9q31.1
	Autophagy/Pigmentation: Involved in vesicle trafficking; linked to hair follicle survival and pigmentation (Graying/AA).
	GWAS
	Jagielska et al. (2012)

	CLEC16A
	16p13.13
	Autophagy/B-cells: Involved in mitophagy and immune cell activation pathways.
	GWAS
	Petukhova et al. (2010)

	KRT82
	12q13.13
	Hair Structure: Hair-specific type II keratin; mutations affect the structural integrity of the hair shaft in AA lesions.
	Whole Exome / Case-Control
	Erjavec et al. (2022)

	CCHCR1
	6p21.33
	Keratinization: Located in the MHC region; influences keratinocyte differentiation and hair follicle development.
	GWAS / Fine-mapping
	Oka et al. (2020)

	PRDX5
	11q13.1
	Antioxidant Defence: Protects hair follicles from oxidative stress-induced apoptosis during inflammation.
	GWAS
	Petukhova et al. (2010)

	SIRT1
	10q21.3
	Epigenetic Regulation: Deacetylase that modulates inflammatory responses and T-cell differentiation.
	Expression Study
	Hao et al. (2023)

	MTHFR
	1p36.22
	Methylation: Involved in folate metabolism; associated with altered DNA methylation patterns in AA patients.
	Case-Control / Meta-analysis
	Kalkan et al. (2013)


4.5 Lifestyle Factors
4.5.1 Smoking
Smokers show a greater risk of Alopecia than non-smokers with a hazard ratio of 1.88 with the duration and volume of tobacco smoking associated with higher AA risk (80). Studies show that cigarette smoke increases the production of several inflammatory cytokines and decreases the levels of anti-inflammatory cytokines (81). Smoking raises the frequency of IL-17-producing cells in the peripheral blood and organs and triggers Th17-mediated skin inflammation (82). The homeostasis of the HF infundibulum may be negatively impacted by an imbalance in Th17/Treg differentiation (83). Smoking also raises Th2 inflammatory cytokine IL-13 levels (84) and improves Th2 polarisation through an ERK-dependent mechanism, indicating that smoking exposure may worsen the Th2-mediated immune response in AA (85). Cigarette smoke is rich in free radicals, which can accumulate in the HF microenvironment and potentially drive the development of AA (86). 

4.5.2 Alcohol
Studies show that alcohol consumption increases inflammation (87). It has been observed that the production of IFN-γ, TGF-α, and IL-6 from lymphocytes is enhanced in persons suffering from psoriasis who consume ethanol regularly (88). However some studies had contradicting opinions and suggested that social and regular drinkers had a significantly lower risk of developing AA (80). This may be attributed top the fact that drinking alcohol in moderate levels raises the level of the anti-inflammatory protein adiponectin and dramatically lowers proinflammatory cytokines such as interleukin-1 (IL-1) receptor antagonist (IL-1RN) and IL-18, which have been previously associated with increased susceptibility to AA (89-91). 

4.5.3 Sleep
The impact of sleep disturbances on alopecia seems to be bidirectional. Multiple large-scale studies provide robust evidence for this connection. One such study found that patients with sleep disorders had a 4.70-fold increased risk of developing AA. Conversely, individuals with alopecia areata demonstrated a significantly elevated risk of both obstructive sleep apnea (aHR 3.80) and non-apnea insomnia (aHR 4.20) (92). Sánchez-Díaz et al., 2022, further demonstrated that AA patients show worse sleep scores, with poor sleep quality linked to increased anxiety, depression, and reduced quality of life (93). Rehan et al., 2022 confirmed this bidirectional association through a systematic review (94). A large-scale retrospective cohort study revealed that individuals with sleep disturbances, particularly those under 45, were more likely to develop AA (95). 

4.5.4 Psychological Stress and Quality of Life (QoL)
AA significantly impairs psychological well-being and QoL, with substantial evidence showing widespread mental health challenges across different patient populations (96). Evidence shows 77.6% of adults and 76.7% of children show QoL disturbances, and high rates of depression and anxiety (97), necessitating psychological support alongside medical treatment (98). Van Dalen et al., 2022, confirmed higher anxiety and depression rates compared to healthy controls (99). Another study found QoL impairment in over 75% of patients (100). Psychological impact of AA isn’t solely dependent on hair loss extent, and encompasses social functioning, embarrassment, and significant life decision-making, demonstrating AA’s profound psychosocial implications (101). Psychological interventions like Mindfulness-based stress reduction (MBSR), hypnotherapy, and psychotherapy combined with immunotherapy improve psychological symptoms and QoL in AA (102).

4.5.5 Oxidative Stress
Oxidative stress is a significant feature in AA, with multiple studies providing strong evidence of an imbalanced oxidant-antioxidant system (103,104). Oxidative stress biomarkers are elevated in AA patients compared to controls, suggesting a role in disease pathogenesis (105,106). Bakry et al., 2014, found significantly higher total oxidant capacity (TOC), malondialdehyde (MDA), and oxidative stress index (OSI) in AA patients compared to controls (107). A subsequent study reported higher levels of advanced glycation end products alongside reduced antioxidant enzyme levels in individuals with AA (108). One study suggests oxidative stress can induce MHC class I expression, potentially destabilizing the HF’s IP (109)

4.5.6 Microbiome
Microbiota appears to play a significant role in AA pathogenesis through inflammatory and immune dysregulation mechanisms (110). Gómez-Arias et al., 2024, found microbial imbalance correlated with AA severity scores and elevated pro-inflammatory cytokines (111). Brzychcy et al., 2022, also identified disturbed microflora in patient gut (112). Emerging evidence suggests that gut dysbiosis can compromise intestinal barrier integrity and immune tolerance by modulating regulatory T-cell responses (113). Juhasz et al., 2020, found the AA gut microbiome showed decreased Bacteroidia and increased Bacilli (114). Microbiome severely influences the collapse of IP in HFs, a major pathogenic event in AA (115). Gut microbiome and metabolome alterations impact oxidative stress, autoimmune processes, and microecological imbalance in genetically susceptible hosts (116). Microbiome manipulation could represent innovative therapeutic options for hair disorders (117). Fecal microbiota transplantation in alopecia universalis cases showed promising results highlighting the need for microbiome-targeted therapies (131). Despite compelling evidence, Gómez-Arias et al., 2024, noted that it remains unclear whether microbiota shifts are cause or consequence of hair loss.

4.6 Diagnostic Approaches
Clinical diagnosis depends on finding round patches of hair loss that do not leave scars and have specific, distinctive indications (119,120). Trichoscopy is the simple and non-invasive use of dermoscopy on the hair and scalp (121,122), facilitating diagnosis and evaluation of disease activity and severity (123). On trichoscopic examination, alopecia areata is characterized by black dots, tapering exclamation mark hairs, broken hairs, yellow dots, and clusters of short vellus hairs (124–127). Yellow dots are the predominant dermoscopic indicator of AA and correlate with more severe cases (128). Black dots are a prevalent and notable dermoscopic characteristic in AA, identified in 48.4% to 84% of patients in several studies (129,130). Nonetheless, the diagnostic importance of black dots may vary and should be evaluated in conjunction with other dermoscopic findings (131). Exclamation mark hairs are fractured, proximally tapered short hairs and are considered a distinctive marker of active AA (132). Microscopic examination indicates that these hairs exhibit unique structural alterations, characterised by asymmetrical cortical degradation where one side is compact, while the other is extensively fissured.  The hair tips often lack cuticle and have irregular profiles (19). Clustered short vellus hairs are a useful clinical indicator of AA (133). Occurrence of short vellus hairs in AA varies from 34% to 100% (122). For complex or uncertain presentations, a skin biopsy may be recommended (134).

4.7 Treatment Strategies

4.7.1 Medical Treatments

4.7.1.1 Intralesional corticosteroids
For localized alopecia areata, intralesional corticosteroids, especially triamcinolone acetonide, represent the preferred first-line treatment, particularly when scalp involvement is below 50%. Multiple studies provide strong clinical evidence that AA responds to treatment (135), and 95% achieve significant hair regrowth within 24 weeks (136). The most effective dose appears to be 2.5 to 5 mg/mL, and even lower amounts could help while causing fewer side effects (137). Individuals with exclamation mark hairs and a positive hair pull test usually show the most favorable response to treatment (135). Nonetheless, possible risks include reversible skin erosion and, with prolonged treatment, potential effects on bone mineral density (138).

4.7.1.2 Topical corticosteroids
Topical corticosteroids work by lowering the immunological attacks on HFs that are caused by CD8+ T-cells and are recommended for children and patients unable to tolerate intralesional injections (139). Paediatric studies indicate that topical corticosteroids are especially appropriate for younger, but the length of duration of the therapy is important. Studies also show that AA that lasts more than six months makes it much less likely that hair would grow back significantly (140). Limitations include moderate effectiveness and high recurrence rates, suggesting the need for further research into optimal treatment protocols.

4.7.1.3 Minoxidil
Minoxidil (Rogaine), a pyrimidine derivative, remains the sole topical agent approved by the U.S. Food and Drug Administration (FDA) for the treatment of alopecia (141). Minoxidil is a known potassium channel opener that causes cellular membrane hyperpolarization. This process results in vasodilation and angiogenesis, thereby improving oxygenation, blood flow, and nutrient delivery to HFs (142). A systematic meta-analysis found response rates of 82% for 5% topical minoxidil and 58% for concentrations less than 5% (143). 

4.7.1.4 Anthralin
Anthralin, a topical anti-psoriatic drug, may be effective in treating AA by promoting hair regrowth in mice with an AA-like disease (144). Tang et al., 2003, showed anthralin inhibits TNFα and IFN-γ while stimulating certain interleukins (145). Pediatric studies found 0.2% concentration most effective, with 10 out of 11 patients experiencing over 75% hair regrowth (146). 

4.7.1.5 Systemic corticosteroids
Systemic corticosteroids show moderate effectiveness in treating AA, with significant variability in response rates and treatment protocols. Intramuscular triamcinolone acetonide and pulse therapy were effective for AA with acceptable side effects, showing better response and relapse rates compared to oral dexamethasone (147). Oral prednisolone pulse therapy also showed efficacy in treating AA (148). A comprehensive review reported of 1,078 patients, with overall complete response rates around 43% and low relapse rates of 17% in responders (149). The addition of systemic corticosteroids enhances the therapeutic efficacy of cyclosporine in patients with severe AA (150). Key limitations include high variability in treatment protocols, inconsistent response definitions, and considerable relapse rates (151-153). 

4.7.1.6 JAK inhibitors
The JAK-STAT pathway plays a key role in the maintenance of innate and adaptive immunity, acting as an intracellular signalling mechanism for many pro-inflammatory molecules. Animal models have confirmed that JAK-STAT signalling plays a central role in the initiation of the inflammatory response in AA by inducing the production of interferon gamma (IFN-γ) and interleukin 15 (IL-15) (154). JAK inhibitors treat AA by selectively blocking this pathway, thereby suppressing T-cell mediated inflammatory responses targeting HFs (155). The mechanism involves interrupting cytokine signaling which drive autoimmune HF destruction (156,157). By inhibiting JAK proteins, these drugs can interfere with inflammatory pathways and potentially reactivate HF stem cells (154). A comprehensive meta-analysis of 289 cases revealed impressive response rates of 72.4% (158). Specifically, baricitinib has become the first FDA-approved treatment, with other inhibitors like tofacitinib, ruxolitinib, and ritlecitinib also showing promising outcomes (159,160). Evidence from preclinical and clinical studies have shown JAK inhibitors effectively reverse hair loss in moderate to severe AA (161–163), with Baricitinib, showing superior efficacy (164). Despite their transformative efficacy, JAK inhibitors present several important limitations that currently restrict their widespread and long-term use in AA (161,165,166).
4.7.2 Non- Medical Treatments
4.7.2.1 Hair transplantation
Hair transplantation is a surgical procedure in which hair-bearing tissue is harvested from donor regions and implanted into alopecic areas, most frequently for the treatment of androgenetic alopecia rather than other alopecia subtypes (167). Follicular unit strip surgery (FUSS) and follicular unit extraction (FUE) represent the two dominant surgical approaches in hair transplantation (168). Case studies demonstrate successful outcomes in stable, inactive AA (169,170). A systematic review found patients experienced moderately positive results across various AA subtypes (171). Modern techniques using FUE and linear strip excision have dramatically improved aesthetic outcomes. The procedure is now minimally invasive, with high patient satisfaction (172).  Hair transplantation offers both cosmetic and psychological benefits, improving self-esteem and emotional well-being when patient expectations and psychological risk factors are well managed (173). The application of hair transplantation in alopecia areata is restricted by limited follicular supply, suboptimal follicle survival rates, and frequent recurrence, which collectively contribute to patient dissatisfaction (174).

4.7.2.2 Psychological and Behavioral therapy
Psychological and behavioral therapy is critically required for patients with AA due to the significant psychological burden of the condition. AA patients experience higher levels of depression, anxiety, and social conflict making psychological screening is crucial (175). Alopecia is associated with low self-esteem, which in extreme cases may predispose affected individuals to suicidal behavior (176). Therapeutic interventions such as psychotherapy and cognitive behavior therapy (CBT) are used to help individuals cope with alopecia (177). Psychological interventions such as MBSR, CLBH, hypnotherapy, and psychotherapy combined with immunotherapy improve quality of life, mental health, and hair growth in AA (102). Hypnotherapy significantly improved psychological well-being in patients with refractory AA (178). Hence, a collaborative effort between dermatologists and mental health professionals is recommended for holistic care (179,180).

4.7.2.3 Nutritional support
AA has been associated with deficiencies in key micronutrients, most notably vitamin D, zinc, and folate (181). Evidence based on a case study reported that a diet and supplementation regimen rich in vitamins A and D, zinc, and other nutrients led to complete remission of AA in a pediatric patient (182). Antioxidants (vitamin A, E, & C) improve hair growth in AA by enhancing antioxidant defenses and correcting trace metal imbalances (183). Decreased serum zinc levels are associated with extensive, prolonged, and treatment-resistant AA (184). Zinc supplementation may be beneficial for AA patients with low serum zinc levels (185). Dietary patterns such as the Mediterranean diet and those rich in protein and soy may support hair health in nonscarring alopecias. Furthermore, adherence to a gluten-free diet may enhance hair growth in AA patients with celiac disease (186). Vitamin D is linked to AA and may play a role in its pathogenesis (187,188) and vitamin D analogs show promise in treatment, particularly when combined with corticosteroids (189). An overview of current therapeutic strategies for alopecia areata, categorized according to mechanism of action, clinical efficacy, and key limitations, is summarized in Table 2.

Table 2. Therapeutic strategies for Alopecia Areata

	Therapeutic Category
	Treatment Modality
	Primary Mechanism
	Clinical Efficacy
	Limitations

	Local Immunomodulation
	Intralesional corticosteroids
	Local suppression of perifollicular T-cell inflammation
	High efficacy in localized AA
	Pain, skin atrophy, relapse

	
	Topical corticosteroids
	Reduction of CD8⁺ T-cell–mediated attack
	Mild–moderate efficacy
	High recurrence, limited penetration

	Follicular Stimulation
	Topical minoxidil
	Vasodilation, potassium channel activation
	Moderate; adjunctive benefit
	Limited efficacy in extensive AA

	Topical Immunotherapy
	Anthralin
	Cytokine modulation; immune deviation
	Variable; useful in severe AA
	Irritation, compliance issues

	Systemic Immunosuppression
	Systemic corticosteroids
	Broad immune suppression
	Moderate–high (short-term)
	Relapse, systemic toxicity

	
	Cyclosporine
	T-cell activation inhibition
	Effective in severe AA
	Nephrotoxicity, relapse

	Targeted Immunotherapy
	JAK inhibitors (baricitinib, tofacitinib, ruxolitinib)
	IFN-γ / IL-15 signaling blockade
	High in moderate–severe AA
	Relapse on withdrawal, safety, cost

	Surgical Approaches
	Hair transplantation
	Follicular unit redistribution
	Cosmetic benefit in stable AA
	Recurrence, limited donors

	Psychological Interventions
	CBT, MBSR, hypnotherapy
	Stress axis modulation
	Improves QoL, adjunctive
	Supportive, not curative

	Nutritional & Adjunctive Therapy
	Micronutrients, antioxidants
	Correction of deficiencies, redox balance
	Variable; adjunctive
	Limited high-quality evidence




4. discussion

Alopecia areata is regarded as an immune-mediated disease arising from a convergence of genetic susceptibility, immune dysregulation, and tissue-specific vulnerability of the HF. Accumulating evidence strongly supports the collapse of HF IP as the central pathogenic event, driven primarily by cytotoxic CD8⁺NKG2D⁺ T cells operating within a Th1-skewed cytokine environment dominated by IFN-γ and IL-15. Importantly, this mechanism has been functionally validated in both murine and human xenograft models, providing causal evidence for T-cell–mediated follicular destruction. From a genetic standpoint, AA clearly exhibits a complex polygenic architecture rather than a single dominant pathogenic pathway. GWAS have consistently identified strong signals within the HLA class II region, reinforcing the importance of antigen presentation and adaptive immune activation. However, the presence of AA-specific loci, particularly those encoding NKG2D ligands distinguishes AA from other autoimmune diseases and suggests disease-specific mechanisms of immune activation. Additionally, a growing body of evidence implicating non-immune genes involved in hair shaft formation, keratinization, oxidative stress regulation, and epigenetic control. The involvement of genes such as CCHCR1 and KRT82 challenges the long-standing assumption that AA is driven exclusively by immune dysfunction and instead supports a model in which intrinsic follicular fragility may predispose HFs to immune attack.
Environmental and lifestyle factors further influence disease manifestation and severity, although their exact role remains yet to be determined. Smoking, sleep disruption, psychological stress, and oxidative imbalance are consistently correlated with AA. However, current evidence indicates that these factors primarily act as disease modifiers rather than primary initiators. The emerging role of the gut and scalp microbiome adds another layer of complexity, linking microbial dysbiosis to immune tolerance breakdown and inflammatory amplification. However, whether microbiome alterations represent a cause or consequence of AA remains unresolved, underscoring the need for further mechanistic studies. Diagnostic advances in trichoscopy, has significantly improved non-invasive disease recognition and monitoring. Trichoscopic markers provide insights into disease activity and prognosis.  Therapeutically, the management of AA by conventional treatments including corticosteroids and systemic immunosuppressants remain valuable, particularly in localized disease, but are limited by high relapse rates and lack of long-term effect. The emergence of JAK inhibitors represents a paradigm shift, offering targeted interruption of key inflammatory pathways central to AA pathogenesis. Clinical trials and real-world data show that the drug works well for moderate to severe disease, however clinicians remain concerned about long-term safety, relapse after stopping the drug, high cost, and limited availability. These limitations underscore the necessity for biomarkers that can forecast treatment response and facilitate personalized therapy. Beyond biological mechanisms and therapeutic advances, the profound psychosocial burden of AA needs to be equally considered. The unpredictable disease course, visible hair loss, and frequent relapse contribute to anxiety, depression, and impaired quality of life, emphasizing the necessity of holistic management strategies that integrate dermatologic care with psychological and behavioral support.
5. Conclusion

In conclusion, while recent advances, particularly in immunogenetics and targeted therapy, have transformed the conceptual and clinical landscape of AA, significant gaps remain. Future research must prioritize longitudinal cohort studies, functional validation of genetic risk loci, microbiome-immune interactions, and the development of safer, more accessible long-term therapies. A multidisciplinary, patient-centered approach is essential to translating mechanistic insights into durable clinical benefit and improved quality of life for individuals living with AA.
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