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Abstract: Autoimmune-induced alopecia, such as alopecia areata, involves immune-
mediated damage to hair follicles, leading to significant hair loss. Emerging therapies
that stabilize hypoxia-inducible factor 1-alpha (HIF-1α) show promise in counteracting
follicular degradation and supporting hair regrowth. This communication highlights the
potential of iron chelators, specifically deferoxamine (DFO) and deferiprone (DFP), to
stabilize HIF-1α by reducing iron availability, thereby promoting vascularization, cellular
proliferation, and a regenerative environment in the hair follicle niche. Clinical trials with
iron chelators demonstrated improvements in hair density, thickness, and elasticity, as well
as a reduction in hair loss by up to 66.8% over six months. These findings underscore
the therapeutic potential of iron chelators in autoimmune alopecia management. Future
research should explore the synergistic use of iron chelators with immune-modulating
therapies, positioning them as viable options in the evolving field of alopecia treatment.
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Autoimmune–Induced Alopecia, HIF–1 Modulation and Iron Chelators
Autoimmune-induced alopecia, which includes alopecia areata (AA) and cicatricial

alopecia, is the condition in which the immune system erroneously targets hair follicles,
leading to progressive hair loss [1]. Current therapeutic approaches, such as corticosteroids
and immunosuppressive agents, provide limited efficacy and are often accompanied by
lifelong undesirable side effects, particularly after long-term use. This therapeutic gap
is driving the development of novel, targeted therapies aimed at modulating immune
responses and promoting hair follicle resilience and regeneration. Among these emerging
therapies, iron chelators have gained attention for their ability to stabilize hypoxia-inducible

J. Clin. Med. 2025, 14, 2133 https://doi.org/10.3390/jcm14072133

https://doi.org/10.3390/jcm14072133
https://doi.org/10.3390/jcm14072133
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcm
https://www.mdpi.com
https://orcid.org/0000-0001-5798-8003
https://orcid.org/0000-0003-2496-2653
https://orcid.org/0000-0003-2454-2499
https://doi.org/10.3390/jcm14072133
https://www.mdpi.com/article/10.3390/jcm14072133?type=check_update&version=1


J. Clin. Med. 2025, 14, 2133 2 of 5

factor 1-alpha (HIF-1α), a crucial transcription factor in cellular repair and follicular regen-
eration [2,3]. Due to our interest and research focus on iron chelators in recent years, we
have decided to share our perspective on the potential impact of iron-chelating agents in
autoimmune alopecia.

Hair loss in autoimmune alopecia involves a multifaceted interplay of immune dys-
regulation, follicular miniaturization, and an impaired dermal microenvironment. Inflam-
mation induced by autoimmune processes disrupts the hair growth cycle, prolonging the
telogen (resting) phase and preventing re-entry into the anagen (active growth) phase [2].
HIF-1α, activated under hypoxic conditions, has been identified as a pivotal regulator of
follicular function due to its role in upregulating genes involved in angiogenesis, cellu-
lar proliferation, and extracellular matrix production. However, in autoimmune alope-
cia, inflammation often leads to reduced oxygenation and nutrient supply to the dermal
papilla—a critical structure supporting hair follicle health—thereby compromising HIF-1α
activity and follicular vitality [1]. Beyond hypoxia, systemic iron homeostasis also influ-
ences follicular health. While low serum ferritin is linked to chronic telogen effluvium
and alopecia areata, excess iron can drive oxidative stress via Fenton reactions, generating
reactive oxygen species (ROS) that exacerbate follicular inflammation. Dysregulation of
transferrin saturation and hepcidin levels may further contribute to immune dysfunction in
hair loss disorders. Given their iron-sequestering properties, iron chelators could mitigate
oxidative damage while modulating inflammatory responses in alopecia [4].

Iron chelators, such as Deferoxamine (DFO) and Deferiprone (DFP), offer a novel
therapeutic approach by stabilizing HIF-1α levels. These agents inhibit prolyl-hydroxylase
(PHD), an enzyme responsible for HIF-1α degradation under normoxic conditions
[Figure 1]. We previously demonstrated that the reduction of local iron concentrations
creates a hypoxia-mimetic environment that fosters dermal regeneration. This mechanism
triggers a cascade of regenerative processes resembling those observed in wound healing,
including enhanced neovascularization, collagen synthesis, and, primarily, fibroblast ac-
tivity in aged fibroblasts [3]. In addition to these effects, HIF-1α stabilization may also
modulate hair follicle stem cell (HFSC) populations, which are crucial for hair follicle
cycling and sustained hair growth. HFSCs, residing in the bulge region of the follicle, are
responsible for initiating the transition from telogen (resting phase) to anagen (growth
phase). Recent studies suggest that hypoxic conditions enhance HFSC function by stabiliz-
ing HIF-1α, leading to the upregulation of growth factors such as VEGF and IGF-1, which
are essential for stem cell proliferation, differentiation, and follicular regeneration [5,6]. By
creating a hypoxia-mimetic environment, iron chelators could indirectly support HFSC
survival and activation, thereby improving follicular regeneration and hair quality. Further
research is needed to determine whether the regenerative effects of deferoxamine and
deferiprone directly influence HFSCs or are mediated through paracrine signaling from
fibroblasts and endothelial cells. Such effects could also regenerate the damage caused by
autoimmune inflammation and, by proxy, restore a favorable microenvironment for hair
follicle growth.

Recent clinical trials have begun to substantiate the therapeutic potential of iron
chelators in hair and skin rejuvenation. Notably, a blinded study conducted by our group
demonstrated significant clinical improvements in patients with androgenic alopecia (AGA).
Over a nine-month period, participants experienced measurable benefits, including a 66.8%
reduction in hair shedding after six months and increases in hair density (+14.3%), thickness
(+7.2%), and shine and elasticity (+20.3%). These findings highlight the efficacy of HIF-1α
modulation in improving hair quality and reducing hair loss [7].
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Figure 1. HIF Modulation through iron chelators. Both oxygen and the absence of iron are factors 
that influence HIF. In the presence of iron, HIF-1 alpha is rapidly degraded by pVHL. Conversely, 
in the absence of iron, HIF-1 alpha is stabilized, binds to the Beta subunit, and activates more than 
100 downstream genes. 

Iron chelators offer multiple advantages over traditional therapies. Beyond 
stabilizing HIF-1α, they mitigate oxidative stress by binding iron ions, thereby reducing 
the formation of reactive oxygen species (ROS) that exacerbate follicular inflammation 
and degeneration. Iron chelators may also exert immunomodulatory effects by 
influencing macrophage polarization and cytokine expression. By reducing intracellular 
iron, they can shift macrophages toward an anti-inflammatory M2 phenotype and 
suppress NF–κB signaling, thereby decreasing levels of TNF-α and IL-15, key cytokines 
involved in autoimmune follicular destruction. This suggests that iron chelation may not 
only promote regeneration but also attenuate immune-mediated damage in alopecia. 

This dual mechanism positions iron chelators as a potential approach to address both 
the inflammatory and degenerative aspects of autoimmune alopecia. Furthermore, the 
safety and tolerability of iron chelation therapy, as evidenced by our most recent clinical 
trial, present significant advantages [7]. Unlike systemic immunosuppressants or 
corticosteroids, topical application of iron chelators minimizes systemic exposure and 
delivers direct benefits to affected hair follicles, reducing the risk of adverse effects. 

The promising results of iron chelation therapy suggest potential applicability for 
autoimmune-induced alopecia, particularly when combined with other treatments. For 
instance, integrating iron chelators with Janus kinase (JAK) inhibitors, known for their 
immunomodulatory effects, may provide synergistic benefits in conditions like alopecia 
areata [8]. Recent studies have highlighted the effectiveness of selective JAK3 inhibitors 
such as Ritlecitinib, which demonstrated significant hair regrowth in patients with severe 
AA. Clinical trials have reported that up to 50% of patients achieved a SALT30 score (scalp 
hair loss ≤ 30%) after 24 weeks of treatment, along with improvements in eyelash and 
eyebrow growth. In another manuscript of King et al. [9], it was reported that promising 
results have led to the FDA approval of Baricitinib, a selective JAK1/JAK2 inhibitor, for 
the treatment of severe alopecia areata. This medication has demonstrated significant 
efficacy in clinical trials, showing substantial hair regrowth not only on the scalp but also 
on eyelashes and eyebrows. Baricitinib’s approval marks a significant milestone, 
providing an effective option for patients with refractory AA [8]. 

Additionally, autoimmune alopecia may be exacerbated by systemic inflammatory 
conditions, as evidenced by cases reported by Krivda et al. [10] of extensive alopecia areata 

Figure 1. HIF Modulation through iron chelators. Both oxygen and the absence of iron are factors
that influence HIF. In the presence of iron, HIF-1 alpha is rapidly degraded by pVHL. Conversely,
in the absence of iron, HIF-1 alpha is stabilized, binds to the Beta subunit, and activates more than
100 downstream genes.

Iron chelators offer multiple advantages over traditional therapies. Beyond stabi-
lizing HIF-1α, they mitigate oxidative stress by binding iron ions, thereby reducing the
formation of reactive oxygen species (ROS) that exacerbate follicular inflammation and
degeneration. Iron chelators may also exert immunomodulatory effects by influencing
macrophage polarization and cytokine expression. By reducing intracellular iron, they can
shift macrophages toward an anti-inflammatory M2 phenotype and suppress NF–κB signal-
ing, thereby decreasing levels of TNF-α and IL-15, key cytokines involved in autoimmune
follicular destruction. This suggests that iron chelation may not only promote regeneration
but also attenuate immune-mediated damage in alopecia.

This dual mechanism positions iron chelators as a potential approach to address
both the inflammatory and degenerative aspects of autoimmune alopecia. Furthermore,
the safety and tolerability of iron chelation therapy, as evidenced by our most recent
clinical trial, present significant advantages [7]. Unlike systemic immunosuppressants
or corticosteroids, topical application of iron chelators minimizes systemic exposure and
delivers direct benefits to affected hair follicles, reducing the risk of adverse effects.

The promising results of iron chelation therapy suggest potential applicability for
autoimmune-induced alopecia, particularly when combined with other treatments. For
instance, integrating iron chelators with Janus kinase (JAK) inhibitors, known for their
immunomodulatory effects, may provide synergistic benefits in conditions like alopecia
areata [8]. Recent studies have highlighted the effectiveness of selective JAK3 inhibitors
such as Ritlecitinib, which demonstrated significant hair regrowth in patients with severe
AA. Clinical trials have reported that up to 50% of patients achieved a SALT30 score (scalp
hair loss ≤ 30%) after 24 weeks of treatment, along with improvements in eyelash and
eyebrow growth. In another manuscript of King et al. [9], it was reported that promising
results have led to the FDA approval of Baricitinib, a selective JAK1/JAK2 inhibitor, for
the treatment of severe alopecia areata. This medication has demonstrated significant
efficacy in clinical trials, showing substantial hair regrowth not only on the scalp but also
on eyelashes and eyebrows. Baricitinib’s approval marks a significant milestone, providing
an effective option for patients with refractory AA [8].

Additionally, autoimmune alopecia may be exacerbated by systemic inflammatory
conditions, as evidenced by cases reported by Krivda et al. [10] of extensive alopecia
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areata following drug-induced hypersensitivity syndrome (DIHS/DRESS). This under-
scores the importance of considering systemic inflammatory triggers when developing
treatment protocols. The potential interplay between immune dysregulation, follicular
damage, and systemic inflammation suggests that stabilizing HIF-1α in combination with
immunomodulatory agents may offer a comprehensive therapeutic strategy.

Beyond alopecia, iron chelators have potential applications in other dermatologic
conditions involving hypoxic stress or chronic inflammation. Conditions such as psoriasis,
rosacea, and even chronic wounds may benefit from the regenerative effects of HIF-1α
stabilization [11,12]. Future research should focus on large-scale, randomized controlled
trials to validate the long-term efficacy and safety of iron chelation therapy across diverse
patient populations. An important consideration for the clinical application of iron chelation
therapy is its potential for personalized treatment approaches. Given the variability in
autoimmune alopecia presentation and progression, identifying biomarkers and patient-
specific factors could help optimize therapeutic outcomes. Genetic predisposition, systemic
iron levels, and inflammatory markers may play a role in determining responsiveness to
iron chelators. For instance, variations in genes regulating iron metabolism, such as HFE or
FPN–1, have been implicated in differential iron homeostasis and could influence patient
responses to chelation therapy [13]. Additionally, patients with elevated oxidative stress or
hypoxia-related dysregulation—measured via serum ferritin, transferrin saturation, or HIF-
1α expression levels—might benefit more from iron chelation strategies. Disease severity
may also help tailor treatment protocols by identifying those who require combination
therapies, such as iron chelators with JAK inhibitors [14,15].

Novel research exploring molecular and genetic predictors of response could facilitate
personalized treatment strategies, maximizing benefits for individual patients. Investigat-
ing the downstream signaling pathways of HIF-1α activation and identifying biomarkers
associated with therapeutic response may further refine and expand the clinical utility of
this innovative approach.

While direct studies on JAK inhibitors and iron chelators in alopecia are lacking, ox-
idative stress is known to enhance JAK–STAT signaling in autoimmune diseases. Since
iron chelators reduce ROS and inflammation, their combination with JAK inhibitors could
enhance therapeutic efficacy. Investigating the interplay between iron metabolism, immune
modulation, and JAK–STAT pathway activation may provide new insights for optimiz-
ing treatment strategies in severe alopecia. These approaches, targeting both immune
modulation and iron homeostasis, offer promising avenues for enhancing hair regrowth
and improving patient outcomes. With the growing body of evidence supporting their
efficacy, future research should prioritize optimizing treatment regimens and exploring
combination therapies to achieve maximal therapeutic benefit in patients suffering from
autoimmune alopecia.
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