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Abstract

Vitiligo is an acquired depigmenting disorder in which melanocyte loss has traditionally
been interpreted through an autoimmune lens. However, immune activation alone does
not fully explain why melanocytes become selectively vulnerable, why oxidative stress is
frequently detected in association with depigmentation, or why some patient subgroups ex-
hibit systemic metabolic abnormalities. This narrative review provides a targeted synthesis
of current mechanistic, translational, and clinical evidence to propose a clinical bioenerget-
ics framework for vitiligo. We integrate findings supporting a convergence model in which
mitochondrial stress, redox imbalance, mitochondrial DNA (mtDNA) release, innate im-
mune sensing, adaptive cytotoxicity, and systemic metabolic context act as interconnected
processes rather than independent pathways. Particular emphasis is placed on mtDNA-
mediated immune activation through cyclic GMP-AMP synthase-stimulator of interferon
genes (cGAS–STING) signaling as a plausible mechanistic link between oxidative damage
and autoimmune amplification. We further discuss candidate biomarker domains including
oxidative stress, antioxidant defense, mitochondrial integrity, mtDNA-related variables,
immune mediators, and metabolic indices and examine how their combined assessment
could support biomarker-guided phenotyping, patient stratification, metabolic surveillance,
and the design of precision-oriented therapeutic studies. Mitochondrial dysfunction is not
presented as a universal cause of vitiligo, but as a disease-amplifying interface that offers a
clinically relevant framework for understanding disease heterogeneity and guiding future
translational research.

Keywords: vitiligo; clinical bioenergetics; melanocyte; mitochondrial dysfunction;
oxidative stress; mitochondrial DNA; cGAS-STING; immune activation; metabolic
syndrome; biomarkers; biomarker validation; treatment response; precision medicine
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1. Introduction
Vitiligo is a chronic acquired depigmenting disorder characterized by well-demarcated

hypopigmented or amelanotic macules resulting from melanocyte dysfunction and pro-
gressive melanocyte loss. Current epidemiological modeling estimates a global lifetime
prevalence of approximately 0.36%, although estimates vary by population, geography,
ascertainment method, and clinical definition. Clinically, vitiligo includes non-segmental,
segmental, and mixed forms, with non-segmental vitiligo representing the most common
autoimmune-associated phenotype [1–3].

The autoimmune model has substantially advanced the field. Melanocyte-specific
CD8+ T cells, interferon gamma (IFN-γ)-related signaling, C-X-C motif chemokine ligand
9 and 10 (CXCL9/CXCL10) networks, Janus kinase/signal transducer and activator of
transcription (JAK/STAT) activation, and tissue-resident memory T (TRM) cells are now
recognized as important contributors to lesion activity, persistence, and recurrence [4,5].
This immunological progress has also supported targeted therapies, including topical
JAK inhibition, which has demonstrated repigmentation benefits in randomized phase
3 trials [6].

A concise immune context is important for positioning the proposed bioenergetic
framework. IFN-γ-driven CXCL9/CXCL10-C-X-C motif chemokine receptor 3 (CXCR3)
signaling promotes recruitment and positioning of melanocyte-reactive CD8+ T cells,
whereas TRM cells and interleukin 15 (IL-15)-related signaling contribute to persistence
and recurrence. Innate stress signals, including inducible heat shock protein 70 (iHSP70)
and nucleic-acid sensing pathways, may provide upstream signals connecting epidermal
injury with adaptive cytotoxicity. These pathways are also relevant to established treatment
biology: the clinical activity of JAK inhibition supports the importance of IFN-related
signaling, while the upstream triggers that sustain or reactivate this immune circuit remain
incompletely defined [4–9].

However, an exclusively immune-centered interpretation may be incomplete. It does
not fully account for why melanocytes become selectively vulnerable, why oxidative
and organellar stress are repeatedly detected in vitiligo-prone contexts, or why some
patients show systemic inflammatory and metabolic abnormalities. Oxidative stress and
mitochondrial dysfunction have therefore been revisited not as competing explanations, but
as upstream, parallel, or bidirectionally amplifying processes that may lower the threshold
for immune activation and melanocyte loss [10–12].

This review proposes a clinical bioenergetics framework for vitiligo based on a conver-
gence hypothesis. In this model, mitochondrial stress, redox imbalance, mtDNA release,
innate immune sensing, adaptive cytotoxicity, and systemic metabolic risk are consid-
ered interacting processes rather than independent compartments. The framework is
intentionally conservative: it does not claim that mitochondrial dysfunction is a universal
cause of vitiligo or that bioenergetic biomarkers are ready for routine care. Instead, it
organizes emerging evidence into a clinically oriented and testable convergence model link-
ing melanocyte stress, mtDNA-mediated innate sensing, adaptive immune amplification,
systemic metabolic context, and candidate biomarker domains (Figure 1).

To support this synthesis, a targeted literature search was conducted in PubMed/
MEDLINE, Scopus, and Web of Science for peer-reviewed articles available through
July 2026, without a publication-date restriction. Search terms were combined around
the concepts of “vitiligo,” “melanocyte,” “mitochondria” or “mitochondrial dysfunction,”
“oxidative stress,” “mitochondrial DNA” or “mtDNA,” “cGAS–STING,” “innate immu-
nity,” “biomarkers,” “metabolic syndrome,” and “prediction model.” Priority was given to
original human studies, clinical trials, systematic reviews, meta-analyses, and mechanistic
experimental studies directly relevant to the proposed immune-bioenergetic framework.
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Reference lists of selected articles were also screened to identify additional pertinent stud-
ies. Evidence from other diseases was considered only when vitiligo-specific data were
insufficient to contextualize a mechanism. Because the objective was a focused interpre-
tive synthesis rather than a systematic review, no formal meta-analysis or risk-of-bias
assessment was performed.

Figure 1. Conceptual immune-bioenergetic convergence model for vitiligo. (1) Genetic susceptibility
and environmental, cellular, and psychological stressors may promote (2a) redox imbalance, mito-
chondrial dysfunction, and reduced adaptive capacity in melanocytes. (3) Melanocyte damage may
favor the release of mitochondrial DNA (mtDNA) and other damage-associated molecular patterns
(DAMPs), which can activate (4) cGAS–STING and other innate nucleic-acid sensors, inducing type I
interferons and pro-inflammatory cytokines. These signals may support (5) chemokine-mediated
recruitment and expansion of melanocyte-reactive CD8+ cytotoxic T cells, leading to melanocyte
destruction. (6) Tissue-resident memory T cells (TRM) may contribute to disease persistence and
recurrence, whereas (2b) systemic oxidative, inflammatory, and metabolic abnormalities may act as
background amplifiers. The model also identifies (7) candidate oxidative, mitochondrial, mtDNA-
related, immune, and metabolic biomarker domains for future patient stratification, disease-activity
monitoring, recurrence prediction, and evaluation of therapeutic response. Solid arrows represent the
proposed sequence of events, whereas dashed arrows indicate amplifying or feedback relationships.
The framework is conceptual and does not imply that all mechanisms occur uniformly in every
patient or that the proposed biomarkers are currently validated for routine clinical use. Created with
BioRender.com. The cellular compartments represented in the framework should be interpreted
separately: mitochondrial/redox stress is centered on melanocytes, mtDNA release may arise from
melanocytes or keratinocytes depending on the model, and downstream sensing/effector responses
involve innate immune cells and melanocyte-reactive CD8+ T cells.

To our knowledge, this is the first review to integrate mitochondrial stress, mtDNA-
mediated innate immune activation, systemic metabolic context, and biomarker validation
and clinically relevant prediction into a unified clinical bioenergetics framework for vitiligo.

2. Mitochondrial Stress and Melanocyte Bioenergetic Vulnerability
Mitochondria regulate oxidative phosphorylation, redox balance, calcium handling,

apoptosis, innate immune signaling, and cellular adaptation to stress. In melanocytes,
these functions are especially relevant because pigmentation is metabolically demanding
and chemically redox-active. Human pigmentation evolved in relation to ultraviolet
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radiation gradients, while melanogenesis requires tyrosinase activity, oxidation reactions,
substrate availability, melanosome maturation, and coordinated melanosome transfer to
keratinocytes [13–15].

This biological context may make melanocytes particularly sensitive to redox disequi-
librium. Under physiological conditions, antioxidant enzymes, mitochondrial dynamics, au-
tophagy, mitophagy, endoplasmic reticulum quality control, and keratinocyte–melanocyte
communication help maintain homeostasis. In vitiligo-prone melanocytes, this adaptive
capacity may be insufficient under repeated ultraviolet exposure, chemical triggers, friction,
inflammatory mediators, or systemic metabolic stress [10–12].

Oxidative stress may provide an upstream link between melanocyte susceptibility
and mitochondrial dysfunction. Excessive generation or insufficient detoxification of
reactive oxygen species (ROS), particularly hydrogen peroxide (H2O2), can overwhelm
melanocyte antioxidant defenses and promote oxidative modification of lipids, proteins,
and nucleic acids. Impaired activation of the nuclear factor erythroid 2-related factor
2 (Nrf2)/antioxidant response element (ARE) pathway has been demonstrated in vitiligo
melanocytes exposed to oxidative stress, with reduced Nrf2 nuclear translocation and
transcriptional activity and decreased downstream antioxidant responses [16]. Alterations
in catalase and other antioxidant defenses may further reduce the capacity to adapt to
sustained oxidative challenge [10,11].

Mitochondria may subsequently function as both targets and amplifiers of this redox
imbalance. Oxidative injury to mitochondrial membranes and respiratory-chain compo-
nents can impair membrane potential and oxidative phosphorylation, while dysfunctional
electron transport may further increase mitochondrial reactive oxygen species (mtROS) gen-
eration. This establishes a potential feed-forward cycle in which oxidative injury promotes
mitochondrial dysfunction and mitochondrial dysfunction further increases intracellular
oxidative burden [12].

Mitochondrial quality control may determine whether oxidative injury remains re-
versible or progresses toward persistent organelle dysfunction. Fission and fusion regu-
late segregation and complementation of damaged mitochondrial components, whereas
mitophagy removes mitochondria that cannot be adequately repaired. Sirtuin 3 (SIRT3)-
optic atrophy 1 mitochondrial dynamin-like GTPase (OPA1)-dependent remodeling has
been implicated in oxidative stress-induced melanocyte degeneration in vitiligo [17], and
mitophagy-related signatures have been associated with immune infiltration [18]. PTEN-
induced kinase 1 (PINK1)/Parkin RBR E3 ubiquitin protein ligase (PRKN)-dependent
mitophagy provides an additional mechanistic framework for selective clearance of de-
polarized mitochondria; however, direct evidence that defective PINK1/PRKN-Parkin
signaling causes cytosolic mtDNA accumulation in human vitiligo remains limited. Fail-
ure of mitochondrial quality control should therefore be considered a plausible amplifier
requiring direct validation rather than an established universal defect [19].

The evidence should nevertheless be interpreted with caution. Altered mitochondrial
morphology, impaired membrane potential, defective oxidative phosphorylation, increased
mitochondrial reactive oxygen species, and insufficient antioxidant responses have been
reported or proposed in vitiligo-related models, but heterogeneity in sample source, disease
stage, and experimental design limits direct clinical extrapolation [10–12]. Therefore,
mitochondrial stress is best framed as a potential disease-amplifying interface rather than
a single initiating defect.

Specific mechanistic studies support this cautious interpretation. Yi et al. showed
that SIRT3-dependent mitochondrial dynamics remodeling contributes to oxidative
stress-induced melanocyte degeneration, implicating the SIRT3-OPA1 axis in mitochon-
drial resilience [17]. Bioinformatic evidence has also suggested a relationship between
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mitophagy-related signatures and immune infiltration in vitiligo, although these findings
require experimental and clinical validation [18]. Together, these studies suggest that
melanocyte survival may depend not only on antioxidant capacity, but also on mitochon-
drial turnover, repair, and adaptation.

Current evidence does not establish a uniform temporal sequence. Mitochondrial
dysfunction may act as an early stress-related event or participate in reciprocal amplification
with inflammatory injury, depending on the experimental and clinical context [10–12,17,18].

Persistent redox imbalance may also affect mitochondrial genome stability. Because
mtDNA is located close to the respiratory chain and is comparatively exposed to oxidative
injury, sustained H2O2 accumulation, lipid peroxidation, and impaired antioxidant adapta-
tion may favor mtDNA damage together with loss of mitochondrial membrane integrity.
In vitiligo models, oxidative stress has been linked to cytosolic mtDNA accumulation,
and voltage-dependent anion channel 1 (VDAC1)-associated mitochondrial membrane
permeabilization has emerged as one route through which mtDNA may escape into the
cytosol [20,21]. These observations provide a mechanistic transition from redox and mi-
tochondrial injury to innate nucleic-acid sensing, although the prevalence and temporal
importance of this process in patients remain unresolved.

3. mtDNA-Mediated Immune Activation: A Plausible Bridge
to Autoimmunity

A central unresolved question is how intracellular stress in the epidermal unit becomes
an immune-mediated depigmenting process. mtDNA-mediated immune activation pro-
vides a plausible bridge. Because mtDNA retains immunostimulatory features related to its
bacterial ancestry, its release into the cytosol or extracellular compartment can function as a
danger-associated molecular pattern capable of activating DNA-sensing pathways [22].

Recent studies have strengthened the relevance of this mechanism in vitiligo. Ox-
idative stress-related mtDNA release has been associated with autoimmune activation
in vitiligo and with therapeutic hypotheses aimed at interrupting stress-to-immunity
signaling [20]. Additional work has suggested that oxidative stress can promote mtDNA ac-
cumulation and release from keratinocytes and vascular endothelial cells, with downstream
activation of cGAS-STING signaling in monocytes [23]. A complementary melanocyte-
centered study reported that the cytosolic mtDNA-cGAS-STING axis may contribute to
melanocyte pyroptosis and CD8+ T-cell activation [24]. More recently, keratinocyte-derived
mtDNA release through VDAC1-dependent mechanisms was proposed as- a route by
which oxidative stress may propagate innate immune activation in vitiligo models [21].

Importantly, mtDNA-mediated signaling has been investigated in several cellular
compartments and these findings should not be conflated. In melanocytes, cytosolic
mtDNA-cGAS-STING signaling has been linked to pyroptotic injury and subsequent CD8+
T-cell activation [24]. In keratinocytes, oxidative stress-associated mtDNA release, including
VDAC1-dependent mechanisms, has been proposed to propagate innate inflammatory
signaling [21]. Other experimental work has reported mtDNA accumulation or release
from keratinocytes and vascular endothelial cells with downstream cGAS-STING activation
in monocytes [23]. Thus, melanocyte-intrinsic bioenergetic failure, epidermal danger-signal
release, and immune-cell sensing represent related but biologically distinct levels of the
proposed framework.

Taken together, support for the mtDNA-cGAS-STING axis in vitiligo derives from
a combination of patient-derived samples, in vitro systems, and experimental models.
However, its prevalence, temporal role, and clinical relevance across patient subgroups
remain unresolved [20,21,23,24].
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Beyond ATP production and ROS generation, mitochondrial metabolism can shape
inflammatory signaling through changes in redox state, metabolite availability, and the
release of mitochondrial damage-associated molecular patterns (mtDAMPs). In this frame-
work, mtDNA is one mtDAMP capable of linking organelle injury to innate immune
sensing [22]. The relevant immunometabolic effects may differ by compartment: stressed
melanocytes and keratinocytes can generate or release danger signals, whereas activated
innate and adaptive immune populations undergo their own metabolic remodeling to
sustain cytokine production and cytotoxic function [25]. Direct demonstration of a uni-
fied immunometabolic program in human vitiligo remains limited; this concept should
therefore be tested across defined cell populations and disease stages.

These findings support a sequence that remains biologically plausible but not yet
fully established across patient subgroups: mitochondrial injury may increase mtROS
and mtDNA release; mtDNA may activate cGAS, promote cyclic GMP-AMP (cGAMP)
production, and trigger STING-dependent TANK-binding kinase 1 (TBK1)/interferon
regulatory factor 3 (IRF3) and nuclear factor kappa B (NFκ-B) signaling; and interferon-
related signaling may then amplify chemokine production, cytotoxic T-cell recruitment,
and immune memory. However, the degree to which each component of this sequence
has been directly demonstrated in vitiligo-specific human samples remains uneven [20–24].
This model should be presented as a convergence pathway rather than a linear and
universal mechanism.

Other danger signals and immune mediators likely operate in parallel. iHSP70 has
been implicated as a stress-related signal capable of activating dendritic cells and pro-
moting autoimmune depigmentation in experimental models [7]. CXCL10 contributes
to progression and maintenance of depigmentation in experimental vitiligo models [8],
while IL-15-related pathways support tissue-resident memory T-cell persistence and
recurrence [9]. Thus, mtDNA signaling should be integrated into a broader immune-
bioenergetic network rather than treated as an isolated pathway. Representative experi-
mental and clinical studies supporting the mitochondrial, redox, immune, biomarker, and
systemic metabolic components of the proposed framework are summarized in Table 1.

Table 1. Representative experimental and clinical evidence supporting the immune-bioenergetic
framework in vitiligo.

Study Compartment/Model Evidence Type Principal Finding Translational
Implication Main Limitation

Yi et al. [17] Melanocyte/models Experimental
SIRT3-OPA1

dynamics under
oxidative stress

Quality control and
degeneration

Clinical validation
required

Sant’Anna-Silva
et al. [20]

Vitiligo
material/models Translational

Oxidative
stress-related

mtDNA release

Stress-to-immunity
signaling

Temporal role
unresolved

Wu et al. [23] Epidermal/endothelial
systems; monocytes Experimental

Oxidative-stress-
associated mtDNA

release

cGAS-STING
activation

Multiple
compartments

Xu et al. [24] Melanocytes Experimental Cytosolic mtDNA Pyroptosis; CD8+
activation

Clinical prevalence
unresolved

Lv et al. [21] Keratinocytes/models Experimental VDAC1-dependent
mtDNA release

Innate immune
activation

Human validation
needed

El-Domyati et al. [26] Patient serum/skin Clinical longitudinal CXCL10-response
association

Candidate response
biomarker

Independent
validation needed

Kamińska et al. [27] 33 observational
studies Systematic review IR/Metabolic

syndrome
Systemic metabolic

context
Heterogeneous
criteria/designs
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4. Candidate Biomarkers for Immune-Bioenergetic Phenotyping
A clinically useful bioenergetic framework requires measurable variables, but current

biomarkers should be described as candidates rather than validated diagnostic or prognos-
tic tools. The main translational goal is not to replace clinical assessment, but to identify
biological domains that could eventually complement disease activity scoring, recurrence
evaluation, treatment-response monitoring, and metabolic surveillance.

At present, most candidate biomarkers have mechanistic plausibility of cross-sectional
associations, whereas evidence of incremental prognostic or treatment-monitoring value
beyond established clinical assessment remains limited.

For clinical translation, candidate biomarkers should be separated according to in-
tended use. Most oxidative, mitochondrial, and mtDNA-related variables discussed here
remain mechanistic or exploratory markers. By contrast, a smaller body of human evi-
dence has directly examined treatment-response associations. Serum and lesional CXCL10
have been evaluated longitudinally in relation to psoralen plus ultraviolet A (PUVA),
narrowband ultraviolet B (NB-UVB), and systemic corticosteroid response, and baseline
lesional transcriptomic profiles have identified immune-active signatures associated with
subsequent response to NB-UVB plus tacrolimus [26,28]. These findings are promising but
require independent prospective validation, standardized thresholds, and testing against
established clinical predictors. At present, no immune-bioenergetic biomarker panel is
validated to predict long-term treatment benefit at therapy initiation.

Oxidative damage markers such as malondialdehyde, lipid peroxidation products, pro-
tein carbonyls, total antioxidant capacity, catalase, superoxide dismutase, and glutathione-
related measures may help estimate redox burden, although they are sensitive to sample
handling, tissue source, diet, medication use, and assay variability [10,11,29,30]. These
limitations are especially important because they prevent overstatement of immediate
clinical utility.

Mitochondrial biomarkers are particularly attractive but methodologically complex.
mtDNA copy number, deletion burden, heteroplasmy, selected point variants, haplogroup
background, cytosolic mtDNA, and circulating cell-free mtDNA could reflect inherited back-
ground, somatic variation, tissue-specific injury, age-related accumulation, or inflammatory
context. For this reason, mtDNA alterations should be interpreted as context-dependent
markers of mitochondrial stress or immune activation rather than as stand-alone vitiligo
biomarkers [20,21,23,24].

The validation strategy should be proportional to the question. Sanger sequencing
may confirm selected variants when the allele fraction is high enough, but it is not ad-
equate for low-level heteroplasmy or quantitative assessment of mtDNA burden [31].
High-depth next-generation sequencing, digital PCR, or targeted quantitative assays may
be more appropriate depending on whether the objective is variant confirmation, copy-
number estimation, heteroplasmy detection, or measurement of cytosolic or circulating
mtDNA [31–34]. These methods also require rigorous pre-analytical standardization and
orthogonal validation [31,34].

A cautious immune-bioenergetic phenotype could integrate three layers of informa-
tion: melanocyte or epidermal stress, immune activation, and systemic metabolic context.
In practical terms, candidate variables may include oxidative stress markers, mitochondrial
integrity markers, mtDNA release measures, IFN-γ/CXCL9/CXCL10/CXCL11-related
signatures, IL-15-related markers, fasting glucose, HbA1c, insulin, homeostatic model
assessment of insulin resistance (HOMA-IR), triglycerides, HDL-C, waist circumference,
blood pressure, disease duration, disease activity, Vitiligo Area Scoring Index (VASI), Vi-
tiligo Disease Activity (VIDA), autoimmune comorbidities, and treatment exposure [35–41].

https://doi.org/10.3390/clinbioenerg2040017

https://doi.org/10.3390/clinbioenerg2040017


Clin. Bioenerg. 2026, 2, 17 8 of 17

These candidate domains, their potential research applications, and their main method-
ological limitations are summarized in Table 2.

Table 2. Candidate domains for immune-bioenergetic phenotyping in vitiligo. The selection of candi-
date variables was based on current evidence regarding oxidative stress, mitochondrial dysfunction,
mtDNA alterations, immune activation, and metabolic comorbidities in vitiligo [4,10,18,23,40,41].

Domain Candidate Variables Biological
Interpretation Potential Research Use Key Limitation

Oxidative damage
Malondialdehyde; lipid
peroxidation products;

protein carbonyls

Redox-mediated injury
to lipids and proteins

Estimate oxidative
burden and compare

active vs. stable disease

High pre-analytical
variability; limited

standardized cut-offs

Antioxidant defense

Catalase; superoxide
dismutase;

glutathione-related
markers; total

antioxidant capacity

Compensatory or
deficient antioxidant

response

Characterize redox
imbalance and

response to adjunctive
interventions

Influenced by tissue
source, diet,

medication, and
assay handling

Mitochondrial
dynamics and
quality control

SIRT3-OPA1-related
signaling; DRP1;

MFN1/2;
mitophagy-related

signatures

Mitochondrial
resilience,

fission–fusion balance,
and organelle turnover

Identify mechanistic
subgroups for

experimental studies

Mostly research-level;
tissue and

timing dependent

mtDNA integrity

mtDNA copy
number; deletions;

heteroplasmy; selected
point variants;

haplogroup
background

Mitochondrial genome
instability, adaptation,

or inherited
background

Explore mitochondrial
stress and susceptibility

hypotheses

Requires adequate
sequencing depth,

tissue selection, and
orthogonal validation

mtDNA release
Cytosolic mtDNA;
circulating cell-free

mtDNA

Danger-associated
molecular pattern

signaling

Evaluate innate
immune activation and

stress-to-immunity
pathways

Source tissue may be
difficult to define;
cfDNA is sensitive

to handling

Immune activation

IFN-γ; CXCL9;
CXCL10; CXCL11;

CXCR3; IL-15-related
markers

Adaptive immune
recruitment,

cytotoxicity, and
memory

Activity or
recurrence-risk

research;
treatment-response

hypotheses

Influenced by disease
stage, treatment
exposure, and

sampling compartment

Metabolic status

Fasting glucose; HbA1c;
insulin; HOMA-IR;

triglycerides; HDL-C;
waist circumference;

blood pressure

Systemic metabolic risk
and low-grade

inflammatory tone

Define subgroups
for metabolic

surveillance studies

Requires adjustment
for age, sex, BMI,

medication, lifestyle,
and population

background

Rather than defining fixed or clinically validated endotypes, this framework is in-
tended to support research-oriented profiles with predominantly redox, mitochondrial,
immune, metabolic, or mixed features. These profiles should be evaluated against estab-
lished clinical measures before any added value for classification, prognosis, recurrence
prediction, or treatment monitoring is assumed.

5. Systemic Metabolic Context
Although vitiligo is expressed clinically in the skin, several studies have explored

associations with systemic comorbidities, including thyroid disease, insulin resistance,
dyslipidemia, obesity, and metabolic syndrome. These associations are not uniform across
all cohorts, and they should not be interpreted as evidence that vitiligo is primarily a
metabolic disease. A more balanced interpretation is that selected patients may share
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oxidative, inflammatory, or metabolic pathways that intersect with cutaneous disease
biology [35,36].

A systematic review and meta-analysis estimated a pooled metabolic syndrome preva-
lence of approximately 29.6% among patients with vitiligo, but the association with controls
was not uniformly significant across all analyses [35]. A more recent systematic review
similarly emphasized that the relationship may vary by disease type, severity, duration,
and population characteristics [36]. Therefore, metabolic surveillance is best framed as
a reasonable consideration for selected subgroups rather than a universal conclusion.

Metabolic abnormalities reported in vitiligo include changes in triglycerides, choles-
terol fractions, blood pressure, glucose-related indices, C-peptide, vitamin D, folate, and
biological antioxidant capacity [37,38]. Insulin resistance has also been reported in some
cohorts [39]. These observations support the inclusion of metabolic indicators in future
stratification studies, especially in patients with active, extensive, recurrent, long-duration
disease or additional cardiometabolic risk factors.

Evidence regarding glucose homeostasis deserves particular consideration.
A 2026 systematic review and narrative synthesis including 33 studies and 4286 patients
reported substantial heterogeneity but found metabolic syndrome in 34.3% of patients with
vitiligo versus 18.6% of controls across comparative studies; insulin resistance defined by
study-specific HOMA-IR thresholds was reported in 56.5% of patients versus 32.9% of
controls in the relevant subsets. HOMA-IR thresholds varied considerably, and most stud-
ies were cross-sectional or case–control in design [27]. These data support an association
with metabolic risk in some populations but do not establish causality or justify assuming
insulin resistance in an individual patient with vitiligo.

From a clinical bioenergetics perspective, impaired glucose homeostasis, dyslipidemia,
chronic oxidative stress, and low-grade inflammation may converge on mitochondrial sub-
strate utilization, redox balance, and cellular metabolic adaptation. These interconnected
processes could potentially influence melanocyte vulnerability and immune activation, al-
though their contribution to disease activity, prognosis, and therapeutic response in vitiligo
remains insufficiently established. Future prospective studies should therefore investigate
whether systemic metabolic alterations identify biologically distinct patient subgroups by
integrating metabolic parameters with oxidative, mitochondrial, and immune biomarkers,
alongside standardized clinical measures such as the Vitiligo Area Scoring Index (VASI) and
Vitiligo Disease Activity (VIDA) scores. Such investigations should account for relevant
confounding factors, including age, sex, body mass index, medication use, lifestyle, popu-
lation background, and pre-existing metabolic comorbidities, to determine whether these
associations provide clinically meaningful information beyond established risk factors.

6. Biomarker Validation and Clinically Relevant Prediction
The clinical translation of immune-bioenergetic biomarkers in vitiligo requires a clear

distinction between prognostic, treatment-predictive, and treatment-monitoring applica-
tions. Prognostic biomarkers provide information about the expected course of disease,
whereas treatment-predictive biomarkers identify differences in the expected benefit of
one therapeutic intervention compared with another. Monitoring biomarkers, in contrast,
reflect biological or clinical changes during treatment. This distinction is particularly rele-
vant because associations between biomarker concentrations and therapeutic outcomes do
not necessarily demonstrate the ability to predict differential treatment benefits.

Among the candidate biomarkers investigated in vitiligo, CXCL10 has emerged as a
potentially relevant indicator of immune activity and therapeutic response. El-Domyati
et al. [26] evaluated CXCL10 concentrations in lesional, perilesional, and unaffected skin
from patients with vitiligo (n = 30), as well as circulating concentrations in serum sam-
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ples (n = 51). The investigators reported that elevated lesional CXCL10 concentrations
(≥2 pg/mm2) were associated with increased leukocyte infiltration, shorter disease dura-
tion (<2 years), and higher circulating CXCL10 concentrations (≥50 pg/mL). Furthermore,
longitudinal changes in circulating CXCL10 during treatment with psoralen plus ultra-
violet A (PUVA), narrowband ultraviolet B (NB-UVB), or systemic corticosteroids were
associated with changes in lesional CXCL10 in repigmented skin. These findings sup-
port the potential value of CXCL10 as a treatment-associated and monitoring biomarker.
However, further validation is required to determine whether baseline CXCL10 concentra-
tions can reliably predict long-term treatment benefit or guide selection among alternative
therapeutic interventions.

Additional evidence supporting pretreatment biomarker assessment was provided by
Yang et al. [28], who investigated baseline skin transcriptomic profiles in 36 patients with
vitiligo, including six with segmental and 30 with non-segmental disease. Patients subse-
quently received combined NB-UVB phototherapy and topical tacrolimus for six months.
Favorable treatment response was defined as greater than 10% repigmentation of the target
lesion. Responsive lesions were associated with significantly shorter disease duration than
non-responsive lesions (2.5 versus 11.5 years; p = 0.046). Transcriptomic analysis identified
a panel of 68 genes distinguishing favorable and unfavorable response groups, including
immune-related genes such as CXCL10, FCRL3, and T-cell receptor-associated transcripts.
These findings suggest that pretreatment immune activity and disease duration may con-
tribute to treatment-response stratification. Nevertheless, the relatively small cohort and
the absence of independent external validation limit the immediate clinical applicability of
these candidate signatures.

Together, these studies illustrate two complementary approaches to biomarker devel-
opment: longitudinal monitoring of circulating immune mediators and baseline molecular
characterization of lesional tissue. However, neither approach currently establishes a
validated immune-bioenergetic panel capable of reliably predicting sustained repigmen-
tation or long-term recurrence at treatment initiation. Moreover, treatment-associated
biomarker changes should not be interpreted as evidence that the biomarker itself mediates
therapeutic efficacy.

From a clinical bioenergetics perspective, future studies could investigate whether
combining established immune-related candidates with selected oxidative, mitochondrial,
and metabolic variables improves treatment-response assessment. Potential exploratory
measurements may include circulating CXCL10, oxidative damage markers, antioxidant
defense indicators, circulating cell-free mitochondrial DNA, and selected metabolic param-
eters. The inclusion of these variables should be guided by biological plausibility, analytical
feasibility, and preliminary evidence rather than the indiscriminate construction of exten-
sive biomarker panels. Importantly, the clinical predictive value of such combinations
remains hypothetical and requires direct investigation.

A prospective validation framework could involve patients with non-segmental vi-
tiligo undergoing predefined therapeutic interventions, with biomarker measurements
obtained before treatment initiation and, where appropriate, during follow-up. Clinical
outcomes could be assessed at prespecified intervals, such as 3, 6, and 12 months, using
standardized repigmentation measures, including the Vitiligo Area Scoring Index (VASI).
Longer follow-up would be required to investigate durability of response and recurrence.
Baseline biomarker measurements would support pretreatment prediction, whereas longi-
tudinal changes could be evaluated as potential monitoring indicators. These proposed time
points and biomarker combinations represent a research strategy rather than an established
or validated clinical protocol.
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An important methodological consideration is the distinction between predicting out-
comes under a particular treatment and identifying differential benefit between treatments.
For example, a biomarker associated with favorable repigmentation following NB-UVB
does not necessarily demonstrate that patients with elevated biomarker concentrations ben-
efit more from NB-UVB than from another intervention. Establishing treatment-predictive
utility would require comparative treatment data and appropriate assessment of biomarker-
by-treatment interactions, ideally in randomized clinical trials or rigorously designed
comparative prospective studies.

The incremental clinical value of candidate biomarkers should also be evaluated
against prediction models based on established clinical characteristics, including disease
duration, anatomical distribution, baseline activity, and treatment history. Model develop-
ment and validation should address discrimination, calibration, reproducibility, external
validation, and clinical utility. The TRIPOD+AI statement provides recommendations
for transparent reporting of clinical prediction models, whereas PROBAST supports the
assessment of risk of bias and applicability in prediction-model studies [42,43]. These
methodological frameworks may improve the quality of future investigations but do not
replace prospective clinical validation.

Ultimately, immune-bioenergetic phenotyping should aim to identify reproducible
biological information that meaningfully improves clinical decision-making rather than
simply increasing the number of measured biomarkers. Although existing studies support
the investigation of CXCL10 and baseline immune-related transcriptomic signatures [26,28],
the integration of oxidative, mitochondrial, mtDNA-related, and metabolic variables into
treatment-predictive models remains an investigational objective. Until prospective studies
establish their incremental value and clinical utility, such biomarkers should be considered
research candidates rather than validated tools for individualized treatment selection.

7. Therapeutic Implications: Adjunctive Hypotheses Within
Established Care

Current vitiligo treatment includes phototherapy, topical corticosteroids, calcineurin
inhibitors, surgical approaches in selected stable disease, depigmentation strategies in ex-
tensive cases, and immune-targeted therapies. The success of JAK inhibition has reinforced
the centrality of IFN-related immune pathways in vitiligo [6]. A bioenergetic framework
should not be used to replace these established therapeutic concepts, but it may help refine
adjunctive hypotheses [6,20,21,23,24,44].

Within this framework, established immune-directed treatments remain the clinical
reference, whereas cGAS–STING modulation and mitochondria-targeted interventions
should currently be considered investigational adjunctive hypotheses. Their future evalua-
tion should link a defined biological alteration, a measurable biomarker, a selected patient
subgroup, and a clinically relevant outcome.

The cGAS-STING axis also illustrates the distinction between mechanistic plausibility
and clinical validation. Experimental vitiligo studies support interruption of stress-to-
innate-immunity signaling at different levels, including reduction in oxidative injury and
VDAC1-associated mtDNA release [20,21]. Small-molecule STING inhibitors, including
carbazole-based compounds, have also shown preclinical potential for modulating cGAS-
STING-driven inflammatory responses [45]. Direct pharmacological STING inhibition has
progressed into early human development outside vitiligo: ASP5502 entered a Phase I
study in healthy adults and adults with primary Sjogren’s syndrome [46]. This establishes
clinical-development feasibility for pathway inhibition but does not provide evidence
of efficacy or safety in vitiligo. The Phase I study (NCT06544642) was subsequently
terminated prior to enrolment into Part 3 [46]. Any future evaluation in vitiligo would
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require biomarker-supported patient selection, demonstration of pathway activation in the
relevant tissue compartment, and careful assessment of the consequences of suppressing
an innate immune pathway.

If mitochondrial stress and redox disequilibrium contribute to melanocyte vulnerabil-
ity in some patients, adjunctive strategies aimed at improving stress tolerance may deserve
further study. Antioxidant approaches such as vitamin E, Ginkgo biloba, Polypodium leucoto-
mos, and other redox-directed interventions have been explored with variable evidence,
particularly as adjuncts to phototherapy [29,30]. Their heterogeneity illustrates why patient
stratification and biomarker-guided trial design may be more informative than generalized
supplementation claims.

Mitochondria-targeted interventions remain even more preliminary. Mitochondria-
targeted ubiquinone (MitoQ)-related strategies have shown mechanistic promise in experi-
mental vitiligo-related work, including effects on oxidative stress, mitochondrial membrane
potential, ATP synthesis, and PARP1-related pathways [44]. However, such findings should
be described as investigational until supported by controlled clinical trials in vitiligo. The
clinically responsible position is that bioenergetic support may be a future adjunctive
direction, not a current stand-alone therapeutic recommendation.

8. Limitations and Future Directions
Several limitations should be considered when interpreting the proposed immune-

bioenergetic framework. First, although experimental and translational studies support
interactions among oxidative stress, mitochondrial dysfunction, mtDNA release, and im-
mune activation, the temporal and causal relationships between these processes remain
incompletely established in human vitiligo. Much of the available evidence comes from
cross-sectional observations, in vitro experiments, or experimental models that may not
fully capture the disease’s biological heterogeneity. Consequently, the proposed conver-
gence framework should be regarded as a biologically plausible and testable model rather
than a universally established pathogenic sequence.

Second, the cellular origin and relative contribution of mitochondrial danger signals
remain insufficiently characterized. Evidence implicates melanocytes, keratinocytes, and
other cellular compartments in mtDNA release and innate immune activation, but it re-
mains unclear whether these mechanisms operate simultaneously or independently across
disease stages [20,21,23,24]. Future mechanistic investigations should therefore prioritize
cell-type-specific analyses and the characterization of mitochondrial stress, mtDNA local-
ization, and downstream immune signaling within defined epidermal and immune-cell
populations. Such approaches may help distinguish initiating events from secondary
inflammatory amplification.

Third, the interpretation of mitochondrial and oxidative biomarkers presents sub-
stantial analytical challenges. Measurements of mitochondrial DNA copy number, hetero-
plasmy, circulating cell-free mtDNA, and oxidative damage indicators may be influenced by
tissue source, sample processing, assay sensitivity, age, inflammation, and other biological
variables. These factors complicate comparisons across studies and limit the interpretation
of individual measurements as indicators of vitiligo-specific pathology. Establishing an-
alytical reproducibility and determining the biological significance of these variables in
relevant tissue compartments remain essential prerequisites for their clinical investigation.

Fourth, the relationship between vitiligo and systemic metabolic abnormalities
remains heterogeneous. Although associations with insulin resistance, dyslipidemia,
and metabolic syndrome have been reported, differences in population characteristics,
disease activity, treatment exposure, and cardiometabolic comorbidities limit causal
interpretation [27,35–39]. Future investigations should determine whether these abnor-
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malities represent shared inflammatory and oxidative processes, independent comorbid
conditions, or potential modifiers of disease progression in selected patient subgroups.

Beyond these limitations, a major research priority is to determine whether the pro-
posed immune-bioenergetic pathways define biologically meaningful differences among
patients with vitiligo. Integrative investigations combining spatially resolved tissue anal-
yses, mitochondrial functional assessments, and immune profiling may help clarify how
melanocyte vulnerability, epidermal danger signaling, and adaptive immune responses
interact during disease initiation, progression, and recurrence. Particular attention should
be given to distinguishing mechanisms directly demonstrated in patient-derived material
from those inferred from experimental models.

Ultimately, the translational relevance of the framework will depend on whether these
mechanistic relationships can be linked to reproducible clinical phenotypes and meaningful
disease outcomes. Rather than assuming a uniform mitochondrial contribution across all
patients, future research should establish the conditions under which mitochondrial and
metabolic disturbances contribute to disease amplification and whether these processes
identify subgroups that may benefit from targeted investigation. These priorities comple-
ment the biomarker-validation strategies discussed in Section 6 and provide a foundation
for evaluating the clinical relevance of the proposed convergence model.

9. Conclusions
Vitiligo is best understood as a multifactorial disorder in which immune mechanisms

interact with melanocyte-intrinsic vulnerability, oxidative stress, mitochondrial dysfunction,
mtDNA-mediated innate immune activation, and systemic metabolic context. Clinical
bioenergetics offers a useful translational lens because it connects cellular stress biology
with immune signaling and systemic risk without reducing vitiligo to a single pathway.

The principal contribution of this review is the immune-bioenergetic convergence
framework. Mitochondrial dysfunction is not presented as a universal cause of vitiligo,
but as a potential disease-amplifying interface that may help explain how oxidative stress,
mtDNA release, innate immune sensing, adaptive cytotoxicity, recurrence, and selected
metabolic abnormalities intersect. This framework may guide future biomarker valida-
tion, patient stratification, and adjunctive therapeutic trials, provided that claims remain
proportional to the available evidence. At present, it should therefore be interpreted as
a hypothesis-generating and research-organizing framework rather than as a validated
clinical classification or decision-making system.

The immediate research priorities are: (i) standardized measurement of mitochon-
drial and circulating mtDNA variables; (ii) longitudinal integration of these variables with
validated vitiligo activity and recurrence outcomes; and (iii) external validation of parsimo-
nious models that distinguish cutaneous disease activity from systemic metabolic risk.

Author Contributions: Conceptualization, D.S.B.-L. and J.A.A.-V.; methodology, D.S.B.-L., A.L.-Q.,
and I.A.G.-H.; investigation, D.S.B.-L., A.L.-Q., I.A.G.-H., and J.A.A.-V.; writing—original draft
preparation, D.S.B.-L. and J.A.A.-V.; writing—review and editing, D.S.B.-L. and J.A.A.-V.; supervision,
J.A.A.-V.; project administration, J.A.A.-V.; funding acquisition, J.A.A.-V. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Secretaría de Ciencia, Humanidades, Tecnología e Inno-
vación (SECIHTI), Mexico, through the Ciencia de Frontera project CF-2023-G-536 to J.A.A.-V. and
a 2025 postdoctoral fellowship awarded to D.S.B.-L. (CVU 702574). The funder had no role in the
conceptualization, preparation, or decision to submit the manuscript.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://doi.org/10.3390/clinbioenerg2040017

https://doi.org/10.3390/clinbioenerg2040017


Clin. Bioenerg. 2026, 2, 17 14 of 17

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors thank SECIHTI for supporting the postdoctoral fellowship and the
Ciencia de Frontera project that made this work possible.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

ARE Antioxidant response element
ATP Adenosine triphosphate
BMI Body mass index
CD8+ Cluster of differentiation 8-positive
cfDNA Cell-free DNA
cGAMP Cyclic GMP-AMP

cGAS-STING
Cyclic guanosine monophosphate-adenosine monophosphate
synthase-stimulator of interferon genes

CXCL10 C-X-C motif chemokine ligand 10
CXCL11 C-X-C motif chemokine ligand 11
CXCL9 C-X-C motif chemokine ligand 9
CXCR3 C-X-C motif chemokine receptor 3
DAMPs Damage-associated molecular patterns
DNA Deoxyribonucleic acid
DRP1 Dynamin-related protein 1
HbA1c Glycated hemoglobin A1c
HDL-C High-density lipoprotein cholesterol
HOMA-IR Homeostatic Model Assessment of Insulin Resistance
iHSP70 Inducible heat shock protein 70
IFN-γ Interferon gamma
IL-15 Interleukin 15
IRF3 Interferon regulatory factor 3
JAK/STAT Janus kinase/signal transducer and activator of transcription
MFN1/2 Mitofusin 1 and mitofusin 2
MitoQ Mitochondria-targeted ubiquinone
mtDAMPs Mitochondrial damage-associated molecular patterns
mtDNA Mitochondrial DNA
mtROS Mitochondrial reactive oxygen species
NB-UVB Narrowband ultraviolet B
NF-κB Nuclear factor kappa B
Nrf2 Nuclear factor erythroid 2-related factor 2
OPA1 Optic atrophy 1 mitochondrial dynamin-like GTPase
PARP1 Poly(ADP-ribose) polymerase 1
PCR Polymerase Chain Reaction
PINK1 PTEN-induced kinase 1
PRKN/Parkin Parkin RBR E3 ubiquitin protein ligase
PROBAST Prediction Model Risk of Bias Assessment Tool
PUVA Psoralen plus ultraviolet A
ROS Reactive Oxygen Species
SIRT3 Sirtuin 3
TBK1 TANK-binding kinase 1

TRIPOD+AI
Transparent Reporting of a Multivariable Prediction Model for
Individual Prognosis or Diagnosis plus Artificial Intelligence

TRM Tissue-resident memory T cells
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VASI Vitiligo Area Scoring Index
VDAC1 Voltage-dependent anion channel 1
VIDA Vitiligo Disease Activity
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