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ABSTRACT

Androgenetic Alopecia (AGA) is a widespread type of progressive non-scarring hair loss that has always been
theorized to be caused by the mediation of follicular miniaturization by androgens. Nevertheless, failure to respond
fully to androgen-targeted therapies and age-related AGA development indicates that other processes are involved in
disease pathogenesis. Considering this, new evidence shows that mitochondrial dysfunction, oxidative stress, and
defective quality control in the cell can also contribute significantly to follicular degeneration. This review utilizes a
recent development (2020-2026) and analyzes the interconnection between oxidative stress, mitophagy, and the
nicotinamide adenine dinucleotide (NAD+)/sirtuin axis in AGA. The evidence of experimental research proves that
dermal papilla cells of the affected scalp have reduced respiratory activity of mitochondria, enhanced reactive oxygen
species, and changes in the expression of mitochondrial regulators. One of them is SIRT3, which is altered and can
damage follicular function and regenerative capacity. The therapeutic approaches that mitigate mitochondrial
homeostasis, such as mitochondria-targeted antioxidants and NAD + precursor and sirtuin-regulating agents, have
shown positive outcomes in preclinical models. Nevertheless, direct records of a connection between canonical
mitophagy pathways and AGA in the human tissue, as well as the causal role of NAD+ depletion and sirtuin
dysregulation, are not fully demonstrated. Taken together, such results indicate that mitochondrial dysfunction could
be an element of AGA pathophysiology, which has been under-recognized previously, and that could be a therapeutic
option. A better study of mitochondrial control in human hair follicles can be used to inform the further development
of mechanism-based therapies and to understand intra-clinical discrepancies in predicting response to existing
therapies.
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INTRODUCTION

Androgenetic alopecia (AGA) is the most widespread progressive, non-scarring loss of hair, which occurs in up to 50
percent of men by age 50 and a high percentage of women, and in which prevalence rises with age !. AGA is also
clinically marked by follicular miniaturization (patterned), where terminal hair follicles become increasingly vellus-
like, leading to a drop in hair shaft diameter, a decrease in anagen period, and progressive hair thinning 2. This is seen
mostly in the form of frontotemporal recession and vertex blading in men, whereas in women, there is diffuse thinning
of the crown, with the frontal hairline retained®. In addition to physical manifestations, AGA has been linked to serious
psychosocial burden, such as decreased self-esteem and low quality of life 4. AGA has long been pathogenized using
androgen-dependent pathways, especially the expression of testosterone to dihydrotestosterone (DHT) by Sa-
reductase and the subsequent activation of the androgen receptor on the dermal papilla cells 5. DHT signaling
influences reduced duration of anagen phase, early catagen, and increased expression of inhibitory growth factors,
including transforming growth factor- beta (TGF- B) and dickkopf-1 (DKK1), eventually resulting in follicular
miniaturization °. This androgen-based model forms the basis of the contemporary standard therapies, such as
finasteride and minoxidil, that are the principal pillars of clinical management .

Nonetheless, this paradigm fails to explain several clinically relevant observations. The percentage of non-response
to androgen-targeted therapies among patients is relatively high, the progression of the disease tends to continue with
stable androgen levels, and partial correction of follicular miniaturization is hardly ever attained . Additionally, AGA
exhibits characteristics that are in line with an age-related degenerative disorder that is progressive as one ages °.
These constraints emphasize the necessity of investigating further possibilities of such mechanisms that can provoke
such diseases and resistance to treatment. There is growing evidence that mitochondrial dysfunction and oxidative
stress could play a major role in hair follicle aging and degeneration '°. The hair follicles are mini organs that are of
high metabolic activity and demand enormous resources to support an intensive multiplication and differentiation of
cells during their anagen phase '!.

Mitophagy, actively autophagic elimination of damaged mitochondria, is a vital element of mitochondrial quality
control that avoids the buildup of dysfunctional, ROS-generating organelles 2. Simultaneously, the nicotinamide
adenine dinucleotide (NAD+)-dependent sirtuin family has appeared as one of the most important regulators of
mitochondrial homeostasis, oxidative stress responses, and cellular metabolism '3. SIRT1/SIRT3 affect mitochondrial
development, antioxidant defense, and metabolism, which correlates with the balance of energy in the cells, with
adaptation to stress '*. Interestingly, the levels of NAD + decrease as a person gets older, and thus the activity of
sirtuins decreases, deteriorating the mitochondrial functioning and making one more vulnerable to oxidative stress !5,
Since AGA occurs with age, disruption of the NAD + / sirtuin axis can also be an upstream agitator of mitochondrial
dysfunction and follicular degeneration. In line with this hypothesis, recent observations have shown that there was a
decrease in mitochondrial respiratory activity, an increase in oxidative stress, and an increase or decrease in sirtuin
expression, depending on the cell of the AGA -affected scalp '°.

Irrespective of these developments, there are a number of gaps in knowledge. There is no direct evidence of a
mitophagy pathway to AGA in human follicles; there is no systematic quantification of NAD + levels in affected
tissue, and cause-and-effect relationships between sirtuin pathology and follicular miniaturization are yet to be
determined. Moreover, the mechanistic interaction of androgen signaling, mitochondrial impairment, and cellular
aging processes is yet to be fully comprehended. As such, this literature review summarizes recent findings (2020-
2026) on oxidative stress, mitophagy, and the NAD+/sirtuin axis in AGA, and suggests an integrated model of how
such mechanisms relate to follicular degeneration. This assumption has been overcome by shifting towards a more
translational model centered on androgens rather than solely on it to explain the variation in the response to treatment
and help shape mechanism-based therapy regimens.

Oxidative Stress and Mitochondrial Dysfunction in Androgenetic Alopecia

2.1 Reactive Oxygen Species and Dermal Papilla Cell Dysfunction

There has also been an increased incrimination of oxidative stress, an imbalance between the generation of reactive
oxygen species (ROS) and antioxidant defense capacity in the pathogenesis of androgenetic alopecia (AGA) !7. Hair
follicle cells, most especially dermal papilla cells (DPCs) and the matrix keratinocytes, have very high metabolic
activity and hence are highly prone to oxidative damage '*In physiological conditions, low concentrations of ROS act
as signal molecules that control cellular proliferation and differentiation, but high levels may lead to cellular injury,
senescence, and apoptosis '°. Clinical and research findings have shown that in AGA areas of the scalp, there is
apparent oxidative stress as evidenced by activity of primary lipid peroxidation products and lowered antioxidant
enzyme functions, such as superoxide dismutase and catalase 2°, which are related to oxidative stress. These results
indicate that dysfunctional redox homeostasis can be one of the factors of follicular dysfunction. Oxidative stress at
the cellular level was also found to lead to impairment in the DPC functions, such as lessening the release of growth-
promoting factors, thus adding to the premature follicular regression and the regenerative capacity.
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Figure 1: Schematic illustration of oxidative stress—mediated mitochondrial dysfunction in cellular
degeneration.

There is new evidence that suggests that oxidative stress may be further heightened by androgen signaling. It has been
demonstrated that testosterone and dihydrotestosterone (DHT) stimulate the NADPH oxidase (NOx) enzymes, which
results in the typical passage of hydrogen peroxide and triggers the apoptotic process in keratinocytes 2!. NOX
inhibition reduces ROS production and follicular injury in preclinical models, indicating that non-mitochondrial
sources of ROS cause further damage in androgen-induced injury. The results give a possible mechanistic
interconnection between androgen signaling and oxidative stress through pathways other than conventional
transcriptional pathways. Besides the direct cytotoxic effects, Oxidative stress interferes with essential hair follicle
regeneration mechanism signaling pathways. High levels of ROS have been linked to the Wnt/ -catenin signaling
inhibition, a pathway that is critical to activating hair follicle stem cells and triggering the onset of anagenesis 22

Moreover, oxidative stress encourages the injury of DNA and telomere degeneration, leading to earlier cell senescence
in the follicular niche 2*. Such a follicular senescence build-up can also lead to a further destabilization of the follicular
microenvironment through the release of pro-inflammatory mediators.

Clinically, these findings indicate that oxidative stress can also play a role in treatment response variability besides
disease progression, particularly in non-responders to androgen-targeted treatment. Nevertheless, the relative role of
oxidative stress in disease onset versus disease progression has not yet been fully determined, and direct validation in
the human scalp tissue is sparse. More research is necessary to identify whether oxidative stress is a therapeutic target
that can be altered in AGA.

2.2 Mitochondrial Dysfunction in Balding Follicles

Mitochondria are both critical and important locations of ROS and are the hub of cellular injury due to oxidative stress.
In normal oxidative phosphorylation, a minor role of electrons is lost as superoxide radicals through the electron
transport chain (ETC) 24, This leakage of electrons augments under the conditions of mitochondrial dysfunction and
causes the overproduction and amplification of oxidative damage excessively by the mitochondrial ROS (mtROS) 2.
This forms a vicious circular process whereby the impairment of mitochondria encourages the production of more
ROS and cellular impairment. Recent experimental literature supports the existence of mitochondrial impairment in
AGA. Balding scalp dermal papilla cells were found to have lower levels of ETC complex activity, lower levels of
ATP, and higher levels of oxidative stress than non-balding controls 2°. These modifications imply that the disruptive
nature of the mitochondrial bioenergetics can limit the ability of the follicular cells to maintain normal growth and
regeneration. It is interesting to note that there has been a compensatory upregulation of genes that are mitochondrial-
related, although this does not seem to be a good response in restoring functional cover of mitochondria.
Mitochondrial dysfunction may also be worsened by exposure to androgens. DHT has been demonstrated to lower the
membrane potential in the mitochondria, interfere with the respiratory capacity, and cause apoptosis of DPCs %’
Notably, mitochondria-targeted antioxidant therapy, including MitoQ), also restores the functionality of mitochondria,
lowers the levels of mtROS, and enhances the viability of the cells in preclinical models 2. The results indicate that
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there is a functional interdependence between androgen signaling and mitochondrial dysfunction and follicular
degeneration. Further evidence also indicates that mitochondrial stress could be associated with other types of
regulated cell death, such as ferroptosis. Ferroptotic cell death, mitochondrial dysfunction, and hair growth have been
linked to lipid peroxidation, acid iron regulation by DHT in experimental systems 2°. Such findings suggest that
impairment of mitochondria can modulate various cell death mechanisms involved in relation to AGA
pathophysiology.

Translational perspective. Due to its progressive nature, AGA can be explained by mitochondrial dysfunction, and the
inefficacy of current treatment options that do not target cellular mechanisms of energy supply and the oxidative stress
process directly. However, it is still uncertain whether the abnormalities of the mitochondria are a primary pathogenic
factor or a result of the androgen signaling and loss of cellular homeostasis with age. It will be essential to clarify this
distinction to find out the therapeutic potential of mitochondrial-targeted interventions. On the whole, existing data
indicate that the processes of oxidative stress and mitochondrial dysfunction are inextricably linked and may be
involved in dermal papilla cell injury, decreased regenerative ability, and gradual follicular shrinking in AGA.
Although interesting mechanistic evidence has been obtained in preclinical studies, little direct evidence has been
obtained in human follicles. More research is required to establish causality and to identify whether there is a
meaningful clinical benefit in targeting mitochondrial dysfunction, which would be found by integrating molecular,
cellular, and clinical studies.

3.0 Mitophagy and Mitochondrial Quality Control

3.1 PINK1/Parkin-Mediated Mitophagy

Selective autophagic elimination of impaired or dysfunctional mitochondria as a form of mitophagy is a fundamental
process of mitochondrial quality control that ensures cellular homeostasis and prevents excessive production of
reactive oxygen species (ROS) 3°. Mitochondrial dysfunction potentiation is mitigated by removing damaged
mitochondria, preventing mitochondrial accumulation of ROS-producing organelles, and maintaining mitochondrial
activity, especially in metabolically active tissues, by mitophagy. Mitophagy is best defined as a mitotic pathway
conducted by the kinase 1 (PINK1) and E3 ubiquitin ligase parkin. In physiological conditions, PINK1 is constantly
imported into healthy mitochondria and quickly degraded. Loss of mitochondrial membrane potential -a marker of
mitochondrial damage- however, inhibits PINK1 import, resulting in accumulation on the outer mitochondrial
membrane. Stabilized PINKI1 in turn causes the recruitment and activation of parkin, which ubiquitinates proteins on
the surface of the mitochondrion and mediates its recognition by autophagy receptors, leading to mitochondrion
degradation through the autophagosome-lysosome pathway 3'. This route is highly investigated in neurodegenerative
and metabolic diseases, where deregulated mitophagy adds to the mobilization of dysfunctional mitochondria and
higher proportions of oxidative stress 32. Nevertheless, although it plays the central role in mitochondrial quality
control, direct studies on the relevance of PINK1/Parkin-mediated mitophagy in hair follicle biology and AGA are
scarce. To this end, no reports have so far shown direct evidence of PINK1 stabilization, Parkin translocation, or
mitophagy flux in human AGA follicles.

Mitophagic Degradation of Mitochondria by PINK1-PARK2
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Figure 2: Mechanism of PINK1/Parkin-mediated mitophagy

3.2 Receptor-Mediated Mitophagy: BNIP3 and NIX

Besides the PINK1/Parkin pathway, there are receptor-dependent mechanisms of mitophagy, which include proteins
like BNIP3 and NIX situated on the outer mitochondrial membrane, that directly interact with the autophagic
mechanism 33. These receptors are normally stimulated during cell stress, such as hypoxia, nutrient deprivation, and
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mitochondrial clearance in the absence of ubiquitination. Finally, it has been demonstrated that BNIP3 and NIX are
involved in development and mitochondrial adaptation to stress, such as via mitochondrial sequestration by
erythrocytes during maturation and mitochondrial sequestration by hypoxia **. Moreover, they are also involved in
mitophagy and may also regulate apoptosis as well; this suggests that there is a complex interplay between
mitochondrial quality control and cell death pathways.

Although receptor-mediated mitophagy has biological implications, its contribution to hair follicle biology has yet to
be fully discovered. To what remains of BNIP3 or NIX expression and activity in dermal papilla cells or hair follicle
stem cells under AGA exists no direct evidence of either. Since hair follicles undergo changing metabolism and
hypoxic conditions throughout the hair cycle, the systems' mitophagy pathways mediated by receptors have not been
systematically studied.

3.3 Mitophagy Dysregulation in AGA

Even though there is no direct evidence that mitophagy causes AGA, there are several indirect observations that quality
control mechanisms of mitochondria may be dysfunctional. The electron transport chain activity, as well as the levels
of oxidative stress and dysfunctional mitochondria, are found to be increased in the dermal papilla cells of the balding
scalp, ¥ results, which are in line with the impaired mitochondrial turnover. In the normal condition, mitochondria in
the damaged state are eliminated through mitophagy; thus, their presence could be an indication that there is a lack of
clearance. Moreover, it has also been reported that age leads to impairment of age-related autophagosome and
mitophagosome activities in a variety of tissues and can be regarded as one of the manifestations of cell aging *°. Since
AGA is an age-related disorder, it can be considered possible that a decreased mitophagic capacity leads to a gradual
mitochondrial dysfunction and degeneration of follicles. Nevertheless, this has not been directly investigated in human
hair follicles.

Cellular Mechanisms of Idiopathic Pulmonary Fibrosis: Normal vs. IPF Epithelial States

The Normal Epithelial State The IPF Epithelial State
Pathological Triggers
e of S I L:r::'". 1‘1‘1':;:1:;:) m!ec':rc l r"u'm
Impaired Regulatory \“ ‘A V _

| vt Mechanisms [ Ui Prosessoms | | .un.,p:...u. !
sNPﬂ" Mnrcrvrw While e utigatin | System I Muophagy | |

— Frctoatame NywaT)
Cereeree Ta e Py eTcet
of Aaptengy sd Miophugy
= bevernly CrMEOTIAaL

e ——
and ROS “ -~
E"-‘g'i}' e Al adigke ER Stress
& ROS sattrmaps baac Y ks Iehitison & ROS
s v
< BB CAdare (53 wlinss dwed el on
. Orpgen Soeces JR0%5)
. o Active Pathological
ve ca A L — e ——
Cull donth & Cottular Comaitie [ codemtha | [ Collular |
Abnomal rapair SANRACRn0H Magh wioes hevets tgoer | Abesormal repair | soneocence J,
b patrways orwwdt rn
Cal o™ wnd Cofrdar » —
serezcence
Prevention of Fitwosis Progression to Fibeosis
Forosis Mrimal cefiuiar senascence snd
ConMYRed sagel Tnichammmes rvasm | s vt laachs 13 abenrmal Sacvs Fibrosis

e Hwre rermia e beelihy e e
from flectc scanne

Figure 3: Mitophagy impairment in pathological conditions
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A possible connection between mitophagy and the NAD + / sirtuin axis is also a developing fact. SIRT3, a deacetylase
in the mitochondrial adult respiratory chain that regulates mitochondrial maintenance and redox state, has been
reported to be downregulated in AGA-affected mesenchymal stem cells *7. Though the association of SIRT3 and
mitophagy is not well-determined, the decrease of SIRT3 activity may indirectly cause mitochondrial quality control
through the facilitation of oxidative stress and mitochondrial damage. It is not clear that sirtuin dysregulation has a
direct impact on mitophagy pathways in AGA. Notably, several therapeutic interventions that enhance the function of
mitochondria, including mitochondria-targeted antioxidants and polyphenolic compounds, have shown positive
outcomes with respect to preclinical AGA models 3. Although these studies did not quantitatively measure mitophagy,
there may be a risk of these studies that restoring mitochondrial homeostasis is associated with higher mitochondrial
turnover. This interdependence of both processes will require further research that involves direct measurements of
mitophagy flux in the future.

Mitophagy is a vital but under-studied aspect of mitochondrial quality control in AGA. Though there is indirect
evidence to indicate that mitochondrial turnover impediment could be a cause of the formation of dysfunctional
mitochondria and oxidative stress, direct experimental proof in the human hair follicles has not been obtained. Among
the questions that remain unanswered, it is interesting whether mitophagy is functionally compromised in AGA, if it
is affected by androgen signaling and aging, and whether it can be trafficked to offer therapeutic benefit. These gaps
should also be considered in the process of determining mitophagy as a mechanistic and translational target of AGA.
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4.0 The NAD+/Sirtuin Axis in Mitochondrial Regulation

4.1 SIRT1 and Regulation of Mitochondrial Biogenesis

Nicotinamide adenine dinucleotide (NAD-)/sirtuin is the key regulatory pathway connecting cellular metabolism,
mitochondrial functions, and stress *. Sirtuins are NAD-dependent deacetylases that regulate a large set of biological
activities, such as mitochondrial biogenesis, oxidative stress responses, or autophagy . One of these, SIRTI, is
instrumental in the organization of mitochondrial biogenesis through the activation of peroxisome proliferator-
activated receptor gamma coactivator-1 (PGC)-1 in terms of mitochondrial gene expression. *!. This process ensures
that SIRT1 upregulates nuclear-encoded mitochondrial genes and oxidative capacity through this pathway.
Meanwhile, SIRT1 controls antioxidant defense via deacetylation of forkhead box O (FOXO) transcription factors,
which raise the levels of enzymes like ultraviolet dismutases and catalases *2.

SYSTEMIC REPRODUCTIVE IMPACT
Mitochondrial fallute propagates damage 10 both
male and fernade repeod

Figure 4: SIRT1-mediated regulation of mitochondrial function

SIRTI also plays a role in autophagy regulation, regulating major autophagy-related proteins and transcriptional
programs 4. Using these concerted efforts, SIRT1 incorporates the system of mitochondrial biogenesis, antioxidant
defense, and cellular quality control in a dermatological framework. Such functions propose that the operation of the
SIRT1 may disrupt the resilience of follicles to oxidative stress and reduce the capacity of regeneration. Nevertheless,
there is also little direct data on altered SIRT1 expression or activity in AGA, and its role in hair follicle biology is
subject to further research.

4.2 SIRT3 and Mitochondrial Redox Homeostasis

SIRTS3 is the lead sirtuin located in the mitochondrion and it is the centre of control of mitochondrial metabolism and
reductive oxidation . SIRT3 also increases the activity of electron transport chain by deacetylating important
enzymes in the mitochondrion and promotes ATP production and oxidative stress. Another important role of SIRT3
is to activate antioxidant systems in the mitochondrial level. SIRT3 activates manganese superoxide dismutase
(SOD2) and deacetylates it, decreasing the amount of mitochondrial ROS #. It also controls enzymes that are used in
the production of the NADPH to aid cell oxidative potential *’. These mechanisms maintain integrity of mitochondria
and inhibit oxidative stress, which is caused by SIRT3.
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Figure 5: SIRT3-mediated regulation of mitochondrial redox homeostasis

There is also an emergent evidence that SIRT3 can be especially applicable in AGA. SIRT3 has been shown to be
down-regulated in mesenchymal stem cells obtained in AGA-afflicted scalp areas ’. This result correlates with the
trends of oxidative stress and mitochondrial impairment of balding dermal papilla cells. The reduction in SIRT3
activity can be seen as a contributor to the deficient antioxidant defense of mitochondria and gradual follicular atrophy.
Nonetheless, contemporary findings are still mostly correlational. Functional studies show that the restoration of the
activity of SIRT3 enhances mitochondrial activity and hair growth in AGA models lacking this activity. More studies
are needed to determine the role of SIRT3 as a causal element or a secondary effect of mitochondrial malfunction.

4.3 NAD+ Metabolism and Age-Associated Decline

NAD+ is a metabolite cofactor that plays important roles in the redox and cellular signaling systems, such as the
activity of sirtuins **. To balance the cellular levels of NAD +, the salvage pathway is the only one that recycles
nicotinamide into nicotinamide phosphoribosyltransferase (NAMPT) . NAD +. Reduction in NAD+ levels has been
acknowledged as a hallmark of aging, and has been associated with defects in mitochondrial activity, excessive
oxidative stress and diminished repair ability of individual cells 3°. This decrease is believed to be caused not only by
the rise of NAD+ consumption caused by the activity of such enzymes as poly (ADP-ribose) polymerase (PARPs)
and CD38 but also by the decrease in the biosynthesis of NAD+ as well. NAD+ depletion might be an upstream event
which contributes to mitochondrial impairment and sirtuin inactivation, because AGA is age-related. It would be
anticipated that the decreased NAD+ concentration would inhibit SIRT1 and SIRT3 activity in the mitochondrial
biogenesis, antioxidant defense, and cellular quality control. In spite of this theoretical framework, the NAD+ levels
have not been directly measured in human AGA follicles, in the majority of experimental models. This is a large gap
in the existing knowledge and obstructs the possibility to define whether NAD+ depletion is a main cause of disease
pathogenesis.

4.4 Integration with AGA Pathophysiology

The combination of NAD+/sirtuin axis offers a mechanistic interconnection among the aging, mitochondrial
dysfunction, and oxidative stress in AGA. A low amount of NAD+ and sirtuin can possibly lead to mitochondrial
biogenesis, antioxidant capacity, and the accumulation of dysfunctional mitochondria. The changes can potentially
increase the oxidative damages and decrease hair follicle regenerative ability. Significantly, the interaction between
androgen signaling and NAD+/sirtuin axis is not fully identified. It is not clear whether androgen exposure directly
affects NAD+ metabolism and sirtuin expression or whether age related NAD+ depletion predisposes follicles to
damage due to androgen. This interaction will be important in elucidating how diseases develop.

The NAD+/sirtuin axis is a potential therapeutic target based on a translational viewpoint. Diagnostic interventions to
replenish NAD+ levels or improve the activity of sirtuinals, including NAD+ precursors or sirtuin-proliferating
antidotes have shown positive responses in mitochondrial performance in other organism systems °!. Their
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effectiveness in AGA, however, has not been proven yet, and clinical results are still not developed. The NAD + /
sirtuin axis is a key but not fully defined mitochondrial function regulator in AGA. Direct mechanistic and clinical
data is scarce, although emergent evidence has indicated that the sirtuin dysregulation, specifically, loss of SIRT3
expression, may be a source of oxidative stress and mitochondrial malfunction. More research is needed to ascertain
whether NAD+ metabolism and sirtuin-targeted therapy can offer any significant treatment in AGA.

5.0 Integrated Mechanistic Model: From Androgen Signaling to Follicular Miniaturization

5.1 Androgen-Induced Oxidative Stress and Mitochondrial Impairment

Androgen- mediated signalling in genetically susceptible individuals initiates the pathogenesis of androgenetic
alopecia (AGA). The strongest androgen, dihydrotestosterone (DHT), interacts with androgen receptors in the dermal
papilla cells (DPCs) to activate transcriptional programmes leading to the process of follicular miniaturization 3.
Although they used to be explained by the presence of the changed growth factor signaling, there is a growing evidence
that androgen signaling also triggers the presence of oxidative stress and dysfunction of the mitochondrion. According
to experimental studies, DHT has the potential to damage mitochondrial activity by lowering mitochondrial membrane
potential, impairing the activity of electron transport chains, and elevating mitochondrial production of reactive
oxygen species (mtROS) 33. Concurrently, it has been revealed that androgen signaling prompts the NADPH oxidase
(NOX) enzymes, resulting in elevated production of non-mitochondrial ROS 34, These two sources of ROS could be
synergistic and enhance oxidative damage on the hair follicle microenvironment. Such cumulative oxidative stress
can be an initial occurrence that connects androgen cues with subsequent dysfunction of cells. Nevertheless, the exact
molecular pathways involved in the direct action of DHT on the mitochondrial processes are not fully determined and
need to be investigable.

5.2 Impaired Mitochondrial Quality Control and ROS Amplification

The quality of mitochondria is regulated in a state of mitophagy by a balance between mitochondrial-biogenesis and
mitochondrial degradation under physiological circumstances. Imbalance of this balance can result in a buildup of
dysfunctional mitochondria, which causes overproduction of ROS and additional mitochondrial injury. Over AGA,
cells of the dermal papilla obtained using the balding scalp show lower mitochondrial respiratory capacity, a reduction
of ATP generation, and an oxidative stress elevation 3. Such results indicate the inability to control the quality of
mitochondria. Even though there are no direct measures of mitophagy in AGA, the fact that damaged mitochondria
survive suggests the lack of clearance of mitochondria.

Promising treatment strategies for AGA
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Figure 6: Mitochondrial impairment in AGA

This dysfunction can cause a feedback mechanism: disturbed mitophagy will cause mitochondrial aggregation, which
causes high ROS, which then elevates further mitochondrial damage and cellular stress. This cycle will give rise to
progressive follicular degeneration with time. This process may be compounded by age-associated deteriorations in
autophagy and mitophagy 3¢, to give a possible basis to the progressive, age-linked character of AGA.
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5.3 NAD+/Sirtuin Axis Dysregulation as an Amplifying Factor

NAD+/sirtuin axis is one of the critical metabolism-mitochondrial-stress interface regulation pathways. Aging-
associated decreases in NAD+ could cause a decrease in sirtuin activity, specifically SIRT1 and SIRT3, to impair
mitochondrial biogenesis, antioxidant defenses and cellular resilience [59]. Regarding AGA, downregulation of
SIRT3 has been documented in cell derivatives of regions of the scalp that were affected 7. This could lead to
augmented oxidative pressure in the mitochondrion by decreasing the activation of anti-oxidant enzymes, e.g.
superoxide dismutase. Moreover, the dysfunctional activity of sirtuins can potentially inhibit the maintenance and
turnover of mitochondria, which further stimulates the formation of dysfunctional organelles. Notably, the interplay
of androgen signaling and NAD +/sirtuin regulation is unknown. NAD+ age-associated depletion can make hair
follicles more sensitive to the effects of androgens as a source of stress, which results in more rapid disease
advancement. Alternatively, androgen signaling in itself can affect metabolic processes that lead to control of NAD+
levels and sirtuin activity. It is a significant area to consider in future studies in order to clarify these relationships.

5.4 Convergence on Follicular Dysfunction and Miniaturization

The synergistic action of androgen signals, oxidative stress, mitochondrial pathopathology, and defective quality
control of cells is brought to bear on major downstream activities leading to follicular miniaturization. Overproduction
of ROS might cause DNA damage, activate stress-sensitive signaling pathways, and induce apoptosis or other forms
of regulated cell death, including ferroptosis . Mitochondrial impairments and ATP loss could affect processes
involving energy in the hair follicle development including proliferation and differentiation of keratinocytes .
Moreover, oxidative stresses destroy wnt/ -catenin signaling, restricting hair follicle stem cell activation and
preventing anagen growth . Moreover, mitochondrial dysfunction and oxidative stress could favour cellular
senescence in dermal papilla cells and groups of stem cells, and decrease regenerative potential and change follicular
signalling. Androgen stimulates the upregulation of inhibitory factors like TGF-b and DKK1 and inhibitors, which
further enhance these changes and provide a microenvironment to support follicular regression °'. All these processes
together offer a mechanistic model of the connections between the upstream molecular events and the clinical picture
of the progressive follicular miniaturization in the context of AGA.

According to this integrated model, AGA can result as a manifestation of the meeting of androgen signaling,
mitochondrial dysfunction, mitophagy impairment, and NAD+/sirtuin dysregulation. These mutually dependent
processes establish a self-amplifying loop of oxidative stress and cell dysfunction leading finally to follicular
miniaturization. Although this framework is backed by new experimental data, most mechanistic interactions
especially those ones involving mitophagy and NAD+ metabolism are yet to be confirmed in human tissue.

6 Therapeutic Strategies Targeting Mitochondrial Dysfunction and the NAD+/Sirtuin Axis

6.1 Mitochondria-Targeted Antioxidants

The AGA therapy involving special attention to mitochondrial oxidative stress might remain a potentially beneficial
treatment due to the critical roles played by the mitochondrion and reactive oxygen species (ROS) involvement in the
follicular degeneration process. Antioxidants that target mitochondria can be programmed to localise in mitochondria
and neutralises mitochondrial ROS (mtROS) directly, saving mitochondrial form. Conjugated mitochondrial
ubiquinone derivative of MitoQ with a lipophilic cation can target mitochondria and decrease oxidative stress
specifically 2. In the preclinical trials, MitoQ has been reported to restore mitochondrial membrane potential, reduce
the intra-membrane level of mitochondrial ROS and enhance the viability of the dermal papilla cells upon exposure
to dihydrotestosterone (DHT) ®. In addition, there was a reduced expression of growth factor-0 -3 (TGF- 0) and an
increased growth factor-aromatase which suggests that the expression of the follicular microenvironment could have
changed. These are clinically encouraging findings, which nonetheless lack evidence to demonstrate other more
clinical models. There are no set optional strategies of delivery, and specifically topical formulations that can
potentially provide significant access of the hair follicles. Besides, there is no established long-term safety and
effectiveness in patients receiving AGA.

6.2 NAD+ Precursors and Metabolic Restoration

The other intervention that can be considered is the restoration of NAD+, which will enhance mitochondrial activity
and cellular capacity. It has been demonstrated that nicotinamide mononucleotide (NMN) and nicotinamide riboside
(NR) are NAD+ precursors, which raise the intracellular levels of NAD+ and enhance mitochondrial activity in diverse
biological contexts ®. These substances might also elevate the amount of NAD + and consequently enhance sirtuin
activity, particularly of SIRT1 and SIRT3 to promote mitochondrial biogenesis, the strength of antioxidant defenses,
and cellular quality control. These effects can be especially applicable in AGA, in which age-related NAD+ depletion
and sirtuin imbalance are postulated factors of disease development. In spite of this powerful theoretical confirmation,
there is as of yet no research reviewed that determines NAD+ precursor supplementation in the AGA models or in
clinical groups in particular. The absence of direct evidence is a grievous limitation and further preclinical trials and
clinical trials should be done to prove efficacy with dosage and safety of its use in hair loss.
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6.3 Sirtuin-Modulating Compounds

Activators of sirtuins, resveratrol and resveratrol analogs are also investigated in terms of alleviation of mitochondrial
functions and oxidative stress. Resveratrol has been observed to activate SIRT1 and mitochondrial biogenesis and
antioxidant response in various models . Its high bioavailability however negatively affects its clinical applicability.
Recently, analogs of resveratrol with better pharmacokinetic characteristics have been discussed. An example of this
is oxyresveratrol that has been indicated to reduce oxidative stress, prevent the synthesis of pro-inflammatory
cytokines and increase growth of dermal papilla cells in preclinical models ®. Further, it was connected with
preserving wnt/ 2-catenin reaction, which is a fundamental safeguard to restoring the hair follicles. These findings are
encouraging but what is not very clear is to what extent these compounds are acting on their activities through direct
action of sirtuins. In addition, their application during AGA is not supported on the clinical level, and they are
investigative.
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6.4 NADPH Oxidase Inhibitors

Since NOX oxidases play a role in the ROS production that is caused by androgens, the supplementary approach to
oxidative stress is NOX inhibition. In preclinical models of androgen-induced hair loss, experimental research has
shown that NOX inhibitors reduce the production of hydrogen peroxides, avoid the process of apoptosis in
keratinocytes, and induce hair growth . Directing NOX-derived ROS could be of special concern in combating
androgen-induced mitochondrial pertinent oxidative stress unopposed by mitochondrial-targeted therapies.
Nonetheless, NOX enzymes have also begun to exercise significant physiological functions, such as immune response
and cellular regulation . Selective and localized inhibition, therefore, topical delivery, might be required to reduce
the possible side effects.

Figure 7: Biological effects of sirtuin modulators

6.5 Comparison with Current Standard Therapies

The existing standard therapies of AGA, such as finasteride and minoxidil, are mostly aimed at androgen signaling
and follicular vascularization ®. Although these treatments have proved useful in most of the patients, they do not
directly help in mitochondrial dysfunction or oxidative stress, which could be involved in further propagation of the
disease. This drawback can be suggested to be the reason behind the uncertainty in treatment response, but, conversely
the existing therapies can be used to target two or more pathogenic mechanisms to treat at the same time, these
parameters being oxidative stress, mitochondrial dysfunction, or poor quality-control of cells. Nonetheless,
comparisons of mitochondrial-targeted approaches and usual therapies have yet to be made directly. It may have
synergetic advantage to combination strategies involving mitochondrial or the metabolic intervention together with
androgen suppression, yet yet this has to be examined in clinical trials. Therapeutic approaches to mitochondrial
dysfunction and NAD+/sirtuin axis are one of the potential directions that are still in the development of AGA therapy.
Although pre-clinical investigations suggest that the nature of the insights is encouraging, clinical data is scarce. Until
more research is conducted to clarify whether these approaches can be converted into safe and effective therapy, as a
monotherapy or used with current therapies, this research is necessary.
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Figure 8: Hair follicle structure and progression to miniaturization

Research Gap

The in vitro study of androgenetic alopecia (AGA) should focus on more biological experimental models in the future.
The existing use of two-dimensional cell cultures and animal models restricts the translational usability. Further
platforms, such as the three-dimensional hair follicle organoids, ex vivo human scalp systems, and patient-derived
cellular models, could be more representative of the complexity of follicular biology and could facilitate a more precise
study of the mitochondrial functioning, formation of oxidative stress, and mitophagy. Simultaneously, it is possible
that single-cell multi-omics methods could be used to characterize cell-type-specific changes in the follicular niche
and enhance the individual cell heterogeneity of the disease. Niche gaps in mechanistic critical investigations should
also be made. Mitochondrial dynamics, mitophagy flux, and NAD + metabolism of human AGA tissue have not been
directly studied. The clarification of the functional role of the NAD+/sirtuin axis and the interaction between the two
in relation to the androgen signal will be necessary to demonstrate causality. Translational-wise, clinical trials should
be properly designed to test mitochondrial-targeted therapies, better delivery methods, and biomarkers, which help to
stratify patients. Addressing such priorities can help to develop mechanism-based interventions and increase
therapeutic outcomes in AGA.

CONCLUSION

Androgenetic alopecia (AGA) has long been considered an androgen-induced disorder, but recently, it is possible to
believe that it could also have mitochondrial dysfunction, oxidative stress, and a defect in cell quality control that
might play a role in its pathogenesis. This review combines newly obtained evidence suggesting that dermal papilla
cells in AGA show a disturbance in mitochondrial activity, elevated levels of reactive oxygen species, and
malfunctioning of major metabolic regulators, such as the components of the NAD+/sirtuin axis. These
interrelationships have the potential to further enhance follicular injury, compromise regenerative potential, and lead
to further miniaturization of androgen signaling itself. Although this developing model offers a more holistic concept
of AGA, there are significant gaps in the dark. There is a paucity of direct evidence connecting mitophagy and NAD
+ metabolism to the pathophysiology of follicles in humans, and cause-and-effect relationships are not established
yet. However, the focus on mitochondrial pathways can become an effective addition to existing treatment. Further
research incorporating both mechanistic research and clinical research will be needed in order to ascertain whether the
modulation of mitochondrial activity can be translated into therapeutic benefit and better patient outcomes with AGA.
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