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Abstract

The skin serves as the primary interface between the human body and the external environment,
functioning both as a protective barrier and a habitat for a diverse array of microorganisms. The
skin's varying conditions—dry, moist, and sebaceous—foster the growth of different microbial
communities. While these microorganisms typically exist in a beneficial symbiosis with the host,
some bacteria, such as Propionibacterium acnes, can lead to skin disorders like acne. Acne is a chronic
inflammatory disease of the pilosebaceous units, predominantly affecting high-density
pilosebaceous regions such as the face, back, and neck. This condition not only results in physical
scarring but also has significant psychological impacts due to societal appearance standards. This
review explores the skin and its microbiome, examining their interactions in detail. Additionally, it
delves into the pathogenesis of acne, discussing its underlying mechanisms and potential
treatments.

Keywords: skin microbiome; acne vulgaris; Cutibacterium acnes; natural bioactives; retinoids;
antimicrobial resistance; EGCG; resveratrol; one health

1. Introduction

The human skin is a multifunctional organ serving as both a physical barrier and a dynamic
biological ecosystem where host cells and microorganisms coexist in equilibrium. The skin
microbiome refers to all microorganisms present on the skin and their collective genetic material,
while the microbiota encompasses only the microorganisms themselves. This distinction is
fundamental, as microbial genes contribute metabolic and immunological capacities that
complement the host genome, conferring adaptive advantages the human genome alone has not
evolved to provide [1-5].

Normal skin harbours an extensive and diverse microbiota comprising bacteria, fungi, viruses,
and microscopic arthropods. These microbial communities form a structured ecosystem, with each
organism occupying a niche defined by topography, humidity, temperature, sebum content, and pH.
The skin stands out among epithelial surfaces for its complex ecological interactions with the external
environment. Gram-positive species dominate, particularly Cutibacterium, Staphylococcus, and
Corynebacterium, because their thick peptidoglycan walls provide high structural stability, enabling
survival under desiccation, osmotic stress, and UV exposure [1-4].
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Cutaneous microorganisms also perform crucial defensive and metabolic roles. They produce
inhibitory substances—such as bacteriocins, enzymes, and low-molecular-weight antimicrobials—
that prevent colonisation by pathogenic species. This ecological competition, both intra- and
interspecific, contributes to maintaining a stable and resilient microbiome. The overall stability of the
skin’s microbial community, even under environmental fluctuation, suggests long-term coevolution
between host and microflora [4-8].

In healthy adults, pilosebaceous follicles and sebum-rich areas support abundant populations of
Cutibacterium acnes (formerly Propionibacterium acnes) and related propionibacteria, which occupy
ecological niches that might otherwise be colonised by pathogens. Under physiological conditions
these bacteria are benign or beneficial, but they may acquire pathogenic potential when trauma,
immune dysregulation, or barrier disruption occurs. Their gram-positive cell wall confers structural
robustness, supporting survival in drier environments and under mechanical and osmotic stress—
features well suited to the fluctuating conditions of the skin [1,7,8].

The cutaneous ecosystem must maintain homeostasis between microbiota and host.
Disruptions—whether endogenous (e.g., genetic variation) or exogenous (e.g., excessive washing,
antibiotic exposure, or altered hygiene practices)—can precipitate dysbiosis and increase
susceptibility to inflammatory or infectious dermatoses. Because individuals differ in skin chemistry,
site physiology, and product use, establishing universal correlations between specific organisms and
skin function is challenging [4,9-11].

Host-microbe relationships on the skin can be categorised as mutualistic, commensal, or
parasitic. In mutualism, both partners benefit (for example, Staphylococcus epidermidis can stimulate
host antimicrobial peptide production); in commensalism, one benefits without harming the other;
and in parasitism, one benefits at the host’s expense. Microbes gain nutrients and a stable niche, the
host benefits from microbial metabolic flexibility and rapid evolutionary adaptability. These
dynamics are central to the skin’s immune equilibrium [4,12].

Physiologically, the skin is generally cool, acidic (average pH = 5.0), and relatively dry, yet it
contains multiple micro-habitats that vary in temperature, humidity, lipid composition, and
antimicrobial milieu. Structural appendages such as hair follicles, sebaceous, eccrine, and apocrine
glands generate distinct environments that shape microbial diversity. In healthy skin, nutrients such
as amino acids, vitamins, lactate, and lipids derive from sweat and sebum. Components of the innate
immune system —including [-defensins (HBD-1, -2, -3) and dermcidin—exert antimicrobial activity
and modulate microbial population density. Dermcidin, secreted in sweat, functions optimally under
native saline and acidic conditions and inhibits both Gram-positive and Gram-negative bacteria
[1,13-16].

From an ecological standpoint, the skin can be divided into three principal microenvironments—
sebaceous, moist, and dry —each with characteristic taxa. Sebaceous zones (e.g., glabella, alar crease,
external auditory canal, occiput, upper chest, and back) favour lipid-tolerant species such as
Cutibacterium and Malassezia;, moist regions (e.g., nares, axilla, antecubital fossa, interdigital spaces,
inguinal crease, umbilicus, popliteal fossa, plantar heel) support Staphylococcus and Corynebacterium;
dry sites (e.g., volar forearm, hypothenar palm, buttocks) exhibit greater diversity, including {3-
Proteobacteria and Flavobacteriales [9].

Local physicochemistry further shapes colonisation. Fatty acids in sweat contribute to the acid
mantle (pH = 5), which inhibits Staphylococcus aureus and Streptococcus pyogenes, while occlusion raises
surface pH and can favour their growth. Warmer, more humid regions support Gram-negative
bacilli, S. aureus, and coryneforms. Sites with high sebaceous gland density (e.g., the face) selectively
encourage lipophilic Cutibacterium and Malassezia [5,17-22].

The skin microbiome also depends on host factors such as age, sex, and anatomical location.
Delivery mode shapes early colonisation: infants born by Caesarean section acquire predominantly
skin-associated taxa, whereas vaginally delivered infants acquire maternal vaginal communities.
Puberty markedly alters the microbiome as sebaceous activity increases; prepubescent skin is
enriched for Streptococcaceae, Firmicutes, Proteobacteria, and Bacteroidetes with a more diverse
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mycobiome, while postpubescent skin favours lipophilic Cutibacterium, Corynebacterium, and
Malassezia. With ageing, community structure continues to evolve and aligns with age-specific
dermatoses: staphylococcal atopic dermatitis in childhood, C. acnes—associated acne in adolescence,
andMalassezia-associated tinea versicolor in adulthood. Sex-linked anatomical and physiological
differences (e.g., sebum output, barrier features) and environmental exposures (clothing,
medications, occupation) add further variance [1,5,23-33].
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Figure 1. Sebaceous, Dry and Moist body sites. Created with BioRender.com.

High-resolution surveys underscore this topographical and temporal diversity. In a 165 rRNA
gene phylotyping study, 51.8% of sequences were assigned to Actinobacteria, 24.4% to Firmicutes,
16.5% to Proteobacteria, and 6.3% to Bacteroidetes. Among 205 genera, Corynebacterium, Cutibacterium
(historically “Propionibacteria”), and Staphylococcustogether accounted for over 62% of sequences.
Sebaceous sites were dominated by Cutibacterium and Staphylococcus, moist sites by Corynebacterium
and Staphylococcus, and dry sites by a broader set including -Proteobacteria and Flavobacteriales [9].

Cutaneous propionibacteria (now classified within Cutibacterium) are commensals of keratinised
epithelia and include C. acnes (formerly P. acnes), C. granulosum, C. avidum, C. lymphophilum, and C.
propionicum. They are non-motile, Gram-positive, and exhibit coryneform morphology. Over time
these taxa have been variously grouped with Bacillus, anaerobic diphtheroids, and Corynebacterium.
C. acnes and C. granulosum are typically isolated from sebaceous skin (face, back, upper chest),
whereas C. avidum is enriched in the axilla [1,34,35].

Although bacteria predominate numerically, the cutaneous mycobiome—notably Malassezia
spp.—is consistently detected. Smaller studies using 185 rRNA and other markers highlight
Malassezia restricta, M. globosa, and M. sympodialis as prevalent isolates, especially in lipid-rich,
sebum-dense sites, reflecting their lipophilic metabolism [36-38].

Taken together, these observations depict the skin as a site-stratified, physicochemically diverse
ecosystem. Its resident communities are co-adapted with host structures and defences and vary
predictably with life stage, sex, and environment—principles that are essential to understanding
dysbiosis and the pathogenesis of acne.

Acne

Even though host and microorganisms typically coexist in balance, shifts in host physiology or
the cutaneous environment can drive normally beneficial or benign microbes toward pathogenic
behaviour. Many common dermatoses are associated with dysbiosis, i.e., alterations in the
composition or function of commensal communities. In acne, dysbiosis reflects quantitative and
qualitative changes in commensals within the pilosebaceous niche, and accumulating evidence
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suggests that both individual taxa and the broader microbial community contribute to disease
expression [39,40].
¢  Definition and clinical spectrum.

Acne is a chronic inflammatory dermatosis of the pilosebaceous unit, historically associated with
Propionibacterium acnes (now Cutibacterium acnes), and characterised by non-inflammatory lesions
such as open comedones, more commonly called blackheads, and closed comedones or whiteheads
and inflammatory lesions like papules, pustules, nodules, and cysts [41,42]. The condition involves
altered bacterial colonisation within follicles, but pathogenesis is multifactorial. Notably, C. acnes is
abundant in the microbiota of most adults; however, only a subset develop acne, indicating that
strain-level differences, host factors, and micro environmental context modulate pathogenicity.
Transcriptional profiles of C. acnes also differ between healthy and acne skin, supporting a functional
rather than purely abundance-based shift [1,40,43-46].

Keratinization
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Open comedones /
Blackheads

— Inflammation
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¥ e

Pustule Cysts

Closed comedones /
Whiteheads

Figure 2. Acne lesions. Created with BioRender.com, with additional Al-assisted graphic design.

. Distribution and onset.

Lesions predominate at sites with a high density of pilosebaceous units—the face, back, neck,
upper chest, and shoulders [47]. Acne typically begins in early puberty with increasing sebum output,
mid-facial comedones, and subsequent inflammatory lesions; it is commonly seen in girls around 12
years and in boys somewhat later, often from ~15 years. Prepubertal acne can occur and is usually
comedonal, reflecting limited sebaceous activity at younger ages [48-50]. Family history and early-
onset comedones can help predict severity [48,51].

e  Modifiers and triggers.

Several endogenous and exogenous factors influence onset and flares. Emotional stress, cyclical
hormonal fluctuations (e.g., perimenstrual), and excoriation/skin picking can exacerbate disease.
Occlusion and comedogenic products, friction and sweat (e.g., sports gear), and certain medications
(notably some antiepileptics) can provoke monomorphic eruptions; anabolic-androgenic steroids
may induce severe forms. Evidence for sunlight, diet, and hygiene is mixed; counselling should be
individualised [52-58].

e  Burden and psychosocial impact.

Beyond pruritus, soreness, and pain, acne carries a substantial psychosocial burden. Visible
lesions and scarring can cause embarrassment, anxiety, and reduced well-being. Because acne peaks
during adolescence—a critical period for identity and self-esteem —minimising scarring and
controlling inflammation are central to care; clinicians should avoid trivialising acne as merely self-
limited [47,59-61].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0885.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2025 d0i:10.20944/preprints202510.0885.v1

5 of 15

Pathogenesis: Four Interlocking Processes

Acne arises from the convergence of four tightly connected biological processes within the
pilosebaceous unit:

1. Follicular hyperkeratinisation produces microcomedones through abnormal keratinocyte
proliferation and desquamation, narrowing the infundibulum and obstructing outflow [62-67].

2. Sebum overproduction and altered composition, driven by androgens and metabolic signals
such as IGF-1, creates a lipid-rich, anaerobic niche; sebum output correlates with acne severity
[65,68,69].

3. Microbial factors—especially C. acnes colonisation —promote disease via lipases,
hyaluronidases, and proteases that liberate free fatty acids, compromise the barrier, and foster
comedogenesis; biofilm formation may shield bacteria from host defences and antibiotics
[65,70-72].

4. Inflammation and innate—adaptive crosstalk amplifies and sustain lesions: IL-1 signalling,
neutrophil recruitment and ROS generation, and leukotriene B4—mediated cascades are
implicated. Sebocytes synthesize neuropeptides, antimicrobial peptides, and antibacterial
lipids, linking stress (CRH axis) and vitamin D signalling to sebaceous activity [62-64,68,69,73].
These processes can be envisioned as a self-reinforcing loop: hyperkeratinisation and altered

sebum favour C. acnes growth and biofilms; bacterial products intensify inflammation; inflammatory

mediators (including IL-1) further dysregulate keratinisation and sebaceous function [62-64,68—
71,73,74].

/—b

Increase sebum

production
Increase keratinocyte C. acnes proliferation/
proliferation Biofilm
Inflammatory
mediators
(IL-1B, TNF-a)

Figure 3. Acne pathogenesis. Created with BioRender.com.

Sebum, comedogenesis, and lesion evolution. Excess sebum—stimulated by androgens,
particularly testosterone —correlates with disease severity [65]. Hyperproliferation and dysregulated
shedding of keratinocytes lead to accumulation of corneocytes, lipids, and filamentous material
within the follicle, forming microcomedones that progress to visible open or closed comedones [65—
67]. In both normal follicles and comedones, microflora typically include Staphylococcus epidermidis
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(coagulase-negative), C. acnes and C. granulosum (anaerobic diphtheroids), and Pityrosporum spp.
(lipophilic yeasts). S. epidermidis—an aerobic surface commensal—appears less implicated in
inflammation than C. acnes, consistent with antibody response patterns. In contrast, C. acnes thrive in
sebaceous follicles and hydrolyses triglycerides to free fatty acids and glycerol, promoting
comedogenesis and inflammation [65,72,75].

Inflammatory cascades and tissue injury. Host detection of C. acnes triggers macrophage,
lymphocyte, and neutrophil activation. Chemotactic factors and ROS generation contribute to
follicular wall damage and rupture with extrusion of keratin, lipids, and bacteria into the dermis,
producing papules, pustules, nodules, and cysts [60,65,66,73,76].

Strain-level insights. Culture-independent studies show that while overall C. acnes abundance
may not differ dramatically between acne and controls, specific phylotypes/lineages associate with
disease, whereas others are enriched in health. Follicular biopsies from acne patients reveal higher
frequencies of disease-linked C. acnes strains and a greater proportion of colonised follicles,
supporting a strain-selective colonisation model rather than a simple overgrowth model [45,77].

These data demonstrate the multifactorially, dysbiosis-linked inflammatory disorder of the
pilosebaceous unit in which keratinisation dynamics, sebum quantity/quality, microbial traits
(including biofilms and strain diversity), and immune networks intersect to drive lesion initiation,
progression, and scarring.

Detection of P. acnes

|

Activation of immune cells

Macrophages
Lymphocytes

Neutrophils ROS formation Inflammation increase

|

Chemostatic mediators

!

Follicular wall damage and rupture

|

Leekage of bacteria, fatty acids and lipids

|

Inflammation lesion

Papules Pustules

Nodules Cysts

Figure 4. Inflammatory response to C. acnes.

Acne Treatments

Management of acne aims to control active lesions, reduce inflammation, prevent and treat
scarring, and minimise relapses. Each treatment must be tailored to the patient’s clinical history and
specific needs, considering lesion morphology, severity, distribution, age, sex, psychosocial impact,
and prior response [78]. Several therapeutic approaches are available—topical, systemic, and
natural/non-drug treatments—and combining agents that target different pathogenic mechanisms
generally yields faster and more durable outcomes, as it can be seen in Table 1 [79].
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Table 1. Acne treatments by class and exemplar agents.

Treatment
Product
Method roques
. Retinoids: tretinoin, adapalene, tazarotene ® Antibiotics: erythromycin,
Topical . . . . o SN
clindamycin ® Diverse: benzoyl peroxide, azelaic acid, niacinamide, salicylic acid
Svstemic Retinoids: isotretinoin ® Antibiotics: erythromycin, clindamycin, levofloxacin,
y doxycycline ® Hormonal: combined contraceptives, spironolactone
Natural/Adjunct Green tea polyphenols (EGCG) ® Minerals (clay-based) ® Resveratrol

Topical Treatments

Topical therapy remains the foundation for mild-to-moderate acne and is available in creams,
gels, lotions, and cleansers. While these agents act directly on the affected area, local irritation and
dryness may occur [80].

Retinoids are first-line agents because they normalise follicular desquamation, prevent
microcomedone formation, and exert anti-inflammatory activity [66,81]. Tretinoin regulates epithelial
desquamation, preventing blockage of the pilosebaceous unit and reducing inflammation [59,78].
Adapalene, a synthetic lipophilic analogue, penetrates the follicle efficiently, normalises keratinocyte
differentiation, and is generally best tolerated for maintenance [59,60,82]. Tazarotene, a pro-drug
converted to tazarotenic acid in keratinocytes, modulates proliferation and differentiation and has
strong anti-inflammatory properties [59,65]. Retinoids can be used alone in predominantly
comedonal acne or combined with antimicrobial agents for inflammatory forms. Gradual titration
and attention to vehicle and formulation improve adherence and tolerability. Innovative micro- or
nano-delivery systems are being explored to increase potency at the target while minimising irritation
[59-61,65-67,81,82].

Topical antibiotics reduce Cutibacterium acnes and inflammatory lesions. Erythromycin (a
macrolide) and clindamycin (a lincosamide) act by binding the bacterial 50S ribosomal subunit,
inhibiting protein synthesis [59,78,81]. Resistance to erythromycin has reached approximately 60 %
in C. acnes [78,80], so both agents should be prescribed only short-term (= 12 weeks) and never as
monotherapy. Combining antibiotics with benzoyl peroxide (BPO) or retinoids enhances efficacy and
mitigates resistance [83—85].

Benzoyl peroxide is a potent oxidising and comedolytic agent that kills C. acnes independently
of resistance mechanisms. It reduces comedones but may cause peeling, dryness, erythema, or fabric
bleaching [59,78,86]. Azelaic acid offers comedolytic, antibacterial, and anti-tyrosinase effects,
making it valuable for post-inflammatory hyperpigmentation and safe in pregnancy [59,60,78,86].

Niacinamide (vitamin Bs; amide) decreases sebocyte lipid output and inflammation and
strengthens the epidermal barrier [87-90]. Salicylic acid, a keratolytic agent, dissolves intercellular
cement, enhances penetration of co-applied actives, and exerts mild bacteriostatic and fungistatic
effects [59,78].

Systemic Treatments

Systemic therapy is indicated for moderate-to-severe, nodular, truncal, or scarring acne, or when
topical management fails.

Oral isotretinoin remains the only drug capable of long-term remission. It induces sebaceous-
gland involution, markedly suppresses sebum production, normalises keratinisation, and alters the
follicular microenvironment [60,82,91-93]. Because of teratogenic risk, strict pregnancy-prevention
protocols and laboratory monitoring are mandatory. Counselling should also address
mucocutaneous dryness, lipid changes, and mood symptoms.

Oral antibiotics are reserved for moderate-to-severe inflammatory acne or widespread disease
[86,91]. Tetracyclines (e.g., doxycycline) combine antimicrobial and anti-inflammatory activity with
relatively low resistance rates [81,86]. Macrolides (erythromycin, clindamycin) serve as alternatives
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when tetracyclines are contraindicated but show higher resistance potential. Fluoroquinolones (e.g.,
levofloxacin) are discouraged under stewardship principles [66,81,92,94]. To maximise efficacy and
reduce resistance, oral antibiotics should always be combined with topical retinoids or BPO and
prescribed for the shortest effective duration [66,81,91].

Hormonal therapy targets androgen-driven sebogenesis. Combined oral contraceptives and
anti-androgens such as spironolactone reduce free testosterone and suppress sebaceous activity
[66,81,91]. They are suitable for adolescent and adult women when hormonal influence is evident,
provided contraindications (e.g., thromboembolic risk) are assessed individually.

— I ). < ) T — P
“\ e Retinoids _ / \ e Isotretinoin /T2 e Antibiotics T o Retinoids
o Salicylic acid  Hormonal therapy - e Benzoyl peroxide [ © ﬁ?ael%g?rfilge
| |

/.

Increase keratinocyte Increase sebum C. acnes proliferation/ Inflammatory
proliferation production Biofilm mediators
(IL-1B, TNF-a)

Figure 5. Therapeutic acne options and its targets. Created with BioRender.com.
Natural and Adjunct Approaches

Natural Products Treatment

Given the side-effects and resistance issues associated with conventional drugs, natural
bioactives have emerged as safe, multi-target alternatives. Therefore, researchers are focusing on
natural bioactive options. It has been that these compounds may act differently disrupting distinct
metabolic pathways [95]. It is important to mention that natural approaches can influence the
hormonal characteristics of the disease, sebum production, inflammation, infection and
hyperkeratinization [96].

. Green tea

Green tea polyphenols, particularly epigallocatechin-3-gallate (EGCG), display anti-
inflammatory, antioxidant, antimicrobial, and sebo-suppressive properties [81,97]. EGCG targets key
acne pathways—reducing C. acnes growth, inflammation, and aberrant keratinisation—and clinical
studies have shown decreased inflammatory and non-inflammatory lesions after eight weeks of
topical use [98].

e  Mineral clays

Mineral clays (halloysite, talc, sericite, kaolin) have been used since antiquity for acne and
blackheads. Applied as masks, they open pilosebaceous orifices, absorb sebum, and promote
perspiration [99]. In vitro data show inhibition of C. acnes and S. epidermidis, though clinical outcomes
depend on composition and formulation [100].

e  Resveratrol
Resveratrol, a natural phytoalexin, possesses anti-inflammatory and anti-proliferative activity
and inhibits C. acnes [101-105]. In vitro, it acts bacteriostatically at 50-100 mg/L and bactericidally at

200 mg/L [102]; in pilot clinical trials, topical resveratrol gels used for 60 days reduced pustules,
macro- and micro-comedones, and epidermal hyperproliferation [104].
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Figure 6. Natural therapeutic acne option and its targets. Created with BioRender.com.

Clinical Integration and Outlook

In practice, effective regimens combine a topical retinoid to normalise desquamation with BPO
or azelaic acid to reduce bacterial load and inflammation, adding short antibiotic courses or
isotretinoin for severe or refractory disease. In women with hormonal influence, anti-androgen
therapy provides a targeted adjunct. Maintenance (low-irritancy retinoid + azelaic acid), gentle
skincare, and photoprotection reduce relapse.

Across all modalities, the guiding objective is to increase therapeutic potency at the target site
while preserving tolerability, microbial balance, and long-term safety, in alignment with principles
of antimicrobial stewardship [59-61,65-67,78-86,91-94].

Critical Perspective

Traditional, Synthetic, and Natural Approaches

Current acne management reflects a dual paradigm. On one side, traditional synthetic
therapies—retinoids, antibiotics, hormonal agents—remain the cornerstone of evidence-based
practice. They are supported by extensive clinical data, predictable pharmacodynamics, and
regulatory familiarity. However, their limitations are increasingly evident: antibiotic resistance,
irritation, photosensitivity, teratogenicity, systemic toxicity, and microbiome disruption. The overuse
of broad-spectrum antibiotics has particularly raised concerns regarding antimicrobial stewardship,
as Cutibacterium acnes resistance threatens both dermatological and systemic infection control
[78,80,82-85,91-94]. Furthermore, patient adherence often declines with chronic irritation, dryness,
or psychological burden linked to treatment complexity.

In contrast, natural and bioactive-derived therapies—including polyphenols (e.g., EGCG,
resveratrol), minerals, and microbial metabolites—offer multi-target modulation of inflammation,
sebum regulation, and oxidative stress with potentially fewer adverse effects. Their mechanisms
often mimic endogenous pathways, supporting cutaneous homeostasis and preserving the skin
microbiome. Yet, they face critical challenges: variability in extraction and formulation, lack of
standardisation, limited pharmacokinetic data, and insufficient large-scale randomised clinical trials.
As aresult, despite promising preclinical findings, natural compounds still struggle to reach the same
potency, reproducibility, and regulatory maturity as synthetic drugs.

The most rational future trajectory lies not in opposition but in integration. Combining synthetic
pharmacophores with natural bioactives—or engineering hybrid formulations that couple retinoid-
like efficacy with antioxidant and anti-inflammatory natural scaffolds —may yield synergistic effects
that maximise potency and minimise irritation.

Advances in nanotechnology, controlled-release systems, and green chemistry now enable
precise delivery of both synthetic and natural molecules directly to the pilosebaceous target,
enhancing bioavailability and patient comfort.

In this evolving landscape, potency, precision, and preservation—of efficacy, safety, and
microbiome equilibrium —should become the new therapeutic triad guiding acne innovation.
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https://doi.org/10.20944/preprints202510.0885.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2025 d0i:10.20944/preprints202510.0885.v1

10 of 15

2. Conclusions and Future Perspectives

Acne vulgaris exemplifies the complex interface between host biology, microbial ecology, and
environmental influences. Despite decades of progress, challenges persist growing antibiotic
resistance, treatment intolerance, relapse, and psychological impact. Modern research increasingly
recognises acne as a disorder of microbial and immune dysregulation, rather than simply a bacterial
infection. This paradigm shift demands equally adaptive treatments.

Future acne management will likely move toward personalised, multimodal, and microbiome-
conscious therapy. Artificial intelligence and multi-omics profiling could soon allow individualised
treatment algorithms based on genetic, hormonal, and microbial signatures. At the same time, the
emergence of bioinspired and sustainable materials—polyphenol-enriched hydrogels, peptide-
functionalised carriers, piezoelectric or photothermal nanoscaffolds—offers exciting prospects for
precise, stimuli-responsive drug delivery.

Regulatory harmonisation and rigorous clinical validation remain crucial to translate natural
actives into mainstream dermatology. Interdisciplinary collaboration between chemists,
dermatologists, microbiologists, and bioengineers will be essential to bridge efficacy with
sustainability, pharmacology with ecology, and innovation with patient trust.

Ultimately, the convergence of traditional pharmacotherapy and bioactive natural science marks
not a replacement but an evolution —toward high-potency, low-toxicity, ecologically balanced acne
treatments that respect both the skin and its microbiome.
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