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ABSTRACT

Acne vulgaris is one of the most common chronic inflammatory skin diseases with a complex and multifactorial
pathogenesis, including keratinization disorders, excessive sebum production, skin microbiome dysbiosis, inflammatory
processes, and hormonal and genetic factors. Despite the availability of numerous effective therapies, such as retinoids,
antibiotics, and hormonal therapy, their use is still associated with limitations, including adverse effects, unsatisfactory
results, the risk of antibiotic resistance, and disease recurrence. Consequently, contemporary dermatology is increasingly
focusing on the development of personalized therapies and modern technologies supporting the diagnosis and treatment of
acne.

The aim of this study was to review current trends in the diagnosis and treatment of acne vulgaris, which are aimed at
combining digital and biotechnological tools and exploring new treatment alternatives to improve treatment effectiveness.
Data were analyzed regarding the use of artificial intelligence algorithms in assessing skin lesions, the use of nanocarriers in
drug delivery, and the importance of genetic, immunological, hormonal, and microbiological factors in the pathogenesis of
acne. The complex and multifactorial nature of acne vulgaris pathogenesis suggests that effective future therapies will require
a multifaceted approach that takes into account individual patient predispositions.
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1. Introduction

Acne vulgaris is one of the most common chronic inflammatory diseases worldwide (Kultu et al., 2023),
affecting both adolescents and adults, and significantly impacting patients' quality of life. It affects
approximately 9% of the global population — approximately 85% of those aged 12-24 and approximately 50%
of those aged 20-29 (Eichenfield et al., 2021).

It is a multifactorial disorder clinically characterized by the presence of inflammatory and non-
inflammatory lesions in areas rich in pilosebaceous units, such as the face, neck, back, arms, and upper chest.
Acne vulgaris is classified based on the patient's age, lesion morphology, distribution, and severity (Eichenfield
etal., 2021).

The pathogenesis is multifactorial and includes hyperkeratosis of hair follicles, increased sebum
production, and complex inflammatory processes associated with both innate and adaptive immunity
(Reynolds et al., 2024). In turn, the accumulation of necrotic keratinocytes and fatty acids contributes to the
proliferation of Cutibacterium acnes, a Gram-positive, anaerobic bacillus, a commensal skin organism believed
to play a pathogenic role in the development of acne (Alkhawaja et al., 2020). Neuroendocrine mechanisms,
the action of androgens and their receptors, microfloral dysbiosis, and genetic predisposition also play a
significant role. The risk of acne increases during adolescence, in individuals with a positive family history,
and in patients with oily skin.

Despite the availability of numerous effective acne treatments, such as retinoids, antibiotics, and
hormonal therapies, their use is still associated with numerous limitations, including adverse effects, increasing
microbial resistance, and negative impact on the skin microbiome. Consequently, new therapeutic strategies
aimed at restoring the skin's microbial balance, modulating the host's immune response, and improving
treatment safety and tolerability are gaining increasing interest.
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2. Materials and Methods

A literature review was conducted in PubMed in May 2026. Both original articles and reviews, primarily
those published between 2017 and 2026, were analyzed to provide an overview of the current state of
knowledge and treatment methods for acne. The search terms used were "acne vulgaris," "acne vulgaris
treatment," "personalized acne treatment," "nanomedicine in dermatology," "microbiota of acne vulgaris," and
"artificial intelligence in dermatology." Additionally, older publications, dating back to 2002, were used to
elucidate the pathophysiological mechanisms of acne. Exclusion criteria included publications in languages
other than English and studies focusing primarily on acne scars. After applying the inclusion and exclusion
criteria, a total of 42 articles were selected for analysis.

3. Symptoms and Impact of Acne on Quality of Life

People with acne most commonly observe the presence of comedones, papules, and pustules (Heng &
Chew, 2020). Comedones are divided into two types: open (black) comedones, which form as a result of
blocked hair follicle openings and are exposed to air, leading to their oxidation, and closed (white) comedones,
which remain beneath the skin's surface without a visible opening (Bhatt et al., 2026). Papules are small, raised
inflammatory lesions less than 1 cm in diameter, while pustules resemble papules but contain pus and have a
clear inflammatory basis. In more severe forms of acne, nodules and cysts—swollen, painful inflammatory
lesions exceeding 5 mm in diameter—may also appear. Cysts are primarily formed as a result of the immune
response against bacteria and the lipid content of comedones (Bhatt et al., 2026). Cysts are inflammatory
lesions that are usually larger than 5 mm in size and often leave deep scars. Additionally, patients often
experience sequelae of the disease, such as acne scarring, post-inflammatory redness, and skin discoloration.

It should be noted that acne, despite being a skin condition, has a significant impact on the mental health
and social functioning of patients. Visible skin lesions, particularly those located on the face, can lead to lower
self-esteem, loss of self-confidence, and a deterioration in body image. The chronic nature of the disease and
therapeutic challenges can contribute to the development of stress, frustration, and social isolation (Morshed
et al. 2023). Some patients experience avoidance of interpersonal contact, limited social activity, and
difficulties in professional and personal relationships (Layton et al., 2021). Studies also indicate an increased
risk of anxiety and depressive disorders in acne sufferers (Altunay et al. 2020; Misery et al. 2020; Lukaviciutate
et al., 2020), especially in more severe forms of the disease or the presence of acne scars.

The increase in the number of cases observed in recent decades (Chen et al., 2022) indicates that this
disease poses a significant challenge, both clinically and socially. The growing scale of the problem, as well
as its significant impact on psychological aspects, emphasizes the need to seek new, more effective, and
modern diagnostic methods and therapies that will allow for better control of the disease and limit its
consequences.

4. Main Treatment Methods

Current treatment options, such as topical retinoids, antibiotics, and hormonal therapies, may not be
sufficient to address the increasing incidence and severity of acne. Individual medications vary in their
mechanism of action, efficacy, and safety profile. Characteristics of the most commonly used medications for
acne treatment are presented in Table 1.
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Table 1. The most commonly used drugs in the treatment of acne vulgaris, including their mechanism of
action and the most frequently observed side effects based on the current EuroGuiDerm acne treatment
guidelines (update 2025/2026) [Nast et al., 2026].

Drug / Drug class

Mechanism of action

Most common side effects

Tretinoin (topical
retinoid)

Normalizes follicular keratinization, has anti-
inflammatory effects, and reduces comedone
formation

Skin irritation, redness, dryness, peeling,
photosensitivity

Adapalene (topical
retinoid)

Anti-inflammatory and comedolytic effects;
regulates epidermal cell turnover

Dry skin, burning sensation, irritation,
erythema

Benzoyl peroxide

Antibacterial action against Cutibacterium
acnes, reduction of sebum production and
prevention of antibiotic resistance.

Dryness, peeling, irritation, bleaching of
fabrics

Azelaic acid

Antibacterial, anti-inflammatory, and
depigmenting effect on post-acne
hyperpigmentation

Burning sensation, itching, skin redness

Clindamycin (topical
antibiotic)

Inhibits bacterial growth and reduces
inflammation

Skin irritation, dryness, risk of bacterial
resistance

Doxycycline (oral
antibiotic)

Antibacterial and anti-inflammatory effects

Nausea, diarrhea, photosensitivity,
gastrointestinal disturbances

Lymecycline /
tetracyclines

Reduce bacterial proliferation and
inflammation

Gastrointestinal upset, photosensitivity,
dizziness

Isotretinoin (oral
retinoid)

Strongly reduces sebum production, anti-
inflammatory and indirect antibacterial
effects

Severe dryness of skin and mucous
membranes, muscle pain, hepatotoxicity,
teratogenicity

Spironolactone

Anti-androgenic effect; reduces sebum
production

Menstrual irregularities, breast
tenderness, dizziness

Oral contraceptives

Regulate hormonal balance and reduce
androgen influence

Nausea, headache, increased risk of
thrombosis

5. Artificial Intelligence in Acne Diagnosis and Treatment

The dynamic development of artificial intelligence (Al) is contributing to the increasingly widespread
use of modern technologies in dermatology, including the diagnosis and treatment of acne. The development
of machine learning algorithms enables faster and more precise analysis of skin lesions. Al-based technologies
are used in both diagnosis and disease monitoring, as well as supporting therapeutic decisions.

Many scales are currently used to classify the severity of the disease, but a single universal and fully
standardized assessment tool is still lacking. One of the most commonly used scales is the Global Acne Grading
System (GAGS), which is based on the number and location of skin lesions in various areas of the face and
body. Another popular method is the Investigator's Global Assessment (IGA), which classifies acne severity
based on a dermatologist's overall clinical assessment of lesions. In Europe, the Global Evaluation Acne (GEA)
is also frequently used, enabling a simple assessment of the disease's severity (Seité et al., 2019, Bae et al.
2024). Scientific studies also utilize scales based on counting specific lesion types, such as comedones, papules,
or pustules. Despite their widespread use, existing scales have numerous limitations. Primarily, many of them
rely on the physician's subjective assessment, which can lead to differences in the interpretation of results
between researchers. An additional problem is the time-consuming nature of manually counting skin lesions
and the limited reproducibility of results. Consequently, modern technologies utilizing artificial intelligence,
such as Al algorithms analyzing smartphone images, are gaining increasing interest. These technologies enable
automatic assessment of acne severity, identification, and counting of skin lesions with an accuracy
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comparable to that of a dermatologist (Seité et al., 2019). Artificial intelligence algorithms, primarily based on
deep neural networks (DNNs) and convolutional neural networks (CNNs), reduce subjectivity and
interobserver variability through automatic lesion detection and segmentation. Al models are trained on
thousands of anonymized clinical images, enabling them to accurately identify and count individual lesions:
comedones (closed and open), papules, pustules, and nodules (Kim et al., 2023). They also demonstrate
objective classification of disease severity by analyzing the density and type of lesions, automatically assigning
the patient to the appropriate category on a disease severity scale. Modern systems also benefit from
multispectral analysis, utilizing not only standard photographs but also fluorescence or hyperspectral imaging.
This allows for the detection of porphyrins (metabolic products of the Cutibacterium acnes bacterium) and
subsurface inflammation, invisible to the naked eye. Additionally, the algorithm used by Seité et al. employs
geolocation to analyze the impact of environmental factors, such as air pollution or climatic conditions, on the
course of the disease (Seité et al., 2019). The need for long-term treatment remains a significant challenge in
acne therapy, and modern digital technologies can support monitoring of therapy effects, increase regularity
of follow-up, and facilitate personalized treatment.

However, assessing acne severity based on clinical images poses a significant diagnostic challenge both
in dermatological practice and in automated image analysis systems. This is due to the high morphological
variability of skin lesions, their small size, and the difficulty in clearly differentiating them in images, which
may contain artifacts related to lighting, image blurriness, or partial occlusion of lesions, e.g., by hair (Kim et
al., 2023). Consequently, both manual and automated assessments may be subject to limited reproducibility.
Early methods based on classic machine learning techniques were characterized by limited effectiveness in the
detection and classification of acne lesions. Only the development of deep learning methods has significantly
improved the capabilities of dermatological image analysis, enabling more precise detection and differentiation
of lesion types. At the same time, the effectiveness of AI models remains dependent on the quality, size, and
representativeness of training datasets, as well as the accuracy of expert annotations. An additional limitation
is the difficulty in detecting very small lesions and the high heterogeneity of their appearance, which continues
to pose a challenge for automated dermatological image analysis systems (Kim et al., 2023). An example of
the use of artificial intelligence in dermatological diagnostics is a study that compared the diagnostic
capabilities of Al models, such as ChatGPT-4 and Google Lens, in the assessment of skin diseases (T.P. et al.,
2024). The authors pointed out that modern Al systems can support the diagnostic process by analyzing
dermatological images and generating possible clinical diagnoses. Such technologies are particularly important
in teledermatology and in situations where access to specialized dermatological care is limited. Because acne
is a chronic condition requiring months of discipline, Al becomes a bridge between patient and doctor in
remote care. Mobile applications based on Al would allow patients to regularly take self-photographs to
monitor treatment progress, and the algorithm would assess whether inflammatory lesions are reducing, which
could increase patient engagement in therapy.

Although Al's potential is enormous, it also has limitations, such as data bias, due to the fact that most
algorithms are trained on Caucasian populations. Al's diagnostic accuracy can drop dramatically in Fitzpatrick
skin phototypes [V-VI (dark skin), where inflammatory erythema masks itself differently. Another issue is the
lack of standardized lighting, as images taken by patients under different lighting conditions and with different
home cameras pose a challenge to the reproducibility of algorithm results. Despite promising results, Al cannot
currently replace clinical assessment by a dermatologist. However, due to its extremely dynamic recent
development, its high potential for medical applications, and the continuous improvement of deep learning
algorithms, it may soon become an important diagnostic and disease monitoring tool.

6. Nanomedicine

Nanomedicine is one of the most promising advances in modern dermatology and is finding increasing
application in acne treatment. The use of nanotechnology allows for the creation of nanosized carriers,
including liposomes, nanoemulsions, and polymer nanoparticles, which transport therapeutic substances
directly to hair follicles and sebaceous glands—key sites in the development of acne lesions. Many
dermatological conditions are preferentially treated with topical preparations, but their penetration is limited
by the presence of the stratum corneum, which limits the diffusion of small and lipophilic drugs (Cuip et al.,
2021). The ability of topical preparations to effectively deliver active substances to the target site is uncertain.
Therefore, nanoparticles, due to their unique size and surface chemistry, are increasingly being investigated as
a method for increasing drug penetration into the deeper layers of the skin, improving absorption, and reducing
side effects (Cui et al., 2021; Paiva- Santos et al., 2021). Nanomaterials are materials less than 100 nm in size,
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whose advantages include the ability to overcome microbial resistance and potentially induce
immunomodulatory effects (Chakraborty et al. 2022). The size of nanoparticles is one of the most important
factors influencing the effectiveness of dermatological therapies. Very small nanoparticles, with a diameter of
less than 4 nm, can penetrate through successive layers of the epidermis and into the dermis, regardless of their
electrical charge. Flexible liposomes, also known as deformable liposomes, more easily adapt to the skin's
structure and penetrate its barrier more effectively than rigid liposomes. Cationic liposomes, on the other hand,
possess a positive electrical charge, are characterized by increased skin penetration. The material from which
nanocarriers are made is also important. For example, biodegradable polymer nanoparticles can gradually
degrade in tissues, enabling controlled and sustained drug release (Cui et al., 2021). This allows for maintaining
a stable concentration of the active substance over a longer period and reducing the frequency of drug
applications. Metallic nanoparticles, such as gold nanoparticles, are used in acne therapy due to their ability to
control the delivery of active substances and their activation under the influence of external stimuli, such as
light, which allows for precise action on the sebaceous glands and acne lesions (Artounian et al., 2021)

An example of the effectiveness of nanotechnology is research on retinoids. Although topical tretinoin
is an effective treatment, its use is limited by its low aqueous solubility and high instability in air and high
temperatures. Therefore, attempts have been made to utilize nanocarriers to improve drug stability and
therapeutic efficacy. One such approach was a study in which the efficacy and safety of tretinoin (NLC-TRE)
was assessed using nanostructured lipid carriers (NLC) compared to a conventional cream containing 0.05%
tretinoin (TRE) in the treatment of mild to moderate acne vulgaris (Samadi et al., 2022). Clinical trial results
demonstrated significantly greater efficacy of NLC-TRE compared to the standard preparation — the rate of
acne lesion reduction was higher with NLC-TRE, and a greater reduction in the size and intensity of porphyrin
production in pilosebaceous follicles was observed.

Another example of efficacy is a study in which adapalene was encapsulated in tyrosine-derived
nanospheres (TyroSphere™). In ex vivo hair follicle penetration studies, the thyrospheres significantly
increased adapalene transport into the pilosebaceous unit, and in vitro studies also demonstrated reduced
irritation potential (Ramezanli et al., 2017).

It is also worth emphasizing that despite the high therapeutic potential of nanoparticles in acne treatment,
their safety profile has not yet been fully confirmed in long-term studies. This is due to the fact that
nanomaterials may exhibit different biological activity depending on size, shape, coating type, and application
method. Research is ongoing into their potential cellular toxicity, ability to accumulate in tissues, and potential
impact on the immune system.

The dynamic development of nanotechnology and increasingly advanced testing methods mean that
knowledge about their safety is steadily expanding. Consequently, nanomedicine has a real chance of
becoming a key tool in the future for more effective and precise acne treatment.

7. Precision Dermatology

Precision dermatology is a modern approach to acne treatment that involves tailoring therapy to the
individual patient, rather than using one-size-fits-all treatment regimens. Unlike traditional methods, it is based
on the analysis of multiple factors influencing the development of the disease, such as hormonal profile, skin
microbiome composition, genetic predisposition, individual immune system reactivity, and the nature of
inflammatory lesions. Modern diagnostic tools, including genetic testing and microbiological analyses, play a
key role in precision dermatology, allowing for a better understanding of the mechanisms underlying acne in
a given patient. This allows for the selection of targeted therapy, which increases treatment effectiveness, can
prevent relapses, and simultaneously reduces the risk of adverse effects.

7.1. Microbiome and Immunological Aspects

Conventional acne treatment methods, such as topical retinoids, benzoyl peroxide, and oral antibiotics,
affect C. acnes and modulate the associated inflammatory pathways (Lam et al., 2022). However, these
approaches often disrupt the skin microbiome, leading to microbial imbalances that favor opportunistic
pathogens and undermine skin homeostasis. It is increasingly recognized that the problem lies not in the
presence of C. acnes itself, but rather in the disruption of microbiome diversity and the predominance of pro-
inflammatory strains (Dréno et al., 2020). Furthermore, overuse of antibiotics is associated with adverse effects,
such as the development of resistance and further microbial disruption (Lee et al. 2019). This growing
awareness has shifted treatment strategies from simply eradicating C. acnes to restoring microbiome balance
and diversity, emphasizing the need for innovative therapeutic alternatives.
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The growing understanding of the role of the microbiome in acne pathogenesis could significantly
impact future therapeutic strategies. One of the main areas of development is microbiome-modulating therapies,
such as probiotics, prebiotics, and postbiotics, which aim to support beneficial skin and gut bacteria and reduce
inflammation. Particular importance is also attributed to the gut-skin axis, as intestinal dysbiosis may influence
the activation of the immune system, increase oxidative stress and the production of inflammatory mediators,
which may translate into the exacerbation of acne lesions (Dréno et al., 2020; Lee et al. 2019).

In this context, acne is increasingly being viewed as a systemic disease, not just a dermatological one,
opening the door to dietary and microbiological interventions aimed at modulating the gut-cutaneous axis.

Disruptions in the skin's microbial balance affect not only the composition of the microbiome but also
the activation of immune mechanisms responsible for the development of inflammatory lesions. Interactions
between Cutibacterium acnes and cells of the skin's immune system lead to the activation of numerous
proinflammatory pathways, which play a key role in the pathogenesis of acne. Keratinocytes constitute the
main population of epidermal cells and play a crucial role in both the innate and adaptive immune responses
of the skin. They are an active source of antimicrobial peptides and proinflammatory cytokines, which initiate
an inflammatory response in response to contact with pathogen-associated molecular patterns (PAMPs) or
threat-associated AMPs (DAMPs). In the context of acne, ligands of the Toll-like receptors TLR2 and TLR6,
present in, among others, keratinocytes, are of particular importance. on the surface of Cutibacterium acnes.
Activation of TLR2 receptors by C. acnes components leads to the initiation of signaling pathways, including
NF-kB (Nuclear Factor kappa-light-chain-enhancer of activated B cells) - a transcription factor controlling the
expression of inflammatory genes, and increased production of proinflammatory cytokines such as IL-1a, IL-
6, IL-8, TNF-a (Tumor Necrosis Factor alpha) and GM-CSF (Granulocyte-Macrophage Colony-Stimulating
Factor) (Graham et al., 2004). This process promotes the recruitment of immune cells, especially neutrophils
and macrophages, which dominate in inflammatory acne lesions, and their activation may additionally
intensify damage to the structure of the pilosebaceous follicle by releasing proteolytic and lysosomal enzymes.
Early acne lesions are characterized by strong infiltration of inflammatory cells and increased expression of
TLR2 within macrophages surrounding hair follicles. Concomitantly, deregulation of genes associated with
the inflammatory response and extracellular matrix remodeling is observed, including genes encoding
metalloproteinases (MMP1, MMP3), B-defensins, and neutrophil enzymes (Trivedi et al. 2006). Antimicrobial
peptides (AMPs), such as B-defensins, cathelicidin LL-37, and S100 family proteins, also play a significant
role in acne pathogenesis (Lesiak et al., 2024). These compounds exhibit both antibacterial and
immunomodulatory effects, influencing inflammatory cell activity and cytokine production. Although some
of these compounds are constitutively present in the skin, their expression is significantly increased in acne
lesions under the influence of C. acnes. Currently, research is underway on synthetic AMPs that could
selectively inhibit the development of pathogenic C. acnes strains while limiting inflammation (Graham et al.,
2004).

The increasing understanding of the relationship between the skin microbiome, immune response, and
environmental factors suggests that the future of acne treatment may rely on more selective microenvironment
modulation, targeting specific C. acnes strains without compromising the entire skin microbiome. These
include the use of bacteriophages, antimicrobial peptides, and acne vaccines targeting bacterial virulence
factors (Dréno et al., 2020; O’Neil & Gallo, 2018).. The use of bacteriophages, viruses capable of selectively
infecting and destroying specific bacterial strains, may enable the reduction of pro-inflammatory C. acnes
strains without damaging other components of the skin microbiome, potentially reducing the risk of dysbiosis
and the development of antibiotic resistance (Mohammadi, 2024). Intensive research is also underway on
vaccines, which may in the future find application not only in the treatment of active inflammatory lesions but
also in the prevention of severe forms of acne in individuals genetically or hormonally predisposed. Various
vaccine formulations are currently being studied, including those based on inactivated whole bacterial cells
and more precise recombinant vaccines targeting selected C. acnes antigens. However, vaccines targeting
specific virulence factors, such as CAMP (Christie—Atkins—Munch—Petersen factor) proteins, sialidases, and
other structures responsible for adhesion and induction of the inflammatory response, are of greatest interest
(Goh et al., 2025). Simultaneously, modern methods based on mRNA technology are also being developed,
allowing for the rapid design of an immune response against selected bacterial antigens. Clinically, such
interventions could reduce the risk of disease progression to severe forms, including nodular-cystic lesions and
those with a tendency to scarring, through prior modulation of the host's immune response.
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7.2. Genetic Factors

Genetic factors play a significant role in the pathogenesis of acne, influencing both the susceptibility to
its occurrence and the severity and clinical course of the disease. Acne is polygenic, meaning it is not
determined by a single gene, but by the interaction of multiple genetic variants related to, among other things,
the functioning of the sebaceous glands, the immune response, and the regulation of inflammatory processes.
Bataille et al. conducted a study on a sample of 458 pairs of monozygotic twins and 1,099 pairs of dizygotic
twins. The results indicated that a significant portion of the disease variability, specifically 81%, can be
attributed to genetic factors, with the remainder to environmental factors (Bataille et al., 2002). To effectively
identify, treat, and alleviate acne at an early stage, it is necessary to investigate the genetic factors that
contribute to an individual's susceptibility to this disease. Currently, only a subset of genes associated with the
genetic predisposition to acne have been identified, and their significance may vary depending on ethnicity,
environmental factors, and individual susceptibility. Previous studies indicate a significant role for genes
involved in the inflammatory response and sebaceous gland function, including genes encoding interleukins,
TNF-a, resistin (RETN), cytochrome P450 enzymes (CYPs), and matrix metalloproteinases and their
inhibitors (TIMPs) (Zhang & Zhang 2023). Most of these genes are involved in regulating sebum production,
keratinization processes, and the intensity of the immune and inflammatory response, playing a significant role
in acne pathogenesis. An example of this is a study showing that keratinocyte activation by C. acnes can induce
the production of interleukin-1 alpha, which then influences hyperkeratinization of the infundibulum segments
of hair follicles, which is considered an initial step in the development of comedogenesis (Thiboutot, 2014).
Genetic factors may also influence individual response to treatment, including drug metabolism. Cytochrome
P450 enzyme polymorphisms may determine the rate of metabolism of retinoids, antibiotics, or hormonal
drugs, which translates into differences in treatment effectiveness and the risk of adverse effects.

A key area of development is the use of genetic markers to identify patients at risk for more severe
disease, a tendency toward scarring, or resistance to standard treatments. Analysis of polymorphisms in genes
related to proinflammatory cytokines (e.g., IL-1, IL-6, TNF-a), androgen receptors, and cytochrome P450
enzymes may, in the future, enable prediction of response to specific therapies.

Modern genetic studies, particularly genome-wide association analyses (GWAS), have significantly
expanded our understanding of acne predisposition. These studies have revealed the existence of numerous
susceptibility loci associated with, among other things, the regulation of pilosebaceous unit function and
signaling pathways involved in skin tissue differentiation and remodeling. Mitchell's research revealed clear
similarities between the effects of different allelic variants at the EDAR locus and the WNT10A locus, where
genetic variation influences both the risk of acne and hair morphology, as well as the occurrence of ectodermal
dysplasia (Mitchell et al., 2022). This study also demonstrated the involvement of neutrophilic inflammatory
processes, confirming the association signal at the IL36RN locus, where rare loss-of-function variants are
associated with various forms of pustular skin diseases.

In addition to genetic factors, epigenetic mechanisms, including microRNAs, which regulate the
expression of genes associated with the skin's immune response, also play a significant role. Abnormalities in
their profile can exacerbate inflammatory processes in sebocytes and keratinocytes, suggesting their potential
role in the pathogenesis of acne and as future therapeutic targets (Gordon et al., 2024).

Understanding the genetic mechanisms of acne also paves the way for the development of molecularly
targeted therapies. Instead of nonspecific anti-inflammatory effects, future drugs could be designed to
modulate specific biological pathways disrupted in a given patient. Pharmacogenetics, or tailoring therapy to
individual differences in drug metabolism, is also crucial. CYP enzyme polymorphisms could in the future
provide the basis for personalized dosing of acne medications, increasing their efficacy and safety. In the long
term, genetic panels could also be used in dermatological diagnostics. This would enable early identification
of individuals particularly predisposed to developing acne and the implementation of preventive and
therapeutic measures before serious skin lesions develop.

7.3. The Effects of Hormones

Androgens play a key role in the pathogenesis of acne by influencing the function of the sebaceous
glands. Their action is mediated by androgen receptors (ARs) present in sebocytes. The main ligands of these
receptors are testosterone and dihydrotestosterone (DHT), with DHT exhibiting a more potent biological effect.
Activation of androgen receptors leads to increased sebum production and hyperkeratinization of hair follicles,
which promotes the development of acne lesions. Circulating androgenic prohormones, such as
dehydroepiandrosterone (DHEA), DHEA sulfate (DHEAS), and androstenedione, are converted in the skin
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into active androgens- testosterone and DHT -due to the presence of steroidogenic enzymes, particularly Sa-
reductase, which is responsible for the conversion of testosterone to DHT (Jiang et al. 2022).

The influence of androgens on the development of acne is multifaceted. In addition to stimulating sebum
production, androgens can enhance sebocyte lipogenesis by activating pathways associated with SREBP
proteins and insulin-like growth factor IGF-1 (Smith et al., 2008). IGF-1 also influences androgen metabolism
and increases the activity of androgen receptors. Androgens and ARs can also enhance the inflammatory
response by activating macrophages and neutrophils, contributing to the progression of inflammatory lesions
in acne.

Due to the significant role of androgens and ARs in the pathogenesis of the disease, antiandrogen therapy
is an important therapeutic approach, particularly in patients with severe or treatment-resistant acne. However,
traditional systemic therapies carry the risk of systemic side effects, which stimulates the development of
topical endocrine modulation. A significant breakthrough in this area was the introduction of clascoterone, the
first topical AR antagonist, which effectively inhibits hormonal stimulation of lipogenesis and the synthesis of
proinflammatory cytokines directly in the pilosebaceous unit, without systemic impact on the patient's
hormonal profile (Di Stefano et al., 2025). In addition to androgens, insulin and IGF-1 are important hormones
influencing the function of the sebaceous glands. Individuals with insulin resistance or a predisposition to
hyperinsulinemia exhibit increased activation of the IGF-1 axis, leading to increased lipogenesis in sebocytes,
increased sebum production, and intensified inflammatory processes. At the same time, genetic differences,
including those in the PI3K/AKT signaling pathway and FOXO1 (forkhead O1) expression, may modulate the
degree of response to IGF-1 and androgens, which explains the varied clinical course of acne in patients with
similar disease presentations (Melnik, 2015). Metabolic disorders and stimulation of the IGF-1 axis lead to
excessive activation of the intracellular protein complex mMTORC1 (mammalian target of rapamycin complex
1), which acts as a master biosensor that enhances lipid synthesis and the secretion of inflammatory proteins
in skin cells (Lesiak et al., 2024). Contemporary skin neuroendocrinology also indicates a significant role of
stress in the pathophysiology of acne. In response to psychological stimuli, skin cells are capable of locally
synthesizing corticotropin-releasing hormone (CRH), which, by binding to CRH-R1 receptors on sebocytes,
directly induces a rapid flare of inflammatory changes and seborrhea (Zhang H. et al., 2024).

In this context, acne should be viewed as a heterogencous disease, with different pathogenetic
mechanisms predominating in individual patients. To practically implement the principles of personalized
medicine, implementing targeted laboratory panels is crucial, allowing the identification of patients with a
dominant endocrine-metabolic basis. A basic diagnostic profile should include assessment of the androgen
axis by measuring free testosterone, androstenedione, dehydroepiandrosterone sulfate, and sex hormone-
binding globulin (SHBG), which allows for an estimate of the actual pool of ligands stimulating AR receptors
in the skin. Equally important is the simultaneous verification of metabolic parameters, including fasting
insulin and glucose levels (with calculation of the HOMA-IR index) and IGF-1 levels, as direct activators of
the mTORCI cascade. Such a structured diagnostic approach, supplemented in women with the assessment of
gonadotropic hormones (LH and FSH) in the follicular phase, enables precise mapping of the heterogeneous
pathogenic mechanisms of acne and lays the foundation for future, individualized therapeutic strategies.

Personalizing hormonal treatment would enable the selection of therapy tailored to the specific patient
profile, which in practice would mean a shift from formulaic treatment to therapy directed at the dominant
mechanism of the disease. Furthermore, the development of hormonal and molecular diagnostics could enable
the identification of patients whose acne has a strong endocrine basis, allowing for earlier implementation of
causal treatment. This approach could also limit the use of ineffective empirical therapies and reduce the risk
of adverse effects caused by them.
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8. Discussion

The presented data indicate that acne vulgaris is a disease with a complex pathophysiology influenced
by numerous genetic, immunological, and hormonal factors. A growing understanding of its mechanisms is
leading to a shift from an approach focused solely on symptomatic treatment toward strategies aimed at
identifying and modifying the underlying processes. Individual patient assessment, encompassing, among
other things, hormonal profile, genetic factors, and the nature of the inflammatory response, is crucial. This
approach allows for a better understanding of the dominant disease mechanisms in a given individual and
potentially for selecting more effective treatment. In parallel, new therapeutic strategies are developing rapidly,
such as modulating the skin microbiome, using bacteriophages, and vaccines targeting selected bacterial
virulence factors, which can selectively limit pathogenic strains without disrupting the physiological
microbiome.

Technologies supporting diagnostics and treatment monitoring also remain an important direction of
development. Artificial intelligence enables the objectification of skin lesion assessment, reducing the
subjectivity of classic scales, and long-term monitoring of response to therapy. Nanomedicine, in turn, opens
up opportunities to improve drug bioavailability, selectively deliver drugs to the pilosebaceous unit, and reduce
adverse effects.

Despite the promising nature of the approaches described, significant limitations of the current state of
knowledge should be emphasized. For many modern methods, such as bacteriophage therapy, acne vaccines,
and advanced nanocarrier systems, clinical data are still limited and often come from preclinical studies or
small research samples. Similarly, artificial intelligence-based solutions are characterized by limited
standardization and potential bias resulting from insufficient representation of different skin phototypes.
Furthermore, the availability of advanced hormonal, genetic, and microbiological diagnostics in everyday
clinical practice remains a challenge for personalized approaches.

In summary, the integration of new technologies and biological approaches is a promising direction for
the development of acne treatment, but their actual clinical application requires further, well-designed studies
and validation of safety and efficacy.

9. Conclusions

Acne vulgaris is a multifactorial disease with a complex and heterogeneous pathogenesis, which justifies
the need for an individualized therapeutic approach. Traditional treatment regimens, despite their proven
effectiveness, do not always provide complete disease control, indicating the need for new, cause-specific
strategies. The most promising development direction is personalized medicine, which integrates patient
clinical, biological, and molecular data to optimize therapy. Modern Al-based technologies may also improve
treatment precision and effectiveness; once refined, they could become an important diagnostic tool and be
used for disease monitoring. However, the introduction of new methods requires further clinical trials and
evaluation of their safety and effectiveness in practice.

REFERENCES

1. Alkhawaja, E., Hammadi, S., Abdelmalek, M., Mahasneh, N., Alkhawaja, B., & Abdelmalek, S. M. (2020).
Antibiotic resistant Cutibacterium acnes among acne patients in Jordan: A cross sectional study. BMC Dermatology,
20(1), 17. https://doi.org/10.1186/s12895-020-00108-9

2. Altunay, I. K., Ozkur, E., Dalgard, F. J., Gieler, U., Tomas Aragones, L., Lien, L., Poot, F., Jemec, G. B., Misery,
L., Szab¢, C., Linder, D., Sampogna, F., Evers, A. W. M., Halvorsen, J. A., Balieva, F., Szepietowski, J. C.,
Romanov, D. V., Marron, S. E., Finlay, A. Y., Salek, S., ... Kupfer, J. (2020). Psychosocial aspects of adult acne:
Data from 13 European countries. Acta Dermato-Venereologica, 100(4), adv00051.
https://doi.org/10.2340/00015555-3409

3. Artounian, K., Bundogji, N., Hoss, E., & Boen, M. (2021). Applications of gold and silver nanoparticles in the
treatment of acne vulgaris: A systematic review. Journal of Drugs in Dermatology: JDD, 20(6), 666—670.
https://doi.org/10.36849/JDD.2021.5762

4. Bae, I. H, Kwak, J. H., Na, C. H., Kim, M. S., Shin, B. S., & Choi, H. (2024). A comprehensive review of the acne
grading scale in 2023. Annals of Dermatology, 36(2), 65-73. https://doi.org/10.5021/ad.23.094

5. Bataille, V., Snieder, H., MacGregor, A. J., Sasieni, P., & Spector, T. D. (2002). The influence of genetics and
environmental factors in the pathogenesis of acne: A twin study of acne in women. The Journal of Investigative
Dermatology, 119(6), 1317-1322. https://doi.org/10.1046/j.1523-1747.2002.19621 .x

e-ISSN: 2544-9435 10



3(51) (2026): International Journal of Innovative Technologies in Social Science

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Bhatt, J., Kumar, V. J., & Chahat. (2026). Acne vulgaris: Key insights, treatment, and future prospects. Molecular
Diversity, 30(1), 143—178. https://doi.org/10.1007/s11030-025-11209-3

Chakraborty, N., Narayanan, V., & Gautam, H. K. (2022). Nano-therapeutics to treat acne vulgaris. Indian Journal
of Microbiology, 62(2), 167-174. https://doi.org/10.1007/s12088-022-01001-4

Chen, H., Zhang, T. C., Yin, X. L., Man, J. Y., Yang, X. R., & Lu, M. (2022). Magnitude and temporal trend of acne
vulgaris burden in 204 countries and territories from 1990 to 2019: An analysis from the Global Burden of Disease
Study 2019. The British Journal of Dermatology, 186(4), 673—683. https://doi.org/10.1111/bjd.20882

Cui, M., Wiraja, C., Chew, S. W. T., & Xu, C. (2021). Nanodelivery systems for topical management of skin
disorders. Molecular Pharmaceutics, 18(2), 491-505. https://doi.org/10.1021/acs.molpharmaceut.0c00154

Di Stefano, A. F. D., Radicioni, M. M., Garhoéfer, G., Cartwright, M., Miiller, M., Kopeloft, 1., Moro, L., Squittieri,
N., & Mazzetti, A. (2025). Pharmacokinetics, safety, and skin irritation and sensitization potential of clascoterone
cream in early-phase clinical study participants. Clinical Pharmacology in Drug Development, 14(10), 742—753.
https://doi.org/10.1002/cpdd.1561

Dréno, B., Dagnelie, M. A., Khammari, A., & Corvec, S. (2020). The skin microbiome: A new actor in inflammatory
acne. American Journal of Clinical Dermatology, 21(Suppl 1), 18-24. https://doi.org/10.1007/s40257-020-00531-1
Eichenfield, D. Z., Sprague, J., & Eichenfield, L. F. (2021). Management of acne vulgaris: A review. JAMA, 326(20),
2055-2067. https://doi.org/10.1001/jama.2021.17633

Goh, E., Chavatte, J. M., Lin, R. T. P., Ng, L. F. P., Rénia, L., & Oon, H. H. (2025). Vaccines in dermatology—
Present and future: A review. Vaccines, 13(2), 125. https://doi.org/10.3390/vaccines13020125

Gordon, S., Layton, A. M., Fawcett, S., & Ross, K. (2024). A microRNA focus on acne. Dermatology Reports, 16(2),
9902. https://doi.org/10.4081/dr.2024.9902

Graham, G. M., Farrar, M. D., Cruse-Sawyer, J. E., Holland, K. T., & Ingham, E. (2004). Proinflammatory cytokine
production by human keratinocytes stimulated with Propionibacterium acnes and P. acnes GroEL. The British
Journal of Dermatology, 150(3), 421-428. https://doi.org/10.1046/j.1365-2133.2004.05762.x

Heng, A. H. S., & Chew, F. T. (2020). Systematic review of the epidemiology of acne vulgaris. Scientific Reports,
10(1), 5754. https://doi.org/10.1038/s41598-020-62715-3

Jiang, Z., Jin, S., Fan, X., Cao, K., Liu, Y., Wang, X., Ma, Y., & Xiang, L. (2022). Cannabidiol inhibits inflammation
induced by Cutibacterium acnes-derived extracellular vesicles via activation of CB2 receptor in keratinocytes.
Journal of Inflammation Research, 15,4573—-4583. https://doi.org/10.2147/JIR.S374692

Kim, D. H., Sun, S., Cho, S. 1., Kong, H. J., Lee, J. W., Lee, J. H., & Suh, D. H. (2023). Automated facial acne
lesion detecting and counting algorithm for acne severity evaluation and its utility in assisting dermatologists.
American Journal of Clinical Dermatology, 24(4), 649—659. https://doi.org/10.1007/s40257-023-00777-5

Kutly, O., Karadag, A. S., & Wollina, U. (2023). Adult acne versus adolescent acne: A narrative review with a focus
on  epidemiology to  treatment. = Anais  Brasileiros  de  Dermatologia, 98(1),  75-83.
https://doi.org/10.1016/j.abd.2022.01.006

Lam, M., Hu, A., Fleming, P., & Lynde, C. W. (2022). The impact of acne treatment on skin bacterial microbiota:
A systematic  review. Jowrnal of  Cutaneous  Medicine  and  Surgery,  26(1), 93-97.
https://doi.org/10.1177/12034754211037994

Layton, A. M., Thiboutot, D., & Tan, J. (2021). Reviewing the global burden of acne: How could we improve care
to reduce the burden? The British Journal of Dermatology, 184(2), 219-225. https://doi.org/10.1111/bjd.19477
Lee, Y. B., Byun, E. J., & Kim, H. S. (2019). Potential role of the microbiome in acne: A comprehensive review.
Journal of Clinical Medicine, 8(7), 987. https://doi.org/10.3390/jcm8070987

Lesiak, A., Paprocka, P., Wnorowska, U., Mankowska, A., Kr6l, G., Gluszek, K., Piktel, E., Spalek, J., Okla, S.,
Fiedoruk, K., Durnas, B., & Bucki, R. (2024). Significance of host antimicrobial peptides in the pathogenesis and
treatment of acne vulgaris. Frontiers in Immunology, 15, 1502242 https://doi.org/10.3389/fimmu.2024.1502242
Lukaviciute, L., Ganceviciene, R., Navickas, P., Navickas, A., Grigaitiene, J., & Zouboulis, C. C. (2020). Anxiety,
depression, and suicidal ideation amongst patients with facial dermatoses (acne, rosacea, perioral dermatitis, and
folliculitis) in Lithuania. Dermatology, 236(4), 314-322. https://doi.org/10.1159/000506627

Melnik, B. C. (2015). Linking diet to acne metabolomics, inflammation, and comedogenesis: An update. Clinical,
Cosmetic and Investigational Dermatology, 8, 371-388. https://doi.org/10.2147/CCID.S69135

Misery, L., Taieb, C., Schollhammer, M., Bertolus, S., Coulibaly, E., Feton-Danou, N., Michel, L., Seznec, J. C.,
Versapuech, J., Joly, P., Corgibet, F., Ezzedine, K., & Richard, M. A. (2020). Psychological consequences of the
most common dermatoses: Data from the Objectifs Peau study. Acta Dermato-Venereologica, 100(13), adv00175.
https://doi.org/10.2340/00015555-3531

Mitchell, B. L., Saklatvala, J. R., Dand, N., Hagenbeek, F. A., Li, X., Min, J. L., Thomas, L., Bartels, M., Jan
Hottenga, J., Lupton, M. K., Boomsma, D. 1., Dong, X., Hveem, K., Loset, M., Martin, N. G., Barker, J. N., Han, J.,
Smith, C. H., Renteria, M. E., & Simpson, M. A. (2022). Genome-wide association meta-analysis identifies 29 new
acne susceptibility loci. Nature Communications, 13(1), 702. https://doi.org/10.1038/s41467-022-28252-5
Mohammadi, M. (2024). Cutibacterium acnes bacteriophage therapy: Exploring a new frontier in acne vulgaris
treatment. Archives of Dermatological Research, 317(1), 84. https://doi.org/10.1007/s00403-024-03585-x

e-ISSN: 2544-9435 11



3(51) (2026): International Journal of Innovative Technologies in Social Science

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Morshed, A. S. M., Noor, T., Uddin Ahmed, M. A., Milj, F. S., Ikram, S., Rahman, M., Ahmed, S., & Uddin, M. B.
(2023). Understanding the impact of acne vulgaris and associated psychological distress on self-esteem and quality
of life via regression modeling with CADI, DLQI, and WHOQoL. Scientific Reports, 13(1), 21084.
https://doi.org/10.1038/s41598-023-48182-6

Nast, A., Al Wattar, B. H., Beylot Barry, M., Briiggemann, H., Bukvi¢ Mokos, Z., Caruana, D. M., Degitz, K.,
Dessinioti, C., Dréno, B., Driessen, R. J. B., Gollnick, H., Hedersdal, M., Katoulis, A., Lauchli, S., Lambert, J.,
Layton, A. M., Micali, G., Ochsendorf, F. R., Sathyapalan, T., ... Pennitz, A. (2026). Update of the EuroGuiDerm
evidence-based guideline for the treatment of acne—Short version. Journal of the European Academy of
Dermatology and Venereology. Advance online publication. https://doi.org/10.1111/jdv.70331

O’Neill, A. M., & Gallo, R. L. (2018). Host-microbiome interactions and recent progress into understanding the
biology of acne vulgaris. Microbiome, 6(1), 177. https://doi.org/10.1186/s40168-018-0558-5

Paiva-Santos, A. C., Mascarenhas-Melo, F., Coimbra, S. C., Pawar, K. D., Peixoto, D., Cha-Cha, R., Araujo, A. R.,
Cabral, C., Pinto, S., & Veiga, F. (2021). Nanotechnology-based formulations toward the improved topical delivery
of anti-acne active ingredients. Expert Opinion on Drug Delivery, 18(10), 1435-1454.
https://doi.org/10.1080/17425247.2021.1951218

T, P., Mitra, D., Nagaraju, P. K., Sirohi, G. K., & Periyadan Kandinhapally, S. (2024). Enhancing dermatological
diagnosis with artificial intelligence: A comparative study of ChatGPT-4 and Google Lens. International Journal of
Dermatology, 63(11), e369—¢372. https://doi.org/10.1111/ijd. 17392

Ramezanli, T., Zhang, Z., & Michniak-Kohn, B. B. (2017). Development and characterization of polymeric
nanoparticle-based formulation of adapalene for topical acne therapy. Nanomedicine: Nanotechnology, Biology, and
Medicine, 13(1), 143—152. https://doi.org/10.1016/j.nan0.2016.08.008

Reynolds, R. V., Yeung, H., Cheng, C. E., Cook-Bolden, F., Desai, S. R., Druby, K. M., Freeman, E. E., Keri, J. E.,
Stein Gold, L. F., Tan, J. K. L., Tollefson, M. M., Weiss, J. S., Wu, P. A., Zaenglein, A. L., Han, J. M., & Barbieri,
J. S. (2024). Guidelines of care for the management of acne vulgaris. Journal of the American Academy of
Dermatology, 90(5), 1006.e1-1006.e30. https://doi.org/10.1016/j.jaad.2023.12.017

Samadi, A., Sartipi, Z., Ahmad Nasrollahi, S., Sheikholeslami, B., Nassiri Kashani, M., Rouini, M. R., Dinarvand,
R., & Firooz, A. (2022). Efficacy assessments of tretinoin-loaded nano lipid carriers in acne vulgaris: A double blind,
split-face randomized clinical study. Archives of Dermatological Research, 314(6), 553-561.
https://doi.org/10.1007/s00403-021-02256-5

Seité, S., Khammari, A., Benzaquen, M., Moyal, D., & Dréno, B. (2019). Development and accuracy of an artificial
intelligence algorithm for acne grading from smartphone photographs. Experimental Dermatology, 28(11), 1252—
1257. https://doi.org/10.1111/exd.14022

Smith, T. M., Gilliland, K., Clawson, G. A., & Thiboutot, D. (2008). IGF-1 induces SREBP-1 expression and
lipogenesis in SEB-1 sebocytes via activation of the phosphoinositide 3-kinase/Akt pathway. The Journal of
Investigative Dermatology, 128(5), 1286—1293. https://doi.org/10.1038/sj.jid.5701155

Thiboutot, D. M. (2014). Inflammasome activation by Propionibacterium acnes: The story of IL-1 in acne continues
to unfold. The Journal of Investigative Dermatology, 134(3), 595-597. https://doi.org/10.1038/jid.2013.528
Trivedi, N. R., Gilliland, K. L., Zhao, W., Liu, W., & Thiboutot, D. M. (2006). Gene array expression profiling in
acne lesions reveals marked upregulation of genes involved in inflammation and matrix remodeling. The Journal of
Investigative Dermatology, 126(5), 1071-1079. https://doi.org/10.1038/sj.jid.5700213

Zhang, H., & Zhang, Z. (2023). Genetic variants associated with acne vulgaris. International Journal of General
Medicine, 16, 3843-3856. https://doi.org/10.2147/1JGM.S421835

Zhang, H., Wang, M., Zhao, X., Wang, Y., Chen, X., & Su, J. (2024). Role of stress in skin diseases: A
neuroendocrine-immune  interaction  view.  Brain,  Behavior, and  Immunity, 116, 286-302.
https://doi.org/10.1016/j.bbi.2023.12.005

e-ISSN: 2544-9435 12



