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Abstract: Rosacea is a chronic inflammatory skin disease with a global prevalence of approximately 5.1%. Existing evidence suggests that
its pathogenesis may be associated with dysregulation of the neuro-hormone-immune network within the skin-gut-brain axis framework.
This review summarizes the potential roles of stress hormones, sex hormones, and insulin-like growth factor-1 in the four major subtypes. In
erythematotelangiectatic rosacea, glucocorticoid resistance within keratinocytes may induce CCL20-driven Th17 inflammation, while
catecholamines released by sympathetic nerves are associated with neurovascular flushing. In papulopustular rosacea, androgen excess,
relative estrogen deficiency, LL-37-mediated innate immune activation, and gut microbiota dysbiosis may collectively contribute to the
formation of inflammatory skin lesions.In the phymatous type, insulin-like growth factor-1 and androgens may interact through the PI3K/
Akt/mTOR and FoxO1 pathways, promoting sebaceous gland hyperplasia and fibrosis. Ocular rosacea is associated with gut-derived low-
grade systemic inflammation and neurogenic inflammation. For treatment, B-receptor blockers such as carvedilol and selective serotonin
reuptake inhibitors such as paroxetine can be used for erythematotelangiectatic rosacea; anti-androgen drugs like spironolactone and
metformin may be explored for papulopustular rosacea; metformin for the phymatous type; and for ocular rosacea, topical corticosteroids
can be used cautiously for a short term under ophthalmological supervision. Adjunctive interventions such as eradication of small intestinal
bacterial overgrowth, a low glycemic index diet, and mindfulness-based stress reduction therapy also demonstrate potential. Taken together,
existing evidence supports viewing rosacea as a systemic disease potentially mediated by the skin-gut-brain axis and characterized by
dysregulation of the neuro-hormone-immune network. However, more high-quality randomized controlled trials and stratified studies
guided by hormone-related biomarkers are currently needed to further validate its mechanisms and advance precision treatment.
Keywords: rosacea, neuro-hormone-immune network, skin-gut-brain axis, targeted therapy

Introduction

Rosacea
Rosacea is a common chronic inflammatory skin disease primarily affecting the central facial region, characterized by persistent
erythema, paroxysmal flushing, capillary telangiectasia, inflammatory papules, and pustules. Some patients may develop
complications such as ocular involvement or nasal soft tissue hyperplasia.' The Global Burden of Disease Study indicates
that the prevalence of rosacea is approximately 5.1%, with the highest incidence observed among adults aged 30 to 50 years, and
the morbidity is significantly higher in females than in males.** The disease not only causes local discomfort and cosmetic
impairment but also substantially increases the risk of psychological comorbidities such as anxiety, depression, and social
avoidance, thereby seriously affecting patients’ quality of life.>°

The pathogenesis of rosacea involves complex interactions among multiple factors, including genetic susceptibility,
neurovascular dysregulation, innate immune hyperactivation, skin barrier dysfunction, and aberrant colonization of follicular
microorganisms.” (Table 1) Abnormal activation of transient receptor potential (TRP) channels can induce the release of various
neuropeptides, triggering vasodilation and neurogenic inflammation.®° Antimicrobial peptide LL-37 is overexpressed in skin
lesions and amplifies the inflammatory cascade by activating immune cells.'™'" Following impaired skin barrier, external irritants

https://doi.org/10.2147/DDDT.S608151 Drug Design, Development and Therapy 2026:20 608151 |
Received: 12 March 2026 © 2026 Shi et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 16 May 2026 AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

Published: 16 June 2026 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0009-0002-5474-5780
http://orcid.org/0009-0005-7636-0701
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Shi et al

Table | Key Pathogenic Mechanisms in Rosacea

Pathogenic Domain Key Mediators Clinical Relevance

Genetic Susceptibility HLA alleles, TLR2 polymorphisms Increased disease risk;”"'® TLR2 polymorphisms associated with earlier onset”

Neurovascular TRPVI/TRPAI, SP, CGRP Flushing, erythema, burning sensation;” serum CGRP levels correlate with flushing severity

Dysregulation (p<0.01)'*%°

Innate Immune LL-37, TLR2, NLRP3 inflatmmasome Papules, pustules, edema;'o'” LL-37 expression in lesional skin is 5-to 10-fold higher vs.

Activation controls'®!"

Skin Barrier Dysfunction | Tight junction proteins (claudin-1), Increased sensitivity, elevated TEWL;'%"? claudin-1 expression reduced by ~50% in rosacea
ceramides epidermis'>?'

Microbial Dysbiosis Demodex folliculorum, B. oleronius Follicular inflammation;” D. folliculorum density >5 mites/cm? in 80% of PPR patients’

Notes: This table summarizes the major pathogenic domains and their key mediators involved in rosacea, providing a framework for understanding the multifactorial nature
of the disease.

Abbreviations: HLA, human leukocyte antigen; TLR2, Toll-like receptor 2; TRPVI, transient receptor potential vanilloid I; TRPAI, transient receptor potential ankyrin |;
SP, substance P; CGREP, calcitonin gene-related peptide; NLRP3, NLR family pyrin domain containing 3; TEWL, transepidermal water loss.

and microorganisms can readily invade, further inducing local inflammation.'*'* Psychological stress is also the most common
trigger of acute onset in clinical settings, capable of directly inducing facial flushing and burning sensation.'* Models based solely
on local skin inflammation are insufficient to fully account for the clinical heterogeneity and complexity of rosacea.'® In recent
years, the concept of the skin-gut-brain axis has been introduced into this field. This axis integrates gut microbiota, neuroimmune
signaling, autonomic nerve function, and stress-related neuroendocrine regulation, describing an integrated system of bidirec-
tional communication among the central nervous system, the gut, and the skin via neural, endocrine, and immune pathways.'®'”
Emerging evidence suggests that rosacea may be a systemic disease actively regulated by the central nervous system, and that it
can be interpreted within the framework of the skin-gut-brain axis.'® The strength of evidence supporting these mechanisms

varies, with some derived from robust clinical observations and others primarily from in vitro or animal studies.

Subtypes of Rosacea

According to the recommendations of the International Rosacea Expert Committee, the disease is classified into four
subtypes based on characteristic clinical features: erythematotelangiectatic subtype (erythematotelangiectatic rosacea,
ETR), papulopustular subtype (papulopustular rosacea, PPR), phymatous subtype (phymatous rosacea), and ocular
subtype (ocular rosacea).' Each subtype has relatively distinct pathophysiological mechanisms, although clinical overlap

1S common.

Erythematotelangiectatic Subtype (ETR)

ETR is characterized primarily by central facial persistent erythema and capillary telangiectasia, with neurovascular
dysregulation as its core driving mechanism. Aberrant activation of TRP channels and the release of neuropeptides, such
as substance P (SP) and calcitonin gene-related peptide (CGRP), represent key molecular events.® In ETR skin lesions,
glucocorticoid receptor (GR) resistance may be present, causing cortisol to shift from an anti-inflammatory signal to
a pro-inflammatory signal: cortisol can induce keratinocytes to overexpress CCL20, which subsequently recruits Th17
cells, thereby forming a stress-inflammation positive feedback loop.>'*** Psychological stress further amplifies the
aforementioned vascular and inflammatory responses by activating the central hypothalamic-pituitary-adrenal (HPA)

axis and the sympathetic nervous system.***

Papulopustular Subtype (PPR)

PPR is characterized by the development of inflammatory papules and pustules superimposed on persistent erythema. Its
pathological mechanisms involve innate immune dysregulation and sex hormone influences. Overexpression of anti-
microbial peptide LL-37 is a prominent feature of PPR.'™!" Androgens stimulate sebaceous gland hyperfunction and
upregulate pro-inflammatory cytokines, whereas physiological doses of estrogen may exert a protective effect by
suppressing the TLR2/NF-kB pathway.”>?® Sex hormone imbalance can also alter intestinal flora composition and
disrupt intestinal barrier integrity, leading to a state of systemic low-grade inflammation that further aggravates skin
lesions®’° (Figure 1).
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Figure | Positive feedback loop of innate immune activation in rosacea skin.

Notes: The figure illustrates how interconnected signaling pathways in keratinocytes drive skin inflammation. Activation of TLR2 and KLK5 promotes the processing of
hCAPI8 into the active antimicrobial peptide LL-37. LL-37 subsequently activates multiple downstream pathways, including NF-kB, the NLRP3 inflammasome, and JAK/STAT,
leading to the production of pro-inflammatory cytokines. These cytokines further activate mTORCI, which in turn enhances LL-37 expression, thereby establishing an
inflammation-amplifying loop (positive feedback). Ultimately, this cascade drives the development of the rosacea skin phenotype.

Abbreviations: TLR2, Toll-like receptor 2; KLK5, kallikrein-related peptidase 5; hCAP18, human cationic antimicrobial protein 18; LL-37, cathelicidin-derived peptide; NF-
«B, nuclear factor kB; NLRP3, NOD-like receptor thermal protein domain-associated protein 3; JAK/STAT, Janus kinase/signal transducer and activator of transcription;
mTORCI, mammalian target of rapamycin complex 1.

Hypertrophic Subtype

The hypertrophic subtype is characterized by sebaceous gland hyperplasia and connective tissue hypertrophy, most commonly
affecting the nose and manifesting as rhinophyma. Insulin-like growth factor-1 (IGF-1) promotes sebum production,
keratinocyte proliferation, and fibrotic changes through activation of the PI3K/Akt/mTOR signaling pathway.’* >
Overactivation of the androgen receptor (AR) can further enhance tissue overgrowth via IGF-1-mediated inactivation of

FoxO1.**> Chronic inflammation and aberrant mechanotransduction may synergistically drive the process of fibrosis.'

Ocular Subtype

The ocular subtype of rosacea primarily manifests as meibomian gland dysfunction, conjunctival inflammation, and
keratitis. Dysregulation of the skin-gut axis frequently coexists with this subtype, and small intestinal bacterial over-
growth (SIBO) has been detected in a subset of affected patients.>’** Neurogenic inflammation and tear film instability
are important mechanisms underlying ocular surface injury.>> Systemic inflammation originating from the gut can

directly affect ocular tissues through shared immune pathways.*”-**

Drug Design, Development and Therapy 2026:20 htps: 3



Shi et al

The subtype-specific mechanisms described above are not mutually exclusive, and overlapping features are com-
monly observed in clinical practice. Although previous studies have separately examined the roles of neurovascular
regulation, hormonal imbalance, immune-mediated inflammation, and gut microbiota in rosacea, most reviews remain
focused on single mechanisms or conventional treatments, lacking systematic integration of these factors within the skin-
gut-brain axis framework. Hormones, as central messengers linking the brain, gut, and skin, have not been sufficiently
integrated with respect to their differential regulatory roles across subtypes; likewise, subtype-specific treatment
strategies grounded in the neuro-hormone-immune network lack systematic synthesis of clinical evidence. This review
systematically integrates, within the skin-gut-brain axis framework, the regulatory roles of endogenous and exogenous
hormones in the neuro-hormone-immune network of rosacea, proposes that rosacea may represent a systemic disease
characterized by neuro-hormone-immune network dysregulation, and summarizes the existing clinical evidence for
hormone-targeted therapy, neurovascular intervention, and gut microbiota modulation across the four clinical subtypes,
with the aim of providing a theoretical reference for precise stratified treatment.

Search Strategy

This review strictly adheres to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA 2020)
guidelines to ensure rigor and transparency throughout the literature screening and analysis process. Relevant studies were
retrieved from four major electronic databases, namely PubMed, Web of Science, Embase, and China National Knowledge
Infrastructure (CNKI), with the search period spanning from each database’s inception to May 2026. To balance currency and
academic traceability, the search focused primarily on innovative studies published within the past 15 years (2011-2026) while
also incorporating early landmark foundational studies. Search terms combined Medical Subject Headings (MeSH) and free text

EEIN93 9 <

terms, including: “rosacea,” “neurohormonal-immune network,” “skin-gut-brain axis,” “glucocorticoid,” “sex hormone,”

99 ¢ 99 ¢

“insulin-like growth factor-1,” “IGF-1,” “TRP channel,” “neurogenic inflammation,” “gut microbiota,” “central sensitization,”

99 ¢,

“targeted therapy,” “beta-blocker,” “SSRIs,” “spironolactone,” “metformin,” and “probiotic.”Search strategies were constructed
based on the research topics using Boolean operators (AND, OR, NOT). The literature screening process followed the PRISMA
2020 flow diagram. First, duplicate records were removed using EndNote 2025 software based on matching criteria including
title, author, journal, and publication year. Second, two independent researchers screened out and excluded irrelevant studies by
reading titles and abstracts. Third, full-text assessment was conducted for potentially eligible studies. Finally, all discrepancies
were resolved through discussion with a third independent researcher. Structured quality assessment was applied to all included

studies to ensure that only studies of moderate-to-high quality were incorporated into the final synthesis.

Regulation by Endogenous Hormones

Stress Hormones
The skin possesses independent neuroendocrine function. The epidermis, dermis, and skin appendages harbor a complete
steroid synthetic pathway capable of de novo synthesis of biologically active glucocorticoids from cholesterol via the key
enzymes CYP11A1 and CYP11B1.°° This synthetic pathway is coupled to a local hypothalamic-pituitary-adrenal (HPA)
axis homologous system, namely the corticotropin-releasing hormone (CRH)-pro-opiomelanocortin (POMC) axis.
Endogenous glucocorticoids exert negative feedback regulation on this axis, thereby maintaining local cutaneous
immune-inflammatory homeostasis.>” 11p-hydroxysteroid dehydrogenase type 1 (118-HSD1), which is highly expressed
in skin cells, regulates the conversion of corticosterone to active cortisol and serves as the core molecular switch
governing local hormone levels.*®

Ultraviolet radiation (UV) exposure or physical and chemical stimulation can disrupt this local homeostasis. UV
radiation activates the cutaneous HPA-like axis in a wavelength-dependent manner, inducing high CRH expression and
promoting the cleavage of POMC into neuropeptides such as melanocyte-stimulating hormone (MSH) and pro-
inflammatory factors.*® This stress response circuit simultaneously stimulates endogenous glucocorticoid synthesis and
interferes with glucocorticoid negative feedback regulation, resulting in dysregulation of local hormone synthesis and

metabolism.*°
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Psychological stress activates the central HPA axis, triggering the release of glucocorticoids and catecholamines.*>**

Whether functional glucocorticoid receptor (GR) resistance exists in rosacea skin lesions remains to be clarified. Chronic
stress can downregulate GR expression and impair its nuclear translocation.”? In human keratinocytes, glucocorticoids
promote CCL20 expression by directly binding to the CCL20 enhancer region via activated GR.2' CCL20 recruits Th17
cells to infiltrate lesional sites, a mechanism that may contribute to inflammatory amplification in rosacea.

Activation of the sympathetic nervous system during psychological stress leads to the release of catecholamines.*
Catecholamines bind to a- and B-adrenergic receptors on keratinocytes, vascular endothelial cells, and immune cells, thereby
modulating cutaneous vasodilation, vascular permeability, and the production of inflammatory cytokines.”* In rosacea,
sympathetic dominance and autonomic dysfunction contribute to facial flushing and persistent erythema.*'** Clinical
evidence that beta-blockers alleviate neurovascular symptoms suggests that catecholamines may be involved.****
Catecholamines may act synergistically with glucocorticoids. Glucocorticoids establish a pro-inflammatory environment
through GR resistance and CCL20 induction, while catecholamines trigger acute vasomotor episodes. Within this integrated
stress hormone network, glucocorticoids mediate chronic immune reprogramming whereas catecholamines drive acute
vascular responses.

This mechanism provides a possible explanation for the dysregulation of the brain-skin axis: cortisol, which is
released from the central nervous system via the HPA axis and should exert an anti-inflammatory effect, may be
erroneously converted into a pro-inflammatory signal due to GR resistance.*’

Stress hormones contribute to the pathogenesis of ETR primarily through neurovascular dysregulation. GR resistance may
be present in ETR skin lesions, shifting cortisol from an anti-inflammatory to a pro-inflammatory signal and amplifying
inflammation via the CCL20-Th17 axis.?' Catecholamines released through sympathetic nerve activation directly induce
facial flushing and persistent erythema.*'** In PPR, GR resistance-mediated Th17 immune responses are likewise implicated
in the formation of papules and pustules.*®*” Direct evidence linking stress hormones to phymatous rosacea and ocular
rosacea is limited, and their influence in these subtypes may be mediated indirectly through systemic inflammation.

Sex Hormones

Rosacea exhibits pronounced sexual dimorphism: prevalence is higher in females, whereas males are more prone to
developing severe phymatous rosacea.These differences are closely related to the regulatory roles of sex hormones in the
skin, immune system, and gut microbiota.

Estrogen exerts a protective role in rosacea by promoting keratinocyte proliferation, enhancing skin barrier repair, and
upregulating ceramide synthesis.*® Estrogen modulates the sensitivity of TRPV1 and TRPA1 channels and nitric oxide
production, thereby regulating neurovascular reactivity and attenuating flushing and erythema.**>° Estrogen also downregulates
TLR2 expression, suppresses the NF-kB signaling pathway, and reduces the production of pro-inflammatory cytokines.?®

Androgen stimulates sebaceous gland hyperfunction and excessive sebum secretion, promoting follicular inflammation.”’
By binding to androgen receptors (AR) in sebaceous gland cells, androgen activates downstream signaling pathways, thereby
promoting sebaceous gland cell proliferation and lipid synthesis.5a-reductase converts testosterone into the more potent
dihydrotestosterone (DHT).?' Androgens exert a negative regulatory effect on skin barrier integrity by suppressing the
expression of lipid synthases.”

Sex hormones and gut microbiota. Sex hormones directly influence the composition of gut microbiota.
Hyperandrogenemia reduces beneficial bacteria and impairs intestinal barrier function, leading to endotoxin translocation
and systemic low-grade inflammation.?”*® These inflammatory signals reach the skin via the bloodstream, thereby exacer-
bating rosacea. Estrogen may counteract these effects by maintaining microbial diversity and intestinal barrier integrity,
although clinical evidence remains limited.?” Gut microbiota can also modulate sex hormone metabolism: gut microorganisms
express B-glucuronidase, which cleaves conjugated estrogens and androgens, thereby facilitating their reabsorption [27].
Environmental endocrine disruptors such as bisphenol A can mimic endogenous hormones and aberrantly activate local
cutaneous hormone signaling pathways.>>>*

Sex hormone imbalance and subtype involvement. Androgens promote the formation of inflammatory papules and
pustules in PPR.%*2® In phymatous rosacea, androgens act synergistically with IGF-1 to drive sebaceous gland hyperplasia
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and fibrosis.*® Estrogen exerts a protective effect, particularly in female patients with PPR.> In ocular rosacea, a subset of
patients exhibits relative hypoandrogenism.?” The direct association between ETR and sex hormones is relatively weak.
Pregnancy-related hormone fluctuations can significantly affect the clinical course of rosacea.”® A single-center retro-
spective survey of 39 patients found that approximately half of the women experienced symptom worsening during the
gestational period, approximately one-third showed no appreciable change, and only approximately one-sixth demonstrated
improvement.’® Pregnancy may also trigger fulminant rosacea, a rare condition. Bettolini et al compiled 27 pregnancy-related
cases, of which 54% had onset during the first trimester, 58% had a prior history of acne or rosacea, and 45% were
primiparous.’’ Furthermore, a prospective cohort analysis based on the Nurses’ Health Study II indicated that nulliparous
women face a higher risk of developing rosacea than parous women, and that both early and advanced age at first birth are
associated with increased risk.”> A 2025 systematic review evaluating the effects of menopause and menopausal hormone
therapy on common dermatoses found that rosacea generally showed an improving trend after menopause.However,
postmenopausal hormone therapy was associated with an increased risk of rosacea. The review also explicitly noted that
the available evidence remains limited and inconsistent,”® indicating that future prospective studies with larger sample sizes
and standardized MHT formulations are needed to establish causality.A retrospective cohort study enrolling 210,274 women
using intrauterine devices found a significant association between the use of a high-dose hormone intrauterine device
containing 52 mg levonorgestrel and an increased risk of rosacea diagnosis, with a 47.2% increase in risk after 5 years of use.””

Insulin-Like Growth Factor-|

Insulin-like growth factor-1 (IGF-1) is a polypeptide hormone that possesses both metabolic regulation and inflammation
regulation functions.?® By activating the downstream PI3K/Akt/mTOR signaling pathway,”' IGF-1 promotes the expression
of inflammatory markers in sebaceous gland cells and stimulates sebum production,’’ while also mediating keratinocyte
proliferation and promoting the release of pro-inflammatory factors and angiogenic factors.*> IGF-1 enhances the sensitivity
of skin nerve endings, upregulates the expression levels of transient receptor potential channels, and exacerbates neurovas-
cular symptoms such as facial flushing and burning sensation in rosacea patients.*® High-sugar diet and excessive dairy intake
can elevate serum IGF-1 levels.*® Metformin inhibits IGF-1-related signaling pathways in LL-37 induced mouse models®” and
upregulates anti-angiogenic thrombospondin-1 via the NF-kB and Erk1/2/Erk5 pathways.®!

IGF-1 is primarily involved in the hypertrophic subtype and PPR. In the hypertrophic subtype, IGF-1 promotes
sebaceous gland hyperplasia, keratinocyte proliferation, and dermal fibrosis.>'~*> In PPR, IGF-1 enhances sebaceous
gland inflammatory marker expression’' and may exacerbate neurovascular symptoms by upregulating TRP channel
sensitivity.>* In ETR, the effect of IGF-1 is primarily manifested as the worsening of flushing symptoms.*® There is no
direct research evidence for the ocular subtype.

The Challenge of Exogenous Hormones

Topical Glucocorticoids

Glucocorticoids are widely used anti-inflammatory agents in clinical practice; however, prolonged topical or systemic use of
glucocorticoids can paradoxically induce or exacerbate rosacea symptoms, a condition referred to as steroid-induced rosacea.®*
The core mechanisms by which exogenous hormones trigger rosacea are closely associated with impaired skin barrier, local HPA
axis inhibition, aggravated GR resistance, and abnormal activation of inflammatory pathways.®* A systematic review demon-
strated that topical and systemic glucocorticoids are the most common causative agents in drug-induced rosacea, accounting for
89.2% of the 2,205 drug-induced rosacea cases included.®* A case-control study further confirmed that serum cortisol levels in
patients with hormone-related rosacea were significantly lower than those in patients with non-hormone-related rosacea,
suggesting that long-term topical glucocorticoid use can suppress local HPA axis activity.*’

Other Exogenous Hormone Interventions

Beyond topical glucocorticoids, other exogenous steroid hormone preparations and hormone replacement therapy regimens
can also significantly affect the clinical course of rosacea, with sex hormone-related preparations exerting the most
prominent effects.®® In some female rosacea patients receiving oral contraceptives or estrogen replacement therapy, disease
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symptoms exhibit marked interindividual variability, manifesting as two distinct clinical outcomes: symptom remission or
symptom exacerbation.®> This clinical phenomenon is closely associated with individualized factors such as baseline
hormone levels, gut microbiota composition, and immune response sensitivity, which also provide a clinical basis for
implementing hormone-targeted personalized intervention strategies in rosacea management.”’ Environmental endocrine
disruptors and exogenous growth factor preparations can mimic the biological actions of endogenous hormones, thereby
aberrantly activating local cutaneous hormone signaling pathways and indirectly modulating the inflammatory process and
disease severity of rosacea.>® This aberrant activation of hormone signaling pathways mediated by the aforementioned

exogenous factors represents an important exogenous trigger for clinical disease fluctuation in rosacea.

Integration of the Neuro-Hormonal-lmmune Network

Central Nervous System
Within the framework of the skin-gut-brain axis, the central nervous system actively regulates the pathological processes
of rosacea.'® (Figure 2) This regulation is achieved through three interrelated mechanisms: central sensitization,
autonomic dysfunction, and stress-related neuroendocrine activation.®®

Central sensitization refers to the enhanced reactivity of central pain and sensory pathways resulting from repeated or
sustained peripheral input.” Altered brain activity has been observed in patients with rosacea, suggesting the potential

involvement of central sensitization.®® Trigeminal afferent fibers converge with cervical afferent pathways at the

Central Regulation

Peripheral inflammation

HPA axis » Psychological stress — Activation of the HPA axis —. Caniivz] semshtzztien

Autonomic nerves « Central HPA axis: CRH — ACTH — Cortisol
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Gut-Related Signals
« Dysbiosis: Opportunistic pathogens 1, SCFA|
« Barrier disruption: Tight junction proteins (ZO-1, Occludin) |

Cutaneous Responses

« Innate Immunity
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» Hormonal regulation: Sex hormones — Microbiota -Gluycocorticoid résistan(;e and CCL20
Rosacea *IGF-1/mTOR pathway

Phenotype expression

Figure 2 Schematic diagram of the neuro-hormone-immune integration mechanism in rosacea.

Notes: Central regulation(Blue) involves psychological stress activating the HPA axis and central sensitization accompanied by neuropeptide release. Gut-related signals-
(Red) include gut microbiota dysbiosis, barrier disruption leading to LPS/antigen leakage and Th17/IL-23 immune activation, and hormone regulation. Skin responses(Yellow)
encompass innate immunity, neurogenic inflammation, vascular reactivity, and key molecular pathways, such as LL-37, Thl7, IL-17, VEGF, TRP channel, glucocorticoid
resistance accompanied by CCL20, and the IGF-1/mTOR pathway, ultimately leading to rosacea phenotype expression. Overall framework of the skin-gut-brain axis. This
figure integrates central regulation, gut-related signals, and skin response, all of which collectively contribute to the expression of the rosacea phenotype. Arrow legend:
Solid arrows (—) indicate positive regulation (promotion, activation, or increased expression).

Abbreviations: HPA, hypothalamic-pituitary-adrenal; CRH, corticotropin-releasing hormone; ACTH, adrenocorticotropic hormone; SP, substance P; CGRP, calcitonin
gene-related peptide; SCFA, short-chain fatty acids; LPS, lipopolysaccharide; Th17, T helper 17 cell; IL-23, interleukin-23; LL-37, cathelicidin; TRP, transient receptor
potential; VEGF, vascular endothelial growth factor; IGF-1, insulin-like growth factor-1; mTOR, mammalian target of rapamycin; CCL20, chemokine ligand 20.
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cervicothoracic trigeminal nucleus, providing an anatomical basis for the central amplification of craniofacial sensory
abnormalities.®” Autonomic nervous system dysfunction serves as a critical mediator of brain-skin interactions.
Autonomic imbalance characterized by sympathetic predominance and attenuated parasympathetic regulation exacer-
bates vasodilation, increases facial skin blood flow, and promotes neurogenic inflammation.*'*** Patients with rosacea
frequently present with psychiatric comorbidities such as anxiety and depression.”

Psychological stress triggers activation of the central HPA axis and the sympathetic branch of the autonomic nervous
system, leading to the release of glucocorticoids and catecholamines. These hormones directly modulate skin immune cell
activity, vascular tone, and barrier function.”>** Stress-related neuroendocrine activation also exerts profound effects on
gastrointestinal function, altering intestinal motility, increasing intestinal mucosal permeability, and reshaping intestinal flora
composition.'®!'” This, in turn, amplifies neurogenic inflammation and vascular reactivity in rosacea through shared auto-
nomic and immune pathways.

Hormones and the Neuro-Immune-Barrier Network

Neurovascular dysfunction is a key pathological feature underlying facial flushing, persistent erythema, and burning sensation
in rosacea.”' Sex hormones regulate the functional homeostasis of the skin neurovascular system through multidimensional
mechanisms.”? Estrogen suppresses keratinocyte proliferation and reduces pro-inflammatory cytokine release via the GPER1-
mediated non-classical pathway.”” The GPER1 signaling pathway also modulates calcium ion concentration and nitric oxide
synthase activity in vascular endothelial cells.”* Plasma calcitonin gene-related peptide (CGRP) levels are elevated in patients
with rosacea.'” Serum CGRP levels in patients with neurogenic rosacea are positively correlated with clinical severity,
flushing severity, and treatment outcome.”® Activation of the TRPV1-NGF-TrkA pathway is associated with neurogenic
inflammation in rosacea, and the expression of pathway-related markers is elevated in the presence of Demodex
folliculorum.” The stress-responsive neurovascular axis modulates skin immune accessibility.”®

A close interaction exists between the hormone system and the skin innate immune system. The TLR2 pathway is a central
component of innate immune activation in rosacea and is markedly overexpressed in keratinocytes from affected patients.
Activation of TLR2 signaling promotes the assembly of the NLRP3 inflammasome, driving the release of potent pro-
inflammatory factors such as IL-1p, thereby amplifying inflammation and contributing to the formation of facial papules,
pustules, and vasodilation.”’

Glucocorticoids exhibit paradoxical effects within the pathological microenvironment of rosacea.At physiological
concentrations, cortisol binds to GR and exerts anti-inflammatory effects by suppressing the activity of pro-inflammatory
transcription factors such as NF-kB. However, under conditions of sustained aberrant activation of the TLR2 pathway in
rosacea skin lesions, glucocorticoids paradoxically induce high CCL20 expression in keratinocytes.”’ CCL20 recruits
Th17 cells and immature dendritic cells to the lesional site, driving Th17-mediated chronic inflammatory reactions.

The structural and functional integrity of the skin barrier depends on normal keratinocyte proliferation and differentiation,
tight junction protein expression, and formation of the epidermal extracellular lipid layer.” Estrogen selectively activates
specific receptors in keratinocytes,”® thereby promoting keratinocyte proliferation and differentiation, upregulating the
biosynthesis of key barrier lipids,”” and enhancing both the structural integrity of the skin barrier and its capacity for injury
repair.®® This mechanism has not yet been directly demonstrated in rosacea.In contrast, androgens exert a negative regulatory
effect on skin barrier formation and repair by suppressing the expression of epidermal lipid synthesis-related enzymes.?
Chronic psychological stress or prolonged use of topical glucocorticoids downregulates the expression of tight junction
proteins, including claudin-1 and occludin, in keratinocytes.”> Aberrant expression of tight junction proteins leads to increased
transepidermal water loss, thereby heightening epidermal susceptibility to environmental irritants and microbial invasion.'?
This establishes a self-amplifying cycle of inflammation and barrier damage.Skin barrier disruption promotes local inflam-
mation upon exposure to external stimuli and microbial invasion; pro-inflammatory cytokines further suppress the expression
of barrier-related proteins, perpetuating the deterioration of skin barrier function.'* The hormone system plays a regulatory
role in the composition and function of the skin and gut microbiota. (Figure 3)Androgen-driven sebaceous gland hyperfunc-
tion provides a nutritional source for Demodex folliculorum, potentially altering the skin surface microecological environment
and promoting the colonization and proliferation of opportunistic pathogens.®' The immunosuppressive effect of glucocorti-
coids impairs the immune surveillance ability of the skin immune system against resident and opportunistic microorganisms,
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Figure 3 Schematic illustration of proposed neurohormone-immune network dysregulation in rosacea pathogenesis, centered on the skin-gut-brain axis.

Notes: The figure depicts a sequence of events initiated by gut microbiota dysbiosis. This dysbiosis leads to downregulation of tight junction protein, increased gut
permeability, and bacterial product translocation into the bloodstream, thereby triggering systemic immune activation. Systemic inflammation stimulates the hypothalamic-
pituitary-adrenal (HPA) axis, resulting in elevated cortisol levels. Cortisol-induced neurotransmitter dysregulation promotes neuroinflammation and contributes to
neuropsychiatric manifestation. Concurrently, sex hormone imbalance and elevated Insulin-like growth factor-1 (IGF-1) activate the PI3K/Akt/mTOR pathway, driving pro-
inflammatory cytokine release and expansion of the Th17/IL-23 axis.These events lead to keratinocyte activation, glucocorticoid resistance, and increased skin barrier
permeability, ultimately resulting in skin inflammation and the clinical phenotype of rosacea. Arrows indicate multiple feedback loops; for example, neuroinflammation
exacerbates gut microbiota dysbiosis. Color meanings: Blue: Central regulation. Red: Gut-related signals. Yellow: Skin responses. Purple: Hormones. Arrow legend: All solid
arrows indicate positive regulation (promotion, activation, expression, or increased activity). Up/down arrows (1/]) indicate increases or decreases in the levels of specific
microbial taxa or molecules.

Abbreviations: SCFA, short-chain fatty acids; LPS, lipopolysaccharide; HPA, hypothalamic-pituitary-adrenal; IGF-1, insulin-like growth factor-1; PI3K, phosphatidylinositol
3-kinase; Akt, protein kinase B; mTOR, mammalian target of rapamycin; Th17, T helper 17 cell; IL-23, interleukin-23; CGRP, calcitonin gene-related peptide.

thereby increasing secondary infection risk.>> Sex hormone imbalance and alteration of intestinal flora structure exhibit
a bidirectional interaction. Sex hormones directly influence the composition and metabolic function of the gut microbiota,
while the gut microbiota in turn regulates the enterohepatic circulation and metabolic clearance of sex hormones.Modulating
the gut microbiota through probiotics, prebiotics, or dietary interventions may indirectly ameliorate systemic and local
inflammatory pathways associated with hormonal metabolism.** Treatment strategies for neurogenic rosacea include inter-
ventions targeting neuroinflammatory pathways."’

Various hormone systems interact through complex signal networks.® IGF-1 activates the PI3K/Akt signaling pathway,
leading to the phosphorylation and inactivation of FoxO1 and its retention in the cytoplasm. This process relieves FoxOl-
mediated suppression of androgen receptor (AR) transcriptional activity, thereby enhancing AR signaling and the expression of
its downstream target genes.*® Elevated serum IGF-1 levels induced by a high-sugar diet and excessive dairy intake amplify the
pathological effects of androgens through the same molecular mechanism, closely linking metabolic disorders to the inflamma-
tory process of rosacea. The four subtypes exhibit distinct integration patterns within the neuro-hormonal-immune network. ETR
is centered on central sensitization, autonomic dysfunction, and the glucocorticoid paradox mediated by GR resistance. PPR is
characterized by sex hormone imbalance, Th17-driven inflammation, and gut-skin axis interactions. The hypertrophic subtype is
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defined by IGF-1-androgen crosstalk-driven fibrosis. The ocular subtype is closely associated with gut-skin axis dysregulation
and neurogenic inflammation.®*

Treatment Strategies and Prospects Based on Regulatory Networks

Subtype-Specific Treatment Strategies
Treatment options for rosacea are highly subtype-dependent, as each subtype is driven by distinct pathophysiological
mechanisms."”” The clinical evidence is summarized below by subtype.

Erythematotelangiectatic Subtype (ETR)
ETR is characterized by neurovascular hyperreactivity without significant androgen-driven pathology.® Anti-androgen
therapy is not applicable for ETR alone. In mixed rosacea where ETR coexists with PPR, the hormone-targeted therapy
options described in Papulopustular Subtype (PPR) may be considered.?>~

Avoiding glucocorticoids is particularly important in ETR. Long-term use of topical glucocorticoids can induce
steroid-induced rosacea, manifesting as flushing, capillary telangiectasia, and erythema.®” ETR patients should be
advised to avoid using potent or moderate-potency topical glucocorticoids on the face.®

The targeting of the IGF-1 pathway by metformin has not been directly studied in ETR. IGF-1 can enhance the
sensitivity of TRP channels and exacerbate flushing.’® The potential of metformin to reduce IGF-1 levels warrants

investigation in ETR patients with flushing driven by metabolic factors.®’

Papulopustular Subtype (PPR)

PPR involves Th1/Th17 inflammation, LL-37 dysregulation, and sex hormone influences.'®?!*> Spironolactone pos-
sesses anti-androgen activity.*® Its use in female PPR is primarily based on data from common acne studies.®’ Preclinical
studies have shown that spironolactone-loaded nanofibers reduce erythema scores in a croton oil-induced inflammation
model.*® Spironolactone nanoformulations demonstrate topical treatment potential *’

Combined oral contraceptives containing antiandrogen progestogens can reduce ovarian androgen secretion, increase
hepatic sex hormone-binding globulin synthesis, and lower circulating free androgen levels.”>' Their efficacy in rosacea
has not been validated by dedicated randomized controlled trials (RCTs).

Clascoterone 1% cream is a topical androgen receptor antagonist.”” Its efficacy in rosacea has not been directly
studied.” Studies specifically targeting PPR are warranted.

Metformin improves rosacea-like skin lesions in a rosacea mouse model induced by LL-37 and TNF-a.°® Multiple
reviews have highlighted its potential therapeutic value.”* Until human clinical trial evidence is obtained, metformin
cannot be recommended for routine treatment of rosacea.

Long-term use of topical glucocorticoids can lead to steroid-induced rosacea, with clinical manifestations resembling
PPR.%* A detailed history of topical glucocorticoid use should be obtained from all patients with PPR, and gradual dose
discontinuation under medical supervision should be implemented.®

Hypertrophic Subtype
Hypertrophic rosacea is characterized by fibrosis and sebaceous gland hyperplasia, accompanied by overactivation of the
IGF-1 and androgen pathways.*'*

Metformin has shown promise in preclinical studies. An LL-37-induced rosacea mouse model demonstrated that
metformin treatment reduced dermal fibrosis, inflammatory cell infiltration, and angiogenic markers.””> Human data are
currently lacking. Metformin is not recommended for routine use in hypertrophic rosacea outside of clinical trials.®!

Glucocorticoids are contraindicated in hypertrophic rosacea. Glucocorticoids cannot reduce pre-existing fibrotic tissue

and may suppress local immunity.®*

Ocular Subtype

Ocular rosacea involves meibomian gland dysfunction and ocular surface inflammation. Androgens play a regulatory role
in meibomian gland function.”® A randomized controlled trial (RCT) demonstrated that eyelid application of 4.5%
testosterone gel improved tear film stability in patients with moderate-to-severe dry eye.”” To date, no large-scale
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Table 2 Summary of Treatment Evidence for Rosacea by Subtype

Subtype Therapeutic Intervention Evidence Maturity Study Design/Evidence Source
ETR Avoid topical glucocorticoids Established Expert consensus®?
Beta-blockers Established Systematic review; RCT*
SSRI Established Multicenter RCT'®
GABA derivatives Emerging Case series; animal study'®""'??
Non-pharmacological psychosocial interventions Emerging Systematic review; exploratory study'm’I05
PPR Spironolactone Emerging Retrospective cohort (rosacea); indirect evidence (acne RCTS)“’88
Combined Emerging Indirect evidence
oral contraceptives (acne RCTs)??!
Clascoterone 1% cream Emerging Indirect evidence (phase Il acne RCTs)"’Z'93
Metformin Investigational Single-center,small-sample RCT®®
Management of steroid-induced rosacea Established Expert consensus®?
Phymatous Avoid glucocorticoids Established Expert consensus®
Metformin Investigational Animal study**?
Ocular Androgen replacement Emerging Open-label study (dry eye, not directly in rosacea)’”*®
Metformin/IGF-1 modulators Investigational No clinical data
Topical glucocorticoids Established Expert consensus (under ophthalmological supervision)62

Notes: *The RCT of metformin is a single-center, small-sample (n=40) preliminary study; large-scale, multicenter trials are needed for validation. GABA derivatives,
psychosocial interventions, and androgen replacement are classified as “Emerging” (no direct RCT evidence in rosacea). Metformin and other animal-based interventions are
classified as “Investigational.”.

Abbreviations: ETR, erythematotelangiectatic rosacea; PPR, papulopustular rosacea; RCT, randomized controlled trial; SSRI, selective serotonin reuptake inhibitor; GABA,
gamma-aminobutyric acid; CBT, cognitive behavioral therapy; MBSR, mindfulness-based stress reduction; IGF-1, insulin-like growth factor-1.

randomized controlled trial specifically designed for ocular rosacea has been conducted.”® Androgen replacement therapy
is not recommended as a routine treatment.Metformin and other IGF-1 modulators have not been studied in ocular
rosacea’ (Table 2).

The use of glucocorticoids in ocular rosacea requires caution. Short-term, low-potency topical ophthalmic glucocor-

ticoids may be used for severe acute exacerbations under the supervision of an ophthalmologist.>>-*?

Targeted Gut and Lifestyle Intervention

The prevalence of small intestinal bacterial overgrowth (SIBO) is elevated in patients with rosacea. Eradication of SIBO
can improve facial skin lesion symptoms in affected patients.”* Probiotics, prebiotics, and dietary adjustment may be
beneficial.?” High glycemic load and excessive dairy intake can increase serum IGF-1 levels.>*®> A low glycemic index
diet with controlled dairy intake is recommended as an adjunctive measure.®® Avoiding known trigger factors such as sun
exposure, high temperature, alcohol, spicy food, and emotional stress is a universally recommended measure.’® The use

of sunscreen and mild skin care to maintain skin barrier integrity is essential.'*?*

Neuropsychiatric and Neurovascular Intervention

Based on central sensitization and autonomic dysfunction, the central and autonomic nervous system play an important
regulatory role in the pathogenesis of rosacea.”® Targeting the brain component of the skin-gut-brain axis, multiple
interventions have demonstrated clinical efficacy.

Neurovascular Pharmacological Intervention

Beta-adrenergic blockers such as carvedilol and propranolol reduce facial flushing and persistent erythema.A systematic
review including randomized controlled trials (RCTs) and open-label studies provided moderate-to-high-quality evidence
for their efficacy in the erythematotelangiectatic subtype (ETR).**** In a randomized trial, carvedilol also improved
anxiety and depression scores compared with topical brimonidine.**

Selective serotonin reuptake inhibitors (SSRIs) such as paroxetine exert dual effects on emotion and neurogenic
inflammation.'%® A multicenter RCT enrolling 97 patients with refractory erythema reported that paroxetine significantly
improved clinical erythema assessments, flush success rates, and depression scores.'® The underlying mechanism may
involve interactions between the serotonergic pathway and TRP channel activity and vascular tone.*® GABA derivatives
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inhibit the TRP channel pathway and reduce neuropeptide release. Clinical observations have demonstrated their efficacy
in patients with ETR accompanied by severe burning sensation.'®’ A transcriptomics study confirmed that gabapentin
suppresses neurogenic inflammation in rosacea via the NF-xB signaling pathway.'**

Psychotherapy

Non-pharmacological psychotherapy approaches can serve as adjuncts to drug therapy. Cognitive behavioral therapy (CBT) is

beneficial for patients with fear of blushing and social anxiety.'*®

An exploratory trial conducted in 14 patients with rosacea
demonstrated that an 8-week mindfulness-based stress reduction (MBSR) program reduced blushing severity scores and
improved depression, anxiety, and stigma scores.'® A systematic review concluded that CBT, mindfulness-based interven-

tions, and habit reversal therapy are the most promising mind-body techniques in dermatology.'®’

Future Directions and Personalized Treatment
Personalized treatment requires comprehensive assessment of hormone status, particularly in female patients.’®*° Future
large-scale randomized controlled trials should stratify patients by rosacea subtype and measure hormone-related
biomarkers, including serum IGF-1, androgen/estrogen ratio, and fecal calprotectin.'” Biomarker-guided subtype
classification will facilitate more precise selection of hormone-targeted or neuroimmunmodulatory therapies.'*®

Central sensitization is an emerging therapeutic target. Patients with refractory rosacea frequently exhibit neural
hyperreactivity.Further exploration of central sensitization modulators, such as gabapentinoids and serotonin-
norepinephrine reuptake inhibitors, holds promise for providing new strategies to break the vicious circle of neurogenic
inflammation and flushing.®””

High-quality clinical trials are urgently needed to validate the long-term efficacy and safety of hormone-targeted
drugs specifically for rosacea. Currently, most evidence has been extrapolated from common acne or derived from
preclinical studies.'®” Establishing a clinical diagnosis and treatment pathway based on the skin-gut-brain axis represents

a critical step toward precision medicine.'®

Discussion
This study integrates the neuro-hormone-immune network within the skin-gut-brain axis framework to examine its role in
the pathogenesis of rosacea. Stress hormones, sex hormones, and IGF-1 serve as messenger molecules linking the brain,
gut, and skin, and their signaling pathways may collectively contribute to disease onset and the formation of clinical
heterogeneity. This model suggests that the central nervous system may play an active regulatory role.'®
Glucocorticoids induce CCL20 expression in keratinocytes.”' This mechanism provides a possible explanation for how
psychological stress and ultraviolet irradiation trigger or exacerbate rosacea.*** Estrogen promotes barrier repair and down-
regulates innate immune responses.”> Androgens promote sebum secretion and enhance NLRP3 inflammasome activity.”>*
Hyperandrogenism disrupts gut microbiota structure and impairs the intestinal mucosal barrier,”® contributing to the main-
tenance of systemic low-grade inflammation and amplifying local skin injury,? thereby forming a regulatory axis encom-
passing sex hormones, gut microbiota, intestinal barrier, and skin inflammation.?” IGF-1 participates in the regulation of

31,32

sebum secretion, keratinocyte proliferation, and pro-inflammatory factor release via the PI3K/Akt/mTOR pathway, while

also enhancing nerve ending sensitivity and influencing flushing symptoms.*® Based on evidence from acne research, IGF-1

1.3% This mechanism remains to be

may indirectly modulate androgen receptor signaling through the suppression of FoxO
confirmed in rosacea.Exogenous factors may disrupt hormone network homeostasis. Prolonged use of topical glucocorticoids
contributes to the development of steroid-induced rosacea by impairing barrier function, suppressing local HPA axis-like
activity, and exacerbating GR resistance.®> Sex hormone replacement therapy and environmental endocrine disruptors may
influence disease course.”*** The stratified combination therapy strategy offers a potential direction for rosacea treatment,
shifting from local anti-inflammatory approaches toward systemic multi-target regulation.'® Hormone-targeted drugs exert
therapeutic effects by modulating androgen signaling.”*'% Metformin exerts anti-inflammatory and anti-angiogenic effects
by inhibiting the IGF-1-mediated metabolic-inflammatory cascade.®' Beta-blockers improve neurovascular-related symptoms
by modulating autonomic nerve function.***** Personalized interventions targeting the three major axes of skin, gut, and

central nervous system hold promise for improving therapeutic precision.' 10
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Current research has certain limitations. Most key mechanisms are derived from in vitro or animal experiments’> and
require further validation through in situ human studies. Clinical evidence for hormone-targeted drugs in the treatment of
rosacea remains limited, with a lack of support from large-scale randomized controlled trials.'®” Hormone detection
methods have yet to be standardized, and the comparability of results needs improvement.* The absence of specific
biomarkers constrains the precision of disease assessment and prognostic evaluation.”® The association between thyroid
hormone and other endocrine factors and rosacea remains unclear.” Future research may conduct high-quality rando-

mized controlled trials to evaluate the long-term efficacy and safety of hormone-targeted drugs,'®®

explore standardized
biomarkers to achieve precision typing, investigate central sensitization mechanisms in greater depth,'® and establish

clinical diagnosis and treatment pathways based on the skin-gut-brain axis.'®

Conclusion
The integrative model of the neuro-hormone-immune network suggests that rosacea may be a systemic disease
characterized by dysregulation of this network. Stress hormones, sex hormones, and IGF-1, as key messenger molecules,
may be involved in central-peripheral signal transduction, sex-specific expression, and metabolic-inflammatory associa-
tion, respectively.”' Glucocorticoids can induce CCL20 expression in keratinocytes.”’ Gut-skin axis interaction asso-
ciated with sex hormone imbalance®’*® and IGF-1-FoxOI1-AR crosstalk®'*® may together constitute an important
pathological basis for disease development.

Therapeutic strategies may shift from local anti-inflammatory approaches toward systemic multi-target regulation.
Hormone-targeted drugs exert therapeutic effects by intervening in core signaling pathways.'®® Beta-blockers improve
neurovascular symptoms.***** Stratified management addressing skin inflammation, gut microbiota, and central

34,35

hyperreactivity offers new directions for personalized treatment. Future research should conduct high-quality clinical

research to evaluate the efficacy and safety of hormone-targeted drugs,'®” explore hormone-related biomarkers to achieve

precision typing,™® and further investigate central sensitization mechanisms and their therapeutic targets.'®®
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