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Abstract

Interactions among the gut, brain, and skin are increasingly understood as a systemic reg-
ulatory network connecting intestinal activity, neuroimmune communication, and cuta-
neous homeostasis. Microbiota-derived metabolites, immune mediators, and neuroendo-
crine pathways can influence central nervous system activity and subsequently regulate
skin homeostasis. This review summarizes current evidence on how functional ingredi-
ents modulate the gut-brain—skin axis in the context of aging and skin health. Polyphe-
nols, probiotics, and omega-3 fatty acids appear to act through overlapping biological
routes, including reshaping microbial communities, supporting epithelial barrier func-
tion, regulating immune activity, and limiting oxidative stress. These gut-derived signals
may affect the brain through neural, endocrine, and immune pathways, thereby modulat-
ing neuroinflammation, hypothalamic—pituitary—adrenal (HPA) axis activity, and neuro-
transmitter balance. Through brain—skin communication, these changes may influence in-
flammation, epidermal barrier integrity, collagen remodeling, and skin aging processes.
Emerging clinical evidence suggests potential improvements in skin-related outcomes
and systemic inflammatory markers; however, studies remain heterogeneous, and inte-
grated assessments of gut, brain, and skin endpoints are limited. Further studies that in-
tegrate multi-omics profiling with carefully designed clinical trials will be required to de-
fine causal pathways and support the development of evidence-based nutritional ap-
proaches targeting this axis.

Keywords: gut-brain—skin axis; microbiota; skin aging; neuroimmune signaling;
functional ingredients; inflammation

1. Introduction

Increasing life expectancy has intensified the need for strategies that not only extend
lifespan but also improve healthspan. Aging involves gradual deterioration across multi-
ple physiological systems and is accompanied by functional changes in both the nervous
system and the skin. Cognitive decline, including memory loss and reduced executive
function, represents a major burden in aging populations, while skin aging —manifested
by wrinkles, loss of elasticity, and impaired barrier function—significantly affects quality
of life and psychosocial well-being. Notably, age-related changes in cognition and skin
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condition are influenced by overlapping systemic processes, such as persistent low-grade
inflammation, oxidative imbalance, altered gut microbial ecology, disrupted immune con-
trol, and stress-related endocrine signaling. These shared mechanisms suggest that aging-
related changes in brain and skin function may reflect broader systemic dysregulation
rather than isolated organ-specific processes.

Conventional anti-aging strategies, such as topical cosmetics and aesthetic proce-
dures, primarily target local skin manifestations and visible cutaneous symptoms. Alt-
hough these approaches can provide cosmetic improvement, they may have limited ca-
pacity to address systemic mechanisms underlying aging-related skin dysfunction. In
contrast, nutritional interventions using functional ingredients have gained increasing at-
tention because they may modulate aging-related pathways at the systemic level through
interactions involving the gut microbiota, immune system, and neuroendocrine signaling.

Growing evidence from nutrition and molecular biology has expanded interest in
functional ingredients as modulators of biological pathways involved in aging. Bioactive
compounds such as polyphenols, probiotics, peptides, and omega-3 fatty acids have been
extensively studied for their antioxidant, anti-inflammatory, and neuroprotective proper-
ties. Notably, the biological effects of these compounds cannot always be fully explained
by their direct accumulation in skin tissues, given their relatively limited bioavailability
following oral intake. Instead, growing evidence suggests that these compounds may ex-
ert systemic regulatory effects through microbiota-derived metabolites, neuroimmune
signaling, and adaptive stress-response pathways consistent with the concept of hormesis.
Beyond their individual effects, these compounds are increasingly recognized for their
ability to exert systemic influences through interconnected biological pathways.

Within this perspective, the gut-brain—skin axis offers a useful model for explaining
how intestinal, neural, and cutaneous systems interact during aging [1-3]. The gut micro-
biota plays a central role in this axis by regulating immune responses, producing metab-
olites, and influencing neurotransmitter systems. Dysbiosis has been associated with
chronic inflammation, oxidative stress, and disruptions in both brain and skin homeosta-
sis, suggesting that targeting the gut microbiota may provide a unified strategy for ad-
dressing multiple aspects of aging [1-3].

Despite growing research in this field, many studies remain focused on isolated sys-
tems or specific outcomes, with limited integration across organs. In addition, the rela-
tively low bioavailability of many dietary bioactive compounds suggests that direct de-
livery to skin tissues alone may not sufficiently explain their reported physiological ef-
fects. This highlights the need for new mechanistic frameworks capable of explaining how
nutritional interventions exert systemic and indirect influences across multiple organs. A
more comprehensive understanding of how functional ingredients modulate the gut—
brain—skin axis is therefore needed to better define their therapeutic potential.

This axis-based perspective helps explain how microbial and immune signals origi-
nating in the gut may affect brain-related pathways and, in turn, influence skin physiol-
ogy. This interconnected system provides a basis for understanding how microbial-de-
rived signals influence both brain function and skin health, particularly in the context of
aging and chronic inflammation. In this review, we provide an integrated overview of key
functional ingredients targeting the gut-brain-skin axis, with a focus on their roles in ag-
ing, cognitive function, and skin health. We examine underlying biological mechanisms,
summarize current preclinical and clinical evidence, and discuss future directions for the
development of targeted nutritional strategies. To better understand these interactions,
the section 2 outlines the key biological mechanisms underlying communication within
the gut-brain—skin axis.
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2. The Gut-Brain-Skin Axis: Biological Basis

Building on this concept, the gut-brain-skin axis can be viewed as a two-way com-
munication system among the intestine, the central nervous system, and the skin [1,2].
This system is mediated by interactions among the gut microbiota, immune responses,
endocrine signaling, and neural pathways, collectively contributing to systemic homeo-
stasis. The bidirectional and integrative nature of these interactions is schematically illus-
trated in Figure 1.
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Figure 1. Schematic representation of the gut-brain-skin axis. Diagram summarizing reciprocal
communication among the gut microbiota, central nervous system, and skin. Microbial products,
such as short-chain fatty acids (SCFAs) and neurotransmitter-related precursors, can affect brain
activity through neural, immune-mediated, and endocrine routes. In turn, brain-derived signals,
particularly through the hypothalamic-pituitary—adrenal (HPA) axis, regulate gut physiology, in-
cluding motility, permeability, and microbial composition. The gut-skin axis is mediated by im-
mune modulation, systemic inflammation, and microbial metabolites, while skin-derived inflam-
matory mediators can feedback to influence gut homeostasis. Similarly, the brain-skin axis operates
through neuroendocrine signaling and stress responses, affecting skin barrier function and inflam-
mation. These bidirectional interactions highlight the systemic integration of the gut-brain—skin axis
in maintaining physiological homeostasis. Created in BioRender. Lee, S. (2026) https://BioRen-
der.com/5dms92r.

The microbiota—gut-brain axis represents a well-established pathway through which
intestinal microorganisms influence brain function and behavior [1]. Gut microbiota pro-
duce bioactive metabolites, including short-chain fatty acids (SCFAs), neurotransmitters
(e.g., y-aminobutyric acid [GABA] and serotonin), and microbial-derived peptides. These
molecules modulate neural signaling via the vagus nerve, systemic circulation, and im-
mune pathways, thereby influencing neuroinflammation, blood—-brain barrier integrity,
and neurotransmitter balance [1]. Notably, gut-derived metabolites such as SCFAs and
neurotransmitters can enter systemic circulation or signal via the vagus nerve, thereby
modulating neuroinflammation and hypothalamic—pituitary—adrenal (HPA) axis activity;
these brain-mediated changes subsequently influence skin physiology by altering im-
mune responses, barrier function, and inflammatory signaling [4-7].

In parallel, the gut-skin axis describes the influence of intestinal microbiota on skin
physiology [2,3]. Dysbiosis has been associated with increased intestinal permeability
(“leaky gut”), allowing pro-inflammatory molecules such as lipopolysaccharides (LPS) to
enter systemic circulation. This process promotes systemic inflammation, which can im-
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pair skin barrier function, alter sebum production, and contribute to inflammatory skin
conditions [2,3]. Importantly, LPS-driven systemic inflammation can also affect brain
function by promoting neuroinflammatory responses, thereby further amplifying down-
stream effects on skin homeostasis through neuroimmune pathways [4,6,8].

The immune system serves as a central link between these axes. Gut microbiota shape
both innate and adaptive immunity, and microbial imbalance can lead to chronic low-
grade inflammation characterized by elevated cytokines such as interleukin-6 (IL-6) and
tumor necrosis factor-a (TNF-a). These inflammatory mediators can circulate systemi-
cally and influence both brain function—by altering neuroinflammatory signaling and
synaptic plasticity —and skin physiology by impairing barrier integrity and promoting
inflammatory responses [4,6,9].

Neuroendocrine signaling further integrates this system. The HPA axis is a central
neuroendocrine stress-response system that regulates cortisol production and systemic
physiological adaptation to stress. Stress-induced cortisol release can disrupt gut micro-
biota composition [1], impair skin barrier integrity [2,3], and alter immune activity [4,6,9].
Conversely, microbial metabolites, particularly SCFAs and tryptophan-derived metabo-
lites, can modulate HPA axis activity by influencing vagal signaling, neuroinflammatory
pathways, and neurotransmitter systems involved in stress regulation. These interactions
highlight the bidirectional nature of this regulatory network [1]. Through this pathway,
gut microbiota—driven alterations in stress signaling can indirectly affect skin health by
modulating systemic inflammation, immune responses, and barrier function via brain-
mediated endocrine pathways [4,6,10].

Together, these pathways highlight coordinated cross-organ signaling among the
gut, brain, and skin. Importantly, these interactions are not isolated but form an integrated
network in which gut-derived signals influence brain function, and brain-mediated re-
sponses subsequently shape skin physiology, reinforcing the concept of a unified and
functionally integrated gut-brain-skin axis [2,3]. This integrative framework provides a
basis for understanding how age-related dysregulation affects multiple organ systems
simultaneously, as discussed in the section 3.

In addition to gut-derived microbial signals, the local cutaneous microbiome should
be considered as an important component of the gut-brain—skin axis. Aging-related
changes in the skin microenvironment, including altered pH, lipid composition, hydra-
tion, immune tone, and barrier integrity, can reshape cutaneous microbial ecology [11].
Loss of microbial balance at the skin surface may weaken barrier function, promote local-
ized inflammation, and increase susceptibility to external stressors. Thus, healthy skin ag-
ing is unlikely to be determined solely by gut-derived systemic signals, but rather by co-
ordinated interactions among intestinal microbial metabolites, systemic immune regula-
tion, neuroendocrine signaling, and local skin microbiota-barrier homeostasis. This per-
spective also suggests that bidirectional communication may occur between the gut and
skin microbiomes, whereby intestinal dysbiosis influences skin immunity and barrier
function, while persistent skin inflammation may feed back into systemic immune regu-
lation.

3. Aging-Related Dysregulation of the Gut-Brain-Skin Axis

During aging, progressive functional decline is accompanied by interconnected biolog-
ical alterations, including oxidative imbalance, sustained low-grade inflammation, mito-
chondrial impairment, and changes in microbiome composition. In the gut-brain-skin axis,
these hallmarks are reflected by increased reactive oxygen species (ROS), elevated pro-in-
flammatory medjiators such as IL-6, TNF-a, and LPS, altered HPA axis activity, and reduced
production of microbiota-derived metabolites such as SCFAs. These processes are closely
interconnected and contribute to dysregulation of the gut-brain-skin axis [1,3-6,10].
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Oxidative stress plays a central role in aging by promoting cellular damage through
the accumulation of ROS. Elevated ROS levels impair neuronal function, accelerate skin
aging through collagen degradation, and disrupt gut epithelial integrity. Importantly, ox-
idative stress does not occur in isolation within a single organ but can develop simultane-
ously across multiple tissues during aging. Increased ROS production has been observed
in the intestinal epithelium, central nervous system, and skin, where cumulative oxidative
damage contributes to barrier dysfunction, mitochondrial impairment, neuroinflamma-
tion, and extracellular matrix degradation. Moreover, oxidative stress originating in the
gut can alter microbiota composition and barrier function, leading to the systemic release
of pro-oxidative and pro-inflammatory mediators that influence brain function and sub-
sequently exacerbate skin aging through neuroimmune and inflammatory pathways [4-
6,12]. In parallel, oxidative stress generated in the brain may further amplify systemic in-
flammatory signaling and neuroendocrine dysregulation, thereby contributing to im-
paired skin homeostasis and reinforcing a bidirectional gut-brain-skin pathogenic loop.

Persistent low-grade inflammation, commonly described as “inflammaging,” also
contributes substantially to age-associated axis disruption. Increased levels of pro-inflam-
matory cytokines impair synaptic plasticity in the brain, weaken skin barrier function, and
exacerbate gut permeability. Notably, gut-derived inflammatory mediators can enter sys-
temic circulation and modulate neuroinflammation, which in turn affects skin physiology
by promoting inflammatory responses and impairing barrier integrity, thereby establish-
ing a gut-brain—skin inflammatory loop [4,6,12,13]. Persistent inflammatory signaling can
further aggravate oxidative stress and mitochondrial dysfunction across the axis, acceler-
ating age-associated deterioration in both neurological and skin-related functions.

Mitochondrial dysfunction further contributes to axis dysregulation by reducing cel-
lular energy production and increasing oxidative stress. In neurons, this affects cognitive
performance and promotes neurodegeneration. In skin cells, it accelerates aging-related
changes such as wrinkle formation and loss of elasticity. In the gut, mitochondrial impair-
ment can weaken epithelial barrier function and disrupt host-microbe interactions. These
alterations can propagate across the gut-brain—skin axis, as impaired gut metabolism in-
fluences systemic energy balance and stress-related signaling, ultimately affecting skin
homeostasis through HPA axis dysregulation and neuroimmune pathways.

Microbiome imbalance (dysbiosis), which becomes more pronounced with age, rep-
resents another critical factor. Reduced microbial diversity and loss of beneficial bacteria,
including Bifidobacterium and Lactobacillus species, together with expansion of opportun-
istic or pro-inflammatory microbial populations, can lead to decreased production of me-
tabolites such as SCFAs. This shift impairs immune regulation, increases gut permeability,
and disrupts signaling along the axis [3]. Consequently, reduced microbial metabolite pro-
duction can alter gut-brain communication by affecting neurotransmitter systems and
HPA axis activity, which subsequently influences skin health through changes in immune
responses and barrier function [4-6,10].

Importantly, these hallmarks are not independent but highly interconnected. For ex-
ample, microbiome imbalance can exacerbate inflammation and oxidative stress, while
mitochondrial dysfunction can amplify these effects by further increasing ROS production
and impairing cellular repair mechanisms. Similarly, chronic inflammation can alter mi-
crobial composition and barrier integrity, thereby promoting additional endotoxin trans-
location and neuroimmune activation. These processes collectively form a self-reinforcing
cycle in which dysbiosis, oxidative stress, mitochondrial dysfunction, and inflammaging
continuously interact across the gut, brain, and skin. As a result, disruption of the gut—
brain-skin axis emerges as a unifying mechanism underlying age-related decline in both
cognitive function and skin health [1-3]. This integrated perspective supports the concept
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that aging-related dysfunction is driven not by isolated organ damage, but by progressive
dysregulation of interconnected systemic signaling networks.

Importantly, skin aging associated with the gut-brain—skin axis should be distin-
guished from localized skin aging processes occurring primarily within cutaneous tissues.
Conventional mechanisms of skin aging involve direct ultraviolet (UV)-induced oxidative
damage, fibroblast senescence, collagen degradation, matrix metalloproteinase (MMP) ac-
tivation, and local inflammatory signaling within the skin microenvironment. Accord-
ingly, topical cosmetics, laser-based procedures, and dermatological interventions pri-
marily target local tissue remodeling and visible cutaneous symptoms. However, these
approaches may have limited capacity to address the underlying systemic and inflamma-
tory mechanisms contributing to age-associated skin dysfunction.

In contrast, gut-brain—skin axis-mediated skin aging involves systemic dysregula-
tion originating from gut microbiota imbalance, chronic low-grade inflammation, neuro-
endocrine stress responses, and immune dysfunction. These systemic alterations can in-
directly influence skin physiology through circulating inflammatory mediators, oxidative
stress, HPA axis dysregulation, and neuroimmune signaling pathways. Therefore, mod-
ulation of the axis through dietary and functional ingredient-based approaches may pro-
vide broader systemic benefits by targeting upstream mechanisms underlying chronic in-
flammation and age-associated physiological decline. This distinction highlights the com-
plementary relationship between conventional skin-directed interventions and systemic
axis-based strategies for promoting healthy skin aging.

Although systemic inflammation is a shared feature of both aging and inflammatory
skin diseases, its biological meaning and clinical consequences are not identical. In healthy
skin aging, inflammation is typically characterized by chronic, low-grade systemic inflam-
matory tone, often described as inflammaging, accompanied by oxidative stress, mito-
chondrial dysfunction, extracellular matrix remodeling, and gradual impairment of bar-
rier function [14]. In contrast, common inflammatory skin diseases such as atopic derma-
titis and psoriasis involve more disease-specific immune pathways, including type 2 im-
mune responses in atopic dermatitis and IL-23/Th17-related inflammation in psoriasis
[15,16]. Therefore, evidence derived from inflammatory skin diseases should not be inter-
preted as direct proof of efficacy in healthy skin aging. Rather, such evidence provides
indirect translational support for the concept that modulation of gut dysbiosis, intestinal
permeability, systemic inflammation, and immune signaling may influence skin outcomes.

This distinction is clinically important because many interventions discussed in this
review, including probiotics and omega-3 fatty acids, have been more extensively evaluated
in inflammatory skin diseases than in aging-specific skin endpoints. Outcomes such as re-
ductions in erythema, lesion severity, pruritus, or atopic dermatitis scores reflect inflamma-
tory disease activity, whereas outcomes such as wrinkle depth, elasticity, hydration, colla-
gen degradation, transepidermal water loss, and photoaging markers more directly repre-
sent skin aging. Future studies should therefore separate aging-specific outcomes from in-
flammatory disease outcomes and clarify whether axis-targeted interventions prevent age-
associated skin decline, reduce inflammatory disease activity, or affect both processes
through overlapping but distinct mechanisms. These differences in inflammatory patterns,
clinical outcomes, and evidence interpretation are summarized in Table 1.
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Table 1. Comparison of systemic inflammation in healthy skin aging and common inflammatory
skin diseases. Healthy skin aging is mainly characterized by chronic low-grade inflammation and
gradual tissue remodeling, whereas common inflammatory skin diseases such as atopic dermatitis
and psoriasis involve more disease-specific immune pathways. This comparison distinguishes ag-
ing-related inflammatory mechanisms from disease-associated inflammatory responses and clari-
fies how evidence from inflammatory skin diseases may provide indirect, but not equivalent, trans-

lational support for healthy skin aging [14-16].

Condition

Inflammatory Pattern and Key Clinical Features and Interpretation for the Gut-Brain-Skin

Mediators Outcomes Axis

Gut dysbiosis, reduced SCFA produc-

Chronic low-grade inflamma- Wrinkles, reduced elas- tion, increased intestinal permeability,

tion, often described as inflam- ticity, dryness, collagen HPA axis dysregulation, and neuroim-

Healthy skin ~ maging, involving IL-6, TNF-a, degradation, impaired mune signaling may contribute to sys-

aging IL-1B, ROS, MMP activation, barrier function, and in- temic aging-related skin decline. Direct

mitochondrial dysfunction, and creased transepidermal aging evidence remains emerging, and
senescence-associated signaling water loss many mechanisms are supported by

preclinical or indirect clinical data.

Type 2-skewed inflammation
and barrier dysfunction involv- Pruritus, eczematous le-
Atopic dermati-  ing IL-4, IL-13, IL-31, TSLP, al- sions, recurrent inflam-
tis/eczema tered skin microbiome, and im- mation, and barrier dis-
paired epithelial barrier signal- ruption

Gut dysbiosis, altered immune toler-
ance, stress, and neuroimmune signal-
ing may aggravate disease severity. Ev-
idence from atopic dermatitis provides

useful inflammatory-disease support
but should not be interpreted as direct

e evidence for healthy skin aging.

IL-23/Th17-driven systemic in-
flammation involving IL-17, IL-

Gut and skin microbiome alterations
Erythematous plaques, may contribute to systemic immune ac-
scaling, epidermal thick- tivation and inflammatory amplifica-

Psoriasis 23, TNF-a, keratinocyte hy- . . . . .
. . . ening, and systemic tion. These mechanisms are informa-
perproliferation, and systemic .. ] ) .. . .
. . comorbidity risk tive for systemic inflammation but dif-
inflammatory mediators . .
fer from gradual skin aging.
This process is mainly skin-driven, alt-
Local tissue damage and cutane- hough systemic inflammation may
Primarily ous inflammatory signaling in- Photoaging, pigmenta- modify tissue resilience and repair ca-

cutaneous volving UV-induced ROS, AP-1, tion, wrinkles, and der-  pacity. It is primarily addressed by
/photoaging NF-kB, MMPs, collagen break- mal matrix degradation photoprotection and dermatological in-
down, and fibroblast senescence terventions, with possible complemen-

tary systemic support.

Together, these observations and the distinctions summarized in Table 1 suggest that
aging is a systemic process driven by network-level dysregulation rather than isolated
organ dysfunction [1]. These systemic alterations provide a biological basis for targeting
the gut-brain—skin axis using functional compounds. Accordingly, interventions that
modulate these interconnected pathways may represent a promising strategy for restor-
ing axis homeostasis, as discussed in the following sections. The aging-associated mecha-
nisms contributing to gut-brain—skin axis dysregulation are summarized in Figure 2.
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Figure 2. Aging-related disruption of gut-brain-skin communication. Diagram illustrating how ag-
ing-associated biological changes disturb signaling across the gut-brain—skin axis. Major features
include oxidative stress, persistent inflammation (“inflammaging”), mitochondrial impairment, and
microbiome imbalance. These changes contribute to impaired gut barrier integrity, reduced micro-
bial diversity, and increased intestinal permeability, facilitating the systemic dissemination of pro-
inflammatory mediators. Such systemic alterations promote neuroinflammation, dysregulation of
the HPA axis, and impaired neurotransmitter balance in the brain. Concurrently, these processes
negatively affect skin physiology by weakening barrier function, increasing oxidative damage, and
accelerating collagen degradation. Together, these interconnected alterations illustrate how aging
drives coordinated dysfunction across the gut, brain, and skin, ultimately contributing to cognitive
decline and skin aging. Created in BioRender. Lee, S. (2026) https://BioRender.com/0z4ouh3.

4. Key Food-Derived Functional Ingredients Modulating the
Gut-Brain-Skin Axis

These ingredients appear to influence several common biological targets, including
microbial composition, epithelial barrier function, immune balance, and neuroendocrine
routes involving vagal signaling and the HPA axis [5,7,10,17]. Through these intercon-
nected processes, gut-derived metabolites and immune signals may influence neuroim-
mune and neuroendocrine pathways in the brain, which subsequently affect skin physi-
ology and systemic homeostasis [1-3,6,10,11]. This perspective suggests that the beneficial
effects of orally administered functional ingredients on skin health may arise not only
from direct tissue exposure, but also from indirect systemic regulation mediated through
the gut-brain—skin axis [2,3,5,11].

4.1. Polyphenols

Polyphenols represent one of the most extensively investigated classes of bioactive
compounds influencing the gut-brain—skin axis. Consumption of polyphenol-rich foods
and supplements has been linked to antioxidant, anti-inflammatory, and barrier-support-
ing effects relevant to skin health and aging [13]. However, the relatively low bioavaila-
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bility of many polyphenols in skin tissues suggests that their beneficial effects may not be
explained solely by direct accumulation within the skin. Rather, available evidence indi-
cates that polyphenols may act systemically by influencing the gut-brain-skin axis, in-
cluding gut microbiota composition, intestinal barrier function, and inflammatory or oxi-
dative signaling pathways [4-6,8,9,13,17]. Through these interconnected mechanisms,
polyphenols enable coordinated communication between the gut, brain, and skin, ulti-
mately contributing to systemic homeostasis and skin health.

4.1.1. Flavonols —Quercetin

Quercetin is a plant-derived flavonol found in many fruits and vegetables and has
been investigated for anti-inflammatory, antioxidant, and barrier-supporting effects
[13,18,19]. Recent studies suggest that quercetin may contribute to gut-brain—skin axis
regulation through microbiota-dependent and host-mediated mechanisms.

In intestinal experimental systems, both cell-based and animal studies indicate that
quercetin can alter microbial composition by increasing beneficial taxa, including
Bifidobacterium and Lactobacillus, while reducing opportunistic pathogens [20-23]. This
shift is accompanied by increased production of SCFAs, which are critical for maintaining
epithelial integrity and immune balance [5]. Experimental animal studies further indicate
that quercetin supports intestinal barrier function by increasing tight junction proteins
such as zonula occludens-1 (ZO-1), occludin, and claudins, thereby reducing intestinal
permeability and limiting systemic dissemination of endotoxins such as LPS [24-26].

Gut-derived alterations are also linked to reductions in systemic inflammation and
neuroinflammatory responses. In the brain, in vitro mechanistic studies indicate that quer-
cetin reduces inflammatory signaling by suppressing nuclear factor kappa B (NF-«B) ac-
tivation and downstream cytokines, including TNF-a and IL-6 [27-29]. In parallel, stimu-
lation of antioxidant defense pathways via nuclear factor erythroid 2-related factor 2
(Nrf2) contributes to reduced oxidative stress and neuronal protection [30,31]. In vivo
studies have additionally demonstrated reduced microglial activation and attenuation of
neuroinflammatory responses, suggesting a modulatory role in neuroimmune interac-
tions [12].

Regarding cutaneous effects, quercetin exerts protective actions by reducing oxida-
tive stress and inflammatory responses. Cell-based and animal studies have reported that
quercetin inhibits ROS production and suppresses the expression of matrix metallopro-
teinases (MMPs), thereby preventing collagen degradation and supporting dermal struc-
ture [32-34]. These effects contribute to improved skin barrier function and attenuation of
aging-related processes [35,36]. Although the current evidence is largely preclinical, early
human studies suggest improvements in selected skin parameters and inflammatory
markers following quercetin-rich dietary or supplemental interventions, supporting its
potential relevance to microbiota-, neuroimmune-, and skin-related outcomes [37,38].

Collectively, these observations indicate that quercetin-mediated changes in gut mi-
crobiota composition and SCFA production may strengthen intestinal barrier integrity
and reduce systemic translocation of endotoxins such as LPS [5,20-22,24-26]. This reduc-
tion in peripheral inflammatory signaling may then affect brain-related immune path-
ways by suppressing microglial activation, NF-«B signaling, and pro-inflammatory cyto-
kine production while enhancing Nrf2-mediated antioxidant responses [12,27-31].
Through regulation of neuroimmune and neuroendocrine signaling, these brain-medi-
ated effects may contribute to reduced cutaneous inflammation, preservation of collagen
homeostasis, and improved skin barrier function [32-38]. Therefore, the dermatological
benefits of orally administered quercetin may arise not only from direct antioxidant activ-
ity within skin tissues but also from coordinated systemic regulation along the gut-brain—
skin axis [5,12,20-22,24-38]. However, because most available studies have examined in-
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testinal, neural, and cutaneous outcomes separately, direct causal evidence demonstrating
the complete gut-to-brain-to-skin sequence in a single integrated quercetin study remains
limited. Future studies integrating microbiome profiling, microbial metabolite analysis,
neuroimmune or neuroendocrine endpoints, and dermatological outcomes will be re-
quired to validate this axis-level mechanism.

4.1.2. Flavonols— Epigallocatechin-3-gallate (EGCG)

EGCG is the predominant catechin in green tea and has been characterized for anti-
inflammatory and antioxidant activity [39-41]. Available evidence indicates that EGCG
may influence gut-brain—skin axis regulation by affecting gut microbiota composition, in-
testinal barrier integrity, neuroinflammatory signaling, and cutaneous photoaging re-
sponses.

In the gut, fermentation studies and animal models indicate that EGCG can modulate
microbial composition by promoting beneficial bacterial populations, including Lactoba-
cillus and Bifidobacterium species, while suppressing pathogenic taxa [42—44]. Studies us-
ing intestinal epithelial cell and murine colitis models further indicate that EGCG sup-
ports intestinal barrier integrity by increasing tight junction protein expression, thereby
reducing permeability and endotoxin translocation [45,46].

In the brain, microglial and neuronal cell studies indicate that EGCG reduces neu-
roinflammation by inhibiting NF-kB signaling and decreasing inflammatory cytokine pro-
duction [47-49]. In vivo studies in rodent models further reported reduced microglial ac-
tivation, attenuation of oxidative stress, and improved neuronal resilience following
EGCG administration [30,31].

In the skin, EGCG demonstrates well-established photoprotective and anti-aging ef-
fects. In vitro studies using human dermal fibroblasts and keratinocytes have shown that
EGCG inhibits UV-induced expression of MMPs and inflammatory mediators while pre-
serving collagen integrity [50-52]. Animal studies using UV-induced photoaging models
further demonstrated reductions in oxidative damage and wrinkle formation. In human
intervention studies, green tea catechin supplementation has been linked to reduced ery-
thema, improved skin structure, and protection against photoaging [53-56].

Collectively, these observations indicate that EGCG-mediated changes in gut micro-
biota composition and intestinal barrier integrity may reduce permeability, endotoxin
translocation, and peripheral inflammatory signaling [42,43,45,46]. These gut-associated
changes may subsequently influence neuroimmune pathways by suppressing NF-«B sig-
naling, reducing inflammatory cytokine production, and attenuating microglial activation
and oxidative stress in the brain [44,47,48]. Through these neuroimmune and antioxidant
pathways, EGCG may contribute to reduced UV-induced inflammation, suppression of
MMP expression, preservation of collagen integrity, and protection against photoaging-
related skin damage [50-56]. Therefore, the dermatological benefits of orally administered
EGCG may arise not only from direct antioxidant and photoprotective effects within skin
tissues but also from coordinated systemic regulation along the gut-brain-skin axis [42-
56]. However, because most available studies have evaluated intestinal, neural, and cuta-
neous outcomes separately, direct causal evidence demonstrating the complete gut-to-
brain-to-skin sequence in a single integrated EGCG study remains limited. Future studies
integrating microbiome profiling, intestinal permeability markers, neuroinflammatory
endpoints, oxidative stress biomarkers, and dermatological outcomes will be needed to
validate this axis-level mechanism.

4.1.3. Stilbenes—Resveratrol

Resveratrol is a stilbene compound present in grapes and berries and has been inves-
tigated for anti-inflammatory, antioxidant, and metabolic regulatory activities [57-60].
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Available evidence indicates that resveratrol may influence gut-brain-skin axis regula-
tion by affecting microbial composition, intestinal barrier integrity, sirtuin 1
(SIRT1)/AMP-activated protein kinase (AMPK) signaling, HPA axis activity, and cutane-
ous oxidative stress responses.

In the gut, in vivo studies using high-fat diet and metabolic inflammation animal
models have shown that resveratrol reshapes microbial composition and reduces meta-
bolic endotoxemia [61-63]. Experimental studies further showed improved intestinal bar-
rier integrity through regulation of tight junction proteins, thereby decreasing LPS trans-
location and systemic inflammation [24-26]. These effects extend to the brain, where neu-
ronal and glial cell studies indicate that resveratrol regulates cellular stress responses
through activation of SIRT1 and AMPK signaling pathways [64-66]. In vivo studies in
aging and neurodegenerative animal models additionally reported modulation of HPA
axis activity, reduced neuroinflammation, attenuation of oxidative stress, and protection
against neuronal damage [10,58,67-69].

In the skin, in vitro studies using dermal fibroblasts have shown that resveratrol pro-
motes collagen synthesis, inhibits MMP activity, and suppresses inflammatory pathways
[70-72]. Animal studies further showed protection against UV-induced oxidative damage
and wrinkle formation, while early clinical studies reported improved skin elasticity and
aging-related skin parameters following oral supplementation [73-75].

Collectively, these observations indicate that resveratrol-mediated changes in gut mi-
crobiota composition and intestinal barrier integrity may reduce metabolic endotoxemia,
LPS translocation, and systemic inflammatory signaling [24-26,61-63]. These gut-associ-
ated changes may subsequently interact with brain-related pathways by activating
SIRT1/AMPK signaling, modulating HPA axis activity, and attenuating neuroinflamma-
tion and oxidative stress [10,58,64-69]. Through these neuroendocrine and neuroimmune
mechanisms, resveratrol may contribute to preservation of collagen structure, suppres-
sion of MMP activity, protection against UV-induced oxidative damage, and improve-
ment of aging-related skin parameters [70-75]. Therefore, the dermatological benefits of
orally administered resveratrol may arise not only from direct antioxidant activity within
skin tissues but also from coordinated systemic regulation along the gut-brain-skin axis
[10,24-26,58,61-75]. However, because most available studies have evaluated intestinal,
neural, metabolic, and cutaneous outcomes separately, direct causal evidence demonstrat-
ing the complete gut-to-brain-to-skin sequence in a single integrated resveratrol study re-
mains limited. Future studies integrating microbiome profiling, intestinal permeability
markers, metabolic endotoxemia, SIRT1I/AMPK activity, HPA axis-related endpoints,
neuroinflammatory markers, and dermatological outcomes will be needed to validate this
axis-level mechanism.

4.1.4. Other Polyphenols

Other polyphenols, including kaempferol, anthocyanins, and curcumin, contribute
to the gut-brain—skin axis through overlapping yet less comprehensively characterized
mechanisms [76-79]. These compounds are generally associated with antioxidant and
anti-inflammatory activities, changes in gut microbiota composition, and reduced oxida-
tive stress across multiple biological systems. For kaempferol, preclinical studies indicate
effects on gut microbiota composition, intestinal inflammation, and intestinal barrier func-
tion through tight junction regulation [80,81].

For instance, in vitro, animal, and review-level evidence suggests that anthocyanins
can modulate gut microbiota composition and microbial diversity, while anthocyanin-rich
extracts have been shown to protect against UV-induced skin damage through antioxi-
dant mechanisms [82-85]. Curcumin has shown anti-inflammatory effects in macrophage
and intestinal epithelial cell models, partly through suppression of Toll-like receptor 4
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(TLR4)/NF-xB signaling, improvement of intestinal barrier integrity, and modulation of
gut microbiota composition [86-91]. Although these compounds exhibit less integrative
effects, their ability to modulate microbiota composition and inflammatory signaling sug-
gests a potential indirect contribution to skin health through systemic gut-brain—skin axis
regulation rather than solely through localized cutaneous activity [76-79,86-88].

4.2. Probiotics

Probiotics influence the gut-brain—skin axis by modulating microbial ecosystems,
supporting epithelial barrier function, and regulating immune and neuroactive signaling
pathways [92-95].

4.2.1. Lactobacillus rhamnosus GG (LGG)

LGG is one of the most extensively studied probiotic strains, with evidence support-
ing its effects on intestinal barrier function, immune regulation, and selected clinical out-
comes [96-98]. Current evidence suggests that LGG may contribute to gut-brain—skin axis
regulation by strengthening intestinal barrier integrity, reducing endotoxin-related in-
flammatory signaling, modulating stress-related neuroimmune pathways, and influenc-
ing inflammatory skin outcomes.

In the gut, both cell-based intestinal epithelial studies and animal models have shown
that LGG supports barrier integrity by upregulating tight junction proteins and mucin
production, thereby reducing intestinal permeability and LPS translocation [99-101].
Through the gut-brain axis, LGG influences neuroendocrine and neurotransmitter sys-
tems. Experimental studies using Lactobacillus rhamnosus strains have reported modula-
tion of gut-brain stress-related signaling, including GABAergic pathways, and reductions
in stress-related hormone responses, indicating a role in neuroimmune communication
and stress regulation [7,102-104]. Regarding cutaneous outcomes, LGG has shown clini-
cally relevant potential, particularly in inflammatory skin conditions such as atopic der-
matitis. Randomized controlled trials and clinical investigations in atopic dermatitis have
reported potential improvements in disease severity, skin barrier function, and inflamma-
tory markers following LGG supplementation, although outcomes remain strain-, popu-
lation-, and study design-dependent [105-115].

Collectively, these findings suggest that LGG-mediated enhancement of intestinal
barrier integrity may reduce LPS translocation and systemic inflammatory signaling [99—
101]. These gut-associated changes may subsequently interact with stress-related neuro-
immune pathways, including GABAergic signaling, neuroendocrine responses, and im-
mune regulation [7,102-104]. Through these systemic and brain-mediated pathways, LGG
may contribute to reduced inflammatory skin responses, improved barrier function, and
attenuation of atopic dermatitis-related outcomes [105-115]. Therefore, the dermatologi-
cal benefits of orally administered LGG may arise not only from direct modulation of gut
microbiota or local immune responses but also from coordinated systemic regulation
along the gut-brain—skin axis [7,99-115]. However, because most studies have evaluated
intestinal, neuroimmune, or cutaneous outcomes separately, direct causal evidence
demonstrating the complete gut-to-brain-to-skin sequence in a single integrated LGG
study remains limited. Future studies integrating gut microbiota profiling, intestinal per-
meability markers, LPS or inflammatory cytokine measurements, neuroendocrine or
stress-related endpoints, and dermatological outcomes will be needed to validate this
axis-level mechanism.

4.2.2. Other Probiotic Strains

Other probiotic strains, including Bifidobacterium longum and various Lactobacillus
species, have demonstrated potential in modulating immune responses and improving
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skin health [92-95]. These effects are mediated through microbial metabolite production,
immune regulation, and stress-related signaling pathways. For example, selected
Bifidobacterium longum strains have been associated with modulation of stress-related out-
comes in human exploratory trials and improvement of skin barrier dysfunction in atopic
dermatitis-like models, although these effects remain strain- and context-dependent [116—
118]. However, probiotic effects are highly strain-specific, and clinical outcomes remain
variable. As such, while these strains contribute to the broader understanding of microbi-
ota-host interactions, their roles within the gut-brain—skin axis require further validation.

4.3. Docosahexaenoic Acid (DHA) and Eicosapentaenoic Acid (EPA)

Omega-3 fatty acids are key lipid mediators with well-established anti-inflammatory
and immunomodulatory properties, contributing to coordinated regulation across the
gut-brain-skin axis [119-122]. DHA and EPA exert multi-level effects through regulation
of inflammatory resolution pathways [119-122]. In the gut, animal and human dietary
intervention studies have demonstrated that these fatty acids improve microbial balance
and reduce inflammation by modulating immune responses and lipid signaling pathways
[123-125]. In the brain, neuronal cell studies and animal models have shown that DHA
and EPA can serve as precursors to specialized pro-resolving mediators (SPMs), including
resolvins and protectins, which actively resolve neuroinflammation and support neuronal
function [126-128].

Clinical evidence, including randomized controlled trials in inflammatory skin dis-
orders such as atopic dermatitis and psoriasis, indicates that omega-3 supplementation
may reduce erythema, improve skin hydration, and enhance barrier repair [129-132]. Col-
lectively, these observations indicate that DHA and EPA may influence gut-brain—skin
axis regulation by modulating gut microbial balance, immune responses, and lipid-de-
rived inflammatory resolution pathways [123-128]. In the gut, omega-3 fatty acid—associ-
ated changes in microbial composition and immune signaling may reduce peripheral in-
flammatory tone, thereby providing an upstream mechanism for systemic regulation
[123-125]. These effects may subsequently interact with brain-related pathways through
production of specialized pro-resolving mediators, including resolvins and protectins,
which attenuate neuroinflammation and support neuronal homeostasis [126-128].
Through these systemic anti-inflammatory and neuroimmune mechanisms, orally admin-
istered DHA and EPA may contribute to improved skin barrier function, reduced ery-
thema, enhanced hydration, and attenuation of inflammatory skin disorders, including
atopic dermatitis and psoriasis [129-132]. Therefore, the dermatological benefits of
omega-3 fatty acids may arise not only from direct incorporation into skin tissues or local
anti-inflammatory effects, but also from coordinated systemic regulation along the gut-
brain—skin axis [119-132]. However, because most available studies have evaluated gut
microbiota, neuroinflammatory, or dermatological outcomes separately, direct causal ev-
idence demonstrating the complete gut-to-brain-to-skin sequence in a single integrated
DHA/EPA study remains limited. Future studies integrating microbiome profiling, lipid
mediator analysis, inflammatory cytokine measurements, neuroimmune endpoints, and
dermatological outcomes will be needed to validate this axis-level mechanism.

4.4. Peptides and Amino Acid—Derived Metabolites

Peptides and amino acid-derived metabolites contribute to the gut-brain-skin axis
primarily through supportive and complementary mechanisms [133-135].

Collagen peptides enhance dermal structure by promoting extracellular matrix syn-
thesis and improving skin elasticity [133-135]. Meanwhile, tryptophan-derived metabo-
lites, including indole compounds, influence gut-brain communication by modulating
neurotransmitter pathways and immune responses [136-139]. Although these com-
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pounds demonstrate beneficial effects, their actions are generally more localized or sup-
portive compared to polyphenols, probiotics, and omega-3 fatty acids. Nevertheless, their
influence on gut-derived metabolites, microbial signaling, and neuroimmune pathways
suggests a potential indirect contribution to skin health through systemic gut-brain-skin
axis regulation [136-139]. Taken together, these findings indicate that diverse functional
compounds, such as polyphenols, probiotics, and omega-3 fatty acids, act through inter-
connected processes across the gut-brain—skin axis. While each compound exhibits dis-
tinct molecular targets, a convergence emerges at the level of microbial modulation, bar-
rier integrity, immune regulation, and oxidative stress control [5,12,35,36,92-95,119-122].

To better define these shared pathways and their systemic integration, the underly-
ing mechanisms of action are further examined in the section 5. These integrated mecha-
nisms linking functional ingredients to gut microbiota modulation, neuroimmune signal-
ing, and skin health outcomes are summarized in Figure 3, which illustrates how diverse
compounds converge on shared axis-level pathways to produce coordinated systemic ef-
fects.
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Figure 3. Integrated mechanisms by which functional ingredients influence gut-brain-skin commu-
nication and systemic health outcomes. The diagram illustrates how polyphenols, probiotics,
omega-3 fatty acids, and amino acid—derived metabolites converge on shared biological processes
across the gut-brain-skin axis. These ingredients can alter gut microbiota composition, support in-
testinal barrier integrity, regulate immune and oxidative stress pathways, and affect neuroendo-
crine signaling, including HPA axis activity and neuroimmune communication. Gut-derived micro-
bial metabolites and immune mediators subsequently influence brain function and stress-related
signaling pathways, which in turn affect skin physiology by regulating inflammation, barrier integ-
rity, collagen homeostasis, and aging-related processes. Collectively, these coordinated interactions
support systemic homeostasis and suggest that the beneficial effects of orally administered func-
tional ingredients on skin health may arise through indirect systemic regulation across the gut—
brain-skin axis rather than solely through direct accumulation within skin tissues. These relation-
ships are further organized in Table 2 to highlight compound-specific mechanisms and levels of
clinical evidence. Created in BioRender. Lee, S. (2026) https://BioRender.com/x49y0i9.
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Table 2. Representative food-derived functional ingredients targeting the gut-brain-skin axis and
their primary mechanistic and translational evidence. Compounds in Table 2A were selected for in-
depth analysis because they are discussed in detail in Section 4 and show relatively integrated evi-
dence across gut microbiota modulation, neuroimmune or neuroendocrine signaling, and skin-re-
lated outcomes. Compounds in Table 2B are additional functional ingredients discussed in Section
4 that may contribute to the gut-brain—skin axis, but their current evidence is more limited, indirect,
or focused on specific domains such as skin outcomes, gut-brain signaling, inflammation, or strain-
specific probiotic effects. Evidence descriptors therefore indicate the primary focus and maturity of
available evidence rather than direct comparative clinical strength. SCFAs are not listed as inde-
pendent functional ingredients because they are microbiota-derived metabolites and mechanistic

mediators within the axis rather than dietary intervention compounds.

A. Deep Dive Compounds

Category

Compound Key Mechanism (Gut — Brain — Skin) Evidence Level Ref

Polyphenols (Flavo-
nols)

Enhances beneficial microbiota and
SCFA production

— suppresses NF-kB-mediated neuroin- Preclinical,

Quercetin [5,12,13,18-38]

flammation and oxidative stress Emerging Clinical
— inhibits MMP activity and improves
skin barrier integrity

Polyphenols (Fla-
vanols)

Modulates gut microbiota and strength-

ens intestinal barrier

— inhibits NF-«B signaling and micro- Preclinical,
glial activation Emerging Clinical
— reduces UV-induced inflammation

and collagen degradation

EGCG [39-56]

Polyphenols (Stil-
benes)

Reshapes microbiota and reduces endo-

toxemia

— activates SIRT1/AMPK and regulates Preclinical, [10,24-26,57—
HPA axis Emerging Clinical 75]

— promotes collagen synthesis and at-

tenuates oxidative skin damage

Resveratrol

Probiotics (Lactoba- Lactobacillus rhamno-— modulates gut-brain stress-related
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evidence
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. . Clinical evidence,
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— enhances skin barrier repair and re-
duces inflammatory skin responses
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Category Compound Main Function Evidence Level Ref
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nols) fects; modulation of gut microbiota preclinical
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Inflammation- and

Polyphenol - NF-kB inhibiti ti-infl t f-
OYPRENo's (Cur Curcumin b triibTton, anti-inFammatory € gut-modulation-fo- [86-91]
cuminoids) fects, gut microbiota modulation .
cused evidence
o Bifidobacterium . Immun.e modulati.on, stress—respo.nse Strain-specific, varia- [92-95,116-
Probiotics longum/other probi- regulation, and skin-related benefits .
. . . . e .y ble evidence 118]
otic strains with strain-specific variability
S td 1 extracellul tri - Skin-f d RCT
Peptides Collagen peptides upport dermal extracellular matrix syn in-focuse [133-135]

thesis and improve skin elasticity evidence

Amino acid-derived
metabolites

Tryptophan-derived Modulate gut-brain signaling, neuro-
metabolites/indole transmitter pathways, and immune re-
derivatives sponses

Gut-brain-focused

17,136-1
preclinical evidence [17,136-139]

Abbreviations: AMPK, AMP-activated protein kinase; DHA, docosahexaenoic acid; EGCG, epigal-
locatechin-3-gallate; EPA, eicosapentaenoic acid; HPA, hypothalamic—pituitary—-adrenal; LPS, lipo-
polysaccharide; MMP, matrix metalloproteinase; NF-«xB, nuclear factor kappa B; RCT, randomized
controlled trial; SCFA(s), short-chain fatty acid(s); SIRT1], sirtuin 1; UV, ultraviolet.

5. Translational and Clinical Perspectives

Although clinical evidence for many functional ingredients has been discussed within
the compound-specific sections above, an integrated evaluation of their translational rele-
vance further supports the physiological significance of gut-brain—skin axis modulation in
humans. Importantly, reported clinical outcomes increasingly align with the mechanistic
pathways described in Section 4 and summarized in Figure 3 and Table 2.

5.1. Polyphenols

Polyphenols such as quercetin, EGCG, and resveratrol have been evaluated in both
dietary intervention studies and controlled clinical trials. These studies consistently report
improvements in skin-related parameters, including elasticity, hydration, and wrinkle
depth, alongside reductions in oxidative stress and systemic inflammatory markers. For
example, supplementation with green tea catechins, rich in EGCG, has been associated
with improved skin structure and protection against UV-induced damage. Similarly,
resveratrol has demonstrated anti-inflammatory and metabolic regulatory effects that
may indirectly support skin health through systemic pathways. Although direct measure-
ments of gut-brain—skin axis activity remain limited, these clinical findings are consistent
with mechanistic evidence linking microbiota modulation, antioxidant activation (e.g.,
Nrf2), and inflammatory suppression, as outlined in Figure 3 and summarized in Table 2
[53-56,73-75].

5.2. Probiotics

Among probiotics, Lactobacillus rhamnosus GG and related strains have demonstrated
promising clinical outcomes in both dermatological and neuropsychological contexts. Ran-
domized controlled trials have reported improvements in atopic dermatitis severity, reduc-
tions in skin inflammation, and enhancement of barrier function. In parallel, certain probi-
otic interventions have shown anxiolytic and stress-reducing effects, supporting modula-
tion of the gut-brain axis. These clinical observations are consistent with mechanisms in-
volving improved intestinal barrier integrity, reduced endotoxemia, and regulation of neu-
roimmune signaling pathways described in Section 4 and visualized in Figure 3 [7,99-115].

5.3. Omega-3 Fatty Acids

Omega-3 fatty acids (DHA and EPA) are among the most extensively studied com-
pounds in clinical settings. Clinical studies have reported potential benefits in inflamma-
tory skin disorders, including reductions in erythema, scaling, or lesion severity, although
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outcomes may vary by disease type, dosage, and intervention design. In addition to der-
matological outcomes, omega-3 supplementation has been associated with improvements
in mood and cognitive function, supporting its role in modulating gut-brain—skin inter-
actions. These effects are mechanistically linked to the production of specialized pro-re-
solving mediators, suppression of pro-inflammatory cytokines, and regulation of oxida-
tive stress pathways, as summarized in Table 2 [119-132].

5.4. Other Compounds (Emerging Evidence)

Additional functional compounds, including other polyphenols, peptides, and
amino acid—derived metabolites, have shown preliminary clinical potential. Some studies
report improvements in skin appearance and reductions in inflammatory markers; how-
ever, evidence remains limited and less consistent compared to the core compounds dis-
cussed above. Although preliminary findings are promising, many of these compounds
still lack robust human clinical evidence directly evaluating gut-brain—skin axis-related
outcomes. Therefore, well-designed clinical studies incorporating integrated gut, neuro-
immune, and skin endpoints are required to validate their translational relevance.

5.5. Limitations and Future Clinical Directions

Despite encouraging findings, several limitations remain. Many clinical studies focus
on single-organ outcomes rather than integrated axis-level responses, which constrains
interpretation within the broader gut-brain-skin framework illustrated in Figure 1. Fu-
ture trials should adopt multi-dimensional study designs incorporating microbiome pro-
filing, neuroendocrine markers, metabolomic analysis, immune markers, and dermato-
logical assessments to better capture system-level interactions. In addition, harmonization
of study parameters, including dosage, intervention duration, formulation type, and pop-
ulation characteristics, will be critical for improving comparability across studies and
translating functional ingredient-based interventions into consistent clinical outcomes
[92-95,136-139].

From a translational perspective, the gut-brain—skin axis provides a conceptual basis
for developing functional foods, nutraceuticals, cosmeceuticals, and personalized nutri-
tional strategies for healthy skin aging. Functional foods and nutraceuticals may target
upstream systemic mechanisms, including gut microbial composition, intestinal barrier
integrity, microbial metabolite production, neuroendocrine balance, and low-grade in-
flammation. In contrast, cosmeceutical strategies primarily act at the local skin level by
improving barrier function, reducing oxidative damage, supporting extracellular matrix
maintenance, or modulating the cutaneous microbiome [11]. These approaches should not
be viewed as mutually exclusive; rather, combined oral and topical strategies may be par-
ticularly relevant for skin aging, where systemic inflammatory tone and local cutaneous
stress responses interact.

However, clinical translation requires careful distinction between direct and indirect
evidence. Improvements in inflammatory skin diseases, such as atopic dermatitis or pso-
riasis, support the anti-inflammatory potential of probiotics, omega-3 fatty acids, and se-
lected bioactive compounds, but they do not necessarily demonstrate anti-aging efficacy
[15,16,105,131]. Aging-focused clinical trials should therefore include endpoints such as
wrinkle depth, elasticity, hydration, transepidermal water loss, collagen remodeling
markers, pigmentation, photoaging scores, and validated skin aging indices, together
with gut microbiome, metabolomic, immune, and neuroendocrine measurements. Such
integrated endpoints would allow future studies to determine whether functional ingre-
dients truly modify the gut-brain—skin axis rather than simply improving isolated skin or
inflammatory outcomes.

https://doi.org/10.3390/ijms27156814


https://doi.org/10.3390/ijms27156814

Int. ]. Mol. Sci. 2026, 27, 6814

18 of 27

6. Challenges and Future Perspectives

Although accumulating evidence supports the relevance of the gut-brain—skin axis
in human health, several important challenges must be addressed before these findings
can be translated into robust clinical applications. A primary limitation lies in the hetero-
geneity of existing studies. Considerable variation in study design—including differences
in population characteristics, intervention duration, dosage, and outcome measures—
makes it difficult to directly compare results across studies or to establish standardized
therapeutic strategies [5,12,92-95]. In particular, inconsistencies in endpoints related to
cognitive function and skin health further complicate interpretation of clinical relevance.

Another major challenge is the complexity and inter-individual variability of the gut
microbiome. Microbial composition and function are highly dynamic and are influenced
by diet, age, genetic background, medication use, and environmental exposures. As a re-
sult, responses to functional ingredients can vary substantially between individuals, lead-
ing to inconsistent or context-dependent outcomes [2,3]. This variability underscores the
importance of developing stratified or personalized approaches based on baseline micro-
biome profiles and host characteristics. In addition, a large proportion of current evidence
is derived from preclinical models or small-scale human studies. While these studies pro-
vide valuable insights into underlying biological mechanisms, their direct translation to
human physiology remains limited. Differences in microbial ecology, metabolism, and
immune responses between experimental models and humans may lead to overestima-
tion or underestimation of efficacy. Therefore, larger, well-designed randomized con-
trolled trials are required to validate clinical benefits, determine optimal dosing regimens,
and assess long-term safety [35,36,119-122].

From a mechanistic perspective, further work is needed to clarify causal relationships
within the gut-brain-skin axis. Many studies describe associations between microbial me-
tabolites, immune mediators, and physiological outcomes; however, the directionality
and relative contribution of these pathways are not fully established. Integrative multi-
omics approaches—including metagenomics, metabolomics, and transcriptomics—offer
a promising strategy to address these gaps by enabling comprehensive characterization
of host-microbe interactions across multiple biological layers [1]. Such approaches may
facilitate the identification of key regulatory nodes and predictive biomarkers.

Another important unresolved issue is the limited integration of microbial metabo-
lites and immune pathways. Although SCFAs are frequently discussed as major microbi-
ota-derived mediators, additional postbiotic and microbial metabolites, including trypto-
phan-derived indoles, secondary bile acid derivatives, polyamines, histamine-related me-
tabolites, microbial peptides, and lipid mediators, may also participate in gut-skin com-
munication [140,141]. These metabolites can influence epithelial barrier function, immune
cell differentiation, cytokine production, oxidative stress responses, and neuroendocrine
signaling. Therefore, future studies should move beyond single-metabolite models and
evaluate metabolite networks that connect microbial ecology, systemic immunity, and
skin phenotypes.

Neurobehavioral factors also require greater attention. Psychological stress, anxiety,
depression, and related psychiatric conditions can activate central and peripheral stress-
response pathways, including the HPA axis, sympathetic nervous system, neuropeptide
release, and inflammatory signaling [142,143]. These pathways may impair skin barrier
function, delay repair responses, aggravate inflammatory skin diseases, and potentially
accelerate skin aging through chronic inflammatory and oxidative mechanisms. Thus,
brain-origin signals should not be considered secondary modifiers only; they may repre-
sent active drivers of systemic inflammation and altered skin homeostasis within the gut—
brain—skin axis.
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Precision-oriented approaches will also require clinically meaningful biomarkers.
Candidate biomarkers may include microbiome-derived signatures, SCFA and indole me-
tabolite profiles, bile acid patterns, circulating inflammatory cytokines, cortisol or HPA
axis-related markers, oxidative stress markers, lipid mediators, extracellular vesicle-asso-
ciated microRNAs, and skin phenotypes such as transepidermal water loss, hydration,
elasticity, pigmentation, wrinkle depth, and dermoscopic or imaging-based features
[144,145]. Multimodal stratification panels integrating clinical examination, skin imaging,
microbiome profiling, metabolomics, tissue biomarkers, molecular biomarkers, and im-
mune markers may help identify individuals who are more likely to respond to specific
nutritional or functional ingredient-based interventions.

Biological sex and endocrine aging should also be considered in future studies. Men-
opause and andropause are accompanied by changes in sex hormone signaling that may
influence skin structure, immune regulation, microbial ecology, and neuroendocrine re-
sponses. Estrogen decline, in particular, is associated with reduced collagen production,
decreased elasticity, dryness, and altered barrier function, whereas age-related androgen
changes may also affect sebum production, inflammation, and skin physiology [146].
These endocrine shifts may modify the response to dietary bioactives, probiotics, and
omega-3 fatty acids, suggesting that sex- and age-stratified analyses are necessary for per-
sonalized intervention strategies.

Beyond these biological considerations, the gut-brain-skin axis should be inter-
preted within a broader lifestyle and systems-aging framework. Whole dietary patterns,
food matrices, circadian rhythm, sleep quality, physical activity, stress exposure, and met-
abolic health may shape the axis more strongly than single compounds alone [147,148].
Emerging mechanisms, including exosome-encapsulated microRNAs, mitochondrial ret-
rograde signaling, epigenetic regulation, and telomere homeostasis, may provide addi-
tional links between diet, microbiota, cellular metabolism, and inter-organ communica-
tion [144,145,149]. These mechanisms remain insufficiently explored in skin aging, but
they offer promising directions for future multi-omics studies aimed at defining causal
pathways and personalized preventive strategies.

The convergence of multiple functional ingredients on shared axis-level mechanisms
also suggests that combination or multi-target approaches may provide greater efficacy
than single-compound interventions. Polyphenols, probiotics, and omega-3 fatty acids
may produce additive or complementary effects on microbial composition, immune reg-
ulation, oxidative stress, and neuroendocrine signaling. However, systematic evaluation
of such combinatorial strategies remains limited, and their clinical relevance requires fur-
ther validation.

Finally, translation into practical applications requires careful consideration of for-
mulation, bioavailability, and regulatory factors. Many bioactive compounds exhibit lim-
ited stability or absorption, which may reduce their effectiveness in vivo. Advances in
delivery systems, including encapsulation technologies and targeted release platforms,
may help overcome these limitations and improve therapeutic potential. In parallel, reg-
ulatory frameworks must evolve to support the development of evidence-based func-
tional products targeting complex biological systems. Addressing these challenges will be
essential for advancing the gut-brain—skin axis from a conceptual framework toward a
clinically actionable target for promoting healthy aging, cognitive resilience, and skin
health.

7. Conclusions

This review highlights the emerging role of the gut-brain—skin axis as an integrative
framework linking gastrointestinal function, neuroimmune signaling, and skin physiol-
ogy. Across the studies examined, diverse functional ingredients—including polyphe-
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nols, probiotics, and omega-3 fatty acids—demonstrate the capacity to influence this axis
through interconnected biological pathways. Despite their structural diversity, these com-
pounds consistently converge on key mechanisms, such as modulation of gut microbiota
composition, reinforcement of intestinal barrier integrity, regulation of immune re-
sponses, and attenuation of oxidative stress. Importantly, the beneficial effects of orally
administered functional ingredients on skin health may not be fully explained by direct
accumulation within skin tissues alone, but rather by coordinated systemic regulation
across the gut-brain—skin axis.

Furthermore, these gut-derived effects extend beyond the local intestinal environ-
ment. Microbial metabolites and immune mediators can influence central nervous system
function through neural, endocrine, and circulatory pathways, which in turn shape skin
physiology by modulating inflammatory responses, barrier function, and tissue remodel-
ing processes [1-3]. This bidirectional and system-level interaction underscores the rele-
vance of the gut-brain-skin axis in the context of aging and chronic inflammatory condi-
tions.

Looking forward, the convergence of multiple functional ingredients on shared bio-
logical pathways suggests that multi-target or combination-based strategies may offer en-
hanced efficacy compared to single-compound interventions. However, future research
should move beyond descriptive pathway summaries and more clearly distinguish direct
evidence for healthy skin aging from indirect evidence derived from inflammatory skin
diseases. Integrated clinical trials incorporating microbiome profiling, metabolomics, neu-
roendocrine and immune markers, skin imaging, and validated dermatological endpoints
will be essential for determining whether modulation of the gut-brain-skin axis can pro-
duce clinically meaningful benefits.

In conclusion, modulation of the gut-brain-skin axis represents a promising and bi-
ologically plausible approach for promoting healthy skin aging, maintaining cognitive re-
silience, and improving systemic inflammatory balance. The next stage of research should
integrate functional foods, nutraceuticals, cosmeceuticals, lifestyle interventions, and pre-
cision nutrition within a multimodal framework. Such approaches may help translate the
gut-brain—skin axis from a conceptual model into predictive, preventive, and personal-
ized strategies for healthy aging.
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