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Particulate matter smaller than 2.5 um (PM2.5) is a major air pollutant associated with an
increased risk of health problems, including skin diseases. This study reviews the potential
of natural products as therapeutic agents to alleviate PM2.5-induced skin damage. The
skin, the first barrier and largest organ, is primarily damaged by PM2.5 through various
pathways. Several studies have shown that PM2.5 upregulates inflammatory responses by
increasing excessive reactive oxygen species (ROS) and various inflammatory cytokines,
leading to PM2.5-induced skin damage. The ROS/MAPK and COX2/PGE2 inflammatory
pathways are achieved through free radical scavenging and phase Il detoxification. In this
review, we explain the mechanisms of action of natural products and examine their
functions in protecting against environmental skin diseases. In addition, this review
suggests the effective dosages of natural products for future clinical applications. The
article may be useful for dermatologists, molecular biologists and scientists, clinicians and
anyone involved in preventive health care and alternative medicine. Available scientific
literature published between 1999 and 2024 was searched using PubMed and Google
Scholar search engines. Several keywords related to the topic were used. Only 41 of the
papers screened were selected for this review as these were the most relevant
publications on the topic of the preventive benefits of natural products and specific
pathways targeting PM2.5-induced skin damage. All relevant research that met the criteria
was included in this review and exclusion criteria were also defined. Only full original
articles and English-language studies were considered. The review found that natural
products, including phenolic/polyphenolic compounds and flavonoids, act as anti-
inflammatory and antioxidant agents that support skin protection, including protection

against oxidative stress, inhibition of enzymes that promote free radical formation,
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enhancement of antioxidant enzyme activity, and overall reduction of ROS formation.
Interestingly, several natural products have demonstrated efficacy in reducing intracellular
ROS, oxidative stress, mitochondrial dysfunction, autophagy and apoptosis caused by
PM2.5. In addition, phytochemicals support the restoration of the skin wound healing
process and muscle contraction impaired by environmental pollutants, including PM2.5 and
UV radiation. This review presented promising agents to protect against environmental
health problems by highlighting their mechanisms of action, particularly through
antioxidant and anti-inflammatory compounds such as sulforaphane, hesperidin, quercetin,
catechin, diphloroethohydroxycarmalol, resveratrol and ginsenosides, which are
interesting candidates for nutraceuticals and have the potential to reduce dependence on
drugs. However, the low stability and bioavailability of natural products remains a major
challenge that warrants further research and development.
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Abstract

Particulate matter smaller than 2.5 um (PM2.5) is a major air pollutant associated with an
increased risk of health problems, including skin diseases. This study reviews the potential of
natural products as therapeutic agents to alleviate PM2.5-induced skin damage. The skin, the first
barrier and largest organ, is primarily damaged by PM2.5 through various pathways. Several
studies have shown that PM2.5 upregulates inflammatory responses by increasing excessive
reactive oxygen species (ROS) and various inflammatory cytokines, leading to PM2.5-induced
skin damage. The ROS/MAPK and COX2/PGE2 inflammatory pathways are achieved through
free radical scavenging and phase II detoxification. In this review, we explain the mechanisms of
action of natural products and examine their functions in protecting against environmental skin
diseases. In addition, this review suggests the effective dosages of natural products for future
clinical applications. The article may be useful for dermatologists, molecular biologists and
scientists, clinicians and anyone involved in preventive health care and alternative medicine.
Available scientific literature published between 1999 and 2024 was searched using PubMed and
Google Scholar search engines. Several keywords related to the topic were used. Only 41 of the
papers screened were selected for this review as these were the most relevant publications on the
topic of the preventive benefits of natural products and specific pathways targeting PM2.5-
induced skin damage. All relevant research that met the criteria was included in this review and
exclusion criteria were also defined. Only full original articles and English-language studies
were considered. The review found that natural products, including phenolic/polyphenolic
compounds and flavonoids, act as anti-inflammatory and antioxidant agents that support skin
protection, including protection against oxidative stress, inhibition of enzymes that promote free
radical formation, enhancement of antioxidant enzyme activity, and overall reduction of ROS
formation. Interestingly, several natural products have demonstrated efficacy in reducing
intracellular ROS, oxidative stress, mitochondrial dysfunction, autophagy and apoptosis caused
by PM2.5. In addition, phytochemicals support the restoration of the skin wound healing process
and muscle contraction impaired by environmental pollutants, including PM2.5 and UV
radiation. This review presented promising agents to protect against environmental health
problems by highlighting their mechanisms of action, particularly through antioxidant and anti-
inflammatory compounds such as sulforaphane, hesperidin, quercetin, catechin,

diphloroethohydroxycarmalol, resveratrol and ginsenosides, which are interesting candidates for
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Introduction

Particulate matter less than 2.5 micrometers in size (PM2.5) (Thangavel et al. 2022), a
particle composed of inorganic ions, carbonaceous compounds and mineral dust (McDuffie et al.
2021), has increased in recent years due to the combustion of biomass (Suriyawong et al. 2023),
and fuels (Vohra et al. 2021). PM 2.5 has been found to be associated with an increased risk of
various diseases, including respiratory damage (Huang et al. 2021), cardiovascular disease
(Krittanawong et al. 2023), chronic kidney disease (Xu et al. 2022), intellectual development
disorders (Chang et al. 2023; McGuinn et al. 2020), and Alzheimer’s disease (Fu et al. 2022;

Yang et al. 2022).

Skin becomes a primary protective barrier of the human body from external pollution,
adversely impacted by PM2.5 through diverse pathways and mechanisms. PM2.5 generates
reactive oxygen species (ROS) that cause oxidative stress, which impairs cell viability, induces
DNA damage and lipid peroxidation, and alters protein carbonylation, which in turn triggers
endoplasmic reticulum (ER) stress, mitochondrial swelling, autophagy and cell apoptosis in both
HaCaT cells and mouse skin tissue (Piao et al. 2018; Zhen et al. 2019). PM2.5 has been
extensively studied for its role in disrupting the epidermal skin barrier through AhR- and Th17
cell-mediated inflammatory pathways (Kim et al. 2023). Polyeyclicraromaticthydrocarbons The highlighted

(PAHSs) in particulate matter play a role in AhR-mediated skin damage by activating several paragraph lacks

references.

downstream pathways involving upregulation of CYP1A1 and the AhR/Nox2/p47phox pathway.
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Src activity by AhR activation leads to EGFR activation and downstream MAPK signaling (Diao
et al. 2021). Previous research demonstrated that PM2.5 exposure leads to a significant increase
in chemokines, including the chemokine C-X-C motif ligand 1 (CXCL1) and interleukin 8 (IL-
8), triggering neutrophil chemotaxis and upregulating inflammatory responses in the skin (Kono
et al. 2023). The development of allergic diseases, such as atopic dermatitis, is associated with
PM2.5-induced TNF-a, which contributes to a deficiency of filaggrin (FLG) in the skin, leading
to further impairment of the skin barrier function (Kim et al. 2021). Exposure of HaCaT
keratinocytes to PM2.5 has been shown to modulate the activity of apoptotic proteins, including

the upregulation of pro-apoptotic proteins such as Bax and caspase 9, along with the
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downregulation of the anti-apoptotic protein Bcl-2 (Zhu et al. 2022) and caspase 3 (Shan et al.
2022).

Given the skin toxicity and heightened inflammatory response induced by PM2.5,
ongoing therapeutic interventions and scientific research are focused on mitigating these adverse
effects. Natural substances, which are one of the alternative therapies, exhibit anti-inflammatory
properties and promote the inhibition of excessive ROS formation (Bae et al. 2021, Liao et al.
2020b). These protective effects possibly be achieved through the application of phenolic
compounds, flavonoid compounds, non-flavonoid phenolic compounds and phytosterols via the
ROS/MAPK, COX2/PGE2 pathways (Diao et al. 2021; Greenhough et al. 2009; Son et al.
2011).

Methodology
Search strategy

In this study, we aim to understand the reviewed publications from the top list of
academic search engines in the field of medicine, namely Google Scholar and PubMed. These
search engines were searched for articles published between 1999 and 2024. The following
search terms were used in the search along with the relevant Medical Subject Headings (MeSH)
terms identified for each database: ((("particulate matter"[MeSH Terms] OR ("particulate"[All
Fields] AND "matter"[All Fields]) OR "particulate matter"[ All Fields]) AND ("biological
products"[MeSH Terms] OR ("biological"[All Fields] AND "products"[All Fields]) OR
"biological products"[All Fields] OR ("natural"[All Fields] AND "products"[All Fields]) OR
"natural products"[All Fields]) AND ("skin"[MeSH Terms] OR "skin"[All Fields]) NOT
("clinical trial"[Publication type] OR "clinical trials as topic"[MeSH Terms] OR "clinical
trial"[All fields])) AND (1999:2024[pdat]). The publications were selected according to the

inclusion and exclusion criteria of the most suitable manuscripts from the databases mentioned.

Eligibility criteria
The research question was created and developed according to the PICOS framework
(population, intervention, comparison, outcome and study design). To be eligible for inclusion in

this study, the research had to meet the following inclusion and exclusion criteria: the study
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design focused on skin cell lines exposed to particulate matter 2.5, which is the same for other
pollutants, e.g. Particulate matter 10 um (PM10) or ambient air or air pollutants or dust particles;
the studies focused on the treatments with natural products that are not chemical products;
preclinical experimental studies, including in vitro and in vivo studies; the work was published in
English and as a complete original paper. We excluded narrative reviews, expert opinions and
papers published in other languages.

A total of 78 articles were selected and identified with corresponding title manuscripts
that contributed to the cell analysis. The screening phase was then based on the content of the

e 1Y bR 1Y

abstract and keywords such as “natural products”, “active ingredients”, “phytochemicals”,
“antioxidants”, “skin”, “keratinocytes”, “fibroblasts" and “particulate matter below 2.5 or
PM2.5”. Approximately 37 of 78 articles were excluded based on the inclusion and exclusion
criteria established for this review. A total of 41 articles were extracted as references in this

review study.

The importance of natural products to protect against PM2.5-induced skin damage

Many recent studies have reported the use of natural products to protect the skin from
particulate matter. Natural products and their structural counterparts have traditionally made a
significant contribution to pharmacotherapy and have played a crucial role in drug development.
For example, a medicinal plant widely used in Southeast Asia, Centella asiatica, served as an
alternative medicine for atopic dermatitis, a skin condition characterized by an abnormal immune
response triggered by environmental factors such as air pollution (Lee et al. 2020). Phenolic
compounds (PCs) are naturally occurring antioxidants found in secondary plant metabolites. Due
to their structure, which contains hydroxyl groups, PCs may have the ability to scavenge free
radicals such as reactive oxygen species (Platzer et al. 2022). Flavonoid compounds can exert
protective properties such as antioxidant, anti-inflammatory and anti-aging effects on the skin
(Diao et al. 2021). Their hydroxyl groups are responsible for neutralizing free radicals through
their scavenging activity (Panche et al. 2016). Phytosterols (PS) are isolated from plant species
and have anti-inflammatory, antioxidant, antidiabetic and chemopreventive effects (Salehi et al.
2021). Through the NF-kB and MAPK signaling pathways, PS can suppress the expression of
COX-2, PGE2, and pro-inflammatory cytokines, thereby reducing the levels of inflammatory
mediators (Diao et al. 2021).
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The protective effect of natural products based on the classification of phytochemical
structures

Phenolic compounds, presented in a variety of foods including fruits, vegetables and
beverages, which can exhibit antioxidant, anti-inflammatory, anti-allergic and anti-cancer

properties as well as cardioprotective and other health-promoting functions, making them widely "

utilizedrinfunctional'foods (Alaraeral2021). Polyphenols are a class of chemical molecules e

support

that contain multiple hydroxyl structural units on aromatic rings, which SUppofts their strong
antioxidant properties. Based on the differences in the molecular backbone structure of
polyphenols, the compounds are generally categorized into phenolic acids, flavonoids, stilbenes
and lignans. Flavonoids, the largest group of polyphenols, are divided into seven subgroups
according to their chemical and biological properties: Flavanols (yellow), flavanones (purple),
flavones (light blue), flavonols (red), isoflavones (dark blue), anthocyanins (green) and others
(orange) (Wang et al. 2022a; Zhang et al. 2022). These colors are used to visually distinguish
the different flavonoid subgroups based on their structural characteristics. Aponins are a type of
triterpene glycosides that taste bitter. Structurally, saponins are glycosides, i.e. sugars bound to
one or more organic molecules. In this review, the effects of bioactive compounds extracted from
natural products were presented based on plant organic chemicals (Fig. 1) and the mentioned
compounds for protection against particulate matter-induced skin damage were summarized in

Table 1.

Phenolic compounds— sulforaphane from broccoli and sprouts

Sulforaphane, a polyphenolic compound found in cruciferous vegetables such as broccoli,
is produced through the conversion of glucoraphanin by myrosinase, an enzyme present in
plants. Once ingested, it is metabolized via the mercapturic acid pathway, where it conjugates
with glutathione and undergoes biotransformation, leading to the formation of active metabolites
(Kensler et al. 2013, Vanduchova et al. 2018). Sulforaphane, containing an isothiocyanate group,
plays a critical role in protecting against electrophilic toxicities by inducing phase II enzymes,
which function as an indirect antioxidant defense system (Fahey & Talalay 1999). This property
makes sulforaphane highly versatile and effective in safeguarding cells from various oxidative

stresses and reactive oxygen species (ROS). Growing evidence demonstrates that the
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administration of sulforaphane enhances the antioxidant capacity of animal cells, improving their
ability to withstand oxidative stress (Barton & Ollis 1979). Dermatological study reveals that
sulforaphane supports collagen homeostasis while suppressing melanogenesis, potentially
mitigating premature aging effects induced by PM2.5 exposure (Andres et al. 2018).
Additionally, it disrupts melanogenic paracrine mediators, inhibiting the production of
melanogenic proteins and melanin in melanocytes (Jung et al. 2013). In keratinocytes,
sulfonamide reduces the expression of NF-kB-mediated cytokines such as tumor necrosis factor
a, interleukin-1p, interleukin-6 and cyclooxygenase-2 (Fernando et al. 2019). Sulforaphane has
been reported to decrease the expression of matrix metalloproteinase-1, phospho-NF-kB and
cysteine-rich protein, while significantly increasing the production of procollagen type I,

indicating the anti-inflammatory effect and remodeling of the damaged tissue (Quan et al. 2012).

Phenolic compounds— rosmarinic acid from rosemary, sage and peppermint

Rosmarinic acid (RA), a phenolic compound present in herbs such as rosemary, sage, and
peppermint, exhibits protective effects against PM2.5-induced skin damage, primarily attributed
to its antioxidant, anti-inflammatory, and anti-apoptotic properties (Zhou et al. 2022). RA
protects skin keratinocytes by reducing oxidative stress markers including lipid peroxidation,
protein carbonylation and DNA damage, which are critical for maintaining cellular integrity
under environmental stress conditions. In addition, RA stabilizes intracellular calcium levels and
mitochondrial membrane potential, preventing mitochondrial dysfunction and apoptosis,
primarily by downregulating pro-apoptotic proteins such as Bax and caspases, while
upregulating anti-apoptotic proteins such as Bcl-2 (Herath et al. 2024). RA also exerts anti-
inflammatory effects by modulating the NF-kB signaling pathway, which plays an important role
in inflammation and immune responses. In models of allergic rhinitis exposed to PM2.5, RA
reduced inflammation by decreasing pro-inflammatory cytokines such as IL-4 and IL-13 and
increasing IFN-y, thereby balancing the Th1/Th2 response (Zhou et al. 2022). This suggests that
the protective role of RA against PM2.5-induced damage extends beyond antioxidant activity to
include modulation of inflammatory pathways (Zhou et al. 2022). Overall, RA provides a multi-
layered protective mechanism against PM2.5-induced skin damage, highlighting its potential as a

therapeutic agent to alleviate skin problems caused by environmental pollutants
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Protective effects of the flavonoid family
Flavonone—Hesperidin from citrus fruit extracts

Hesperidin (3,5,7-trihydroxyflavanone 7-rhamnoglucoside, hesperetin-7-rutinoside) is a
flavonoid compound which extracted from many citrus fruits (Pyrzynska 2022). Hesperidin has
also been investigated for its protective effects against PM 2.5 damage in human HaCaT
keratinocytes (Herath et al. 2022). Treating the cells with hesperidin before exposing the cells to
PM 2.5 increased the viability of the treated cells compared to the cells not pre-treated with
hesperidin (Fernando et al. 2022b). Treatment of hesperidin has been proposed as a potential
drug because it has similar effects compared to N-acetylcysteine (NAC; a known antioxidant) by
inhibiting intracellular ROS formation, cellular oxidative stress damage, mitochondrial
dysfunction, autophagy and cellular apoptosis in cells induced by PM 2.5 (Fernando et al.
2022b; Herath et al. 2022). Hesperidin increased cell survival from 68% (without pretreatment
with hesperidin) to 82% (with pretreatment with hesperidin) after exposure to PM 2.5 (Fernando
et al. 2022b). Previous studies have shown that the target of hesperidin is an antioxidant defense
system via the Keap1-Nrf2 (Kelch-like ECH-Associating protein 1 nuclear factor erythroid 2
related factor 2) pathway, which is one of the defense mechanisms against oxidative and
electrophilic stress (Aggarwal et al. 2020; Lu et al. 2016). PM2.5 leads to mitochondrial damage
by altering mitochondrial morphology and alters mitochondrial respiratory chain function,
resulting in mitochondrial dysfunction (Guo et al. 2017). Mitochondrial injury causes
mitochondrial membrane permeability transition (MMPT), resulting in mitochondrial membrane
depolarization and impaired ATP production, which in turn leads to cellular apoptosis,
autophagy and damaged mitochondria (Fernando et al. 2022b). Hesperidin has been found to
have cytoprotective effects on HaCaT keratinocytes, reducing mitochondrial ROS formation
induced by PM 2.5 and preventing mitochondrial depolarization (Fernando et al. 2022b,; Herath
et al. 2022). In terms of mechanism, hesperidin is able to inhibit the opening of the MMPT pore,
thereby reducing Ca2+ accumulation and preventing activation of the intrinsic pathway of
apoptosis (Falode et al. 2022).
Together with the in vitro skin damage study, hesperidin can penetrate the skin barrier to reach
the dermis layer and protect the extracellular matrix from oxidative stress (Addor 2017).
Hesperidin shows the ability to neutralize free radicals and indirectly increase the activity of

antioxidant enzymes such as superoxide dismutase and catalase (Estruel-Amades et al. 2019). In
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addition, hesperidin as a dietary supplement and pharmaceutical agent has been reported to
prevent the biosynthesis of melanin and decrease the activity of tyrosinase in both normal human

melanocytes and B16F10 cells (Katiyar et al. 2014).

Flavonols—Quercetin from berry fruit extracts

The extract from the leaves of Thunbergia laurifolia (STLE) is a natural antioxidant
consisting of caffeic acid, rosmarinic acid, quercetin, isoquercetin, catechin and apigenin. The
study of STLE suggests that STLE effectively inhibits PM2.5-induced oxidative stress in
keratinocytes by causing upregulation of Nrf2, enhanced nuclear translocation and upregulation
of p62 (Jirabanjerdsiri et al. 2022). Quercetin is a flavonoid compound in fruits and vegetables
that has potential health-promoting effects, such as anti-inflammation, antioxidants and
alleviation of allergy symptoms. Rutin, one type of flavonoid containing a glycoside of
quercetin, found in plants such as citrus fruits, mulberries, cranberries, etc. These flavonoid
compounds thus have common health benefits such as antioxidant properties, reduction of
oxidative stress and anti-inflammation (Muvhulawa et al. 2022). In dermatology, quercetin has
benefits for the skin by protecting against skin-damaging factors such as UV radiation, histamine
and toxic chemical compounds and has anti-allergic properties by reducing irritation and itching

caused by the release of histamine (Qi et al. 2022).

Flavanols—Catechins from green tea extracts

Catechins, a group of flavonoids found in green tea, are considered a potential treatment
for skin diseases due to their antioxidant and anti-aging effects (Aljuffali et al. 2022). Catechins,
the bioactive components found in green tea, consist of chemical structures including epicatechin
(EC), epigallocatechin (EGC), epicatechin gallate (ECG), and epigallocatechin gallate (EGCG)
(Cardoso et al. 2020; Tian et al. 2021). Their chemical properties enable them to scavenge
reactive oxygen species (ROS), which contribute to the antioxidant, anti-inflammatory, and anti-
carcinogenic effects. (Wang et al. 2022b). EGCG has the greatest anti-inflammatory potential
due to the scavenging capabilities of its hydroxyl groups (Cardoso et al. 2020). Catechins
possess the ability to chelate metal ions, further enhancing their antioxidant activity. EGCG
inhibited TPA-induced DNA binding of NF-kappaB and cAMP response element binding
protein (CREB) by blocking p38 MAPK activation, causing an inactivation of the signaling
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pathway. This result explains how EGCG inhibits COX-2 in the skin in the model (Kundu &
Surh 2007). Some studies have found that green toe extract (GTE) mitigates the damage caused
by PM2.5 exposure through anti-inflammatory and antioxidant mechanisms. In addition, the
restoration of impaired epidermal lipid homeostasis also plays an important role in reducing the
damage, suggesting the effect of GTE on PM2.5-altered gene expression in keratinocytes.
Regarding the dosage used, a study by Zhengzheng Liao (2020) investigated the effect
concentration of green tea extract (GTE) in keratinocytes using the MTT assay and a
morphological study, using a three-dimensional epidermal tissue model (3D-ETM) and mass
spectrometry. The polyphenol content of the GTE sample was 750 pug/ml (Liao et al. 2020a).
Furthermore, the results show that GTE works primarily by reducing the effects of PM2.5 on
keratinocytes. After treatment with GTE, there was a downregulation of cytokine signaling in the
immune system and wound healing, including HMGCS1 and LDLR genes, which are strongly

associated with the inflammatory response (Liao et al. 2020a).

Flavanols— Fisetin from various fruits and vegetables

Fisetin, a bioactive flavonoid found in various fruits and vegetables such as strawberries,
apples persimmons, onions, cucumbers and grapes, is known for its potent antioxidant, anti-
inflammatory and anti-apoptotic properties. It has been demonstrated to protect skin
keratinocytes by inhibiting PM2.5-induced oxidative stress and apoptosis primarily through the
suppression of ER stress responses (Molagoda et al. 2021). 1t effectively downregulates ER
stress markers such as GRP78, phosphorylated elF2a, ATF4 and CHOP, thereby reducing ER
stress-induced apoptosis. In addition, fisetin reduces the production of ROS, lowers cytosolic
calcium levels and prevents mitochondrial dysfunction, which is critical for attenuating cell
damage caused by PM2.5 exposure. By modulating the expression of pro-apoptotic proteins such
as Bax and caspases while upregulating anti-apoptotic proteins such as Bcl-2, fisetin provides

comprehensive protection against PM2.5-induced keratinocyte apoptosis (Molagoda et al. 2021).

Tanin—Diphlorethohydroxycarmalol (DPHC), a phlorotannin, from algae extracts
Diphloroethohydroxycarmalol (DPHC) is a bioactive compound classified as an algal

polyphenol, derived from Ishige okamurae, a type of brown algae (Bak et al. 2023; Diao et al.

2021). DPHC has been previously reported to provide health benefits, including antioxidant and
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radioprotective effects (4hn et al. 2011). Due to its health benefits and antioxidant effects,
dermatological studies have been published in which DPHC was found to be able to reduce PM
2.5-induced skin dysfunction, oxidative stress, autophagy, endoplasmic reticulum (ER) stress and
mitochondrial damage, and apoptosis (Zhen et al. 2019). DPHC enhances cell viability by
preventing oxidative stress-induced DNA damage, consequently resulted in the inhibition of
matrix metalloproteinase-1 (MMP-1), also known as collagenase enzyme, and activation of the
nucleotide excision repair (NER) system (Zhen et al. 2019). Additionally, previous findings
support the protective effect of DPHC by inhibiting lipid peroxidation and cell damage (Zhang et
al. 2021). Treatment of DPHC can reduce the production of CCAAT-enhancer-binding protein
(CHOP), glucose-regulated protein 78 (GRP78) and inositol-requiring enzyme 1 (IRE1)-q, the
three of these proteins are involved in cell apoptosis via the activating transcription factor 6
(ATF6) signaling pathway (Zhang et al. 2021). Notably, DPHC demonstrates effects similar to
hesperidin in mitigating PM2.5-induced mitochondrial damage, which results from increased
mitochondrial ROS and disruptions in membrane permeability balance. DPHC plays a role in
decreasing Bcl-associated X protein (Bax) and increasing anti-apoptotic Bcl-2 proteins, thereby

suppressing PM 2.5-induced mitochondrial damage (Zhang et al. 2021).

Stilbenes—Resveratrol from grape extracts

Resveratrol (3,5,4'-trihydroxy-trans-stilbene), a natural polyphenol that can be found and
extracted from grape skins and seeds (Salehi et al. 2018), has many health benefits, most notably
antioxidant, anti-inflammatory, protective effects against cardiovascular disease and cancer
(Meng et al. 2020). Resveratrol also shows effects that can inhibit PM 2.5-induced inflammation
on the skin (Shin et al. 2020a). In a previous study, resveratrol was reported to be safe in skin
cells, including human keratinocytes, at a concentration of 1UM or less (Shin et al. 2020a).
Regarding the pharmacokinetics of resveratrol, 70% of resveratrol is absorbed via the
gastrointestinal tract but later metabolized, resulting in extremely low bioavailability (Shaito et
al. 2020). A reduction in intracellular ROS was observed in cells pre-treated with resveratrol, as
resveratrol can inhibit AhR activation by PM and thus inhibit the AhR pathway. In addition,
resveratrol can also suppress the INK/MAPK signaling pathway, which regulates COX2/PGE2
and inflammatory cytokines induced by PM (Shin et al. 2020a). Resveratrol can also reduce the

expression of proinflammatory cytokines and IL-8, which contribute to skin inflammation and
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photoaging. Additionally, it lowers the levels of MMP-1 and MMP-9, enzymes responsible for
degrading the skin's extracellular matrix (Michalak-Stoma et al. 2021, Shin et al. 2020a). As far
as the dosage of resveratrol is concerned, the dosage of 0.1-1uM shows the most beneficial

effects depending on the dose (Shin et al. 2020a).

Saponin—Ginsenoside from ginseng extracts

Ginsenosides, a class of saponins found in ginseng, are characterized by hydroxyl groups
attached to a steroid-like backbone with sugars and a distinctive four-ring structure (Khan et al.
2015). Ginsenoside Rb1 has shown a protective effect against PM2.5-induced ROS production.
Pretreatment with ginsenoside Rb1 shows an increase in cell viability from about 70% (without
pretreatment) to 90% (with pretreatment). In terms of its scavenging capacity, the superoxide
anion signal is reduced from 2241 to 2024 and the hydroxyl radical generated by the Fenton
reaction is reduced from 2844 to 2065 as measured by the xanthine oxidase system. Ginsenoside
Rb1 showed protection against PM2.5-induced DNA degradation and apoptosis in HaCaT
keratinocytes and normal human dermal fibroblasts (NHDF) through the pro-apoptotic protein
Bax and the anti-apoptotic proteins Bcl-2 and Mcl-1. Ginsenoside Rb1 has a protective effect
against PM2.5-induced mitochondrial damage by decreasing ROS production and reducing Ca2+
overload. This is evidenced by measuring ATP levels in HaCaT and NHDF cells, where cells
exposed to PM2.5 alone had ATP levels of 0.795 and 0.233, respectively, while pretreatment
with ginsenoside Rb1 increased ATP levels to 0.94 and 0.283, respectively (Wee et al. 2011). In
terms of dosage, ginsenoside Rb1 at a dosage of 40uM has been shown to be effective in
protecting cells through multiple mechanisms leading to a reduction in ROS, oxidative stress,
apoptosis and mitochondria (Wee et al. 2011). In addition, ginseng has a wide range of health
benefits, such as boosting the immune system, improving central nervous system (CNS)
function, alleviating stress and scavenging free radicals (2024; Wee et al. 2011) (Leung & Wong
2010).
Flavonoids—from Cornus officinalis extract

Cornus officinalis extract, particularly its ethanol extract (EECF), has shown significant
protective effects against PM2.5-induced skin damage by attenuating oxidative stress,
mitochondrial dysfunction and apoptosis in skin cells. EECF exerts its protective effect by

scavenging ROS and reducing oxidative damage. Studies show that EECF attenuates lipid
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peroxidation, protein oxidation and DNA damage in PM2.5-exposed keratinocytes (Fernando et
al. 2020). In addition, EECF reduced intracellular and mitochondrial Ca2+ levels, protecting
cells from mitochondrial depolarization, a key event leading to cell apoptosis. In addition, EECF
inhibited the upregulation of pro-apoptotic proteins such as Bax and cleaved caspase-3, while
enhancing the expression of anti-apoptotic proteins such as Bcl-2, further preventing PM2.5-
induced apoptosis. These results suggested that Cornus officinalis extract serves as an effective
ingredient in skin care products designed to protect the skin from environmental pollutants such

as PM2.5 (Fernando et al. 2020).

Flavonoids— Isovitexin, an isomer of vitexin from bamboo leaves, mung beans and
fenugreek seeds

Isovitexin, an isomer of vitexin, is a naturally occurring flavonoid with significant
antioxidant and protective properties against PM2.5-induced skin damage. Isovitexin has been
shown to reduce PM2.5-induced ROS in human keratinocytes, thereby mitigating oxidative
stress and preventing cell damage. [sovitexin protects skin cells by inhibiting ROS production, as
demonstrated in studies where pretreatment with isovitexin significantly reduced intracellular
ROS levels in keratinocytes exposed to PM2.5. The compound exhibits potent free radical
scavenging activity against DPPH, ABTS and superoxide anion radicals, indicating a strong
antioxidant capacity. In addition, isovitexin enhances stem cell properties in keratinocytes by
upregulating the expression of stem cell markers such as CD133 and 3-catenin, which play a role
in skin regeneration and repair(Chowjarean et al. 2019). These results suggested that isovitexin
not only protects the skin from the damaging effects of PM2.5, but also promotes skin health by

enhancing the regenerative capacity of keratinocytes.

Lycium barbarum polysaccharide (LBP)—from Lycium barbarum (goji berry)

Lycium barbarum polysaccharide, extracted from the fruit of Lycium barbarum, has
demonstrated protective effects against PM2.5-induced skin damage through its antioxidant, anti-
inflammatory and anti-apoptotic properties. LBP protects skin cells, especially HaCaT
keratinocytes, by inhibiting oxidative stress markers, reducing reactive oxygen species (ROS)
levels and restoring antioxidant enzymes such as superoxide dismutase (SOD) and glutathione

peroxidase (GPx). In addition, LBP alleviates ER stress by downregulating stress-related
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proteins such as GRP78 and CHOP, which are involved in apoptotic pathways. By mitigating
these stress responses, LBP reduces apoptosis, demonstrating its ability to maintain skin cell
viability under PM2.5 exposure. Furthermore, LBP modulates autophagy, a process that is often
dysregulated in response to PM2.5, by affecting the expression of autophagy-related proteins
such as LC3-II and p62. This regulation helps maintain cellular homeostasis and prevents
excessive autophagy that could otherwise lead to cell death. The combined antioxidant, anti-
apoptotic, and autophagy-regulating properties of LBP render it a promising therapeutic agent

against PM2.5-induced skin damage (Zhu et al. 2022).

Farnesol--a natural benzylsemiterpene

Farnesol, a component of essential oil from various plants such as citronella,
lemongrass, tuberose, cyclamen, rose, neroli, balsam and musk with anti-inflammatory and
antioxidant properties, provides a significant protective effect against PM2.5-induced skin
damage due to its anti-inflammatory, antioxidant and tissue-reparative properties. Farnesol exerts
its protective effect by reducing the production of pro-inflammatory cytokines such as IL-6 and
TNF-a, which are elevated in response to PM2.5 exposure. In addition, liposomes loaded with
farnesol (lipo-fern) enhance its therapeutic efficacy by improving skin penetration and reducing
cytotoxicity. Studies have shown that Lipo Fern can effectively alleviate acute and chronic
inflammation, restore damaged epidermis and dermis and promote hair follicle regeneration.
This underlines its potential as a therapeutic agent against PM2.5-induced skin damage (Wu et al.

2021).

4-O-Feruloylquinic acid (FQA)—from Phellodendron amurense

Phellodendron amurense (PAE), also known as Amur cork tree, has shown significant
protective effects against PM2.5-induced skin damage through its anti-inflammatory and
antioxidant properties. PAE has been demonstrated to mitigate these effects by inhibiting
calcium influx and regulating signaling via proteinase-activated receptor-2 (PAR-2), which plays
a key role in inflammatory responses. Studies have shown that PM2.5 induces an intracellular
calcium influx (Ca2+) that triggers inflammatory pathways in keratinocytes. PAE significantly
reduces this Ca2+ influx and thus attenuates the inflammation caused by PM2.5. In addition,

PAE downregulates pro-inflammatory cytokines such as IL-6, IL-8 and TNF-a, which are
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upregulated by PM2.5 exposure. In addition to its anti-inflammatory effects, PAE also helps
maintain the integrity of the skin barrier by preventing the downregulation of proteins such as
zonula occludens-1 (ZO-1) and occludin, both of which are crucial for tight junctions in skin
cells. In addition, Phellodendron amurense contains 4-O-feruloylquinic acid (FQA), a compound
responsible for its protective effect. FQA replicates the protective effect of PAE by inhibiting
Ca2+ influx and reducing the expression of PAR-2. This suggests that Phellodendron amurense
extract, particularly FQA, provides significant protection against PM2.5-induced skin damage by
modulating inflammatory pathways and maintaining the skin's barrier function (Choi et al.

2020).

Drug resistance may not be the most significant issue when it

comes to using natural products as alternatives to chemical drugs

Discussion for treating skin diseases

Given the potential for drug resistance associated with medicine treatments, alternative
therapies derived from natural products have emerged as a viable option by reducing drug
interactions and drug resistance, and mitigating adverse effects associated with the drug
metabolisms. Although, a notable drawback is that the chemical composition and antioxidant
properties of the plant material are highly variable, as they depend on environmental conditions,
harvest timing, transportation and storage conditions (Hering et al. 2021). Therefore,
methodological improvements must focus on optimizing the extraction process while considering
external factors such as temperature, light, and air to ensure consistency in the quality and
efficacy of plant materials (Pyrzynska 2022) (Biesaga 2011). Some studies suggest that the
source of extraction and the food matrix can significantly influence the bioactive compounds and
their antioxidant properties (Cobb 2014). Different parts of the fruit exhibit varying levels of
bioactive compounds. For instance, the peel of citrus fruits contains higher levels of antioxidants
compared to the pulp, primarily due to its greater concentration of flavonoids, vitamin C, and
carotenoids (Hu et al. 2018). Hesperidin extracted from orange peels showed moderate
antioxidant activity against DPPH free radicals at 36%, while vitamin C showed a higher ability
(100%) under the same conditions (A/-Ashaal & El-Sheltawy 2011). Apart from skin damage,
several types of vitamins showed protective effects of biological agents in a variety of organ
systems, for example, vitamin D protects respiratory epithelial cells (Chatsirisupachai et al.

2024). Previous studies have shown that quercetin has low solubility and poor bioavailability,
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which limits its potential to be synthesized into a highly effective drug (Alizadeh &
Ebrahimzadeh 2022). Therefore, further research is needed to investigate the long-term effects at
higher doses, as the potential risks of high doses of quercetin have increased renal toxicity and
estrogen-dependent cancer in some studies (Andres et al. 2018). Apart from in vitro studies,
research in the field of application is essential as there is insufficient work on the therapeutic
dosage and side effects of natural products in human skin. Since natural products have the
potential to be alternative therapeutic substances, further research and development of natural
extraction procedures are required to minimize the restricted stability and bioavailability of

natural compounds.

Conclusion and future prospectives

Several natural substances possess distinct advantages in shielding skin cells, particularly
keratinocytes, from PM2.5-induced damage because PM2.5 damages keratinocytes by inducing
the production of ROS, oxidative stress, and inflammation. Based on their chemical structure
with phenolic compounds: Sulforaphane, hesperidin, quercetin, catechin,
diphloroethohydroxycarmalol, resveratrol and ginsenoside show their potential properties in
antioxidation and anti-inflammation. These bioactive compounds in the natural products are
believed to reduce ROS production, prevent mitochondrial dysfunction and inhibit cellular
apoptosis. Therefore, natural compounds hold great promise as therapeutic agents for preventing
PM2.5-induced skin damage and promoting healthy skin regeneration. Their incorporation into
health management strategies presents significant potential for the development of highly
effective health products and treatments. However, further research is essential to elucidate their
mechanisms of action, interactions, optimal therapeutic doses, toxic thresholds, and potential

side effects.
Acknowledgements

This research project is supported by Chulabhorn Royal Academy (Fundamental Fund by
National Science Research and Innovation Fund (NSRF): fiscal year 2024) (FRB670024/0240

Peer] reviewing PDF | (2024:12:110893:0:1:NEW 17 Dec 2024)



PeerJ

496
497
498
499
500

Project code 198474), Chulabhorn Royal Academy (Project code E2567/106) and Princess

Srisavangavadhana College of Medicine.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Peer] reviewing PDF | (2024:12:110893:0:1:NEW 17 Dec 2024)



PeerJ

501

502

503

504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549

References

2024. PubChem Compound Summary for CID 9898279, Ginsenoside Rb1. PubChem: National
Center for Biotechnology Information.

Addor FAS. 2017. Antioxidants in dermatology. An Bras Dermatol 92:356-362.
10.1590/abd1806-4841.20175697

Aggarwal V, Tuli HS, Thakral F, Singhal P, Aggarwal D, Srivastava S, Pandey A, Sak K, Varol
M, Khan MA, and Sethi G. 2020. Molecular mechanisms of action of hesperidin in
cancer: Recent trends and advancements. Exp Biol Med (Maywood) 245:486-497.
10.1177/153537022090367 1

Ahn M, Moon C, Yang W, Ko E-J, Hyun JW, Joo HG, Jee Y, Lee NH, Park JW, Ko RK, Kim GO,
and Shin T. 2011. Diphlorethohydroxycarmalol, isolated from the brown algae Ishige
okamurae, protects against radiation-induced cell damage in mice. Food and Chemical
Toxicology 49:864-870. https://doi.org/10.1016/j.fct.2010.12.008

Al-Ashaal HA, and EI-Sheltawy ST. 2011. Antioxidant capacity of hesperidin from citrus peel
using electron spin resonance and cytotoxic activity against human carcinoma cell lines.
Pharm Biol 49:276-282. 10.3109/13880209.2010.509734

Alara OR, Abdurahman NH, and Ukaegbu CI. 2021. Extraction of phenolic compounds: A
review. Curr Res Food Sci 4:200-214. 10.1016/j.crfs.2021.03.011

Alizadeh SR, and Ebrahimzadeh MA. 2022. Quercetin derivatives: Drug design, development,
and biological activities, a review. Eur J Med Chem 229:114068.
10.1016/j.ejmech.2021.114068

Aljuffali IA, Lin CH, Yang SC, Alalaiwe A, and Fang JY. 2022. Nanoencapsulation of Tea
Catechins for Enhancing Skin Absorption and Therapeutic Efficacy. AAPS
PharmSciTech 23:187. 10.1208/s12249-022-02344-3

Andres S, Pevny S, Ziegenhagen R, Bakhiya N, Schafer B, Hirsch-Ernst KI, and Lampen A.
2018. Safety Aspects of the Use of Quercetin as a Dietary Supplement. Mol Nutr Food
Res 62. 10.1002/mnfr.201700447

Bae JE, Min D, Choi JY, Choi H, Kim JB, Park NY, Jo DS, Kim YH, Na HW, Kim YJ, Kim ES,
Kim HJ, and Cho DH. 2021. Primary Ciliogenesis by 2-Isopropylmalic Acid Prevents
PM2.5-Induced Inflammatory Response and MMP-1 Activation in Human Dermal
Fibroblasts and a 3-D-Skin Model. Int J Mol Sci 22. 10.3390/ijms222010941

Bak SG, Lim HJ, Park EJ, Won Y-S, Lee SW, Ryu B, Ha HJ, Cheong S-H, and Lee SJ. 2023.
Ishige okamurae Extract: Diphlorethohydroxycarmalol with Effect of Atopic Dermatitis-
Like Skin Inflammation. Revista Brasileira de Farmacognosia. 10.1007/s43450-023-
00488-2

Barton D, and Ollis WD. 1979. Comprehensive organic chemistry: the synthesis and reactions
of organic compounds. (No Title).

Biesaga M. 2011. Influence of extraction methods on stability of flavonoids. J Chromatogr A
1218:2505-2512. 10.1016/j.chroma.2011.02.059

Cardoso RR, Neto RO, Dos Santos D'Almeida CT, do Nascimento TP, Pressete CG, Azevedo
L, Martino HSD, Cameron LC, Ferreira MSL, and Barros FAR. 2020. Kombuchas from
green and black teas have different phenolic profile, which impacts their antioxidant
capacities, antibacterial and antiproliferative activities. Food Res Int 128:108782.
10.1016/j.foodres.2019.108782

Chang YT, Jung CR, Chang YC, Chuang BR, Chen ML, and Hwang BF. 2023. Prenatal and
postnatal exposure to PM(2) (.5) and the risk of tic disorders. Paediatr Perinat Epidemiol
37:191-200. 10.1111/ppe.12943

Peer] reviewing PDF | (2024:12:110893:0:1:NEW 17 Dec 2024)


https://doi.org/10.1016/j.fct.2010.12.008

PeerJ

550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598

Chatsirisupachai A, Muanjumpon P, Jeayeng S, Onkoksong T, Pluempreecha M, Soingam T,
and Panich U. 2024. Calcitriol/vitamin D receptor system alleviates PM2.5-induced
human bronchial epithelial damage through upregulating mitochondrial bioenergetics in
association with regulation of HIF-1alpha/PGC-1alpha signaling. Environ Toxicol
Pharmacol:104568. 10.1016/j.etap.2024.104568

Choi J, Moon MY, Han GY, Chang MS, Yang D, and Cha J. 2020. Phellodendron amurense
Extract Protects Human Keratinocytes from PM2.5-Induced Inflammation via PAR-2
Signaling. Biomolecules 11. 10.3390/biom11010023

Chowjarean V, Prueksasit T, Joyjamras K, and Chanvorachote P. 2019. Isovitexin Increases
Stem Cell Properties and Protects Against PM2.5 in Keratinocytes. In Vivo 33:1833-
1841. 10.21873/invivo.11676

Cobb DT. 2014. Polyphenols: Food Sources, Bioactive Properties and Antioxidant Effects: Nova
Publishers.

Diao P, He H, Tang J, Xiong L, and Li L. 2021. Natural compounds protect the skin from
airborne particulate matter by attenuating oxidative stress. Biomedicine &
Pharmacotherapy 138:111534. https://doi.org/10.1016/j.biopha.2021.111534

Estruel-Amades S, Massot-Cladera M, Garcia-Cerda P, Pérez-Cano FJ, Franch A, Castell M,
and Camps-Bossacoma M. 2019. Protective Effect of Hesperidin on the Oxidative Stress
Induced by an Exhausting Exercise in Intensively Trained Rats. Nutrients 11.
10.3390/nu11040783

Fahey JW, and Talalay P. 1999. Antioxidant Functions of Sulforaphane: a Potent Inducer of
Phase Il Detoxication Enzymes. Food and Chemical Toxicology 37:973-979.
https://doi.org/10.1016/S0278-6915(99)00082-4

Falode JA, Adeoye AO, Adetara O, Ajiboye BO, Oso BJ, Olaoye IF, Akinmoladun AC, and
Olaleye MT. 2022. Hesperidin Protects Mitochondrial Permeability Transition Pore of Rat
Liver from Toxicity of High-Glucose Concentration and Some Heavy Metals. Research
Square https://doi.org/10.21203/rs.3.rs-2262796/v 1

Fernando IPS, Jayawardena TU, Kim H-S, Vaas APJP, De Silva HIC, Nanayakkara CM,
Abeytunga DTU, Lee W, Ahn G, Lee D-S, Yeo I-K, and Jeon Y-J. 2019. A keratinocyte
and integrated fibroblast culture model for studying particulate matter-induced skin
lesions and therapeutic intervention of fucosterol. Life Sciences 233:116714.
https://doi.org/10.1016/j.1fs.2019.116714

Fernando P, Piao MJ, Kang KA, Zhen AX, Herath H, Kang HK, Choi YH, and Hyun JW. 2022a.
Hesperidin Protects Human HaCaT Keratinocytes from Particulate Matter 2.5-Induced
Apoptosis via the Inhibition of Oxidative Stress and Autophagy. Antioxidants (Basel) 11.
10.3390/antiox11071363

Fernando P, Piao MJ, Zhen AX, Ahn MJ, Yi JM, Choi YH, and Hyun JW. 2020. Extract of
Cornus officinalis Protects Keratinocytes from Particulate Matter-induced Oxidative
Stress. Int J Med Sci 17:63-70. 10.7150/ijms.36476

Fernando PDSM, Piao MJ, Kang KA, Zhen AX, Herath HMUL, Kang HK, Choi YH, and Hyun
JW. 2022b. Hesperidin Protects Human HaCaT Keratinocytes from Particulate Matter
2.5-Induced Apoptosis via the Inhibition of Oxidative Stress and Autophagy. Antioxidants
11:1363.

Fu P, Zhao Y, Dong C, Cai Z, Li R, and Yung KKL. 2022. An integrative analysis of miRNA and
MRNA expression in the brains of Alzheimer's disease transgenic mice after real-world
PM(2.5) exposure. J Environ Sci (China) 122:25-40. 10.1016/j.jes.2021.10.007

Greenhough A, Smartt HIM, Moore AE, Roberts HR, Williams AC, Paraskeva C, and Kaidi A.
2009. The COX-2/PGE 2 pathway: key roles in the hallmarks of cancer and adaptation
to the tumour microenvironment. Carcinogenesis 30:377-386. 10.1093/carcin/bgp014

Peer] reviewing PDF | (2024:12:110893:0:1:NEW 17 Dec 2024)


https://doi.org/10.1016/j.biopha.2021.111534
https://doi.org/10.1016/S0278-6915(99)00082-4
https://doi.org/10.21203/rs.3.rs-2262796/v1
https://doi.org/10.1016/j.lfs.2019.116714

PeerJ

599 Guo Z, Hong Z, Dong W, Deng C, Zhao R, Xu J, Zhuang G, and Zhang R. 2017. PM(2.5)-

600 Induced Oxidative Stress and Mitochondrial Damage in the Nasal Mucosa of Rats. Int J
601 Environ Res Public Health 14. 10.3390/ijerph14020134

602 Herath H, Piao MJ, Kang KA, Fernando P, Kang HK, Koh YS, and Hyun JW. 2024. The

603 inhibitory effect of chlorogenic acid on oxidative stress and apoptosis induced by

604 PM(2.5) in HaCaT keratinocytes. J Biochem Mol Toxicol 38:€23806. 10.1002/jbt.23806
605 Herath H, Piao MJ, Kang KA, Zhen AX, Fernando P, Kang HK, Yi JM, and Hyun JW. 2022.
606 Hesperidin Exhibits Protective Effects against PM(2.5)-Mediated Mitochondrial Damage,
607 Cell Cycle Arrest, and Cellular Senescence in Human HaCaT Keratinocytes. Molecules
608 27.10.3390/molecules27154800

609 Hering A, Ochocka JR, Baranska H, Cal K, and Stefanowicz-Hajduk J. 2021. Mangiferin and
610 Hesperidin Transdermal Distribution and Permeability through the Skin from Solutions
611 and Honeybush Extracts (Cyclopia sp.)-A Comparison Ex Vivo Study. Molecules 26.
612 10.3390/molecules26216547

613 HuY,LiY, Zhang W, Kou G, and Zhou Z. 2018. Physical stability and antioxidant activity of
614 citrus flavonoids in arabic gum-stabilized microcapsules: Modulation of whey protein
615 concentrate. Food Hydrocolloids 77:588-597.

616 HuangY, Zhu M, Ji M, Fan J, Xie J, Wei X, Jiang X, Xu J, Chen L, Yin R, Wang Y, Dai J, Jin G,
617 Xu L, Hu Z, Ma H, and Shen H. 2021. Air Pollution, Genetic Factors, and the Risk of
618 Lung Cancer: A Prospective Study in the UK Biobank. Am J Respir Crit Care Med

619 204:817-825. 10.1164/rccm.202011-40630C

620 Jirabanjerdsiri B, Sriratanasak N, Towiwat P, Prueksasit T, Sukrong S, and Chanvorachote P.
621 2022. Standardized Thunbergia laurifolia Extract Inhibits PM(2.5)-Induced Oxidative
622 Stress by Regulating p62-KEAP1-NRF2 Signaling Pathway. In Vivo 36:2730-2739.

623 10.21873/invivo.13009

624 Jung E, Lee JA, Shin S, Roh KB, Kim JH, and Park D. 2013. Madecassoside inhibits melanin
625 synthesis by blocking ultraviolet-induced inflammation. Molecules 18:15724-15736.

626 10.3390/molecules181215724

627 Katiyar S, Saify K, Singh SK, and Rai M. 2014. Botanical study of skin lightening agents.

628 International Journal of Pharmacognosy 1:243-249.

629 Kensler TW, Egner PA, Agyeman AS, Visvanathan K, Groopman JD, Chen J-G, Chen T-Y,
630 Fahey JW, and Talalay P. 2013. Keap1-Nrf2 Signaling: A Target for Cancer Prevention
631 by Sulforaphane. In: Pezzuto JM, and Suh N, eds. Natural Products in Cancer

632 Prevention and Therapy. Berlin, Heidelberg: Springer Berlin Heidelberg, 163-177.

633 Khan S, Tosun A, and Kim YS. 2015. Chapter 31 - Ginsenosides as Food Supplements and
634 Their Potential Role in Immunological and Neurodegenerative Disorders. In: Watson RR,
635 and Preedy VR, eds. Bioactive Nutraceuticals and Dietary Supplements in Neurological
636 and Brain Disease. San Diego: Academic Press, 303-309.

637 Kim BE, Kim J, Goleva E, Berdyshev E, Lee J, Vang KA, Lee UH, Han S, Leung S, Hall CF, Kim
638 NR, Bronova |, Lee EJ, Yang HR, Leung DY, and Ahn K. 2021. Particulate matter

639 causes skin barrier dysfunction. JCI Insight 6. 10.1172/jci.insight.145185

640 Kim HB, Choi MG, Chung BY, Um JY, Kim JC, Park CW, and Kim HO. 2023. Particulate matter
641 2.5 induces the skin barrier dysfunction and cutaneous inflammation via AhR-and T
642 helper 17 cell-related genes in human skin tissue as identified via transcriptome

643 analysis. Exp Dermatol 32:547-554. 10.1111/exd.14724

644 Ko HJ, Kim JH, Lee GS, and Shin T. 2020. Sulforaphane controls the release of paracrine

645 factors by keratinocytes and thus mitigates particulate matter-induced premature skin
646 aging by suppressing melanogenesis and maintaining collagen homeostasis.

647 Phytomedicine 77:153276. 10.1016/j.phymed.2020.153276

648 Kono M, Okuda T, Ishihara N, Hagino H, Tani Y, Okochi H, Tokoro C, Takaishi M, Ikeda H, and
649 Ishihara Y. 2023. Chemokine expression in human 3-dimensional cultured epidermis

Peer] reviewing PDF | (2024:12:110893:0:1:NEW 17 Dec 2024)



PeerJ

650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700

exposed to PM2.5 collected by cyclonic separation. Toxicol Res 39:1-13.
10.1007/s43188-022-00142-4

Krittanawong C, Qadeer YK, Hayes RB, Wang Z, Thurston GD, Virani S, and Lavie CJ. 2023.
PM(2.5) and cardiovascular diseases: State-of-the-Art review. Int J Cardiol Cardiovasc
Risk Prev 19:200217. 10.1016/j.ijcrp.2023.200217

Kundu JK, and Surh YJ. 2007. Epigallocatechin gallate inhibits phorbol ester-induced activation
of NF-kappa B and CREB in mouse skin: role of p38 MAPK. Ann N Y Acad Sci
1095:504-512. 10.1196/annals.1397.054

Lee Y, Choi HK, N'Deh K PU, Choi YJ, Fan M, Kim EK, Chung KH, and An AJH. 2020.
Inhibitory Effect of Centella asiatica Extract on DNCB-Induced Atopic Dermatitis in
HaCaT Cells and BALB/c Mice. Nutrients 12. 10.3390/nu12020411

Leis K, Pisanko K, Jundzill A, Mazur E, Mecinska-Jundzill K, and Witmanowski H. 2022.
Resveratrol as a factor preventing skin aging and affecting its regeneration. Postepy
Dermatol Alergol 39:439-445. 10.5114/ada.2022.117547

Leung KW, and Wong AS. 2010. Pharmacology of ginsenosides: a literature review. Chin Med
5:20. 10.1186/1749-8546-5-20

Li CP, Qin G, Shi RZ, Zhang MS, and Lv JY. 2013. Ginsenoside Rg1 reduces toxicity of PM(2.5)
on human umbilical vein endothelial cells by upregulating intracellular antioxidative state.
Environ Toxicol Pharmacol 35:21-29. 10.1016/j.etap.2012.11.006

Liao Z, Nie J, and Sun P. 2020a. The impact of particulate matter (PM2.5) on skin barrier
revealed by transcriptome analysis: Focusing on cholesterol metabolism. Toxicology
Reports 7:1-9. https://doi.org/10.1016/j.toxrep.2019.11.014

Liao Z, Nie J, and Sun P. 2020b. The impact of particulate matter (PM2.5) on skin barrier
revealed by transcriptome analysis: Focusing on cholesterol metabolism. Toxicol Rep
7:1-9. 10.1016/j.toxrep.2019.11.014

Lu MC, Ji JA, Jiang ZY, and You QD. 2016. The Keap1-Nrf2-ARE Pathway As a Potential
Preventive and Therapeutic Target: An Update. Med Res Rev 36:924-963.
10.1002/med.21396

McDuffie EE, Martin RV, Spadaro JV, Burnett R, Smith SJ, O’'Rourke P, Hammer MS, van
Donkelaar A, Bindle L, Shah V, Jaeglé L, Luo G, Yu F, Adeniran JA, Lin J, and Brauer
M. 2021. Source sector and fuel contributions to ambient PM2.5 and attributable
mortality across multiple spatial scales. Nature Communications 12:3594.
10.1038/s41467-021-23853-y

McGuinn LA, Bellinger DC, Colicino E, Coull BA, Just AC, Kloog I, Osorio-Valencia E, Schnaas
L, Wright RJ, Téllez-Rojo MM, Wright RO, and Horton MK. 2020. Prenatal PM(2.5)
exposure and behavioral development in children from Mexico City. Neurotoxicology
81:109-115. 10.1016/j.neuro.2020.09.036

Meng X, Zhou J, Zhao CN, Gan RY, and Li HB. 2020. Health Benefits and Molecular
Mechanisms of Resveratrol: A Narrative Review. Foods 9. 10.3390/foods9030340

Michalak-Stoma A, Bartosinska J, Raczkiewicz D, Kowal M, Krasowska D, and Chodorowska G.
2021. Assessment of Selected Matrix Metalloproteinases (MMPs) and Correlation with
Cytokines in Psoriatic Patients. Mediators Inflamm 2021:9913798.
10.1155/2021/9913798

Molagoda IMN, Kavinda MHD, Choi YH, Lee H, Kang CH, Lee MH, Lee CM, and Kim GY. 2021.
Fisetin Protects HaCaT Human Keratinocytes from Fine Particulate Matter (PM(2.5))-
Induced Oxidative Stress and Apoptosis by Inhibiting the Endoplasmic Reticulum Stress
Response. Antioxidants (Basel) 10. 10.3390/antiox10091492

Muvhulawa N, Dludla PV, Ziqubu K, Mthembu SXH, Mthiyane F, Nkambule BB, and Mazibuko-
Mbeje SE. 2022. Rutin ameliorates inflammation and improves metabolic function: A
comprehensive analysis of scientific literature. Pharmacol Res 178:106163.
10.1016/j.phrs.2022.106163

Peer] reviewing PDF | (2024:12:110893:0:1:NEW 17 Dec 2024)


https://doi.org/10.1016/j.toxrep.2019.11.014

PeerJ

701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
77
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750

Panche AN, Diwan AD, and Chandra SR. 2016. Flavonoids: an overview. J Nutr Sci 5:e47.
10.1017/jns.2016.41

Piao MJ, Ahn MJ, Kang KA, Ryu YS, Hyun YJ, Shilnikova K, Zhen AX, Jeong JW, Choi YH,
Kang HK, Koh YS, and Hyun JW. 2018. Particulate matter 2.5 damages skin cells by
inducing oxidative stress, subcellular organelle dysfunction, and apoptosis. Arch Toxicol
92:2077-2091. 10.1007/s00204-018-2197-9

Platzer M, Kiese S, Tybussek T, Herfellner T, Schneider F, Schweiggert-Weisz U, and Eisner P.
2022. Radical Scavenging Mechanisms of Phenolic Compounds: A Quantitative
Structure-Property Relationship (QSPR) Study. Frontiers in Nutrition 9.
10.3389/fnut.2022.882458

Pyrzynska K. 2022. Hesperidin: A Review on Extraction Methods, Stability and Biological
Activities. Nutrients 14. 10.3390/nu14122387

Qi W, Qi W, Xiong D, and Long M. 2022. Quercetin: Its Antioxidant Mechanism, Antibacterial
Properties and Potential Application in Prevention and Control of Toxipathy. Molecules
27.10.3390/molecules27196545

Quan T, Qin Z, Voorhees JJ, and Fisher GJ. 2012. Cysteine-rich protein 61 (CCN1) mediates
replicative senescence-associated aberrant collagen homeostasis in human skin
fibroblasts. J Cell Biochem 113:3011-3018. 10.1002/jcb.24179

Salehi B, Quispe C, Sharifi-Rad J, Cruz-Martins N, Nigam M, Mishra AP, Konovalov DA,
Orobinskaya V, Abu-Reidah IM, Zam W, Sharopov F, Venneri T, Capasso R, Kukula-
Koch W, Wawruszak A, and Koch W. 2021. Phytosterols: From Preclinical Evidence to
Potential Clinical Applications. Frontiers in Pharmacology 11.
10.3389/fphar.2020.599959

Shaito A, Posadino AM, Younes N, Hasan H, Halabi S, Alhababi D, Al-Mohannadi A, Abdel-
Rahman WM, Eid AH, Nasrallah GK, and Pintus G. 2020. Potential Adverse Effects of
Resveratrol: A Literature Review. Int J Mol Sci 21. 10.3390/ijms21062084

Shan H, Li X, Ouyang C, Ke H, Yu X, Tan J, Chen J, Wang C, Zhang L, Tang Y, Yu L, and Li W.
2022. Salidroside prevents PM2.5-induced BEAS-2B cell apoptosis via SIRT1-
dependent regulation of ROS and mitochondrial function. Ecotoxicology and
Environmental Safety 231:113170. https://doi.org/10.1016/j.ecoenv.2022.113170

Shin J-W, Lee H-S, Na J-I, Huh C-H, Park K-C, and Choi H-R. 2020a. Resveratrol Inhibits
Particulate Matter-Induced Inflammatory Responses in Human Keratinocytes.
International Journal of Molecular Sciences 21:3446.

Shin JW, Lee HS, Na JI, Huh CH, Park KC, and Choi HR. 2020b. Resveratrol Inhibits
Particulate Matter-Induced Inflammatory Responses in Human Keratinocytes. Int J Mol
Sci 21. 10.3390/ijms21103446

Son Y, Cheong YK, Kim NH, Chung HT, Kang DG, and Pae HO. 2011. Mitogen-Activated
Protein Kinases and Reactive Oxygen Species: How Can ROS Activate MAPK
Pathways? J Signal Transduct 2011:792639. 10.1155/2011/792639

Suriyawong P, Chuetor S, Samae H, Piriyakarnsakul S, Amin M, Furuuchi M, Hata M, Inerb M,
and Phairuang W. 2023. Airborne particulate matter from biomass burning in Thailand:
Recent issues, challenges, and options. Heliyon 9:e14261.
https://doi.org/10.1016/j.heliyon.2023.e14261

Thangavel P, Park D, and Lee YC. 2022. Recent Insights into Particulate Matter (PM(2.5))-
Mediated Toxicity in Humans: An Overview. Int J Environ Res Public Health 19.
10.3390/ijerph19127511

Tian C, Zhen T, Ma M, Li M, and Sun Q. 2021. Contribution of catechin monomers in tea
polyphenols to the structure and physicochemical properties of wheat gluten and its sub-
fractions. Journal of Cereal Science 101:103306.
https://doi.org/10.1016/j.jcs.2021.103306

Peer] reviewing PDF | (2024:12:110893:0:1:NEW 17 Dec 2024)


https://doi.org/10.1016/j.ecoenv.2022.113170
https://doi.org/10.1016/j.heliyon.2023.e14261
https://doi.org/10.1016/j.jcs.2021.103306

PeerJ

751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792

793
794
795
796
797
798
799

Vanduchova A, Anzenbacher P, and Anzenbacherova E. 2018. Isothiocyanate from Broccoli,
Sulforaphane, and Its Properties. Journal of Medicinal Food 22:121-126.
10.1089/jmf.2018.0024

Vohra K, Vodonos A, Schwartz J, Marais EA, Sulprizio MP, and Mickley LJ. 2021. Global
mortality from outdoor fine particle pollution generated by fossil fuel combustion: Results
from GEOS-Chem. Environmental Research 195:110754.
https://doi.org/10.1016/j.envres.2021.110754

Wang M, Yu F, Zhang Y, Chang W, and Zhou M. 2022a. The Effects and Mechanisms of
Flavonoids on Cancer Prevention and Therapy: Focus on Gut Microbiota. Int J Biol Sci
18:1451-1475. 10.7150/ijbs.68170

Wang SC, Chou IW, and Hung MC. 2022b. Natural tannins as anti-SARS-CoV-2 compounds.
Int J Biol Sci 18:4669-4676. 10.7150/ijbs.74676

Wee JJ, Mee Park K, and Chung AS. 2011. Biological Activities of Ginseng and Its Application
to Human Health. In: Benzie IFF, and Wachtel-Galor S, eds. Herbal Medicine:
Biomolecular and Clinical Aspects. Boca Raton (FL): CRC Press/Taylor & Francis

Copyright © 2011 by Taylor and Francis Group, LLC.

Wu YC, Chen WY, Chen CY, Lee SI, Wang YW, Huang HH, and Kuo SM. 2021. Farnesol-
Loaded Liposomes Protect the Epidermis and Dermis from PM(2.5)-Induced Cutaneous
Injury. Int J Mol Sci 22. 10.3390/ijms22116076

Xu W, Wang S, Jiang L, Sun X, Wang N, Liu X, Yao X, Qiu T, Zhang C, Li J, Deng H, and Yang
G. 2022. The influence of PM2.5 exposure on kidney diseases. Human & Experimental
Toxicology 41:09603271211069982. 10.1177/09603271211069982

Yang L, Wan W, Yu C, Xuan C, Zheng P, and Yan J. 2022. Associations between PM(2.5)
exposure and Alzheimer's Disease prevalence Among elderly in eastern China. Environ
Health 21:119. 10.1186/s12940-022-00937-w

Zhang X, Zhang Y, Zhou M, Xie Y, Dong X, Bai F, and Zhang J. 2021. DPHC From Alpinia
officinarum Ameliorates Oxidative Stress and Insulin Resistance via Activation of
Nrf2/ARE Pathway in db/db Mice and High Glucose-Treated HepG2 Cells. Front
Pharmacol 12:792977. 10.3389/fphar.2021.792977

Zhang Z, Li X, Sang S, McClements DJ, Chen L, Long J, Jiao A, Jin Z, and Qiu C. 2022.
Polyphenols as Plant-Based Nutraceuticals: Health Effects, Encapsulation, Nano-
Delivery, and Application. Foods 11. 10.3390/foods11152189

Zhen AX, Piao MJ, Hyun YJ, Kang KA, Madushan Fernando PDS, Cho SJ, Ahn MJ, and Hyun
JW. 2019. Diphlorethohydroxycarmalol Attenuates Fine Particulate Matter-Induced
Subcellular Skin Dysfunction. Mar Drugs 17. 10.3390/md17020095

Zhou L, Huang Y, Han Z, Wang J, Sun N, Zhang R, Dong W, Deng C, and Zhuang G. 2022.
Effects of rosmarinic acid on the inflammatory response in allergic rhinitis rat models
after PM2.5 exposure. J Clin Lab Anal 36:24316. 10.1002/jcla.24316

Zhu S, Li X, Dang B, Wu F, Wang C, and Lin C. 2022. Lycium Barbarum polysaccharide
protects HaCaT cells from PM2.5-induced apoptosis via inhibiting oxidative stress, ER
stress and autophagy. Redox Rep 27:32-44. 10.1080/13510002.2022.2036507

Peer] reviewing PDF | (2024:12:110893:0:1:NEW 17 Dec 2024)


https://doi.org/10.1016/j.envres.2021.110754

PeerJ

800
801
802
803
804
805
806
807
808
809

810

Figure and Table legend

Figure 1: Graphical abstract represents the mechanistic findings on the protective effects of
herbal chemicals against fine particulate matter-induced skin damage obtained from in
vitro studies

Figure was drawn in part using images from Servier Medical Art. Servier Medical Art by Servier
is licensed under a Creative Commons Attribution 4.0 Unported License
(https://creativecommons.org/licenses/by/4.0/).

Table 1. Summary table of natural products to protect against PM2.5-induced skin cell damage
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