
Maple water (Acer saccharum sap), a traditional
North American beverage: anti-inflammatory
activity and potential functional relevance for skin
health
Ye-Lim You 

Sangmyung University
Ha-Jun Byun 

Sangmyung University
Kisoo Han 

Neo Cremar Co., Ltd
Hyo Chul An 

Dongkug Industry Co.,Ltd
Hyeon-Son Choi 

Sangmyung University

Research Article

Keywords: Maple water (Acer saccharum sap), Traditional beverage, Anti-inflammatory activity,
Functional food, NF-κB signaling, Skin-related cellular response

Posted Date: March 24th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-9165890/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

Version of Record: A version of this preprint was published at Journal of Ethnic Foods on May 20th,
2026. See the published version at https://doi.org/10.1186/s42779-026-00309-6.

Page 1/21

https://doi.org/10.21203/rs.3.rs-9165890/v1
https://doi.org/10.21203/rs.3.rs-9165890/v1
https://doi.org/10.21203/rs.3.rs-9165890/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s42779-026-00309-6


Abstract
Maple water (Acer saccharum sap) is a traditional North American sap-derived beverage consumed
seasonally; however, its biological functions as a dietary resource remain insufficiently characterized.
This study investigates the potential functional properties of maple water extract by assessing its anti-
inflammatory activity and its relevance to skin-related cellular responses. In RAW264.7 macrophages,
maple water extract significantly inhibited lipopolysaccharide (LPS)-induced nitric oxide production in a
dose-dependent manner without inducing cytotoxicity. The treatment downregulated the mRNA
expression of key pro-inflammatory mediators, including inducible nitric oxide synthase (iNOS),
cyclooxygenase-2 (COX-2), interleukin (IL)-1β, and IL-6, and suppressed nuclear factor-kappa B (NF-κB)
signaling. In UV-irradiated HaCaT keratinocytes, maple water extract modulated cellular responses by
regulating matrix metalloproteinases (MMP-1 and MMP-2) and their tissue inhibitors (TIMP-1 and TIMP-
2), indicating potential relevance to extracellular matrix regulation. Furthermore, maple water enhanced
the expression of epidermal differentiation markers, including filaggrin, involucrin, and loricrin. Hydration-
related responses were observed, including reduced hyaluronidase expression and increased hyaluronan
synthase expression. These findings suggest that maple water, when considered as a traditional dietary
beverage, may provide bioactive components that modulate inflammatory responses and support skin-
related cellular functions.

Introduction
Maple water, the clear sap harvested from Acer saccharum during early spring, has long been
traditionally consumed in North America as a natural seasonal beverage [1, 2]. The consumption of plant
sap as a beverage is not unique to North America; similar practices have been documented in other
regions, including birch sap consumption in Northern Europe and the use of Acer mono sap (gorosoe) in
Korea, where these seasonal drinks have been traditionally valued for their refreshing properties and
perceived health benefits [3]. In particular, historical records indicate that Indigenous peoples of North
America consumed maple sap not only as a seasonal beverage but also utilized it in traditional practices
associated with recovery and general well-being [4]. Historically appreciated for its refreshing taste and
nutritional value, maple water has recently attracted scientific interest as a plant-derived resource with
potential health-promoting properties [5, 6]. In recent years, growing consumer interest in natural and
culturally rooted dietary resources has led to increased attention toward traditional botanical beverages
as potential functional foods [7]. Beyond its mild sweetness, maple water contains a diverse spectrum of
nutrients, including essential minerals such as potassium, calcium, magnesium, and zinc, as well as
amino acids, organic acids, and polyphenolic compounds [1, 2]. Previous studies have identified
numerous antioxidant constituents in maple-derived products [6, 8], and these materials have been
associated with biological activities such as antioxidant, antidiabetic, and hepatoprotective effects [9–
11]. Despite these findings, research on maple-based resources has largely focused on metabolic health
and general antioxidant capacity [2], while other physiologically relevant functions remain insufficiently
explored. These traditional uses suggest that plant sap beverages have historically been valued not only
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for hydration but also for recovery and skin-related benefits, providing a cultural basis for exploring their
biological functions in modern nutritional science.

Among these, the regulation of inflammation represents a key biological function closely linked to overall
health and tissue homeostasis. Chronic or excessive inflammatory responses contribute not only to
metabolic disorders but also to tissue dysfunction, including processes associated with skin physiology.
In particular, inflammatory signaling pathways such as nuclear factor-kappa B (NF-κB) play central roles
in mediating immune responses and are widely recognized as targets for dietary bioactive compounds
[12]. From a functional food perspective, evaluating the ability of traditional beverages to modulate
inflammatory pathways provides important insight into their potential as dietary resources with broader
physiological relevance.

Skin health is increasingly recognized as an important component of overall well-being and is regulated
by interconnected biological processes, including inflammatory control, epidermal barrier integrity,
extracellular matrix organization, and moisture homeostasis [13, 14]. Environmental stressors,
particularly ultraviolet (UV) radiation and air pollutants, disrupt these processes by promoting
inflammatory signaling, impairing keratinocyte differentiation, accelerating matrix degradation, and
reducing hydration, ultimately contributing to premature skin aging [15, 16]. Accordingly, natural
materials capable of modulating these pathways are receiving growing attention as potential functional
dietary resources [17, 18]. Despite the phytochemical richness of maple water, its potential role in the
regulation of skin physiology remains poorly understood. In particular, whether maple water can
modulate key inflammatory signaling pathways such as nuclear factor-kappa B (NF-κB) has not been
systematically investigated, although suppression of inflammatory mediators in macrophages is
recognized as a critical strategy for controlling immune activation [12]. Furthermore, evidence regarding
its protective capacity against UV-induced skin damage and its influence on extracellular matrix stability
and hydration-related mechanisms remains limited. Macrophages and keratinocytes were selected to
represent complementary aspects of skin-related responses, as immune cell–derived inflammatory
mediators are known to contribute to skin photodamage and barrier dysfunction. Therefore, evaluating
both macrophage-mediated inflammatory regulation and keratinocyte responses provides an integrated
perspective on its potential biological relevance to skin-related cellular processes. In this context,
investigating the effects of maple water on inflammation and skin-related cellular processes may
provide scientific support for its traditional use as a natural health-promoting beverage.

Therefore, the present study aimed to evaluate the functional properties of maple water as a traditionally
consumed dietary beverage. Using RAW264.7 macrophages and HaCaT keratinocytes, inflammatory
mediators, barrier-associated proteins, extracellular matrix regulators, and hydration-related factors were
evaluated to establish an integrated understanding of its biological activity. Collectively, this study
provides scientific evidence supporting the potential of maple water as a functional dietary resource with
relevance to inflammation and skin-related cellular processes.

Materials and methods
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Maple water sample
In this study, the term “maple water extract” refers to the ethyl acetate fraction prepared from
commercial maple water unless otherwise specified. The maple water used in this study was supplied by
Dongkug Industry Co., Ltd. (Seongnam, Republic of Korea). According to the supplier, the maple sap was
collected from Acer saccharum trees in North America and subsequently imported into Korea as a raw
material. Ethyl acetate (EtOAc; Samchun Chemical, Seoul, Republic of Korea) was purchased
commercially and used as the extraction solvent. The maple water exhibited a soluble solid content of
2.5–3.0 °Brix and a pH ranging from 6.5 to 7.2, consistent with the typical physicochemical
characteristics of fresh maple sap. To ensure batch consistency, these parameters were measured using
a digital refractometer (Atago Co., Tokyo, Japan) and a calibrated pH meter (Mettler-Toledo, Columbus,
OH, USA), respectively.

Extraction of ethyl acetate fraction from maple water
The filtered maple water (500 mL) was extracted with ethyl acetate (1:1 or 1:2, v/v). After phase
separation, the organic layer was collected, and the extraction was repeated to maximize recovery. The
combined extracts were dried over anhydrous sodium sulfate, filtered, and concentrated under reduced
pressure below 40°C. The concentrate was freeze-dried and stored for further analysis.

Determination of total polyphenol and flavonoid contents
Total polyphenol content (TPC) was measured using a modified Folin–Ciocalteu method [19]. After
reaction with Folin–Ciocalteu reagent and sodium carbonate, samples were incubated in the dark for 30
min, and absorbance was measured at 750 nm using a microplate reader (INNO-M, LTek, Republic of
Korea). Gallic acid was used as a standard, and results were expressed as mg gallic acid equivalents
(GAE)/g extract. Total flavonoid content (TFC) was determined using a modified method described by
Zhishen et al. [20]. Samples were sequentially reacted with sodium nitrite, aluminum chloride, and
sodium hydroxide, and absorbance was measured at 510 nm. Catechin served as the reference
standard, and results were expressed as mg catechin equivalents (CE)/g extract.

DPPH and ABTS radical scavenging assays
Radical scavenging activities were evaluated using modified methods based on Kim et al. [21] for DPPH
and van den Berg et al. [22] for ABTS assays. For the DPPH assay, a 200 µM solution of 2,2-diphenyl-1-
picrylhydrazyl was prepared in ethanol. Samples were mixed with the DPPH solution in a 96-well plate
and incubated in the dark for 30 min. Absorbance was measured at 520 nm. ABTS radicals were
generated by reacting 7 mM ABTS with 2.45 mM potassium persulfate in the dark. After incubation for
60 min with the sample, absorbance was recorded at 414 nm. Ascorbic acid was used as the positive
control. Radical scavenging activity was calculated as:
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Radical scavenging activity (%) = (1 − A_sample / A_control) × 100

IC₅₀ values were determined from dose–response curves using nonlinear regression analysis.

Cell culture
RAW264.7 murine macrophages (ATCC, USA) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco, USA) supplemented with 10% fetal bovine serum (FBS), 1% penicillin–streptomycin (PS),
and 1.5 g/L sodium bicarbonate. Cells were maintained at 37°C in a humidified incubator with 5% CO₂.
For experiments, cells were seeded in 6- or 12-well plates at a density of 1.0 × 10⁵ cells/mL and treated
upon reaching approximately 70–80% confluence. Lipopolysaccharide (LPS; Sigma-Aldrich, USA) was
applied at a final concentration of 100 ng/mL to induce inflammation. The normal control received
distilled water, while the control group was treated with LPS alone. Experimental groups were pretreated
with maple water extract for 2 h prior to LPS stimulation. HaCaT human keratinocytes (Amorepacific Co.,
Republic of Korea) were cultured under identical conditions using DMEM supplemented with 10% FBS
and 1% PS.

UV irradiation
For photoaging experiments, HaCaT cells were seeded in 6-well plates at 1.0 × 10⁵ cells/well and
incubated for 24 h. Cells were pretreated with maple water extract for 2 h, washed with phosphate-
buffered saline (PBS), and exposed to UVB radiation (30 mJ/cm²) using a UVB lamp (312 nm; Vilber
Lourmat, France). UVB intensity was calibrated using a UV radiometer prior to each experiment to ensure
reproducibility. Following irradiation, PBS was replaced with fresh medium containing the sample, and
cells were further incubated for 24 h prior to RNA extraction.

Cell viability assay
Cell viability was assessed using the MTT assay. RAW264.7 cells were seeded at 1.0 × 10⁴ cells/mL in
96-well plates and incubated for 24 h before co-treatment with LPS (100 ng/mL) and maple water extract
(0–400 µg/mL). HaCaT cells were seeded at 1.5 × 10⁴ cells/well and treated with maple water extract
(3.125–50 µg/mL). After incubation, cells were treated with MTT solution (0.5 mg/mL) for 1 h at 37°C.
Formazan crystals were dissolved in DMSO, and absorbance was measured at 550 nm.

Measurement of nitric oxide production
RAW264.7 cells were pretreated with maple water extract (0–100 µg/mL) for 2 h and stimulated with
LPS (100 ng/mL) for 24 h. Culture supernatants were mixed with Griess reagent and incubated for 10
min at room temperature. Nitrite concentrations were quantified by measuring absorbance at 550 nm.
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Real-time PCR analysis
Total RNA was extracted using TRIzol reagent (Invitrogen, USA). RNA purity was verified using a
NanoDrop spectrophotometer, and only samples with an A260/A280 ratio ≥ 1.8 were used.
Complementary DNA was synthesized from 1 µg RNA using a cDNA synthesis kit (iNtRON
Biotechnology, Republic of Korea). Real-time PCR was conducted with SYBR Green Master Mix on an
AriaMx Real-Time PCR System (Agilent Technologies, USA). Gene expression levels were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the housekeeping gene. Primer sequences are
listed in Table 1.

Table 1
Primers used in this study

Name Forward (5’ to 3’) Reverse (5’ to 3’)

iNOS CAGCCAAGCACTCCAATGTA CCTGAAGGAGCTTTGTCCAC

COX2 TCTCCCCTCTCTACGCATTC GGCAGAACGACTCGGTTATC

IL-1β ACTCATTGTGGCTGTGGAGA TTGTTCATCTCGGAGCCTGT

IL-6 CTGCTGCACTTTGGAGTGAT GCCTCTTTGCTGCTTTCACAC

MMP1 CCCCAGAGACATCCACAGTT TCCAGGGAAGTCTTCTGCT

MMP2 TGCTACACGGATACCCCAAG GCAGCATCGATATGCTTCACAG

TIMP1 AGATACCATGATGGCCCCCT TCTGGTAGTCCTCAGAGCCC

TIMP2 CTCGGAGCGCAATAAAACGG TCTTTCCTCCAACGTCCAGC

Collagen-1 GATTCCCTGGACCTAAAGGTGC AGCCTCTCCATCTTTGCCAGCA

HAS1 CTGCGATACTGGGTAGCCTTCA CCAGAACTTCTGGTTGTACCAG

HYAL GGCCAGGGCTTCCTCAAATA CTGTGACAGTGGCTGAGTGT

Fillagrin GCTGAAGGAACTTCTGGAAAAGG GTTGTGGTCTATATCCAAGTGATC

Involucrin CTGCCTCAGCCTTACTGTGA GGAGGAACAGTCTTGAGGAG

Loricrin GCAACCTCGGGTAGCATCA GCCGTCCAAATAGATCCCC

GAPDH CTGCGACTTCAACAGCAACT GAGTTGGGATAGGGCCTCTC

iNOS: inducible nitric oxide synthase, COX-2: cyclooxygenase-2, IL-1β/6: Interleukin 1 beta/6,
MMP1/2: matrix metalloproteinase 1/2, TIMP-1/2: tissue inhibitor of metalloproteinase 1/2, HAS:
hyaluronic acid synthase, HYAL1: hyaluronidase.

Western blot analysis
Cells were lysed in buffer containing protease and phosphatase inhibitors. Protein concentrations were
determined using the bicinchoninic acid (BCA) assay. Equal amounts of protein (50 µg) were separated
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on 10% SDS-PAGE gels and transferred onto PVDF membranes. Membranes were blocked with 5% skim
milk and incubated overnight at 4°C with primary antibodies (1:1000). After washing, membranes were
incubated with HRP-conjugated secondary antibodies for 2 h at room temperature. Protein bands were
detected using enhanced chemiluminescence reagents and visualized with the Alliance Q9 imaging
system (UVITEC, UK). Relative protein expression levels were normalized to GAPDH using ImageJ
software.

Statistical analysis
All experiments were independently performed at least three times. Results are expressed as mean ± 
standard deviation (SD). Statistical analyses were conducted using IBM SPSS Statistics 27 (IBM Corp.,
USA). Group differences were evaluated using one-way analysis of variance (ANOVA) followed by
Duncan’s multiple range test. Statistical significance was defined as p < 0.05.

Results and Discussion

Maple water extract attenuates LPS-induced inflammatory
responses in macrophages
The cytotoxic effects of maple water extract on RAW264.7 macrophages were first evaluated to
determine the appropriate concentration range for subsequent anti-inflammatory assays (Fig. 1). Maple
water extract did not exhibit significant cytotoxicity across concentrations ranging from 6.25 to 400
µg/mL, indicating good cellular tolerance. Although a slight reduction in cell viability was observed at
concentrations ≥ 100 µg/mL under LPS-stimulated conditions, the viability remained within an
acceptable range for functional assessment (Fig. 1A). Based on these findings, concentrations of 25, 50,
and 100 µg/mL were selected for further experiments. To investigate the anti-inflammatory potential of
maple water extract, nitric oxide (NO) production was measured in LPS-stimulated macrophages. As
expected, LPS treatment markedly increased NO production compared with the normal control. Co-
treatment with maple water extract significantly attenuated NO generation, with a marked decrease at
100 µg/mL (Fig. 1B). These findings indicate that maple water extract effectively suppresses LPS-
induced inflammatory activation in macrophages without inducing notable cytotoxic effects. Excessive
nitric oxide production is a key feature of macrophage-mediated inflammatory responses [23, 24]. These
findings suggest that maple water extract may modulate inflammatory activation in macrophages,
supporting its potential immunoregulatory role. Further investigation into pro-inflammatory mediators
was conducted to better elucidate the underlying mechanisms.

Maple water extract suppresses pro-inflammatory
mediators via inhibition of NF-κB signaling in
macrophages
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To further elucidate the anti-inflammatory mechanisms of maple water extract, the mRNA expression of
key pro-inflammatory mediators was evaluated in LPS-stimulated RAW264.7 macrophages (Fig. 2). LPS
markedly upregulated the expression of cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS), whereas treatment with maple water extract significantly attenuated these increases in a dose-
dependent manner (Fig. 2A and B). Consistent with these observations, maple water extract also
suppressed the expression of major pro-inflammatory cytokines, including interleukin (IL)-1β and IL-6, in
a dose-dependent manner (Fig. 2C and D). Given that these cytokines play critical roles in amplifying
inflammatory cascades and recruiting immune cells to sites of tissue injury, their coordinated
downregulation suggests that maple water extract may effectively disrupt the progression of
macrophage-driven inflammatory responses. These findings are in agreement with the observed
inhibition of nitric oxide production and collectively indicate that maple water extract mitigates
inflammatory activation at multiple regulatory levels. The simultaneous suppression of inflammatory
enzymes and cytokines further implies that maple water extract does not target a single downstream
mediator but rather influences broader transcriptional control mechanisms. Nuclear factor-kappa B (NF-
κB) is widely recognized as a master transcription factor governing the expression of numerous
inflammatory genes [25, 26]. Upon activation, NF-κB translocates to the nucleus and initiates
transcriptional programs that promote the production of cytokines, chemokines, and inflammatory
enzymes [26]. In the present study, western blot analysis demonstrated that maple water extract
markedly suppressed NF-κB protein expression, with a marked reduction at 100 µg/mL (Fig. 2E and F).
The coordinated downregulation of iNOS, COX-2, IL-1β, and IL-6 observed in this study is therefore likely
attributable to the modulation of NF-κB–mediated transcriptional activity rather than nonspecific cellular
effects. Similar regulatory patterns have been reported following the inhibition of NF-κB signaling in
activated macrophages [27]. Considering the central role of NF-κB in orchestrating inflammatory
responses [26], its substantial inhibition provides strong mechanistic support for the immunomodulatory
potential of maple water extract. These regulatory effects were observed at non-cytotoxic
concentrations, supporting that the anti-inflammatory activity was not attributable to nonspecific cellular
damage. Taken together, the suppression of iNOS, COX-2, IL-1β, and IL-6 alongside reduced NF-κB
protein expression suggests that maple water extract influences upstream transcriptional control of
macrophage activation. This pattern is consistent with an immunomodulatory mode of action relevant to
functional food applications.

Maple water extract enhances keratinocyte viability and
protects against UV-induced photodamage
The effects of maple water extract on keratinocyte viability were first evaluated to determine its cytotoxic
profile and potential proliferative activity in HaCaT cells. Maple water extract promoted cell viability in a
concentration-dependent manner up to 50 µg/mL, resulting in an increase of approximately 43.8%
compared with the normal group (NOR) (Fig. 3A). Based on these findings, the photoprotective potential
of maple water extract was further investigated under ultraviolet (UV)-induced stress conditions. UV
irradiation significantly reduced keratinocyte viability by approximately 30.3%, confirming the induction of
cellular photodamage (Fig. 3B). Treatment with maple water extract mitigated this reduction and
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restored cell viability in a dose-dependent manner. At 25–50 µg/mL, cell viability increased by
approximately 34.0-40.7% relative to the UV-treated control, suggesting a protective effect against UV-
mediated cellular injury (Fig. 3B). UV-induced damage is a major contributor to premature skin aging,
primarily through the generation of oxidative stress and disruption of cellular homeostasis [28]. The
observed recovery of keratinocyte viability suggests that maple water extract may enhance cellular
resilience against environmental stressors [29]. This cytoprotective activity is relevant because
maintaining keratinocyte viability is a prerequisite for skin barrier maintenance under photostress [30].
Overall, these findings indicate that maple water extract exerts a protective effect against UV-induced
photodamage while supporting keratinocyte survival, highlighting its potential as a bioactive candidate
for promoting skin homeostasis.

Maple water extract modulates UV-induced extracellular
matrix remodeling by regulating MMP and TIMP
expression
To evaluate the protective effects of maple water extract against UV-induced extracellular matrix
degradation, the expression of matrix metalloproteinases (MMP-1 and MMP-2) and their endogenous
inhibitors (TIMP-1 and TIMP-2) was examined in UV-irradiated HaCaT keratinocytes (Fig. 4). MMPs are
key enzymes responsible for the breakdown of collagen and other structural proteins within the dermal
matrix and are strongly associated with wrinkle formation and the loss of skin elasticity during
photoaging [31, 32]. As expected, UV exposure markedly increased the expression of both MMP-1 and
MMP-2 compared with the normal control. However, treatment with maple water extract significantly
attenuated these elevations (Fig. 4A and B). These results indicate a protective role of maple water
extract in preserving dermal structural integrity by limiting UV-driven matrix degradation. Interestingly,
TIMP-1 and TIMP-2 expression exhibited a pattern similar to that of MMPs, showing increased levels
following UV exposure and subsequent reduction upon maple water extract treatment (Fig. 4C and D).
Although TIMPs are traditionally recognized as inhibitors of MMP activity, their upregulation under
photostress conditions is often interpreted as a compensatory response to excessive matrix degradation
[31, 33]. Therefore, the concurrent normalization of both MMP and TIMP expression observed in this
study may reflect the ability of maple water extract to restore extracellular matrix homeostasis rather
than simply suppress individual molecular targets. Maintenance of the balance between MMPs and
TIMPs is critical for preserving skin architecture, as disruption of this regulatory network accelerates
collagen breakdown and contributes to photoaging [31]. In this context, the modulatory effects of maple
water extract on these gene families suggest a protective role against UV-induced structural damage.
When integrated with the previously observed enhancement of barrier-related gene expression, these
findings indicate that maple water extract exerts multi-dimensional protective effects on the skin by
supporting both epidermal stability and extracellular matrix regulation. Such coordinated activity
highlights the potential of maple water extract as a biofunctional ingredient capable of mitigating
photodamage at both the epidermal and matrix levels.
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Maple water extract upregulates epidermal barrier-related
genes in UV-stressed keratinocytes
To further investigate whether maple water extract contributes to the maintenance of epidermal integrity,
the expression of the key skin barrier-related genes, including filaggrin, loricrin, and involucrin, was
evaluated in UV-irradiated HaCaT keratinocytes (Fig. 5). UV exposure is well known to disrupt epidermal
differentiation and compromise barrier function, thereby accelerating photodamage [34]. Treatment with
maple water extract increased the expression of all three barrier markers under UV-stressed conditions,
indicating a potential protective role in preserving epidermal structure. Filaggrin expression was
increased in a dose-dependent manner (Fig. 5A). Similarly, loricrin and involucrin expression levels were
also elevated following treatment (Fig. 5B and C). Filaggrin, loricrin, and involucrin are critical structural
proteins involved in keratinocyte differentiation and the formation of the cornified envelope, which
collectively determine the mechanical strength and permeability of the epidermal barrier [35]. Therefore,
the coordinated upregulation of these genes suggests that maple water extract may support barrier-
associated differentiation processes even under photodamaging conditions. Epidermal barrier integrity
is essential for preventing excessive transepidermal water loss and protecting the skin from external
environmental insults. Disruption of this barrier is a defining characteristic of photoaged skin and is
closely associated with increased permeability and reduced tissue resilience [34]. In this context, the
observed enhancement of multiple differentiation markers implies that maple water extract does not
merely promote isolated gene expression but may facilitate broader epidermal maturation processes,
ultimately contributing to improved barrier stability. Notably, these regulatory effects were achieved
within non-cytotoxic concentration ranges, reinforcing the physiological relevance of maple water extract
as a bioactive candidate for skin protection. The ability to preserve or restore barrier-related protein
expression is particularly important because compromised epidermal integrity is a hallmark of UV-
induced skin damage [36]. When considered alongside the previously observed cytoprotective effects,
these findings indicate that maple water extract not only enhances keratinocyte survival but may also
promote functional recovery of the epidermis following photostress. Together with the anti-inflammatory
activity observed in macrophages, the present results suggest that maple water extract supports skin
homeostasis through multi-level protective mechanisms involving immune regulation, cellular protection,
and structural barrier reinforcement. This integrated activity supports the potential of maple water
extract as a biofunctional ingredient for functional foods and nutricosmetic applications.

Maple water extract enhances skin hydration-related gene
expression in UV-stressed keratinocytes
To further evaluate the moisturizing potential of maple water extract, the expression levels of key
hydration-related genes, including collagen type I, hyaluronan synthase (HAS), and hyaluronidase (HYAL),
were analyzed (Fig. 6). UV exposure significantly reduced the expression of collagen and HAS while
markedly increasing HYAL expression, indicating impaired moisture retention capacity under photostress
conditions [37]. Treatment with maple water extract effectively reversed these alterations. Collagen type
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I expression was increased following treatment (Fig. 6A). HAS expression exhibited a pronounced
increase, suggesting enhanced hyaluronic acid synthesis (Fig. 6B). In contrast, HYAL expression
decreased in a dose-dependent manner (Fig. 6C). Hyaluronic acid plays a central role in maintaining skin
hydration due to its remarkable water-retaining capacity, while collagen provides structural support that
contributes to dermal moisture preservation [38]. Conversely, excessive HYAL activity accelerates
hyaluronic acid degradation, leading to reduced skin hydration [37]. Therefore, the simultaneous
upregulation of HAS and suppression of HYAL observed in this study suggests that maple water extract
may promote moisture homeostasis by favorably regulating hyaluronic acid metabolism. The stronger
induction of HAS relative to collagen implies that the hydrating effects of maple water extract may be
primarily associated with the modulation of hyaluronic acid synthesis rather than structural
reinforcement alone. Such regulation is particularly meaningful under UV-stressed conditions, where
disruption of moisture balance is a common feature of photodamaged skin [39]. When interpreted
alongside the effects on inflammatory mediators, barrier markers, and matrix-related genes, maple water
extract appears to influence multiple pathways relevant to photodamaged skin. This supports its
potential as a functional ingredient aimed at skin-related benefits.

Phenolic content and antioxidant characteristics of maple
water extract
The phenolic profile and antioxidant capacity of maple water extract were evaluated by measuring total
polyphenol and flavonoid contents, along with ferric reducing antioxidant power (FRAP) and radical
scavenging activities. Maple water extract contained measurable levels of total polyphenols and
flavonoids (Table 2), indicating the presence of phenolic-associated constituents. In the FRAP assay,
maple water extract exhibited a reducing capacity of 414.5 mg AAE/g, suggesting its potential electron-
donating ability. In contrast, the radical scavenging activities measured by DPPH and ABTS assays
showed relatively high IC₅₀ values compared with ascorbic acid, indicating comparatively weaker direct
free radical scavenging effects (Table 2). These findings suggest that maple water extract may exert
antioxidant-related effects primarily through reducing potential rather than strong radical quenching
activity. Although the DPPH and ABTS assays revealed relatively weak radical scavenging activity
compared with ascorbic acid, chemical antioxidant assays do not necessarily reflect biological efficacy,
as cellular systems involve complex oxidative stress regulation and signaling networks. Previous studies
have reported that maple-derived products contain diverse phenolic compounds such as gallic acid,
caffeic acid, and protocatechuic acid, which are associated with antioxidant properties [40, 41]. While the
specific phytochemical composition of the maple water extract used in the present study was not
characterized, the detectable polyphenol content suggests that phenolic-associated constituents may
contribute to its reducing capacity. Notably, quebecol—a process-derived phenolic compound generated
during the thermal concentration of maple sap into syrup—is absent in raw maple water extract. This
distinction implies that the biological effects observed in this study are more likely attributable to
naturally occurring components rather than heat-induced transformation products. The discrepancy
between modest radical scavenging activity and substantial reducing power suggests that maple water
extract may support cellular defense mechanisms through redox modulation rather than acting as a
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strong direct free radical quencher. Such reducing potential may influence intracellular signaling
pathways associated with oxidative stress and inflammation. These chemical properties may partially
explain the biological responses observed in this study, suggesting that maple water extract functions as
a bioactive modulator rather than a simple radical scavenger.

Table 2
Phenolics content and radical scavenging effect of Maple water

Contents Sample

Maple water Ascorbic acid

Total polyphenol Content

(mg GAE/g)

115.96 ± 1.7  

Total Flavonoid content

(mg CE/g)

28.67 ± 0.5  

FRAP (mg AAE/g) 414.5 ± 2.5  

IC50 (µg/mL) ABTS > 30000 204.0

DPPH 24398.7 57.67

GAE: gallic acid equivalent, CE: catechin equivalent, AAE: Ascorbic acid equivalent, IC50: the
concentration required to inhibit radical by 50%.

Overall, this study suggests that maple water extract exerts dermo-protective activity in vitro through
concurrent regulation of inflammatory signaling and UV-stressed keratinocyte responses. In
macrophages, maple water extract reduced LPS-induced inflammatory activation, as reflected by
decreased NO production and reduced expression of NF-κB protein and its downstream mediators. In
keratinocytes exposed to UV, maple water extract promoted barrier-associated differentiation marker
expression and favorably regulated genes related to extracellular matrix remodeling and hydration,
including attenuation of MMP induction and a shift in hyaluronic acid metabolism toward increased
synthesis (HAS) with reduced degradation (HYAL). These results are notable because UV-related skin
dysfunction is typically driven by multiple interconnected processes—immune activation, impaired
differentiation/barrier integrity, matrix remodeling, and moisture imbalance—rather than a single pathway
[42]. The combined pattern observed here supports the view that maple water extract may influence
more than one biological axis relevant to photoaging and photostress-associated skin changes. Given
that maple water is traditionally consumed as a beverage, these findings may have relevance to dietary
intake, suggesting that regular consumption of maple water could contribute to systemic regulation of
inflammation and support skin health through nutritional mechanisms.

Beyond its nutritional value, maple sap has historically been utilized by Indigenous peoples of North
America for various traditional health-related purposes [4]. Ethnobotanical records indicate that sap
collected from sugar maple trees (Acer saccharum) was consumed not only as a seasonal beverage but
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also used as a natural remedy for minor wounds, skin irritation, and inflammatory conditions [4]. The
naturally occurring sugars, minerals, and phenolic compounds present in maple sap were believed to
support skin soothing and recovery [1, 2]. In this context, the present findings demonstrating anti-
inflammatory and skin-protective effects of maple water extract provide scientific evidence that partially
supports these traditional observations. Thus, maple water extract may represent an example in which
traditional knowledge aligns with modern cellular evidence of dermal protective activity.

Several limitations should be considered. First, the present findings are based on cell models and may
not fully represent the complexity of human skin. Second, the active constituents responsible for the
observed effects were not identified, and the contributions of individual phytochemicals remain unclear.
Future studies should incorporate compositional profiling and mechanistic validation (e.g., pathway-
specific inhibition/knockdown approaches), followed by in vivo or clinical evaluation to determine
translational relevance.

Conclusions
Maple water extract attenuated LPS-induced inflammatory responses in RAW264.7 macrophages and
improved UV-stressed cellular responses in HaCaT keratinocytes, including barrier-related gene
expression, extracellular matrix–associated regulators, and hydration-related factors. These findings
suggest that maple water extract exerts dermo-protective effects through multi-level regulation of
inflammatory signaling and skin-related cellular responses. Importantly, considering that maple water is
traditionally consumed as a natural beverage, these results provide scientific support for its potential
role as a dietary resource associated with skin-related health benefits. Accordingly, maple water extract
may serve as a promising functional dietary resource with relevance to skin-related health benefits,
although further studies are required to identify active compounds and validate these effects in in vivo or
clinical settings.

Declarations
Acknowledgements
This manuscript received language and editorial assistance from Grammarly and ChatGPT (OpenAI).
These tools were used only for English grammar correction, style improvement, reference checking, and
clarity enhancement. They were not used for data analysis, interpretation, or generation of scientific
conclusions.

Author Contribution

Ye-Lim You: Investigation, Validation, Resources, Methodology, Writing - Review & Editing, Formal
analysis. Ha-Jun Byun: Investigation, Validation, Resources, Visualization, Methodology. Kisoo Han and
Hyo Chul An: Investigation, Methodology, Conceptualization. Hyeon-Son Choi: Conceptualization,
Methodology, Supervision, Writing-Original draft preparation, Project administration, Writing - Review &
Editing.

Page 13/21



Funding
This research received no external funding.

Availability of data and materials

All data generated or analyzed during this study are included in this published article.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

References
1. Ramadan MF, Gad HA, Farag MA. Chemistry, processing, and functionality of maple food products:

an updated comprehensive review. J Food Biochem. 2021;45:e13832.

2. Mohammed F, Sibley P, Abdulwali N, Guillaume D. Nutritional, pharmacological, and sensory
properties of maple syrup: a comprehensive review. Heliyon. 2023;9(9):e19216.

3. Jeong S-J, Lee C-H, Kim H-Y, Hwang I-G, Shin C-S, Park E-S, et al. Characteristics of Goroshoe (Acer
mono Max.) Sap with Different Collection Times After Ultra Filtration. J Korean Soc Food Sci Nutr.
2011;40: 753–758.

4. Turner NJ. Plant technology of First Peoples in British Columbia. Vancouver: UBC Press; 2014.

5. Torrey KJ, Liu Y, Li H, Ma H, Via CW, Bertin MJ, et al. What is authentic maple water? A twelve-month
shelf-life study of the chemical composition of maple water and its biological activities. Foods.
2023;12(2):239.

6. Yuan T, Li L, Zhang Y, Seeram NP. Pasteurized and sterilized maple sap as functional beverages:
chemical composition and antioxidant activities. J Funct Foods. 2013;5(4):1582–1590.

7. Ponte LGS, Ribeiro SF, Pereira JCV. Consumer perceptions of functional foods: a scoping review
focusing on non-processed foods. Food Rev Int. 2025;41:1738–1756

8. Thériault M, Caillet S, Kermasha S, Lacroix M. Antioxidant, antiradical and antimutagenic activities of
phenolic compounds present in maple products. Food Chem. 2006;98(3):490–501.

9. Apostolidis E, Li L, Lee C, Seeram NP. In vitro evaluation of phenolic-enriched maple syrup extracts
for inhibition of carbohydrate hydrolyzing enzymes relevant to type 2 diabetes management. J Funct
Foods. 2011;3(2):100–106.

10. Legault J, Girard-Lalancette K, Grenon C, Dussault C, Pichette A. Antioxidant activity, inhibition of
nitric oxide overproduction, and in vitro antiproliferative effect of maple sap and syrup from Acer

Page 14/21



saccharum. J Med Food. 2010;13(2):460–468.

11. Lee SY, Han JH, Choi DH, Hong M, Kwon TH, Lee YJ, et al. Hepatoprotective effect of Ainsliaea
acerifolia water extract on LPS/D-GalN-induced acute liver injury in human HepG2 cells. Korean J
Food Sci Technol. 2020;52(5):476–481.

12. Yoon WJ, Ham YM, Yoo BS, Moon JY, Koh J, Hyun CG. Oenothera laciniata inhibits
lipopolysaccharide-induced production of nitric oxide, prostaglandin E2, and proinflammatory
cytokines in RAW264.7 macrophages. J Biosci Bioeng. 2009;107(4):429–438.

13. Bouwstra JA, Nădăban A, Bras W, McCabe C, Bunge A, Gooris GS. The skin barrier: an extraordinary
interface with an exceptional lipid organization. Prog Lipid Res. 2023;92:101252.

14. Baker P, Huang C, Radi R, Moll SB, Jules E, Arbiser JL. Skin barrier function: the interplay of physical,
chemical, and immunologic properties. Cells. 2023;12(23):2745.

15. Fitoussi R, Faure MO, Beauchef G, Achard S. Human skin responses to environmental pollutants: a
review of current scientific models. Environ Pollut. 2022;306:119316.

16. Han HS, Seok J, Park KY. Air pollution and skin diseases. Ann Dermatol. 2025;37(2):53–67.

17. Zion Market Research. Nutricosmetics market by primary function, product type, and region – global
and regional industry overview, market intelligence, comprehensive analysis, historical data, and
forecasts 2024–2032. Zion Market Research;2024. Available from:
https://www.zionmarketresearch.com/report/nutricosmetics-market

18. Nguyen JK, Masub N, Jagdeo J. Bioactive ingredients in Korean cosmeceuticals: trends and
research evidence. J Cosmet Dermatol. 2020;19(7):1555–1569.

19. Velioglu YS, Mazza G, Gao L, Oomah BD. Antioxidant activity and total phenolics in selected fruits,
vegetables, and grain products. J Agric Food Chem. 1998;46(10):4113–4117.

20. Zhishen J, Mengcheng T, Jianming W. The determination of flavonoid contents in mulberry and their
scavenging effects on superoxide radicals. Food Chem. 1999;64(4):555–559.

21. Kim JK, Noh JH, Lee S, Choi JS, Suh H, Chung HY, et al. The first total synthesis of 2,3,6-tribromo-4,5-
dihydroxybenzyl methyl ether (TDB) and its antioxidant activity. Bull Korean Chem Soc.
2002;23(5):661–662.

22. Re R, Pellegrini N, Proteggente A, Pannala A, Yang M, Rice-Evans C. Antioxidant activity applying an
improved ABTS radical cation decolorization assay. Free Radic Biol Med. 1999;26(9–10):1231–
1237.

23. Bae SH, Kang MJ, Kwon IJ, Son SH, Kim GD. Anti-inflammatory activity of Philadelphus schrenkii
methanol extract in lipopolysaccharide-stimulated RAW 264.7 cells. Korean J Med Crop Sci.
2024;32(3):121–135.

24. Yoo J, Kim KA. Antioxidant and anti-inflammatory effects and mechanism of Abeliophyllum
distichum leaf extract in RAW264.7 macrophages. J Nutr Health. 2023;56(5):455–466.

25. Mao H, Zhao X, Sun SC. NF-κB in inflammation and cancer. Cell Mol Immunol. 2025;22(8):811–839.

Page 15/21



26. Mussbacher M, Derler M, Basílio J, Schmid JA. NF-κB in monocytes and macrophages – an
inflammatory master regulator in multitalented immune cells. Front Immunol. 2023;14:1134661.

27. Tang H, Zhang Y, Li J. ZnO nanoparticles attenuate LPS-induced inflammation in RAW264.7
macrophages by inhibiting NF-κB and JAK1-STAT1/3 pathways and reducing ROS. Int J
Nanomedicine. 2025;20:123–135.

28. Chung BY, Kim HS, Kim HJ, Park CW. Astaxanthin protects ultraviolet B-induced oxidative stress and
apoptosis in human keratinocytes. Ann Dermatol. 2022;34(2):125–134.

29. Abate M, Citro M, Pisanti S, Caputo M, Martinelli R. Keratinocytes migration promotion, proliferation
induction, and oxidative stress protection by hydroxytyrosol: key mechanisms in wound healing. Int
J Mol Sci. 2021;22(5):2438.

30. Kalogerakou T, Antoniadou M. The role of dietary antioxidants, food supplements and functional
foods for energy enhancement in healthcare professionals. Antioxidants. 2024;13(12):1508.

31. Feng C, Chen X, Yin X, Jiang Y, Zhao C. Matrix metalloproteinases on skin photoaging. J Cosmet
Dermatol. 2024;23(12):3847–3862.

32. Kim DJ, Iwasaki A, Chien AL, Kang S. UVB-mediated DNA damage induces matrix
metalloproteinases to promote photoaging in an AhR- and SP1-dependent manner. JCI Insight.
2022;7(9):e156344.

33. Yokose U, Hachiya A, Sriwiriyanont P, Fujimura T, Visscher MO, Kitzmiller WJ, et al. The endogenous
protease inhibitor TIMP-1 mediates protection and recovery from cutaneous photodamage. J Invest
Dermatol. 2012;132(12):2800–2809.

34. Li L, Liu Y, Chang R, Ye T, Li Z, Huang R, et al. Dermal injection of recombinant filaggrin-2 ameliorates
UVB-induced epidermal barrier dysfunction and photoaging. Antioxidants. 2024;13(8):1002.

35. Kang W, Son B, Park S, Choi D, Park T. UV-irradiation- and inflammation-induced skin barrier
dysfunction. Int J Mol Sci. 2021;22(6):2799.

36. Kundu D, Jayaraman A, Sen CK. Clinical measurement of transepidermal water loss. Adv Wound
Care. 2025;14(5):123–130.

37. Sun B, Li Y. Protecting and rejuvenating ageing skin: hyaluronan metabolism and its regulation. Front
Med. 2025;12:1529936.

38. Dolečková I, Kušnierik P, Berka V, Šimek M, Matějková I, Prokopec F, et al. Oral sodium hyaluronate
improves skin hydration, barrier function and signs of aging: a randomized, double-blind, placebo-
controlled trial in 150 healthy adults. Sci Rep. 2026;16:2941.

39. Kang MC, Yumnam S, Kim SY. Oral intake of collagen peptide attenuates ultraviolet B irradiation-
induced skin dehydration in vivo by regulating hyaluronic acid synthesis and degradation. Mar
Drugs. 2018;16(12):492.

40. Li L, Seeram NP. Maple syrup phytochemicals include lignans, coumarins, a stilbene, and other
previously unreported antioxidant phenolic compounds. J Agric Food Chem. 2010;58(22):11673–
11679.

Page 16/21



41. Chen GL, Chen SG, Xie YQ, Chen F, Zhao YY, Luo CX, et al. Total phenolic, flavonoid and antioxidant
activity of 23 edible flowers subjected to in vitro digestion. J Funct Foods. 2015;17:243–259.

42. Jiao Q, Zhi L, You B, Wang G, Wu N, Jia Y. Skin homeostasis: mechanism and influencing factors. J
Cosmet Dermatol. 2024;23(5):1518–1526.

Figures

Figure 1

Effects of maple water (MW) on cell viability and nitric oxide (NO) production in RAW264.7
macrophages. (A) Cell viability of RAW264.7 macrophages treated with maple water (MW; 6.25–400
μg/mL) in the absence or presence of lipopolysaccharide (LPS), as assessed by the MTT assay. (B)
Nitric oxide (NO) production in RAW264.7 cells treated with MW (3.125–100 μg/mL) under LPS-
stimulated conditions. NO levels in the culture supernatants were determined using the Griess reaction.
NOR, untreated cells without MW or LPS; CON, LPS-treated cells without MW. Data are presented as
mean ± SD (n = 3). Different letters indicate statistically significant differences among groups (p < 0.05).
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Figure 2

Effects of MW on inflammatory gene expression and NF-κB protein levels in LPS-stimulated RAW264.7
macrophages. (A–D) mRNA expression levels of COX-2 (A), iNOS (B), IL-1β (C), and IL-6 (D) in RAW264.7
cells treated with MW (25–100 μg/mL) under LPS-stimulated conditions. Gene expression was analyzed
by quantitative real-time PCR. (E) Representative immunoblot showing NF-κB protein expression in
RAW264.7 cells treated with MW under LPS-stimulated conditions, with GAPDH used as a loading
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control. (F) Quantitative densitometric analysis of NF-κB protein bands shown in panel E, performed
using ImageJ software (Version 1.53t). NOR, untreated cells without MW or LPS; CON, LPS-treated cells
without MW. Data are presented as mean ± SD (n = 3). Different letters indicate statistically significant
differences among groups (p < 0.05).

Figure 3

Effects of MW on cell viability and UV-induced cytotoxicity in HaCaT keratinocytes. (A) Cell viability of
HaCaT cells treated with maple water (MW; 3.125–50 μg/mL), as assessed by the MTT assay. (B) Cell
viability of HaCaT cells treated with MW under UV-irradiated conditions, as assessed by the MTT assay.
NOR, untreated cells without MW treatment or UV irradiation; CON, UV-irradiated cells without MW
treatment. Data are presented as mean ± SD (n = 3). Different letters indicate statistically significant
differences among groups (p < 0.05).
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Figure 4

Effects of MW on MMP and TIMP gene expression in UV-stimulated HaCaT keratinocytes. (A, B) mRNA
expression levels of matrix metalloproteinase-1 (MMP-1) (A) and matrix metalloproteinase-2 (MMP-2)
(B) in HaCaT cells treated with MW (12.5–50 μg/mL) under UV-irradiated conditions. (C, D) mRNA
expression levels of tissue inhibitor of metalloproteinase-1 (TIMP-1) (C) and tissue inhibitor of
metalloproteinase-2 (TIMP-2) (D) in HaCaT cells treated with MW under UV-irradiated conditions. Gene
expression was analyzed by quantitative real-time PCR. NOR, untreated cells without MW treatment or
UV irradiation; CON, UV-irradiated cells without MW treatment. Data are presented as mean ± SD (n = 3).
Different letters indicate statistically significant differences among groups (p < 0.05).
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Figure 5

Effects of MW on epidermal differentiation marker gene expression in UV-stimulated HaCaT
keratinocytes. (A–C) mRNA expression levels of filaggrin (A), involucrin (B), and loricrin (C) in HaCaT
cells treated with MW (12.5–50 μg/mL) under UV-irradiated conditions. Gene expression was analyzed
by quantitative real-time PCR. NOR, untreated cells without MW treatment or UV irradiation; CON, UV-
irradiated cells without MW treatment. Data are presented as mean ± SD (n = 3). Different letters indicate
statistically significant differences among groups (p < 0.05).

Figure 6

Effects of MW on collagen synthesis– and hydration-related gene expression in UV-stimulated HaCaT
keratinocytes. (A–C) mRNA expression levels of collagen-1 (COL1A1) (A), hyaluronan synthase (HAS)
(B), and hyaluronidase (HYAL) (C) in HaCaT cells treated with MW (12.5–50 μg/mL) under UV-irradiated
conditions. Gene expression was analyzed by quantitative real-time PCR. NOR, untreated cells without
MW treatment or UV irradiation; CON, UV-irradiated cells without MW treatment. Data are presented as
mean ± SD (n = 3). Different letters indicate statistically significant differences among groups (p< 0.05).
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