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Abstract

Ozone layer depletion exacerbates UV-induced skin damage, including oxidative stress
and DNA lesions, thereby increasing the risk of photoaging and malignant transforma-
tion. Natural extracts have gained increasing attention as a photoprotective ingredient in
cosmeceutical products. Kaempferia galanga, a species in the Zingiberaceae family tradition-
ally used for skin-related treatment and listed in the CosIng database, exhibits multiple
biologically relevant properties; however, its anti-photoaging and anti-photo-senescence
effects in human dermal fibroblasts remain unexplored. This study investigated the in vitro
photoprotective effects of K. galanga extract against UVB-induced photoaging and cellular
senescence in human dermal fibroblasts. The ethanolic extract of K. galanga rhizomes
(EKGRs) contained ethyl p-methoxycinnamate (EPMC) as a major constituent (33.7 ± 3.7%
(w/w) of the crude extract), identified by HPLC-UV. Additionally, EKGR exhibited sig-
nificant protective effects in UVB-irradiated fibroblasts. EKGR showed no cytotoxicity
at concentrations up to 50.0 µg/mL, as determined by the MTT assay. EKGR pretreat-
ment significantly reduced UVB-induced cellular senescence in human dermal fibroblasts
compared with UVB-exposed cells (22.2 ± 2.7% vs. 36.7 ± 8.0%). Furthermore, pretreat-
ment with EKGR prior to UVB exposure resulted in a significant increase in pro-collagen
type I production (37,075.1 ± 7532.2 pg/mL) and a concomitant decrease in MMP-1 se-
cretion (25,754.1 ± 4042.0 pg/mL) relative to UVB-exposed cells (26,845.8 ± 1454.6 and
39,910.8 ± 6035.1 pg/mL, respectively). To demonstrate formulation feasibility, EKGR was
incorporated into an oil-in-water microemulsion, which exhibited concentration-dependent
SPF enhancement. Collectively, these findings demonstrate the photoprotective efficacy of
EPMC-rich EKGR and highlight its potential as a cosmeceutical ingredient for mitigating
UVB-induced photo-senescence and skin aging, with an additional SPF boosting effect.
To our knowledge, this study provides the first evidence of EKGR-mediated protection
against UVB-induced cellular senescence in human dermal fibroblasts.

Keywords: Kaempferia galanga L.; UVB; fibroblasts; anti-senescence; MMP-1; pro-collagen
type I; microemulsion

1. Introduction
Human skin is the outermost layer of the body, acting as the primary defensive

barrier against environmental factors. Ultraviolet (UV) radiation has been studied for
a long time and is one of the main stressors contributing to inflammation, aging and
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skin cancer [1–6]. Specifically, UVB (280–320 nm), a highly energetic component of UV
radiation, is primarily absorbed in the epidermis but can also penetrate into the upper
papillary dermis [3,7,8]. A skin cell’s DNA can absorb UVB photons directly. UVB also
provokes free radicals indirectly. Consequently, prolonged exposure to UVB induces the
overproduction of cellular reactive oxygen species (ROS), causing oxidative stress, DNA
fragmentation and damage to other macromolecules [9,10]. These alterations are associated
with increased inflammation, collagen degradation, and the accumulation of senescent
fibroblasts in the dermis. Ultimately, these signs of aging, including fine lines, sagging,
and wrinkles, appear prematurely [11]. It is well-documented that excessive ROS is a
dominant event that triggers the upregulation of matrix metalloproteinases (MMPs), which
degrade components of the dermal extracellular matrix (ECM). MMP-1 especially plays a
crucial role in the degradation of type-1 collagen, the major structural protein comprising
approximately 80–90% of the skin. Upon exposure to UVB, the activated MMP-1 is induced
by ROS via cytoplasmic mitogen-activated protein kinase (MAPK) signaling/activator
protein-1 (AP-1) pathways, bringing about collagen breakdown, loss of ECM integrity
and altering skin structure [12]. In addition, nuclear factor kappa B (NF-κB), an activator
of the inflammatory response, is activated, leading to autocrine cytokine release. This
signaling provokes overexpression of pro-inflammatory cytokines such as tumor necrosis
factor-α (TNF-α) and interleukin-6 (IL-6) [6,13]. Beyond stimulating the overproduction
of ECM-modifying enzymes and inflammatory cytokines, UVB exposure has also been
associated with senescence-associated beta-galactosidase (SA-β-Gal) upregulation, which is
recognized as a hallmark enzyme of cellular senescence [14]. A senescent fibroblast is a type
of skin cell that has permanently stopped dividing due to aging or even stress; however, it
remains metabolically active [15,16]. Exciting research has found that using plant extracts
may help rejuvenate aged fibroblasts by reversing aspects of their aging phenotype [13].

Kaempferia galanga L. (“Proh hom” in Thai) is a plant belonging to the family of
Zingiberaceae, distributed in Southeast Asia including Thailand. K. galanga is consid-
ered a valuable medicinal plant rich in bioactive compounds, particularly those derived
from its rhizomes. Several studies have revealed that rhizome extracts contain important
essential oils such as cinnamic acid derivatives. The biological efficacy of K. galanga es-
sential oil is largely influenced by its high content of ethyl p-methoxycinnamate (EPMC)
and ethyl cinnamate [17]. The biological activities of ethanolic extracts of K. galanga
rhizome (EKGR), such as antioxidation [18,19], anti-collagenase [19], anti-elastase [19], anti-
inflammatory [17,20], antibacterial [21,22], and wound-healing activities [23,24] and UV
absorption properties [17,25,26], have been reported. To date, few studies have addressed
the protective effects of EKGR against UVB-induced cellular aging, specifically focusing on
the suppression of UVB-induced fibroblast senescence. A prior study has reported that K.
galanga Linn. rhizome extracts exhibited anti-aging activity, including anti-collagenase and
anti-elastase activity, based on an in vitro chemical-based study. Investigations regarding
the photoaging ability of K. galanga extract in in vitro cell-based assays are lacking. Hence,
this study was designed with the rational study objective of elucidating the photoprotective
effects of EKGR against UVB-induced fibroblast aging by examining the expression profiles
of key proteins and enzymes involved in the oxidative stress response and extracellular ma-
trix regulation. Specifically, this study focused on the modulation of biomarkers associated
with matrix degradation and cellular senescence. Furthermore, for further application of
the extract to increase its value, its potential applicability in cosmeceutical formulations was
evaluated. Several studies have reported that flavonoids are a major class of polyphenolic
compounds with significant biological and photoprotective properties. EPMC, a cinnamate
derivative and the main constituent in EKGR, functions as an organic UVB filter due to
its specific molecular structure [27]. EPMC absorbs high-energy photons and prevents
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the transmission of harmful radiation to the skin. Thus, EKGR was incorporated into the
oil phase of an oil-in-water microemulsion system, followed by assessments of its sun
protection factor (SPF) performance and formulation stability.

Microemulsions are single-phase systems composed of water, oil, and one or more
amphiphiles, forming a thermodynamically stable isotropic solution. They appear optically
transparent or translucent because the droplet size of the dispersed phase is smaller than
the wavelength of visible light, typically in the range of 10–100 nm. Depending on compo-
sition, microemulsions can be categorized as oil-in-water (O/W), water-in-oil (W/O) or
bicontinuous systems [28–30]. In cosmetic applications, microemulsions are widely utilized
to enhance the stability and solubility of active compounds, particularly those that are
poorly soluble or unstable in aqueous environments [31–33]. In this study, ethyl oleate
was selected as the oil phase because it is an ester-based oil capable of solubilizing both
hydrophilic and lipophilic compounds. Tween 80 was chosen as the primary surfactant
due to its high hydrophilic–lipophilic balance (HLB) value and critical packing parameter
(CPP) below 0.33, favoring the formation of O/W microemulsions—our desired system
type. A co-surfactant, 1,2-hexanediol, was included to further enhance interfacial fluidity at
the oil–water interface. Additionally, 1,2-hexanediol provides humectant benefits, making
it suitable for cosmetic formulations.

2. Materials and Methods
2.1. The Preparation of K. galanga Rhizome Extract

The rhizomes of K. galanga (Aromatic Ginger) were purchased from a herbal garden in
Surin province. A small number of rhizomes were planted and identified by an expert to
confirm the species. The fresh rhizomes were cleaned to wash all the dirt off and cut into
thin slices. These thin pieces were dried at 45 ◦C for 48 h or until dryness using a hot air
oven (KH-100A, Kenton, Guangzhou, China). These dried rhizomes were pulverized into a
fine powder. A simple maceration method was selected to prepare Kaempferia galanga L.
rhizome extract. 95% ethanol (AR grade, Fisher Scientific, Loughborough, UK) was chosen
for solvent extraction with a ratio of 1:10 w/v (dried powder to ethanol). The maceration
process was performed for 48 h with light protection. The ethanolic extract of K. galanga
rhizome (EKGR) was filtered using filter paper (Whatman No. 1, 90 mm diameter, Cytiva,
Amersham, UK) to remove any residuals. The organic solvent was then evaporated using a
rotary evaporator (RV8 V, IKA, Staufen, Germany). The percent yield (% yield) of EKGR
was calculated and EKGR was stored at 20 ◦C with light protection for further studies.

2.2. Quantification of Ethyl-p-Methoxy Cinnamate in EKGR

The amount of ethyl p-methoxycinnamate (EPMC) in EKGR was measured using
high-performance liquid chromatography with ultraviolet detection (HPLC-UV). The
stationary phase was a C18 column (ACE® C18 (150 mm × 4.6 × mm, 5 µm; Advanced
Chromatography Technologies, Aberdeen, UK). The mobile phase consisted of 40% water
and 60% acetonitrile. Each sample was run in isocratic mode for 30 min [34]. A photodiode
array was used as a detector. A standard EPMC with ≥98.0% purity was purchased from
Toronto Research Chemicals Inc. (TRC-M262155, Lot 6-NOT-120-3, Toronto, ON, Canada).
The column temperature, the injection volume and flow rate were set at 30 ◦C, 10 µL and
1.0 mL/min, respectively. Absorbance was measured at a wavelength of 308 nm. The
EPMC content in EKGR was calculated using a standard calibration curve. All experiments
were performed in triplicate.
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2.3. Cell Culture

Primary adult human dermal fibroblasts (HDFs, PCS-201-012) were purchased from
ATCC (Lot No.81201212, Manassas, VA, USA). A certificate of approval to conduct biosafety
research with IBC 039/2567 was approved by Burapha University ethics committee. The
cells were counted (5000 cells/cm2) and cultured in high-glucose Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 100 units/mL of penicillin, 100 units/mL of
streptomycin, 1 mg/mL amphotericin B, and 10% fetal bovine serum (FBS) in humidified
air containing 5% CO2 atmosphere at 37 ◦C. The medium was changed every 2–3 days. The
subculture was performed at 70–80% of cell confluence.

2.4. Evaluation of Cell Viability

The effect of EKGR on cell viability was assessed by MTT assay. HDFs at passage 5–8
(1.0 × 104 cells/well) were plated into a 96-well plate and treated with or without EKGR
at concentrations of 3.1–50.0 µg/mL for 24 h. Then, the culture media in each well were
replaced with fresh serum-free DMEM containing MTT (500 µg/mL) and incubated for
4 h at 37 ◦C in humidified air containing 5% CO2. After incubation, the culture medium
was removed and formazan crystals were solubilized by DMSO. The absorbance was
determined at 490 nm using a microplate reader (FLUOstar® Omega, BMG LABTECH,
Software version: 6.20, Ortenberg, Germany).

2.5. Evaluation of UVB-Induced Fibroblast Senescence Using the Senescence-Associated
β-Galactosidase (SA-β-Gal) Assay

HDFs at passage 8–15 (1.0 × 104 cells/well) were grown in a 96-well plate at 37 ◦C in
humidified air containing 5% CO2 for 24 h. After washing the cells twice with sterile PBS, a
thin layer of PBS was added to cover HDFs. Then HDFs were exposed to UVB irradiation
(UVB T5 HO lamp, Reptisun®, Germany) at various doses (0, 17.5, 35 and 70 mJ/cm2) to
determine the threshold that significantly induces cellular senescence compared to non-
UVB-exposed cells. The intensity of UVB was measured using a digital UVB radiometer
(Solarmeter, Solartech Inc., PA, USA). The average irradiance was 0.1167 mW/cm2. Thus,
the HDFs were exposed to UVB for 0, 150, 300, and 600 s, respectively. After UVB exposure,
HDFs were further incubated in supplement-free medium for 24 h. The cells were washed
twice with PBS and fixed with fixing solution for 5 min at room temperature. After washing
with PBS thrice, cells were incubated with SA-β-Gal staining solution (ab65351, Abcam,
Cambridge, UK) overnight at 37 ◦C then thrice washed with PBS. After washing, the stained
cells were examined under a brightfield microscope. The percentage of SA-β-Gal-positive
cells was estimated, and triplicate experiments were performed.

2.6. Evaluation of Photoprotective Effects of EKGR on UVB-Induced Fibroblast Aging
2.6.1. SA-β-Gal Expression

HDFs at passage 8–15 (1.0 × 104 cells/well) were grown in a 96-well plate at 37 ◦C in
humidified air containing 5% CO2 for 24 h. Cells were washed twice before incubating with
serum-free DMEM containing EKGR (50 µg/mL) for 24 h. Cells were washed twice with
PBS and exposed to a UVB dose of 35 mJ/cm2, followed by further incubation in serum-
free DMEM for 24 h. After that, each cell group was analyzed for SA-β-Gal expression as
mentioned above. Finally, the percentage of SA-β-Gal-positive cells was assessed. Triplicate
experiments were performed.

2.6.2. Pro-Collagen Type 1 and MMP-1 Expression

HDFs at passage 8–15 (3.0 × 105 cells/well) were grown in a 6-well plate at 37 ◦C in
humidified air containing 5% CO2 for 24 h. Cells were washed twice before incubating with
serum-free DMEM containing EKGR (50 µg/mL) for 24 h. Cells were washed twice with
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PBS and exposed to a UVB dose of 35 mJ/cm2, followed by further incubation in serum-free
DMEM for 24 h. Then the culture medium was collected to analyze the levels of pro-collagen
type I and MMP-1 using a pro-collagen type 1 ELISA kit (ab210966, Abcam, Cambridge,
UK) and MMP-1 ELISA kit (ab215082, Abcam, Cambridge, UK), respectively, according to
the manufacturer’s instructions. Finally, the absorbance was measured at 450 nm using a
microplate reader (FLUOstar® Omega, BMG LABTECH, Ortenberg, Germany). The pro-
collagen type 1 and MMP-1 contents in the supernatant were calculated using a standard
calibration curve. All experiments were performed in triplicate.

2.7. Pseudo-Ternary Phase Diagram Construction

Pseudo-ternary phase diagrams were constructed using ethyl oleate (EO) as the oil
phase and a mixed surfactant system comprising Tween 80 (T80) and 1,2-hexanediol (HD).
The surfactant mixture (Smix) was prepared at fixed weight ratios of T80:HD (4:1 and 3:1).
EO and Smix were then combined at EO-to-Smix weight ratios of 1:9, 2:8, 3:7, 4:6, 5:5, and
higher as appropriate, with a total mixture of weight 2 g.

Distilled water was incrementally added to each mixture in 0.5 g steps under gentle
stirring at ambient temperature. For example, at an EO-to-Smix ratio of 1:9, 0.5 g of water
was initially added to 2 g of the EO–Smix mixture in a test tube, while in a separate tube,
1.0 g of water was added to 2 g of the EO–Smix mixture to obtain different compositions.
Samples were then allowed to equilibrate for 24 h.

Phase behavior was visually evaluated based on clarity (clear or turbid) and phase
separation (single or multiple phases). To more precisely determine phase boundaries,
additional samples were prepared using smaller water increments (as low as 0.1 g) near the
transition regions.

Compositions at which phase separation or turbidity was observed were expressed
as weight percentages of EO, Smix, and water, and used to delineate the boundary of the
single-phase region in the pseudo-ternary phase diagram. Cosmetic-grade EO, T80, and
HD were used in all experiments.

2.8. Particle Size Analysis of Microemulsions

EO, mixed surfactants of T80 and HD, and water were blended at weight ratios
of 10:65:25, 20:65:15, and 30:65:5 using a simple emulsification method. After 24 h of
equilibration, the samples were transferred into cuvettes, and particle size was measured
using dynamic light scattering (DLS) without further dilution at 25 ◦C. The refractive index
of the material was set at 1.47.

2.9. Viscosity Measurement of Microemulsions

EKGR, EO, mixed surfactants of T80 and HD, and water were blended at weight ratios
of 0.5:9.5:65:25, 0.5:19.5:65:15, and 0.5:29.5:65:5 using a simple emulsification method. After
24 h of equilibration, the viscosity profiles were measured at 25 ± 0.5 ◦C using a Kinexus
Lab+ rheometer (KNX2112, Malvern Instruments Limited, Worcestershire, UK) equipped
with a cone-and-plate geometry.

2.10. Sun Protection Factor (SPF) Determination

Microemulsion formulations containing EKGR, EO, mixed surfactants of T80 and HD,
and water were prepared at weight ratios of 0.5:29.5:65:5, 0.75:29.25:65:5, and 1:29:65:5
using a simple mixing method under gentle stirring at ambient temperature. After 24 h
of equilibration, 1.0 g of each ME sample was weighed and diluted with 95% ethanol to
obtain a final concentration of 0.02% w/v. The resulting solution was transferred into a
1 cm quartz cuvette. UV absorption profiles were recorded over the range of 240–400 nm
at 1 nm intervals using a Hitachi U-2900 spectrophotometer (Hitachi High-Technologies
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Corporation, Tokyo, Japan), without further filtration. Each formulation was tested in
quintuplicate (n = 5), and SPF values were expressed as mean ± standard deviation (SD).
One-way ANOVA followed by Tukey’s post hoc test was performed to evaluate differences
between extract concentrations (1.00%, 0.75%, and 0.50%).

The SPF values were calculated using the following equation according to a published
method [35]:

SPFspectrophotometric = CF ×
320

∑
λ=290

EE(λ)× I(λ)× Abs(λ)

where EE(λ) is the erythemal effect spectrum, I(λ) is the solar intensity spectrum, and the
product EE(λ) × I(λ) is constant, as determined by Sayre et al. [36]. The correction factor
(CF) was set to 10.

For data analysis, absorbance values at 290, 295, 300, 305, 310, 315, and 320 nm were
multiplied by the corresponding EE(λ) × I(λ) values (see Supplementary Materials). The
summation of these values was then multiplied by the correction factor (CF = 10).

2.11. Stability Testing: Chemical (Assay), Physical (Particle Size), Appearance Evaluation

ME A–C formulations, with and without 0.5% w/w EKGR, were stored in clear glass
jars with aluminum caps for 1 month under four conditions: −20 ◦C, 4 ± 2 ◦C, 25 ± 2 ◦C,
and 40 ± 2 ◦C/75% RH. For chemical stability, the EPMC content was quantified by HPLC
as previously described. Test sample solutions were prepared by diluting 10 mg of each
ME containing 0.5% w/w EKGR with 500 µL methanol. For physical stability, the particle
sizes of ME A–C without EKGR were measured by DLS following a previously described
method. In addition, appearance (e.g., phase separation, clarity, and precipitation) was
visually evaluated both upon reaching equilibrium (after 24 h) and after 1 month.

2.12. Statistical Analysis

Data are presented as means ± standard deviation (SD). Cell studies were performed
in triplicate (n = 3), SPF measurements were conducted in quintuplicate (n = 5), and the
content of EPMC was determined in triplicate (n = 3). Descriptive statistics were applied to
all measurements. Inferential statistical analysis was performed where appropriate using
one-way ANOVA followed by Tukey’s post hoc test to evaluate differences between groups,
with the significance level set at p < 0.05.

3. Results
3.1. Characteristics of an Ethanolic Extract of K. galanga Rhizome (EKGR) and Its
Ethyl-p-Methoxy Cinnamate (EPMC) Content

EKGR is characterized as a dark brown viscous liquid, as shown in Figure 1. The
percent yield of EKGR was 8.25 ± 0.41.

 
Figure 1. The characteristics of an ethanolic extract of K. galanga rhizome.
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The content of EPMC, the major bioactive compound in EKGR, was quantified using
HPLC-UV. The chromatograms of the EPMC standard (≥98.0%) and EKGR are shown
in Figure 2. The content of EPMC in EKGR was calculated using an EPMC standard
calibration curve. The EPMC content in EKGR was determined to be 33.7 ± 3.7% (w/w).

Figure 2. HPLC chromatogram of (A) EPMC standard (≥98.0%) and (B) an ethanolic extract of
K. galanga rhizome (EKGR). Absorbance was measured at 308 nm.

3.2. The Effect of EKGR on Cell Viability in Primary Adult Human Dermal Fibroblasts (HDFs)

Due to the solubility limitation of the extract, the concentration used in this study
could not exceed 50.0 µg/mL. Thus, to estimate the cytotoxicity of EKGR, HDFs were
treated with EKGR at concentrations ranging from 3.1 to 50.0 µg/mL for 24 h. The cell
viability was evaluated based on the MTT assay. The percentages of cell viability and cell
morphology of each group are shown in Figure 3 and Figure 4, respectively.

Figure 3. Viability of primary adult human dermal fibroblasts (HDFs) with and without an ethanolic
extract of K. galanga rhizome (EKGR) treatment for 24 h. Results are expressed as % cell viability
relative to untreated cell group (where the OD of untreated was set to 100%). Each bar represents the
mean ± S.D. of three independent experiments. * p < 0.05, compared with the untreated cell group,
as determined by one-way ANOVA followed by Tukey’s HSD post hoc test.
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Figure 4. The cell morphology of (A) primary adult human dermal fibroblasts (HDFs) without
treatment (untreated cells) and (B) HDFs treated with an ethanolic extract of K. galanga rhizome
(EKGR, 50.0 µg/mL) for 24 h. Representative microscopic images at 100×.

The results showed that EKGR at concentrations of 3.1, 6.3, 12.5, 25.0, and 50.0 µg/mL
significantly increased the percentage of cell viability (117.9 ± 3.5, 113.5 ± 3.7, 109.6 ± 0.6,
110.7 ± 5.3, and 103.8 ± 3.3 respectively) compared to untreated cells (100.0 ± 2.4). In
particular, the highest concentration of EKGR (50.0 µg/mL) did not show any toxicity and
did not affect the normal cell morphology; this was selected to study the photoprotective
effects of EKGR in further experiments.

3.3. The Effect of UVB-Induced HDF Senescence

In this study, UVB-induced senescence resulted in different effects following various
doses (17.5, 35.0 and 70 mJ/cm2). The percentage of SA-β-Gal-positive cells in each group
is exhibited in Figure 5 and the morphology, as well as SA-β-Gal-stained cells, is shown in
Figure 6.

Figure 5. Percentages of SA-β-Gal-positive cells in non-UVB-exposed cells (control group) and in
primary adult human dermal fibroblasts (HDFs) exposed to UVB doses of 17.5, 35.0 and 70.0 mJ/cm2.
Each bar represents the mean ± S.D. of three independent experiments. * p < 0.05, compared with the
non-UVB-exposed cell group, as determined by one-way ANOVA followed by Tukey’s HSD post
hoc test.

The percentages of SA-β-Gal-stained cells of non-UVB- and UVB-exposed cells at
doses of 17.5, 35.0, and 70.0 mJ/cm2 were 14.0 ± 3.7, 17.8 ± 2.9, 36.7 ± 8.0, and 28.2 ± 9.5,
respectively. The effect of these UVB doses affected the increase in the percent of SA-β-Gal-
stained cells significantly. Although the lowest UVB dose had a significant effect on cell
senescence, a higher dose (35.0 mJ/cm2) was selected for subsequent studies because it not
only affected the increase in the number of cells with SA-β-Gal activity but also influenced
the morphology, leading to a clearly larger cell size compared to the non-UVB-exposed cell
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group and those that received a low level of UVB. However, when the total dose of UVB
was increased to 70 mJ/cm2, it affected both senescence and cell death. Therefore, a UVB
dose of 35.0 mJ/cm2 was chosen for further studies to focus on cell senescence.

Figure 6. Representative phase-contrast microscopy images (200×) of (A) non-UVB-exposed cells
(control) and primary adult human dermal fibroblasts (HDFs) exposed to UVB at different doses of
(B) 17.5, (C) 35.0, and (D) 70.0 mJ/cm2, used to analyze the quantity of senescent cells. The black
arrows indicate cell staining SA-β-Gal activity.

3.4. Photoprotective Activities of EKGR upon UVB-Induced HDF Senescence
3.4.1. Senescence-Associated β-Galactosidase (SA-β-Gal)

This experiment was divided into three groups: non-UVB-exposed cells, cells exposed
to a UVB dose of 35.0 mJ/cm2 and cells pretreated with EKGR prior to exposing them to
UVB. The percentage of SA-β-Gal-positive cells in each group is exhibited in Figure 7 and
the morphology, as well as SA-β-Gal-stained cells, is shown in Figure 8.

Figure 7. Percentages of SA-β-Gal-positive cells in non-UVB-exposed cells (control group), primary
adult human dermal fibroblasts (HDFs) exposed to a UVB dose of 35.0 mJ/cm2 (UVB group) and
HDFs pretreated with an ethanolic extract of K. galanga rhizome (EKGR) for 24 h then exposed to
UVB (UVB + EKGR group). Each bar represents the mean ± S.D. of three independent experiments.
* p < 0.05; statistical comparisons among groups were performed using one-way ANOVA with
Tukey’s HSD post hoc test.
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Figure 8. Representative phase-contrast microscopy images (200×) of (A) non-UVB-exposed cells
(control), (B) primary adult human dermal fibroblasts (HDFs) exposed to a UVB dose of 35.0 mJ/cm2

and (C) HDFs treated with an ethanolic extract of K. galanga rhizome (EKGR, 50.0 µg/mL) for 24 h
then induced by UVB, used to analyze the quantity of senescent cells. The black arrows indicate cell
staining SA-β-Gal activity.

As shown in Figure 7, the percentage of SA-β-Gal-stained HDFs in the control group
(without EKGR pretreatment and UVB exposure) was 14.0 ± 3.7%, whereas in HDFs ex-
posed to UVB (35 mJ/cm2), the percentage of SA-β-Gal-positive cells was 36.7 ± 8.0%, indi-
cating that the effects of UVB significantly increased fibroblast senescence by around 22.7%.
Interestingly, pretreatment with EKGR prior to UVB exposure significantly decreased
the SA-β-Gal-positive cells (22.2 ± 2.7%), suggesting that EKGR effectively protected the
accumulation of senescent cells induced by UVB (it could reduce it by around 14.5%).

3.4.2. Pro-Collagen Type 1 and Matrix Metalloproteinase (MMP-1) Expression

The quantity of pro-collagen type 1 and MMP-1 in the culture medium was examined
by ELISA.

The levels of pro-collagen type 1 and MMP-1 are shown in Figure 9. Obviously,
UVB exposure reduced pro-collagen type 1 expression (26,845.8 ± 1454.6 pg/mL) com-
pared with non-UVB-exposed cells (46,179.3 ± 2005.1 pg/mL), while cells pretreated with
EKGR prior to UVB exposure significantly enhanced the expression level of pro-collagen
type 1 (37,075.1 ± 7532.2 pg/mL). The important reason why UV radiation causes a colla-
gen decrease is that it stimulates intracellular signaling pathways, altering the control of
collagen-degrading enzymes like MMP-1 in an increased direction. This event degrades
collagen in the matrix. This study confirmed that UVB resulted in an upregulation of
MMP-1 secretion. The reported levels of MMP-1 in the non-UVB- and UVB-exposed
cell groups were 14,473.6 ± 2358.8 and 39,910.8 ± 6035.1 pg/mL, respectively. Cells pre-
treated with EKGR prior to UVB exposure exhibited a significant decrease in MMP-1 levels
(25,754.1 ± 4042.0 pg/mL). This suggests that EKGR may contribute to the preservation of
pro-collagen type I through the inhibition of MMP-1 in UVB-induced HDFs.

3.5. Pseudo-Ternary Phase Diagram of the System

The pseudo-ternary phase diagrams of EO, mixed surfactants (T80 and HD at ratios
of 4:1 or 3:1), and water are shown in Figure 10. Single-phase regions in both diagrams
are shaded in blue. Although both diagrams display comparable single-phase areas, the
diagram with a T80-to-HD ratio of 4:1 showed a slightly larger single-phase region and
was therefore selected for developing the extract-loaded formulations (points A–C).
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Figure 9. (A) Pro-collagen type I and (B) MMP-1 levels (pg/mL) in the supernatant, determined
using an ELISA assay. The control group, primary adult human dermal fibroblasts (HDFs) exposed to
UVB at dose of 35.0 mJ/cm2 (UVB group) and HDFs pretreated with an ethanolic extract of K. galanga
rhizome (EKGR) for 24 h then induced by UVB (UVB + EKGR group). Supernatant was collected at
24 h after UVB exposure. Each bar represents the mean ± S.D. of three independent experiments.
* p < 0.05; statistical comparisons among groups were performed using one-way ANOVA with
Tukey’s HSD post hoc test.

Figure 10. Pseudo-ternary phase diagrams composed of ethyl oleate, mixed surfactant (Tween
80 and 1,2-hexanediol), and water. Single-phase regions are shaded in blue. (A) Diagram for a
Tween 80-to-1,2-hexanediol weight ratio of 3:1. Points D–F represent examples of two-phase systems
obtained when water was titrated beyond the single-phase boundary. (B) Diagram for a Tween
80-to-1,2-hexanediol weight ratio of 4:1. Compositions corresponding to points A–C were selected for
further characterization of droplet size and rheological behavior.

3.6. Particle Size Distribution of Microemulsions

The particle sizes of ME formulations A–C, corresponding to the compositions indi-
cated as points A–C in Figure 10B, increased with increasing oil content (Table 1). The
smallest droplets were observed in ME A (10% oil phase), with a mean diameter of approxi-
mately 4.9 nm. The droplet size increased to 7.5 nm for ME B (20% oil phase) and further to
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17.2 nm for ME C (30% oil phase). A secondary large-size population was detected in both
ME A and ME B, whereas ME C showed no evidence of such a population. These findings
suggest that at lower oil contents, a small number of larger aggregates or transient clusters
coexist with the predominant nano-sized droplets.

Table 1. Intensity-weighted particle size of microemulsion formulations.

Formulation Weight Ratio
(EO: T80 + HD: W)

Small Droplet
Diameter (nm) ± SD

Large Domain
Diameter (nm) ± SD *

ME A 10:65:25 4.89 ± 0.06 260.5 ± 19.4

ME B 20:65:15 7.48 ± 0.39 245.6 ± 21.7

ME C 30:65:5 17.20 ± 2.63 -
* Large domains attributed to the aggregation of oil droplets.

It is important to note that the particle size measurements were performed on extract-
free microemulsions. EKGR strongly absorbs UVB, which would interfere with the DLS
laser, potentially producing artificially reduced size readings. Therefore, droplet sizes
obtained from extract-free microemulsions were reported in place of extract-loaded systems;
however, the presence of the extract may alter droplet size.

3.7. Viscosity Profiles of Microemulsions

Viscosity profiles of ME A–C as a function of shear rate are shown in Figure 11. All
extracted-loaded formulations exhibited constant viscosity across the tested shear-rate
range (0.1–100 s−1), indicating Newtonian flow behavior. This rheological behavior is
characteristic of micellar solutions and Winsor I or II microemulsions [37]; this system
is consistent with oil-in-water (O/W) microemulsions, as further supported by conduc-
tivity measurements. The Newtonian response indicates that MEs A–C possess isotropic
internal structures.

Figure 11. Viscosity profiles of Kaempferia galanga L. rhizome extract (EKGR)-loaded microemulsions.
The compositions of the microemulsions (EKGR: EO: T80 + HD: W) were 0.5:9.5:65:25, 0.5:19.5:65:15,
and 0.5:29.5:65:5 for ME A, ME B, and ME C, respectively. The T80-to-HD weight ratio was fixed
at 4:1.

It is important to note that a single-phase, transparent appearance does not unequiv-
ocally confirm a microemulsion, as anisotropic structures such as hexagonal, cubic, or
lamellar phases may also be present [38]. The observed Newtonian behavior, however,
supports that MEs A–C are O/W microemulsions, consistent with the high HLB value of
the surfactant (T80).
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3.8. SPF of the Ethanolic Extract of K. galanga Rhizome (EKGR)-Loaded Microemulsions

The SPF of EKGR-loaded MEs increased with EKGR concentration in the range of
0.5–1% w/w, as shown in Figure 12 (see calculation details in the Supplementary Materials).
SPF values were 6.8 ± 0.6, 10.8 ± 0.7, and 13.1 ± 0.9 for formulations containing 0.5%,
0.75%, and 1% EKGR, respectively. These results indicate that EKGR, which contains the
major active compound ethyl p-methoxycinnamate (EPMC), possesses UVB absorption
properties and can effectively enhance SPF values in microemulsion formulations.

Figure 12. (A) UV absorbance profiles of ME C containing the ethanolic extract of K. galanga rhizome
(EKGR) at 0.5%, 0.75% and 1.0% w/w, ethyl oleate, a mixed surfactant (Tween 80 and 1,2-hexanediol
at 4:1), and water at weight ratios of 0.5:29.5:65:5, 0.75:29.25:65:5, and 1:29:65:5. (B) Corresponding
SPF values (mean ± SD, n = 5). * p < 0.05; one-way ANOVA followed by Tukey’s HSD test.

3.9. Stability Results of the Ethanolic Extract of K. galanga Rhizome
(EKGR)-Loaded Microemulsions

Ethyl p-methoxycinnamate (EPMC), the major active compound in EKGR, was used
as a chemical marker to assess the stability of ME A–C containing varying oil-phase pro-
portions. After 1 month of storage under various conditions (−20 ◦C, 4 ± 2 ◦C, 25 ± 2 ◦C,
and 40 ± 2 ◦C/75% RH), the EPMC content remained stable (Figure 13A). Notably, a slight
increase in EPMC concentration was observed after 1 month, which may be associated
with potential evaporation of the volatile components in EKGR, although this was not
directly measured in the present study. Therefore, this interpretation should be considered
with caution.

Figure 13. Stability of ME A–C containing 0.5% w/w of the ethanolic extract of K. galanga rhizome
(EKGR) after 1 month storage at −20 ◦C, 4 ± 2 ◦C, 25 ± 2 ◦C, and 40 ± 2 ◦C/75% RH. (A) Percentage of
assay of ethyl p-methoxycinnamate (EPMC) and (B) particle size were measured 24 h after preparation
and after 1 month of storage (n = 3).
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Physical stability, assessed via particle size measurements, showed that ME A and ME
B maintained their droplet sizes across all storage conditions, indicating good structural sta-
bility (Figure 13B). However, the particle size of ME C (30% oil phase) increased noticeably
after 1 month at 40 ± 2 ◦C/75% RH, suggesting potential physical instability. This change
may result from enhanced droplet mobility and increased collision frequency at elevated
temperatures, promoting coalescence or Ostwald ripening in the high-oil formulation.
Despite this, no visible turbidity, cloudiness, or phase separation was observed in any of
the formulations.

Overall, these results indicate that EKGR-loaded microemulsions are chemically sta-
ble and generally physically stable, with minor susceptibility to particle-size growth
in high-oil formulations under accelerated conditions, supporting their potential for
cosmetic applications.

4. Discussion
Ultraviolet B (UVB) irradiation is an extrinsic factor driving skin photoaging through

the induction of oxidative stress, inflammation, DNA damage, fibroblast senescence and
extracellular matrix (ECM) degradation [3,6,9,11,14,16]. In the present study, the ethanolic
extract of K. galanga rhizome (EKGR) containing ethyl p-methoxycinnamate (EPMC) as
a major bioactive compound was assessed against UVB-induced cellular senescence and
photoaging in human dermal fibroblasts. The key findings include significant attenua-
tion of UVB-induced cellular senescence, increased pro-collagen type I production, and
reduced MMP-1 secretion. Additionally, the incorporation of EKGR into a microemulsion
system resulted in a concentration-dependent enhancement of SPF, highlighting its dual
functionality as both a biological and formulation-active ingredient.

Regarding the inhibition of UVB-induced cellular senescence, SA-β-Gal activity is
a widely accepted biomarker of cellular senescence and reflects irreversible growth ar-
rest accompanied by functional deterioration of fibroblasts. UVB irradiation markedly
increased SA-β-Gal-positive fibroblasts in this study in line with other previous stud-
ies [14,16,39]. Pretreatment with a concentration of 50 µg/mL EKGR significantly reduced
SA-β-Gal expression, indicating its ability to attenuate UVB-triggered senescence pathways.
Mechanistically, UVB-induced senescence is largely mediated by excessive ROS produc-
tion, DNA damage accumulation and inflammatory secretion, resulting in the activation of
stress-responsive signaling cascades, including p53/p21, p16INK4a/RB and NF-κB/MAPK,
mTOR and TGF-β pathways [39–42]. K. galanga is rich in bioactive compounds such as
EPMC and flavonoids, which have been reported to possess UV absorber [17,25,43], antiox-
idant [19,25] and anti-inflammatory properties [17,20,21]. In this study, we investigated the
UV absorption profile of formulations containing EKGR in the UVB wavelength range. The
UV-absorbing capacity of EKGR was concentrated between 280 and 315 nm. UV absorption
increased alongside EKGR concentration. UV exposure, especially UVB, affects DNA pho-
toproducts such as cyclobutane pyrimidine dimer (CPD) production. Cell cycle arrest and
cellular senescence are responses to the accumulation of DNA damage in cells, and these
cellular dysfunctions are considered dominant causative factors of aging [44]. Thus, EKGR
could protect cells from DNA damage, instead of UV being absorbed by DNA directly and
cell surface receptor activation, induced by UVB directly through its UV-absorbing capacity,
being decreased. From a structural perspective, the presence of a conjugated double bond
system within the cinnamate skeleton of EPMC and other cinnamate derivatives functions
as an internal sun filter at the cellular level [45]. As a consequence, DNA damage and
senescence-associated signaling cascades, including the p53/p21 and p16INK4a/Rb path-
ways, may be suppressed by EPMC-enriched EKGR. Thereby, it may prevent irreversible
cell cycle arrest and the onset of cellular senescence. This mechanistic interpretation is con-
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sistent with previous findings showing that suppression of p53 acetylation and oxidative
stress can effectively inhibit UVB-induced fibroblast senescence [40,41]. Other previous
studies have similarly confirmed that sun protection properties can definitely help reduce
the harmful effects of UV rays on DNA and protein structural deformation, leading to a
reduction in the skin photoaging-related underlying signaling pathway response [44,45].

Increased oxidative stress, induced by UVB, also attacks the DNA, lipids and proteins
of skin cells, resulting in the activation of many signaling cascades including p53/p21,
p16INK4a/RB, and AP-1/NF-κB transcription factors and the MAPK pathway; this is a
significant inducer of accelerated photoaging in skin [39–42]. Exogenous antioxidants coun-
teract reactive oxygen species (ROS) via hydrogen atom transfer, single-electron transfer
processes, and the sequestration of catalytic metal ions [19,46]. Regarding the antioxidant
property of Kaempferia galanga Linn. rhizome, the extract may act by scavenging free rad-
icals and reducing ferric compounds [19]. Additionally, an intracellular antioxidant has
been studied and it was reported that pretreatment with EPMC inhibited ROS generation
by over 50% in J774.1 macrophages stimulated with H2O2 [47]. These activities promote
the restoration of the intracellular redox balance between radicals and anti-radicals and
suppress senescence-associated signaling, effectively reducing fibroblast senescence. In
our current investigation, we found that EKGR could mitigate the proportion of SA-β-
Gal-positive fibroblasts induced by UVB significantly. Similar anti-senescence effects have
been reported for methanolic extracts enriched with flavonoids derived from related Zin-
giberaceae species under oxidative stress conditions, supporting the plausibility of this
mechanism: quenching intracellular ROS, suppression of metalloproteinase 1 (MMP-1)
secretion and extracellular matrix degradation [48,49]. Senescent fibroblasts are known
to adopt a senescence-associated secretory phenotype (SASP), characterized by increased
secretion of pro-inflammatory cytokines including TNF-α and matrix-degrading enzymes
including MMP-1, which selectively cleaves and degrades type I collagen, a principal
structural component of the extracellular matrix [42,50]. This study revealed that pre-
treatment with EKGR prior to UVB irradiation significantly decreased MMP-1 levels in
fibroblast culture supernatants, as measured by ELISA. The reduction in MMP-1 may be
attributed to direct inhibition of the activation of UVB-activated cell surface receptors, such
as the tumor necrosis factor (TNF) receptor, which subsequently activates the downstream
MAPK family—specifically p38 MAPK and JNK pathways—leading to enhanced AP-1
and NF-κB transcriptional activity and regulating inflammatory cytokines (including TNF-
α and MMP-1). Indirect effects are interfered by excessive ROS production [48,51]. An
in vitro and in vivo study conducted by Umar, M.I, et al. reported that EPMC isolated
from K. galanga extract could inhibit TNF-α production [52]. Therefore, antioxidant and
anti-inflammatory phytochemicals in K. galanga extract could inhibit these upstream signal-
ing events, thereby reducing TNF-α and MMP-1 gene expression. Moreover, by limiting
fibroblast senescence and SASP development, K. galanga extract may further decrease the
pro-degradative microenvironment responsible for collagen breakdown [19,53], as shown
in related family plants, but there have been no studies on this plant yet. Preservation of
collagen production and collagen loss are defining features of photoaged skin and results
from both increased degradation and impaired biosynthesis. According to the results
obtained, UVB exposure significantly reduced collagen production in fibroblasts, whereas
pretreatment with EKGR restored collagen levels. The observed enhancement of collagen
production is likely a consequence of the dual actions of K. galanga extract: suppression
of MMP-1-mediated collagen degradation and preservation of non-senescent fibroblast
capacity. In addition, UVB-induced ROS and inflammatory signaling are known to inhibit
transforming growth factor-β (TGF-β) signaling, a central regulator of collagen synthe-
sis [42,54,55]. By attenuating oxidative stress and inflammatory cytokines, EKGR may help
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maintain TGF-β-dependent transcriptional activity and collagen biosynthesis in fibroblasts
(study not yet conducted). It has been documented that an ethanolic extract of K. galanga
accelerates the healing of chemically induced oral mucosal ulcers in Wistar rats through
its anti-inflammatory properties [24]. Antioxidant and anti-inflammatory activities are
essential conditions for extracellular matrix (ECM) formation and remodeling during the
wound healing process and may be associated with TGF-β signaling, which stimulates
fibroblasts to produce collagen for tissue repair [56–58].

The findings indicate that Kaempferia galanga extract may exert photoprotective effects
through an integrated mechanism involving 1. a reduction in UVB-induced DNA damage
and receptor activation directly through UVB absorbance; 2. balanced oxidative stress,
thereby limiting molecular damage induced by ROS; 3. inhibition of cellular senescence,
as evidenced by decreased SA-β-Gal expression; and 4. suppression of MMP-1 secretion,
reducing ECM degradation and resulting in collagen restoration. It should be noted that
these mechanisms are proposed based on the present findings in conjunction with the
previously reported literature, and some were not directly investigated in this study.

EKGR contains UVB-protective molecules that are predominantly lipophilic and chem-
ically unstable in aqueous environments. Incorporating EKGR into microemulsions im-
proves its water solubility and provides a protective environment that enhances stability.
To identify suitable microemulsion regions for EKGR loading, two pseudo-ternary phase
diagrams consisting of EO, mixed surfactant (T80 and HD at 4:1 or 3:1), and water were
constructed. The system with a T80-to-HD ratio of 4:1 was selected because it exhibited a
slightly larger single-phase region, which likely arose from a more favorable packing pa-
rameter and hydrophilic–lipophilic balance (HLB), therefore facilitating thermodynamically
stable droplet formation [28,59]. The higher proportion of T80 increases surfactant coverage
at the oil–water interface, reducing interfacial tension, while HD, acting as a medium-chain
co-surfactant [60], intercalates between T80 headgroups to enhance interfacial fluidity,
further decreasing interfacial tension.

From this phase diagram, three formulations containing 10%, 20%, and 30% oil were
selected for characterization. Droplet size increased with increasing oil content, accom-
panied by a reduction in the presence of larger dispersed domains. In the 10% and 20%
oil systems, a secondary large-size population was detected by intensity-weighted DLS
(indicated by an asterisk in Table 1); however, number- and volume-weighted distributions
revealed only the smaller droplets. This suggests that the large domains correspond to
loosely associated aggregates or bridged droplets rather than a distinct, stable dispersed
phase. At 30% oil content, droplets were larger but more uniform, with no detectable large
aggregates. The higher oil concentration may enhance adsorption of surfactants at droplet
surfaces, reducing the number of free surfactants available to form extensive aggregates or
bridging structures.

A clear relationship between oil content and viscosity was observed. Viscosity de-
creased with increasing oil-phase content, likely due to reduced droplet–droplet interactions
and the absence of larger surfactant aggregates in more oil-rich systems—consistent with
the disappearance of the secondary size population in ME C. Conversely, lower oil for-
mulations exhibited higher viscosities, attributable to increased droplet crowding and
transient network formation. Together, the droplet-size and viscosity data indicate subtle
yet coherent shifts in microstructural organization as composition varies.

Among the three formulations, ME C was selected for EKGR loading due to its highest
oil content (30%), providing greater solubilizing capacity for the lipophilic extract. Dissolv-
ing EKGR in ethyl oleate prior to microemulsion formation ensured uniform incorporation
and consistent absorption performance. Overall, EKGR-loaded ME C demonstrated good
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chemical stability and generally robust physical stability, supporting its suitability as a
carrier system for UVB-protective botanical extracts.

These coordinated effects position K. galanga extract as a promising natural agent for
preventing or ameliorating UVB-induced skin photoaging. There are limitations and future
directions despite the robust cellular findings: further studies are needed to delineate the
precise molecular pathways involved. Clinical investigations will be essential to validate
the translational relevance of K. galanga extract for cosmetic or dermatological applications.

5. Conclusions
This study demonstrates that EKGR exerts photoprotective effects at the cellular

level via an integrated pathway involving UV absorbance and SA-β-Gal reduction as
well as MMP-1 suppression and collagen content preservation in human fibroblasts in-
duced by UVB. Such properties highlight its potential as a natural bioactive ingredient for
anti-photoaging skincare to prevent UVB-induced skin damage and maintain skin health.
Although EPMC, the major active constituent, exhibits limited hydrophilicity, which may
restrict its direct cosmetic application, formulation strategies can overcome this limitation.
In this study, EKGR was incorporated into the oil phase of an oil-in-water microemulsion
composed of ethyl oleate, mixed surfactants (Tween 80 and 1,2-hexanediol, 4:1), and wa-
ter to enhance its solubility and formulation stability. The EKGR-loaded microemulsion
exhibited UV absorbance, indicating its potential as an SPF-boosting component in cos-
metic formulations, and demonstrated good stability throughout the study period. Future
research should clarify the molecular mechanisms involved in DNA damage-response
genes and senescence-associated protein and mitogen-activated protein kinase pathways
in UVB-induced human fibroblasts in more depth. In addition, clinical trials are warranted
to evaluate the safety and photoprotective efficacy of EKGR-loaded microemulsions on
subjects, specifically assessing their ability to reduce aging signs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cosmetics13020099/s1, Table S1: The composition of microemulsion
formulations. Table S2: SPF Calculation for F1. Table S3: SPF Calculation for F0.75. Table S4: SPF
Calculation for F0.5.
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