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Abstract

Ultraviolet (UV) radiation stimulates melanogenesis, leading to various esthetic prob-
lems. UV increases oxidative stress and nuclear factor-kappa B (NF-κB), which increase
the nucleotide-binding oligomerization domain (NOD) or leucine-rich repeat and pyrin
do-main containing 3 (NLRP3) inflammasome. Given that polydeoxyribonucleotides
reduce melanogenesis and polynucleotide (PN) has molecular similarity to polydeoxyri-
bonucleotides, we hypothesized that PN can decrease melanogenesis. We compared the
anti-melanogenic effect of PN with that of a PN mixture (PNM) that contained other an-
tioxidants, such as glutathione and hyaluronic acid, in UVB-irradiated keratinocytes and
animal skin. PN and PNM both decreased oxidative stress, which was evaluated accord-
ing to the expression of NADPH oxidase (NOX) 1/2/4, the glutathione (GSH):oxidized
glutathione (GSSG) ratio, and 8-hydroxy-2′-deoxyguanosine (8-OHdG) in UVB-irradiated
keratinocytes. The expression of NLRP3 inflammasome components (NLRP3, ASC, and pro-
caspase-1) and IL-18 was increased by UVB radiation and reduced by PN and PNM. When
conditioned media from PN or PNM were administered to UVB-radiated keratinocytes,
melanogenesis-related signals (MITF, tyrosinase, and tyrosinase-related protein1/2) were
decreased. These effects were similar in the UVB-irradiated animal skin. Both PN and
PNM decreased melanin accumulation and increased skin lightness in UVB-irradiated
skin. The anti-melanogenic effect of PNM was greater than that of PN. In conclusion, PN
and PNM decreased melanogenesis by decreasing oxidative stress, NF-κB, and NLRP3
inflammasome activation.

Keywords: polynucleotide; NLRP3 inflammasome; melanogenesis; skin pigmentation

1. Introduction
Reactive oxygen species (ROS) are the primary cause of ultraviolet (UV)-induced

photodamage in the skin [1]. NADPH oxidase (NOX) enzymes generate intracellular ROS,
which are activated by various cellular stresses, including UV exposure [2]. Cells have ROS
removal systems, such as glutathione peroxidase (GPX), superoxide dismutase (SOD), and
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glutathione (GSH) [3]. Disruption of the balance between ROS generation and removal
exposes cells to various oxidative stress-related injuries. Long-term exposure of the skin to
UV radiation increases ROS, which can act as second messengers and upregulate various
signaling pathways, such as nuclear factor-kappa B (NF-κB) [4].

UV radiation also triggers DNA damage by increasing nucleotide-binding oligomer-
ization domain (NOD) or leucine-rich repeat and pyrin domain containing 3 (NLRP3)
inflammasome formation in keratinocytes [5].

During NLRP3 inflammasome activation, NF-κB initiates a priming step by increasing
NLRP3 expression [6,7]. The second step is activation, which increases the assembly of
inflammasomes and the maturation of interleukin (IL)-1β and IL-18 [7]. NLRP3 inflamma-
somes are composed of NLRP3, an apoptosis-associated, speck-like protein containing a
caspase-recruitment domain (ASC) and pro-caspase-1 [8]. After assembly, pro-caspase-1 is
cleaved into the active form, caspase-1, which cleaves pro-IL-1β and pro-IL-18 into their ac-
tive forms, IL-1β and IL-18, respectively [7]. Caspase-1 also cleaves gasdermin D (GSDMD),
which generates an N-terminal domain (NT-GSDMD) [9]. NT-GSDMD forms pores on the
cell membrane, which induces pyroptosis and the release of mature IL-1β and IL-18 into
the extracellular space [9,10]. These cytokines increase tissue inflammation. IL-18 increases
melanogenesis by upregulating various signaling pathways, such as mitogen-activated
protein kinase (MAPK) and protein kinase C (PKC), which activate transcription factor
microphthalmia-associated transcription factor (MITF) [11,12].

Melanin is generated in the skin via the stimulation of MITF, which activates down-
stream pathways, such as tyrosinase, tyrosinase-related protein 1 (TRP1), and tyrosinase-
related protein 2 (TRP2) [13]. Melanin acts as the main protector of the skin against UV
radiation [14]; however, excessive production of melanin leads to various esthetic problems,
such as melasma, freckles, post-inflammatory hyperpigmentation, and senile lentigines [15].

Polydeoxyribonucleotide (PDRN) is a DNA fragment that is isolated from the sperm
cells of salmon trout and chum salmon; its molecular weight varies between 50 and 1500
kDa [16]. PDRN has been used for skin rejuvenation owing to its anti-inflammatory effects
and ability to promote collagen synthesis [17]. PDRN inhibits NF-κB and inflammatory
cytokines, such as IL-6 [18]. It also decreases melanogenesis by decreasing MITF and tyrosi-
nase activity [19]. However, the exact mechanism by which PDRN decreases tyrosinase
activity has not been fully elucidated [17]. Polynucleotide (PN) has been isolated from the
testes of Pacific salmon, rainbow trout, and sturgeons [20]. The molecular weight of PN
is higher than that of PDRN (8000 kDa) [21]. Because PN is viscoelastic, it can provide
a scaffold structure [22]. PN also has anti-inflammatory effects and increases collagen
synthesis [23,24]. The exact mechanism by which PN exerts these effects has not yet been
fully elucidated. Because PN is molecularly similar to PDRN, it is postulated that their
mechanisms of action are similar [25].

Although PDRN exhibits an inhibitory effect on melanogenesis, its anti-melanogenic
effect has not been fully evaluated. Thus, we evaluated whether PN could decrease melano-
genesis using in vitro and UVB-irradiated animal models. We also compared the effect
of PN on melanogenesis with that of a PN mixture (PNM) containing hyaluronic acid,
glycerin, GSH, and PN. Moreover, we compared the anti-melanogenic effect of PN with
that of a PNM containing an antioxidant mixture (AM). We hypothesized that PN could
reduce ROS levels, in turn decreasing NF-κB activity and NLRP3 inflammasome activation.
By reducing the NLRP3 inflammasome, IL-18 secretion was decreased, which eventually in-
hibited melanogenesis-related signaling pathways, such as MITF/Tyrosinase/TRP1/TRP2,
and decreased skin melanin.
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2. Results
2.1. PNM, PN, and AM Decreased Oxidative Stress and NF-κB in UVB-Irradiated Keratinocytes

The cytotoxic effects of varying concentrations of PNM (0.044–22 mg/mL), which con-
tained hyaluronic acid, glycerin, GSH, and PN (Table S1), on human keratinocytes (HaCaT)
were assessed after 24 h of incubation. No cytotoxicity was observed at concentrations of
up to 13.2 mg/mL of PNM (Figure S1).

The ratio of reduced GSH to oxidized glutathione (GSSG) is frequently used as a
marker of oxidative stress [26]. UVB-irradiated keratinocytes were used to identify the
effective concentration of PNM that reduced oxidative stress. UVB radiation decreased
the GSH:GSSG ratio, whereas PNM increased the GSH:GSSG ratio. The increase in the
GSH:GSSG ratio was not substantially different at 2.2, 4.4, and 6.6 mg/mL of PNM. Thus,
2.2 mg/mL of PMN was identified as a suitable concentration for subsequent experiments
(Figure S2).

The expression of NOX1/2/4 was increased by UVB irradiation and decreased by
PNM, PN, and AM treatments. This decrease was more pronounced in the PNM group
than in the PN or AM group (Figures 1A and S3).

Figure 1. Reduction in oxidative stress and NF-κB translocation by PNM, PN, or AM in UVB-irradiated
keratinocytes. (A) Western blot analysis showing the protein expression levels of NOX1/2/4 in keratinocytes

keratinocytes exposed to UVB and treated with PNM, PN, or AM. UVB irradiation increased

NOX1/2/4 expression, while PNM, PN, or AM treatment reduced their levels. β-actin was used

as a loading control. The quantification of Western blot bands is provided in Figure S3. (B) The

GSH:GSSG ratio was measured to evaluate the antioxidative effects of PNM, PN, and AM in UVB-

exposed keratinocytes using a GSH/GSSG-Glo assay kit. UVB irradiation significantly decreased

the GSH:GSSG ratio, while PNM, PN, or AM treatment restored it. (C) Relative levels of 8-OHdG

were analyzed to assess the regulation of oxidative stress by PNM, PN, and AM in UVB-exposed

keratinocytes using ELISA. UVB irradiation significantly increased 8-OHdG levels, whereas PNM,

PN, and AM treatments reduced oxidative DNA damage. (D) ICC staining showing the effect

of PNM, PN, and AM on NF-κB translocation in UVB-exposed keratinocytes. NF-κB is shown in

green and nuclei are counterstained with DAPI (blue). Scale bar = 50 µm. (E) Quantification of

NF-κB localization in the nucleus from ICC images, showing that PNM, PN, and AM treatments
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each reduce UVB-induced NF-κB nuclear translocation. Data are expressed as the mean ± SD from

three independent experiments. Statistical significance was set at p < 0.05. Groups sharing the same

letter (a–e) are not significantly different based on multiple comparisons using the Mann–Whitney

U test. AM, antioxidant mixture; DAPI; 4′,6-diamidino-2-phenylindole; ELISA, enzyme-linked im-

munosorbent assay; GSH, glutathione; GSSG, glutathione disulfide; ICC, immunocytochemistry;

MW, molecular weight; NF-κB, nuclear factor-kappa B; NOX, NADPH oxidase; PBS, phosphate-

buffered saline; PN, polynucleotides; PNM, PN mixture; SD, standard deviation; UVB, ultraviolet B;

8-OHdG, 8-hydroxy-2′-deoxyguanosine.

The GSH:GSSG ratio was decreased by UVB irradiation and increased by PNM, PN,
and AM treatments. This effect was more prominent in the PNM group than in the
PN or AM group (Figure 1B). The widely used oxidative stress biomarker 8-hydroxy-2′-
deoxyguanosine (8-OHdG) [27] was increased by UVB irradiation and decreased by PNM,
PN, and AM treatments. This effect was more prominent in the PNM group than in the PN
or AM group (Figure 1C).

The activity of NF-κB was evaluated by examining its translocation into the nucleus.
The translocation of NF-κB was increased by UVB radiation and decreased by PNM, PN,
and AM treatments. This decrease was more prominent in the PNM group than in the PN
or AM group (Figure 1D,E).

2.2. PNM, PN, and AM Decreased NLRP3 Inflammasomes and IL-18 in UVB-Irradiated Keratinocytes

The expression of NLRP3 inflammasome components (NLRP3, ASC, and pro-caspase-1)
and cleaved-caspase-1 was increased by UVB irradiation and decreased by PNM, PN, and
AM. This decrease was more prominent in the PNM group than in the PN or AM group
(Figures 2A and S4A–D).

Figure 2. Suppression of NLRP3 inflammasome activation, pyroptosis, and melanogenesis by PNM,
PN, or AM in UVB-irradiated keratinocytes. (A) Representative Western blot images showing the

protein expression levels of NLRP3, ASC, pro-caspase-1, and cleaved-caspase-1 in keratinocytes

exposed to UVB and treated with PNM, PN, or AM. Treatment with PNM, PN, or AM reduced

UVB-induced NLRP3 inflammasome activation. The quantification of Western blot bands is provided

in Figure S4A–D. (B) Western blot analysis of GSDMD and NT-GSDMD protein expression in UVB-
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irradiated keratinocytes treated with PNM, PN, or AM, indicating suppression of pyroptosis. The

quantification of Western blot bands is provided in Figure S4E. β-actin was used as a loading control.

(C) ELISA quantification of IL-18 secretion in the culture supernatant of UVB-irradiated keratinocytes,

showing that treatment with PNM, PN, or AM reduced UVB-induced IL-18 levels. (D) Western blot

analysis of pP38, P38, MITF, TRP1, and TRP2 in B16F10 melanoma treated with CM collected from

non-UVB- or UVB-irradiated HaCaT keratinocytes pretreated with PNM, PN, or AM. CM from UVB-

exposed keratinocytes increased melanogenesis-related protein expression, which was attenuated by

PNM, PN, or AM treatment. The quantification of Western blot bands is provided in Figure S5. β-actin

was used as a loading control. (E,F) Quantification of tyrosinase activity (E) and melanin content (F)

in B16F10 cells treated with CM from non-UVB- or UVB-irradiated HaCaT keratinocytes, showing

that PNM, PN, and AM all reduced UVB-induced melanogenesis. Values represent the mean ± SD of

three independent experiments. Statistical comparisons were performed using the Mann–Whitney

U test, with p < 0.05 considered significant. Identical letters (a–e) denote no statistically significant

difference between the respective groups. AM, antioxidant mixture; ASC, apoptosis-associated speck-

like protein containing a CARD; CM, conditioned media from keratinocyte; CMNon-UVB, conditioned

media from the non-UVB/PBS group of keratinocytes; CMUVB, conditioned media from the UVB/PBS

group of keratinocytes; CMUVB/PN, conditioned media from the UVB/PN group of keratinocytes;

CMUVB/PNM, conditioned media from the UVB/PNM group of keratinocytes; ELISA, enzyme-linked

immunosorbent assay; GSDMD, gasdermin D; IL-18, interleukin-18; MITF, microphthalmia-associated

transcription factor; MW, molecular weight; NLRP3, NOD-, LRR-, and pyrin domain-containing

protein 3; NT-GSDMD, N-terminal GSDMD; PBS, phosphate-buffered saline; pP38, phosphorylated

P38; PN, polynucleotide; PNM, PN mixture; SD, standard deviation; TRP, tyrosinase-related protein;

UVB, ultraviolet B.

The NT-GSDMD:GSDMD ratio increased with UVB irradiation and decreased with
PNM, PN, and AM treatment. This decrease was more prominent in the PNM group than
in the PN or AM group (Figures 2B and S4E).

The secretion of IL-18 from keratinocytes was increased by UVB radiation and de-
creased using PNM, PN, and AM. This decrease was more prominent in the PNM group
than in the PN or AM group (Figure 2C).

2.3. PNM, PN, and AM Decreased Melanogenesis-Related Signals in the Melanocyte

Since UV light affects keratinocytes first, which then promote melanocytes to in-
crease melanogenesis, melanocytes were treated with conditioned media (CM) from UVB-
irradiated keratinocytes.

The phosphorylated p38 (pP38):total P38 ratio was increased by CM from UVB-
irradiated keratinocytes (CMUVB) and decreased by CM from UVB-irradiated keratinocytes
treated with PNM (CMUVB/PMN), PN (CMUVB/PN), or AM (CMUVB/AM). This decrease was
more prominent in the CMUVB/PMN group than in the CMUVB/PN or CMUVB/AM group
(Figures 2D and S5A).

The expression of MITF/TRP1/TRP2 was increased by CMUVB and decreased by
CMUVB/PMN, CMUVB/PN, or CMUVB/AM. The decrease was more prominent in the
CMUVB/PMN group than in the CMUVB/PN or CMUVB/AM group (Figures 2D and S5B–D).

Tyrosinase activity was increased by CMUVB and decreased by CMUVB/PMN, CMUVB/PN,
or CMUVB/AM. This decrease was more prominent in the CMUVB/PMN group than in the
CMUVB/PN or CMUVB/AM group (Figure 2E).

The melanin content was increased by CMUVB and decreased by CMUVB/PMN,
CMUVB/PN, or CMUVB/AM. This decrease was more prominent in the CMUVB/PMN group
than in the CMUVB/PN or CMUVB/AM group (Figure 2F).
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2.4. PN and PNM Decreased Oxidative Stress and NLRP3 Inflammasome Activation in
UVB-Irradiated Skin

Since the effects of AM on decreased NLRP3 inflammasome activation and decreased
melanogenesis-related protein were lower than those of PN or PNM, it was not used in the
animal studies. Only PN and PNM were intradermally injected in the UVB-induced skin
pigmentation model, and skin samples were collected 28 days later (Figure 3A).

Figure 3. PNM- or PN-mediated reduction in oxidative stress and NF-κB translocation in UVB-
irradiated mouse skin. (A) HRM-2 hairless mice (8-week-old, male) were exposed to UVB radiation
on days 1, 3, 5, 7, 9, 11, 12, and 13 to induce skin pigmentation. On day 14, saline, PNM, or

PN was intradermally injected. After injection, UVB exposure was continued every other day

(alternate-day UVB exposure) until day 42 to maintain skin pigmentation. Skin samples were

collected on day 42 for analysis. Red circles indicate UVB exposure, gray circles indicate saline

injection, blue circles indicate PN or PNM injection, and green circles indicate sample harvesting.

(B) Western blot analysis of NOX1/2/4 protein expression in UVB-irradiated mouse skin treated

with PNM or PN. UVB irradiation increased NOX protein expression, while PNM or PN treatment

attenuated these levels. β-actin was used as a loading control and the quantification of Western

blot bands is provided in Figure S6. (C) Measurement of the GSH:GSSG ratio in UVB-irradiated

mouse skin using the GSH/GSSG-Glo assay kit (GSH:GSSG ratio detection kit). The GSH:GSSG

ratio in UVB-irradiated skin tissue decreased following UVB irradiation, but is restored by PNM

or PN treatment. (D) ELISA quantification of 8-OHdG levels in UVB-exposed mouse skin treated

with PNM or PN. Relative 8-OHdG levels in skin tissue, indicating increased oxidative DNA damage

after UVB exposure. PNM or PN treatment significantly reduced 8-OHdG accumulation. (E) IHC

staining of NF-κB translocation in UVB-irradiated mouse skin treated with PNM or PN. NF-κB is

shown in brown and nuclei are counterstained with hematoxylin stain (blue). Scale bar = 50 µm.
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(F) Quantification of nuclear NF-κB intensity from IHC images, demonstrating that PNM and PN

reduced UVB-induced NF-κB activation. Three independent experiments were conducted; data

are shown as mean ± SD. Differences between groups were analyzed using the Mann–Whitney U

test, with a threshold for significance set at p < 0.05. Groups marked with the same letters (a–d) are

statistically indistinguishable. ELISA, enzyme-linked immunosorbent assay; GSH, glutathione; GSSG,

glutathione disulfide; IHC, immunohistochemistry; MW, molecular weight; NF-κB, nuclear factor-

kappa B; NOX, NADPH oxidase; PN, polynucleotide; PNM, PN mixture; SD, standard deviation;

UVB, ultraviolet B; 8-OHdG, 8-hydroxy-2′-deoxyguanosine.

The expression of NOX1/2/4 was increased by UVB radiation and decreased by PN
and PNM in the UVB-irradiated skin. This decrease was more prominent in the PNM
group than in the PN group (Figures 3B and S6). The GSH:GSSG ratio was decreased by
UVB irradiation and increased by the PN and PNM treatments. This increase was more
prominent in the PNM group than in the PN group (Figure 3C). The expression of 8-OHdG
was increased by UVB radiation and decreased by PN and PNM in UVB-irradiated skin.
This decrease was more prominent in the PNM group than in the PN group (Figure 3D).
Translocated NF-κB in the nucleus was increased by UVB radiation and decreased by PN
and PNM. This decrease was more prominent in the PNM group than in the PN group
(Figure 3E,F).

The expression levels of NLRP3, ASC, pro-caspase-1, and cleaved-caspase-1 were in-
creased by UVB irradiation and decreased by PN and PNM. This decrease was more promi-
nent in the PNM group than in the PN group (Figures 4A and S7A–D). NT-GSDMD:GSDMD
was increased by UVB irradiation and decreased by PN and PNM treatments. This decrease
was more prominent in the PNM group than in the PN group (Figures 4B and S7E). The
relative IL-18 protein level was increased by UVB radiation and decreased by PN and PNM
treatments. This decrease was more prominent in the PNM group than in the PN group
(Figure 4C).

Figure 4. Suppression of NLRP3 inflammasome activation and pyroptosis by PNM or PN in UVB-
irradiated mouse skin. (A) Representative Western blot images showing the protein expression levels

of NLRP3, ASC, pro-caspase-1, and cleaved-caspase-1 in UVB-irradiated mouse skin and treated with

PNM or PN. Treatment with PNM or PN reduced UVB-induced NLRP3 inflammasome activation.

The quantification of Western blot bands is provided in Figure S7A–D. (B) Western blot analysis of

GSDMD and NT-GSDMD protein expression in UVB-irradiated mouse skin and treated with PNM or

PN, indicating suppression of pyroptosis. The quantification of Western blot bands is provided in

Figure S7E. β-actin was used as a loading control. (C) ELISA quantification of IL-18 in UVB-irradiated

skin, showing that PNM and PN both reduced UVB-induced IL-18 levels. All data are presented as

mean ± SD from three biologically independent replicates. Statistical differences between groups

were evaluated by the Mann–Whitney U test (p < 0.05). Letters (a–d) indicate statistical grouping;

groups with the same letter are not significantly different. ASC, apoptosis-associated speck-like

protein containing a CARD; ELISA, enzyme-linked immunosorbent assay; GSDMD, gasdermin D;
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IL-18, interleukin-18; MW, molecular weight; NLRP3, NOD-, LRR-, and pyrin domain-containing

protein 3; NT-GSDMD, N-terminal GSDMD; PN, polynucleotide; PNM, PN mixture; SD, standard

deviation; UVB, ultraviolet B.

2.5. PN and PNM Decreased Melanogenesis Signals and Melanin Accumulation in
UVB-Irradiated Skin

The pP38:total P38 ratio was increased by UVB radiation and decreased by PN and
PNM in UVB-irradiated skin. This decrease was more prominent in the PNM group than
in the PN group (Figures 5A and S8A).

Figure 5. Reduction in melanogenesis by PNM or PN in UVB-irradiated mouse skin. (A) Western blot
analysis showing the protein expression levels of pP38, P38, MITF, TRP1, and TRP2 in UVB-irradiated
mouse skin treated with PNM or PN. UVB irradiation increased the expression of these melanogenesis-

related proteins, whereas PNM or PN treatment reduced their levels. β-actin was used as a loading

control. Quantification of Western blot bands is provided in Figure S8. (B) Tyrosinase activity was

measured using the Tyrosinase Activity Kit. UVB exposure increased tyrosinase activity, which was

suppressed by PNM or PN treatment. (C) Fontana–Masson staining of skin sections showing melanin

content. UVB irradiation induced melanin accumulation in both the epidermis (green dotted box)

and dermis (blue dotted box), which was attenuated by PNM or PN treatment. Scale bar = 50 µm.

(D,E) Quantification of melanin content in the epidermis (D) and dermis (E) from Fontana–Masson

staining images, showing that PNM or PN treatment significantly reduced UVB-induced melanin

content. (F) Representative macroscopic images of skin pigmentation, showing increased UVB-

induced hyperpigmentation, which was alleviated by PNM or PN treatment. Scale bar = 500 mm.

(G) Quantification of melanin deposition on the skin surface from skin microscopic images, show-

ing that PNM or PN treatment significantly reduced UVB-induced melanin deposition. (H) Skin

lightness (L* value) quantification, demonstrating that UVB irradiation reduced skin brightness,

while PNM or PN treatment restored it. All data are presented as mean ± SD from three biologically
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independent replicates. Statistical differences between groups were evaluated by the Mann–Whitney

U test (p < 0.05). Letters (a–d) indicate statistical grouping; groups with the same letter are not

significantly different. MITF, microphthalmia-associated transcription factor; MW, molecular weight;

pP38, phosphorylated P38; PN, polynucleotide; PNM, PN mixture; SD, standard deviation; TRP,

tyrosinase-related protein; UVB, ultraviolet B.

The expression of MITF/TRP1/TRP2 was increased by UVB irradiation and decreased
by PN and PNM treatments. This decrease was more prominent in the PNM group than in
the PN group (Figures 5A and S8B–D).

Tyrosinase activity was increased by UVB radiation and decreased by PN and PNM
treatments. This decrease was more prominent in the PNM group than in the PN group
(Figure 5B).

The amount of melanin in the epidermis and dermis was increased by UVB radiation
and decreased by the PN and PNM treatments. This decrease was more prominent in the
PNM group than in the PN group (Figure 5C–E).

Melanin deposition on the skin surface was increased following UVB radiation and
decreased by PN and PNM treatment, with a more pronounced reduction in the PNM
group than in the PN group (Figure 5F,G).

Skin lightness, as evaluated using a colorimeter, was increased by UVB radiation and
decreased by PN and PNM. This decrease was more prominent in the PNM group than in
the PN group (Figure 5H).

3. Discussion
Both intrinsic and extrinsic factors, such as hormones and UV radiation, respectively,

are involved in melanogenesis [28]. More than 150 genes are involved in controlling
melanocyte differentiation, survival, and melanin generation during melanogenesis [21].
UV radiation results in alpha-melanocyte-stimulating hormone (α-MSH) secretion from
keratinocytes, which binds to melanocortin 1 receptor (MC1R) on the melanocyte [29].
MC1R upregulates the cyclic adenosine monophosphate (cAMP)/cAMP response element-
binding protein (CREB) signaling pathway, which increases the transcription of MITF [29].

Tyrosinase, the main enzyme involved in melanin synthesis, converts tyrosine into
dopa, which in turn converts dopa into dopaquinone. Dopaquinone can be converted into
glutathione (dopa) via conjugation with GSH. Dopaquinone is converted into pheomelanin
or eumelanin. When cysteine is involved, dopaquinone is converted into pheomelanin,
which is yellow to red in color [30]. In the absence of cysteine, TRP1, and TRP2 convert
dopaquinone into eumelanin, which is brown to black [30].

Skin inflammation, which is caused by various factors including oxidative stress,
also increases melanogenesis. IL-18 upregulates tyrosinase activity, MITF, TRP1, and
TRP2 via activation of NF-κB in normal human foreskin-derived epidermal melanocytes
(NHEMs) [11]. Advanced glycation end-products (AGEs) also increase melanogenesis by
upregulating the NLRP3 inflammasome and IL-18 in fibroblasts [31].

PDRN inhibited NF-κB and inflammatory cytokines, which are upregulated by NF-
κB [18]. PDRN also decreased testicular injury via decreasing NLRP3 inflammasome and
IL-β [32].

Since melanogenesis is affected by NF-κB and NLRP3 inflammasomes, which could be
decreased by PDRN, we hypothesized that PN could decrease melanogenesis by decreasing
NF-κB and NLRP3 inflammasomes.

PNM contains hyaluronic acid, glycerin, GSH, and PN. Hyaluronic acid is frequently
used as a biostimulating filler to increase collagen synthesis [33], but it also decreases
UV-induced skin pigmentation [34]. Hyaluronic acid also shows antioxidant effects by in-
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creasing the removal of ROS via the upregulation of nuclear factor-erythroid-2-related factor
2 (Nrf2), which is the main transcription factor involved in cellular redox reactions [35].

GSH causes skin whitening by directly decreasing tyrosinase activity [36]. Moreover,
GSH is indirectly involved in decreasing melanogenesis by removing ROS [37].

Since hyaluronic acid and GSH decrease melanogenesis, a more dramatic decrease in
melanogenesis would be evident when hyaluronic acid and GSH are added to PN.

The results of this study showed that PN decreased oxidative stress, evidenced by
decreased NOX1/2/4 and 8-OHdG and increased GSH:GSSG ratio in UVB-irradiated
keratinocytes. Oxidative stress decreased with PN and PNM treatments. UVB irradiation
also increased the translocation of NF-κB and NRLP3 inflammasome activation in ker-
atinocytes. Furthermore, IL-18 levels were increased upon UVB irradiation. These levels
were decreased by the PN and PNM treatments. When melanocytes were treated with the
CM from UVB-irradiated keratinocytes, the expression of pP38/P38, MITF, TRP1, TRP2,
and tyrosinase increased. These levels were decreased by the PN and PNM treatments.
These changes were also shown in the AM-treated group; however, the effect of AM was
lower than that of PN or PNM.

Similarly to the in vitro model, UVB-irradiated animal skin exhibited increased oxida-
tive stress, NF-κB activity, NLRP3 inflammasome activation, and IL-18 expression. These
levels were decreased by the PN and PNM treatments.

Because tyrosinase is a key enzyme in melanogenesis, many studies have been per-
formed to identify tyrosinase inhibitors that decrease skin hyperpigmentation [38]. In fact,
many tyrosinase inhibitors such as hydroquinone, arbutin, kojic acid, azelaic acid, ascorbic
acid, and tranexamic acid have been used for skin whitening [39]. However, the use of
these agents is associated with several complications. Hydroquinone can induce irritation,
erythema, contact dermatitis, and ochronosis [40]. Arbutin is chemically unstable and has
the potential to release benzene metabolites that suppress bone marrow [41]. Kojic acid
has potential carcinogenicity and instability during storage; thus, it is no longer used in
cosmetics [42]. Additionally, ascorbic acid is easily degraded by heat [43].

PDRN exhibited low toxicity even after systemic administration. The repeated sys-
temic administration of 8 mg/kg was not toxic [44]. PDRN showed no toxicity when
administered for 8 weeks via the intramuscular and perilesional routes in patients with
diabetic ulcers [45]. A post-marketing surveillance study that evaluated 300,000 PDRN
cases over five years showed excellent safety [16].

The safety of PN has not been as thoroughly evaluated as that of PDRN. However,
injectable PN-based materials are safe, and the main reported complications are injection-
related side effects, such as erythema or hematoma [46]. PN with hyaluronic acid also
showed no toxicity in human or mouse fibroblast cells [47].

Although this study did not evaluate the long-term complications associated with
PN or PNM, it is expected that PN or PNM would result in fewer complications than the
topical use of previous tyrosinase inhibitors.

Photoaging also leads to increased expression of matrix metalloproteinases (MMPs),
which destroys collagen or elastin fibers [48]. PDRN has also been reported to decrease
MMP expression in fibroblasts [19]. Thus, it is also expected that PN could be beneficial in
decreasing photoaging, including hyperpigmentation.

Our study showed that PNM had a more prominent effect on decreasing melano-
genesis than PN or AM. To determine whether the effect of PNM exceeds the combined
effects of PN and AM, that is, to assess the presence of a synergistic effect when PN and
AM are combined, we employed the Bliss independence model, which is widely used for
evaluating drug synergy [49]. In most cellular signaling pathways examined in this study,
PNM exhibited a synergistic effect according to the Bliss independence model (Table S2).
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It seems that the synergistic effect of decreasing the oxidative stress of hyaluronic acid
and GSH with PN resulted in a greater decrease in the anti-melanogenic effect.

4. Materials and Methods
4.1. AM, PN, and PNM Preparation

AM, PN, and PNM were provided by RF Bio Co., Ltd. (Gangwon, Republic of Ko-
rea). The AM contained hyaluronic acid (10 mg/mL), glycerin (5 mg/mL), and GSH
(1 mg/mL). The PN contained sodium polynucleotide (25 mg/mL) and lidocaine hy-
drochloride (3 mg/mL). The PNM consisted of sodium polynucleotide (25 mg/mL),
hyaluronic acid (10 mg/mL), lidocaine hydrochloride (3 mg/mL), glycerin (5 mg/mL), and
GSH (1 mg/mL). The detailed compositions are listed in Table S1.

The PN used in the PN and PNM formulations was extracted from homogenized
salmon testis tissue. The homogenate was adjusted to pH 5.5 to facilitate enzymatic
processing for protein removal. After filtration-based protein separation, the extracted
nucleic acids underwent precipitation and purification steps to isolate purified PN. The
molecular size of the resulting PN was controlled to 400 ± 50 base pairs. The purity
was confirmed by measuring the 260/280 absorbance ratio, which was 1.9, indicating
high-purity nucleic acid.

4.2. Cell Culture

The keratinocyte cell line (HaCaT) used in this study was kindly provided by Pro-
fessor Jeonghee Hong’s laboratory at Gachon University (Incheon, Republic of Korea).
HaCaT cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM; HyClone, Cy-
tiva Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; HyClone) and
1% penicillin/streptomycin (P/S; Welgene, Gyeongsan, Republic of Korea) at 37 ◦C in a
humidified atmosphere containing 5% CO2. Subculturing was performed using TrypLE
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) when the cells reached approximately
70–80% confluence.

The melanoma cell line (B16F10; Korean Cell Line Bank, Seoul, Republic of Korea)
was maintained in DMEM (HyClone) supplemented with 10% FBS and 1% P/S under the
same culture conditions. B16F10 cells were passaged using TrypLE when they reached
80–90% confluence.

4.3. Experimental Design for AM, PN, or PNM Treatment In Vitro

To investigate the paracrine effects of AM, PN, and PNM on melanogenesis and
keratinocyte response, a two-step co-culture model using HaCaT and B16F10 cells
was established.

4.3.1. Establishment of a UVB Exposure Model for Keratinocytes

For UVB irradiation, HaCaT cells were washed and covered with Dulbecco’s
phosphate-buffered saline (DPBS; Gibco) to minimize light absorption by the culture
medium, and then exposed to UVB light (peak wavelength: 306 nm; SANYO, Osaka,
Japan). Following UVB exposure, DPBS was replaced with fresh growth medium.

To determine the treatment concentration, PNM was applied to HaCaT cells at concen-
trations ranging from 0 to 6.6 mg/mL. Based on the results of the GSH:GSSG ratio assay, a
PNM concentration of 2.2 mg/mL was selected for subsequent experiments.

The PNM (2.2 mg/mL) is composed of PN (1.4 mg/mL) and AM (0.8 mg/mL).
Each component was also tested individually at the same concentrations present in the
PNM formulation for comparison. Non-irradiated and irradiated control groups were
treated with DPBS only, without any active substances. After 48 h, culture supernatants
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(conditioned medium, CM) were collected and centrifuged at 300× g for 5 min to remove
cell debris. Cell lysates were harvested for protein analysis.

4.3.2. Establishment of CM-Treated Model for Melanoma

To assess the effects of keratinocyte-derived factors on melanogenesis, B16F10 mouse
melanoma cells were cultured under standard conditions and then treated with CM col-
lected from HaCaT cells pretreated with AM, PN, PNM, or the DPBS control for 48 h.
After incubation, B16F120 cell lysates were harvested for analyses of tyrosinase activity,
melanin content, and protein expression. This interspecies co-culture approach, although
heterologous, enables modeling of keratinocyte-to-melanocyte paracrine interactions and
is widely accepted in pigmentation research [50,51].

4.4. Animal Studies

All animal experiments were conducted in accordance with the guidelines of the
Institutional Animal Care and Use Committee (IACUC) of Gachon University (approval
number: LCDI-2023-0095) and complied with the ethical principles of the Association
for Assessment and Accreditation of Laboratory Animal Care International (AAALAC
International). No animals were excluded from the study. All experimental procedures and
analyses included all assigned animals.

4.4.1. Mouse Model and Maintenance

Six-week-old female HRM-2 mice were obtained from the Central Laboratory Animal
Center (Incheon, Republic of Korea). Mice were housed under specific pathogen-free
conditions in a temperature- and humidity-controlled environment (20–24 ◦C, 45–55%
humidity) with a 12 h light/dark cycle and ad libitum access to standard chow and water.
The mice were acclimatized for 2 w prior to the experiments. Age, sex, and strain of the
animals were selected to ensure consistency in skin pigmentation responses. No additional
inclusion or exclusion criteria were applied during group selection.

4.4.2. Experimental Design for PNM or PN Injections in UVB-Induced Pigmentation
Animal Model

Mice were randomly assigned to one of four groups (n = 5/group), three of which
received UVB irradiation as described previously [52,53]. Briefly, UVB exposure was
performed using a UVB lamp (peak wavelength: 306 nm; SANYO) at a dose of 200 mJ/cm2

every other day for 10 d, followed by daily exposure for 3 d. Saline, PNM, or PN (200 µL
total volume) was administered via intradermal injection to the dorsal skin (2 × 2 cm
regions) using a 27G screw needle. The treatments were administered once daily for
28 d. Skin samples were collected for subsequent analyses after the final treatment. All
treatments and assessments were conducted by investigators who were blinded to the
group allocations during outcome measurements.

4.4.3. Skin Brightness Assessment

Skin brightness (L* value) was assessed using a CR-10 colorimeter (Konica Minolta
Sensing, Inc., Osaka, Japan) calibrated in the CIELAB color space. Measurements were
taken 42 d after initial UVB exposure (28 d after treatment initiation). Ten readings were
collected for each sample and averaged to obtain the final L* value for statistical analysis.

4.5. Sample Preparation
4.5.1. Protein Isolation and Concentration Quantification

Protein isolation was performed using the EzRIPA buffer kit (ATTO Corporation,
Tokyo, Japan), following the manufacturer’s protocol. For cell samples, the cells were
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washed with cold PBS, and 1 mL of RIPA buffer was added. The cells were scraped using
a cell scraper to collect the homogenates. For the skin samples, approximately 75 mg of
tissue was homogenized in 0.8 mL RIPA buffer. The samples were then sonicated for
10 cycles of 40 s on/60 s off to break down the tissue, followed by incubation on ice
for 10 min to enhance protein solubilization. The homogenates were then centrifuged at
14,000× g for 15 min at 4 ◦C to separate the proteins from the debris. Protein concentrations
were quantified using a bicinchoninic acid (BCA) assay kit (Thermo Fisher Scientific) in
accordance with the manufacturer’s instructions.

4.5.2. Preparation of Paraffin-Embedded Skin Tissue Blocks

The skin tissues were fixed in 4% paraformaldehyde at 20–25 ◦C for 48 h and subse-
quently washed with distilled water. The fixed tissues were dehydrated using a graded
ethanol series (Duksan, Ansan, Republic of Korea), cleared in xylene (Duksan), and em-
bedded in paraffin (Leica). Paraffin blocks were sectioned into 7 µm thick slices using a
microtome (Leica, Wetzlar, Germany), mounted on coated slides (Muto Pure Chemicals Co.,
Ltd., Tokyo, Japan), and incubated overnight at 60 ◦C for subsequent histological analyses.

4.6. Cell Viability Assessment

The cytotoxicity of PNM in keratinocytes was assessed using a Cell Counting Kit
(CCK; TransGen Biotech, Beijing, China). Keratinocytes were seeded in 96-well plates
at a density of 1 × 104 cells per well and allowed to grow until 100% confluence. Once
confluent, the cells were treated with various concentrations of PNM (0, 0.044, 0.44, 2.2, 4.4,
13.2, and 22 mg/mL) for 24 h. The medium was then removed, and the cells were washed
with DPBS. A mixture of 10 µL of CCK reagent and 90 µL of basal medium was added to
each well, and the plates were incubated at 37 ◦C for 2 h. Optical density was measured at
450 nm using a microplate reader (Thermo Fisher Scientific) to determine cell viability.

4.7. Measurement of GSH:GSSG Ratio and Tyrosinase Activity

The GSH:GSSG ratio in keratinocytes and mouse skin tissue was assessed using a
GSH/GSSG-Glo assay kit (Promega, Madison, WI, USA). Tyrosinase activity in B16F10
cells and mouse skin tissue was measured using commercially available assay kits (Abcam,
Cambridge, UK), according to the manufacturer’s instructions.

4.8. Western Blot Analysis

Protein samples (30 µg) from cell or skin samples were mixed with 4× LDS sample
buffer and 10× reducing agent (Thermo Fisher Scientific). The protein mixtures were
denatured by heating at 70 ◦C for 10 min and subjected to 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis using MOPS buffer (Invitrogen, Thermo Fisher Scien-
tific) at 200 V for 25 min. A pre-stained protein molecular weight marker (EasySee Wesetern
marker; TransGen Biotech) was loaded alongside the samples to estimate the molecular
weights of the protein bands. Separated proteins were transferred onto polyvinylidene fluo-
ride membranes (Millipore, Burlington, MA, USA) using a semi-dry transfer system (ATTO)
at 1A for 10 min. To block nonspecific binding, the membranes were incubated in 5% skim
milk (LPS solution, Daejeon, Republic of Korea) prepared in Tris-buffered saline with 0.1%
Tween 20 (TTBS; SPL, Pocheon, Republic of Korea) on a shaker at room temperature for 1 h.
After blocking, the membranes were washed three times with 0.1% TTBS and incubated
overnight on a shaker at 4 ◦C with appropriately diluted primary antibodies (Table S3).
After three washes with 0.1% TTBS, the membranes were incubated with horseradish per-
oxidase (HRP)-conjugated secondary antibodies (1:5000; Vector Laboratories, Burlingame,
CA, USA) on a shaker at room temperature for 1 h. Protein bands were visualized using
enhanced chemiluminescence substrates and imaged using a ChemiDoc imaging system
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(Bio-Rad, Hercules, CA, USA). Band intensities were quantified using ImageJ software
(version 1.53s, NIH, Bethesda, MD, USA). β-actin bands were used as a loading control,
and the results for each group were compared to the group corresponding to the first bar.

4.9. Enzyme-Linked Immunosorbent Assay (ELISA)

Microplates were coated with 100 nM carbonate–bicarbonate buffer (pH 9.6; Sigma-
Aldrich, St. Louis, MO, USA) and incubated overnight at 4 ◦C. Unbound material was
removed by washing the plates three times with phosphate-buffered saline (PBS) containing
0.1% Tween 20 (TPBS). To block nonspecific protein binding, the plates were incubated
with 5% skim milk (LPS Solution) in 0.1% TPBS at 4 ◦C overnight. After blocking, the plates
were washed three times with 0.1% TPBS, and 50 µg of protein samples was added to each
well, followed by overnight incubation at 4 ◦C. The wells were then washed with 0.1%
TPBS and incubated with primary antibodies diluted in PBS at 4◦C overnight (details of the
antibodies are provided in Table S3). After washing with TPBS, HRP-conjugated secondary
antibodies (1:1000; Vector Laboratories) were added to the wells and incubated at room
temperature for 4 h. To visualize the reaction, tetramethylbenzidine substrate solution
(Sigma-Aldrich) was added to each well and incubated at room temperature for 15–20 min.
The reaction was stopped by adding 2N sulfuric acid (Sigma-Aldrich). The absorbance was
measured at 450 nm using a microplate reader (Thermo Fisher Scientific).

4.10. Staining
4.10.1. Immunocytochemistry

HaCaT cells were seeded into eight-well plates at a density of 2.0 × 104 cells per well.
Once the cells were attached, all wells, except the non-UVB/PBS group, were exposed to
UVB radiation (30 s, 306 nm peak wavelength, UV lamp; Sankyo) in the presence of DPBS,
as described in Section 4.3.1. After UVB irradiation, DPBS, PNM, or PN was added to
the wells, and the cells were incubated for 48 h. After incubation, the cells were washed
with PBS and treated with 0.1% Triton X-100 (Sigma-Aldrich) for 5 min to permeabilize
the cell membrane. The wells were washed three times with PBS for 10 min each. To
block nonspecific binding, the cells were incubated with a serum blocking solution (Vector
Laboratories) at room temperature for 1 h. The plates were then incubated overnight at
4 ◦C with primary antibodies targeting NF-κB (Table S3). After an overnight incubation,
the plates were washed with PBS and incubated with secondary antibodies, Alexa Fluor
488 (Invitrogen, Thermo Fisher Scientific), at room temperature for 1 h. After another PBS
wash, the nuclei were stained with DAPI (1 mg/mL; Sigma-Aldrich) for 30 s, washed with
PBS, and mounted using Vectashield mounting medium (Vector Laboratories) to preserve
fluorescence. Analysis was performed using confocal microscopy (LSM-710; Carl Zeiss,
Oberkochen, Germany) at the core facility for cell to in vivo imaging.

4.10.2. Immunohistochemistry

Paraffin-embedded skin tissue sections were deparaffinized and rehydrated through
sequential immersion in xylene and a graded ethanol series (100–70%). Endogenous
peroxidase activity was quenched by incubating the sections in 0.3% hydrogen peroxide
(H2O2; Sigma-Aldrich) in methanol (Duksan) for 30 min. After three washes with PBS
(5 min each), permeabilization was performed by incubating the sections in PBS containing
0.5% Triton X-100 for 5 min. Following another three washes with PBS (5 min each),
nonspecific binding was blocked by incubating the sections with a serum blocking solution
at room temperature for 1 h. The slides were then incubated overnight at 4 ◦C with
primary antibodies (Table S3). After overnight incubation, slides were washed with PBS
and incubated with biotin-conjugated secondary antibodies (Vector Laboratories) for 1 h
at room temperature. The slides were subsequently washed with PBS, incubated with the
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ABC reagent (Vector Laboratories), and washed again. Color development was achieved
by incubating the sections in 3,3′-diaminobenzidine (DAB) solution (Sigma-Aldrich) for
30 s to produce a brown color reaction. For counterstaining, slides were incubated in
hematoxylin (KPNT, Cheongju, Republic of Korea) for 30 s, washed with distilled water,
dehydrated using graded ethanol, and mounted with DPX mount solution (Sigma-Aldrich).
The stained tissues were scanned using a slide scanner (Motic Scan Infinity 100; Motic,
Beijing, China), and random images were captured for analysis. Protein expression was
quantified using ImageJ software (version 1.53s, NIH). Positive staining was identified by
the transition of color from yellow to brown, with the brown color extracted and converted
to black for intensity quantification. The results for each group were compared with those
of the non-UVB/saline samples.

4.10.3. Fontana–Masson Staining

Fontana–Masson staining was performed according to the manufacturer’s protocol
(Scytek, Logan, UT, USA). Briefly, paraffin-embedded skin tissue sections were deparaf-
finized and rehydrated through sequential immersion in xylene and a graded ethanol
series (100–70%). The sections were then incubated in preheated Fontana ammonia silver
solution at 60◦C for 60 min. After incubation, the sections were washed with distilled water
for 5 min. Non-melanin-stained areas were cleared using a 0.2% gold chloride solution
and 5% sodium thiosulfate solution. Nuclei were counterstained with Nuclear Fast Red
solution and the sections were dehydrated using graded ethanol. Finally, the sections were
mounted using DPX mount solution (Sigma-Aldrich). The stained tissues were scanned
using a slide scanner (Motic Scan Infinity 100), and random images were captured for
analysis. Melanin content was quantified using ImageJ software (version 1.53s, NIH).
Positive staining was identified as black regions extracted from the images, which were
quantified based on their intensity. The results for each group were compared with those of
the non-UVB/saline samples.

4.11. Melanin Amount

To evaluate the effects of PNM on melanogenesis, B16F10 cells were seeded into
24-well plates at a density of 1.0 × 105 cells per well. After 24 h, the cells were treated for
48 h with the keratinocyte-CM prepared as described in Section 4.3. After the treatment
period, the medium was removed, and the cells were washed with DPBS. The cells were
detached via trypsinization, collected through centrifugation at 300× g 5 min, and washed
again with DPBS. The cell pellets were dissolved directly in 500 µL of 1 N NaOH containing
10% DMSO (Sigma-Aldrich) and incubated at 90 ◦C for 90 min to solubilize melanin. The
resulting solution was transferred to a 96-well plate, and the melanin content was measured
at 405 nm using a microplate spectrophotometer (Thermo Fisher Scientific).

4.12. Synergy Analysis Using the Bliss Independence Model

To evaluate whether the combined treatment of PN and AM in PNM exhibits synergis-
tic effects beyond simple additivity, the Bliss independence model was applied [49]. The
expected combined effect (EBliss) was calculated as

EBliss = EPN + EAM − (EPN × EAM)

where EPN and EAM represent the fractional effects of PN and AM alone, respectively,
calculated as percentage inhibition relative to the UVB-irradiated control. If the observed
effect of PNM exceeds EBliss (δ), synergy is indicated.
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4.13. Statistical Analysis

All experiments were conducted in triplicate to ensure reproducibility and statistical
significance. The Kruskal–Wallis test was used to compare groups, followed by the Mann–
Whitney U test for post hoc comparisons. Results are expressed as mean ± standard
deviation (SD). All statistical analyses were conducted using SPSS software version 26
(IBM, Armonk, NY, USA). Statistical significance is indicated in the figure legend for
each result.

5. Conclusions
In conclusion, PN and PNM decreased oxidative stress and NF-κB activity, which was

associated with decreased NLRP3 inflammasome formation and IL-18 in UVB- irradiated
keratinocytes and animal skin. Moreover, these changes were associated with decreased
melanogenesis-related signaling pathways of MITF, tyrosinase, TRP1, TRP2, and melanin
content in UVB-irradiated skin (Figure 6). The anti-melanogenic effect of PNM was greater
than that of PN. Furthermore, PN showed good biocompatibility and fewer complications
than the other tyrosinase inhibitors. Thus, PN could be used to treat hyperpigmentation
and increase collagen synthesis.

 

Figure 6. Proposed mechanism of PNM-mediated inhibition of UVB-induced hyperpigmentation.
PNM treatment reduces ROS levels and suppresses NF-κB nuclear translocation in UVB-irradiated
skin. This leads to an inhibition of NLRP3 inflammasome activation (decreased NLRP3, ASC, and
cleaved/pro-caspase-1), thereby reducing pyroptosis (NT-GSDMD:GSDMD) and IL-18 secretion.
Downstream, suppression of pP38:P38 signaling results in decreased melanogenesis-related pathways,
including reduced expression of MITF, TRP1, TRP2, and tyrosinase activity, ultimately leading to an
attenuation of skin pigmentation. ASC, apoptosis-associated speck-like protein containing a CARD;
GSDMD, gasdermin D; IL-18, interleukin-18; MITF, microphthalmia-associated transcription factor;
MW, molecular weight; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3; NT-GSDMD,
N-terminal GSDMD; pP38, phosphorylated P38; PN, polynucleotide; PNM, PN mixture; ROS, reactive
oxygen species; SD, standard deviation; TRP, tyrosinase-related protein; UVB, ultraviolet B.
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