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13 Abstract
14 Ultraviolet (UV) radiation is a primary environmental stimulus for skin 
15 hyperpigmentation. Polianthes tuberosa L. (PT), rich in polyphenols and 
16 flavonoids, possesses antioxidant and anti-inflammatory properties, yet the 
17 anti-melanogenic mechanism of the PT extract (PTE) remains unexplored. 
18 Network pharmacology revealed nuclear factor erythroid-derived 2-like 2, 
19 superoxide dismutase 1, nuclear factor kappa B subunit 1, and interleukin-6 as 
20 core targets, suggesting that PTE may coordinately modulate oxidative stress 
21 and inflammation. Consistent with this prediction, PTE dose-dependently 
22 suppressed UV-induced intracellular reactive oxygen species generation in 
23 immortalized human keratinocyte cell line (HaCaT). Furthermore, PTE not only 
24 inhibited the UV-induced release of inflammatory cytokines and paracrine 
25 melanogenic factors in HaCaT cells, but also mitigated UV-induced collagen 
26 reduction in fibroblasts. In the mouse melanoma cell line B16F10, the PTE 
27 significantly suppressed melanogenesis and tyrosinase activity (p < 0.001). 
28 Integration of transcriptomic and proteomic data provided a complementary 
29 view of molecular regulation at both the messenger RNA and protein levels. 
30 This convergent evidence indicated that PTE acts as a concurrent inhibitor of 
31 the cyclic adenosine monophosphate (cAMP)/protein kinase A/cAMP-response 
32 element binding protein and mitogen-activated protein kinase signaling axes, 
33 as validated by quantitative polymerase chain reaction and western blot 
34 analyses. This dual inhibition led to the downregulation of 
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35 microphthalmia-associated transcription factor and its downstream 
36 melanogenic enzymes. Our findings underscore the potential of PTE as a 
37 multifaceted, natural whitening agent for cosmetic applications.
38 KEYWORDS: Anti-melanogenesis; Hyperpigmentation; Mechanistic study; 
39 Oxidative stress; Polianthes tuberosa L. flower
40

41

42

43 1. Introduction

44 Ultraviolet (UV) radiation is a primary environmental driver of both cutaneous 

45 pigmentation and photodamage.[1] Specifically, UVB (280-320 nm) directly 

46 stimulates melanocyte activity and promotes melanogenesis by activating key 

47 intracellular signaling pathways, thereby contributing to dyspigmentation 

48 disorders such as melasma and post-inflammatory hyperpigmentation (PIH).[2] 

49 In contrast, longer-wavelength UVA (320-400 nm) penetrates more deeply into 

50 the dermis, where it induces oxidative stress and accelerates aging in dermal 

51 fibroblasts, leading to collagen degradation and photoaging.[3]

52 Melanogenesis itself is tightly regulated by a network of signaling cascades 

53 initiated at the cell surface.[4] Key upstream receptors include the melanocortin 

54 1 receptor (MC1R) and the stem cell factor receptor (KIT).[5] Agonist binding 

55 (e.g., α-melanocyte-stimulating hormone (α-MSH) to MC1R) triggers the cyclic 

56 adenosine monophosphate (cAMP)/protein kinase A (PKA) signaling axis, a 

57 principal driver of melanogenic transcription,[6] whereas KIT activation by its 

58 ligand, stem cell factor, primarily stimulates the mitogen-activated protein 

59 kinase (MAPK) cascade.[7] Together, these receptor-mediated events converge 

60 to activate a core intracellular signaling network. The 
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61 cAMP/PKA/cAMP-response element binding protein 

62 (CREB)/microphthalmia-associated transcription factor (MITF) axis constitutes 

63 a central regulatory pathway. Upon UVB exposure or α-MSH binding, elevated 

64 intracellular cAMP levels activate PKA.[8,9] Activated PKA then phosphorylates 

65 the CREB at Ser133.[9] Phosphorylated CREB (p-CREB) translocates to the 

66 nucleus and binds the cAMP-response element within the promoter of the 

67 MITF gene, potently inducing its transcription.[10] MITF acts as the master 

68 transcriptional regulator of melanogenesis. Once expressed, MITF binds to 

69 conserved M-box and E-box motifs in the promoters of key melanogenic 

70 enzymes—including tyrosinase (TYR), TYR-related protein 1 (TYRP1), and 

71 dopachrome tautomerase (DCT/TYRP2)—and upregulates their expression, 

72 thereby directly driving melanin synthesis.[11,12] Upstream modulation by 

73 MAPK pathways adds further complexity. The MAPK cascade, comprising 

74 subfamilies such as c-Jun N-terminal kinase (JNK), p38 MAPK (p38), and 

75 extracellular regulated protein kinases (ERK), critically regulates MITF. The 

76 JNK and p38 pathways typically respond to cellular stress and enhance MITF 

77 transcriptional activity, promoting melanogenic enzyme expression.[13,14] In 

78 contrast, ERK signaling often facilitates MITF induction indirectly by 

79 promoting CREB phosphorylation,[15,16] thereby exemplifying the multi-tiered 

80 regulatory integration within the melanogenic network.

81 Conventional depigmenting agents such as hydroquinone and kojic acid, 

82 despite their widespread use, often show limited long-term efficacy. Moreover, 

83 they are frequently associated with adverse effects such as cutaneous irritation, 

84 allergic reactions, and potential long-term toxicity.[17,18] These drawbacks have 

85 driven the search for safer, multitarget alternatives from botanical sources. 
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86 Botanical extracts are increasingly favored due to their rich phytochemical 

87 composition, which supports synergistic actions against multiple pathways 

88 involved in UV-induced photodamage and hyperpigmentation.[19] For instance, 

89 glabridin from Glycyrrhiza glabra directly inhibits TYR activity, thereby 

90 suppressing melanogenesis.[20] Similarly, epigallocatechin gallate, a key 

91 polyphenol in green tea, modulates nuclear factor kappa-B signaling while 

92 exerting antioxidant and anti-inflammatory effects.[21] Salidroside from 

93 Rhodiola rosea enhances cellular resistance to UV radiation and mitigates 

94 photodamage.[22] Such polypharmacological properties make these 

95 plant-derived compounds promising candidates for next-generation 

96 depigmenting therapies.

97 Polianthes tuberosa L. (PT), a traditional ornamental plant, is known to be rich 

98 in bioactive polyphenols and flavonoids, which are associated with antioxidant 

99 and anti-inflammatory properties.[23-25] However, the anti-melanogenic 

100 potential of PT extract (PTE) and its underlying molecular mechanisms remain 

101 poorly understood, particularly its regulatory effects on UVB-induced 

102 melanogenic signaling pathways. In this study, we first characterized the 

103 phytochemical profile of PTE using ultra-performance liquid chromatography 

104 coupled with Ultra Performance Liquid Chromatography-High Resolution Mass 

105 Spectrometry (UPLC-HRMS) to identify its principal bioactive constituents. We 

106 then combined this chemical profiling with in vitro cell-based assays and an 

107 integrated dual-omics approach—encompassing transcriptomics and 

108 proteomics—to comprehensively evaluate the inhibitory effect of PTE on 

109 UVB-induced melanogenesis and to elucidate its skin-whitening mechanism. 
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110 These findings provide a mechanistic foundation for the potential application of 

111 PTE as a natural skin-whitening agent.

112 2. Materials and methods

113 2.1 Chemicals and reagents

114 PT samples were obtained from the Dounan Flower Market (Yunnan, China). 

115 Folin-Ciocalteu reagent was purchased from Meryer Chemical Technology Co., 

116 Ltd. (Shanghai, China). The immortalized human keratinocyte cell line (HaCaT) 

117 and primary human dermal fibroblasts (HDF) were obtain from Immocell 

118 Biotechnology (Xiamen, China). Mouse melanoma cell line B16F10 cell 

119 (B16F10) was obtained from BeNa Culture Collection (Beijing, China). 

120 High-glucose dulbecco’s modified eagle medium (DMEM), RPMI-1640 medium, 

121 fetal bovine serum (FBS), and 0.25% trypsin were acquired from GibcoTM 

122 (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Phosphate-buffered saline 

123 (PBS) and penicillin-streptomycin solution were obtained from HyClone 

124 Laboratories, Inc. (Logan, UT, USA). 

125 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was 

126 purchased from Sigma-Aldrich (St. Louis, MO, USA) and Triton X-100 was 

127 purchased from Beyotime Biotechnology (Shanghai, China). The RNA 

128 extraction kit, radio immunoprecipitation assay (RIPA) lysis buffer containing 

129 protease inhibitor, sodium dodecyl sulfate polyacrylamide gel electrophoresis 

130 (SDS-PAGE) reagents, polyvinylidene fluoride (PVDF) membranes, primary 

131 antibodies (against CREB, p-CREB, P38, Phospho-p38 (p-p38), JNK, 

132 Phospho-JNK (p-JNK), ERK, Phospho-ERK (p-ERK), and β-actin), HRP-labeled 

133 secondary antibodies (goat anti-rabbit/anti-mouse, 1:3000 dilution), and 

134 chemiluminescence (ECL) chemiluminescence kit were all procured from 
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135 Wuhan Servicebio Technology (Wuhan, China). The PKA activity assay kit was 

136 obtained from Enzo Life Sciences, Inc. (Farmingdale, NY, USA) and cAMP 

137 immunoassay kit was obtained from Cayman Chemical (Ann Arbor, MI, USA). 

138 Total RNA extraction reagent (TRIzol) was purchased from Thermo Fisher 

139 Scientific (Waltham, MA, USA) and ABclonal mRNA-seq Library Prep Kit was 

140 purchased from ABclonal Technology (Wuhan, China). ELISA kits for detecting 

141 interleukin-1α (IL-1α), interleukin-6 (IL-6), prostaglandin E2 (PGE2), tumor 

142 necrosis factor-alpha (TNF-α), type IV, VII, and XVII collagen (Col-IV, VII, and 

143 XVII) were purchased from Shanghai Universal Biotech Co., Ltd. (Shanghai, 

144 China), while ELISA kits for α-MSH, basic fibroblast growth factor (bFGF), and 

145 endothelin-1 (ET-1) were acquired from Signalway Antibody (College Park, MD, 

146 USA). All other chemicals, unless otherwise specified, were obtained from 

147 Sinopharm Chemical Reagent (National Pharmaceutical Group Corporation, 

148 China).

149 2.2 Determination of total phenol yield

150 Total phenolic content was quantified by a modified Folin–Ciocalteu assay.[26] 

151 A mixture of 0.1 mL sample, 1.0 mL Folin–Ciocalteu reagent, and 1.0 mL of 10% 

152 Na2CO3 was incubated for 90 min at room temperature in a 5 mL tube. 

153 Absorbance was measured at 760 nm using a UV-Vis spectrophotometer 

154 (Shanghai Herup International Trade Co., Ltd.), and quantification was based 

155 on a gallic acid standard curve. The total phenolic yield (mg/g) was calculated 

156 as follows:

157 The total phenolic yield (mg/g) = 
ρ×N×V

M
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158 where ρ is the phenolic concentration (mg/mL) from the standard curve, N is 

159 the dilution factor, V is the extract volume (mL), and M is the mass of PT 

160 powder (g).

161 2.3 Single-factor experiments for PTE extraction process optimization

162 Fresh PT petals were rinsed with deionized water, dried at 50 °C to constant 

163 weight, ground into fine powder, and stored in light-proof aluminum foil bags. 

164 Three key operational parameters—solid-to-liquid ratio, extraction time, and 

165 extraction temperature—were selected for systematic optimization in the PTE 

166 extraction process. This selection was based on the physicochemical properties 

167 of the target phenolic constituents and fundamental principles of mass 

168 transfer:[27,28] (1) The solid-to-liquid ratio directly determines the concentration 

169 gradient, a primary driving force for the diffusion of solutes from plant matrix 

170 into the solvent; (2) Extraction time must be optimized to balance between 

171 achieving sufficient compound release and minimizing potential prolonged 

172 exposure to conditions that might promote oxidative degradation; (3) 

173 Extraction temperature critically influences both the solubility of phenolic 

174 compounds and the viscosity of the solvent, thereby affecting diffusion rates. 

175 Importantly, as many bioactive polyphenols in PTE are thermolabile, 

176 temperature control is essential to maximize yield while preserving compound 

177 integrity. These factors are collectively recognized as pivotal determinants of 

178 extraction efficiency and final product quality in phytochemical processes.

179 All experimental conditions were performed with three independent 

180 biological replicates, with duplicate technical measurements for each replicate.

181 2.3.1 Effect of solid-to-liquid ratio
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182 A total of 5 g of petal powder was ultrasonically extracted at 60 °C for 60 min 

183 with deionized water at solid-to-liquid ratios of 1:10, 1:15, 1:20, 1:25, and 1:50 

184 (w/v). The extracts were centrifuged (10,000 rpm, 5 min), vacuum-filtered 

185 through a 0.22 μm membrane, and analyzed for total phenolic content.

186 2.3.2 Effect of extract time

187 The petal powder (5 g) was extracted with 50 mL deionized water at 60 °C 

188 under ultrasonic treatment for 30-150 min. Subsequent steps followed section 

189 2.3.1. 

190 2.3.3 Effect of extract temperature

191 The petal powder (5 g) was extracted with 50 mL deionized water for 60 min 

192 at temperatures ranging from 40 to 80 °C. The same workup as in section 2.3.1 

193 was applied.

194 2.4 Chemical composition determination of PTE

195 Chromatographic separation was performed on a Vanquish UHPLC system 

196 (Thermo Fisher Scientific, Germany) using an ACQUITY UPLC HSS T3 column 

197 (2.1 × 100 mm, 1.8 μm) held at 35 °C. The mobile phase comprised 0.1% 

198 formic acid in water (A) and 0.1% formic acid in acetonitrile (B), delivered at 

199 0.3 mL/min under the gradient program specified in Table 1.

200 Mass spectrometry was conducted using a Q-Exactive HFX mass 

201 spectrometer coupled online to the UPLC. Analysis employed electrospray 

202 ionization in both positive and negative modes with spray voltages of 3800 V 

203 (ESI+) and 3500 V (ESI-). Key settings were: sheath gas, 45 arb; auxiliary gas, 

204 20 arb; capillary temperature, 320 °C; and vaporizer temperature, 350 °C. 

205 Full-scan MS was performed at a resolution of 60,000, followed by 
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206 data-dependent MS² acquisition (resolution 15,000) of the ten most intense 

207 ions.

208 For compound identification, raw data files were converted to mzXML format 

209 using proteoWizard, followed by peak picking, alignment, and retention time 

210 correction with XCMS software. Compounds were identified by querying an 

211 in-house traditional Chinese medicine database (Applied Protein Technolology, 

212 Shanghai, China) with mass error < 25 ppm and MS/MS spectral matching 

213 score > 0.7. Relative quantification was based on peak area intensity, with five 

214 technical replicates ensuring data reliability.

215 Table 1 Elution requirement

Time（min） Mobile phase A(%) Mobile phase B(%)

Initial 95 5

3 75 25

8.5 55 45

14 5 95

17 2 98

17.2 95 5

20 95 5

216

217 2.5 Network pharmacological analysis

218 This study predicted the potential pharmacological targets of 28 bioactive 

219 compounds in PTE, which were identified using UPLC-HRMS. Potential targets 

220 were screened through multiple pharmacological databases: the Traditional 

221 Chinese Medicine Systems Pharmacology database provided Absorption, 

222 Distribution, Metabolism, and Excretion parameters and target information; 
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223 the Traditional Chinese Medicine Integrated Database supplemented 

224 component-target interactions; and the Comparative Toxicogenomics Database 

225 contributed evidence on compound-disease target associations. All retrieved 

226 targets were standardized using the UniProt database to unify protein and 

227 gene identifiers into official nomenclature. Redundant and non-human entries 

228 were removed, resulting in a refined network of PTE bioactive compounds and 

229 their corresponding targets. This dataset established a reliable foundation for 

230 subsequent network pharmacology investigations. The target prediction 

231 process adhered to established network pharmacology guidelines, and 

232 cross-validation across databases improved the accuracy and 

233 comprehensiveness of the predictions.

234 2.6 Cell cultures

235 HaCaT and HDF cells were cultured in DMEM medium, and B16F10 cells 

236 were maintained in RPMI-1640 medium. All media were supplemented with 10% 

237 fetal bovine serum, 100 U/mL penicillin, and 0.1 mg/mL streptomycin. Cells 

238 were incubated at 37 °C in a humidified atmosphere containing 5% CO2 (Bosun 

239 Medical, Shanghai, China). Upon reaching 80-90% confluence, the cells were 

240 detached using 0.25% trypsin-Ethylenediaminetetraacetic acid and passaged at 

241 a split ratio of 1:2 to 1:3 after neutralization with complete medium. All 

242 experiments were conducted using cells between passages 10 and 20 to ensure 

243 phenotypic stability and experimental consistency.

244 2.7 The inhibitory effect of PTE on PIH measured by HaCaT cells

245 2.7.1 Cytotoxicity assessment 

246 Cell viability of PTE-treated HaCaT cells was determined by MTT assay. After 

247 filter-sterilization through a 0.22 μm membrane, PTE was diluted in DMEM to 
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248 concentrations ranging from 0.1 to 2 mg/mL. Cells were seeded in 96-well 

249 plates at 1 × 105 cells/mL (0.1 mL/well), adhered for 24 h, and then treated 

250 with PTE solutions or control medium for another 24 h. Following incubation, 

251 0.1 mL of MTT solution (0.5 mg/mL) was added per well and incubated for 4 h. 

252 The formazan crystals were dissolved in DMSO, and absorbance was measured 

253 at 490 nm. All experiments included three independent biological replicates, 

254 with six technical replicates per condition within each experiment. Viability 

255 was calculated using the formula below.

256 Cell viability (%) =(ODT/ODB) × 100%

257 Where: ODT and ODB represent the average OD values of the experimental 

258 and the blank groups at 490 nm, respectively.

259 HaCaT cells in logarithmic phase (1×105 cells/mL) were seeded in 96-well 

260 plates (0.1 mL/well) and cultured for 24 h. Experimental groups were exposed 

261 to UVB radiation at doses ranging from 10 to 120 mJ/cm2. The irradiation was 

262 performed through a thin layer of PBS after lid removal, with the UV source 

263 positioned 15 cm above the cell monolayer. Control groups received medium 

264 only without UVB exposure. After replacing the medium post-irradiation, cells 

265 were cultured for an additional 24 h, and viability was assessed using the MTT 

266 assay as described above.

267 2.7.2 Determination of secretion of inflammatory factors (IL-1α, IL-6, PGE2, 

268 TNF- α) by ELISA

269 HaCaT cells were resuspended at a density of 2×105 cells/mL and seeded in 

270 24-well plates at 0.5 mL per well. After completing cell culture, the blank 

271 control group was treated with DMEM medium alone. Both the control group 

272 and experimental groups were irradiated with 20 mJ/cm2 UVB, followed by 
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273 treatment with either DMEM medium or DMEM medium containing 0.05, 0.1, 

274 0.2 mg/mL PTE. The levels of inflammatory factors (IL-1α, IL-6, PGE2, TNF-α) 

275 in the culture supernatants were measured using sandwich-based commercial 

276 ELISA kits, according to the manufacturer’s protocols.

277 2.7.3 Determination of paracrine melanogenic factors (α-MSH, bFGF, and ET-1) 

278 by ELISA

279 Cell operation refers to 2.7.2. The paracrine melanogenic factors (α-MSH, 

280 bFGF, and ET-1) in the culture supernatants were quantified with specific 

281 commercial ELISA kits based on the sandwich antibody technique, in strict 

282 accordance with the manufacturer’s instructions.

283 Three independent biological replicates were performed for each 

284 experimental condition.

285 2.8 Measurement of intracellular reactive oxygen species (ROS)

286 HaCaT cells in the log-phase growth were detached using trypsin and 

287 re-suspended to a density of 2 × 105 cells/mL prior to seeding into 12-well 

288 plates. Following a 24-hour period of UVB irradiation and PTE treatment, the 

289 2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA) probe was prepared 

290 according to the ROS detection ELISA kit protocol. Specifically, it was diluted 

291 1:1000 in serum-free medium to achieve a final concentration of 10 µM. Each 

292 well was then incubated with 1 mL of the prepared DCFH-DA working solution 

293 at 37 °C for 20 minutes in darkness. Subsequently, the cells were gently rinsed 

294 three times with pre-warmed, serum-free DMEM. Fluorescence images were 

295 captured using an inverted fluorescence microscope (Motic China Group Co., 

296 Ltd., Xiamen, China). The cells were then trypsinized, re-suspended at 5 × 104 

297 cells/mL, and transferred to opaque 96-well plates for quantitative analysis. 
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298 The fluorescence intensity was measured at excitation and emission 

299 wavelengths of 488 and 525 nm, respectively, using a microplate reader. All 

300 experiments were performed with three technical replicates per treatment 

301 condition, and the entire study was independently repeated three times to 

302 ensure biological reproducibility.

303 2.9 The collagen synthesis-promoting effects of PTE measured by HaCaT and 

304 HDF cells

305 2.9.1 Cytotoxicity assessment

306 The effects of PTE and UVA on HDF cell viability were assessed using a 

307 protocol similar to that described in section 2.7.1.

308 2.9.2 Determination of collagen (Col-Ⅳ, Ⅶ, and ⅩⅦ) by ELISA

309 HDF cells were resuspended at a density of 2×105 cells/mL and seeded in 

310 24-well plates at 0.5 mL per well. After completing cell culture, the blank 

311 control group was treated with DMEM medium alone. Both the control group 

312 and experimental groups were irradiated with 12 J/cm2 UVA, followed by 

313 treatment with either DMEM medium or DMEM medium containing 0.2, 0.6, 1 

314 mg/mL PTE.

315 For Col-XVII determination, HaCaT cells were treated as described in 

316 Section 2.7.2.

317 Levels of Col-IV, VII, and XVII in culture supernatants were quantified using 

318 specific commercial ELISA kits based on the sandwich antibody technique, in 

319 strict accordance with the manufacturer’s instructions. Three independent 

320 biological replicates were performed for each experimental condition.

321 2.10 Anti-melanogenic effects of PTE

322 2.10.1 Cytotoxicity assessment
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323 The effects of PTE and UVB on B16F10 cell viability were assessed using a 

324 protocol similar to that described in section 2.7.1.

325 2.10.2 Determination of melanin content

326 Melanin in B16F10 cells was quantified using a NaOH lysis method.[29] Cells 

327 were seeded at 2×105 cells/mL in 6-well plates and cultured for 24 h. The 

328 blank group received fresh medium, while UVB and treatment groups were 

329 irradiated (20 mJ/cm2) and then exposed to 0, 0.2, 0.6, or 1 mg/mL PTE. After 

330 24 h, cells were trypsinized, centrifuged, washed with PBS, and lysed in 1 M 

331 NaOH with 10% DMSO at 80 °C for 1 h. Absorbance was measured at 405 nm.

332 2.10.3 Determination of TYR activity

333 TYR activity was measured using a previously described method with minor 

334 modifications.[30] Cell culture and treatment followed the procedure outlined in 

335 section 2.9.2. After treatment, cells were lysed with 0.4 mL of 1% Triton X-100 

336 in PBS at 4 °C for 30 min. The lysates were centrifuged at 12,000 rpm for 5 

337 min, and 0.05 mL of supernatant was transferred to a 96-well plate and mixed 

338 with 0.15 mL of 10 mmol/L L-DOPA. After incubating at 37 °C for 30 min, 

339 absorbance was measured at 475 nm.

340 For both melanin and TYR activity assays, each experimental condition was 

341 tested in three independent biological replicates, each with three technical 

342 replicates to ensure reproducibility.

343 2.11 Transcriptome analysis

344 Total RNA was extracted from UVB- and PTE-treated B16F10 cells using 

345 TRIzol reagent, with three independent biological replicates per experimental 

346 condition to ensure statistical reliability. RNA quality was verified using a 

347 NanoDrop 2000 spectrophotometer (Thermo Scientific, USA) and an Agilent 
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348 Bioanalyzer 4150 system (Agilent Technologies, USA), with all samples having 

349 an RNA integrity number ≥ 7.0. Sequencing libraries were constructed from 

350 ≥0.001 mg total RNA using the ABclonal mRNA-seq Lib Prep Kit, which 

351 included mRNA enrichment with oligo(dT) beads, fragmentation, cDNA 

352 synthesis, adapter ligation, and polymerase chain reaction (PCR) amplification. 

353 Library quality was assessed with the Agilent Bioanalyzer, and high-throughput 

354 sequencing was performed on an Illumina Novaseq 6000 or MGISEQ-T7 

355 platform. Raw reads were quality-filtered and aligned to the reference genome. 

356 Gene expression quantification and differential expression analysis were 

357 performed using High-Throughput Sequence Analysis and Differential 

358 Expression analysis for Sequence data 2, respectively, with significance 

359 thresholds set at |log2FC| ≥ 1 and P < 0.05.

360 2.12 Proteomic analysis

361 This study employed LC-MS/MS-based proteomics to compare the proteomic 

362 profiles of UVB-exposed B16F10 cells treated with or without PTE. Three 

363 biological replicates per condition were analyzed. Proteins were extracted 

364 using RIPA buffer containing protease and phosphatase inhibitors, quantified 

365 by the bicinchoninic acid (BCA) assay, and verified for integrity via SDS‑PAGE. 

366 Label‑free quantification was applied, with peptide intensities normalized 

367 against the total ion current to correct for technical variability. Proteins were 

368 digested with trypsin (1:50 enzyme‑to‑protein ratio), desalted using C18 

369 cartridges, and separated by nano‑HPLC over a 120‑minute gradient. MS 

370 analysis was conducted in data‑dependent acquisition mode, with full scans 

371 from 350–1500 m/z and higher collisional dissociation fragmentation.
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372 Data were processed with MaxQuant using the UniProt mouse database. 

373 Differentially expressed proteins (DEPs) were identified (p < 0.05, |log2FC| > 

374 1), and subjected to functional analysis, including Gene Ontology (GO) 

375 annotation, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

376 enrichment, and protein–protein interaction (PPI) network construction and so 

377 on. Technical replicates were performed to ensure reproducibility.

378 2.13 Reverse transcription PCR experiments

379 Total RNA was extracted using a commercial RNA extraction kit, and its 

380 purity and concentration were assessed with a Nanodrop 2000 

381 spectrophotometer. Reverse transcription was performed using a PCR system 

382 (Eastwin Life Sciences Inc, China) in a 0.02 mL reaction mixture containing 

383 0.01 mL RNA, 0.004 mL 5× SweScript All-in-One SuperMix for quantitative 

384 PCR (qPCR), 0.001 mL gDNA Remover, and RNase-free water. Q-PCR was 

385 carried out on a Bio-Rad system with the following program: 95 °C for 30 s; 40 

386 cycles of 95 °C for 15 s and 60 °C for 1 min; fluorescence acquisition at 0.5 °C 

387 increments; and a final step at 95 °C for 15 s. Primer sequences and target 

388 genes are listed in Table 2. All reactions were performed in triplicate, with 

389 GAPDH serving as the internal reference gene. Relative gene expression was 

390 calculated using the comparative ΔΔCt method:

391 A = CT (target gene, test sample) – CT (internal standard, test sample)

392 B = CT (test sample, control sample) – CT (internal standard, control 

393 sample)

394 K=A-B

395 Fold change = 2-K

396 Table 2 Primer design for B16F10 cells
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Gene Primers sequence

F:CTCATTGACGTGCTCATCTGTGG

MC1R R:TGCTTGTAGTAGGTGATAAAGAGGG

T

F:CTCTGGACCTGGATGATTTGCT
Kit

R:GCAGTCGTGCATTTCCTTTGA

F:GCCCTATGGCTATGCTCACTCTT
MITF

R:TGTTCATACCTGGGCACTCACTC

F:ATCCTAACTTACTCAGCCCAGCA
TYR

R:CTCAGGTGTTCCATCGCATAAA

F:TTCGTTGGAGCTGTGATTGTTG
TYRP-1

R:AGGAATAATGTTGAAAGGTGGGG

F:CAGAAATAATGAGAAACTGCCAACC
TYRP-2

R:TCCGTCTGCTTTATCAAACCCT

F:CCTCGTCCCGTAGACAAAATG
GAPDH

R:TGAGGTCAATGAAGGGGTCGT

397 The selected genes represent key regulators and enzymes in the 

398 melanogenic pathway. Among them, MC1R and Kit encode melanocyte-specific 

399 receptors that initiate melanogenic signaling; MITF is the master 

400 transcriptional regulator of melanogenesis; TYR, TYRP1, and TYRP2 encode 

401 the core enzymatic machinery responsible for melanogenesis.

402 2.14 Determination of activity of PKA and cAMP by ELISA

403 B16F10 cells were seeded in 24-well plates at 2×105 cells/mL (0.5 mL/well) 

404 and divided after adhesion into the following groups: blank (RPMI-1640 

405 medium only), UVB (20 mJ/cm2 UVB + medium), and experimental (same UVB 
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406 + 0.2, 0.6, or 1 mg/mL PTE in RPMI-1640). PKA activity and cAMP levels in the 

407 culture supernatants were quantified using specific commercial ELISA kits 

408 based on the sandwich antibody technique, in strict accordance with the 

409 manufacturer’s instructions. Three independent biological replicates were 

410 performed for each experimental condition.

411 2.15 Western blotting (WB)

412 Cells were lysed in RIPA buffer with protease inhibitor on ice, centrifuged, 

413 and protein concentration was determined by BCA. Three independent 

414 biological replicates were performed for each experimental condition. Samples 

415 (0.02 mg) were separated by SDS-PAGE, transferred to PVDF membrane, and 

416 blocked with 5% skim milk. Membranes were incubated with primary 

417 antibodies (CREB, p-CREB, p38, p-p38, JNK, p-JNK, ERK, p-ERK, β-actin) at 

418 4 °C overnight, followed by HRP-conjugated secondary antibody. Protein bands 

419 were visualized using an enhanced ECL detection system. To account for 

420 potential variations in protein loading, β-actin was used as an internal loading 

421 control. Band intensities were quantified using AIWBwellTM software, and the 

422 expression levels of target proteins were normalized to those of β-actin.

423 2.16 Statistical analysis

424 The data were analyzed by Origin software, and are expressed as mean ± 

425 standard deviation. After confirming the suitability of the data for parametric 

426 tests, one-way analysis of variance followed by Tukey’s post hoc test was 

427 applied for group comparisons. A minimum of three biological replicates were 

428 used for each experiment, ensuring statistical reliability, and a p-value of less 

429 than 0.05 was established as the threshold for statistical significance.

430 3. Results
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431 3.1 Optimization of extraction parameters for PTE production

432 This study systematically investigated the effect of solid-to-liquid ratio, 

433 extraction time, and extraction temperature on the yield of total phenolic 

434 compounds (TPC) to identify optimal extraction conditions. As depicted in 

435 Figure 1a, the TPC yield increased with solvent volume up to a solid-to-liquid 

436 ratio of 1:15 (w/v), beyond which a decline was observed. Figure 1b illustrates 

437 that the maximum TPC yield was achieved after 90 min of ultrasonication. 

438 Regarding temperature optimization (Figure 1c), 50 °C was identified as the 

439 optimal condition, as it yielded the highest TPC content. The extraction 

440 temperature of 50 °C was selected to balance efficiency with compound 

441 preservation. While moderate heating enhances solvent diffusivity and mass 

442 transfer, promoting phenolic release,[31] excessive heat threatens thermolabile 

443 constituents like key flavonoids in PT flower, which may degrade above 

444 60 °C.[32] Thus, 50 °C serves as a pivotal compromise: it maximizes extraction 

445 yield while safeguarding the structural integrity and bioactivity of 

446 heat-sensitive phytochemicals—a critical prerequisite for subsequent biological 

447 evaluation. Based on these results, the optimal extraction parameters were 

448 established as follows: solid-to-liquid ratio of 1:15 (w/v), extraction 

449 temperature of 50 °C, and an extraction time of 90 min under ultrasonication.

450
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451 Figure 1 Effect of (a) solid-to-liquid ratio, (b) extraction time and (c) extraction 

452 temperature on the yield of total phenolics from PTE.

453 3.2 Chemical composition determination of PTE

454 The chemical profile of the PTE was characterized using UPLC-HRMS. 

455 Figure 2a shows the base peak chromatogram (BPC). A total of 1,495 

456 compounds were detected, with 915 identified in positive ion mode (POS) and 

457 642 in negative ion mode (NEG), and no overlapping compounds were 

458 observed between the two modes. According to the NPClassifier system, these 

459 compounds were classified into major categories including alkaloids (e.g., 

460 tryptamine alkaloids and pseudoalkaloids), amino acids and peptides (e.g., 

461 small peptides and oligopeptides), carbohydrates (e.g., nucleosides and sugars), 

462 fatty acids (e.g., fatty acid derivatives and eicosenoic acids), polyketides (e.g., 

463 aromatic polyketides and cycloalkanes), ceramides, phenylpropanoids (e.g., 

464 flavonoids and coumarins), and terpenes (e.g., monoterpenes and 

465 sesquiterpenes). Among these, flavonoids (85 compounds) and fatty acids (94 

466 compounds) emerged as the predominant superclasses (Figure 2b). The 

467 flavonoid content aligns with the typical phytochemical profile of many 

468 medicinal plants and directly explains the observed bioactivities. Flavonoids 

469 are well known for their potent antioxidant and anti-inflammatory properties, 

470 which are crucial for mitigating UV-induced skin damage and modulating 

471 melanogenesis.[33] Likewise, the abundant fatty acids and their derivatives 

472 likely contribute to skin barrier repair and exhibit anti-inflammatory 

473 effects,[34,35] potentially creating synergy with flavonoids to enhance the overall 

474 depigmenting and protective actions of PTE. The 28 major peaks on the BPC 

475 were analyzed, corresponding to compounds such as adenosine, quercetin, 
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476 oleamide, and citric acid, among others (Table S1). Based on high spectral 

477 matching scores (score > 0.7), key compounds including kaempferol (a 

478 flavonoid aglycone) and oleamide (a fatty acid amide) were confirmed with 

479 high confidence. The extensive chemical diversity of PTE provides a substantial 

480 material basis for its potential bioactivities, and establishes a critical 

481 foundation for further exploration of its pharmacological properties and 

482 practical applications.

483

484 Figure 1 UPLC-HRMS analysis of ingredients in of PTE. (a) Positive ion BPC and negative 

485 ion BPC (b) The proportion of all identified compounds in each chemical classification.

486 3.3 Network pharmacology-based prediction of active components and 

487 multi-target mechanism of PTE

488 This study employed a network pharmacology approach to systematically 

489 explore the active constituents of PTE and their potential targets. Initial 

490 multi-database screening identified 12,254 potential target compounds 

491 associated with PTE, among which 228 were relevance to its efficacy. 

492 Intersection analysis revealed 184 common targets (Figure 3a), indicating their 

493 potential critical involvement in the melanin-inhibitory activity of PTE.

494 PPI network was constructed using the Search Tool for the Retrieval of 
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495 Interaction Gene/Proteins database, comprising 22 core nodes and 75 

496 interactions（Figure 3b）. Topological analysis identified the top 10 hub genes, 

497 including sirtuin 1 (SIRT1), peroxisome proliferative activated receptor, 

498 gamma (PPARG), PPARG coactivator 1 alpha (PPARGC1A), superoxide 

499 dismutase 1 (SOD1), superoxide dismutase 2 (SOD2), nuclear factor kappa B 

500 subunit 1 (NFKB1), nuclear factor erythroid-derived 2-like 2 (NFE2L2), 

501 myelocytomatosis oncogene (MYC), matrix metallopeptidase 2 (MMP2), and 

502 matrix metallopeptidase 9 (MMP9). By focusing on polyphenolic and flavonoid 

503 components of PTE and incorporating KEGG pathway enrichment analysis (top 

504 20 pathways, Figure 3c), a comprehensive “compound–core target–pathway” 

505 network was established (Figure 3d). This network encompasses 14 key active 

506 compounds, 6 core targets (NFE2L2, IL-6, interleukin-1 beta (IL1B), SOD1, 

507 heme oxygenase 1 (HMOX1), NFKB1), and 20 major signaling pathways.

508 The results suggest that PTE exerts synergistic depigmenting and 

509 skin-reparative effects through the following mechanisms. (1) Antioxidant 

510 Regulation: The core targets NFE2L2 and SOD1 are key regulators of oxidative 

511 stress responses.[36,37] PTE may enhance antioxidant defenses, thereby 

512 alleviating UVB-induced oxidative damage; (2) Inhibition of Melanogenic 

513 Pathways: PTE significantly modulates the MAPK signaling pathway, 

514 potentially suppressing the expression of MITF and downstream TYR-related 

515 proteins; (3) Anti-inflammatory and Skin Barrier Repair: By targeting 

516 inflammatory mediators such as NFKB1, IL-6, and IL1B, PTE reduces 

517 UV-induced skin inflammation, [38-40] thus diminishing inflammatory stimulation 

518 of melanocytes and preventing PIH. Furthermore, the balanced regulation of 

519 MMP9 and MMP2 contributes to the maintenance of basement membrane 
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520 integrity, thereby preventing photodamage-induced disruption of the 

521 dermal-epidermal junction and reducing pigment deposition.[41,42]

522

523 Figure 3 Network pharmacology-based analysis of the anti-melanogenic mechanism of PTE. 

524 (a) Venn diagram showing the overlap between predicted targets of PTE compounds and 

525 known targets related to skin pigmentation. (b) PPI network of the common targets 

526 identified in (a). Node size reflects the degree of connectivity. (c) The top 20 enriched 

527 KEGG pathways. (d) "Compound-Target-Pathway" network illustrating the interactions 

528 among 14 key active components, 6 core targets.

529 3.4 Inhibitory effect of PTE on UVB-induced secretion of inflammatory 

530 cytokines and paracrine melanogenic factors in HaCaT cells

531 According to the MTT assay, PTE concentrations exceeding 0.2 mg/mL 

532 reduced the viability of HaCaT cells to below 80% (Figure S1a). Therefore, all 

533 subsequent experiments were conducted using PTE at concentrations ≤ 0.2 

534 mg/mL. To establish an inflammation-induced PIH model, we evaluated the 

535 effect of varying doses of UVB irradiation (0–160 mJ/cm2) on the viability of 

536 HaCaT cells. The results demonstrated a dose-dependent decrease in cell 

537 viability with increasing UVB exposure (p < 0.01, Figure S1b). A UVB dose of 
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538 20 mJ/cm² was selected for further experiments, as it resulted in approximately 

539 70% cell viability, providing substantial photodamage while minimizing 

540 excessive cytotoxicity.

541 To investigate the potential of PTE in mitigating PIH, HaCaT cells were 

542 irradiated with 20 mJ/cm2 UVB and subsequently treated with various 

543 concentrations of PTE for 24 hours. The secretion levels of inflammatory 

544 cytokines (IL-1α, IL-6, PGE2, and TNF-α) and paracrine melanogenic factors 

545 (ET-1, α-MSH, and bFGF) were then measured. As shown in Figure 4a, UVB 

546 irradiation markedly stimulated the secretion of these inflammatory cytokines, 

547 while PTE treatment suppressed their release in a dose-dependent manner.

548 Previous studies have indicated that under UVB-induced inflammatory 

549 conditions, keratinocytes release paracrine factors such as ET-1, α-MSH, and 

550 bFGF, which promote melanogenesis by activating corresponding receptors on 

551 melanocytes.[43,44] Consistent with these findings, UVB irradiation at 20 mJ/cm2 

552 significantly upregulated the expression of α-MSH, bFGF, and ET-1 in HaCaT 

553 cells. As illustrated in Figure 4b, PTE treatment effectively inhibited the 

554 release of these paracrine factors in a concentration-dependent manner.

555 To further elucidate the mechanistic basis of PTE’s anti‑inflammatory and 

556 anti‑paracrine effects, we examined its influence on oxidative stress—a pivotal 

557 upstream driver of UVB‑induced skin responses. As shown in Figure S2, UVB 

558 irradiation provoked a pronounced increase in intracellular ROS generation (p 

559 < 0.001), which was suppressed by PTE in a dose‑dependent manner. This 

560 antioxidant activity aligns with the network pharmacology prediction that PTE 

561 targets key regulators of oxidative stress, such as NFE2L2 and SOD1, and 

562 provides a plausible explanation for its concurrent downregulation of 
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563 inflammatory cytokines and melanogenic factors. Collectively, these findings 

564 suggest that PTE alleviates UVB‑triggered pro‑pigmentary responses not only 

565 by attenuating the secretion of pro‑melanogenic paracrine factors from 

566 keratinocytes but also by mitigating the underlying oxidative stress that fuels 

567 both inflammatory and pigmentary pathways.

568

569 Figure 4 Inhibitory effect of PTE on UVB-induced factor secretion in HaCaT cells. (a) 

570 Secretion levels of inflammatory cytokines. (b) Secretion levels of paracrine melanogenic 

571 factors. *p < 0.05, **p < 0.01, ***p < 0.001 compared with UVB-treated group; #p < 0.05, 

572 ##p < 0.01, ###p < 0.001 compared with blank group.

573 3.5 The interventional effect of PTE on UV-induced collagen degradation

574 To establish a model of collagen degradation, we first systematically 

575 evaluated the effect of UVA irradiation dose on the viability of HDF cells. As 

576 shown in Figure S3a, cell viability decreased significantly with increasing UVA 

577 dose. A UVA dose of 12 J/cm2 was selected for subsequent experiments, as it 

578 resulted in approximately 70% cell viability—sufficient to induce substantial 

579 photodamage while avoiding excessive cytotoxicity. MTT assays further 

580 revealed that PTE concentrations above 1 mg/mL significantly reduced HDF 

581 cell viability to below 80% (Figure S3b). Therefore, a PTE concentration of ≤1 

582 mg/mL was used in all further treatments.
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583 To investigate the regulatory effect of PTE on collagen metabolism under 

584 photodamage conditions, we established two cellular models: HDF cells 

585 irradiated with 12 J/cm2 UVA and HaCaT cells exposed to 20 mJ/cm2 UVB. 

586 After 24 hours of PTE treatment, the expression levels of Col-IV, VII, and XVII 

587 collagen were measured. As illustrated in Figure 5, UVA irradiation markedly 

588 suppressed the expression of type IV and VII collagen in HDF cells, while UVB 

589 irradiation significantly reduced type XVII collagen expression in HaCaT cells. 

590 Note that collagen XVII is specifically expressed in keratinocytes. Treatment 

591 with PTE dose-dependently rescued the UV-suppressed expression of collagens 

592 IV, VII, and XVII, suggesting its protective effect against photodegradation. 

593 Critically, the restoration of collagens IV and VII, which are key components of 

594 the basement membrane (BM),[45] suggests PTE aids in repairing UV-disrupted 

595 BM structure. As BM integrity is fundamental for skin regeneration and proper 

596 keratinocyte anchorage and stratification,[46,47] this action supports epidermal 

597 repair. Furthermore, by reinforcing the dermal-epidermal junction, PTE may 

598 help prevent the downward migration of melanocytes and abnormal melanin 

599 persistence, mechanisms linked to chronic hyperpigmentation.[48] Thus, beyond 

600 direct melanogenesis inhibition, PTE’s collagen-promoting activity addresses a 

601 structural vulnerability in photoaged skin, highlighting its dual benefit in 

602 combating both structural aging and dyspigmentation through functional 

603 restoration of the dermal-epidermal junction.
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604

605 Figure 5 PTE upregulates collagen expression in UV‐irradiated skin cells. (a‐b) Expression 

606 of (a) Col-IV and (b) Col-VII in UVA‐irradiated HDFs. (c) Expression of Col-XVII in 

607 UVB‐irradiated HaCaT cells. *p < 0.05, **p < 0.01, ***p < 0.001 compared with 

608 UV‐irradiated group; #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the blank 

609 group.

610 3.6 Inhibitory effect of PTE on UVB-induced melanogenesis

611 The cytotoxicity of PTE and UVB irradiation on B16F10 cells was evaluated 

612 using the MTT assay. As illustrated in Figure 6a, PTE at concentrations 

613 ranging from 0.1 to 1 mg/mL did not significantly affect cell viability. However, 

614 a concentration of 2 mg/mL resulted in a pronounced decrease in viability (p < 

615 0.05). The non-cytotoxic concentration range of 0.1–1 mg/mL was thus 

616 employed in further studies. UVB irradiation exposure resulted in a 

617 dose-dependent reduction in cell viability (Figure 6b). A radiation dose of 20 

618 mJ/cm² was selected for subsequent experiments, as it effectively induced 

619 melanogenesis without exerting significant cytotoxic effect. To examine the 

620 anti-melanogenic activity of PTE, intracellular melanin content was quantified 

621 following UVB exposure. As shown in Figure 6c, UVB irradiation significantly 

622 promoted melanin production compared to the control group (p < 0.001), while 

623 treatment with PTE dose-dependently attenuated melanin accumulation, which 

624 was visually corroborated by the digital images (the inset in Figure 6c) of the 

625 melanocytes cultured under different conditions. Further assessment of TYR 
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626 activity demonstrated that UVB stimulation markedly enhanced TYR activity (p 

627 < 0.001), which was dose-dependently suppressed by PTE treatment (p < 

628 0.001; Figure 6d). These findings indicate that PTE likely mitigates 

629 UVB-induced melanogenesis through the inhibition of TYR activity.

630

631 Figure 6 Inhibitory effect of PTE on UVB-induced melanogenesis in B16F10 cells. 

632 Cytotoxicity of (a) PTE and (b) UVB on B16F10 Cells in a dose-dependent manner. (c) 

633 Measurement of intracellular melanin content. (d) Assessment of intracellular TYR activity. 

634 *p < 0.05, **p < 0.01, ***p < 0.001 compared with UVB-treated group; #p < 0.05, ##p < 

635 0.01, ###p < 0.001 compared with blank group.

636 3.7 Integrated analysis of transcriptomics and proteomics

637 This study employed an integrated transcriptomic and proteomic approach to 

638 systematically elucidate the multi-target mechanism through which PTE 

639 inhibits UVB-induced melanogenesis. Transcriptomic profiling identified 729 
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640 significantly differentially expressed genes (DEGs), consisting of 668 

641 up-regulated and 61 down-regulated genes (Figure 7a). Parallel proteomic 

642 analysis revealed 260 significantly DEPs, with 111 up-regulated and 149 

643 down-regulated (Figure 7c). Joint analysis revealed a convergent modulation of 

644 the MAPK and cAMP signaling pathways, underscoring their central role in 

645 mediating the anti-melanogenic activity of PTE.

646 KEGG pathway enrichment analysis of the transcriptomic data (Figure 7b) 

647 showed that the DEGs were significantly enriched in multiple pathways related 

648 to skin pigmentation regulation, including xenobiotic metabolism by 

649 cytochrome P450, phosphatidyqinositol-3 kinase (PI3K-Akt) signaling pathway, 

650 MAPK signaling pathway, cyclic guanosine monophosphate-protein kinase G 

651 (cGMP-PKG) signaling pathway, glutathione metabolism, and cAMP signaling 

652 pathway. These pathways collectively form a complex regulatory network that 

653 may underlie the inhibitory effect of PTE on melanogenesis. Consistent with 

654 these findings, proteomic-level KEGG analysis (Figure 7d) indicated significant 

655 enrichment of DEPs in the MAPK signaling pathway, melanogenesis, tyrosine 

656 metabolism, and cAMP signaling pathway. Notably, key melanogenic proteins 

657 such as TYR, 5,6-Dihydroxyindole-2-carboxylic acid oxidase (TYRP1), 

658 DCT/TYRP2, and MITF exhibited significant alterations in expression 

659 (Figure7c). The downregulation of these functionally essential proteins further 

660 supports the inhibitory role of PTE in melanogenesis at the molecular level.

661 In summary, both the MAPK and cAMP signaling pathways were significantly 

662 enriched at both the transcriptomic and proteomic levels, highlighting their 

663 pivotal role in the regulatory mechanism of PTE. The cAMP signaling pathway 

664 modulates CREB phosphorylation, which in turn regulates MITF transcriptional 
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665 activity.[49] Concurrently, the MAPK pathway, including the ERK, JNK, and p38 

666 sub-pathways influences both the stability and transcriptional activity of MITF 

667 through phosphorylation-dependent mechanisms.[13-16] These results suggest 

668 that PTE concurrently targets both the cAMP-CREB and MAPK signaling 

669 cascades to synergistically suppress MITF expression and activity, ultimately 

670 leading to the downregulation of key melanogenic enzymes such as TYR, 

671 TYRP1, and TYRP2.

672

673 Figure 7 Transcriptome differential gene analysis. (a) Differential gene volcano map of 

674 model (UVB) vs PTE group. (b) KEGG pathway map of DEGs. Proteomics differential 

675 proteins analysis. (c) Differential protein volcano map of model (UVB) vs PTE group. (d) 

676 KEGG pathway map of DEPs.

677 3.8 PTE suppresses melanogenic gene expression by targeting cAMP and 

678 MAPK signaling pathways
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679 To experimentally validate the molecular mechanism inferred from 

680 multi-omics analyses, we performed qPCR and assessed protein 

681 phosphorylation levels. The qPCR results indicated that PTE treatment 

682 dose-dependently and significantly suppressed the mRNA expression of key 

683 melanogenesis-related genes, including MC1R, KIT, MITF, TYR, TYRP1, and 

684 TYRP2 (Figure 8a, b). Notably, inhibition of MITF, which is the master 

685 transcriptional regulator of melanogenesis, was most substantial, with mRNA 

686 levels reduced by approximately 80% following treatment with 1 mg/mL PTE (p 

687 < 0.001). These results imply that PTE exerts its anti-melanogenic effect 

688 primarily through an MITF-dependent mechanism: by downregulating MITF, 

689 PTE subsequently represses the expression of its downstream targets, 

690 including TYR, TYRP1 and TYRP2. This observation aligns closely with our 

691 proteomic data, which revealed reduced expression of key enzymes such as 

692 TYR and DCT/TYRP2.

693 To elucidate the upstream signaling mechanism by which PTE modulates 

694 MITF expression, we conducted WB analyses. UVB radiation activated both 

695 cAMP/PKA and MAPK signaling to promote melanogenesis, while PTE 

696 significantly reduced intracellular cAMP levels and PKA activity (p < 0.001; 

697 Figure 8c). WB results further indicated that PTE markedly suppressed the 

698 phosphorylation of CREB and key MAPK members, including p38, ERK, and 

699 JNK (p < 0.001; Figure 8d,e). These findings suggest that PTE disrupts MITF 

700 regulation through dual inhibition of the cAMP-PKA-CREB and MAPK 

701 (p38/ERK/JNK) axes, thereby attenuating both the transcriptional activation 

702 and post-translational modification of MITF.

703 In summary, complementary qPCR and WB analyses strongly support the 
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704 conclusions derived from dual-omics integration. These results collectively 

705 demonstrate that PTE inhibits UVB-induced melanogenesis via concurrent 

706 suppression of the cAMP/PKA-CREB and MAPK signaling pathways, leading to 

707 reduced MITF transcriptional activity and downregulation of downstream 

708 melanogenic genes.

709

710 Figure 8 Effect of PTE on the expression levels of melanogenic enzymes (a)MC1R, KIT, 

711 MITF; (b) TYR, TYRP1, TYRP2 in B16F10 cells. (c) Intracellular cAMP levels and PKA 

712 activity measured using ELISA. (d) Representative WB images of p-CREB, CREB, p-p38, 

713 P38, p-JNK, JNK, p-ERK, and ERK. (e) Quantitative analysis of phosphorylated and total 

714 protein levels from (d). *p < 0.05, **p < 0.01, ***p < 0.01 compared to the UVB-treated 

715 group.

716 4. Discussion

717 This study provides comprehensive evidence that PTE effectively mitigates 

718 UVB-induced melanogenesis through a multi-target mechanism. This action 

719 primarily involves the dual suppression of the cAMP/PKA/CREB and MAPK 

720 signaling pathways, culminating in the downregulation of MITF and its 
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721 downstream melanogenic enzymes. Furthermore, PTE demonstrates significant 

722 anti-inflammatory and collagen-stabilizing activities, highlighting its potential 

723 as a multi-functional natural agent for managing hyperpigmentation while 

724 supporting overall skin barrier integrity.

725 The anti-melanogenic effect of PTE operates through a coordinated 

726 intervention at multiple biological levels. Initially, PTE alleviates the 

727 UVB-induced inflammatory response in keratinocytes. This anti-inflammatory 

728 action is supported by its capacity to attenuate upstream oxidative stress, as 

729 directly evidenced by the dose-dependent reduction in intracellular ROS 

730 generation—a finding consistent with network pharmacology predictions 

731 implicating key antioxidant regulators such as NFE2L2 and SOD1. The 

732 mitigation of inflammatory and oxidative stress subsequently leads to a 

733 decreased secretion of critical paracrine melanogenic factors (including α-MSH, 

734 bFGF, and ET-1) from keratinocytes, thereby reducing the activation stimulus 

735 for neighboring melanocytes. Subsequently, within melanocytes, our integrated 

736 transcriptomic and proteomic analyses convergently identified the 

737 cAMP/PKA/CREB and MAPK pathways as central hubs targeted by PTE. This 

738 systems-level insight was functionally validated: PTE significantly reduced 

739 intracellular cAMP levels and PKA activity, while also inhibiting the 

740 phosphorylation of CREB and key MAPK members (p38, ERK, and JNK). The 

741 resultant downregulation of both MITF mRNA and protein expression, followed 

742 by the suppression of TYR, TYRP1, and TYRP2, delineates a coherent causal 

743 chain from signal transduction inhibition to the final phenotypic output of 

744 reduced melanin synthesis. This multi-target approach is particularly 

745 advantageous, as it likely prevents compensatory activation within the highly 
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746 interconnected melanogenic network, potentially offering more robust efficacy 

747 compared to single-target agents.

748 Beyond direct melanogenesis inhibition, PTE’s anti-inflammatory and 

749 collagen-stabilizing properties contribute synergistically to its overall 

750 skin-lightening potential. By suppressing UVB-induced inflammatory cytokines 

751 (such as IL-1α, IL-6, PGE2, and TNF-α) in keratinocytes, PTE addresses a 

752 primary trigger of post-inflammatory PIH. Moreover, its ability to counteract 

753 UV-induced degradation of collagens IV, VII, and XVII suggests a protective 

754 role in maintaining basement membrane integrity. A stable dermal-epidermal 

755 junction is crucial for normal pigmentary homeostasis, preventing the 

756 downward migration of melanocytes and the subsequent formation of 

757 persistent pigmentation. Therefore, PTE not only directly inhibits melanin 

758 production but also addresses fundamental inflammatory and structural 

759 vulnerabilities implicated in pigmentary disorders.

760 Conclusion

761 In conclusion, this study elucidates the multi-target anti-melanogenic 

762 mechanism of PTE through an integrated approach combining network 

763 pharmacology, transcriptomics, proteomics, and in vitro assays. PTE alleviates 

764 UVB-induced oxidative stress by reducing ROS generation, which underlies its 

765 anti-inflammatory effect and the subsequent reduction in pro-melanogenic 

766 paracrine factor secretion from keratinocytes. Within melanocytes, PTE 

767 concurrently suppresses the cAMP/PKA/CREB and MAPK signaling pathways, 

768 downregulating MITF and its downstream enzymes (TYR, TYRP1, TYRP2). 

769 Additionally, PTE mitigates UV-induced collagen degradation, thereby 

770 supporting dermal-epidermal junction integrity.
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771 These findings indicate that PTE possesses not only direct 

772 melanogenesis-inhibitory activity but also anti-inflammatory, antioxidant, and 

773 photo-damage repair functions. This multifaceted and coordinated mechanism, 

774 revealed for the first time through an integrated systems-level approach, 

775 positions PTE as a promising natural candidate for managing 

776 hyperpigmentation disorders. By employing a systems-level strategy 

777 integrating pharmacology and multi-omics, this work provides a deeper 

778 understanding of the complex polypharmacological network of botanical 

779 extracts. It contributes to the development of natural, multi-target alternatives 

780 in skincare, aligning with the growing trend towards clean beauty and 

781 sustainable cosmetic formulations. Future research should focus on the 

782 isolation and identification of PTE’s key active constituents, in vivo validation 

783 of its efficacy and safety, and the development of effective topical delivery 

784 systems to translate these mechanistic insights into practical applications.
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