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25 ABSTRACT

26 Background: Infertility affects 15% of couples worldwide and is often associated with

27 oxidative stress and inflammation. Sea cucumbers, traditionally used in medicine, may offer a

28 promising new approach to infertility treatment due to their beneficial properties, although the

29 underlying mechanisms remain not fully understood.

30 Purpose: This study aimed to elucidate the molecular mechanisms underlying the anti-

31 infertility effects of sea cucumber using a network pharmacology approach, with a focus on

32 interactions with key hormone receptors and signaling pathways and in vivo study.
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33 Study Design: This experimental study employed in silico and in vitro methods to evaluate

34 the potential of Stichopus herrmanni extracts in the treatment of infertility.

35 Methods: Bioactive compounds from sea cucumber extracts were identified via LC-MS. The

36 potential for infertility treatment was assessed using the WAY2DRUG PASS server, while

37 ADMET analysis determined drug-likeness. Protein targets were predicted using the SEA

38 Search Server and Swiss Target Prediction, and cross-referenced with the DisGeNET and

39 Open Targets databases. Network topology analysis was conducted using STRING and

40 Cytoscape. Docking analysis and molecular dynamics simulations were performed to

41 investigate interactions with estrogen receptor alpha (ESR1) and androgen receptor (AR). In

42 vivo tests involved administering 300 mg/kg of sea cucumber extract to male rats with regular

43 or high-fat diets for eight weeks.

44 Results: Twentynine bioactive compounds exhibited anti-infertility potential. Notably,

45 andrographolide and 6-gingerol strongly bound to ESR1 and AR, with stable interactions

46 confirmed by molecular dynamics. In vivo, the extract reduced oxidative stress by increased

47 GSH, inflammation by decreased NfkB and weight gain in high-fat diet rats.

48 Conclusion: This study supports the anti-infertility potential of bioactive compounds derived

49 from sea cucumber, highlighting their promising therapeutic effect on infertility through

50 antioxidant, anti-inflammatory mechanism. Specifically, Andrographolide and 6-gingerol

51 show promise as natural modulators of estrogen signaling. offering potential for improved

52 reproductive health outcomes .
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97 Introduction

98 Infertility is a global reproductive health issue affecting approximately 15% of couples during

99 their reproductive years, with rates varying by region (Wang et al., 2024). In developing

100 countries, infertility rates can reach up to 30% in certain populations, while developed

101 countries typically see rates between 8% and 12% (Brannigan et al., 2023). The primary causes

102 of infertility include ovulation disorders (35%), fallopian tube problems (30%), male factors

103 (30%), and unexplained causes (5%) (Carson et al., 2021). Female infertility involves several

104 complex mechanisms. Polycystic ovary syndrome (PCOS), for instance, disrupts normal

105 ovulation by causing increased androgen production and insulin resistance (Ding et al., 2021).

106 Other common causes include damaged fallopian tubes from infections or endometriosis,

107 which prevent sperm from reaching the egg, and structural problems in the uterus that make it

108 difficult for embryos to implant successfully (Bonavina et al., 2021). Treatment for female

109 infertility primarily involves regulating hormones through medications that stimulate ovulation

110 and prepare the uterus for pregnancy. A crucial medication in this process is estradiol, which

111 helps women with low estrogen levels by promoting the growth and development of the uterine

112 lining.(Xiao et al., 2023)

113 Marine environments contain a wealth of natural compounds that offer safe, cost-effective,

114 and readily available treatment options with minimal side effects (Ujianti et al., 2023)(Ujianti

115 et al., 2024). Sea cucumbers are among these valuable marine resources, having been used in

116 traditional medicine for centuries. Modern research now provides scientific evidence

117 supporting their therapeutic benefits, particularly in treating infertility. Recent studies have

118 demonstrated the significant potential of sea cucumbers as anti-infertility agents. Sea cucumber

119 extract possesses antioxidant and anti-inflammatory properties, specifically noting their

120 positive impact on reproductive health and fertility management (Hossain et al., 2022).



121 A comprehensive review detailed the nutritional composition and health benefits of sea

122 cucumbers, including specific effects on female fertility (Hoang et al., 2022). A study by Luo

123 et al,. demonstrated the beneficial effects of sea cucumber peptide on sex hormone regulation

124 in both normal and Premature Ovarian Failure female mice (Luo et al., 2023). Additional

125 laboratory research examined the cytoprotective effects of sea cucumber extracts on

126 cryopreserved bovine sperm (Kowalczyk et al., 2022). Supporting these findings, Li and Zhang

127 (2020) demonstrated that sea cucumber saponin extract exhibits dual effects on mouse oocyte

128 maturation through reduced oxidative stress and TNF-α expression (Moghadam et al., 2022).

129 A comperhensive review indicate that sea cucumbers show significant potential as anti-

130 infertility agents through their antioxidant properties and positive effects on reproductive

131 health in both men and women.

132 While sea cucumber extract shows promise in treating infertility, significant knowledge gaps

133 remain regarding its specific molecular mechanisms, particularly in terms of hormonal

134 regulation. Further research is required to clarify how these extracts influence reproductive

135 hormone secretion, identify the cellular signalling pathways involved, and understand their

136 interactions with hormone receptors. This study employs pharmacological network analysis to

137 elucidate the synergistic effects and underlying mechanisms of various compounds, facilitating

138 the evaluation of their multilevel interactions (Ujianti et al., 2023). It is hoped that identifying

139 specific bioactive compounds from sea cucumbers involved in fertility mechanisms will enable

140 the determination of therapeutic targets and signalling pathways most relevant to understanding

141 the potential mechanism of sea cucumbers as an anti-infertility agent in this context.

142

143 MATERIALS AND METHODS

144 Datamining and Activity Prediction of Bioactive Compounds



145 The bioactive compounds used in this research were derived from LCMS results of sea

146 cucumber, as a marine organism. Subsequently, the PubChem database was used to obtain

147 SMILES for each bioactive compound identified in the sample extract. The WAY2DRUG PASS

148 prediction toolwas employed to assess the potential of these compounds as infertility

149 treatments, based on their Pa Value (Probability to Be Active). The Pa value is used in the data

150 mining process as it represents the likelihood of a compound's activity.

151 ADMET Analysis

152 Sea cucumber compounds that passed activity screening based on QSAR analysis were

153 subsequently analyzed for their pharmacokinetic characteristics. Drug-likeness was assessed

154 for each ligand based on Lipinski's Rule of Five (Dong et al., 2018; Xiong et al., 2021), using the

155 ADMETLab 2.0 database. The input for both databases consisted of the SMILES notation for

156 each ligand.

157 Protein Target and Gene-Disease Associations Prediction

158 Protein targets were analyzed using the SEA Search Server and the Swiss Target Prediction

159 tool. (Keiser et al., 2007) (Daina et al., 2017) The SEA Search Server identified protein-ligand

160 interactions, while Swiss Target Prediction provided probabilistic associations of bioactive

161 compounds with protein targets. Infertility-related proteins and genes were obtained from the

162 DisGeNET database and supplemented with data from Open Targets. (Pinero et al., 2020;

163 Ochoa et al., 2021) Data from these sources were cross-referenced to identify proteins linked

164 directly to infertility. This integrative approach aimed to highlight potential protein targets for

165 use in subsequent therapeutic studies.

166 Graph Topological Network and Functional Annotation Analysis

167 The compiled target protein lists from both databases were then input into the multiple protein

168 menu of the STRING database. (Szklarczyk et al., 2023). Additional settings included selecting the

169 organism type as Homo sapiens, setting the meaning of network edges and adjusting the

https://pubchem.ncbi.nlm.nih.gov/
https://www.way2drug.com/PassOnline/predict.php
http://www.swisstargetprediction.ch/predict.php
https://sea16.docking.org/search
file:///Users/irenaujianti/Library/Mobile%20Documents/com~apple~CloudDocs/Jurnal_review/IVF/Phytomedicine%20plus/revisi%201/Daina
https://www.opentargets.org/
https://disgenet.com/
https://string-db.org/


170 minimum required interaction score to 0.400 (medium confidence). After updating the network

171 based on these settings, the visualization results were downloaded in TSV (tab-separated

172 values) format from the table/export menu. The downloaded file was then imported into

173 Cytoscape v.3.9.0 software for subsequent network analysis through the tools menu. The

174 Database for Annotation, Visualization, and Integrated Discovery (DAVID) was used to determine the

175 function of genes identified in the clustering results. (Sherman et al., 2022)

176 Docking Analysis

177 The 3D structures of target proteins ESR1 (PDB ID: 3UUD) and AR (PDB ID: 2AM9) were

178 obtained from the PDB database, while the 3D structures of the active compounds and native

179 ligand controls, namely estradiol (CID: 5757) and testosterone (CID: 6013), were retrieved

180 from the PubChem database .The proteins were then prepared by removing water molecules

181 and ligands using Discovery Studio 2021 software, and energy minimization was performed

182 on the ligands using PyRx v.1.1 software. Docking was carried out using AutoDock Vina

183 integrated into PyRx v.1.1. The docking procedure employed a targeted docking method with

184 a specific gridbox. The gridbox size was adjusted according to the position of amino acid

185 residues based on the control ligand from the PDB and prediction results using PrankWeb

186 (Jakubec et al., 2022). The docking results were presented in terms of binding affinity, followed

187 by RMSD calculations using DockRMSD.(Bell & Zhang, 2019). Finally, the interactions between the

188 compounds and proteins from the docking results were visualized using BioVia Discovery

189 Studio 2021 software.

190 Molecular Dynamics

191 This study examined four molecular systems: the estrogen receptor alpha (ESR1/ERα) alone

192 and in complex with three different ligands—estradiol (ESR1_ETD), 6-gingerol (ESR1_6GR),

193 and andrographolide (ESR1_ADP). Simulations were run in YASARA Dynamic with

194 temperature set to 310K and pH to 7.4. The md_run macro set the simulation time to 20 ns

https://davidbioinformatics.nih.gov/
https://prankweb.cz/
https://zhanggroup.org/DockRMSD/


195 using the AMBER14 forcefield, with snapshots saved every 25 ps. Analysis of potential

196 energy, SASA, hydrogen bonds, RMSD, and radius of gyration was done with macro

197 md_analyze. RMSF was analyzed with md_analyzeres and MMPBSA with

198 md_analyzebindenergy. The simulation parameters were set to physiological conditions, with

199 a temperature of 310K and a pH of 7.4.

200 Based on the optimal stability and binding results observed at 10 ns, molecular dynamics

201 simulations for the specified sample and control were extended to 100 ns to further evaluate

202 long-term behavior and binding stability. Simulations were conducted on a DELL Optiplex

203 7000 Tower with an i9-12900K CPU, 64GB RAM, and an Nvidia RTX 3070. The ESR1

204 structure was refined using Modeller10.4 via Chimera1.19. Protein and ligand preparation was

205 performed with GROMACS 2024.5, using pdb2gmx and the charmm36-jul2021 force field

206 for protein topology. (Abraham., et al., 2015) Ligand topology was generated with Avogadro,

207 charmm36-jul2022, and CGenFF. The protein and ligand topologies were then combined,

208 followed by solvation, addition of ions to achieve a 0.15 M concentration, equilibration,

209 minimization, and a 100 ns molecular dynamics run at 310.15 K.

210

211 In vivo Method

212 Stichopus hermanii extraction

213 Stichopus hermanii was identified from a specimen collected during a daytime dive in

214 Lambata, East Nusa Tenggara, Indonesia, in June 2023. The sea cucumber species used in this

215 study was confirmed as Stichopus herrmanni by a certified taxonomist, with reference number

216 B.09.037/MSG-PD/VII/2023. The specimen was obtained from a shallow coastal habitat. To

217 produce the sea cucumber extract, the body wall was removed and cut into small pieces

218 approximately 1 cm in size before drying. The dried material was then mixed with ethanol in

219 a 1:5 ratio to break down cellular proteins and extract secondary metabolites. The mixture was



220 concentrated using a rotary evaporator set at 40°C. The final extract was prepared for use, at

221 a dosage of 300 mg per kilogram of body weight.

222 Animal Model

223 Ten-week-old healthy male Sprague Dawley rats were obtained from Institut Pertanian Bogor

224 (IPB). The animals underwent a one-week acclimatization period in the Central Animal Lab at

225 the Department of Chemistry, University of Indonesia, where environmental conditions were

226 maintained at 24°C with 50% humidity. After acclimatization, the rats were randomly divided

227 into five experimental groups of 3 rats each: control diet group with normal diet, high-fat diet

228 group, high-fat diet plus extract group. The rats were housed individually throughout the study

229 period, with environmental conditions maintained between 18-26°C and 50% humidity. They

230 were fed twice daily and had free access to water, which was replaced every two days. The

231 researchers monitored each rat's weight and size measurements monthly. Aorta homogenats

232 tests measuring GSH and NF-κB levels were performed at the study's conclusion. The research

233 protocol was approved by the ethics committee of Universitas Muhammadiyah

234 Prof.Dr.HAMKA under ethical number KEPKK/FK/058/05/2024.

235 Laboratory rat feed was sourced from Biorat Laboratory Animal Co., Ltd., including both

236 standard and specialized high-fat, high-salt diets. The standard feed contained 10% fat, 22%

237 protein, 68% carbohydrates, and 0.5% salt. The specialized high-fat diet had substantially

238 higher levels of fat and salt, containing 49% fat, 21% protein, 30% carbohydrates, and 2% salt.

239 Rats in HFD and HFD-extract groups were fed the high-fat diet and for HFD extract group

240 received daily extract supplements of 300 mg per kilogram of body weight via gastric

241 administration.

242 Measurement of GSH and NF-κB

243 Each rat’s body weight, body size, and abdominal circumference were measured before and

244 after treatment. Abdominal circumference (AC) was assessed on the largest zone of the rat



245 abdomen using a plastic non-extensible measuring tape, and body size was defined as the

246 length from nose to ani. Lee’s obesity index was calculated using the formula: Lee’s index =

247 cube root of body weight (g)/body size (cm). After the rats were sacrificed, aorta tissues were

248 sampled for homogenate tissue. The homogenized aorta samples were analyzed using ELISA

249 kit, according to the manufacturer’s protocols for the determination of NF-κB and GSH

250 (MyBiosource, San Diego, USA). The aorta inflammation levels were normalized on the basis

251 of the individual protein concentration.

252 Statistical analysis.

253 Statistical results are presented as means ± standard deviations, with experimental groups

254 containing 5 animals each. The specific number of animals used in each experiment is indicated

255 in the corresponding figure legends. We performed a one-way ANOVA to assess differences

256 between groups, followed by Tukey's post-hoc test for multiple comparisons. Results were

257 considered statistically significant when P<0.05. All statistical analyses were conducted using

258 SPSS version 20.0 software.

259 RESULTS AND DISCUSSION

260 The bioactive compounds used in this research were derived from LCMS results of the sea

261 cucumber. Based on a search using PubChem, only 29 out of 33 identified compounds were

262 found to be archived in the database (Table 1). Meanwhile, we drew the Olibanumols I

263 compound ourselves using ChemSketch software, based on the 2D reference from Yoshikawa

264 et al. (2009).

265 Table 1. Data Mining Structure and SMILES in LCMS
266
267 The Probability to Be Active (Pa) score measures a compound's likelihood of producing

268 therapeutic effects. This assessment compares the structural features of sea cucumber

269 compounds to those of known effective treatments using the Way2Drug PASS Server platform.



270 A Pa score above 0.3, represented by colours ranging from white to red, indicates a high

271 potential for treating infertility and menopausal symptoms, as the compound's molecular

272 structure closely resembles successful treatments in the reference database. The top ten most

273 promising sea cucumber compounds, based on their average Pa scores, are highlighted in green

274 in Figure 1.

275 Figure 1. Results of bioactivity potential analysis of sea cucumber compounds for anti-
276 infertility and menopause treatmen
277
278 The analysis results showed that 9 out of the 10 most promising test compounds have good

279 drug-likeness characteristics (Table 2). Platycodigenin is the only compound that does not

280 meet Lipinski's Rule of Five for drug-likeness.

281 Table 2. Analysis results of drug-likeness and ADMET of potential compounds using AdmetLab2.0

282 Through cross-database analysis, as illustrated in Figure 2, we identified 12 proteins that

283 function as potential targets for sea cucumber bioactive compounds and are linked to anti-

284 infertility effects. Three of these proteins—CYP19A1, AR, and CYP17A1—were consistently

285 identified across all four databases used in the study. Further analysis revealed an additional

286 60 proteins specific to sea cucumber compound targeting when comparing results from the

287 SEATarget and SwissTarget databases.

288 Figure 2. Cross-target between target proteins from sea cucumber and proteins associated with
289 anti-infertility in the database

290 Network topology analysis was conducted using Cytoscape software to examine the

291 connections between target proteins and their interactions (PPI). The analysis focused on

292 several key parameters: Stress, Degree, Betweenness Centrality, and Closeness Centrality.

293 Degree centrality measures the number of connections between individual nodes, with higher

294 values indicating proteins that interact extensively with others and may function as key

295 regulators. Betweenness centrality evaluates the shortest path lengths used by nodes across the

296 network, highlighting their functional importance. Closeness centrality measures how easily a



297 node can reach others in the network, with higher values suggesting proteins that are readily

298 accessible and potentially important regulatory hubs. In addition to these network parameters,

299 we identified essential proteins using MCODE clustering analysis. The Molecular Complex

300 Detection (MCODE) method is a clustering system that identifies densely interconnected

301 regions within large protein interaction networks to detect molecular complexes. This approach

302 is particularly effective for protein networks, as it allows for targeted cluster analysis

303 independent of other networks and facilitates the study of cluster interconnections (Bader &

304 Hogue, 2003). Our clustering analysis revealed 18 proteins forming a distinct circular cluster,

305 separate from a second major cluster containing overlapping proteins from SEATarget and

306 SwissTarget showed in Figure 3. These 18 proteins were selected for further investigation.

307 Figure 3. Results of topological network graph analysis and MCODE clustering. Node colors
308 approaching blue and green indicate higher dominance and increasingly important protein
309 roles based on betweenness centrality values.

310 Gene annotation of the 18 most potential protein/gene targets was analysed to identify their

311 functions and roles in pathways related to infertility (Figure 4). In addition to their relationship

312 with infertility, the selected function and pathway annotations have a False Discovery Rate

313 (FDR) value < 0.05. This FDR value indicates that 5% of significant tests may yield false-

314 positive results. FDR is a statistical concept that measures the ratio of false positives to the

315 total number of positive test results (Benjamini & Hochberg, 1995). Sea cucumber extract

316 demonstrates potential in preventing infertility in women by modulating key hormone

317 pathways and mitigating oxidative stress. Bioactive compounds such as androponolide,

318 sarcostin, and 6-gingerol exhibit high binding affinities to estrogen receptors (ESR1, ESR2)

319 and androgen receptors (AR), supporting hormone regulation and signaling essential for

320 reproductive health. Additionally, these compounds show strong antioxidative properties that

321 protect mitochondrial function by reducing reactive oxygen species (ROS), thereby preserving



322 oocyte quality. This dual mechanism highlights the therapeutic potential of sea cucumber

323 extract in enhancing female fertility through hormonal balance and cellular protection.

324 Figure 4. GO Annotations analyzing the potential roles of sea cucumber target proteins in BP,
325 MF and KEGG pathways related to anti-infertility treatment

326 Furthermore, based on the dominance of roles from each Biological Process (BP), Molecular

327 Function (MF), and infertility pathways, seven of the most potential proteins/genes have been

328 identified as target markers, namely ESR1, ESR2, AR, MAPK3, CYP17A1, CYP19A1, and

329 NR1I2 (PRX) (Figure 5). Proteins ESR1, ESR2, AR, MAPK3, and NR1I2 need to be activated

330 in anti-infertility and menopause treatments. (Chen et al., 2015) (Ahmed et al., 2022) (Hu et

331 al., 2004) (Fan et al., 2009; Siddappa et al., 2015) (Wang et al., 2014) Meanwhile,

332 polymorphisms in CYP17A1 and CYP19A1 are associated with polycystic ovary syndrome

333 (PCOS) and infertility. (Heidarzadehpilehrood et al., 2022) Subsequently, each of the most

334 potential target proteins as markers was mapped for their Compound-Protein Interactions (CPI)

335 (Figure 6).

336 Figure 5. Most potential proteins based on identification of potential roles

337 Figure 6. The interactions formed between the target protein

338 The computational docking study revealed that, among the ten most effective compounds

339 identified through network pharmacology, four emerged as top performers: Andropanolide, 6-

340 Gingerol, 24-Methylcholesta-7,22-dien-3β-ol, and Sarcostin. While these compounds required

341 higher binding energies compared to the natural PDB ligands (shown in green) for both

342 ESR1/ER Alpha and AR proteins, three compounds demonstrated particularly promising

343 results. Andropanolide exhibited strong binding potential with both ESR1 and AR, while 6-

344 Gingerol showed high affinity for ESR1, and Sarcostin displayed favourable binding with AR.

345 Notably, these compounds achieved binding energies at or below the significant -7 kcal/mol

346 threshold, suggesting their ability to form efficient, rapid, and stable bonds.



347 Interactions were formed between the target protein and each of the top 2 ligands as well as the

348 native ligand. Based on the types of bonds produced, hydrophobic bonds and van der Waals

349 bonds were the most dominant. Residues in bold font are amino acid residues from the PDB

350 control ligand that are maintained in samples with the same bond type. Meanwhile, residues in

351 italic font are those maintained in samples but with altered bond types and distances. Based on

352 the analysis of active sites, amino acid residues, high affinity, and low binding energy are

353 supported by the ability to maintain key amino acids, ensuring activity similar to that of the

354 native ligand control. Figure 7 and 8 shows the 3D visualisation results of the target protein

355 complex with the sample and control ligands.

356 Figure 7. Docking results visualization, a) ESR1/ER Alpha-estradiol protein (pdb control), b)
357 ESR1/ER Alpha-andrographolide protein, and c) ESR1/ER Alpha-6 gingerol protein. The left
358 side shows 3D visualization, the right side shows the types of bonds formed between ligand-
359 protein.
360 Figure 8. Docking results visualization, a) AR-testosterone protein (pdb control), b) AR-
361 andropanolide protein, and c) AR-sarcostin protein. The left side shows 3D visualization, the
362 right side shows the types of bonds formed between ligand-protein.

363 Research supports the finding that the compound 24-Methylcholesta-7,22-dien-3β-ol, a natural

364 sterol, interacts with estrogen receptors through its steroid structure. This compound

365 demonstrates moderate affinity for estrogen receptors and acts as a weak partial agonist.

366 Sarcostin shows a similar interaction pattern but with its own unique characteristics, interacting

367 with estrogen receptors via a more selective mechanism and affecting estrogen signalling

368 pathways more specifically. Recent research has shown that steroid hormone regulation

369 through ESR1/ESR2 and AR is crucial for follicle maturation and spermatogenesis. (Rodriguez

370 et al., 2024) Kim et al., found that CYP17A1 and CYP19A1 play important roles in fertility

371 therapy by regulating steroid hormone balance, affecting oocyte quality, and supporting

372 embryo implantation. (Kim et al., 2024)

373 The simulation study examined four samples: ESR1 (Estrogen receptor alpha/ERα) as a single

374 target, and three complexes – ESR1_ETD (ESR1/Estradiol), ESR1_6GR (ESR1/6-Gingerol),



375 and ESR1_ADP (ESR1/Andropanolide). The potential energy analysis of single and complex

376 structures revealed significant changes during the simulation. All four samples showed a

377 marked increase in average potential energy from 0 ns to 0.025 ns (Figure 9), indicating initial

378 energy stabilization processes. Fluctuations continued even after reaching the equilibrium

379 phase, with increases suggesting strengthened molecular bonds and decreases indicating

380 molecular bond relaxation. The different equilibrium values between single ESR1 and its

381 complexes with ligands demonstrated that ligand docking affects potential energy, which is

382 one consequence of ER alpha protein activation.

383 The MMPBSA calculation combined gas-phase energy, free solvation energy, and solute

384 entropy configuration contributions. MMPBSA analysis of the three complexes showed similar

385 average free energy values against the implicit solvent during the 10 ns simulation, ranging

386 from -2.0938 to -3.5758 kJ/mol. The control sample ESR1_ETD exhibited the highest

387 MMPBSA value among all compounds (Figure 10), while ESR1_6GR showed a higher value

388 compared to ESR1_ADP.. This supports the potential of active compounds such as 6-Gingerol

389 (6GR) to regulate hormone pathways through the estrogen receptor ESR1, enhance

390 mitochondrial stability, and reduce oxidative stress. Therefore, it can be concluded that these

391 active compounds have the potential to improve oocyte quality and support infertility therapy

392 through hormonal regulation and cellular protection mechanisms.

393 Figure 9. Potential energy of single and complex proteins. Potential energy of single and ESR1
394 complex proteins shows the change in potential energy (kJ/mol) over simulation time in two
395 graphs: the upper graph illustrates a larger potential energy scale to compare the complexes,
396 while the lower graph zooms in to observe the potential energy fluctuations between single
397 ESR1 (Blue), ESR1_ETD (Orange), ESR1_6GR (Green), and ESR1_ADP (Yellow).

398 Figure 10. Binding free energy (MMPBSA) profiles of ESR1 complexes (ESR1_ETD,
399 ESR1_6GR, ESR1_ADP) during a 10 ns simulation. Lower MMPBSA values (more negative)
400 indicate stronger binding stability. ESR1_ETD shows the highest stability, followed by
401 ESR1_6GR and ESR1_ADP.

402



403 YASARA analysis revealed three distinct types of hydrogen bond measurements: solute

404 hydrogen bonds (Figure 11a), solute-solvent hydrogen bonds (Figure 11b), and ligand binding

405 energy (Figure 12). The results showed that when the test compounds 6GR and ADP formed

406 complexes with ESR1, they exhibited fewer solute hydrogen bonds compared to ESR1 alone.

407 In contrast, the control complex ESR1_ETD demonstrated higher solute hydrogen bond

408 formation than the other tested samples. Within cell buffer environments, this pattern reversed,

409 with the ESR1_ADP complex showing the highest values. A reciprocal relationship exists

410 between solute hydrogen bonds and solute-solvent hydrogen bonds over time. For all three

411 complexes, the average hydrogen bond energy measurements ranged from 6 to 25 kJ/mol.

412 Samples with higher solute-solvent hydrogen bond counts tend to display increased hydrophilic

413 properties, and greater protein-solvent interactions correlate with enhanced solvent

414 accessibility. The binding energy assessment revealed that the ESR1_ADP complex

415 established the strongest ligand-protein interaction, forming five hydrogen bonds, while

416 ESR1_6GR formed four bonds—one more than the ESR1_ETD control complex. A higher

417 number of hydrogen bonds between ligand and protein typically enhances affinity and reduces

418 binding energy (Trott & Olson, 2010).

419 Figure 11(a): Stability of the Protein-Ligand Complex. The number of internal hydrogen
420 bonds within the ESR1 protein complex and its ligands ETD, 6GR, ADP, indicating the
421 stability of interactions in the binding pocket. (b): Role of the Solvent. The number of
422 hydrogen bonds between the ESR1-ligand complex and the solvent, illustrating the ligand's
423 adaptation to the aqueous environment for its biological function.
424 Figure 12. Analysis of Hydrogen Bond Energy Between the Protein Complex and Its Ligand during a
425 10 ns simulation. The plot shows the energy contribution of specific hydrogen bonds (HB1E, HB2E,
426 HB3E, HB4E, HB5E) for each complex. Higher energy values indicate stronger hydrogen bonding
427 interactions, which contribute to the overall stability of the protein-ligand complexes.
428 SASA (Solvent Accessible Surface Area) represents the surface area of a protein that is

429 exposed and available for interaction with surrounding solvent molecules. This measurement

430 provides valuable insights into conformational changes, protein-ligand interactions, and

431 protein-protein interactions. SASA is a key factor in understanding protein stability and



432 folding/unfolding processes, and it is determined by measuring the area accessible to a

433 hypothetical solvent sphere in van der Waals contact with the molecular surface (Pal et al.,

434 2022). Higher SASA values typically indicate that a protein structure has expanded. When

435 analysing activator compounds, expected to observe low SASA value fluctuations during

436 simulation, as this suggests that the complex remains stable without significant conformational

437 changes. (Bagewadi et al., 2023) Our analysis revealed that, among all tested complexes, only

438 ESR1_6GR showed an average SASA value lower than control ESR1_ETD. Furthermore,

439 ESR1_ADP displayed the highest average SASA value, which aligned with its hydrogen

440 bonding patterns, as illustrated in Figure 13.

441 Figure 13. Solvent Accessible Surface Area (SASA) Measurements for Control Molecules Complexes
442 and Biocompound Molecular Complexes.

443 In Figure 14, all four samples show an increasing RMSD trend with fluctuations. ESR1_ADP

444 is the only sample that peaks above 3 Å, though its average remains below 2.5 Å. These results

445 align with the H-bond and SASA analyses, indicating minimal structural changes in both the

446 test compounds and the control.

447 Figure 15 shows that C-alpha and Backbone RMSD data indicate all complexes have higher

448 average values than single ESR1. In the 10 ns ligand movement analysis (Figure 9a), only the

449 ETD control ligand maintains an RMSD below 2 Å, while configuration analysis (Figure 9b)

450 shows that only 6GR averages above 2 Å. This suggests that sea cucumber compounds have

451 lower binding stability compared to the ETD control, with both test compounds showing

452 significant position shifts while seeking better binding positions. However, ADP exhibits

453 better configuration stability compared to 6GR.

454 Figure 14. Total RMSD Values for Individual Molecules and Complexes.
455 Figure 15. Analysis of Protein-Ligand Dynamics: (a) RMSD Cα ; (b) RMSD Backbone; (c) Ligand
456 Movement (d) Ligand Configuration.

457 The analysis showed that the control ligand ETD did not alter the original RG pattern of the

458 ESR1 protein. In contrast, sea cucumber compounds caused notable changes in the ESR1 RG



459 pattern, showing a gradual decrease that indicates the protein adopted a more compact, folded

460 structure. The ESR1_ADP simulation displayed an initial peak, suggesting the protein briefly

461 existed in an unfolded state at the start of the process. These findings are visually confirmed

462 through structural comparisons before and after the simulation, as shown in Figure 16.

463 The superimposition analysis of the four samples before and after simulation provides detailed

464 insights into how ligand binding affects ESR1 protein conformational stability, as shown in

465 Figure 17. The visualisation clearly demonstrates configuration changes for each ligand. These

466 superimposition results align with the H-bond, SASA, and RMSD analyses, confirming that

467 both the control ligand and test compounds maintain the overall ER alpha protein

468 conformation. Notably, the test compounds' ligands exhibit significant changes in their binding

469 positions and structural configurations.

470 Figure 16. Comparative Analysis of RG Patterns: Single ESR1 Protein versus Complexes (a)
471 ESR1_ETD, (b) ESR1_6GR , and (c) ESR1_ADP
472
473 Figure 17. Superimposition of ESR1 protein structures before and after molecular dynamics simulation.
474 The initial conformations (green/orange) and final conformations (purple/pink) are shown for (a) ESR1
475 wild type, (b) ESR1 complexed with etoposide (ESR1_ETD), (c) ESR1 complexed with 6-gingerol
476 (ESR1_6GR), and (d) ESR1 complexed with andrographolide (ESR1_ADP)
477
478 Root Mean Square Fluctuation (RMSF) analysis helps evaluate structural changes by

479 measuring how individual amino acid residues and ligand nucleotides move within a protein.

480 In our study of the ESR1 protein structure, RMSF measurements showed that some residues

481 moved by more than 3 Å, both in the isolated protein and when bound to ligands, as illustrated

482 in Figure 18. Importantly, no residues showed movements exceeding 5 Å, suggesting that

483 while the bonds experienced relaxation, they remained stable and did not break.

484 Figure 18. Root mean square fluctuation (RMSF) analysis of ESR1 protein residues, both
485 unbound and when bound to etoposide, 6-gingerol, and andrographolide.
486

487 The in silico analysis of Stichopus herrmanni extracts revealed that their bioactive compounds

488 have the potential to influence hormonal pathways important for fertility. Among these

489 compounds, andrographolide, 6-gingerol, and sarcostin showed the strongest interactions with



490 key hormone receptors. The ESR_6-gingerol complex demonstrated better affinity and binding

491 stability than ESR_andrographolide at 20 ns. Because of their superior stability at this time

492 point, only the ESR_6-gingerol complex and ESR_Estradiol as a control were evaluated at 100

493 ns. The extended simulation confirmed improved stability and binding, as indicated by better

494 RMSD, RMSF, SASA, and MMPBSA values.

495
496 Figure 19. Compability between ESR1_ETD (green) and ESR1_6 gingerol (red) over 100ns (a) RMSD
497 plot comparing the structural stability (b) The RMSF plot shows the flexibility of amino acid residues
498 (c) The SASA plot presents the solvent-accessible surface area
499

500 Figure 19 shows molecular dynamics simulations of the ESR1 receptor in complex with ETD

501 and 6-gingerol over 100 ns. Both ligands maintained the structural stability of ESR1, as

502 indicated by low average RMSD values: 0.15 nm for ETD and 0.19 nm for 6-gingerol. No

503 significant conformational changes were observed. The average RMSF values were also low

504 for both complexes—0.08 nm for ETD and 0.11 nm for 6-gingerol—indicating minimal

505 increases in residue flexibility and no signs of protein unfolding. Although the solvent-

506 accessible surface area (SASA) was slightly higher with 6-gingerol at 131.27 nm² compared

507 to 127.56 nm² for ETD, this small increase did not affect protein stability. The Molecular

508 Mechanics Poisson-Boltzmann Surface Area (MMPBSA) analysis showed that 6-gingerol had

509 a more favorable binding free energy (ΔTOTAL at -31.29 kJ/mol) compared to ETD (ΔTOTAL

510 at -24.81 kJ/mol), suggesting better binding affinity and greater complex stability for 6-

511 gingerol. (Valdés-Tresanco., et all., 2021) Overall, these results indicate that both ETD and 6-

512 gingerol are compatible with ESR1, preserving its structural integrity and dynamic stability

513 throughout the simulation, with 6-gingerol showing a higher affinity and potentially more

514 stable interaction than ETD. Although 6-gingerol can maintain the conformational stability of

515 ESR1, its effect is slightly lower compared to the control, ETD. This appears to be due to the

516 stronger binding affinity and stability of 6-gingerol compared to the native ligand, ETD.



517 Otherside, the modulation of estrogen and androgen signaling via ESR1, ESR2, and AR is

518 another mechanism through which these bioactive compounds restore hormonal balance and

519 improve reproductive health. In particular, the protein network pathway exhibits strong

520 antioxidative properties by the Nrf2 pathway. This will improve oocyte quality. The dual

521 therapeutic effects of these compounds not only emphasize their potential for treating infertility

522 but also suggest their promise in managing menopausal symptoms.

523

524 In Vivo Results

525 Biochemical Results

526 The data in the table shows that administering extracts can help improve the biochemical

527 effects of a high-fat diet. This includes reducing triglycerides, glucose levels, triglyceride

528 index, and weight gain. The use of extracts in the HFD group demonstrated the most effective

529 results in improving these parameters.

530 Table 4. Effect of Sea Cucumber extract in Biochemical Parameters

531 Table 4 shows a significant reduction in the body weight of rats before and after treatment. NF-

532 κB levels increased significantly with the administration of a high-fat diet (HFD), but this

533 increase was significantly reduced by the extract. The highest average GSH levels were

534 observed in the normal diet group, followed by the HFD with extract group, and the lowest in

535 the HFD without extract group.

536 The bioactive compounds from sea cucumber show great potential in treating age-related

537 infertility, as demonstrated by in vivo and in silico studies. These compounds exert antioxidant

538 effects via the NFE2L2 (Nrf2) pathway, reducing mitochondrial oxidative stress by activating

539 enzymes like superoxide dismutase (SOD), catalase, and glutathione peroxidase (GPx). They

540 protect reproductive tissues and support cellular health, with mitochondrial proteins like MT-

541 ND1 and NDUFA further enhancing redox balance.



542 Anti-inflammatory effects are mediated through the MAPK3 (ERK1) pathway, which reduces

543 pro-inflammatory mediators like NF-κB and supports tissue regeneration. The estrogen

544 signaling pathway involving ESR1, ESR2, and AR restores hormonal balance, improving

545 reproductive functions. Recent studies have shown that Erβ can suppress NF-κB activity.(Mal

546 et al., 2020) Molecular docking studies confirm the ability of these compounds to influence

547 these pathways. Thompson’s study highlighted the fertility benefits of compounds like

548 stigmasterol, which improved endometrial receptivity, 6-gingerol, which enhanced sperm

549 quality, and platycodigenin, which supported follicle development. (Thompson et al., 2023)

550 Another study by Wang, found that adding these compounds to ovarian stimulation protocols

551 increased IVF success rates by 23%. (Wang et al., 2024) By promoting ovulation,

552 folliculogenesis, and endometrial receptivity, these compounds provide a promising,

553 personalized approach to combat infertility and improve reproductive health. (Lee et al., 2022)

554 Conclusion

555 Through in silico study, key bioactive compounds such as andrographolide, 6-gingerol, and

556 sarcostin were identified as effectively interacting with hormone receptors. These compounds

557 play a critical role in hormonal regulation. Additionally, in vivo studies demonstrated their

558 antioxidant properties, which help reduce oxidative stress. The dual action of these compounds

559 show the potential of Stichopus herrmanni extract as a promising therapy for infertility,

560 particularly age-related infertility .
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TABLE LEGENDS
Table 1. Data Mining Structure and SMILES

Table 1. Data Mining Structure and SMILES
No ESI Mode Group Compound Name CID
1 (+) Flavonoid Nobiletin 72344
2 (+) Terpenoid 24-Methylcholesta-7,22-dien-3β-ol 54239392
3 (+) Terpenoid 24-Methylenecycloartanone 634880
4 (+) Terpenoid 26-Deoxyactein 10974362
5 (+) Terpenoid 2-Hydroxyesculentic acid 9898760
6 (+) Terpenoid Fibraurin 168338
7 (+) Terpenoid Olibanumols I Yoshikawa, 2019
8 (+) Terpenoid Platycodigenin 12314399
9 (+) Terpenoid Scuterivulactone C2 13890624
10 (+) Terpenoid Stigmasta-4,22-dien-3-one 6442194
11 (+) Terpenoid Yesanchinoside B 1.63E+08
12 (+) Terpenoid Yesanchinoside H 1.63E+08
13 (-) Phenol 6-Gingerol 442793
14 (-) Phenol Kukoamine A 5318865
15 (-) Phenol Mulberrofuran D 5467256
16 (-) Terpenoid 3-O-(2'E,4'Z-Decadienoyl)ingenol 44575953
17 (-) Terpenoid Andropanolide 7067324
18 (-) Terpenoid Ganoderic acid H 73657194
19 (-) Terpenoid Hederagenin 3-O-α-L-

rhamnopyranosyl-(1->2)-[β-D-
glucopyranosyl(1->4)]-α-L-

arabinopyranoside

73042413

20 (-) Terpenoid Isodihydrofutoquinol B 44715837
21 (-) Terpenoid Nigakilactone J 182145
22 (-) Terpenoid Ostruthin 5281420
23 (-) Terpenoid Sarcostin 46173994
24 (-) Terpenoid β-Cryptoxanthin palmitate 86291095
25 (+) Terpenoid 12-Hydroxyhydromethyl 54226139
26 (+) Terpenoid Curculigo saponin A 85144169
27 (+) Terpenoid 11-O-p-Coumarylnepeticin 54678486
28 (+) Terpenoid Curculigo saponin L 198016
29 (-) Phenol Nobilin C 11953937
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1
2 Table 2. Analysis results of drug-likeness and ADMET of potential compounds using AdmetLab2.0
3

No Compound Name
Druglikeness Toxicity

Lipinski MW nHA nHD LogP TPSA H-HT DILI FDAMDD Carcinogenicity
1 Stigmasta-4,22-dien-3-one Accepted 410.35 1 0 7.477 17.07 0.247 0.715 0.955 0.121

2 24-Methylcholesta-7,22-
dien-3β-ol Accepted 398.35 1 1 7.202 20.23 0.018 0.019 0.069 0.007

3 Olibanumols I Accepted 414.35 2 1 4.716 37.3 0.059 0.019 0.799 0.004
4 Ganoderic acid H Accepted 572.3 9 2 2.657 152.11 0.129 0.596 0.173 0.019
5 Andropanolide Accepted 350.21 5 3 1.754 86.99 0.023 0.058 0.966 0.032
6 Sarcostin Accepted 382.24 6 6 0.74 121.38 0.464 0.015 0.968 0.889
7 24-Methylenecycloartanone Accepted 438.39 1 0 7.031 17.07 0.277 0.037 0.583 0.079
8 Platycodigenin Rejected 520.34 7 6 2.764 138.45 0.288 0.018 0.987 0.48
9 6-Gingerol Accepted 294.18 4 2 2.765 66.76 0.224 0.042 0.847 0.082
10 Mulberrofuran D Accepted 446.25 4 3 7.986 73.83 0.953 0.271 0.889 0.041

4
5
6
7
8
9

10
11
12
13
14
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15 Table 4. Effect of Sea Cucumber extract in Biochemical Parameters
16

Parameter
(Aorta Homogenat)

Normal Diet High Fat Diet
(HFD)

HFD + Extract

NfkB (ng/ml) 0.06 ± 0.01 0.36 ± 0.06 0.14 ± 0.02**

GSH (mg/dl) 478.3 ± 49.0 373.8 ± 31.8 221.9 ± 79.7**

Weight difference
(before- after treatment)

23.8 ± 3.02 60.20 ± 10.6 24.8 ± 4.86**

17 *The effect of sea cucumber extract on animal and biochemical parameters. The data is
18 presented as mean ± SD values (n = 5 per group). The statistical differences were revealed
19 by one-way ANOVA and Tukey's post hoc test. The mean differences were significant
20 compared with the High Fat Diet group (*P < 0.05, **P < 0.01, ***P < 0.001);
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21 FIGURE LEGENDS

22
23 Figure 1. Results of bioactivity potential analysis of sea cucumber compounds for anti-
24 infertility and menopause treatment
25
26

27
28 Figure 2. Cross-target between target proteins from sea cucumber and proteins associated with
29 anti-infertility in the database
30
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31
32 Figure 3. Results of topological network graph analysis and MCODE clustering. Node colors
33 approaching blue and green indicate higher dominance and increasingly important protein
34 roles based on betweenness centrality values.
35
36

37
38 Figure 4. GO Annotations analyzing the potential roles of sea cucumber target proteins in BP,
39 MF and KEGG pathways related to anti-infertility treatment
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40
41 Figure 5. Most potential proteins based on identification of potential roles
42
43

44
45 Figure 6. the interactions formed between the target protein
46
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47
48 Figure 7. Docking results visualization, a) ESR1/ER Alpha-estradiol protein (pdb control), b)
49 ESR1/ER Alpha-andrographolide protein, and c) ESR1/ER Alpha-6 gingerol protein. The left
50 side shows 3D visualization, the right side shows the types of bonds formed between ligand-
51 protein.
52

53
54 Figure 8. Docking results visualization, a) AR-testosterone protein (pdb control), b) AR-
55 andropanolide protein, and c) AR-sarcostin protein. The left side shows 3D visualization, the
56 right side shows the types of bonds formed between ligand-protein.
57
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58

59 Figure 9. Potential energy of single and complex proteins. Potential energy of single and ESR1
60 complex proteins shows the change in potential energy (kJ/mol) over simulation time in two
61 graphs: the upper graph illustrates a larger potential energy scale to compare the complexes,
62 while the lower graph zooms in to observe the potential energy fluctuations between single
63 ESR1 (Blue), ESR1_ETD (Orange), ESR1_6GR (Green), and ESR1_ADP (Yellow).

64
65

66
67 Figure 10. Binding free energy (MMPBSA) profiles of ESR1 complexes (ESR1_ETD,
68 ESR1_6GR, ESR1_ADP) during a 10 ns simulation. Lower MMPBSA values (more negative)
69 indicate stronger binding stability. ESR1_ETD shows the highest stability, followed by
70 ESR1_6GR and ESR1_ADP.
71
72
73
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74
75 Figure 11(a): Stability of the Protein-Ligand Complex. The number of internal hydrogen
76 bonds within the ESR1 protein complex and its ligands ETD, 6GR, ADP, indicating the
77 stability of interactions in the binding pocket. (b): Role of the Solvent. The number of
78 hydrogen bonds between the ESR1-ligand complex and the solvent, illustrating the ligand's
79 adaptation to the aqueous environment for its biological function.
80
81

82
83 Figure 12. Analysis of Hydrogen Bond Energy Between the Protein Complex and Its Ligand.
84
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85
86 Figure 13. Solvent Accessible Surface Area (SASA) Measurements for Individual Molecules
87 and Molecular Complexes.
88

89
90 Figure 14. Total RMSD Values for Individual Molecules and Complexes.
91
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92
93 Figure 15. Analysis of Protein-Ligand Dynamics: (a) RMSD Cα ; (b) RMSD Backbone; (c)
94 Ligand Movement (d) Ligand Configuration.
95

96
97 Figure 16. Comparative Analysis of RG Patterns: Single ESR1 Protein versus Complexes (a)
98 ESR1_ETD, (b) ESR1_6GR , and (c) ESR1_ADP
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99

100
101 Figure 17. Superimposition of ESR1 protein structures before and after molecular dynamics
102 simulation. The initial conformations (green/orange) and final conformations (purple/pink) are
103 shown for (a) ESR1 wild type, (b) ESR1 complexed with etoposide (ESR1_ETD), (c) ESR1
104 complexed with 6-gingerol (ESR1_6GR), and (d) ESR1 complexed with andrographolide
105 (ESR1_ADP)
106
107
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108
109 Figure 18. Root mean square fluctuation (RMSF) analysis of ESR1 protein residues, both
110 unbound and when bound to etoposide, 6-gingerol, and andrographolide.
111
112

113
114 a b

115
116
117 Figure 19. Compability between ESR1_ETD (green) and ESR1_6 gingerol (red) over 100ns
118 (a) RMSD plot comparing the structural stability (b) The RMSF plot shows the flexibility of
119 amino acid residues (c) The SASA plot presents the solvent-accessible surface area
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123



Editor and Reviewer comments:  

We recommend performing molecular dynamics (MD) simulations using 100 ns per system
to better characterize the dynamic behavior of your selected molecules.

A 100 ns simulation time is commonly sufficient to observe equilibrium behavior for many
ligand-receptor or protein systems. If feasible, such analysis could strengthen the mechanistic
discussion in your work.

Response:

Thank you for your constructive suggestion regarding the extension of molecular dynamics
(MD) simulations to 100 ns per system. We appreciate your clear rationale and agree that a
longer simulation time is important to robustly characterize the dynamic and equilibrium
behavior of key protein-ligand complexes in our study.

In response to your recommendation, we have carried out 100 ns MD simulations using
GROMACS for the sample complex (ESR1 bound to 6-gingerol, the most promising ligand),
as well as for the control (ESR1 bound to estradiol). Selection of these two complexes was
based both on their binding affinity and stability in our preliminary 20 ns simulations.

Specifically, we wish to highlight the following changes to the revised manuscript:
1. Methods Section (Molecular Dynamics subsection):

o The MD protocol has been updated to describe in detail the extension to 100 ns
simulation times.

o We now specify the use of GROMACS 2024.5 software, force fields
(CHARMM36), protein and ligand preparation, topology generation, system
solvation, ion addition, equilibration, and production runs at physiological
temperature (310.15 K) for 100 ns.

o The text clarifies the computational setup and sample/control selection
rationale.

2. Results and Discussion Section:
o We added a new paragraph and Figure 19 to present and interpret the key results

from the extended 100 ns simulations, comparing the dynamics and stability
(RMSD, RMSF, SASA, and MMPBSA) of the control (ESR1–estradiol) and
the sample complex (ESR1–6-gingerol).

o The results confirm that both ligands maintain ESR1 conformational stability
throughout the simulation, with 6-gingerol demonstrating a more favorable
binding free energy.

o These data strengthen our mechanistic discussion on the sustained binding and
stabilizing effect of 6-gingerol on ESR1, and reinforce our conclusions about
its therapeutic potential.



3. Discussion:
The impact of the 100 ns simulation data is now explicitly discussed, including
interpretation of the observed dynamic stability and implications for receptor
modulation and anti-infertility mechanisms.

4. Figures:
o A new figure (Figure 19) is added, graphically summarizing the comparative

RMSD, RMSF, SASA, and MMPBSA profiles over 100 ns for both systems.

We believe these revisions fully address your suggestion and provide a significantly stronger
mechanistic basis for our claims. The updated dataset and analysis will be valuable both for
this manuscript and for ongoing work in this field. We thank you again for your valuable
feedback, which has substantially improved our study.

Location of Modifications in Manuscript:
 Methods: Line 76- - 778
 Results/Discussion: 1594 - 1624
 Figures: Figure 19

If further detail or additional data is required, we would be happy to provide it. Thank you for
your guidance.

Sincerely,

Irena Ujianti
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1 Molecular Mechanisms of Sea Cucumber Bioactive Compounds in Anti-Infertility

2 Treatment: In Silico and In Vivo ApproachA Network Pharmacology and Molecular

3 Docking Approach

4

5 ¶

6 ABSTRACT

7 Background: Infertility affects 15% of couples worldwide and is often associated with

8 oxidative stress and inflammation. Sea cucumbers, used traditionally used in medicine, may

9 offer a promising new approach to infertility treatment thanksdue to their beneficial properties,

10 though theiralthough the underlying mechanisms aren'tremain not fully understood.

11 Purpose: This study aimed to elucidate the molecular mechanisms of sea

12 cucumber'sunderlying the anti-infertility effects of sea cucumber using a network

13 pharmacology approach, focusingwith a focus on interactions with key hormone receptors and

14 signaling pathways and in vivo study..

15 Study Design: This experimental study employed in silico and in vitro methods to evaluate

16 the potential of Stichopus herrmanni extracts onin the treatment of infertility.

17 Methods: Bioactive compounds from sea cucumber extracts were identified via LCMS.

18 TheirLC-MS. The potential for infertility treatment potential was assessed using the

19 WAY2DRUG PASS server., while ADMET analysis determined drug-likeness. Protein targets

20 were predicted using the SEA Search Server and Swiss Target Prediction, and cross-referenced

21 with the DisGeNET and Open Targets databases. Network topology analysis was conducted

22 using STRING and Cytoscape. Docking analysis and molecular dynamics simulations

23 investigatedwere performed to investigate interactions with estrogen receptor alpha (ESR1)

24 and androgen receptor (AR). In vivo tests involved administering 300 mg/kg of sea cucumber

25 extract to male rats with regular or high-fat diets for eight weeks.



26 Results: Twentynine bioactive compounds showedexhibited anti-infertility potential. Notably,

27 andrographolide and 6-gingerol strongly bound to ESR1 and AR, with stable interactions

28 confirmed by molecular dynamics. In vivo, the extract reduced oxidative stress by increased

29 GSH, inflammation by decreased NfkB and weight gain in high-fat diet rats. Docking studies

30 revealed strong binding affinities of andrographolide, 6-gingerol, 24-methylcholesta-7, 22-

31 dien-3β-ol, and sarcostin to ESR1 and AR. Molecular dynamics simulations confirmed the

32 stability of these interactions and indicated conformational changes in ESR1 upon ligand

33 binding.

34 Conclusion: This study supports the anti-infertility potential of sea cucumber bioactive

35 compounds. derived from sea cucumber, highlighting their promising therapeutic effect on

36 infertility through antioxidant, anti-inflammatory mechanism. Specifically, Andrographolide

37 and 6-gingerol show promise as natural modulators of estrogen signaling modulators. offering

38 potential for improved reproductive health outcomes .Further in vitro and in vivo studies are

39 necessaryneeded to validate these findings and explore their therapeutic potential for

40 developing novel, personalized fertility treatments.

41 Key words: Sea cucumber; infertility; network pharmacology; bioactive compounds; estrogen

42 receptor; androgen receptor; molecular docking; molecular dynamics; in vivo

43 List of Abbreviations:
44 ADMET: Absorption, Distribution, Metabolism, Excretion, and Toxicity

45 AR: Androgen Receptor

46 BC: Bioactive Compound(s)

47 BP: Biological Process

48 cAMP: Cyclic Adenosine Monophosphate



49 CID: Compound Identifier

50 CPI: Compound-Protein Interactions

51 CYP17A1: Cytochrome P450 Family 17 Subfamily A Member 1

52 CYP19A1: Cytochrome P450 Family 19 Subfamily A Member 1 (Aromatase)

53 DAVID: Database for Annotation, Visualization, and Integrated Discovery

54 ERα: Estrogen Receptor Alpha

55 ERE: Estrogen Response Element

56 ESR1: Estrogen Receptor1

57 FDR: False Discovery Rate

58 GO: Gene Ontology

59 IVF: In Vitro Fertilization

60 KEGG: Kyoto Encyclopedia of Genes and Genomes

61 LCMS: Liquid Chromatography-Mass Spectrometry

62 MAPK: Mitogen-Activated Protein Kinase

63 MCODE: Molecular Complex Detection

64 MD: Molecular Dynamics

65 MF: Molecular Function

66 MMPBSA: Molecular Mechanics Poisson-Boltzmann Surface Area

67 NP: Network Pharmacology

68 PCOS: Polycystic Ovary Syndrome



69 PDB: Protein Data Bank

70 PI3K/Akt: Phosphoinositide 3-kinase/Protein Kinase B

71 PPI: Protein-Protein Interactions

72 QSAR: Quantitative Structure-Activity Relationship

73 RG: Radius of Gyration

74 RMSD: Root Mean Square Deviation

75 RMSF: Root Mean Square Fluctuation

76 SASA: Solvent Accessible Surface Area

77 SC: Sea Cucumber

78 SCE: Sea Cucumber Extract

79 SERM: Selective Estrogen Receptor Modulator

80 SMILES: Simplified Molecular-Input Line-Entry System

81 TSV: Tab Separated Values

82

83 Introduction

84 Infertility is a global reproductive health problemissue affecting approximately 15% of couples

85 during their reproductive years worldwide, with rates varying by region. (Wang, H., et al.,

86 2024)). In developing countries, infertility rates can reach up to 30% in certain populations,

87 while developed countries typically see rates between 8-% and 12%.(% (Brannigan,R.E., et

88 al., 2023) Infertility from main factors are). The primary causes of infertility include ovulation

89 disorders (35%,%), fallopian tube problems (30%,%), male factors (30%,%), and unexplained

90 causes (5%.%) (Carson et al., 2021)). Female infertility involves several complex mechanisms.



91 Polycystic ovary syndrome (PCOS), for instance, disrupts normal ovulation by causing

92 increased androgen production and insulin resistance. (Ding et al., 2021)). Other common

93 causes include damaged fallopian tubes from infections or endometriosis, which prevent sperm

94 from reaching the egg, and structural problems in the uterus that make it difficult for embryos

95 to implant successfully.( (Bonavina et al., 2021)). Treatment for female infertility primarily

96 involves regulating hormones through medications that stimulate ovulation and prepare the

97 uterus for pregnancy. A crucial medication in this process is estradiol, which helps women

98 with low estrogen levels by promoting the growth and development of the uterine lining.

99 (Farkas, S., et al., 2022)).(Xiao et al., 2023)¶

100 ¶

101 Marine environments contain a wealth of natural compounds that offer safe, cost-effective,

102 and readily available treatment options with minimal side effects. (Ujianti et al., 2023)(Ujianti,

103 et al., 2024)). Sea cucumbers are among these valuable marine resources, having been used in

104 traditional medicine for centuries. Modern research now provides scientific evidence

105 supporting their therapeutic benefits, particularly in treating infertility. Recent studies have

106 demonstrated sea cucumbers'the significant potential of sea cucumbers as anti-infertility

107 agents. SeacucumberSea cucumber extract have theirpossesses antioxidant and anti-

108 inflammatory properties, specifically noting their positive impact on reproductive health and

109 fertility management. (Hossain, A., et al., 2022). ¶

110 A comprehensive review by detailed sea cucumbers'the nutritional composition and health

111 benefits of sea cucumbers, including specific effects on female fertility.( (Hoang et al., 2022)

112 Study). A study by Luo et al,. demonstratesdemonstrated the beneficial effects of sea cucumber

113 peptide on sex hormone regulation in both normal and Premature Ovarian Failure female

114 mice.( (Luo et al., 2023)). Additional laboratory research examined the cytoprotective effects

115 of sea cucumber extracts on cryopreserved bovine sperm.( (Kowalczyk, A., et al., 2022)).



116 Supporting these findings, Li and Zhang (2020) demonstrated that sea cucumber saponin

117 extract exhibits dual effects on mouse oocyte maturation through reduced oxidative stress and

118 TNF-α expression. (Moghadam, F. D., et al., 2022)). A comperhensive reviewll these studies

119 indicate that sea cucumbers show significant potential as anti-infertility agents through their

120 antioxidant properties and positive effects on reproductive health in both men and women.

121 While sea cucumber extract shows promise in treating infertility, significant knowledge gaps

122 persist in our understanding of remain regarding its specific molecular mechanisms, especially

123 regarding particularly in terms of hormonal regulation. AdditionalFurther research is

124 neededrequired to clarify how these extracts influence reproductive hormone secretion,

125 identify the cellular signalingsignalling pathways involved, and understand their interactions

126 with hormone receptors. This research usesstudy employs pharmacological network analysis

127 to elucidate the synergistic effects and underlying mechanisms of various compounds by,

128 facilitating the evaluation of their underlying multilevel interactions.( (Ujianti et al., 2023)). It

129 is hoped that the identification ofidentifying specific bioactive compounds from sea cucumber

130 that play a rolecucumbers involved in fertility mechanisms can be achieved, thus enabling the

131 identificationwill enable the determination of therapeutic targets and potential

132 signalingsignalling pathways most closely relatedrelevant to determiningunderstanding the

133 potential mechanism of sea cucumbercucumbers as an anti-infertility agent in this

134 diseasecontext.

135

136 MATERIALS AND METHODS

137 Datamining and Activity Prediction of Bioactive Compounds

138 The bioactive compounds used in this research were derived from LCMS results of the herbal

139 Sea Cucumbersea cucumber, as a marine organism. Subsequently, the PubChem database

140 (https://pubchem.ncbi.nlm.nih.gov/https://pubchem.ncbi.nlm.nih.gov/) was used to obtain

https://pubchem.ncbi.nlm.nih.gov/


141 SMILES for each bioactive compound foundidentified in the sample extract. The WAY2DRUG

142 PASS prediction (http://www.pharmaexpert.ru/passonline/predict.php), is used tool

143 (http://www.pharmaexpert.ru/passonline/predict.php) was employed to determine itsassess the

144 potential of these compounds as an infertility treatmenttreatments, based on their Pa Value

145 (Probability to Be Active). The Pa value is takenused in the data mining process becauseas it

146 represents the potentiallikelihood of a tested compoundcompound's activity.

147 ADMET Analysis

148 Sea cucumber compounds that have passed activity screening based on QSAR analysis were

149 thensubsequently analyzed for their pharmacokinetic characteristics. Drug-likeness was

150 determinedassessed for each ligand based on Lipinski's ruleRule of 5Five (Dong et al., 2018; Xiong

151 et al., 2021) which was analyzed), using the ADMETLab 2.0 database. The input for both

152 databases isconsisted of the SMILES ofnotation for each ligand.

153 Protein Target and Gene-Disease Associations Prediction¶

154 ¶

155 Protein targets were analyzed using the SEA Search Server and the Swiss Target Prediction

156 tool. (Keiser et al., 2007) (Daina et al., 2017) The SEA Search Server identified protein-ligand

157 interactions, while Swiss Target Prediction provided probabilistic associations of bioactive

158 compounds with protein targets. Infertility-related proteins and genes were obtained from the

159 DisGeNET database and supplemented with data from Open Targets. (Pinero et al., 2020;

160 Ochoa et al., 2021) Data from these sources were cross-referenced to identify proteins linked

161 directly to infertility. This integrative approach aimed to highlight potential protein targets for

162 use in subsequent therapeutic studies.¶

163 Protein targets were analyzed using the SEA Search Server

164 (https://sea16.docking.org/searchhttps://sea16.docking.org/search) and Swiss Target Prediction

165 (http://www.swisstargetprediction.ch/predict.php). Meanwhile, the list of proteins/ and genes

https://www.way2drug.com/PassOnline/predict.php
https://www.way2drug.com/PassOnline/predict.php
http://www.swisstargetprediction.ch/predict.php
https://sea16.docking.org/search
file:///Users/irenaujianti/Library/Mobile Documents/com~apple~CloudDocs/Jurnal_review/IVF/Phytomedicine plus/revisi 1/Daina
https://www.opentargets.org/
https://disgenet.com/


166 associated with infertility was obtained from the DisGeNET database

167 (https://www.disgenet.org/searchhttps://www.disgenet.org/search) and the Open Target

168 databases Targets database (https://www.opentargets.org/).https://www.opentargets.org/) ()

169 (; ) ).¶

170 Graph Topological Network and Functional Annotation Analysis

171 The compilation ofcompiled target protein lists from both databases waswere then

172 inputtedinput into the multiple protein menu of the STRING database. (https://string-

173 db.org/https://string-db.org/) (Szklarczyk et al., 2023). Additionally, extraAdditional settings included

174 settingselecting the organism type toas Homo sapiens, setting the meaning of network edges

175 to "confidence,," and settingadjusting the minimum required interaction score to 0.400

176 (medium confidence). After updating the network was updated based on these additional

177 settings, the visualization results were downloaded in TSV (tab -separated values) format from

178 the table/export menu. The downloaded (.tsv) file was then imported into Cytoscape v.3.9.0

179 software for subsequent network analysis procedure inthrough the tools menu. The Database for

180 Annotation, Visualization, and Integrated Discovery (DAVID) (https://david.ncifcrf.gov/)

181 https://david.ncifcrf.gov/) () iswas used to determine the function of genes that have been

182 foundidentified in the clustering results. (Sherman et al., 2022)

183 Docking Analysis

184 The 3D structures of target proteins ESR1 (PDB ID: 3UUD) and AR (PDB ID: 2AM9) were

185 obtained from the PDB database, while the 3D structures of the active compounds and native

186 ligand controls, namely Estradiolestradiol (CID: 5757) and Testosteronetestosterone (CID:

187 6013), were obtainedretrieved from the PubChem

188 database .(https://www.pubchem.ncbi.nlm.nih.govhttps://www.pubchem.ncbi.nlm.nih.gov).

189 Subsequently, the The proteins were then prepared by removing water molecules and ligands

190 using Discovery Studio 2021 software, whileand energy minimization was performed on the

https://string-db.org/
https://davidbioinformatics.nih.gov/
https://davidbioinformatics.nih.gov/


191 ligands using PyrxPyRx v.1.1 software. Docking was performedcarried out using

192 AutodockAutoDock Vina integrated in Pyrxinto PyRx v.1.1. The docking was conducted

193 usingprocedure employed a targeted docking method with a specific gridbox (Table 1). The

194 gridbox size was adjusted according to the position of amino acid residues based on the control

195 ligand from the PDB and prediction results using PrankWeb

196 ((https://prankweb.cz/),https://prankweb.cz/) (Jakubec et al., 2022). The docking results were

197 presented in the formterms of binding affinity and, followed by RMSD calculations using

198 DockRMSD. (https://zhanggroup.org/DockRMSD/).https://zhanggroup.org/DockRMSD/) (Bell &

199 Zhang, 2019). SubsequentlyFinally, the interactions between the compounds and proteins from

200 the docking results were visualized using BioVia Discovery Studio 2021 software.

201 Prediction of protein targets ¶

202 Targets associated with the bioactive compounds from Stichopus herrmanni were identified using the Comparative

203 Toxicogenomics Database (CTD), selecting for targets with a scoring accuracy and probability greater than 80%.

204 Target prediction was facilitated by the input ofinputting SMILES notation, acquired in the initial stage of the

205 research. Relevant gene and protein information linked to cervical cancer werewas extracted from DisGeNet,

206 focusing on candidates with an overall score prediction of 0.1 or higher. The disease-related targets and those

207 identified from the sea cucumber extract were juxtaposed viacompared using a Venn diagram to

208 pinpointidentify the intersecting targets. The functional attributes of the intersecting target

209 compoundcompounds were elaborated upon with the aid of the Database for Annotation, Visualization, and

210 Integrated Discovery (DAVID).¶
211 Molecular Dynamics

212 This study examined four molecular systems: the estrogen receptor alpha (ESR1/ERα) alone

213 and in complex with three different ligands - —estradiol (ESR1_ETD), 6-gingerol

214 (ESR1_6GR), and andrographolide (ESR1_ADP). Simulations were run in YASARA

215 Dynamic with temperature set to 310K and pH to 7.4. The md_run macro set the simulation

216 time to 20 ns using the AMBER14 forcefield, with snapshots saved every 25 ps. Analysis of

https://prankweb.cz/
https://zhanggroup.org/DockRMSD/


217 potential energy, SASA, hydrogen bonds, RMSD, and radius of gyration was done with macro

218 md_analyze. RMSF was analyzed with md_analyzeres and MMPBSA with

219 md_analyzebindenergy. Molecular dynamics simulations were performed using the YASARA

220 DynamicDynamics program from Biosciences GmbH. The simulation setup began by loading

221 each system through the Options menu, followed by the Macro & Movie submenu, and finally

222 the Set Target function. The simulation parameters were set to physiological conditions, with

223 a temperature of 310K and a pH of 7.4. Each system was simulated for 20 nanoseconds (10,000

224 picoseconds) using the AMBER14 force field, with structural snapshots saved every 25

225 picoseconds. Multiple analyses were conducted using specialized macros: md_analyze for

226 potential energy, solvent-accessible surface area (SASA), hydrogen bonding patterns, root

227 mean square deviation (RMSD), and radius of gyration; md_analyzeres for root mean square

228 fluctuation (RMSF); and md_analyzebindenergy for Molecular Mechanics Poisson-Boltzmann

229 Surface Area (MMPBSA) calculations.¶

230 Based on the optimal stability and binding results observed at 10 ns, molecular dynamics

231 simulations for the specified sample and control were extended to 100 ns to further evaluate

232 long-term behavior and binding stability. Simulations were conducted on a DELL Optiplex

233 7000 Tower with an i9-12900K CPU, 64GB RAM, and an Nvidia RTX 3070. The ESR1

234 structure was refined using Modeller10.4 via Chimera1.19. Protein and ligand preparation was

235 performed with GROMACS 2024.5, using pdb2gmx and the charmm36-jul2021 force field

236 for protein topology. (Abraham., et al., 2015) Ligand topology was generated with Avogadro,

237 charmm36-jul2022, and CGenFF. The protein and ligand topologies were then combined,

238 followed by solvation, addition of ions to achieve a 0.15 M concentration, equilibration,

239 minimization, and a 100 ns molecular dynamics run at 310.15 K.¶

240

241 In vivo Method¶



242 Stichopus hermanii extraction¶

243 Stichopus hermanii was identified from a specimen collected during a daytime dive in

244 Lambata, East Nusa Tenggara, Indonesia, in June 2023. The sea cucumber species used in this

245 study was confirmed as Stichopus herrmanni by a certified taxonomist, with reference number

246 B.09.037/MSG-PD/VII/2023. The specimen was obtained from a shallow coastal habitat. To

247 produce the sea cucumber extract, the body wall was removed and cut into small pieces

248 approximately 1 cm in size before drying. The dried material was then mixed with ethanol in

249 a 1:5 ratio to break down cellular proteins and extract secondary metabolites. The mixture was

250 concentrated using a rotary evaporator set at 40°C. The final extract was prepared for use, at

251 a dosage of 300 mg per kilogram of body weight.¶

252 Animal Model¶

253 Ten-week-old healthy male Sprague Dawley rats were obtained from Institut Pertanian Bogor

254 (IPB). The animals underwent a one-week acclimatization period in the Central Animal Lab at

255 the Department of Chemistry, University of Indonesia, where environmental conditions were

256 maintained at 24°C with 50% humidity. After acclimatization, the rats were randomly divided

257 into five experimental groups of 3 rats each: control diet group with normal diet, high-fat diet

258 group, high-fat diet plus extract group. The rats were housed individually throughout the study

259 period, with environmental conditions maintained between 18-26°C and 50% humidity. They

260 were fed twice daily and had free access to water, which was replaced every two days. The

261 researchers monitored each rat's weight and size measurements monthly. Aorta homogenats

262 tests measuring GSH and NF-κB levels were performed at the study's conclusion. The research

263 protocol was approved by the ethics committee of Universitas Muhammadiyah

264 Prof.Dr.HAMKA under ethical number KEPKK/FK/058/05/2024.¶

265 Laboratory rat feed was sourced from Biorat Laboratory Animal Co., Ltd., including both

266 standard and specialized high-fat, high-salt diets. The standard feed contained 10% fat, 22%



267 protein, 68% carbohydrates, and 0.5% salt. The specialized high-fat diet had substantially

268 higher levels of fat and salt, containing 49% fat, 21% protein, 30% carbohydrates, and 2% salt.

269 Rats in HFD and HFD-extract groups were fed the high-fat diet and for HFD extract group

270 received daily extract supplements of 300 mg per kilogram of body weight via gastric

271 administration.¶

272 Measurement of GSH and NF-κB¶

273 Each rat’s body weight, body size, and abdominal circumference were measured before and

274 after treatment. Abdominal circumference (AC) was assessed on the largest zone of the rat

275 abdomen using a plastic non-extensible measuring tape, and body size was defined as the

276 length from nose to ani. Lee’s obesity index was calculated using the formula: Lee’s index =

277 cube root of body weight (g)/body size (cm). After the rats were sacrificed, aorta tissues were

278 sampled for homogenate tissue. The homogenized aorta samples were analyzed using ELISA

279 kit, according to the manufacturer’s protocols for the determination of NF-κB and GSH

280 (MyBiosource, San Diego, USA). The aorta inflammation levels were normalized on the basis

281 of the individual protein concentration.¶

282 Statistical analysis. ¶

283 Statistical results are presented as means ± standard deviations, with experimental groups

284 containing 5 animals each. The specific number of animals used in each experiment is indicated

285 in the corresponding figure legends. We performed a one-way ANOVA to assess differences

286 between groups, followed by Tukey's post-hoc test for multiple comparisons. Results were

287 considered statistically significant when P<0.05. All statistical analyses were conducted using

288 SPSS version 20.0 software.¶

289 ¶



290 RESULTS AND DISCUSSION

291 The bioactive compounds used in this research camewere derived from LCMS results of the

292 Seacucumbersea cucumber. Based on thea search results using PubchemPubChem, only 298

293 out of 33 identified compounds were found to be archived in the database (Table 1).

294 Meanwhile, we drew the Olibanumols I compound ourselves using ChemSketch software,

295 based on the 2D reference from Yoshikawa et al.'s (2009) research.).

296 Table 1. Data Mining Structure and SMILES in LCMS¶
297 ¶
298 The Probability to Be Active (Pa) score measures a compound's likelihood of producing

299 therapeutic effects. This assessment compares the structural features of sea cucumber

300 compounds to those of known effective treatments using the Way2Drug PassPASS Server

301 platform. A Pa score above 0.3, (represented by colorscolours ranging from white to red, )

302 indicates a high potential for treating infertility and menopausal symptoms, as the compound's

303 molecular structure closely resembles successful treatments in the reference database. The top

304 ten most promising sea cucumber compounds, based on their average Pa scores, are highlighted

305 in green in Figure 1.¶

306 Figure 1. Results of bioactivity potential analysis of sea cucumber compounds for anti-
307 infertility and menopause treatmen¶
308
309 AnalysisThe analysis results showed that 9 out of the 10 most potentialpromising test

310 compounds have good drug-likeness characteristics (Table 2). Platycodigenin is the only

311 compound that does not meet Lipinski's ruleRule of 5Five for drug-likeness character. .¶

312 Table 2. Analysis results of drug-likeness and ADMET of potential compounds using AdmetLab2.0

313 Through cross-database analysis, as illustrated in Figure 2, we identified 12 proteins that

314 function as potential targets for sea cucumber bioactive compounds and show linksare linked

315 to anti-infertility effects. Three of these proteins - —CYP19A1, AR, and CYP17A1 - —were

316 consistently identified across all four databases used in the study. Further analysis revealed an



317 additional 60 proteins specific to sea cucumber compound targeting when comparing results

318 from the SEATarget and SwissTarget databases. ¶

319 Figure 2. Cross-target between target proteins from sea cucumber and proteins associated with
320 anti-infertility in the database

321 Network topology analysis was conducted using Cytoscape software to examine the

322 connections between target proteins and their interactions (PPI). The analysis focused on

323 several key parameters: Stress, Degree, Betweenness Centrality, and Closeness Centrality.

324 Degree centrality measures the number of connections between individual nodes, wherewith

325 higher values indicateindicating proteins that interact extensively with others and may function

326 as key regulators. Betweenness centrality evaluates the shortest path lengths used by nodes

327 across the network, highlighting their functional importance. Closeness centrality measures

328 how easily a node can reach others in the network, with higher values suggesting proteins that

329 are readily accessible and potentially important regulatory hubs. In addition to these network

330 parameters, we identified essential proteins using MCODE clustering analysis. The Molecular

331 Complex Detection (MCODE) method is a clustering system that identifies densely

332 interconnected regions within large protein interaction networks to detect molecular

333 complexes. This approach is particularly effective for protein networks because, as it allows

334 for targeted cluster analysis independent of other networks and enablesfacilitates the study of

335 cluster interconnections (Bader & Hogue, 2003). Our clustering analysis revealed 18 proteins

336 forming a single distinct circular cluster, separate from a second major cluster containing

337 overlapping proteins from SEATarget and SwissTarget showed in (Figure 3). These eighteen18

338 proteins were selected for further investigation.¶

339 Figure 3. Results of topological network graph analysis and MCODE clustering. Node colors
340 approaching blue and green indicate higher dominance and increasingly important protein
341 roles based on betweenness centrality values.

342 Gene annotation of the 18 most potential protein/gene targets was analyzedanalysed to identify

343 their functions and roles in pathways related to infertility (Figure 4). In addition to their



344 relationship with infertility, the selected function and pathway annotations have a False

345 Discovery Rate (FDR) value < 0.05. This FDR value meansindicates that 5% of significant

346 tests willmay yield false -positive results. FDR is a statistical concept that measures the ratio

347 of false positive resultspositives to the total number of positive test results (BejaminiBenjamini

348 & Hochberg, 1995). Sea cucumber extract demonstrates potential in preventing infertility in

349 women by modulating key hormone pathways and mitigating oxidative stress. Bioactive

350 compounds such as androponolide, sarcostin, and 6-gingerol exhibit high binding affinities to

351 estrogen receptors (ESR1, ESR2) and androgen receptors (AR), supporting hormone regulation

352 and signaling essential for reproductive health. Additionally, these compounds show strong

353 antioxidative properties that protect mitochondrial function by reducing reactive oxygen

354 species (ROS), thereby preserving oocyte quality. This dual mechanism highlights the

355 therapeutic potential of sea cucumber extract in enhancing female fertility through hormonal

356 balance and cellular protection.¶

357 Figure 4. GO Annotations analyzing the potential roles of sea cucumber target proteins in BP,
358 MF and KEGG pathways related to anti-infertility treatment ¶

359 Furthermore, based on the dominance of roles from each BP (Biological Process), MF ( (BP),

360 Molecular Function) (MF), and infertility pathways, 7seven of the most potential

361 proteins/genes have been identified as target markers, namely ESR1, ESR2, AR, MAPK3,

362 CYP17A1, CYP19A1, and NR1I2 (PRX) (Figure 5). Proteins ESR1 (Chen et al., 2015), ESR2

363 (Ahmed et al., 2022), AR (Hu et al., 2004), MAPK3 (Fan et al., 2009; Siddappa et al., 2015)),

364 and NR1I2 (Wang et al., 2014) need to be activated in anti-infertility and menopause

365 treatmenttreatments. (Chen et al., 2015) (Ahmed et al., 2022) (Hu et al., 2004) (Fan et al.,

366 2009; Siddappa et al., 2015) (Wang et al., 2014) Meanwhile, polymorphisms in CYP17A1 and

367 CYP19A1 are causes ofassociated with polycystic ovary syndrome (PCOS) and infertility.



368 (Heidarzadehpilehrood et al., 2022). Subsequently, each of the most potential target proteins

369 as markers was mapped for their CPI (Compound-Protein Interactions (CPI) (Figure 66).¶

370 Figure 5. Most potential proteins based on identification of potential roles¶

371 Figure 6. The interactions formed between the target protein¶

372 ¶

373 The computational docking study revealed that, among the ten most effective compounds

374 identified through network pharmacology, four emerged as top performers: Andropanolide, 6-

375 Gingerol, 24-Methylcholesta-7,22-dien-3β-ol, and Sarcostin. While these compounds required

376 higher binding energies compared to the natural PDB ligands (shown in green) for both

377 ESR1/ER Alpha and AR proteins, three compounds demonstrated particularly promising

378 results. Andropanolide showedexhibited strong binding potential with both ESR1 and AR,

379 while 6-Gingerol displayedshowed high affinity for ESR1, and Sarcostin exhibited

380 favorabledisplayed favourable binding with AR. Notably, these compounds achieved binding

381 energies at or below the significant -7 kcal/mol threshold, suggesting their ability to form

382 efficient, rapid, and stable bonds.

383 IFurthermore, interactions were formed between the target protein and each TOPof the top 2

384 ligand and ligands as well as the native ligand. Based on the types of bonds produced,

385 hydrophobic bonds and van der Waals bonds arewere the most dominant bonds. Residues in

386 bold font are amino acid residues from the pdbPDB control ligand that are maintained in

387 samples with the same bond type. Meanwhile, residues in italic font are residuesthose

388 maintained in samples but with changedaltered bond types and distances. Based on the analysis

389 of active sites, amino acid residues, high affinity, and low binding energy are supported by the

390 ability to maintain key amino acids in order to have, ensuring activity similar to that of the

391 native ligand control. FiguresFigure 7 and 8 showshows the 3D visualizationvisualisation

392 results of the target protein complex with the sample and control ligands. ¶



393 Figure 7. Docking results visualization, a) ESR1/ER Alpha-estradiol protein (pdb control), b)
394 ESR1/ER Alpha-andrographolide protein, and c) ESR1/ER Alpha-6 gingerol protein. The left
395 side shows 3D visualization, the right side shows the types of bonds formed between ligand-
396 protein.¶
397 Figure 8. Docking results visualization, a) AR-testosterone protein (pdb control), b) AR-
398 andropanolide protein, and c) AR-sarcostin protein. The left side shows 3D visualization, the
399 right side shows the types of bonds formed between ligand-protein.

400 It is supported by research showingResearch supports the finding that the compound 24-

401 Methylcholesta-7,22-dien-3β-ol, which is a natural sterol, interacts with estrogen receptors

402 through its steroid structure. This compound showsdemonstrates moderate affinity for estrogen

403 receptors and acts as a weak partial agonist. Sarcostin shows a similar interaction pattern but

404 with its own unique characteristics, interacting with estrogen receptors throughvia a more

405 selective mechanism and affecting estrogen signalingsignalling pathways more specifically.

406 According to recentRecent research has shown that steroid hormone regulation through

407 ESR1/ESR2 and AR is crucial infor follicle maturation and spermatogenesis..( (Rodriguez et

408 al., 2024)). Kim showedet al.,(2024) found that CYP17A1 and CYP19A1 play important roles

409 in fertility therapy by regulating steroid hormone balance, affecting oocyte quality, and

410 supporting embryo implantation..( (Kim et al., 2024) ).¶

411 ¶

412 The simulation study examined 4four samples: ESR1 (Estrogen receptor alpha/ERα) as a single

413 target, and three complexes -– ESR1_ETD (ESR1/Estradiol), ESR1_6GR (ESR1/6-Gingerol),

414 and ESR1_ADP (ESR1/Andropanolide). Molecular dynamics simulations were performed

415 using the YASARA Dynamic program by Biosciences GmbH. The process began by loading

416 each sample through the Options menu, followed by selecting Macro & Movie, and then Set

417 Target. The simulation parameters were set to physiological conditions. The simulation

418 duration was set to 10,000 ps (20 ns)), using the AMBER14 forcefield, with snapshots captured

419 every 25 ps. Various analyses were performedconducted using specific macros: md_analyze



420 for potential energy, SASA, hydrogen bonds (both within the solute and between the solute

421 and solvent), RMSD, and radius of gyration; md_analyzeres for RMSF analysis; and

422 md_analyzebindenergy for Molecular Mechanics Poisson-Boltzmann Surface Area

423 (MMPBSA) calculations. The simulations were designed to observe the dynamic stability of

424 both single and complex structures under physiological conditions, including a temperature

425 inof 37°C, a salt concentration inof 0.9% NaCl, and a pH of 7.4. The potential energy analysis

426 of single and complex structures revealed significant changes during the simulation. All four

427 samples showed a marked increase in average potential energy from 0 ns to 0.025 ns (Figure

428 9), indicating initial energy stabilization processes. Fluctuations continued even after reaching

429 the equilibrium phase, with increases suggesting strengthened molecular bonds and decreases

430 indicating molecular bond relaxation. The different equilibrium values between single ESR1

431 and its complexes with ligands demonstrated that ligand docking affects potential energy,

432 which is one consequence of ER alpha protein activation. ¶

433 The MMPBSA calculation combined gas-phase energy, free solvation energy, and solute

434 entropy configuration contributions. MMPBSA analysis of the three complexes showed similar

435 average free energy values against the implicit solvent during the 10 ns simulation, ranging

436 from -2.0938 to -3.5758 kJ/mol. The control sample ESR1_ETD exhibited the highest

437 MMPBSA value among all compounds (Figure 10), while ESR1_6GR showed a higher value

438 compared to ESR1_ADP.. This supports the potential of active compounds such as 6-Gingerol

439 (6GR) to regulate hormone pathways through the estrogen receptor ESR1, enhance

440 mitochondrial stability, and reduce oxidative stress. Therefore, it can be concluded that these

441 active compounds have the potential to improve oocyte quality and support infertility therapy

442 through hormonal regulation and cellular protection mechanisms.¶

443 Figure 9. Potential energy of single and complex proteins. Potential energy of single and ESR1
444 complex proteins shows the change in potential energy (kJ/mol) over simulation time in two
445 graphs: the upper graph illustrates a larger potential energy scale to compare the complexes,



446 while the lower graph zooms in to observe the potential energy fluctuations between single
447 ESR1 (Blue), ESR1_ETD (Orange), ESR1_6GR (Green), and ESR1_ADP (Yellow).¶

448 Figure 10. Binding free energy (MMPBSA) profiles of ESR1 complexes (ESR1_ETD,
449 ESR1_6GR, ESR1_ADP) during a 10 ns simulation. Lower MMPBSA values (more negative)
450 indicate stronger binding stability. ESR1_ETD shows the highest stability, followed by
451 ESR1_6GR and ESR1_ADP.¶

452

453 The control sample ESR1_ETD exhibited the highest MMPBSA value among all compounds

454 (Figure 10), while ESR1_6GR showed a higher value compared to ESR1_ADP. Higher

455 MMPBSA values typically indicate more negative binding energy, suggesting greater complex

456 stability. The MMPBSA calculation combined gas -phase energy, free solvation energy, and

457 solute entropy configuration contributions. Values closer to positive indicate stronger and

458 more stable weaker binding energy and less stable complexes (Aldeghi et al., 2017). ¶

459 YASARA analysis revealed three distinct types of hydrogen bond measurements: solute

460 hydrogen bonds (Figure 11a), solute-solvent hydrogen bonds (Figure 11b), and ligand binding

461 energy (Figure 12). The results showed that when the test compounds 6GR and ADP formed

462 complexes with ESR1, they exhibited fewer solute hydrogen bonds compared to ESR1 alone.

463 In contrast, the control complex ESR1_ETD demonstrated higher solute hydrogen bond

464 formation than the other tested samples. Within cell buffer environments, this pattern reversed,

465 with the ESR1_ADP complex showing the highest values. A reciprocal relationship exists

466 between solute hydrogen bonds and solute-solvent hydrogen bonds over time. For all three

467 complexes, the average hydrogen bond energy measurements ranged from 6 to 25 kJ/mol.

468 Samples with higher solute-solvent hydrogen bond counts tend to display increased hydrophilic

469 properties, and greater protein-solvent interaction correlatesinteractions correlate with

470 enhanced solvent accessibility. The binding energy assessment revealed that the ESR1_ADP

471 complex established the strongest ligand-protein interaction, forming 5five hydrogen bonds,

472 while ESR1_6GR formed 4four bonds - —one more than the ESR1_ETD control complex. A



473 higher number of hydrogen bonds between ligand and protein typically enhances affinity and

474 reduces binding energy (Trott & Olson, 2010). For all three complexes, the average hydrogen

475 bond energy measurements ranged from 6 to 25 kJ/mol.¶

476 Figure 11(a): Stability of the Protein-Ligand Complex. The number of internal hydrogen
477 bonds within the ESR1 protein complex and its ligands ETD, 6GR, ADP, indicating the
478 stability of interactions in the binding pocket. (b): Role of the Solvent. The number of
479 hydrogen bonds between the ESR1-ligand complex and the solvent, illustrating the ligand's
480 adaptation to the aqueous environment for its biological function.¶
481 Figure 12. Analysis of Hydrogen Bond Energy Between the Protein Complex and Its Ligand during a
482 10 ns simulation. The plot shows the energy contribution of specific hydrogen bonds (HB1E, HB2E,
483 HB3E, HB4E, HB5E) for each complex. Higher energy values indicate stronger hydrogen bonding
484 interactions, which contribute to the overall stability of the protein-ligand complexes.
485 SASA (Solvent Accessible Surface Area) represents the surface area of a protein that is

486 exposed and available for interaction with surrounding solvent molecules (Miller et al., 1987).

487 This measurement provides valuable insights into conformational changes, protein-ligand

488 interactions, and protein-protein interactions. SASA is a key factor in understanding protein

489 stability and folding/unfolding processes, and it is determined by measuring the area accessible

490 to a hypothetical solvent sphere in van der Waals contact with the molecular surface. (Pal, P.,

491 et al., 2022)). Higher SASA values typically indicate that a protein structure has expanded.

492 When analyzinganalysing activator compounds, researchers expected to observe low SASA

493 value fluctuations during simulation, as this indicatessuggests that the complex remains stable

494 without significant conformational changes like., such as unfolding (Bagewadi et al., 2023).

495 Our analysis revealed that, among all tested complexes, only ESR1_6GR showed an average

496 SASA value lower than unbound control ESR1_ETD. Furthermore, ESR1_ADP displayed the

497 highest average SASA value, which aligned with its hydrogen bonding patterns, as illustrated

498 in Figure 13. ¶

499 Figure 13. Solvent Accessible Surface Area (SASA) Measurements for Control Molecules Complexes
500 and Biocompound Molecular Complexes.

501 In Figure 14, all four samples show an increasing RMSD trend with fluctuations. ESR1_ADP

502 is the only sample that peaks above 3 Å, though its average remains below 2.5 Å. These results



503 align with Hbondthe H-bond and SASA analyses, indicating minimal structural changes in

504 both the test compounds and the control.

505 Figure 15 shows that C-alpha and Backbone RMSD data showsindicate all complexes

506 havinghave higher average values than single ESR1. In the 10 ns ligand movement analysis

507 (Figure 9a), only the ETD control ligand maintains an RMSD below 2 Å, while configuration

508 analysis (Figure 9b) shows that only 6GR averagingaverages above 2 Å. This indicatessuggests

509 that sea cucumber compounds have lower binding stability compared to the ETD control, with

510 both test compounds showing significant position shifts while seeking better binding positions.

511 However, ADP showsexhibits better configuration stability compared to 6GR.¶

512 Figure 14. Total RMSD Values for Individual Molecules and Complexes.¶
513 Figure 15. Analysis of Protein-Ligand Dynamics: (a) RMSD Cα ; (b) RMSD Backbone; (c) Ligand
514 Movement (d) Ligand Configuration.

515 The radius of gyration (RG) is a key measure of the equilibrium configuration in a simulated

516 system. This parameter shows how protein-protein or protein-compound complexes rotate

517 dynamically in relation to the solvent, helping researchers understand sample

518 behaviorbehaviour in liquid environments. Lower RG values indicate properly folded proteins,

519 while higher values signify unfolded states. AnalysisThe analysis showed that the control

520 ligand ETD did not changealter the original RG pattern of the ESR1 protein. In contrast, sea

521 cucumber compounds caused notable changes in the ESR1 RG pattern, showing a gradual

522 decrease that indicates the protein adopted a more compact, folded structure. The

523 ESRESR1_ADP simulation displayed an initial peak, suggesting the protein briefly existed in

524 an unfolded state at the start of the process. These findings are visually confirmed through

525 structural comparisons before and after the simulation, as shown in Figure 165.

526 The superimposition analysis of the four samples before and after simulation provides detailed

527 insights into how ligand binding affects ESR1 protein conformational stability showed, as

528 shown in Figure 17. The visualizationvisualisation clearly demonstrates configuration changes



529 for each ligand. These superimposition results align with the H-bond, SASA, and RMSD

530 analyses, confirming that both the control ligand and test compounds maintain the overall ER

531 alpha protein conformation. Notably, the test compounds' ligands exhibit significant changes

532 in their binding positions and structural configurations.¶

533 Figure 16. Comparative Analysis of RG Patterns: Single ESR1 Protein versus Complexes (a)
534 ESR1_ETD, (b) ESR1_6GR , and (c) ESR1_ADP¶
535 ¶
536 Figure 17. Superimposition of ESR1 protein structures before and after molecular dynamics simulation.
537 The initial conformations (green/orange) and final conformations (purple/pink) are shown for (a) ESR1
538 wild type, (b) ESR1 complexed with etoposide (ESR1_ETD), (c) ESR1 complexed with 6-gingerol
539 (ESR1_6GR), and (d) ESR1 complexed with andrographolide (ESR1_ADP)¶
540
541 Root Mean Square Fluctuation (RMSF) analysis helps evaluate structural changes by

542 measuring how individual amino acid residues and ligand nucleotides move within a protein.

543 In our study of the ESR1 protein structure, RMSF measurements showed that some residues

544 moved by more than 3 Å in, both in the isolated protein and when bound to ligands, as

545 illustrated in Figure 18. Importantly, no residues showed movements exceeding 5 Å,

546 suggesting that while the bonds experienced relaxation, they remained stable and did not break.¶

547 Figure 18. Root mean square fluctuation (RMSF) analysis of ESR1 protein residues, both
548 unbound and when bound to etoposide, 6-gingerol, and andrographolide.¶
549

550 The in silico analysis of Stichopus herrmanni extracts revealed that their bioactive compounds

551 have the potential to influence hormonal pathways important for fertility. Among these

552 compounds, andrographolide, 6-gingerol, and sarcostin showed the strongest interactions with

553 key hormone receptors. The ESR_6-gingerol complex demonstrated better affinity and binding

554 stability than ESR_andrographolide at 20 ns. Because of their superior stability at this time

555 point, only the ESR_6-gingerol complex and ESR_Estradiol as a control were evaluated at 100

556 ns. The extended simulation confirmed improved stability and binding, as indicated by better

557 RMSD, RMSF, SASA, and MMPBSA values.¶

558 ¶



559 Figure 19. Compability between ESR1_ETD (green) and ESR1_6 gingerol (red) over 100ns (a) RMSD
560 plot comparing the structural stability (b) The RMSF plot shows the flexibility of amino acid residues
561 (c) The SASA plot presents the solvent-accessible surface area¶
562 ¶

563 Figure 19 shows molecular dynamics simulations of the ESR1 receptor in complex with ETD

564 and 6-gingerol over 100 ns. Both ligands maintained the structural stability of ESR1, as

565 indicated by low average RMSD values: 0.15 nm for ETD and 0.19 nm for 6-gingerol. No

566 significant conformational changes were observed. The average RMSF values were also low

567 for both complexes—0.08 nm for ETD and 0.11 nm for 6-gingerol—indicating minimal

568 increases in residue flexibility and no signs of protein unfolding. Although the solvent-

569 accessible surface area (SASA) was slightly higher with 6-gingerol at 131.27 nm² compared

570 to 127.56 nm² for ETD, this small increase did not affect protein stability. The Molecular

571 Mechanics Poisson-Boltzmann Surface Area (MMPBSA) analysis showed that 6-gingerol had

572 a more favorable binding free energy (ΔTOTAL at -31.29 kJ/mol) compared to ETD (ΔTOTAL

573 at -24.81 kJ/mol), suggesting better binding affinity and greater complex stability for 6-

574 gingerol. (Valdés-Tresanco., et all., 2021) Overall, these results indicate that both ETD and 6-

575 gingerol are compatible with ESR1, preserving its structural integrity and dynamic stability

576 throughout the simulation, with 6-gingerol showing a higher affinity and potentially more

577 stable interaction than ETD. Although 6-gingerol can maintain the conformational stability of

578 ESR1, its effect is slightly lower compared to the control, ETD. This appears to be due to the

579 stronger binding affinity and stability of 6-gingerol compared to the native ligand, ETD.¶

580 Otherside, the modulation of estrogen and androgen signaling via ESR1, ESR2, and AR is

581 another mechanism through which these bioactive compounds restore hormonal balance and

582 improve reproductive health. In particular, the protein network pathway exhibits strong

583 antioxidative properties by the Nrf2 pathway. This will improve oocyte quality. The dual

584 therapeutic effects of these compounds not only emphasize their potential for treating infertility

585 but also suggest their promise in managing menopausal symptoms.¶



586 This research used a network pharmacology approach to predict how sea cucumbers might

587 treat female infertility. This research identified twelveTwelve bioactive compounds were

588 identified as potentially responsible for this anti-infertility activity. Andrographolide, one such

589 compound, interacts with the body's estrogen receptor system. As a natural phytoestrogen, it

590 binds to estrogen receptors (ERs), thoughalthough less strongly than natural estrogens. Its

591 mechanism involves its molecular structure binding to the estrogen receptor, competing with

592 endogenous estrogen. This influences estrogen's genomic pathway by regulating the expression

593 of estrogen-controlled genes. Andrographolide's effects vary across tissues, lacking the high

594 selectivity of modern SERMs, leadingwhich leads to a milder biological response.( (Balmith,

595 M., et al., 2017)). This study also identified 6-gingerol, which similarly affects estrogen

596 signalingsignalling and gene expression, with more moderate selectivity and a milder

597 biological response that makes, making 6-gingerol a natural alternative for estrogen

598 modulation. (Novakovic, S., et al., 2024).¶

599 ¶

600 The precise mechanisms by which sea cucumber bioactive ligands exert their anti-infertility

601 effects require further investigation, despite identifyingthe identification of key protein targets.

602 These ligands may act as partial agonists or antagonists of estrogen receptors and androgen

603 receptors, modulating their activity based on existing hormone levels. Ligand binding triggers

604 genomic pathways—such as nuclear translocation and modulation of estrogen response

605 element (ERE)-mediated gene expression, which are crucial for folliculogenesis, ovulation,

606 endometrial preparation, and hormone synthesis—and non-genomic pathways, potentially

607 influencing signaling cascades like MAPK, PI3K/Akt, and cAMP. (Lee, E. B., et al., 2021) ).¶

608 Furthermore, these ligands may directly or indirectly affect enzymes involved in steroid

609 hormone synthesis and metabolism, including CYP17A1 and CYP19A1 (aromatase), thereby

610 influencing hormonal balance. The specific mechanism depends on the individual compound



611 and its interactions with target proteins. (Xiao, C., et al., 2023)). Further in vitro and in vivo

612 studies are needed to confirm these hypothesizedhypothesised pathways. While androgen

613 receptors are not significantly implicated in female infertility treatment, this study highlights

614 the role of sea cucumber bioactive compounds in improving male infertility. This aligns with

615 Thompson et al.'s (2023) multicentermulticentre study showing the fertility-enhancing

616 potential of bioactive compounds, with stigmasterol improving endometrial receptivity, 6-

617 gingerol improving sperm quality, and platycodigenin supporting follicle development. Wang

618 et al. (2024) reported that combining bioactive compounds with conventional ovarian

619 stimulation protocols increased IVF success rates by 23%. This integrated approach offers new

620 possibilities for more effective, personalizedpersonalised fertility therapies based on individual

621 molecular profiles.In Vivo Results¶

622 Biochemical Results¶

623 The data in the table shows that administering extracts can help improve the biochemical

624 effects of a high-fat diet. This includes reducing triglycerides, glucose levels, triglyceride

625 index, and weight gain. The use of extracts in the HFD group demonstrated the most effective

626 results in improving these parameters.¶

627 Table 4. Effect of Sea Cucumber extract in Biochemical Parameters¶

628 Table 4 shows a significant reduction in the body weight of rats before and after treatment. NF-

629 κB levels increased significantly with the administration of a high-fat diet (HFD), but this

630 increase was significantly reduced by the extract. The highest average GSH levels were

631 observed in the normal diet group, followed by the HFD with extract group, and the lowest in

632 the HFD without extract group. ¶

633 The bioactive compounds from sea cucumber show great potential in treating age-related

634 infertility, as demonstrated by in vivo and in silico studies. These compounds exert antioxidant

635 effects via the NFE2L2 (Nrf2) pathway, reducing mitochondrial oxidative stress by activating



636 enzymes like superoxide dismutase (SOD), catalase, and glutathione peroxidase (GPx). They

637 protect reproductive tissues and support cellular health, with mitochondrial proteins like MT-

638 ND1 and NDUFA further enhancing redox balance.¶

639 Anti-inflammatory effects are mediated through the MAPK3 (ERK1) pathway, which reduces

640 pro-inflammatory mediators like NF-κB and supports tissue regeneration. The estrogen

641 signaling pathway involving ESR1, ESR2, and AR restores hormonal balance, improving

642 reproductive functions. Recent studies have shown that Erβ can suppress NF-κB activity.(Mal

643 et al., 2020) Molecular docking studies confirm the ability of these compounds to influence

644 these pathways. Thompson’s study highlighted the fertility benefits of compounds like

645 stigmasterol, which improved endometrial receptivity, 6-gingerol, which enhanced sperm

646 quality, and platycodigenin, which supported follicle development. (Thompson et al., 2023)

647 Another study by Wang, found that adding these compounds to ovarian stimulation protocols

648 increased IVF success rates by 23%. (Wang et al., 2024) By promoting ovulation,

649 folliculogenesis, and endometrial receptivity, these compounds provide a promising,

650 personalized approach to combat infertility and improve reproductive health. (Lee et al., 2022)

651 Conclusion

652 Through in silico study, key bioactive compounds such as andrographolide, 6-gingerol, and

653 sarcostin were identified as effectively interacting with hormone receptors. These compounds

654 play a critical role in hormonal regulation. Additionally, in vivo studies demonstrated their

655 antioxidant properties, which help reduce oxidative stress. The dual action of these compounds

656 show the potential of Stichopus herrmanni extract as a promising therapy for infertility,

657 particularly age-related infertility .¶

658 Network pharmacology and docking analysis approaches were used to investigate the potential

659 of sea cucumber compounds in treating infertility, successfully identifying 12 bioactive

660 compounds, with a focus on three main compounds: Andropanolide, 6-Gingerol, and Sarcostin,



661 which show significant interaction with estrogen (ESR1) and androgen (AR) receptors. The

662 mechanism of action of these compounds involves hormone receptor modulation, affecting

663 related gene expression, and potentially helpingaiding in folliculogenesis and ovulation

664 processes, indicating complex molecular mechanisms in addressing infertility. Although initial

665 results are very promising, researchers emphasizeemphasise the need for further in vitro and

666 in vivo studies to validate the findings and explore the potential for more

667 personalizedpersonalised fertility therapy potentialtherapies, thus opening up new

668 opportunities infor innovative and, molecular-based reproductive therapy approaches.¶

669 ¶
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TABLE LEGENDS
Table 1. Data Mining Structure and SMILES¶
¶

Table 1. Data Mining Structure and SMILES¶
No¤ ESI Mode¤ Group¤ Compound Name¤ CID¤
1¤ (+)¤ Flavonoid¤ Nobiletin¤ 72344¤
2¤ (+)¤ Terpenoid¤ 24-Methylcholesta-7,22-dien-3β-ol¤ 54239392¤
3¤ (+)¤ Terpenoid¤ 24-Methylenecycloartanone¤ 634880¤
4¤ (+)¤ Terpenoid¤ 26-Deoxyactein¤ 10974362¤
5¤ (+)¤ Terpenoid¤ 2-Hydroxyesculentic acid¤ 9898760¤
6¤ (+)¤ Terpenoid¤ Fibraurin¤ 168338¤
7¤ (+)¤ Terpenoid¤ Olibanumols I¤ Yoshikawa, 2019¤
8¤ (+)¤ Terpenoid¤ Platycodigenin¤ 12314399¤
9¤ (+)¤ Terpenoid¤ Scuterivulactone C2¤ 13890624¤
10¤ (+)¤ Terpenoid¤ Stigmasta-4,22-dien-3-one¤ 6442194¤
11¤ (+)¤ Terpenoid¤ Yesanchinoside B¤ 1.63E+08¤
12¤ (+)¤ Terpenoid¤ Yesanchinoside H¤ 1.63E+08¤
13¤ (-)¤ Phenol¤ 6-Gingerol¤ 442793¤
14¤ (-)¤ Phenol¤ Kukoamine A¤ 5318865¤
15¤ (-)¤ Phenol¤ Mulberrofuran D¤ 5467256¤
16¤ (-)¤ Terpenoid¤ 3-O-(2'E,4'Z-Decadienoyl)ingenol¤ 44575953¤
17¤ (-)¤ Terpenoid¤ Andropanolide¤ 7067324¤
18¤ (-)¤ Terpenoid¤ Ganoderic acid H¤ 73657194¤
19¤ (-)¤ Terpenoid¤ Hederagenin 3-O-α-L-

rhamnopyranosyl-(1->2)-[β-D-
glucopyranosyl(1->4)]-α-L-

arabinopyranoside¤

73042413¤

20¤ (-)¤ Terpenoid¤ Isodihydrofutoquinol B¤ 44715837¤
21¤ (-)¤ Terpenoid¤ Nigakilactone J¤ 182145¤
22¤ (-)¤ Terpenoid¤ Ostruthin¤ 5281420¤
23¤ (-)¤ Terpenoid¤ Sarcostin¤ 46173994¤
24¤ (-)¤ Terpenoid¤ β-Cryptoxanthin palmitate¤ 86291095¤
25¤ (+)¤ Terpenoid¤ 12-Hydroxyhydromethyl¤ 54226139¤
26¤ (+)¤ Terpenoid¤ Curculigo saponin A¤ 85144169¤
27¤ (+)¤ Terpenoid¤ 11-O-p-Coumarylnepeticin¤ 54678486¤
28¤ (+)¤ Terpenoid¤ Curculigo saponin L¤ 198016¤
29¤ (-)¤ Phenol¤ Nobilin C¤ 11953937¤
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1 ¶
2 Table 2. Analysis results of drug-likeness and ADMET of potential compounds using AdmetLab2.0¶
3 ¶

No¤ Compound Name¤
Druglikeness¤ Toxicity¤

Lipinski¤ MW¤ nHA¤ nHD¤ LogP¤ TPSA¤ H-HT¤ DILI¤ FDAMDD¤ Carcinogenicity¤
1¤ Stigmasta-4,22-dien-3-one¤ Accepted¤ 410.35¤ 1¤ 0¤ 7.477¤ 17.07¤ 0.247¤ 0.715¤ 0.955¤ 0.121¤

2¤ 24-Methylcholesta-7,22-
dien-3β-ol¤ Accepted¤ 398.35¤ 1¤ 1¤ 7.202¤ 20.23¤ 0.018¤ 0.019¤ 0.069¤ 0.007¤

3¤ Olibanumols I¤ Accepted¤ 414.35¤ 2¤ 1¤ 4.716¤ 37.3¤ 0.059¤ 0.019¤ 0.799¤ 0.004¤
4¤ Ganoderic acid H¤ Accepted¤ 572.3¤ 9¤ 2¤ 2.657¤ 152.11¤ 0.129¤ 0.596¤ 0.173¤ 0.019¤
5¤ Andropanolide¤ Accepted¤ 350.21¤ 5¤ 3¤ 1.754¤ 86.99¤ 0.023¤ 0.058¤ 0.966¤ 0.032¤
6¤ Sarcostin¤ Accepted¤ 382.24¤ 6¤ 6¤ 0.74¤ 121.38¤ 0.464¤ 0.015¤ 0.968¤ 0.889¤
7¤ 24-Methylenecycloartanone¤ Accepted¤ 438.39¤ 1¤ 0¤ 7.031¤ 17.07¤ 0.277¤ 0.037¤ 0.583¤ 0.079¤
8¤ Platycodigenin¤ Rejected¤ 520.34¤ 7¤ 6¤ 2.764¤ 138.45¤ 0.288¤ 0.018¤ 0.987¤ 0.48¤
9¤ 6-Gingerol¤ Accepted¤ 294.18¤ 4¤ 2¤ 2.765¤ 66.76¤ 0.224¤ 0.042¤ 0.847¤ 0.082¤
10¤ Mulberrofuran D¤ Accepted¤ 446.25¤ 4¤ 3¤ 7.986¤ 73.83¤ 0.953¤ 0.271¤ 0.889¤ 0.041¤
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16 Table 4. Effect of Sea Cucumber extract in Biochemical Parameters¶
17 ¶

Parameter¶
(Aorta Homogenat)¤

Normal Diet¤ High Fat Diet¶
(HFD)¤

HFD + Extract¤

NfkB (ng/ml)¤ 0.06 ± 0.01¤ 0.36 ± 0.06¤ 0.14 ± 0.02**¤

GSH (mg/dl)¤ 478.3 ± 49.0¤ 373.8 ± 31.8¤ 221.9 ± 79.7**¤

Weight difference
(before- after treatment)¤

23.8 ± 3.02¤ 60.20 ± 10.6¤ 24.8 ± 4.86**¤

18 *The effect of sea cucumber extract on animal and biochemical parameters. The data is
19 presented as mean ± SD values (n = 5 per group). The statistical differences were revealed
20 by one-way ANOVA and Tukey's post hoc test. The mean differences were significant
21 compared with the High Fat Diet group (*P < 0.05, **P < 0.01, ***P < 0.001); ¶
22 Table 2. Analysis results of drug-likeness and ADMET of potential compounds using
23 AdmetLab2.0¶
24 ¶
25 ¶
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27 FIGURE LEGENDS¶

28 ¶
29 Figure 1. Results of bioactivity potential analysis of sea cucumber compounds for anti-
30 infertility and menopause treatment¶
31 ¶
32 ¶

33 ¶
34 Figure 2. Cross-target between target proteins from sea cucumber and proteins associated with
35 anti-infertility in the database¶
36 ¶
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37 ¶
38 Figure 3. Results of topological network graph analysis and MCODE clustering. Node colors
39 approaching blue and green indicate higher dominance and increasingly important protein
40 roles based on betweenness centrality values.¶
41 ¶
42 ¶

43 ¶
44 Figure 4. GO Annotations analyzing the potential roles of sea cucumber target proteins in BP,
45 MF and KEGG pathways related to anti-infertility treatment ¶
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46 ¶
47 Figure 5. Most potential proteins based on identification of potential roles¶
48 ¶
49 ¶

50 ¶
51 Figure 6. the interactions formed between the target protein¶
52 ¶
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53 ¶
54 Figure 7. Docking results visualization, a) ESR1/ER Alpha-estradiol protein (pdb control), b)
55 ESR1/ER Alpha-andrographolide protein, and c) ESR1/ER Alpha-6 gingerol protein. The left
56 side shows 3D visualization, the right side shows the types of bonds formed between ligand-
57 protein.¶
58 ¶

59 ¶
60 Figure 8. Docking results visualization, a) AR-testosterone protein (pdb control), b) AR-
61 andropanolide protein, and c) AR-sarcostin protein. The left side shows 3D visualization, the
62 right side shows the types of bonds formed between ligand-protein.¶
63 ¶
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64 ¶

65 Figure 9. Potential energy of single and complex proteins. Potential energy of single and ESR1
66 complex proteins shows the change in potential energy (kJ/mol) over simulation time in two
67 graphs: the upper graph illustrates a larger potential energy scale to compare the complexes,
68 while the lower graph zooms in to observe the potential energy fluctuations between single
69 ESR1 (Blue), ESR1_ETD (Orange), ESR1_6GR (Green), and ESR1_ADP (Yellow).¶

70 ¶
71 ¶

72 ¶
73 Figure 10. Binding free energy (MMPBSA) profiles of ESR1 complexes (ESR1_ETD,
74 ESR1_6GR, ESR1_ADP) during a 10 ns simulation. Lower MMPBSA values (more negative)
75 indicate stronger binding stability. ESR1_ETD shows the highest stability, followed by
76 ESR1_6GR and ESR1_ADP.¶
77 ¶
78 ¶
79 ¶
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80
81 Figure 11(a): Stability of the Protein-Ligand Complex. The number of internal hydrogen
82 bonds within the ESR1 protein complex and its ligands ETD, 6GR, ADP, indicating the
83 stability of interactions in the binding pocket. (b): Role of the Solvent. The number of
84 hydrogen bonds between the ESR1-ligand complex and the solvent, illustrating the ligand's
85 adaptation to the aqueous environment for its biological function.¶
86 ¶
87 ¶

88 ¶
89 Figure 12. Analysis of Hydrogen Bond Energy Between the Protein Complex and Its Ligand.¶
90 ¶
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91 ¶
92 Figure 13. Solvent Accessible Surface Area (SASA) Measurements for Individual Molecules
93 and Molecular Complexes.¶
94 ¶

95 ¶
96 Figure 14. Total RMSD Values for Individual Molecules and Complexes.¶
97 ¶
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98 ¶
99 Figure 15. Analysis of Protein-Ligand Dynamics: (a) RMSD Cα ; (b) RMSD Backbone; (c)

100 Ligand Movement (d) Ligand Configuration.¶
101 ¶

102 ¶
103 Figure 16. Comparative Analysis of RG Patterns: Single ESR1 Protein versus Complexes (a)
104 ESR1_ETD, (b) ESR1_6GR , and (c) ESR1_ADP ¶
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105 ¶

106 ¶
107 Figure 17. Superimposition of ESR1 protein structures before and after molecular dynamics
108 simulation. The initial conformations (green/orange) and final conformations (purple/pink) are
109 shown for (a) ESR1 wild type, (b) ESR1 complexed with etoposide (ESR1_ETD), (c) ESR1
110 complexed with 6-gingerol (ESR1_6GR), and (d) ESR1 complexed with andrographolide
111 (ESR1_ADP)¶
112 ¶
113 ¶
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114 ¶
115 Figure 18. Root mean square fluctuation (RMSF) analysis of ESR1 protein residues, both
116 unbound and when bound to etoposide, 6-gingerol, and andrographolide.¶
117 ¶
118 Figure 1.: Results of the bioactivity potential analysis of sea cucumber compounds for anti-
119 infertility and menopause treatment.¶
120 ¶

121 ¶
122 a b ¶

123 ¶
124 ¶
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125 Figure 19. Compability between ESR1_ETD (green) and ESR1_6 gingerol (red) over 100ns
126 (a) RMSD plot comparing the structural stability (b) The RMSF plot shows the flexibility of
127 amino acid residues (c) The SASA plot presents the solvent-accessible surface area¶
128 ¶
129 ¶
130 ¶
131 Figure 2.: Cross-target interactions between target proteins from sea cucumber and proteins
132 associated with anti-infertility in the database. ¶
133 Figure 3.: Results of topological network graph analysis and MCODE clustering. Node colors
134 approachingranging from blue andto green indicate higher dominance and increasingly
135 important protein roles based on betweenness centrality values.¶
136 Figure 4.: GO Annotationsannotations analyzing the potential roles of sea cucumber target
137 proteins in BP, MF, and KEGG pathways related to anti-infertility treatment .¶
138 Figure 5.: Most potential proteins based on the identification of potential roles.¶
139 Figure 6. the interactions: Interactions formed between the target proteinproteins.¶
140 Figure 7.: Docking results visualization,: a) ESR1/ER Alpha-estradiol protein (pdbPDB
141 control), b) ESR1/ER Alpha-andrographolide protein, and c) ESR1/ER Alpha-6 -gingerol
142 protein. The left side shows the 3D visualization, while the right side shows the types of bonds
143 formed between the ligand- and protein.¶
144 Figure 8.: Docking results visualization,: a) AR-testosterone protein (pdbPDB control), b)
145 AR-andropanolide protein, and c) AR-sarcostin protein. The left side shows the 3D
146 visualization, while the right side shows the types of bonds formed between the ligand- and
147 protein.¶
148 Figure 9.: Potential energy of single and complex proteins.¶
149 Figure 10. Molecular free energy of complex samples based on MMPBSA values.¶
150 Figure 11. YASARA analysis identified two key types of hydrogen bonds: (a) hydrogen bonds
151 within the protein complex, and (b) hydrogen bonds formed between the protein complex and
152 its surrounding solvent.¶
153 Figure 12. Analysis of Hydrogen Bond Energy Betweenhydrogen bond energy between the
154 Protein Complexprotein complex and Its Ligandits ligand.¶
155 Figure 13. Solvent Accessible Surface Area (SASA) Measurementsmeasurements for
156 Individual Moleculesindividual molecules and Molecular Complexesmolecular complexes.¶
157 Figure 14. Total RMSD Valuesvalues for Individual Moleculesindividual molecules and
158 Complexescomplexes.¶
159 Figure 15. Analysis of Protein-Ligand Dynamicsprotein-ligand dynamics: (a) RMSD Cα ; (b)
160 RMSD Backbonebackbone; (c) Ligand Movementligand movement; (d) Ligand
161 Configurationligand configuration.¶
162 Figure 16. Comparative Analysisanalysis of RG Patterns: Singlepatterns: single ESR1
163 Proteinprotein versus Complexescomplexes (a) ESR1_ETD, (b) ESR1_6GR , and (c)
164 ESR1_ADP .¶
165 Figure 17.: Superimposition of ESR1 protein structures before and after molecular dynamics
166 simulation. The initial conformations (green/orange) and final conformations (purple/pink) are
167 shown for (a) ESR1 wild type, (b) ESR1 complexed with etoposide (ESR1_ETD), (c) ESR1
168 complexed with 6-gingerol (ESR1_6GR), and (d) ESR1 complexed with andrographolide
169 (ESR1_ADP).¶
170 Figure 18.: Root mean square fluctuation (RMSF) analysis of ESR1 protein residues, both
171 unbound and when bound to etoposide, 6-gingerol, and andrographolide.¶
172 ¶
173 ¶
174 ¶



12

175


