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25 Abstract 

26 The ability to grow undifferentiated oocytes in vitro from primordial follicles would 

27 increase the availability of fully grown oocytes in fertility preservation programs and 

28 other downstream applications. To date, the development of living offspring in vitro 

29 from the primordial follicle reserve has only been achieved in mice, proving the 

30 principle of the potential value of follicle culture as a source of competent oocytes. In 

31 certain pathophysiological conditions, such as polycystic ovarian syndrome, 

32 premature ovarian failure, or ovarian and blood cancer, where the ovarian tissue 

33 cannot be reintroduced into the patient, it is essential to isolate these follicles from 

34 the surrounding tissue and culture them in vitro. However, the culture systems that 

35 produce mature oocytes from isolated primordial follicles are still under investigation. 

36 Upon isolation from the ovarian microenvironment, a critical limiting factor is follicle 

37 death after a short period of culture. Previous studies suggest that glycine, a key 

38 component of glutathione (GSH), plays a protective role against the programmed cell 

39 death mechanism, ferroptosis, in in vitro matured porcine oocytes via the System Xc
-

40 /GSH/glutathione peroxidase 4 (GPX4) axis. Employing a previously developed high-

41 yielding primordial follicle mechanical isolation strategy and a defined culture system, 

42 we used RNA-seq to advance the knowledge of the main transcriptional events and 

43 molecular factors determining follicle fate in a 2D culture system. Our transcriptome 

44 analyses identified genes involved in ferroptosis that may bring about primordial 

45 follicle death. To suppress ferroptosis, glycine supplementation maintained the 

46 viability of primordial follicles at approximately 85% for 16 hours. Future 

47 improvements to the culture system should inhibit programmed cell death 

48 mechanisms and ensure the physiological compliance of the genes regulating 

49 primordial follicle activation and transition to the primary stage, along with effective 
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50 supplementation media to develop isolated primordial follicles in vitro.

51

52 Key Words

53 Bovine, Primordial Follicle, Folliculogenesis, Ovarian Reserve, Mechanical Isolation, 

54 In vitro Culture, RNA-seq, Programmed cell death, Ferroptosis, Glycine
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57 Introduction

58 Current ART procedures primarily utilize advanced follicle stages for in vitro 

59 embryo production. In large mammals like the bovine, ARTs can rely only on the 

60 limited population of fully-grown oocytes isolated from medium to large antral follicles 

61 (Luciano et al., 2021) and, with lower success, on growing oocytes isolated from 

62 early antral follicles (Garcia Barros et al., 2023). Meanwhile, developing competent 

63 oocytes from the significant reserve of preantral follicles through isolation and culture 

64 remains an ongoing challenge (Telfer et al., 2023).

65 The preantral follicles, in decreasing order of size, include secondary (SF), 

66 primary (PF), and primordial follicles (PMF). In women, the ovarian reservoir consists 

67 of 700,000 – 1,00,0000 PMF at birth (Gougeon et al., 1994, Hansen et al., 2008) and 

68 declines with age, leading to the progressive depletion of the ovarian reserve. In 

69 conditions like premature ovarian insufficiency, it is essential to isolate follicles from 

70 the surrounding environment and culture them in vitro for the subsequent stages of 

71 development. Similarly, ovarian grafts cryopreserved before radiotherapy or 

72 chemotherapy cannot always be transferred back to the patients for the risk of 

73 inducing recurrencies, as in the case of ovarian or blood cancers (Bastings et al., 

74 2013, Salama et al., 2016). In mice, the potential of in vitro folliculogenesis has been 

75 soundly demonstrated through a two-step culture whereby ovaries, at first and 

76 individual follicles later, were cultured to generate mouse pups (O'Brien et al., 2003). 

77 Conversely, in large mammals like humans and cattle, only limited success of the 

78 development of PMF to the secondary follicle stage in situ, i.e., within a fragment of 

79 tissue, was obtained with micro-cortex culture (Araujo et al., 2014, Mclaughlin et al., 

80 2018, Simon et al., 2020, Telfer et al., 2019). However, the culture of tissue 

81 fragments is accompanied by the inherent inability to monitor follicle progression 
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82 during the culture period. For instance, the percentage of PMF reaching the PF 

83 stage versus those dying in the process cannot be accurately accounted for.

84 To overcome pathophysiological and technical issues, isolation procedures have 

85 been optimized to maximize the number of PMF recovered from a small volume of 

86 cortical tissue while retaining the maximum viability of freshly isolated follicles at time 

87 zero (T0) (Dey et al., 2024a, Langbeen et al., 2015, Monferini et al., 2024).

88 Previous studies showed that in vitro development of preantral follicles can be 

89 influenced by follicle size, among other properties (Katska and Rynska, 1998, Saha 

90 et al., 2000). Preantral follicles have distinct morphological features (Chen et al., 

91 2022, Fair et al., 1997, Gougeon, 1986, Grosbois et al., 2023, Monferini et al., 2024, 

92 Wang et al., 2020a, Zhang et al., 2018). PMF are quiescent follicles with an oocyte 

93 surrounded by flattened pre-granulosa cells. Upon activation, these cells grow into a 

94 single layer of cuboidal cells in the PF. Further proliferation of the granulosa cells 

95 results in the formation of two or more layers and is accompanied by oocyte growth; 

96 these follicles can be identified as SF (Fair et al., 1997, Monferini et al., 2024).

97 Furthermore, the PMF, PF, and SF transcriptome analyses, as evidenced by 

98 sequencing studies in humans, primates, and mice (Chen et al., 2022, Wang et al., 

99 2020a, Zhang et al., 2018), have characterized the molecular profiles of individual 

100 categories of preantral follicles. Effective culture systems should cater to the distinct 

101 properties of these three follicle categories. Targeted systems have been successful 

102 in culturing follicles from the large SF stage (Araújo et al., 2015, da Cunha et al., 

103 2018, Passos et al., 2013, Paulino et al., 2020, Paulino et al., 2018). Fewer have 

104 attempted to culture small SF (Zoheir et al., 2017) and PF (Hulshof et al., 1995, Sun 

105 and Li, 2013), while isolated PMF culture remains under investigation  (Dey et al., 

106 2024b). 
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107 Isolated culture systems show that PMF die quickly after a short period, regardless 

108 of the culture method or the system's dimensionality (Abir et al., 2001, Abir et al., 

109 1999, Hovatta et al., 1999). 

110 While understanding the factors necessary for the growth and development of 

111 follicles to the following stages is essential to effectively improve current culture 

112 systems, it is equally vital to comprehend the reasons and mechanisms behind 

113 follicle death. Ovarian follicles experience atresia through various programmed cell 

114 death (PCD) processes throughout mammalian life, beginning in utero with 

115 establishing the ovarian reserve, involving mechanisms such as apoptosis, 

116 autophagy, ferroptosis, necroptosis, etc. (Chaudhary et al., 2019a, Chaudhary et al., 

117 2019b, Grive, 2020, Sun et al., 2020). Postnatally, integrated stress response genes 

118 have been found to play a key role in determining the fate of dormant PMF between 

119 attrition and activation (Cari et al., 2021). Although many other modes of PCD have 

120 been identified as active in the ovary over the years (Grive, 2020), we hypothesize 

121 that the isolated PMF may undergo one or more forms of PCD after a brief period in 

122 culture. Our primary goal is to clarify which PCD mechanisms contribute to follicle 

123 death during culture at different time points in a serum-free 2D culture system. These 

124 pathways can be inhibited to improve current PMF culture systems and enhance 

125 ARTs.

126 This study employs a top-down approach to interrogate the follicles to 

127 understand their survival necessities. We accomplished this by comparing the 

128 transcriptome profiles of freshly isolated versus cultured PMF, identifying highly 

129 connected genes (hub genes) that are potentially decisive in regulating PMF fate in 

130 vitro. The transcriptome analysis further informed the appropriate supplementation 

131 with glycine, which regulates lipid peroxidation and intercepts the ferroptosis 
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132 cascade, thereby ameliorating the culture system and enhancing PMF survival in 

133 vitro.

134

135 Materials and Methods

136

137 Ethics Statement

138

139 All the experiments were carried out using bovine ovaries collected at the 

140 abattoir (INALCA SpA, Ospedaletto Lodigiano, LO, Italy, IT 2270M CE) following the 

141 specific health requirements. No animals were raised or killed purposely to collect 

142 ovaries. The ovaries used to collect the follicles employed for the experiments are 

143 discarded by-products of the food industry, which produces meat for human 

144 consumption. As such, we fulfilled the 3Rs principles (Replacement, Reduction, and 

145 Refinement) by reusing leftover organs as abattoir waste.

146

147 Materials

148

149 Unless stated otherwise, all chemicals and reagents used in this study were 

150 obtained from Merck Sigma Aldrich, Milan, Italy. Disposable sterile plasticware was 

151 purchased from SARSTEDT Srl, Trezzano sul Naviglio, Italy (SARSTEDT Green line 

152 for suspension cells) and Thermo Fisher Scientific Inc, Monza, Italy (NUNC IVF Line 

153 and SterilinTM). Unless specified otherwise, all procedures were conducted at room 

154 temperature (26 °C).

155
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156 Primordial Follicle Isolation and Culture

157

158 Holstein Friesian heifers were used as an experimental model to maximize 

159 the number of PMF released per mm3 of the ovarian cortex (Monferini et al., 2024). 

160 Holstein Friesian ovaries were collected from heifers aged 12 to 24 months at a local 

161 abattoir, which underwent routine veterinary inspections according to the specific 

162 health requirements. As previously described (Dey et al., 2024a, Monferini et al., 

163 2024), only animals with both ovaries carrying more than 10 medium antral follicles 

164 (2-8 mm) visible on the ovarian surface were considered (Modina et al., 2014). Pairs 

165 of ovaries were separated from the surrounding fat tissue and ligaments and 

166 transferred into a 50 mL tube containing sterile saline (NaCl, 9 g/L), supplemented 

167 with 100 U/mL of penicillin and 0.1 mg/mL of streptomycin (pen/strep). Ovaries were 

168 transported to the laboratory at 4°C within 1 hour and kept cool until processing to 

169 minimize ovarian tissue damage (Duncan et al., 2016, Vilela et al., 2021).

170 PMF were mechanically isolated following the previously defined protocol (Dey et al., 

171 2024a, Monferini et al., 2024). Briefly, a strip measuring 10×20 mm and 0.5–1 mm 

172 thick (between 0.1 and 0.2 cm3) was peeled off the surface of the ovarian cortex. 

173 The cortical tissue was chopped into smaller fragments using 1.5-inch single-edge 

174 razor blades, minced, and washed in 3 mL of isolation medium, which consisted of 

175 Leibovitz’s L-15 Medium supplemented with 3 mg/mL Bovine Serum Albumin (BSA) 

176 and pen/strep (isolation medium). The washed minced pieces were then transferred 

177 to a 50 mL tube containing 15 mL of isolation medium. This tube was then placed 

178 under an IKA ULTRA-TURRAX® T25 Homogenizer (IKA-Werke, Staufen, Germany) 

179 equipped with the Dispersing Tool S25D-14G-KS (IKA-Werke), and the minced 

180 cortical pieces were homogenized at 3000 rpm for 6 minutes. The homogenate was 
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181 passed through a 300 µm mesh size strainer (pluriSelect Life Science, Leipzig, 

182 Germany) positioned over a 50 mL tube, with each strainer mesh washed using 5 

183 mL of isolation medium. The filtrate was then serially passed through 100, 70, 40, 

184 and 30 µm mesh size strainers placed atop a 50 mL tube, with each strainer washed 

185 with 5 mL of isolation medium. The 30 µm strainer was flipped upside-down, stably 

186 hovered over a 60 mm Petri dish, and washed with the isolation medium to liberate 

187 the clear population of PMF. PMF were then collected under a high-zoom ratio 

188 stereomicroscope (Nikon SMZ1270i, Nikon, Tokyo, Japan) equipped with a DSFi3 

189 camera and NIS Elements L image analysis software (Nikon). The isolation process 

190 was conducted quickly, not exceeding 40 minutes, to prevent the follicles from 

191 becoming sticky (Converse et al., 2022, Dey et al., 2024a, McDonnell et al., 2022, 

192 Monferini et al., 2024).

193 To recover from the stress of the procedure (Converse et al., 2022), the isolated 

194 follicles were placed for 1 hour in a 4-well plate in 500 µL of culture medium as 

195 previously defined (Dey et al., 2024a). The medium consisted of αMEM 

196 supplemented with 0.1% fatty-acid free BSA, ITS (1 mg/mL r-hInsulin, 0.55 mg/mL 

197 hTransferrin, 0.5 µg/mL Sodium Selenite), 10-4 IU/mL r-hFSH (Gonal-F, Merck 

198 Darmstadt, Germany), 0.164 mM Penicillin, and 0.048 mM Streptomycin.

199 Subsequently, PMF were randomly assigned to three treatment groups: PMF 

200 T0 (freshly collected after 1 hour of recovery, control), PMF T16 cultured for 16 

201 hours, and PMF T24 cultured for 24 hours in the previously defined culture medium. 

202
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203 Viability Assessment

204

205 The viability of all isolated PMF at T0, T16, and T24 was assessed using a 

206 dual-fluorescence viability assay with Propidium Iodide (PI) and Fluorescein 

207 Diacetate (FDA), each diluted to a final concentration of 1 µg/mL in PolyVinyl Alcohol 

208 dissolved in Phosphate Buffer Saline at a final concentration of 0.1% (PBS/PVA, 

209 manipulation buffer) (Dey et al., 2024a). Groups of follicles were washed in a 50 µL 

210 drop of manipulation buffer and then transferred to a 50 µL drop of the dual staining 

211 solution. After one minute of incubation, follicles were observed at appropriate 

212 wavelengths under a fluorescence microscope (Nikon Diaphot-TMD Inverted 

213 Microscope with fluorescent filter DM 510) equipped with a Nikon DS-L1 camera for 

214 digital image acquisition. Follicles were classified as viable when the oocyte and all 

215 the granulosa cells were alive (green fluorescence) or when there were less than 

216 10% of dead granulosa cells (red fluorescence) (Dolmans et al., 2006, Monferini et 

217 al., 2024).

218

219 RNA Extraction and Sequencing

220

221 To analyze the gene expression profiles, PMF isolated as described above 

222 (three biological replicates) were retrieved and pooled after collection (T0) or 16 h of 

223 culture (T16) for RNA extraction and sequencing. Individual replicates were collected 

224 in minimum volumes of 0.1% PBS/PVA and stored in 2 mL RNAse-free tubes 

225 containing RNA lysis buffer at −80 °C until RNA extraction. 
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226 Total RNA was extracted using the miRNeasy Tissue/Cells Advanced Micro Kit 

227 (Qiagen Srl, Milan, Italy) and eluted in RNAse-free water following the 

228 manufacturer's instructions. RNA samples were processed at the Centre of Genomic 

229 Regulation, Barcelona, Spain, for library preparation and sequencing. 

230 cDNA was generated using SMART-Seq v4 Ultra Low Input RNA kit (Clontech, 

231 Takara Bio, Saint-Germain-en-Laye, France). Briefly, first-strand cDNA synthesis 

232 was primed by the 3’ SMART-Seq CDS Primer II A and uses the SMART-Seq v4 

233 Oligonucleotide for template switching at the 5’ end of the transcript. cDNA 

234 amplification was performed by LD PCR using PCR Primer II A cDNA from the 

235 SMART sequences introduced by 3’ SMART-Seq CDS Primer II A and the SMART-

236 Seq v4 Oligonucleotide. cDNA was analyzed with Agilent Bioanalyzer (Agilent 

237 Technologies Spain, S.L., Madrid, Spain) to determine the concentration. From the 

238 cDNA obtained, libraries were prepared using NEBNext® Ultra DNA Library Prep Kit 

239 for Illumina® (Ipswich, MA, USA) according to the manufacturer’s protocol. Briefly, 5 

240 ng of cDNA were fragmented at a range size of 200-500bp using Covaris S2, then 

241 subjected to end repair and addition of “A” bases to 3′ ends, ligation of NEB adapter, 

242 and USER excision. All purification steps were performed using AgenCourt AMPure 

243 XP beads (Beckman Coulter, Barcelona, Spain). 

244 Library amplification was performed by PCR using NEBNext Multiplex Oligos for 

245 Illumina (96 Unique Dual Index Primer Pairs, Ref. E6440, E6442, E6444, E6446). To 

246 estimate the quantity, final libraries were analyzed using Agilent Bioanalyzer or 

247 Fragment Analyzer High Sensitivity assay. They were then quantified by qPCR using 

248 the KAPA Library Quantification Kit (KapaBiosystems). Libraries were sequenced on 

249 Illumina’s NextSeq2000, generating 50 bp paired-end reads. 

250
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251 Transcriptome Analysis

252

253 Raw data were obtained and read quality was assessed using FastQC. 

254 Trimming of the reads was performed to remove artificial constructs like adapters, 

255 primers, and overcalled polyG sequences with TrimGalore and Fastp. Trimmed 

256 reads were mapped to the bovine transcriptome assembly, ARS UCD1.3, and 

257 quantified using Salmon (Patro et al., 2017). The DESeq2 (Love et al., 2014) 

258 package in Bioconductor/R was used to detect differentially expressed genes 

259 (DEGs) between PMF T16 and T0, and genes with False Discovery Rate (FDR) <0.1 

260 obtained through Benjamini-Hochberg correction were considered statistically 

261 significant. The threshold was cutoff at FDR < 0.1 to broaden the exploration of 

262 enriched pathways and capture a wider range of potential network interactions. 

263 Principal component analysis of all replicates was performed with the pcaExplorer 

264 (Marini and Binder, 2019) package in R. The volcano plot and heatmap were 

265 generated with EnhancedVolcano and pHeatmap packages in R, respectively 

266 (Blighe K, 2023, Kolde, 2012). 

267 Raw and processed data are deposited in the Gene Expression Omnibus 

268 (GEO) from NCBI and are accessible through GEO accession number GSE283263. 

269

270 Over Representation Analyses

271

272 Over Representation analyses (ORA) were performed with WebGeStalt (Liao 

273 et al., 2019) using gene ontology (GO) for biological function and the KEGG 

274 database for pathway. ORA of the DEGs were performed against the Bos taurus 
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275 species, and genome protein coding was set as the reference gene list. The 

276 minimum and maximum number of IDs in the category were set to 2 and 2000, 

277 respectively. Benjamini-Hochberg correction was used for multiple test adjustments. 

278 Biological processes and KEGG pathways with a False Discovery Rate (FDR) < 0.1 

279 were considered significant. Overrepresented biological processes and pathways 

280 were plotted with the ggplot2 package in R.

281

282 Network Analysis

283

284 The network of DEGs was constructed through the GeneMANIA plugin 

285 (Montojo et al., 2010) on Cytoscape version 3.9.1 (Otasek et al., 2019). The 

286 association data employed was genetic or physical interaction. The network was 

287 generated against Homo sapiens, with 0 additional related genes and, at most, 10 

288 attributes with the default automatic selected weighting method (Mostafavi et al., 

289 2008, Warde-Farley et al., 2010).

290
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291 Hub Gene Identification

292

293 The network node (gene) scores were calculated with the cytoHubba plugin, 

294 which offers different node ranking methods to evaluate the importance of genes 

295 (nodes) in a biological network (Chin et al., 2014). Two topological analysis methods 

296 (local-based) and 4 typical centrality parameters (global-based) for networks were 

297 employed to generate subnetworks of the top 20 highly connected hub genes 

298 according to each method i.e., Degree, Maximum Neighborhood Component (MNC), 

299 Betweenness, Closeness, Radiality and Stress.

300 The 6 subnetworks were merged by intersection to identify the common hub genes 

301 across all the subnetworks. Genes in the merged network were identified as central 

302 hub genes and were color-coded as per their log2FoldChange (log2FC) values at 

303 PMF T16, i.e., upregulated DEGs (log2FC ≥ 0.5) were color-coded green and 

304 downregulated DEGs (log2FC ≤ -0.5) were color-coded red. A circular layout was 

305 adopted to visualize the central hub gene network. Gene ontologies of the central 

306 hub genes concerning biological processes and molecular functions were obtained 

307 from UniProtKB.

308

309 Investigation of Different Programmed Cell Death Mechanisms

310

311 Four main PCD occurrences were investigated: apoptosis, autophagy, 

312 ferroptosis, and necroptosis. Information about the genes and signaling network 

313 regulating the four PCD mechanisms was downloaded from publicly available 

314 databases. Apoptosis: Deathbase (http://deathbase.org/) (Díez et al., 2010), 
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315 Autophagy: HADb (http://autophagy.lu/) (Moussay et al., 2011), Ferroptosis: 

316 FerrDbv2 (http://www.zhounan.org/ferrdb/current/) (Zhou et al., 2023b), and 

317 Necroptosis: KEGG (https://www.genome.jp/entry/pathway+bta04217) (Kanehisa, 

318 2000, Kanehisa, 2019, Kanehisa et al., 2023). The KEGG Necroptosis pathway was 

319 obtained since no dedicated database for necroptosis was found. 

320 The UpSet plot was constructed with the ComplexUpset (Krassowski, 2020, Lex, 

321 2014) package in R to allocate the number of DEGs in our dataset involved in 4 main 

322 PCD mechanisms, i.e., apoptosis, autophagy, ferroptosis, and necroptosis. Chi-

323 square tests were conducted to confirm the significance of the association between 

324 genes shared between the individual mechanisms and the list of DEGs. A p < 0.01 

325 was considered significant and confirmative of association.

326 To functionally categorize the ferroptosis genes found, a list of genes related 

327 to ferroptosis was obtained from FerrDbv2 (Zhou et al., 2023b). A Venn diagram was 

328 constructed with the VennDiagram package (Chen and Boutros, 2011) in R to 

329 identify ferroptosis drivers and suppressors that were differentially expressed 

330 between PMF T16 vs T0. Each gene on FerrDbv2 is assigned a score, classifying it 

331 as either a driver or suppressor. DEGs identified as having a dual role, i.e., both 

332 drivers and suppressors were reclassified according to their score on FerrDbv2, so 

333 DEGs that scored higher as drivers were reclassified as ferroptosis drivers, and 

334 those scored higher as suppressors were reclassified as ferroptosis suppressors.

335
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336 Ferroptosis DEG Network Generation

337

338 The interaction data of the ferroptosis DEGs, classified into drivers and 

339 suppressors, were downloaded from FerrDbv2 and imported into Cytoscape. The 

340 interaction data were then used to generate the directed (Driver/Suppressor) 

341 network.

342

343 Glycine Supplementation and Viability Assessment

344

345 As revealed by our transcriptome analysis, we aimed to ameliorate our 

346 defined culture medium by adding glycine to suppress ferroptosis. Previous studies 

347 demonstrated that 6 mM glycine supplementation effectively reduced the occurrence 

348 of ferroptosis by increasing glutathione (GSH) in in vitro matured porcine oocytes 

349 (Gao et al., 2023). Therefore, we conducted experiments on isolated PMF using the 

350 same glycine concentration. This experiment was designed as a proof-of-principle to 

351 demonstrate the involvement of glycine in suppressing ferroptosis.

352 Isolated PMF were cultured for 16 h in the previously defined culture system 

353 supplemented with 6 mM glycine. Viability staining with PI/FDA was performed as 

354 described before. 

355

356 Statistical analysis
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357 Statistical analysis of the viability assessments was conducted using 

358 GraphPad PRISM version 10.1.1 (GraphPad Software, Boston, MA, USA, 

359 www.graphpad.com). Experiments were replicated five times. Normality tests were 

360 run to assess normal data distribution. Data were analyzed by one-way ANOVA 

361 followed by Tukey’s multiple comparisons test, and values were reported as mean 

362 percentage ± SEM. Significant differences were defined at p < 0.05.

363

364 Results

365 Viability Assessment

366

367 Approximately 90% (88.99 ± 2.99%) of isolated PMF were viable at T0 as 

368 assessed by PI/FDA dual staining (Figure 1). Following 16 h of culture (T16), viability 

369 was found to be 69.46 ± 3.18 % and 64.61 ± 3.34 % after 24 h (T24). The decline in 

370 viability was significant after 16 h (p = 0.0003) and 24 h of culture (p ≤ 0.0001). In 

371 contrast, the decrease observed between 16 h and 24 h was limited and not 

372 statistically significant. 

373 The present experiment identified the timeframe in which programmed cell death 

374 may occur, specifically within 0 to 16 h of culture. As a result, separate experiments 

375 were conducted to profile the transcriptomes of PMF at T0 and T16, aiming to 

376 understand which PCD mechanisms may have triggered the decline in PMF viability.  

377

378 RNA Sequencing and Transcriptome Analysis

379
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380 Table 1 defines the number of follicles in each replicate submitted for RNA 

381 extraction and sequencing. The mapping rate was between 87% and 92% for all the 

382 samples. 

383 Principal component analysis (PCA) showed apparent clustering of PMF at T0 

384 versus T16 with ~38% variance between the groups along the first component (PC1) 

385 as shown in (Figure 2A).  Differential gene expression analysis revealed 1949 DEGs 

386 (FDR < 0.1) between PMF at T16 versus at T0 (Figure 2B, Supplementary Table 

387 S1). The heatmap of the top 50 most variable genes in (Figure 2C) shows the 

388 expression profile at the two time points.

389

390 Over Representation Analyses

391

392 ORA showed functional enrichment of biological processes such as positive 

393 regulator of cell death, negative regulator of cell proliferation, growth, and response 

394 to cytokines (Figure 3A). Overrepresented KEGG pathways included TNF and MAPK 

395 signaling pathways and glycine, serine, and threonine metabolism, as shown in 

396 (Figure 3B).

397
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398 Hub Gene Identification

399

400 Upon merging the top 20 hub genes in each of the 6 centrality measure 

401 subnetworks (Supplementary Figure S1), 14 genes were found to be common 

402 across all 6 subnetworks, namely, Solute Carrier Family 7 Member 11 (SLC7A11), 

403 DNA Topoisomerase 1 (TOP1), Baculoviral IAP Repeat-Containing Protein 3 

404 (BIRC3), Ubiquitine-protein ligase 3A (UBE3A), POU domain class 3 transcription 

405 factor 3 (POU3F3), neurotrophic receptor tyrosine kinase 3 (NTRK3), Glypican 5 

406 (GPC5), Contactin 4 (CNTN4), Sorbin and SH3 domain-containing protein 2 

407 (SORBS2), MDS1 And EVI1 Complex Locus (MECOM), Receptor-Type Tyrosine-

408 Protein Phosphatase Delta (PTPRD), Receptor-Type Tyrosine-Protein Phosphatase 

409 Mu (PTPRM), Estrogen Receptor 1 (ESR1) and Transcription Factor Jun (JUN) 

410 (Figure 4). These were identified as the common hub genes of the merged network 

411 that may play an essential role in regulating PMF gene expression, biological 

412 processes, and molecular functions (Supplementary Table S2).

413 Investigation of Different Programmed Cell Death Mechanisms

414

415 From the analysis, 45 DEGs were found to be involved in ferroptosis, 19 in 

416 autophagy, 12 necroptosis, and 8 in apoptosis, as depicted in (Figure 5A). Identified 

417 DEGs related to each PCD and their log2FC values have been listed in the 

418 Supplementary Table S3. The chi-square test confirmed the association of the DEGs 

419 with prespecified ferroptosis (p = 9.9E-12) and autophagy (p = 3.9E-07) pathway 

420 genes. At the same time, no association was determined between the DEGs and 

421 necroptosis and apoptosis.
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422 Of the 45 ferroptosis genes identified to be differentially expressed in our 

423 data, (Figure 5B) shows that 21 DEGs were found to be ferroptosis drivers, 23 were 

424 classified as ferroptosis suppressors, and 1, PIK3CA was found to have a dual 

425 function as listed on FerrDBv2.

426 The directed network shows the molecular regulation concerning ferroptosis that 

427 occurs in the PMF at 16 h of culture (Figure 5C). DEGs and their signaling pathways 

428 involved in ferroptosis are graphed. At this point, while many DEGs are driving 

429 ferroptosis like KDM5C, lipid ROS formation like ACSL4, and driving an integrated 

430 stress response (ISR), others are upregulating ferroptosis suppressors such as 

431 SLC7A11 and CAV1 and inhibiting lipid ROS formation like SESN2. Therefore, the 

432 differential expression of drivers and suppressors in the network captured at T16 in 

433 the network in (Figure 5C) demonstrates that at this precise point in the culture 

434 period, the cells are still actively responding to ferroptosis inducers, and they are not 

435 fully committed to cell death yet.

436

437 Glycine Supplementation and Viability Assessment

438

439 As in the previous experiment, approximately 90% of isolated PMF (87.51 ± 

440 2.22%) were viable at T0. Again, following 16 h of culture, the viability of isolated 

441 PMF cultured without glycine (T16) was significantly lower than at T0 at 76.97 ± 

442 2.64% (p = 0.0041). However, isolated PMF cultured for 16 h in a glycine 

443 supplemented medium (T16 Gly) showed a significant higher viability (84.66 ± 

444 1.51%) compared to PMF T16 (p = 0.0433) and not significantly different from that of 

445 PMF at T0 (Figure 6). 
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446 Discussion

447

448 Current ARTs are limited in fully exploiting the most abundant part of the 

449 mammalian ovarian reserve, the PMF, since no in vitro culture system can entirely 

450 support isolated PMF's long-term development into mature gametes (Abir et al., 

451 1999, Hornick et al., 2012). The shortcoming of isolated PMF in vitro culture is likely 

452 due to the lack of knowledge of the events guiding these follicles to develop into PF 

453 in vivo (McGee and Hsueh, 2000) and the challenges connected with their 

454 manipulation. 

455 Regardless of dimensionality, in vitro culture of isolated preantral follicles has shown 

456 some success beginning from the large SF stage (Araujo et al., 2014, McLaughlin et 

457 al., 2010), while PMF degenerate after a short culture period (Abir et al., 2001, Abir 

458 et al., 1999, Hovatta et al., 1999). To design a system capable of growing PMF to PF 

459 in vitro, it is essential to understand the mechanisms guiding their transition to the PF 

460 stage and why these follicles die upon isolation. The present study mainly focuses 

461 on answering the latter question by investigating the early changes in expression 

462 profile to reveal the mechanisms governing the fate of PMF in a defined culture 

463 system. The molecular underpinnings of PMF survival in vitro would allow the 

464 development of an efficient and effective culture system. 

465 The present study shows that approximately 90% of PMF were viable at T0, a 

466 percentage higher than previous reports of mechanical isolation methods in bovine 

467 species (Langbeen et al., 2015).  We show that after 16 h of culture, although the 

468 viability declines by about 30%, the viable PMF remains above 60% until 24 h of 

469 culture. Within this window of opportunity, we used the earlier time point to visualize 

470 the genomic regulation activated in the PMF by isolation from the ovarian stroma and 
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471 early steps of in vitro culture to understand the cause of PMF death in vitro. This 

472 informed the appropriate medium supplementation with glycine, achieving about 

473 85% PMF viability for 16 h in a defined 2D culture system. Previous studies on 

474 isolated primordial follicle culture in humans and rhesus macaques used different 

475 isolation methods (mechanical or enzymatic), degrees of isolation (fully or partially 

476 isolated), and dimensionality of the culture system (on or within collagen or alginate 

477 gels) in serum-supplemented medium (Abir et al., 2001, Abir et al., 1999, Hornick et 

478 al., 2012, Hovatta et al., 1999). These studies differ from the approach presented 

479 here, limiting direct comparisons. 

480 Nevertheless, previous reports indicate that fully isolated human PMF cultured 

481 on various matrices deteriorate rapidly within 24 hours (Abir et al., 2001), and rhesus 

482 macaque PMF, in the absence of any biomaterial encapsulation, dissociate by 3 

483 days of culture (Hornick et al., 2012). Thus, our glycine-supplemented culture system 

484 demonstrates progress compared to earlier studies. Moreover, we implemented a 

485 different strategy through RNA-seq analysis to dissect the molecular events triggered 

486 during PMF culture. These data should guide future research on ex-vivo growth and 

487 PMF development in higher-scale mammals.

488 By comparing the transcriptome landscape of the two follicle groups, we identified 

489 1949 DEGs that, according to functionally enriched key GO biological processes and 

490 KEGG pathways, are substantially involved in cell proliferation and death. Both the 

491 MAPK and TNF signaling pathways are known to play a role in cell fate 

492 determination, as well as in primordial follicle activation in vivo (Chen et al., 2020, 

493 Greenfeld et al., 2007, Li-Ping et al., 2010, Silva et al., 2020, Wright et al., 2020, 

494 Zhao et al., 2018). However, they also have a dual role in promoting PCD. For 

495 instance, MAPK is one of the most potent classical inflammatory signaling pathways 
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496 linked to pro-inflammatory cell death pathways like necroptosis, ferroptosis, and 

497 pyroptosis, in addition to apoptosis and autophagy, which are generally considered 

498 non-inflammatory (Chen et al., 2023, Ikeda et al., 2019, Kolb et al., 2017, Van Loo 

499 and Bertrand, 2023, Wang et al., 2023). Likewise, the TNF signaling pathway is 

500 associated with necroptosis and pyroptosis (Li et al., 2014, Samson et al., 2021, 

501 Tanzer, 2022, Van Loo and Bertrand, 2023, Wang et al., 2020b) and suppresses 

502 ferroptosis through the synthesis of GSH (Wu et al., 2022), which occurs through the 

503 amino acid antiporter system genes, SLC7A11 - identified as a common hub gene - 

504 and SLC3A2, components of the System Xc
-.

505 While PMF activation and the processes guiding PMF-to-PF transition are yet to be 

506 fully resolved, we noted the differential expression of some previously studied 

507 essential genes. Key cell cycle inhibitor genes such as CDKN1B (also known as 

508 p27), CDKN2B (Frost et al., 2022, Zhang et al., 2023), and TGF-β signaling pathway 

509 genes (Patton et al., 2021, Zhang et al., 2023) were found to be differentially 

510 expressed in this study. Previous reports have shown that the TGF-β signaling 

511 pathway has a role in maintaining PMF dormancy (Wang et al., 2014). The 

512 transcription factor, SMAD3, a signaling mediator of the TGF-β, reported to be 

513 expressed in the pre-granulosa cells of mice PMF (Granados-Aparici et al., 2019), 

514 was found to be upregulated at T16 along with TGFBRAP1, TGFB2, and its 

515 corresponding receptor, TGFBR2. Furthermore, a scRNA-seq study in mice reported 

516 a cluster of signature genes to either be switched on or off in PMF activation. In line 

517 with the study, we identified H19 to be switched off in PMF T16 (Frost et al., 2022). 

518 Additionally, TAC1 has been reported to be expressed during the PMF-to-PF 

519 transition in mice (Bernabé et al., 2020), and an upregulation of the gene was found 

520 in the PMF T16. Since the PMF compartments were not sequenced separately, this 
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521 study cannot trace whether transcripts were expressed in the oocyte or pre-

522 granulosa cells, limiting further insight. Nevertheless, collectively, the expression of 

523 these genes aligns with those previously reported in the literature, albeit in different 

524 species, suggesting that isolated PMF may be attempting to positively regulate the 

525 development of PF in the provided culture system. While individually, these genes 

526 offer molecular cues to assess the culture system, rigorous studies of healthy PMF 

527 and PF genomic regulations are needed to clarify their role in bovine preantral 

528 folliculogenesis and optimize the system accordingly. 

529 The hub gene analysis identified 14 genes through six common centrality algorithms 

530 as central hub genes influencing the downstream processes in the PMF. Key 

531 transcription factors, JUN, POU3F3, and ESR1, were all downregulated. 

532 Pharmacological inhibition of c-JUN phosphorylation in ovine ovarian cortex culture 

533 has been shown to inhibit PMF activation in situ (Bertoldo et al., 2016). The present 

534 analysis further revealed genes involved in PCD, specifically in ferroptosis, such as 

535 SLC7A11, a well-known ferroptosis suppressor (Koppula et al., 2021). Additionally, 

536 NTRK3, which is involved in maintaining oocyte viability during the PMF-to-PF 

537 transition, was found to be downregulated at T16 (Nilsson et al., 2009). 

538 Given the many DEGs involved in ferroptosis (Figures 4 and 5) compared to 

539 autophagy and their broader spectrum of fold change (Supplementary Table S3) 

540 between the two time points, ferroptosis may be considered the primary PCD 

541 mechanism involved. This finding implies that ferroptosis may be the leading PCD 

542 mechanism causing the death of PMF within the 16 h window.  

543 The 16 h culture period offers insight into the molecular functioning of the PMF at 

544 that time point. In other words, the central hub gene network captures the probable 

545 decision-making process of the PMF at T16. At this time point, the upregulation of 
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546 SLC7A11 is both influencing and being influenced by the expression of the 

547 remaining 13 central hub genes, such as JUN and ESR1. These central hub genes 

548 are well-known transcription factors that play roles in cell differentiation and 

549 proliferation and are involved in signaling pathways such as NF-kappaB 

550 (Oeckinghaus et al., 2011) and estrogen signaling pathways (Fuentes and Silveyra, 

551 2019, Lung et al., 2020, Marino et al., 2006). The PMF at T16 have already launched 

552 a defense response to ferroptosis and have switched into survival mode instead of 

553 allowing follicle activation, i.e., most evidently, by the lack of pre-granulosa cell 

554 proliferation into granulosa cells and PF formation in vitro. Additionally, BIRC3, 

555 TOP1, and UBE3A are upregulated at T16 and are responsible for inhibiting other 

556 PCD mechanisms like apoptosis and necroptosis, regulating DNA replication, 

557 transcription, and repair, while also coordinating ubiquitin-mediated protein 

558 degradation within cells, respectively (Supplementary Table S2). 

559 Broadly, molecular chaperones, like heat shock proteins, interact with other 

560 proteins to prevent their degradation and ensure proper protein folding, thereby 

561 assisting in maintaining cell homeostasis. The differential gene expression analysis 

562 also identified heat shock proteins belonging to the HSP70 and HSP110 family 

563 proteins (Liu et al., 2022) – HSPA12A, HSPA14, HSPA9, and HSPH1, respectively – 

564 all of which were upregulated at PMF T16. Previous reports suggest that HSPH1 

565 plays a protective role against lipid peroxidation during ferroptosis by binding to and 

566 stabilizing SLC7A11 (Xu et al., 2023). PCD mechanisms today canopy a wide 

567 assortment of ‘ptosis’, and since the first report of apoptosis in 1947, is ever 

568 expansive (Dey and Luciano, 2022). Ferroptosis is uniquely characterized as an iron-

569 dependent form of non-apoptotic cell death. Its occurrence in female reproduction 

570 has since been investigated across diverse physiological conditions, including but 
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571 not limited to diminished ovarian reserves in women with advanced maternal age 

572 (Jia et al., 2023), PMF depletion in obese mice (Zhou et al., 2023a), and the 

573 pathogenesis of polycystic ovarian syndrome (Tan et al., 2022). Impaired In vitro 

574 oocyte maturation and decreased oocyte quality have been linked to iron overload-

575 induced ferroptosis in porcine (Hu et al., 2021).

576 On the other hand, glycine, an essential component of GSH synthesis, has 

577 been shown to promote in vitro porcine oocyte maturation and early embryonic 

578 development by reducing the occurrence of ferroptosis when supplemented 

579 exogenously (Gao et al., 2023, Zhang et al., 2024). This protective effect is mediated 

580 through the ferroptosis surveillance mechanism involving the cystine/glutamate 

581 antiporter (System Xc
-), GSH, and glutathione peroxidase 4 (GPX4)—collectively 

582 known as the System Xc
-/GSH/GPX4 axis (Chen et al., 2021, Jiang et al., 2021, 

583 Jiang et al., 2024, Li et al., 2022).  In line with these findings, our analysis also 

584 revealed a significant over-representation of glycine, serine, and threonine 

585 metabolism (Figure 3B). Therefore, we supplemented our defined medium with 

586 glycine to potentially rescue PMF from ferroptosis. The glycine-supplemented culture 

587 medium was then able to sustain PMF viability at about 85% for 16 h, approximately 

588 25% higher than that of PMF cultured without glycine. Hence, our redefined medium 

589 enhanced PMF viability in culture for up to 16 h and, with further examination of 

590 viability at later time points, may offer an extended window for studying isolated PMF 

591 genomic regulation in vitro. Additionally, an in-depth investigation into the 

592 mechanism of glycine rescue may help clarify whether ferroptosis suppression is 

593 linked to the observed increase in PMF viability.

594 Merely suppressing PCD in culture systems may not necessarily be sufficient 

595 to promote quality-intact follicle development. A combination of supplements may 
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596 need to be tested to prevent PMF death, sustain quiescence, and trigger activation 

597 throughout the culture period (Pargianas et al., 2020). Vitamin E, specifically α-

598 tocopherol hydroquinone, acts as an inhibitor of ferroptosis (Hinman et al., 2018, 

599 Zeng et al., 2025). Alpha-tocopherol has been tested for its antioxidant properties in 

600 the in situ culture of caprine PMF. While an increase in PMF activation was 

601 observed, it was accompanied by an overall reduction in follicle viability after culture 

602 (Lima-Verde et al., 2009, Lucia Dos Santos Silva et al., 2023). Consequently, when 

603 establishing a microenvironment to culture PMF, it is essential to add ferroptosis 

604 inhibitors to the culture medium to prevent them from entering fight or flight mode 

605 and also to supplement the system with necessary activators or enhancers of cell 

606 proliferation and development to direct them towards PMF activation and subsequent 

607 PF development.  

608 As such, deeper analyses of the PMF-to-PF transition in isolated bovine follicles 

609 need to be conducted, followed by additional supplement testing to optimize the 

610 current culture system (Pargianas et al., 2020). This study is limited to the PCD 

611 mechanisms responsible for isolated PMF death in a serum-free 2D culture method 

612 and the rescue strategy informed by these mechanisms. Studies have suggested the 

613 biomechanical role of the rigid ovarian cortex in maintaining the quiescence of PMF 

614 through inhibitory signals (Fiorentino et al., 2022, Méndez et al., 2022) and nuclear 

615 rotation of the oocyte (Nagamatsu et al., 2019). We speculate that understanding the 

616 mechanism of these signals will allow for the sustained viability of isolated PMF in 

617 vitro before timely activation and development into PF, which may be permitted by a 

618 precisely tuned culture system. Therefore, future physiological culture systems 

619 should aim to synchronize the dynamic modulation of these molecular signals to 
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620 effectively supplement the media and enhance the recapitulation of the PMF-to-PF 

621 transition in vitro.

622 In conclusion, our study suggests that ferroptosis plays a role in inducing 

623 isolated PMF death in a serum-free 2D culture system, likely suppressed with glycine 

624 to improve the in vitro follicle culture system. The outcome of this analysis is 

625 expected to provide new strategies for fertility preservation through early 

626 intervention. Potential applications include saving endangered species, enhancing 

627 livestock breeding and selection schemes, and increasing the likelihood of fertility 

628 treatments for women with advanced maternal age, premature ovarian insufficiency, 

629 polycystic ovary syndrome, or other infertility issues. For women and young girls 

630 battling cancer, chemotherapeutic treatments often diminish the ovarian reserve. If 

631 PMF can be rescued from a small tissue fragment before the oncotherapy and 

632 appropriate culture systems can support their development, a safe option for future 

633 conception may be available for these patients. 

634

635
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674 Figure Legends

675

676 Figure 1. Viability assessment of freshly collected and in vitro cultured 

677 primordial follicles. (A) Viability assessment of PMF T0 and PMF T16 using PI and 

678 FDA. Scale bar = 100 μm. (B) Viability of PMF after 0, 16, and 24 h of culture, T0 (N= 

679 311), T16 (N=175), and T24 (N=199), respectively. The experiment was repeated 5 

Page 30 of 61

http://molehr.oxfordjournals.org/

Draft Manuscript Submitted to MHR for Peer Review



31

680 times (n=5). Data were analyzed by one-way ANOVA followed by Tukey’s multiple 

681 comparisons test, and values were reported as mean percentage ± SEM. **** indicate 

682 significant differences between groups where p ≤0.0001, *** indicate significant 

683 differences between groups where p<0.005; ns: not significant. PMF T0, freshly 

684 collected primordial follicles, control; PMF T16, primordial follicles cultured for 16 h; 

685 PMF T24, primordial follicles cultured for 24 h; PI, Propidium Iodide; FDA, Fluorescein 

686 Diacetate

687

688 Figure 2. Transcriptome analysis of freshly collected and in vitro cultured 

689 primordial follicles. (A) Principal Component Analysis (PCA) plot shows apparent 

690 clustering of PMF T0 and T16. (B) Volcano plot of differential gene expression (DGE) 

691 analysis shows up and downregulated DEGs (FDR<0.1) determined between PMF 

692 T0 and PMF T16 represented by green and red dots, respectively. (C) Heatmap of 

693 top 50 most variable genes. The heatmap shows normalized gene expression by 

694 regularized log transformation. PMF T0, freshly collected primordial follicles, control; 

695 PMF T16, primordial follicles cultured for 16 h; DEGs, differentially expressed genes; 

696 FDR, false discovery rate

697

698 Figure 3. Over Representation Analysis of genes differentially expressed 

699 between freshly collected and in vitro cultured primordial follicles. Over 

700 Representation Analysis of 1949 DEGs shows enriched (A) GO: Biological 

701 Processes. (B) KEGG pathways. The ontological terms were enriched at FDR < 0.1. 

702 DEGs (FDR < 0.1) were determined between PMF T0 and PMF T16. DEGs, 

703 differentially expressed genes; GO, gene ontology; FDR, false discovery rate; PMF 
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704 T0, freshly collected primordial follicles, control; PMF T16, primordial follicles 

705 cultured for 16 h

706

707 Figure 4. Hub gene identification analysis of genes differentially expressed 

708 between freshly collected and in vitro cultured primordial follicles. Hub gene 

709 identification analysis performed with CytoHubba identified the top 14 hub genes. 

710 Node representations: Green and red rectangles represent up and downregulated 

711 DEGs, respectively, determined between PMF T0 and PMF T16 (FDR < 0.1). DEGs, 

712 differentially expressed genes; PMF T0, freshly collected primordial follicles, control; 

713 PMF T16, primordial follicles cultured for 16 h; FDR, false discovery rate

714

715 Figure 5. Investigation of different programmed cell death mechanisms. (A) 

716 UpSet plot of DEGs determined between PMF T0 and PMF T16 (FDR < 0.1) 

717 overlapped with genes involved in ferroptosis, autophagy, necroptosis, and 

718 apoptosis. (*represents PCD mechanisms significantly associated with the DEGs (B) 

719 Venn diagram of ferroptosis drivers and suppressors differentially expressed 

720 between PMF T16 and T0. (C) Node representations: Green and red circles 

721 represent up and downregulated DEGs, respectively; grey circles represent genes 

722 not significantly differentially expressed in our dataset, and purple circles represent 

723 pathways or processes. Edge representations: Yellow lines represent inhibition, and 

724 blue lines represent activation of a gene, molecule, or pathway. DEGs, differentially 

725 expressed genes; PMF T0, freshly collected primordial follicles, control; PMF T16, 

726 primordial follicles cultured for 16 h; FDR, false discovery rate; PCD, programmed 

727 cell death

728
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729 Figure 6. Viability assessment of in vitro cultured primordial follicles 

730 supplemented with glycine. The graph shows the viability of PMF after 0 h and 16 h 

731 of culture with 6 mM glycine, T0 (N=334), T16 (N=349), and T24 (N=368), respectively. 

732 The experiment was repeated 5 times (n=5). Data were analyzed by one-way ANOVA 

733 followed by Tukey’s multiple comparisons test, and values were reported as mean 

734 percentage ± SEM. ** indicates significant differences between groups where p ≤ 

735 0.005, * indicates significant differences between groups where p ≤ 0.05 and ns: not 

736 significant. PMF, T0, freshly collected primordial follicles, control; PMF T16, primordial 

737 follicles cultured for 16 h

738
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Figure 1. (A) Viability assessment of PMF T0 (freshly collected primordial follicles, control) and PMF T16 
(primordial follicles cultured for 16 h) using PI and FDA. Scale bar = 100 μm. (B) Viability of PMF after 0, 16, 

and 24 h of culture, T0 (N= 311), T16 (N=175), and T24 (N=199), respectively. The experiment was 
repeated 5 times (n=5).  **** indicate significant differences between groups where p ≤0.0001, *** 

indicate significant differences between groups where p<0.005; ns: not significant. 
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Figure 2. (A) Principal Component Analysis (PCA) plot shows apparent clustering of PMF T0 (freshly collected 
primordial follicles, control) and T16 (primordial follicles cultured for 16 h). (B) Volcano plot of differential 

gene expression (DGE) analysis shows up and downregulated differentially expressed genes (DEGs) 
(FDR<0.1) determined between PMF T0 and PMF T16 represented by green and red dots, respectively. (C) 

Heatmap of top 50 most variable genes. The heatmap shows normalized gene expression by regularized log 
transformation. 
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Figure 3. Over Representation Analysis of 1949 differentially expressed genes (DEGs) shows enriched (A) 
GO: Biological Processes. (B) KEGG pathways. The ontological terms were enriched at FDR < 0.1. DEGs 

(FDR < 0.1) were determined between PMF T0 (freshly collected primordial follicles, control) and PMF T16 
(primordial follicles cultured for 16 h). 
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Figure 4. Hub gene identification analysis performed with CytoHubba identified the top 14 hub genes. Node 
representations: Green and red rectangles represent up and downregulated differentially expressed genes 
(DEGs), respectively, determined between PMF T0 (freshly collected primordial follicles, control) and PMF 

T16 (primordial follicles cultured for 16 h) (FDR < 0.1) 

133x127mm (600 x 600 DPI) 

Page 46 of 61

http://molehr.oxfordjournals.org/

Draft Manuscript Submitted to MHR for Peer Review



 

Figure 5. (A) UpSet plot of differentially expressed genes (DEGs) determined between PMF T0 (freshly 
collected primordial follicles, control) and PMF T16 (primordial follicles cultured for 16 h) (FDR < 0.1) 
overlapped with genes involved in ferroptosis, autophagy, necroptosis, and apoptosis. (*represents 

programmed cell death (PCD) mechanisms significantly associated with the DEGs (B) Venn diagram of 
ferroptosis drivers and suppressors differentially expressed between PMF T16 and T0. (C) Node 

representations: Green and red circles represent up and downregulated DEGs, respectively; grey circles 
represent genes not significantly differentially expressed in our dataset, and purple circles represent 

pathways or processes. Edge representations: Yellow lines represent inhibition, and blue lines represent 
activation of a gene, molecule, or pathway. 
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Figure 6. The graph shows the viability of PMF (primordial follicles) after 0 h and 16 h of culture with 6 mM 
glycine, T0 (N=334), T16 (N=349), and T24 (N=368), respectively. The experiment was repeated 5 times 

(n=5). ** indicates significant differences between groups where p ≤ 0.005, * indicates significant 
differences between groups where p ≤ 0.05 and ns: not significant. 
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Table 1. Number of primordial follicles retrieved after at T0 or T16 for RNA 

sequencing in each replicate. 

PM, primordial follicle; T0, start of culture; T16, after 16h in culture

Samples PMF T0 (N) PMF T16 (N)

Replicate 1 119 209

Replicate 2 202 133

Replicate 3 210 165
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