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 2 

Abstract: 10 

In humans, aging triggers cellular and tissue deterioration, and the female reproductive system is 11 

the first to show signs of decline. Reproductive aging is associated with decreased ovarian 12 

reserve, decreased quality of the remaining oocytes, and decreased production of the ovarian 13 

hormones estrogen and progesterone. With aging, both mouse and human ovaries become pro-14 

fibrotic and stiff. However, whether stiffness directly impairs ovarian function, folliculogenesis, and 15 

oocyte quality is unknown. To answer this question, we cultured mouse follicles in alginate gels 16 

that mimicked the stiffness of reproductively young and old ovaries. Follicles cultured in stiff 17 

hydrogels exhibited decreased survival and growth, decreased granulosa cell viability and 18 

estradiol synthesis, and decreased oocyte quality. We also observed a reduction in the number 19 

of granulosa cell-oocyte transzonal projections. RNA sequencing revealed early changes in the 20 

follicle transcriptome in response to stiffness. Follicles cultured in a stiff environment had lower 21 

expression of genes related to follicle development and greater expression of genes related to 22 

inflammation and extracellular matrix remodeling than follicles cultured in a soft environment. 23 

Altogether, our findings suggest that ovarian stiffness directly modulates folliculogenesis and 24 

contributes to the progressive decline in oocyte quantity and quality observed in women of 25 

advanced maternal age. 26 

 27 

Keywords: Ovarian aging, folliculogenesis, oocyte quality, in vitro 3D culture, biomechanics, 28 

stiffness.  29 
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 3 

Introduction: 30 

The female reproductive system shows signs of age-associated cellular and tissue deterioration 31 

before any other organ in the human body [1, 2]. Reproductive aging is characterized by a decline 32 

in oocyte quantity and quality, as well as a significant reduction in the ovarian-produced hormones 33 

estrogen and progesterone [1]. Female reproductive aging both causes infertility and affects 34 

women’s health, as estrogen and progesterone regulate many tissues such as bones and the 35 

liver [3-5]. We and others reported that mouse and human ovaries become stiffer with advanced 36 

maternal age and that this increased stiffness is triggered by increased collagen deposition 37 

(fibrosis) and decreased abundance of the extracellular matrix (ECM) glycosaminoglycan 38 

hyaluronan [6, 7].  39 

 40 

The physical properties of the tissue have emerged as an important regulator of cell and tissue 41 

function because cells detect mechanical stiffness by a variety of receptors, including integrins, 42 

and trigger complex signaling pathways that result in cell proliferation, cell death, ECM production, 43 

or inflammation, key processes in development and tissue homeostasis [8, 9]. The ovarian follicle, 44 

which comprise an oocyte surrounded by supporting granulosa cells, is a unique system to study 45 

biomechanics and mechanobiology [10]. Follicles are exposed to the surrounding ovarian 46 

microenvironment for decades. This is because follicles form before birth and can remain in a 47 

quiescent state for decades before they become activated to grow and ovulate. In fact, we know 48 

that mechanical stress regulates primordial follicle dormancy in mice [11].  49 

 50 

However, the age-associated increase in ovarian stiffness is also likely to contribute to the 51 

decrease in follicle number and oocyte quality observed with advanced maternal age for several 52 

reasons. First, multiple studies have reported a correlation between increased tissue stiffness and 53 

pathologies such as cardiovascular disease and diabetes [12, 13]. Second, mouse follicles grew 54 

more rapidly when cultured in a low percentage 3D alginate hydrogel than when cultured in a high 55 
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 4 

percentage alginate hydrogel [14-17]. Finally, treatment of reproductively old mice with anti-56 

fibrotic drugs to reduce fibrosis, and therefore stiffness, restored ovulation and increased follicle 57 

development [18] (Manuscript in preparation). However, how mechanical stiffness regulates 58 

folliculogenesis and oocyte quality, and how these signals are integrated by the follicle, is largely 59 

unknown.  60 

 61 

Here, we tested the hypothesis that the age-associated increase in ovarian stiffness triggers the 62 

decline in follicle growth and oocyte quality observed with advanced maternal age. To do so, we 63 

used a 3D in vitro follicle growth system in which mouse secondary follicles are isolated from the 64 

ovary and cultured in alginate hydrogels [19, 20]. We generated alginate hydrogels that 65 

recapitulate the stiffness of reproductively old mouse ovaries. Follicles cultured in stiff hydrogels 66 

had slower growth, less survival, less estradiol production, more granulosa cell death, and lower 67 

oocyte quality than those cultured in non-stiff hydrogels. RNA sequencing (RNA-seq) 68 

demonstrated that follicles responded to biomechanical cues within three hours. Follicles cultured 69 

in stiff environment showed reduced expression of genes related to follicle development and 70 

increased expression of genes related to inflammation and ECM remodeling. Overall, we have 71 

developed a physiologically relevant system to study the impact of ovarian stiffness on 72 

folliculogenesis. Importantly, all the changes we report are observed in ovaries from 73 

reproductively old mice and women [1], suggesting that stiffness contribute to the decline in 74 

oocyte quantity and quality observed in women of advanced reproductive age.     75 
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Materials and Methods: 76 

Animals 77 

Pre-pubertal (12-13 days) CB6F1 and CD1 mice were used to maximize the yield of secondary 78 

follicles. CB6F1 hybrids were generated by housing two Balb/c females with one C57BL/6 male 79 

per cage. CD-1 pre-pubertal mice were obtained together with a dam. All mice were purchased 80 

from Envigo (Indianapolis, IN, USA). Ovaries from 4-month-old CB6F1 female mice were used 81 

for the nanoindentation control. Mice were housed at Northwestern University’s Center for 82 

Comparative Medicine or at Washington University’s Division of Comparative Medicine under 83 

constant temperature, humidity, and light (12 hours light/12 hours dark) with free access to food 84 

and water. All mouse procedures were reviewed and approved by the Institutional Animal Care 85 

and Use Committee of Northwestern University (Chicago, IL, US) or Washington University in St. 86 

Louis (St. Louis, MO, US) and were performed in accordance with National Institutes of Health 87 

guidelines.  88 

 89 

Alginate gel preparation 90 

To prepare alginate solutions, distilled phosphate buffered saline (DPBS) without calcium and 91 

magnesium (14190250, ThermoFisher Scientific, Waltham, MA, US) was filtered (0.2 µm) and 92 

mixed with Alginic acid solution salt from brown algae (71238, Sigma-Aldrich, St. Louis, MO, US) 93 

to create final alginate solutions of 0.5%, 2%, and 4% weight/volume (w/v). The alginate solutions 94 

were placed on a rocker at 4 °C for 24 hours, then stored at 4 °C and used within one month. To 95 

prepare alginate gels, a 7 µl drop of alginate solution was placed in a calcium solution (50 mM 96 

CaCl2 and 140 mM NaCl2) to crosslink the gel for 3 minutes, then washed at least three times with 97 

DPBS [20]. To create flat alginate gels for nanoindentation, 1 ml of alginate solution was placed 98 

in a 24 mm round dish, calcium solution was added for 3 minutes, then gels were washed at least 99 

three times with DPBS.      100 
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 101 

Nanoindentation 102 

CB6F1 mouse ovaries were removed from the bursa and placed in L15 medium supplemented 103 

with 3 mg/ml polyvinylpyrrolidone (PVP, P0930, Sigma-Aldrich) and 0.5% Pen-Strep. Each ovary 104 

was then attached to a plastic petri dish with tissue glue (PELCO® Pro CA44 Tissue Adhesive, 105 

Fresno, CA, US) and covered with warm 1x DPBS with calcium and magnesium (14040182, 106 

ThermoFisher Scientific). Flat 0.5% and 2% alginate gels were covered with warm 1x DPBS. 107 

Ovaries and gels were indented with a Piuma nanoindenter (Optics 11). The probe had a glass 108 

spherical tip of 100 µm in diameter in a cantilever with a spring constant of 0.5 N m-1. For all 109 

measurements, the indentation depth was set at a maximum of 10% of the probe diameter. A 110 

minimum of 10 indentations were performed in each ovary or gel. To obtain the elastic moduli (E), 111 

the data were analyzed by using the Hertzian contact model in the Piuma software.    112 

 113 

Diffusion test 114 

Drops of alginate were crosslinked with calcium solution for 3 minutes as described above to 115 

produce beads, which were washed three times in PBS and incubated with a solution of Alcian 116 

Blue for 3 and 5 minutes. Then, beads were rinsed in PBS three times, and the blue staining was 117 

visually evaluated. Beads were also bisected to determine whether the Alcian blue dye reached 118 

the center of the bead.    119 

 120 

Follicle isolation, encapsulation, and growth 121 

Follicles were cultured and analyzed as previously described [20]. Briefly, ovaries from day 12 or 122 

13 prepubertal CB6F1 and CD1 mice were placed in dissection media containing L15, 1% fetal 123 

bovine serum (FBS), and 0.5% penicillin-streptomycin (Pen-Strep) (Gibco, ThermoFisher). Early 124 

secondary follicles (120-130 µm) were mechanically isolated with insulin syringes. Follicles were 125 
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 7 

incubated for 1 hour at 37 °C in a-MEM-Glutamax containing 1% FBS and 0.5% Pen-Strep in a 126 

humidified atmosphere of 5% CO2. Only follicles with an intact basement membrane and visible 127 

and healthy oocytes surrounded by two layers of granulosa cells were selected for culture. To 128 

encapsulate the follicles, the parafilm technique was performed [20]. Groups of 10 follicles were 129 

mixed with 7 µl of 0.5%, 2%, or 4% w/v alginate solution. The alginate drops were crosslinked as 130 

described above. The resulting alginate beads were then incubated in a-MEM-Glutamax 131 

containing 1% FBS and 0.5% Pen-Strep for 1 hour. Finally, alginate beads were transferred to a 132 

96-well ultra-low attachment plate (Corning, Corning, NY, US) with one bead per well. Each well 133 

contained 100 µl of growth media (a-MEM-Glutamax containing 3 mg/ml bovine serum albumin 134 

(MP Biomedicals), 1 mg/ml fetuin (Sigma-Aldrich), 0.1% insulin-transferrin-selenium 135 

(ThermoFisher Scientific), and 10 mIU/mL follicle stimulating hormone (Gonal-F, EMD Serono, 136 

Inc. Rockland, MA, US)). Follicles were cultured for up to 12 days at 37 °C, 5% CO2. Every other 137 

day, half of the media was removed, frozen for downstream analysis, and replaced with fresh 138 

media.  139 

 140 

Follicle survival, growth, and granular pattern  141 

Follicles were imaged every other day by using 4x, 10x, and 20x objectives on an Evos FL Auto 142 

imaging system (ThermoFisher Scientific). Individual follicles were tracked by analyzing their 143 

relative position inside the bead in the 4x objective images. Follicle size and survival were 144 

measured in Fiji (ImageJ, National Institute of Health, Bethesda, MD, US). Follicle size 145 

measurements were only performed until day 10 because follicles close to one another tended to 146 

fuse by day 12 of culture. Follicle growth was analyzed by calculating the average size of two 147 

perpendicular diameter measurements for each follicle. Follicles that did not grow for 2 to 4 148 

consecutive days were considered dead. Follicle survival and growth values were plotted in Prism 149 
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 8 

(GraphPad). The presence or absence of a granular appearance of the follicles was assessed in 150 

20x objective images.         151 

 152 

Live/dead assay 153 

Follicles cultured in 0.5% and 2% alginate beads were isolated from alginate gels as described 154 

above at 2, 4, 6, 8, and 10 days. They were then rinsed three times in dissection media, incubated 155 

for 30 minutes in a live/dead Viability/Cytotoxicity solution containing 4 mM Calcein and 8 mM 156 

Ethidium homodimer-1 (L3224, ThermoFisher Scientific) at 37 °C, 5% CO2 , washed three times 157 

in DPBS, and imaged at 4x, 10x, and 20x magnification with an EVOS system (Calcein 158 

494/517nm, Ethidium homodimer-1 528/617nm).  159 

 160 

Estradiol measurement 161 

The concentration of 17b-estradiol in the frozen conditioned media was measured by using ELISA 162 

kits (Cayman Chemicals, Ann Arbor, MI, US) according to the manufacturer’s instructions. Media 163 

samples collected from wells without follicles were used as negative controls. Media was diluted 164 

1:10 in assay buffer to ensure the readings were within the detection limits. Concentrations are 165 

reported in ng/ml.  166 

  167 

Staining trans-zonal projections (TZPs) 168 

Follicles were fixed with 3.8% paraformaldehyde in PBS containing 1% Triton for 20 min at 37 °C, 169 

washed three times in PBS-PVP, and stored at 4 °C until processed for immunofluorescence. 170 

Follicles were permeabilized in PBS containing 1% BSA and 0.1% Triton X-100 for 15 min at RT, 171 

washed three times 5 min in blocking buffer (PBS with 1% BSA and 0.1% Tween-20), then 172 

incubated with Phalloidin 633 (A22284, ThermoFisher Scientific) for 1 h at RT with gentle rocking. 173 

Then, follicles were washed three times 20 min with blocking buffer, then mounted onto 174 
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 9 

microscope slides with Vectashield Plus Antifade Mounting Medium containing 4’,6’-diamidino-2-175 

phenylindole (DAPI, Vector Laboratories). Slides were imaged with a Leica TCS Sp5 confocal 176 

system with 40x or 63x objectives (Leica Microsystems, Wetzlar, Germany). In Fiji software, a 177 

background threshold was determined in each follicle by measuring the intensity in a region 178 

without actin staining. Then, a 10 µm line was drawn between the granulosa cells and the oocyte 179 

interface (Zona Pellucida), and a phalloidin intensity profile was generated. The number of TZPs 180 

was determined by counting the number of peaks above the background threshold. 181 

 182 

Oocyte analysis 183 

Follicles were removed from the alginate on day 12 by incubating the beads in L15 media 184 

containing 1 mg/ml of alginate lyase for 20 min at RT. The follicles were then washed three times 185 

in L15 media. Oocytes were mechanically isolated from the follicle and imaged with the EVOS 186 

system. Oocytes with a visible germinal vesicle (GV) and without fragmentation were considered 187 

to be good quality.   188 

 189 

RNA sequencing and data analysis 190 

Follicles were isolated from pre-pubertal (12 – 13 days) CB6F1 mice and cultured in 0.5% or 2% 191 

alginate beads as described above but in groups of 5 follicles per bead. Follicles were isolated at 192 

3h, 6h, 12h, and 24h and incubated for 5 min in 4 mg/ml alginate lyase. Isolated follicles were 193 

snap-frozen in a minimum volume of PBS and submitted to the Northwestern University NUSeq 194 

Core for processing and RNA sequencing in parallel. The SMART-seq mRNA kit (Takara, San 195 

Jose, California, USA) was used to construct cDNA, and libraries were sequenced as 50 bp 196 

single-end reads on a Hiseq 4000 sequencer (Illumina, San Diego, California, USA), with about 197 

90 million reads in total, to produce the raw fastq files. Raw data were obtained for 160 follicles 198 

divided in two groups (0.5% and 2%) at four time points (3h, 6h, 12h, and 24h) with four replicates 199 
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 10 

of five follicles per condition (Supplementary Table S1). FastQC (Babraham Bioinformatics, 200 

Cambridge, UK) was used to assess quality of the sequencing data.  201 

 202 

Reads were aligned to the UCSC mm10 genome (http://genome.ucsc.edu) by using STAR 2.7.0a  203 

with gene models from Ensembl (http://www.ensembl.org) and counted by using the function 204 

SummarizeOverlap of the Bioconductor/R package Genomic Features [21]. DESeq2 [22] was 205 

then used to detect differentially expressed genes (DEGs) between experimental groups, and 206 

genes with adjusted p-value <0.05 were considered statistically significant. The threshold of log2 207 

Fold Change (log2FC) = |2| was considered to calculate up- and down-regulated genes. Volcano 208 

plots of the statistically significant genes for each comparison were created by using the ‘plot’ 209 

function in R (log2FC and -log10(padj)). 210 

 211 

To analyze genes with stable expression across conditions and replicates, DESeq2 was used to 212 

select genes with low log2FC and high base mean values (log2FC = 0.5 and base mean = 100). 213 

ShilyGO 0.80 [23] was used for pathway analysis of these stably expressed genes.  214 

 215 

Gene set enrichment analysis (GSEA) was performed by WebGestalt [24], using the gene 216 

ontology (GO) database for biological function and selecting the standard parameters for analysis 217 

(Organism: mus musculus; Enrichment Categories: geneontology Biological Process 218 

noRedundant; ID type: ensemble gene ID; Minimum number of ID in the category: 3; Significance 219 

level: top 20). Up- and down-regulated genes were specifically analyzed individually in 220 

WebGestalt by using Over-Representation Analysis and the GO database for biological function, 221 

selecting the same above-mentioned standard parameters. Additional GSEA of pathways of 222 

interest was performed with GSEA Software 4.3.3 [25, 26] with Mouse MSigDB v2023.2.Mm 223 

(October 2023) for GO biological process and/or Reactome pathways provided by the software. 224 

 225 
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 11 

Statistics 226 

The normality of the data was analyzed by using the Shapiro-Wilk test, and normally distributed 227 

data were analyzed by using Student t-test for comparisons between two groups or one-way 228 

ANOVA for more than two groups. The statistical package in Prism 9.4 (GraphPad Software) was 229 

used for all analyses.   230 
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Results: 231 

A stiff microenvironment mimicking that of reproductively old ovaries impairs follicle 232 

survival and growth  233 

Mouse ovaries become stiffer with advanced reproductive age (6–12 weeks: 1.98±0.42 kPa, 14–234 

17 months:  4.36± 1.24 kPa) [6]. To examine the effect of the age-associated increased ovarian 235 

stiffness on follicle development, we used a system in which follicles are cultured in vitro in 236 

alginate hydrogel beads. We generated 0.5% alginate, which is commonly used to support growth 237 

of mouse follicles to the antral stage [14, 15, 19, 20], and 2% alginate, which is stiffer. We first 238 

used instrumental indentation to measure the stiffness of 0.5% and 2% alginate beads. In control 239 

experiments, ovaries from 4-month-old mice had a stiffness of 2.00±0.17 kPa, confirming that the 240 

indentation procedure yielded values in the expected range. The 0.5% alginate had a stiffness of 241 

0.84±0.16 kPa, whereas the 2% alginate was 7-fold stiffer (5.85±0.28 kPa, p < 0.05), similar to 242 

the stiffness in a reproductively old mouse ovary (Figure 1A). These stiffness values are in line 243 

with reported rheometry data [15] and indicate that the 0.5% alginate mimics the extremely soft 244 

and permissive environment of a reproductively young ovary, and the 2% alginate mimics the stiff 245 

environment of an old mouse ovary.  246 

 247 

To assess whether 2% alginate would prevent nutrients in the media from reaching the follicles, 248 

we generated 0.5% and 2% alginate beads and incubated them in the dye Alcian blue, which has 249 

a molecular weight of 1298.86 g/mol. After 3 minutes, both 0.5% and 2% alginate beads were 250 

equally blue, and the blue intensity did not increase between 3 and 5 minutes of incubation in the 251 

dye. We then bisected the beads and confirmed that the dye diffused across the entire bead 252 

(Figure 1B). Overall, these results show that this system allows us to examine the impact of 253 

ovarian stiffness on follicle development.  254 

 255 
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 13 

To explore whether increased stiffness of the microenvironment affects follicle survival and 256 

growth, we cultured early secondary follicles in 0.5% and 2% alginate for 12 days. We also 257 

included follicles cultured in 4% alginate as an extremely stiff environment condition (Figure 1C). 258 

Given that mouse strain-dependent differences in early follicle growth patterns were reported [27], 259 

we performed these experiments with follicles from both the hybrid CB6F1 mouse strain and the 260 

outbred CD1 strain (Figure 1C). On day 12 of culture, 100% of CB6F1 follicles and over 80% of 261 

CD1 follicles cultured in 0.5% alginate were viable (Figure 2 A-D). In contrast, only 6.66% of 262 

CB6F1 and 30% of CD1 follicles cultured in 2% alginate were viable, and none of the follicles 263 

cultured in 4% alginate were viable (Figure 2 A-D). These results indicate that follicles are highly 264 

sensitive to changes in the mechanical properties of the microenvironment.  265 

 266 

We next analyzed the growth rates of the follicles that survived during the 12-day culture period. 267 

However, we only analyzed follicle growth until day 10 because follicles tended to fuse by day 12. 268 

On day 0, follicles from CB6F1 mice were 122.0 ± 2.48 µm in diameter and those from CD1 mice 269 

were 125.3 ± 1.88 µm. Follicles cultured in 0.5% alginate showed significant growth by day 6 270 

(CB6F1, 171.6±13.58 µm; CD1 200.4±23.01 µm; Figure 3 A, D, E, H) and reached 247.6±13.76 271 

µm (CB6F1) and 226.9±8.69 µm (CD1) by day 10 of culture. In 2% and 4% alginate, follicles 272 

stopped growing by day 6. Follicles from CB6F1 mice reached a final size of 157.5±10.33 µm in 273 

2% alginate and 136.1±2.77 µm in 4% alginate. Follicles from CD1 reached a final size of 274 

160.8±4.03 µm in 2% alginate and 129.4±2.57µm in 4% alginate (Figure 3 A, D, E, H). These 275 

results indicate that stiff microenvironments slow follicle growth during the active expansion phase 276 

of folliculogenesis.  277 

 278 

We wondered whether the lack of follicle growth in stiff hydrogels reflected poor granulosa cell 279 

growth, poor oocyte growth, or both and thus analyzed the size of these two cell types separately. 280 
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On day 0, granulosa cells from CB6F1 mice were 64.0 ± 4.16 µm in diameter and those from CD1 281 

mice were 65.2 ± 2.98 µm. Granulosa cells from CB6F1 mice in 0.5% alginate reached a 282 

maximum size of 133.0±21.66 µm, and those from CD1 mice reached a maximum size of 283 

160.0±6.71 µm. In 2% and 4% alginate, growth of granulosa cells from both strains was 284 

significantly impaired. On day 10, granulosa cells from CB6F1 had reached a final size of 285 

107.4±7.26 µm in 2% alginate and 68.5±3.95 µm in 4% alginate. Granulosa cells from CD1 mice 286 

reached a final size of 103.4±6.74 µm in 2% alginate and 70.5±2.40 µm in 4% alginate (Figure 3 287 

B and F). Additionally, beginning on day 4 of culture, some granulosa cells from both strains 288 

began to appear granular, a marker of cellular stress, and the percentage of granulated granulosa 289 

cells increased with higher alginate concentrations (Supplementary Figure 2). However, no major 290 

differences were observed in oocyte size, except for those from CB6F1 mice at day 10 (0.5% 291 

72.8±2.49 µm, 2% 62.8±2.44 µm; 4% 67.9±1.47 µm; Figure 3 C, G). Altogether, these data show 292 

that the age-associated increased microenvironment stiffness significantly impairs growth and 293 

survival of follicles. Because the stiffness of 2% alginate matches that of age-associated ovarian 294 

stiffness, we focused our next experiments on comparing the effects of 0.5% and 2% alginate.  295 

 296 

Age-associated ovarian stiffness impairs granulosa cell viability, estradiol production and 297 

granulosa cell-oocyte communication  298 

To determine whether granulosa cells cultured in the stiffer environment stopped growing or died 299 

in culture, we performed a live/dead assay. As expected, most of the follicles cultured in 0.5% 300 

alginate were alive on day 10 as indicated by the green fluorescent signal (Figure 4 A and B). In 301 

contrast, a red fluorescent signal (cell death marker) was present on day 6 in follicles cultured in 302 

2% alginate, and the proportion of dead cells increased substantially during the culture period 303 

(Figure 4 A and B). The first cells to die were those in the external part of the follicle, and by the 304 

end of the culture period in 2% alginate, most granulosa cells and oocytes were dead. Consistent 305 
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with the death noted in the granulosa cells, follicles cultured in 2% alginate produced less estradiol 306 

than follicles cultured in 0.5% alginate. By day 10 of culture, estradiol concentrations were 533-307 

fold lower in CB6F1 follicles and 35.1-fold lower in CD1 follicles cultured in 2% alginate than in 308 

follicles cultured in 0.5% alginate (Figure 4 C and D).  309 

 310 

Granulosa cells communicate with and provide nutrients to the oocyte that it cannot produce on 311 

its own [28]. Thus, we next investigated whether stiffness affected oocyte-granulosa transzonal 312 

projections (TZPs). These cytoplasmic projections emanate from granulosa cells and transport 313 

nutrients and other molecules to the oocyte via gap junctions [28]. The number of TZPs declines 314 

with age [29], so we hypothesized that stiffness could mediate this age-associated decline in TZP 315 

number. To test this idea, we cultured follicles in 0.5% and 2% alginate gels for 2 days. Freshly 316 

isolated follicles served as controls. We analyzed TZPs after two days of culture because follicle 317 

expansion hinders visualization of TZPs by confocal microscopy. Follicles from both mouse 318 

strains in 2% alginate had significantly fewer TZPs than follicles in 0.5% alginate (Figure 4 E-F). 319 

Together, these results suggest that a stiff microenvironment impairs granulosa function, viability, 320 

and ability to communicate with the oocyte via TZPs. The stiff environment first affects those cells 321 

in closest contact with the environment, and the negative impact is then transmitted to the internal 322 

layer of granulosa cells and the oocyte. 323 

 324 

Microenvironment stiffness impairs oocyte quality 325 

To determine whether stiffness impairs oocyte viability, we removed follicles from the alginate on 326 

day 12 and mechanically isolated the oocytes. Because follicles in 2% alginate gels did not reach 327 

180 µm in diameter, we did not induce ex vivo oocyte maturation and instead only examined 328 

whether oocytes reached the germinal vesicle (GV) stage. In line with previous observations, 329 

73.5±4.91% and 76.4±4.61% of the isolated CB6F1 and CD1 oocytes, respectively, were 330 
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classified as good-quality GV oocytes (GVs) [15] (Figure 5). However, in 2% alginate, only 331 

7.9±3.96% and 31.1±6.87% of CB6F1 and CD1 oocytes, respectively, were good quality (Figure 332 

5). These results suggest that follicles respond to changes in the biomechanical properties of the 333 

microenvironment and impair oocyte quality.  334 

 335 

The follicle transcriptome quickly responds to a stiff microenvironment   336 

To gain insights into early potential mechanisms that can explain the long-term effects of stiffness 337 

on granulosa cell and oocyte viability, we cultured secondary follicles in 0.5% and 2% alginate 338 

and processed them for RNA sequencing (RNA-seq) at 3, 6, 12, and 24 hours. At the 3 hour 339 

timepoint, we identified 51 differentially expressed genes (DEGs) between follicles in 0.5% and 340 

2% alginate. The number of DEGs peaked at 6 hours (135 DEGS) and declined to reach a plateau 341 

by 12 hours (Figure 6A). Volcano plots revealed that at 3 hours, 40% DEGs were downregulated 342 

and 60% DEGs were upregulated in follicles cultured at 2% alginate relative to those in 0.5% 343 

alginate (Figure 6B). At 6 hours, 70% DEGs were downregulated and 30% were upregulated in 344 

follicles cultured in 2% alginate relative to those in 0.5% alginate (Figure 6E). We then performed 345 

gene ontology (GO) analysis for the down- and up-regulated genes to identify pathways affected 346 

by stiffness. At 3 hours, genes down-regulated in follicles cultured in 2% alginate were associated 347 

with phagosome maturation, morphogenesis, and development, including Nog (Noggin), which is 348 

an antagonist to bone morphogenetic proteins [30, 31] (Figure 6C and Supplementary Table S2). 349 

At 3 hours, up-regulated genes in 2% alginate were associated with the immune response 350 

mediated by chemokines and interleukin-1, as well as negative regulation of response to external 351 

stimuli, such as Foxf1 (Forkhead Box F1), a transcription factor associated with matrix remodeling 352 

and cell junction organization [32-34] (Figure 6D and Supplementary Table S2).  353 

 354 

At 6 hours, metabolic-associated processes were the most downregulated pathways in follicles 355 

cultured in 2% alginate (Figure 6F), while up-regulated genes were associated with biological 356 
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processes such as apoptosis, inflammation, and cellular adaptation to the environment (Figure 357 

6G and Supplementary Table S3). Consistent with cellular adaptation to the environment, Gene 358 

Set Enrichment Analysis (GSEA) identified mechanosensory behavior as one of the most 359 

enriched pathways in the 2% condition compared to 0.5% at 6 hours. For example,  Nrxn2, which 360 

is involved in cell adhesion, was upregulated (Figure 6I) [35]. No differences were noted in gene 361 

expression between follicles in 0.5% alginate and 2% alginate at 12 and 24 hours of culture, 362 

suggesting that follicles reach an equilibrium with the stiff microenvironment (Supplementary 363 

Figure S2A-D). 364 

 365 

We also analyzed the genes that did not differ in expression across all comparisons and 366 

conditions and identified 10,798 such genes. In GO analysis, these genes were associated with 367 

biological processes important for oocyte maturation, cell division, metabolic processes, and cell 368 

survival (Supplementary Figure S4E). This finding was consistent with the fact that the stiff 369 

microenvironment did not impair follicle viability during the first 24 hours of culture (Figure 4). 370 

 371 

Pathways associated with inflammation and mechanosensation are upregulated in a stiff 372 

microenvironment 373 

GO analysis at 3 hours revealed an increased inflammatory profile in the follicles cultured in 2% 374 

alginate (Figure 6D). To gain more insights into these inflammatory pathways, we performed 375 

GSEA analysis. Multiple inflammatory-associated pathways were enriched in follicles cultured in 376 

2% alginate, including positive regulation of T helper cells, humoral immune response mediated 377 

by circulating immunoglobulins, eosinophil chemotaxis, and neutrophil migration (Supplementary 378 

Figure S3). Some of the most upregulated genes were Card9 (Caspase recruitment domain family 379 

member 9), which is involved in NF-kappa B activation and cell apoptosis [36]; Cfi (complement 380 

factor I), involved in regulation of the complement cascade [37]; Ccl3 (C-C motif chemokine ligand 381 
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3) involved in monocyte/macrophage chemotaxis [38]; and Nckap1l (NCK associated protein 1 382 

like), involved in neutrophil migration [39].   383 

 384 

At 6 hours, genes related to mechanosensation were elevated in follicles in 2% alginate. Thus, 385 

we analyzed the Hippo pathway, which is one of the main mechanotransduction pathways in cells 386 

[8]. We found no differences in expression of the Hippo-associated genes Yap1, Taz, or Lats1/2 387 

between follicles in 0.5% and 2% alginate at 3, 6, 12, or 24 hours (Supplementary Figure S4). 388 

However, the Yap1 downstream genes Ctgf, Ankrd1, and Cyr61 were significantly downregulated 389 

in the 2% condition (Supplementary Figure S4), suggesting that stiffness impairs the Hippo 390 

signaling pathway. Therefore, from these observations, we conclude that follicles are highly 391 

mechanosensitive and that a stiff microenvironment impairs pathways that are essential for follicle 392 

development and growth such as metabolism and inflammation.  393 

 394 

A stiff microenvironment increases expression of genes associated with ECM remodeling 395 

We next analyzed gene expression changes in a time-dependent manner by comparing DEGs at 396 

3 and 24 hours in the 0.5% and 2% conditions. We first removed the 51 DEGs between the 0.5% 397 

and 2% conditions to obtain the most homogeneous population at 3 hours. We identified 1282 398 

DEGs between follicles cultured in 0.5% alginate at 24 hours compared to 3 hours, with molecular 399 

pathways associated with protein and ion binding, and biological pathways associated with 400 

metabolic processes and response to stimuli (Figure 7A and B). Among the 39% of DEGs that 401 

were down-regulated at 24 hours relative to 3 hours (Figure 7C and Supplementary Table S4), 402 

GO analysis revealed genes involved in metabolic processes such as amino acid synthesis or 403 

hormone-related processes. A subset of the up-regulated genes classified in GO were known as 404 

“benzene and ether metabolism, peptidyl-arginine modification, and detoxification”. Because 405 

these GO pathways and did not match the molecular and biological processes results, we 406 

investigated the genes in each GO term. The benzene and ether metabolism term included genes 407 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2024. ; https://doi.org/10.1101/2024.06.09.598134doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.09.598134
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19 

such as acetyl-Coenzyme A acyltransferase 1B, glutathione S-transferase, hydroxyacid oxidase 408 

2, and phospholipase A2, which are involved in fatty acid metabolism or acetyl CoA-transferase 409 

activity (Figure 7E). All of these genes are related to metabolic processes and energy production, 410 

which are essential for follicle growth.  411 

 412 

We next analyzed time-dependent gene expression changes in 2% alginate and identified 1029 413 

DEGs in follicles between 3 and 24 hours. These genes were associated with protein and ion 414 

biding, and metabolic and response to stimulus pathways as in the 0.5% condition (Figure 7F and 415 

G). Of the 36% of DEGs that were down-regulated at 24h (Figure 7H and Supplementary Table 416 

S5), GO analysis revealed genes that were associated with response to hormones, estrogens, 417 

and development (Figure 7I). These included Eif4bp1 (eukaryotic translation initiation factor 4E 418 

binding protein 1), Klf5 (Kruppel-like factor 5), Ptgs2 (prostaglandin-endoperoxide synthease 2), 419 

and Egr3 (early growth response 3). The up-regulated genes were associated with matrix 420 

remodeling, including collagen metabolic processes, and connective tissue development (Figure 421 

7J). Analysis of the ECM-associated genes by GSEA revealed that pathways related to ECM 422 

matrix organization were enriched in 2% alginate. This included 91 significant genes such as 423 

Adam8 (Desintegrin and Metalloproteinase Domain 8), Itga2b (Integrin Subunit Alpha 2b), 424 

Col11a1 (Collagen Type XI Alpha 1 Chain), Fbn2 (Fibrillin 2), and Emilin 3 (elastin microfibril 425 

interfacer 3) (Supplementary Figure S5 A). The most abundant ECM gene families included 34 426 

genes related to collagen formation (Supplementary Figure S5 B and C). Together, these results 427 

suggest that a stiff microenvironment that mimics the one in the reproductively old ovary triggers 428 

the follicles to express genes that could remodel the ECM.    429 
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Discussion:  430 

Together, the data presented here support the hypothesis that age-associated increased ovarian 431 

stiffness directly impairs follicle development and oocyte quality. In vitro culture of mouse follicles 432 

in alginate hydrogels that mimic the stiff environment of reproductively old ovaries impaired follicle 433 

survival and growth, granulosa cell proliferation, estradiol synthesis, and oocyte quality. RNA-seq 434 

analysis revealed that follicles are highly mechanosensitive, as we detected numerous DEGs as 435 

early as three hours of culture in stiff hydrogels. Stiffness induced expression of inflammatory and 436 

ECM-remodeling genes, suggesting bi-directional communication between the extra-follicular 437 

environment and the follicle. Because we isolated follicles from the ovary, the effects we observed 438 

were independent of the ECM composition and architecture. Moreover, all the phenotypes we 439 

observed mirror well-known markers of human ovarian aging such as increased follicle death, 440 

reduced oocyte quality, and increased inflammation [1, 40-43], suggesting that tissue stiffness 441 

can directly trigger age-associated ovarian dysfunction.   442 

 443 

Increased ovarian stiffness has been reported in multiple reproductive-associated pathologies 444 

such as polycystic ovarian syndrome (PCOS) [44], primary ovarian insufficiency (POI) [45], and 445 

aging [6, 7], but how normal and pathologic stiffness modulate ovarian function remains poorly 446 

understood. Using the well-stablished in vitro follicle culture system [20], we synthesized alginate 447 

hydrogels that precisely mimic the stiffness values of ovaries from reproductively old mice [6], 448 

allowing us to determine the effect of physiologically relevant ovarian stiffness parameters on 449 

folliculogenesis. We found that microenvironment stiffness especially impaired follicle growth 450 

during the active expansion phase and led to decreased oocyte quality. These observations are 451 

in line with previous reports in which different concentrations of alginate and crosslinking 452 

conditions were tested [15]. An advantage of our work is that we tested the effect of stiffness in 453 

two different mouse strains, the hybrid CB6F1 mouse strain, and the outbred CD1 strain. This 454 

approach allowed us to discover that the impact of stiffness on folliculogenesis and oocyte quality 455 
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is a robust and conserved mechanism since follicles form both strains were severely impacted by 456 

the age-associated increase in ovarian stiffness. The current study has greatly broadened our 457 

understanding of the mechanical cues in regulating folliculogenesis. We know that mechanical 458 

stress can impair follicle activation [11] and that ovarian drilling to relieve stress can improve 459 

follicle development in PCOS patients [46, 47]. Therefore, our data support the idea that strategies 460 

to modulate stiffness might improve ovarian function in women of advanced maternal age and 461 

patients with PCOS or POI.  462 

 463 

Follicles are composed of granulosa cells and an oocyte. We found that granulosa cells were the 464 

first to be affected by the stiff microenvironment, as evidenced by reduced proliferation and 465 

increased cell death. This finding resembles the recent finding that theca cells, which surround 466 

the follicles, can exert a compressive stress on the follicles to regulate granulosa cell proliferation 467 

and growth [48]. The fact that granulosa cells are the first follicular cells to be affected by stiffness 468 

is not surprising as they are in contact with the basement membrane and extra-follicular 469 

environment. In addition, previous studies have revealed effects of aging on granulosa cells. For 470 

example, ovaries from both reproductively old mice [49] and ovaries from women of advanced 471 

maternal age [50] contain follicles with a smaller granulosa cell layer. In fact, transplanting an 472 

oocyte from a reproductively old mouse to granulosa cells from a reproductively young mouse 473 

can rejuvenate oocyte quality [51]. These results suggest that aging impairs oocyte quality by 474 

reducing granulosa cell quantity and quality. Our findings that increased ovarian stiffness impaired 475 

granulosa cell viability and follicle size supports the idea that a stiff microenvironment mediates 476 

the age-associated decline in granulosa cell viability, and therefore, oocyte quality, in ovaries from 477 

reproductively old mice.  478 

 479 

To begin to examine the mechanism by which the effects of tissue stiffness are transmitted from 480 

granulosa cells to the oocyte, we examined transzonal projections (TZPs). These actin-based 481 
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filaments mediate oocyte-granulosa communication and participate in delivering essential 482 

nutrients, such as pyruvate [28], from the granulosa cells to the oocyte. Additionally, the oocyte 483 

uses TZPs to signal to granulosa cells and regulate the rate of follicle development [52]. We found 484 

that follicles cultured in stiff hydrogel had significantly fewer TZPs than follicles cultured in soft 485 

hydrogel. Thus, TZPs, or the loss of TZPs, may transmit the stiffness signals from granulosa cells 486 

to the oocyte.  487 

 488 

To further identify mechanisms by which ovarian stiffness impairs follicle development, we 489 

performed RNASeq analysis. By day 4 of culture, granulosa cells from follicles cultured in stiff 490 

hydrogels become granulated, a sign of cellular stress [53]. Therefore, we performed 491 

transcriptomic analysis within the first 24 hours of culture to identify early pathways that might 492 

trigger the observed phenotypes. We found that follicles respond to mechanical cues by altering 493 

gene expression within three hours, with DEGs between the 2% and 0.5% alginate conditions 494 

peaking at 6 hours. In GO pathway analysis, genes associated with response to the environment 495 

were differentially expressed in the two conditions. The Hippo pathway is one of the main 496 

mechanotransduction pathways of the cell, and it regulates essential biological processes such 497 

as cell proliferation, migration and differentiation [8, 54]. In follicles, the Hippo pathway regulates 498 

follicle activation, granulosa cell proliferation, and oocyte cytoplasmic maturation [47, 54-57], and 499 

single nucleotide polymorphisms in the Hippo pathway transcription factor Yap1 have been 500 

identified in PCOS patients [58, 59]. Although we did not observe differences in expression of the 501 

core components of the Hippo signaling pathway (Last1/2, Yap1, and Taz) between 0.5% and 2% 502 

alginate, we did detect stiffness-associated decreased follicle expression of some of the Yap1 503 

downstream pathways (Ctgf, Ankrd1, and Cyr61). This finding contrasts with observations in cell 504 

culture that a stiff environment induces nuclear transport and activation of Yap1. Future effort will 505 

be directed at exploring the interplay between age-associated ovarian stiffness and Hippo 506 

pathway activation or downregulation. 507 
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 508 

The transcriptomic analysis also revealed that multiple inflammatory pathways were upregulated 509 

in follicles cultured in 2% alginate. This finding is consistent with RNA-seq data revealing that 510 

inflammation genes were more highly expressed in follicles isolated from reproductively old mice 511 

than in those from young mice [49]. In addition, follicular fluid obtained from women of advanced 512 

maternal age is enriched in pro-inflammatory cytokines [42]. However, we do not know how this 513 

inflammatory environment is generated in the follicle. When cultured in stiff conditions, several 514 

cell types, including vascular smooth muscle, develop a pro-inflammatory environment [60]. 515 

Therefore, the stiff environment in the ovary might mediate the inflammatory profile observed in 516 

follicles from reproductively old mice and women of advanced maternal age. Our transcriptomic 517 

data also revealed that genes related to ECM remodeling were higher in follicles cultured in 2% 518 

alginate than in those cultured in 0.5% alginate. With advanced maternal age, the ovary becomes 519 

fibrotic and undergoes a complex ECM remodeling process [6, 18, 61-64]. Moreover, follicles can 520 

degrade and remodel the surrounding ECM to accommodate volumetric expansion [65-67]. Thus, 521 

further studies to investigate how the age-associated increase in stiffness affects follicular ECM 522 

remodeling and expansion are warranted.  523 

 524 

Together, the work presented here demonstrates that the age-associated stiff microenvironment 525 

of the ovary directly impairs follicle survival, granulosa cell expansion, estradiol synthesis, and 526 

oocyte quality. Additionally, we provide initial evidence that these phenotypes might be triggered 527 

by inflammation and ECM remodeling. Importantly, all of the phenotypes we observed in this 528 

culture system have been observed in ovaries from women of advanced maternal age, suggesting 529 

that ovarian stiffness mediates the age-associated progressive decline in oocyte quantity and 530 

quality. 531 

  532 

 533 
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Figure Legends: 534 

Figure 1: Alginate hydrogels recapitulate the stiffness of reproductively young and old 535 

mouse ovaries.  (A) Quantification of the stiffness of whole ovaries from reproductively young 536 

CB6F1 mice and 0.5% and 2% w/v alginate gels. (B) Representative images of 0.5% and 2% w/v 537 

alginate gels before and after staining with Alcian blue for the indicated times. Top image, whole 538 

beads; bottom image, bisected beads. *** p<0.001,  ****p<0.0001. (C) Schematic representation 539 

of the ex vivo in vitro follicle growth system used to examine the impact of the aging 540 

microenvironment stiffnesses on follicle development and oocyte quality.  541 

  542 

Figure 2: Age-associated increased ovarian stiffness impairs follicle viability in vitro. (A) 543 

Representative transmitted light images of CB6F1follicles cultured in 0.5%, 2%, and 4% alginate 544 

beads at day 0 (D0) and day 12 (D12). (B) Graphs showing the CB6F1 follicle survival percentage 545 

along the culture and comparing D0 and D12. (C) Representative transmitted light images are 546 

shown of CD1 follicles that were either cultured in 0.5%, 2% or 4% alginate gels. (D) Quantification 547 

of CD1 follicle survival during the 12 days of culture. N=3 independent experiments (N=30 follicles 548 

per condition). *** p<0.001, ****p<0.0001.  549 

 550 

Figure 3: Follicle growth is severely impaired when follicles are cultured in stiff hydrogels.  551 

(A-C) Graph showing the growing dynamics of CB6F1 follicles (A), granulosa cells (B), and 552 

oocytes (C) during 10 days of culture. (D) Representative images of CB6F1 follicles grown with 553 

various alginate concentrations over a 10-days culture. (E-G) Quantifications of the CD1 follicle 554 

growth dynamics (E), granulosa cells (F), and oocytes (G) during the 10 days of culture. 555 

(H) Representative brightfield images of individual CD1 follicles during the 10 days of culture. 556 

Scale bar 100µm. At least N=3 independent experiments, with 10 follicles each, were performed. 557 

ap<0.05 0.5% vs 4%. bp<0.01 0.5% vs 2%. cp<0.01 0.5% vs 4%. dp<0.05 2% vs 4%. ep<0.001 558 
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0.5% vs 4%. fp<0.05 0.5% vs 2%. gp<0.01 2% vs 4%. hp<0.0001 0.5% vs 2%.ip<0.0001 0.5% vs 559 

4%. jp<0.001 0.5% vs 2%  560 

 561 

Figure 4: Granulosa cell survival and function are impaired by culture in stiff environments. 562 

(A, B) Representative images of CB6F1 (A) and CD1(B) mouse follicles cultured in 0.5% and 2% 563 

hydrogels analyzed with a live (green)/dead (red) assay. N≥10 follicles per condition. Scale bar, 564 

400 µm. (C, D) Quantification of estradiol concentration in media from CB6F1(C) and CD1 (D) 565 

follicles. N≥3 independent experiments, with 10 follicles each. (E, F) Representative images of  566 

CB6F1 (E) and CD1 (F) follicles at day 0 (D0) and day 2 (D2) of culture stained with DNA dye 567 

(cyan) and Phalloidin (magenta). Insets show a magnification in greyscale. White arrows indicate 568 

TZPS. Graphs on the right show the number of TZPs per 10 µm. N≥3 independent experiments 569 

with 13 to 17 follicles per condition.  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 570 

 571 

Figure 5: Morphological examination reveals that stiffness impairs oocyte quality. (A, C) 572 

Representative images of CB6F1 (A) and CD1 (C) oocytes isolated from follicles cultured in 0.5% 573 

and 2% alginate gels for 12 days. Scale bar, 100 µm. (B, D) Quantification of the percentage of 574 

CB6F1 (B) and CD1 (D) GVs that were good-quality or degenerated. N≥3 independent 575 

experiments, with 10 follicles each. ***p<0.001, ****p<0.0001.  576 

 577 

Figure 6: Genes involved in metabolism and inflammation are differentially expressed in 578 

follicles cultured in stiff environments. (A) Graph showing the total number of differentially 579 

expressed genes (DEG) between the 0.5% and 2% alginate encapsulated follicles at the indicated 580 

time points. (B) Volcano plot showing DEGs in follicles cultured in 2% alginate compared to those 581 

cultured in 0.5% at 3h. (C, D) Graphs showing GO analysis of  downregulated (C) and upregulated 582 

(D)  DEGs in 2% alginate gels compared to 0.5% at 3h. (E) Volcano plot showing DEGs in follicles 583 
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cultured in 2% alginate compared to those cultured in 0.5% at 6h. (F,G) Graphs showing GO 584 

analysis of downregulated (F) and upregulated (G) DEGs in 2% alginate gels compared to 0.5% 585 

at 6h. (H) Graph showing the GSEA analysis of mechanosensory behavior pathway and its 586 

associated genes. Red indicates over-represented genes and blue indicates under-represented 587 

genes.  588 

 589 

Figure 7: Stiffness changes the follicle transcriptome in a time-dependent manner. (A,B) 590 

Graphs showing the Gene Ontology enrichment of molecular functions (A) and biological 591 

processes (B) of DEGs obtained from follicles cultured in 0.5% alginate gels at 24h versus 3h. 592 

(C)  Volcano plot showing DEGs in follicles cultured in 0.5% alginate gels at 24h versus 3h. (D,E) 593 

Graphs showing GO analysis of downregulated (D) and upregulated (E) DEGs at 24h compared 594 

to 3h in 0.5% alginate. (F, G) Graphs showing the Gene Ontology enrichment of molecular 595 

functions (F) and biological processes (G) of DEGs obtained from follicles cultured in 2% alginate 596 

gels at 24h versus 3h. (H) Volcano plot showing DEGs in follicles cultured in 2% alginate gels at 597 

24h versus 3h. (I, J) Graphs showing GO analysis of downregulated (I) and upregulated (J) DEGs 598 

at 24h compared to 3h in 2% alginate. 599 

 600 

Supplementary Figures: 601 

Supplementary Figure 1: (A-C) Representative images of the granular morphology in follicles 602 

cultured in 0.5% (A), 2% (B), and 4% (C) alginate at day 4. Scale bar, 50 µm. (D-E) Graphs 603 

showing the percentage of CB6F1 (D) and CD1 (E) follicles with a granulated morphology when 604 

cultured at 0.5%, 2% and 4% between day 4 and day 10 of culture.  605 

 606 

Supplementary Figure 2: (A, B) Volcano plots showing DEGs in follicles cultured in 2% alginate 607 

compared to those cultured in 0.5% at 12h (A) and 24h (B). (C, D) Table showing representative 608 
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DEGs at 12h (C) and 24h (D). (E) Graph showing the GO analysis of stably expressed genes 609 

across all comparisons.  610 

 611 

Supplementary Figure 3: On the left in each panel, GSEA analysis of genes enriched in (A) T-612 

helper, (B) humoral immune response, (C) eosinophil chemotaxis, and (D) neutrophil migration 613 

pathways. On the right in each panel, the cluster graphs only show genes that are significantly 614 

(p<0.05) enriched in 2% alginate compared to 0.5% alginate for each pathway.  615 

 616 

Supplementary Figure 4: Normalized expression of genes associated with the Hippo signaling 617 

pathway in the indicated conditions and time points.  618 

 619 

Supplementary Figure 5: (A) GSEA plot demonstrating up-regulated expression of the 620 

extracellular matrix organization pathway in 2% alginate at 24 h relative to 3 h. (B, C) GSEA plot 621 

demonstrating up-regulated expression of the collagen formation pathway (B) and its associated 622 

significantly enriched genes (C). Only genes that are significantly different are shown in the cluster 623 

plots (p<0.05).   624 

 625 

Supplementary Table 1: List of samples analyzed by RNA-seq. 626 

 627 

Supplementary Table 2: List of DEGs between 0.5% and 2% at 3h. 628 

 629 

Supplementary Table 3: List of DEGs between 0.5% and 2% at 6h. 630 

 631 

Supplementary Table 4: List of DEGs between 3h and 24h in 0.5% alginate. 632 

 633 

Supplementary Table 5: List of DEGs between 3h and 24h in 2% alginate.   634 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2024. ; https://doi.org/10.1101/2024.06.09.598134doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.09.598134
http://creativecommons.org/licenses/by-nc-nd/4.0/


 28 

Conflicts of Interest: The authors have no conflicts of interest to declare.  635 

Author contribution: S.P. and F.A. designed the methodology, performed experiments, data 636 

analysis and visualization, and wrote the manuscript. M.P. Performed TZPs imaging and 637 

quantification. F.A. conceived the study, supervised the study, and provided the resources and 638 

funding.  639 

Data availability statement: All data generated in this study are available upon request from the 640 

corresponding author. RNA-seq data will be uploaded to Gene Expression Omnibus repository 641 

when the manuscript is accepted for publication.  642 

Funding: This work was supported by the National Institutes of Health K99/R00 Pathway to 643 

Independence Award K99HD108424 (F.A) and Washington University in St. Louis start-up funds 644 

(F.A).  645 

Acknowledgements: We would like to acknowledge all the Amargant i Riera laboratory members 646 

as well as the members of the Center for Reproductive Health Sciences at Washington University 647 

in St. Louis, School of Medicine for their support and insightful discussion regarding this work. 648 

The authors also thank Dr. Deborah J. Frank for editing the manuscript. We thank Dr. Francesca 649 

E. Duncan for her mentoring as well as all the Duncan lab members for their support and feedback 650 

on this work. We would like to thank Dr. Serdar Bulun, Dr. Jerry Strauss, Dr. Qing Tu, Dr. Ariella 651 

Shikanov, Dr John Davis, and Dr. Luisa Iruela-Arispe for their insightful comments on this project 652 

and their support during the grant funding acquisition. Finally, we acknowledge that Figure 1C 653 

was created with BioRender.   654 

  655 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2024. ; https://doi.org/10.1101/2024.06.09.598134doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.09.598134
http://creativecommons.org/licenses/by-nc-nd/4.0/


 29 

Bibliography: 656 

1. Broekmans, F.J., M.R. Soules, and B.C. Fauser, Ovarian aging: mechanisms and clinical 657 
consequences. Endocr Rev, 2009. 30(5): p. 465-93. 658 

2. Wu, J., et al., Aging conundrum: A perspective for ovarian aging. Front Endocrinol 659 
(Lausanne), 2022. 13: p. 952471. 660 

3. Mills, E.G., et al., The Relationship Between Bone and Reproductive Hormones Beyond 661 
Estrogens and Androgens. Endocr Rev, 2021. 42(6): p. 691-719. 662 

4. Streicher, C., et al., Estrogen Regulates Bone Turnover by Targeting RANKL Expression 663 
in Bone Lining Cells. Sci Rep, 2017. 7(1): p. 6460. 664 

5. Shen, M. and H. Shi, Sex Hormones and Their Receptors Regulate Liver Energy 665 
Homeostasis. Int J Endocrinol, 2015. 2015: p. 294278. 666 

6. Amargant, F., et al., Ovarian stiffness increases with age in the mammalian ovary and 667 
depends on collagen and hyaluronan matrices. Aging Cell, 2020. 19(11): p. e13259. 668 

7. Ouni, E., et al., A blueprint of the topology and mechanics of the human ovary for next-669 
generation bioengineering and diagnosis. Nat Commun, 2021. 12(1): p. 5603. 670 

8. Panciera, T., et al., Mechanobiology of YAP and TAZ in physiology and disease. Nat Rev 671 
Mol Cell Biol, 2017. 18(12): p. 758-770. 672 

9. Martino, F., et al., Cellular Mechanotransduction: From Tension to Function. Front Physiol, 673 
2018. 9: p. 824. 674 

10. Fiorentino, G., et al., Biomechanical forces and signals operating in the ovary during 675 
folliculogenesis and their dysregulation: implications for fertility. Hum Reprod Update, 676 
2023. 29(1): p. 1-23. 677 

11. Nagamatsu, G., et al., Mechanical stress accompanied with nuclear rotation is involved in 678 
the dormant state of mouse oocytes. Sci Adv, 2019. 5(6): p. eaav9960. 679 

12. Mitchell, G.F., et al., Arterial stiffness and cardiovascular events: the Framingham Heart 680 
Study. Circulation, 2010. 121(4): p. 505-11. 681 

13. Sporea, I., et al., Liver Stiffness Evaluation by Transient Elastography in Type 2 Diabetes 682 
Mellitus Patients with Ultrasound-proven Steatosis. J Gastrointestin Liver Dis, 2016. 25(2): 683 
p. 167-74. 684 

14. Xu, M., et al., Identification of a stage-specific permissive in vitro culture environment for 685 
follicle growth and oocyte development. Biol Reprod, 2006. 75(6): p. 916-23. 686 

15. West, E.R., et al., Physical properties of alginate hydrogels and their effects on in vitro 687 
follicle development. Biomaterials, 2007. 28(30): p. 4439-48. 688 

16. Hornick, J.E., et al., Isolated primate primordial follicles require a rigid physical 689 
environment to survive and grow in vitro. Hum Reprod, 2012. 27(6): p. 1801-10. 690 

17. Zheng, M., et al., Reducing 3D Hydrogel Stiffness, Addition of Oestradiol in a Physiological 691 
Concentration and Increasing FSH Concentration Improve In Vitro Growth of Murine 692 
Preantral Follicles. Int J Mol Sci, 2023. 24(15). 693 

18. Umehara, T., et al., Female reproductive life span is extended by targeted removal of 694 
fibrotic collagen from the mouse ovary. Sci Adv, 2022. 8(24): p. eabn4564. 695 

19. Green, L.J. and A. Shikanov, In vitro culture methods of preantral follicles. Theriogenology, 696 
2016. 86(1): p. 229-38. 697 

20. Converse, A., et al., Recapitulating folliculogenesis and oogenesis outside the body: 698 
encapsulated in vitro follicle growthdagger. Biol Reprod, 2023. 108(1): p. 5-22. 699 

21. Lawrence, M., et al., Software for computing and annotating genomic ranges. PLoS 700 
Comput Biol, 2013. 9(8): p. e1003118. 701 

22. Love, M.I., W. Huber, and S. Anders, Moderated estimation of fold change and dispersion 702 
for RNA-seq data with DESeq2. Genome Biol, 2014. 15(12): p. 550. 703 

23. Ge, S.X., D. Jung, and R. Yao, ShinyGO: a graphical gene-set enrichment tool for animals 704 
and plants. Bioinformatics, 2020. 36(8): p. 2628-2629. 705 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2024. ; https://doi.org/10.1101/2024.06.09.598134doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.09.598134
http://creativecommons.org/licenses/by-nc-nd/4.0/


 30 

24. Liao, Y., et al., WebGestalt 2019: gene set analysis toolkit with revamped UIs and APIs. 706 
Nucleic Acids Res, 2019. 47(W1): p. W199-W205. 707 

25. Mootha, V.K., et al., PGC-1alpha-responsive genes involved in oxidative phosphorylation 708 
are coordinately downregulated in human diabetes. Nat Genet, 2003. 34(3): p. 267-73. 709 

26. Subramanian, A., et al., Gene set enrichment analysis: a knowledge-based approach for 710 
interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A, 2005. 102(43): 711 
p. 15545-50. 712 

27. Canning, J., Y. Takai, and J.L. Tilly, Evidence for genetic modifiers of ovarian follicular 713 
endowment and development from studies of five inbred mouse strains. Endocrinology, 714 
2003. 144(1): p. 9-12. 715 

28. Doherty, C.A., et al., Bidirectional communication in oogenesis: a dynamic conversation 716 
in mice and Drosophila. Trends Cell Biol, 2022. 32(4): p. 311-323. 717 

29. El-Hayek, S., et al., Mammalian Oocytes Locally Remodel Follicular Architecture to 718 
Provide the Foundation for Germline-Soma Communication. Curr Biol, 2018. 28(7): p. 719 
1124-1131 e3. 720 

30. Glister, C., et al., Gremlin, Noggin, Chordin and follistatin differentially modulate BMP 721 
induced suppression of androgen secretion by bovine ovarian theca cells. J Mol 722 
Endocrinol, 2018. 723 

31. McMahon, J.A., et al., Noggin-mediated antagonism of BMP signaling is required for 724 
growth and patterning of the neural tube and somite. Genes Dev, 1998. 12(10): p. 1438-725 
52. 726 

32. Nilsson, G. and M. Kannius-Janson, Forkhead Box F1 promotes breast cancer cell 727 
migration by upregulating lysyl oxidase and suppressing Smad2/3 signaling. BMC Cancer, 728 
2016. 16: p. 142. 729 

33. Flood, H.M., et al., The Forkhead box F1 transcription factor inhibits collagen deposition 730 
and accumulation of myofibroblasts during liver fibrosis. Biol Open, 2019. 8(2). 731 

34. Malin, D., et al., Forkhead box F1 is essential for migration of mesenchymal cells and 732 
directly induces integrin-beta3 expression. Mol Cell Biol, 2007. 27(7): p. 2486-98. 733 

35. Dean, C. and T. Dresbach, Neuroligins and neurexins: linking cell adhesion, synapse 734 
formation and cognitive function. Trends Neurosci, 2006. 29(1): p. 21-9. 735 

36. Bertin, J., et al., CARD9 is a novel caspase recruitment domain-containing protein that 736 
interacts with BCL10/CLAP and activates NF-kappa B. J Biol Chem, 2000. 275(52): p. 737 
41082-6. 738 

37. Roversi, P., et al., Structural basis for complement factor I control and its disease-739 
associated sequence polymorphisms. Proc Natl Acad Sci U S A, 2011. 108(31): p. 12839-740 
44. 741 

38. Metzemaekers, M., M. Gouwy, and P. Proost, Neutrophil chemoattractant receptors in 742 
health and disease: double-edged swords. Cell Mol Immunol, 2020. 17(5): p. 433-450. 743 

39. Cook, S.A., et al., HEM1 deficiency disrupts mTORC2 and F-actin control in inherited 744 
immunodysregulatory disease. Science, 2020. 369(6500): p. 202-207. 745 

40. Navarro-Pando, J.M., et al., Inhibition of the NLRP3 inflammasome prevents ovarian 746 
aging. Sci Adv, 2021. 7(1). 747 

41. Zhang, Z., et al., Inflammaging is associated with shifted macrophage ontogeny and 748 
polarization in the aging mouse ovary. Reproduction, 2020. 159(3): p. 325-337. 749 

42. Machlin, J.H., et al., Fibroinflammatory Signatures Increase with Age in the Human Ovary 750 
and Follicular Fluid. Int J Mol Sci, 2021. 22(9). 751 

43. Lliberos, C., et al., Evaluation of inflammation and follicle depletion during ovarian ageing 752 
in mice. Sci Rep, 2021. 11(1): p. 278. 753 

44. Wood, C.D., et al., Multi-modal magnetic resonance elastography for noninvasive 754 
assessment of ovarian tissue rigidity in vivo. Acta Biomater, 2015. 13: p. 295-300. 755 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2024. ; https://doi.org/10.1101/2024.06.09.598134doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.09.598134
http://creativecommons.org/licenses/by-nc-nd/4.0/


 31 

45. Mendez, M., et al., Biomechanical characteristics of the ovarian cortex in POI patients and 756 
functional outcomes after drug-free IVA. J Assist Reprod Genet, 2022. 39(8): p. 1759-757 
1767. 758 

46. Ferraretti, A.P., et al., Transvaginal ovarian drilling: a new surgical treatment for improving 759 
the clinical outcome of assisted reproductive technologies in patients with polycystic ovary 760 
syndrome. Fertil Steril, 2001. 76(4): p. 812-6. 761 

47. Kawamura, K., et al., Hippo signaling disruption and Akt stimulation of ovarian follicles for 762 
infertility treatment. Proc Natl Acad Sci U S A, 2013. 110(43): p. 17474-9. 763 

48. Biswas, A., et al., Theca cell mechanics and tissue pressure regulate mammalian ovarian 764 
folliculogenesis. bioRxiv, 2024: p. 2024.05.06.592641. 765 

49. Duncan, F.E., et al., Age-associated dysregulation of protein metabolism in the 766 
mammalian oocyte. Aging Cell, 2017. 16(6): p. 1381-1393. 767 

50. Santoro, N., et al., Impaired folliculogenesis and ovulation in older reproductive aged 768 
women. J Clin Endocrinol Metab, 2003. 88(11): p. 5502-9. 769 

51. Wang, H., et al., Rejuvenation of aged oocyte through exposure to young follicular 770 
microenvironment. bioRxiv, 2024: p. 2024.03.11.584343. 771 

52. Eppig, J.J., K. Wigglesworth, and F.L. Pendola, The mammalian oocyte orchestrates the 772 
rate of ovarian follicular development. Proc Natl Acad Sci U S A, 2002. 99(5): p. 2890-4. 773 

53. Wang, L., et al., Response to stress in biological disorders: Implications of stress granule 774 
assembly and function. Cell Prolif, 2021. 54(8): p. e13086. 775 

54. Clark, K.L., et al., Hippo Signaling in the Ovary: Emerging Roles in Development, Fertility, 776 
and Disease. Endocr Rev, 2022. 43(6): p. 1074-1096. 777 

55. Lv, X., et al., Timely expression and activation of YAP1 in granulosa cells is essential for 778 
ovarian follicle development. FASEB J, 2019. 33(9): p. 10049-10064. 779 

56. Yu, C., et al., Oocyte-expressed yes-associated protein is a key activator of the early 780 
zygotic genome in mouse. Cell Res, 2016. 26(3): p. 275-87. 781 

57. Plewes, M.R., et al., Yes-associated protein 1 is required for proliferation and function of 782 
bovine granulosa cells in vitrodagger. Biol Reprod, 2019. 101(5): p. 1001-1017. 783 

58. Lidaka, L., et al., Role of Single Nucleotide Variants in the YAP1 Gene in Adolescents with 784 
Polycystic Ovary Syndrome. Biomedicines, 2022. 10(7). 785 

59. Hayes, M.G., et al., Genome-wide association of polycystic ovary syndrome implicates 786 
alterations in gonadotropin secretion in European ancestry populations. Nat Commun, 787 
2015. 6: p. 7502. 788 

60. Wang, J., et al., Matrix stiffness exacerbates the proinflammatory responses of vascular 789 
smooth muscle cell through the DDR1-DNMT1 mechanotransduction axis. Bioact Mater, 790 
2022. 17: p. 406-424. 791 

61. Briley, S.M., et al., Reproductive age-associated fibrosis in the stroma of the mammalian 792 
ovary. Reproduction, 2016. 152(3): p. 245-260. 793 

62. Dipali, S.S., et al., Proteomic quantification of native and ECM-enriched mouse ovaries 794 
reveals an age-dependent fibro-inflammatory signature. Aging (Albany NY), 2023. 15(20): 795 
p. 10821-10855. 796 

63. Landry, D.A., et al., Metformin prevents age-associated ovarian fibrosis by modulating the 797 
immune landscape in female mice. Sci Adv, 2022. 8(35): p. eabq1475. 798 

64. McCloskey, C.W., et al., Metformin Abrogates Age-Associated Ovarian Fibrosis. Clin 799 
Cancer Res, 2020. 26(3): p. 632-642. 800 

65. Curry, T.E., Jr. and K.G. Osteen, The matrix metalloproteinase system: changes, 801 
regulation, and impact throughout the ovarian and uterine reproductive cycle. Endocr Rev, 802 
2003. 24(4): p. 428-65. 803 

66. Jordahl, S., et al., Engineered Fibrillar Fibronectin Networks as Three-Dimensional Tissue 804 
Scaffolds. Adv Mater, 2019. 31(46): p. e1904580. 805 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2024. ; https://doi.org/10.1101/2024.06.09.598134doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.09.598134
http://creativecommons.org/licenses/by-nc-nd/4.0/


 32 

67. Nason-Tomaszewski, C.E., et al., Extracellular matrix-templating fibrous hydrogels 806 
promote ovarian tissue remodeling and oocyte growth. Bioact Mater, 2024. 32: p. 292-807 
303. 808 

 809 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2024. ; https://doi.org/10.1101/2024.06.09.598134doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.09.598134
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1

C

A B

CD1 mice

Analysis

CB6F1 mice

Alginate mechanical properties

0.5% - Young
environment

2% - Old 
environment

4% - Extreme 
environment

• Follicle development

• Granulosa cell viability

• Estradiol production

• Oocyte-granulosa cell 

communication

• Oocyte quality

RNA Sequencing

Age-associated and 
stiffness-dependent 

pathways

Short-term culture

3h, 6h, 12h, 24h

Day 12-13

CB6F1 mice

0.5% - Young
environment

2% - Old 
environment

0.5% 2%

3 5

Alginate

Time (min) 3

0.5% 2%

3 5

Alginate

Time (min) 3

Be
ad

In
te

rn
al

 
pa

rt 
be

ad

Ovary 0.5% 2%
0

2

4

6

8

10

12
St

iff
ne

ss
 (k

Pa
)

✱✱✱✱

✱✱✱✱

Alginate

✱✱✱

Ovary
2.000

0.5%
0.8442

2%
5.853

Average 
Stiffness
(kPa)

0 0

0 0

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2024. ; https://doi.org/10.1101/2024.06.09.598134doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.09.598134
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 2

0 2 4 6 8 10 12
0

20

40

60

80

100

Days

 %
 S

ur
vi

va
l

0.5%

2%

4%

D
12

D
0

0.5% 2% 4%
D

A

D
12

D
0

0.5% 2% 4%

0 2 4 6 8 10 12
0

20

40

60

80

100

Days

 %
 S

ur
vi

va
l

0.5%

2%

4%

B

C

0 2 4 6 8 10 12
0

20

40

60

80

100

Days

 %
 S

ur
vi

va
l

0.5%

2%

4%

CB6F1

CB6F1

CD1

CD1

0 2 4 6 8 10 12
0

20

40

60

80

100

Days

 %
 S

ur
vi

va
l

0.5%

2%

4%

****

****

****

****

***

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2024. ; https://doi.org/10.1101/2024.06.09.598134doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.09.598134
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 3

Follicles OocytesGranulosa

0 2 4 6 8 10
50

100

150

200

250

300

Days

Si
ze

 (µ
m

)

0.5%

2%

4%

0 2 4 6 8 10
40

60

80

100

Days

Si
ze

 (µ
m

)

0.5%

2%

4%

0 2 4 6 8 10
50

100

150

200

Days

Si
ze

 (µ
m

)

0.5%

2%

4%

D0 D2 D4 D6 D8 D10

0.
5%

2%
4%

* *
*

*
*

* *
*

*

*

* *

*
* *

0 2 4 6 8 10
50

100

150

200

250

300

Days

Si
ze

 (µ
m

)

0.5%

2%

4%

0 2 4 6 8 10
40

60

80

100

Days

Si
ze

 (µ
m

)

0.5%

2%

4%

0 2 4 6 8 10
50

100

150

200

Days

Si
ze

 (µ
m

)

0.5%

2%

4%

Follicles OocytesGranulosa

D0 D2 D4 D6 D8 D10

0.
5%

2%
4%

* * * *

* *
* *

*

*
*

*

*

*

*

A B C

E F G

D

H

CB6F1

CD1

d,b,e
f

a b,e g,h,i f,c g,j,h

b,ca



D6 D8 D10
0.

5%
2%

D2 D4
0.

5%
2%

D6 D8 D10D2 D4

C
B6
F1

C
D
1

A

B

Live/deadC

0 2 4 6 8 10
0

1

2

3

4

Days

E
st

ra
d

io
l (

n
g

/m
l)

0.5%

2%

0 2 4 6 8 10
0

5

10

15

20

25

Days

E
st

ra
di

ol
 (n

g/
m

l)

0.5%

2%

DCB6F1 CD1

C
B6
F1

D0 D2 - 0.5% D2 - 2%

C
D
1

D0 0.5% 2%
0

5

10

15

A
ve

ra
ge

 #
 o

f T
ZP

s 
/ 1

0 
µm

✱✱

✱✱✱

D2

D0 0.5% 2%
0

5

10

15

20

A
ve

ra
ge

 #
 o

f T
ZP

s 
/ 1

0 
µ

m

✱

✱✱✱✱

✱✱✱✱

D2

D0 D2 - 0.5% D2 - 2%

E

F

Figure 4



Figure 5

0.
5%

2%
0.

5%
2%

A

C

B

D

CB6F1

CD1

0.5 2
0

25

50

75

100

125

% Alginate
%

 o
f G

Vs
 o

r 
de

ge
ne

ra
te

d 
O

oc
yt

eo Good-quality GVs
Degenerated

✱✱✱✱

0.5 2
0

25

50

75

100

125

% Alginate

%
 o

f G
Vs

 o
r 

de
ge

ne
ra

te
d 

O
oc

yt
eo Good-quality GVs

Degenerated

✱✱✱



6h
 2%

6h
 0.

5%

C D

E F

G H

Figure 6

Downregulated Upregulated

Downregulated

Upregulated

A B



Figure 7
A B C

F G H

UpregulatedDownregulated

Downregulated Upregulated

D E

I J


