
 1 

Ovarian cysts and granulosa cell tumors develop after sublethal total body 1 

irradiation in mice  2 

 3 

Shiyun Xiao*1, Yao Xiao2, Xiaohong Xu3, Wen Zhang1, Mandi M. Murph4, and Nancy R. 4 

Manley1 5 

1. Department of Genetics, Paul D. Coverdell Center, 500 DW Brooks Drive, University of 6 
Georgia, Athens, Georgia 30602 7 

2. Department of research, Child mind institution, 101 East 56th Street, New York, NY 8 
10022 9 

3. Department of the clinical laboratory, Zhejiang Cancer Hospital, Hangzhou, Zhejiang 10 
310022, China 11 

4. Department of pharmaceutical and Biomedical Sciences, Pharmacy South Building, 240 12 
W Green Street, University of Georgia, Athens, Georgia 30602 13 

 14 
 15 
 16 
 17 
*Correspondence should be addressed to: Email: shiyun@uga.edu (SX)  18 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 preprint (whichthis version posted July 9, 2021. ; https://doi.org/10.1101/2021.07.08.450892doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.08.450892
http://creativecommons.org/licenses/by-nc-nd/4.0/


 2 

Abstract 19 

Background 20 

Localized and total body irradiation are used to treat certain cancers and also used prior to 21 

transplantation of stem cells or organs. However, the use of radiation also induces collateral 22 

damage to the cells of healthy tissue. Although the acute damage of radiation to oocytes is well 23 

known, the long-term effects induced by radiation to stromal cells and their relationship with age 24 

are still unclear.  25 

Methods 26 

A total of 206 two-month-old female mice were whole-body exposed to gamma rays at doses of 27 

0, 0.5, 1, 2, or 4 Gy, respectively. The mice were sacrificed at 3.5, 9, 12, or 18 months of age and 28 

pathological changes including cysts and tumors were assessed in the ovary and other organs.  29 

Results 30 

The overall incidence of visible pathological changes of mice receiving irradiation was 33.7% in 31 

the ovary, but much lower in the liver, spleen, lung, thymus, and skin. Among these, the ovarian 32 

cyst formation rate was 24.7%, and tumor lesions were 10.2%, respectively, compared to 5% 33 

cyst formation and no tumor lesions among control, unirradiated mice. Statistical analysis 34 

showed that cyst formation was age, but not dose-dependent, whereas the formation of tumor 35 

lesions was dependent on both age and radiation dose. Pathology analysis indicated that most 36 

ovarian cysts originated from follicles and both tumor lesions analyzed originated from 37 

granulosa cells. 38 

Conclusion 39 

Ovaries are highly susceptible to the effects of radiation. Long-term damage is increased after 40 

total body irradiation in mice, manifested by higher incidences of cyst formation and tumor 41 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (whichthis version posted July 9, 2021. ; https://doi.org/10.1101/2021.07.08.450892doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.08.450892
http://creativecommons.org/licenses/by-nc-nd/4.0/


 3 

lesions. The ovarian stromal-derived granulosa cells might play an essential role in these changes. 42 

  43 
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Introduction 44 

Ionizing irradiation is formed by charged energy particles, which can directly or indirectly cause 45 

damage to the DNA when it passes through the body [1]. Following radiation exposure, DNA 46 

repair mechanisms are initiated in the cell. In general, a lower-absorbed dose of radiation causes 47 

repairable DNA damage, whereas a higher-absorbed dose causes significant DNA damage and 48 

tends to kill the irradiated cells [2, 3]. Proper DNA repair restores the cells and tissues to normal; 49 

mis-repaired or un-repaired DNA causes cell death, which can lead to damage  50 

or failure of the tissue or organ. In some cases, the cells with the mis-repaired or un-repaired 51 

DNA can survive after irradiation, and can be a substrate for tumor/cancer development [2, 4].  52 

 53 

Different organs, tissues, and cells, and even the same type of cell in a different phase, appear to 54 

have different radiation sensitivity [5-8].  The ovary is the female gonad and the primary 55 

reproductive organ, which is composed of an outer cortex and an inner medulla, and the port of 56 

entry into the ovary is known as the ovarian hilus [9]. The outer cortex contains developing 57 

follicles at various stages and is the most radiation-sensitive part [10]. The cortical primordial 58 

follicle pool is nearly destroyed in young adult female mice two weeks after a single total body 59 

exposure to the dose of 0.1 Gy [11]. The complete destruction of the primordial follicle pool was 60 

reported in neonatal mice five days after exposure to doses as low as 0.45 Gy [12]. In contrast, 61 

the partial primary, secondary follicles, and large follicles still survived, showing more resistance 62 

to the radiation than the primordial follicles [7, 10, 12, 13]. The inner medulla contains the major 63 

blood and lymphatic vessels connected to the hilus and cortex stromal compartment, known as 64 

the ovarian niche, which supports the development of oocyte follicles. These are largely 65 

considered to be radiation resistant. However, the radiation damage to the follicles may destroy 66 
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not only the cortical construction but also the medulla stromal cells. It is these changes that 67 

usually cause ovarian failure or dysfunction and therefore lead to premature reproductive 68 

senescence or permanent menopause after irradiation [14-16].  69 

 70 

Ovarian cysts are a frequent problem among reproductive-aged females undergoing ovulation 71 

cycles and aging rodents with hormone variations [17, 18]. During each cycle, mature follicles 72 

forms lumps on the ovary and rupture at ovulation, releasing an oocyte. Rodents have an estrous 73 

cycle that lasts 4 to 5 days with mice ovulating an average of 11 oocytes. Fluid-filled cysts stem 74 

from mature follicles that do not rupture to release the oocyte after the period of follicular growth 75 

and development [19]. 76 

 77 

Granulosa cells play a critical role in this dynamic process. In order for successful ovulation and 78 

follicular development to occur, granulosa cells surrounding oocytes must replicate to form 79 

multiple layers and continually alter their morphology. In fact, a major characteristics of mature 80 

follicle formation includes a fluid-filled vesicle that materializes as a result of proper granulosa 81 

cells’ organization [19]. If the mature follicle does not rupture appropriately, a fluid-filled cyst 82 

remains, however, cysts are considered physiological changes and often resolve naturally over 1-83 

3 months [20, 21]. Interestingly, granulosa cells secrete growth-promoting factors along with 84 

their receptors. As such, they are the main source of estradiol, insulin-like growth factor and 85 

others that stimulate follicular growth and survival [22]. 86 

 87 

Exposure to radiation is a known cause of cancer, whereas reducing the overall number of 88 

lifetime ovulations, which occurs with pregnancy or the use of oral contraception, decreases the 89 
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risk of ovarian cancer [23, 24]. Most previous studies on ovarian damage induced by radiation 90 

have focused on the acute effects of follicle deletion and its related mechanisms, few have 91 

focused on niche changes and long-term radiation effects on the ovary. Thus, our study provided 92 

an opportunity to investigate the ovary for relationships between radiation damage, cyst 93 

formation and tumor development. 94 

 95 

In this study, two-month-old female mice were exposed to gamma rays (Co-60) at sub-lethal 96 

doses ranging from 0.5 to 4 Gy, and radiation effects were analyzed at 3.5, 9, 12, and 18 months 97 

of age by comparison to 0 Gy control animals. We previously reported late effects of radiation 98 

on the immune system [25]; in the course of that study, we also observed pathological changes 99 

like cysts and tumors increasing significantly in the mouse ovary, but not in other organs. Our 100 

results herein demonstrate that the ovary is a highly radiation-sensitive organ in mice, and 101 

damage sustained after a single total body irradiation (TBI) increases ovarian cysts and tumor 102 

lesions. Visible ovarian cysts (the size > 1 mm3) were observed starting at 9 months of age (7 103 

months after the irradiation). Cyst formation was age-dependent but not dose-dependent; tumor 104 

formation showed both age-dependence and a dose threshold. Our studies are the first to provide 105 

evidence that single sub-lethal TBI can cause long-term ovarian damage like cysts and tumors in 106 

mice. The mouse model presented herein may be a useful tool for mechanistic studies on the 107 

development of ovarian cysts and tumors, particularly with their shorter life and estrous cycle.  108 
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Materials and Methods  109 

Mice  110 

The mice used in this study were part of a larger study, which was supported by the grant RFP 111 

NIAID-DAIT-NIHAI2008023. According to the original design, a total of 1000 mice were 112 

irradiated including males and females. More specifically, 210 C57BL6/J female mice were 113 

purchased from The Jackson Laboratory (Bar Harbor, ME) and 200 mice were divided into four 114 

age groups. To irradiate the mice, 50 mice at 2 months of age were brought into the radiation 115 

room each time, 10 mice in each of 5 groups were exposed to doses of either 0.5, 1, 2, or 4 Gy, 116 

with the remaining 10 mice (the 0 Gy group) not exposed to radiation as a control. Six additional 117 

mice were exposed to 0.5 or 1 Gy under these same conditions. Therefore, we irradiated a total 118 

of 166 mice and had 40 unexposed mice as 0 Gy control. The mice in each dose were 119 

subsequently sacrificed at 3.5, 9, 12, or 18 months of age and tissues harvested for assessment. 120 

All mice were maintained in a specific pathogen-free facility at the University of Georgia before 121 

and after irradiation. The experiment was approved by the Institutional Animal Care and Use 122 

Committee of the University of Georgia. 123 

 124 

Irradiator survey and calibration 125 

The radiation exposure device used in this study is a Type 60 Co gamma (Nordion Canada), 126 

Model Gammacell 200. To calibrate radiation exposure doses, OSL nanoDot dosimeters 127 

(Landauer Inc., Glenwood, IL) were implanted in a mouse cadaver, which were then exposed at 128 

the indicated doses of 0.5, 1, 2, and 4 Gy. After irradiation, the dosimeters were sent back to 129 

Landauer Inc. for measurement. Based on the results of these measurements, we generated a 130 

linear formula to calculate the exposure times for each dose (Y(dose)=2.16t+10.98; S1 Dataset). 131 
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The standard error of the dose for each irradiation is within 5% [26]. Details of the calibration 132 

protocols and evaluation of linear response were previously published [26]. 133 

 134 

Measurement of cyst and tumors 135 

 Mice in each dose group were sacrificed by CO2 inhalation followed by cervical dislocation at 136 

3.5, 9, 12, or 18 months of age and tissues harvested for assessment. The peritoneal and thoracic 137 

cavities of the mice were opened, and the ovary, spleen, liver, gut, thymus, lung, and other 138 

organs were evaluated for visually apparent anomalies. To measure ovarian cysts and tumors, the 139 

ovaries were completely exposed along the uterus on both sides. Two individuals independently 140 

assessed and measured cyst formation and tumor lesions. The visible cysts and tumors with a 141 

size > 1 mm3 and any visible pathological changes in the ovaries and other organs were recorded 142 

(S2 Dataset). In this study, the analysis of 3.5-month-old mice at 1.5 months after irradiation was 143 

defined as "short-term" (to contrast with “acute”). We defined “long-term” effects as occurring at 144 

or after the 9 months age at analysis, more than 6 months after exposure. 145 

 146 

H&E staining 147 

For histological analysis, ovarian samples included unirradiated control (0 Gy), irradiated 148 

without visible cysts or tumors, irradiated with visible cysts or tumors were assessed. Tissues 149 

were fixed with 4% paraformaldehyde (PFA) overnight, dehydrated in gradient ethanol solutions, 150 

and embedded in paraffin. Ten μm sections were cut and stained with hematoxylin and eosin 151 

(H&E). Imaging was done on a Keyence BZ-X700 microscope (Osaka, Japan). 152 

 153 

Statistical analysis 154 
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 9 

One-sided Fisher’s exact tests were used to compare the overall incidence rates between the 155 

irradiated and control group. Within the irradiated group, two-sided Fisher’s exact tests were 156 

used to assess the dependence of incidence rates across the age and dosage groups respectively. 157 

Furthermore, simple logistic regression was used to assess the magnitude and directionality of 158 

significant associations with age. These analysis were performed in R using functions from the 159 

‘stats’ package version 3.6.1.  (S3 Dataset). The rates of pathological changes in the liver, spleen, 160 

lung, thymus, and skin (Table 1) was analyzed using Contingency table analysis, and Fisher’s 161 

exact test using PrismTM software (GraphPad Software, San Diego, CA).  162 

 163 

   164 
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Results 165 

Overall pathological changes in the ovary and other organs after TBI.  166 

To evaluate the effects of radiation with aging, two-month-old female mice were total body 167 

exposed to a single radiation dose of 0, 0.5, 1, 2, or 4 Gy, and analyzed at 3.5, 9, 12, and 18 168 

months of age. We previously reported that a single TBI could cause long-term deficits in 169 

thymus function by reducing lymphoid progenitors in bone marrow [25]. Interestingly, we also 170 

found visible pathological changes in the ovary in these mice (Fig. 1). Most ovarian cysts were 171 

unilateral, a single round shape, within the bursa, and filled with transparent fluid, with some 172 

displaying vascularization (Fig. 1A); a few appeared as large oval shapes formed by multiple 173 

cysts (Fig. 1B). Some cysts or masses were bilateral or appeared deep brown or black due to 174 

being filled with blood (Fig. 1 C). The ovarian tumors appeared as a large mass of tissue or black 175 

masses covered by the bursa (Fig. 1 D). We also observed that some mice had enlarged spleens 176 

or tumor lesions in the liver, lung, thymus, and/or skin after TBI. The overall incidence of visible 177 

pathological changes after irradiation per ovary was 19.9%; The rates of pathological changes 178 

were much lower in the liver, spleen, lung, thymus, and skin (Table 1). Contingency table 179 

analysis using Fisher’s exact test showed that pathological changes were significantly different 180 

between the ovary and other organs (P<0.001). Our results indicate that the ovary is  181 

significantly more sensitive to radiation compared to the other organs examined.  182 

 183 

Fig 1. Gross anatomy of ovarian cysts and tumors from BL6 mice after TBI. (A). Single 184 

round ovarian cysts were filled with transparent or hemorrhagic serous fluid. (B). Oval ovarian 185 

cysts filled with transparent fluid and formed by multiple cysts. (C). Ovarian cysts or lumps were 186 
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filled with hemorrhagic serous fluid. (D). Ovarian tumors were covered with a membrane. 187 

Normal ovary (blue arrow); Cysts or tumors (yellow arrow). Size of bars: 10 mm.  188 

 189 

Table 1. Visible pathological changes after TBI. 190 

 191 

 Non-
irra. 

Irradiated groups (all doses) 

Organ Ovary a Ovary Liver Spleen Thymus Lung Skin 

No. of total 
organs examinedb 

80 332 166 166 166 166 166 

No. of organs with 
cyst 

2 49 0 0 0 0 0 

No. of organs with 
tumor 

0 17 4 3 2 1 1 

% Path-change c 2.5%  19.9%  2.4% 1.8% 1.2% 0.6% 0.6% 

 192 

Non-irra: Non irradiated group; Path-change: Pathological change 193 

a  Non-irradiated control mice had no visible changes in any other organs.  194 

b  As there are two ovaries/mouse, the numbers are double   195 

c  The overall frequencies of visible pathological changes observed per organ 196 

 197 

TBI increased cyst formation in the ovary. 198 

Next, we measured cyst formation and observed that it is a prominent pathological change in the 199 

ovary after TBI. There were no visible cysts observed in either the control or irradiated groups at 200 

3.5 months of age (1.5  months after irradiation), and cysts were observed to be present at 9 201 

months of age (7 months after irradiation) in the irradiated group. The overall rate of cyst 202 

formation in irradiated mice is 24.7% compared to 5% in non-irradiated control mice (Table 2, 203 
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P=0.003 Fisher’s exact test one-sided), indicating that TBI exposed mice were more likely to 204 

develop ovarian cysts. Among irradiated mice, we found that the rate of cyst formation was age 205 

dependent (Table 2, P<0.001 Fisher’s exact test two-sided). Furthermore, logistic regression 206 

showed that age was positively associated with the rate of cyst formation (Odds Ratio=1.15, 207 

P<0.001). We also found the rate of cyst formation to be independent of dose (Table 2, P=0.166 208 

Fisher’s exact test two-sided). 209 

  210 

 Table 2.  Ovarian cyst formation observed per animal by age and dose after TBI. 211 

Dose 

Age 

Non-irra. Irradiated groups (Gy) 

0 0.5 1 2 4 % mice with 
cysts by age 

3.5 0a/10b 0/10 0/10 0/10 0/10 0% (0/40) 

9 0/10 4/10 2/10 2/10 2/10 25% (10/40) 

12 1/10 2/10 9/12 1/10 4/10 38.1% (16/42) 

18 (M) 1/10 1/12 3/12 4/10 7/10 34.1% (15/44) 

% mice with 
cysts by dose  

5% 16.7% 31.8% 17.5% 32.5% 24.7% (41/166)c 

 212 

Non-irra: Non irradiated group 213 

a Number of mice with cysts  214 

b Number of total mice  215 

c Proportion of irradiated mice with cyst 216 

 217 

TBI induced tumor lesion in the ovary. 218 

Tumor lesions are frequently observed as a long-term consequence after exposure to radiation. 219 

Visible tumor lesions (Size > 1 mm3) in the ovary were observed to be present at 9 months of age 220 
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in the irradiated group. The overall rate of tumor lesions in irradiated mice is 10.2% compared to 221 

0% in control mice (Table 3, P=0.024 Fisher’s exact test one-sided), indicating that TBI exposed 222 

mice were significantly more likely to develop tumor lesions in the ovary. Among irradiated 223 

mice, we found that the rate of tumor lesions was age dependent (Table 3, P<0.001 Fisher’s 224 

exact test two-sided). Furthermore, logistic regression showed that age was positively associated 225 

with the rate of tumor lesions (Odds Ratio=1.37, P<0.001). Tumors were observed at the doses 226 

of 0.5, 1, and 2 Gy respectively, while no tumor lesions were observed in the mice exposed to the 227 

4 Gy dose, suggesting that tumor incidence had a threshold-like effect that was significantly 228 

correlated to dose (Table 3, P <0.001 Fisher’s exact test two-sided).  229 

Table 3. Ovarian tumor lesions observed per animal by age and dose after TBI. 230 

Dose 

 Age 

Non-irra. Irradiated groups (Gy) 

0 0.5 1 2 4 (Gy) % mice with tumors 
by age  

3.5 0a/10b 0/10 0/10 0/10 0/10 0% (0/40)  

9 0/10 0/10 1/10 0/10 0/10 2.5% (1/40) 

12 0/10 0/10 2/12 1/10 0/10 7.1% (3/42)  

18 (M) 0/10 4/12 5/12 4/10 0/10 29.5% (13/44)  

% mice with 
tumors by dose  

0% 9.5% 18.2% 12.5% 0% 10.2% (17/166)c 

 231 

Non-irra: Non irradiated group 232 

a Number of mice with tumors;  233 

b Number of total mice  234 

c Proportion of irradiated mice with tumor 235 

  236 

The overall visible pathological changes in the ovary after TBI. 237 
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To evaluate the radiation-induced effects in the ovary, we combined both cyst formation and 238 

tumor lesions to assess pathological changes after TBI in different ages and doses (Table 4). The 239 

overall rate of pathological change among irradiated mice is 33.7% compared to 5% in non-240 

irradiated control mice (Table 4, P<0.001 Fisher’s exact test one-sided), indicating that TBI 241 

exposed mice were significantly more likely to develop any pathological change. Among 242 

irradiated mice, we found that the incidence of pathological change is age dependent (Table 4, 243 

P<0.001 Fisher’s exact test two-sided) and the direction of association is positive (Odds 244 

Ratio=1.27, P<0.001). We also found that the incidence of pathological change is independent of 245 

dose (Table 2, P=0.177 Fisher’s exact test two-sided). 246 

 247 

Table 4. Overall visible pathological changes in the ovary observed per animal by age and 248 

dose after TBI. 249 

 250 

Dose 

Age 

Non-irra. Irradiated groups (Gy) 

0 0.5 1 2 4 (Gy) % mice with 
path. by age 

3.5 0a/10b 0/10 0/10 0/10 0/10 0% (0/40)  

9 0/10 4/10 3/10 2/10 2/10 27.5% (11/40)  

12 1/10 2/10 10/12c 2/10 4/10 42.9% (18/42)  

18 (M) 1/10 5/12 8/12 8/10 7/10 61.4% (28/44)  

% mice with 
path. by dose 

5% 26.2% 47.7% 30% 30% 33.7% (57/166)d  

 251 

Non-irra: Non irradiated group 252 

a Number of mice with visible pathological changes.  253 

b Number of total mice  254 
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c One mouse in this group had both cyst and tumor in the left and right ovaries, respectively. 255 

Therefore, the number of mice with pathological change was 1 less than the total number of cysts 256 

and tumors at this time point.  257 

d Proportion of irradiated mice with any visible pathological changes 258 

 259 

Both ovarian cyst formations and tumor lesions after TBI originated from granulosa cells. 260 

To measure the morphology, structural changes and identify the cells of origin in the cysts and 261 

tumors, a subset of ovarian samples with cysts and tumors were collected. The unirradiated ovary 262 

and irradiated ovary without visible cysts and tumors were set as controls. These samples were 263 

fixed and the paraffin-embedded sections were processed for H&E staining. Under the 264 

microscope, the unirradiated, morphological structure of the ovary included clear cortex and 265 

medulla areas, whereas there were no follicles in the cortex, which were instead replaced by 266 

corpora lutea (CL) (Fig 2 A and B). All irradiated ovaries including non-visible cystic (Fig 2 C 267 

and D) and visible cystic ovaries (Fig 2 E-H) had lost the entire structure of cortex, medulla and 268 

corpora lutea, but displayed increased cysts in the ovaries. The granulosa cells either surrounded 269 

the cyst or were disorderly distributed in the residual ovarian tissues.  Most cysts showed 270 

follicular origin profiles lined by one or several layers of cuboidal or flattened granulosa cells 271 

with a thin wall. Some granulosa cells were luteinized with eosinophilic cytoplasm (Fig 2 C-H 272 

blue arrow). Some cysts were located within the ovary, with an epithelial cell cyst profile of a 273 

thin wall lined by a layer of flattened epithelium that resembled ovarian surface epithelial cells 274 

(Fig 2 C and D, red arrow).  275 

Two massive ovarian tumors were sectioned and stained. Both tumors were composed of 276 

cuboidal granulosa cells indicating they were granulosa cell tumors. In the first tumor, some 277 
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granulosa cells formed structures of the Call-Exner bodies that resemble immature primitive 278 

follicles; some granulosa cells lined the cyst and presented in irregular aggregates in the wall 279 

(Fig 2 I and J, blue circles). In the second tumor, the granulosa cells were luteinized with 280 

moderated amounts of eosinophilic cytoplasm and showed the pale, oval, and angular nuclei in a 281 

disorderly arrangement (Fig 2 K and L, blue arrow). Thus, irradiation destroyed the entire 282 

morphological structure. In addition, the granulosa cell is a critical cell type involved in the 283 

formation of ovarian cysts and tumor lesions over the long-term after TBI. 284 

 285 
 286 

Fig 2. H&E staining profiles of ovarian cysts and tumors. (A). An ovary from an unirradiated 287 

18 month-old mouse as 0 Gy control. (B). Higher magnification image of the indicated area in A, 288 

showing cortex with corpora lutea (CL). (C). An ovary without a visible cyst from a mouse 289 

exposed to 0.5 Gy, analyzed at 18 months. (D). Higher magnification image of the indicated area 290 

in C, showing an ovarian inclusion cyst located in the ovarian tissue lined by a layer of flattened 291 

epithelium resembling the ovarian surface (red arrow). (E). A huge follicular cyst located on the 292 

ovarian surface with the residual ovary. (F). Higher magnification image of the indicated area in 293 

E, showing the disorded structure, cyst and luteinized with eosinophilic cytoplasm granulosa 294 

cells (blue arrow). (G). A huge follicular cyst located on the ovarian surface lined by several 295 

layers of cuboidal granulosa cells (blue arrow) with a thin wall, surrounded by the ovarian 296 

surface membrane (red arrow). (H). Higher magnification image of the indicated area in G, 297 

showing several layers of cuboidal granulosa cells. (I). A massive ovarian tumor enriched by 298 

granulosa cells. (J). Higher magnification image in the indicated area in I, with Call-Exner 299 

bodies (blue circle or oval). (K). Another ovarian tumor, enriched by luteinized granulosa cells. 300 

(L). Higher magnification image showing the indicated area of K; luteinized granulosa cells with 301 
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eosinophilic cytoplasm (blue arrow). All samples were collected from 18 month-old mice. A-B 302 

from unirradiated mice. C-K from irradiated mice. Scale bars: A, C, E, G, I, K = 1mm; B, D, F, 303 

H, J, L = 200μm 304 

 305 
  306 
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Discussion:  307 

In this study, we provide novel evidence that ovarian stromal cells such as follicular granulosa 308 

cells are highly sensitive to harm from sub-lethal doses of radiation, resulting in irreparable 309 

cellular damage that can manifest much later in life. Ovarian cyst formation and tumor lesions 310 

are two significant, long-term effects after TBI in mice. 311 

 312 

Most ovarian cysts result when mature follicles fail to rupture and release the oocyte during 313 

ovulation [17]. Left behind is an organized series of granulosa cells surrounding the oocyte and a 314 

fluid-filled antrum. Other types of cysts, including corpus luteum and theca-lutein, result from an 315 

exaggerated physiological response, like hormonal overstimulation of the ovary [27]. TBI or 316 

pelvis irradiation can destroy all primordial follicles in mice, as well as later-stage follicles and 317 

mature follicles. Because maintaining the ovarian environment requires functional interaction 318 

between the follicle cells and stromal cells, damage from radiation destroys both ovarian 319 

structure and activity during the estrous cycle, including ovulation [28, 29].  320 

 321 

Our data suggests that radiation-induced follicle damage at sub-lethal doses entirely destroys the 322 

cortex and medulla structures with a disorded granulosa arrangement and leads to follicular cyst 323 

formation among aged ovaries after TBI. Our results show that most of these ovarian cysts have 324 

follicular profiles and are lined by granulosa cells, indicating that most of these radiation-induced 325 

ovarian cysts originated from follicles. Furthermore, cyst formation significantly increased with 326 

age, suggesting a long-term impact after TBI includes enhances susceptibility to age-related cyst 327 

formation. This is also consistent with estrous cycle changes observed in aging mice, whereby 328 

the first phase is characterized by the presence of follicular cysts [30].  329 
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 330 

Incessant ovulation increases the risk of ovarian inclusion cysts, which are a possible source of 331 

epithelial ovarian cancer in women [31]. In this study, we found that although the incidence of 332 

ovarian tumors increased after TBI, most of them originated from granulosa cells rather than 333 

epithelial cells. We hypothesize that the radiation-induced depletion of ovarian follicles and the 334 

subsequent reduction in ovulation may cause this difference. Therefore, these results are 335 

consistent with the decreased risk of epithelial ovarian cancer that coincides with ovulation 336 

reduction [23, 24]. Ovarian lesions were dramatically more frequent compared to the other 337 

organs we evaluated. This observation suggests that the ovary is disproportionally susceptible to 338 

damage from radiation.  339 

 340 

In contrast with cyst formation, which was age- but not dose-dependent, tumor formation was 341 

both and age- and dose-dependent. The dose-dependent effect was mainly driven by in the 4 Gy 342 

group, which showed no tumors, and thus was a threshold effect, rather than a linear or 343 

exponential dose dependency as has often been reported for other tissues/organs [32, 33]. Since 344 

higher radiation doses may directly cause cell death [2, 3], the 4 Gy dose may be sufficient to 345 

directly kill sensitive ovarian follicle cells, including oocytes and granulosa cells [7].  346 

 347 

While the ovarian tumors incidence was very low overall, we observed a much higher incidence 348 

of cysts at 9 and 12 months of age. Numerous studies support that invaginated or trapped 349 

inclusion cysts are a possible source of epithelial ovarian cancer and might increase the risk of 350 

the disease [34, 35]. In this study, some of the H&E sections showed inclusion cysts, but we did 351 

not see tumors of ovarian epithelial origin. Both tumors we analyzed originated from ovarian 352 
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granulosa cells; all profiles indicate that they were ovarian granulosa cell tumors [36-38]. 353 

Granulosa cell tumors are a rare type of slow-growing ovarian cancer, a part of the sex cord-354 

gonadal stromal tumor that accounts for 2% to 5% of all malignant ovarian cancers [39, 40].  355 

Therefore, our data suggest that sublethal radiation damage is less likely to induce epithelial 356 

ovarian cancer, but instead can induce granulosa cell tumors.   357 

 358 

To summarize, in the present study, we provide new evidence that the ovary is disproportionately 359 

sensitive to radiation, even at relatively low doses. Ovarian cyst formation and tumor lesions 360 

both occur as long-term effects after TBI in mice. Granulosa cells are the primary target cells 361 

that contribute to these changes. Because most cysts originate from follicles, this mouse model 362 

may provide a way to analyze the underlying mechanisms of ovarian cyst formation caused by 363 

radiation-induced oocytes/follicular cell damage, hormone imbalance, and ovulation cycle 364 

disorders. Also, because we have no human clinical trial data to evaluate the genetic effects of 365 

human exposure to ionizing radiation, extrapolating human genetic risk is based on mouse data. 366 

Our studies may provide a reference for the clinical protection of radiation therapy in females. 367 

However, we should note that because the radiation sensitivity of follicle cells varies widely 368 

depending on stages and species [8, 15], extrapolation of the ovarian data from mouse to humans 369 

requires caution. 370 

  371 
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