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Abstract

Astronauts are exposed to charged particles during space travel, and charged particles are also used 

for cancer radiotherapy. Premature ovarian failure is a well-known side-effect of conventional, low 

linear energy transfer (LET) cancer radiotherapy, but little is known about the effects of high LET 

charged particles on the ovary. We hypothesized that lower LET (16.5 keV/µm) oxygen particles 

would be less damaging to the ovary than we previously found for iron (LET=179 keV/µm). Adult 

female mice were irradiated with 0, 5, 30, or 50 cGy oxygen ions or 50 cGy oxygen plus dietary 

supplementation with the antioxidant alpha lipoic acid (ALA). 6h after irradiation, percentages of 

ovarian follicles immunopositive for γH2AX, a marker of DNA double strand breaks, 4-HNE, a 

marker of oxidative lipid damage, and PUMA, a proapoptotic BCL-2 family protein, were dose-

dependently increased in irradiated mice compared to controls. One week after irradiation, 

numbers of primordial, primary, and secondary follicles per ovary were dose-dependently 

decreased, with complete absence of follicles in the 50 cGy groups. The ED50 for primordial 

follicle destruction was 4.6 cGy for oxygen compared to 27.5 cGy for iron in our previous study. 

Serum FSH and LH concentrations were significantly elevated in 50 cGy groups at 8wk. 

Supplementation with ALA mitigated the early effects, but not the ultimate depletion of ovarian 

follicles. In conclusion, oxygen charged particles are even more potent inducers of ovarian follicle 

depletion than charged iron particles, raising concern for premature ovarian failure in astronauts 

exposed to both particles during space travel.
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Introduction

Temporary amenorrhea and premature ovarian failure are common side effects of therapeutic 

photon (x- or γ- radiation) radiation to the whole body or pelvis (Lo Presti, et al. 2004, 

Meirow and Nugent 2001, Wallace, et al. 1989). Photon radiation damages ovarian follicles 

at all stages of development, but the quiescent primordial follicles, are most sensitive to 

destruction (Kim and Lee 2000, Lee, et al. 2000, Lee and Yoon 2005). Because the pool of 

primordial follicles is believed to be finite, destruction of primordial follicles accelerates the 

onset of ovarian failure. Premature ovarian failure causes early loss of fertility, as well as 

increased risk of osteoporosis, cardiovascular disease, and Alzheimer’s disease (Dubey, et al. 

2005, Molina, et al. 2005, Shuster, et al. 2008, Silva, et al. 2001, Svejme, et al. 2012).

Biological effects of ionizing radiation depend on dose, dose rate, and quality of the 

radiation (ICRP 2003). Linear energy transfer (LET) is an important element of radiation 

quality. Most prior studies have examined the effects of low LET photon radiation, while 

very few studies have examined the effects of high LET radiation, such as high charge and 

energy (HZE) particles, on the ovary. Low-LET radiation produces ionization sparsely inside 

cells, whereas high-LET radiation produces dense ionization and is thought to be more 

destructive (Sridharan, et al. 2015, Tokuyama, et al. 2015). Both low LET proton ions and 

high LET carbon ions have been increasingly used in cancer therapy due to the ability to 

deliver high doses to the tumor while relatively sparing surrounding tissues (Suit, et al. 

2010). Exposure to charged particle radiation from solar particle events and galactic cosmic 

rays (GCR) will also be an important occupational hazard for astronauts on deep space 

missions, such as a mission to Mars. This is of increasing concern as women now make up 

half of recent National Aeronautics and Space Administration (NASA) astronaut classes 

(Ronca, et al. 2014). GCRs consist of 85% low LET protons, 14% helium ions, and 1% HZE 

particles (Bourdarie and Xapsos 2008). However, HZE particles such as oxygen and iron, 

will make up 21% of the estimated ionizing dose equivalent from GCR exposure during 

deep space travel (Slaba, et al. 2015). The estimated ionizing dose equivalent of a three-year 

Mars mission is 40 cGy (1.07 Sv absorbed dose) (Barcellus-Hoff, et al. 2015, Cucinotta and 

Durante 2006).

We recently reported that high LET charged iron particles (LET = 179 keV/µm) induce 

apoptosis, oxidative damage, and DNA double strand breaks in oocytes and granulosa cells 

of ovarian follicles, depleting nearly all of the primordial follicle pool at doses of 30 and 50 

cGy (Mishra, et al. 2016). We also showed that dietary supplementation with the antioxidant 

alpha lipoic acid (ALA) was partially protective against the early ovarian effects of iron ions, 

but was not able to prevent premature ovarian failure. We hypothesized that oxygen charged 

particles, with LET of 16.5 keV/µm, would be less potent inducers of ovarian follicle 

destruction than iron charged particles. We established the dose-response relationships for 

induction of ovarian follicle DNA double strand breaks, oxidative damage and apoptosis and 

follicle depletion by charged oxygen particles and tested ALA supplementation as a 

potential protective countermeasure.
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Materials and Methods

Animals

Twelve-week old female mice (C57BL/6J from Jackson Laboratories, N=8/experimental 

group) were randomly assigned to experimental group. Mice were irradiated with 0, 5, 30 or 

50 cGy charged oxygen particles (LET = 16.5 keV/µm) at energy of 600 MeV/u and dose 

rates of 12.5–44.3 cGy/minute. Two groups were irradiated at the highest dose, one fed 

AIN-93M diet and the other fed the same diet supplemented with 150 mg/kg diet of the 

antioxidant ALA (ALA from Sigma Aldrich; diets formulated by Bio-Serv, Flemington, NJ), 

beginning one week before irradiation and continuing until euthanasia. Irradiations were 

performed at the NASA Space Radiation Laboratory, Brookhaven National Laboratory, NY 

(La Tessa, et al. 2016). Mice for the 0 cGy group were transported and restrained identically 

to the irradiated groups. All animal procedures were approved by the Institutional Animal 

Care and Use Committees at Brookhaven National Laboratory and the University of 

California Irvine. Mice were euthanized by CO2 inhalation at 6h, 1 wk and 8 wk after 

irradiation. Ovaries and blood were collected at the time of euthanasia.

Vaginal cytology

Estrous cycling was monitored every morning by microscopic examination of fresh vaginal 

lavage fluid obtained in 0.9% sodium chloride (Cooper, et al. 1993) beginning at 6 wk after 

irradiation and continuing for at least 3 estrous cycles or 14 days if the mice were not 

cycling. Mice were housed individually for one week before and while monitoring estrous 

cycles and were euthanized on the day of metestrus of the estrous cycle at approximately 8 

wk after irradiation. Estrous cycles were not monitored in the mice euthanized at the acute, 

6h and 1 wk time points because we wished to euthanize the mice as close to the designated 

acute time point as possible.

Ovarian histomorphometric analysis

Ovaries were fixed in Bouin's fixative (Fisher Scientific), washed in 50% ethanol, stored in 

70% ethanol, embedded in paraffin, and serially sectioned at 5 µm thickness. Sections were 

stained with Gill's hematoxylin (Fisher Scientific) and eosin Y (Sigma Aldrich). Ovarian 

follicles were counted blind to treatment group using an Olympus BX60 light microscope 

equipped with 4× Plan Acromat, 10×, 20×, and 40× Plan Fluor objectives. Images were 

captured using a Retiga 2000R cooled CCD digital camera system and QCapture Pro 

software (QImaging). Ovarian follicles were classified as primordial (single layer of 

flattened granulosa cells), primary (single layer of cuboidal or mixed cuboidal/flattened 

granulosa cells), secondary (more than one layer of granulosa cells), or antral (multiple 

layers of granulosa cells and possessing an antral space or spaces) and were further 

classified as healthy or atretic as described previously (Lim, et al. 2013, Lopez and Luderer 

2004). Atretic secondary and antral follicles were identified by the presence of 3 or more 

pyknotic granulosa cells per largest cross section and separation of the oocyte from the 

granulosa cells. Atretic primordial and primary follicles were identified by shrunken, 

eosinophilic oocytes. Primordial, primary, and secondary follicles were counted in every 

fifth serial section. The counts were multiplied times 5 to obtain estimates of the total 

number of follicles per ovary. To avoid over counting, primordial and small primary follicles 
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were only counted if the oocyte nucleus was clearly visible; larger primary and secondary 

follicles were only counted if the oocyte nucleolus was clearly visible. Antral follicles were 

followed through every section taking care to count each antral follicle only once.

Immunohistochemistry

Ovaries were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) in PBS, 

cryoprotected in 15% sucrose (Fisher Scientific), embedded in optimal cutting temperature 

(OCT) embedding compound (Electron Microscopy Sciences), and stored at −80°C until 

sectioning. Ovaries were serially sectioned at 7 µm thickness and slides were stored at 

−80°C until staining. Slides were immunostained using primary antibodies to 

phosphorylated H2A histone family, member X (γH2AX), 4-hydroxynonenal (4-HNE), p53 

up-regulated modulator of apoptosis (PUMA), and secondary antibody as detailed in Table 

1. Diaminobenzidine substrate (Roche) was used for visualization of antibody binding, and 

sections were counterstained with Gill's hematoxylin. Scoring was done blind to treatment 

group as described previously (Mishra, et al. 2016). The percentages of follicles with 

positive granulosa cells or positive oocytes per section were calculated, and the percentages 

from the six scored sections per ovary were averaged for analysis.

Measurement of hormones

Serum concentrations of follicle stimulating hormone (FSH) and luteinizing hormone (LH) 

were measured 8 wk after irradiation using Millipore Pituitary Panel Multiplex kits at the 

Center for Research in Reproduction, University of Virginia, Charlottesville, VA. The intra- 

and inter-assay coefficients of variation were 5.5% and 11.5%, respectively.

Statistical analyses

All data are presented as the mean ± SEM in figures. Differences among treatment groups 

were analyzed by analysis of variance (ANOVA) followed by post hoc LSD test (for equal 

variances) or Dunnett T3 test (unequal variances) for follicle counts or hormone 

concentrations. Levene's test was used to check for equality of variances. Differences among 

groups for endpoints expressed as percentages were analyzed by non-parametric Kruskal 

Wallis test followed by Mann Whitney U test for intergroup comparisons. Statistical 

analyses were carried out using SPSS 20 (Windows) or SPSS 23 (Macintosh; IBM 

Corporation).

Results

Charged oxygen particles increase ovarian histone 2AFX phosphorylation

We assessed DNA double strand breaks using γH2AX immunostaining 6h after irradiation 

with charged oxygen particles. At 6h the percentages of primary, secondary, and antral 

follicles with γH2AX-positive granulosa cells increased in a dose-dependent manner 

(P<0.005, effect of group by Kruskal Wallis test; Figure 1A–C,E). The percentages of 

primordial, primary, and secondary, follicles with γH2AX-positive oocytes also increased in 

a dose-dependent manner (P<0.007, effect of group; Figure 1A–C,F; Figure 2 top). ALA-

supplementation did not mitigate these increases in γH2AX immunostaining after 50 cGy 

oxygen irradiation.
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Charged oxygen particles increase ovarian oxidative stress

We assessed oxidative lipid damage 6h after irradiation with charged oxygen particles using 

immunostaining for 4-HNE (Mishra, et al. 2016). At 6h after irradiation with charged 

oxygen particles, the percentages of primary, secondary and antral follicles with 4-HNE 

positive granulosa cells were dose-dependently increased (P<0.03, effect of group by 

Kruskal Wallis test, Figure 3A–C,E). At 6h the percentages of primordial, primary, 

secondary and antral follicles with 4-HNE positive oocytes also increased in a dose-

dependent manner (P<0.04, Figure 3A–C,F; Figure 2 middle). ALA-supplementation 

partially mitigated the effects of 50 cGy oxygen irradiation on lipid peroxidation in 

granulosa cells of secondary follicles and oocytes of primordial follicles (Fig. 3E and F).

Charged oxygen particles increase ovarian follicular apoptosis

Because acute increases in PUMA (pro-apoptotic BCL-2 family member) are required for γ-

radiation-induced germ cell death in neonatal ovaries (Kerr, et al. 2012), and we observed 

that PUMA increased in iron ion irradiated adult ovaries together with caspase 3 activation 

(Mishra, et al. 2016), we assessed follicle apoptosis at 6h post-irradiation using PUMA 

immunostaining. The percentages of secondary and antral follicles with PUMA-positive 

granulosa cells were dose-dependently elevated at 6 h after oxygen irradiation (P<0.02, 

effect of group by Kruskal Wallis test; Figure 4A–C,E). The percentages of primordial, 

primary, secondary, and antral follicles with PUMA-positive oocytes were also dose-

dependently increased at 6h (P<0.005; Figure 4A–C,F; Figure 4A; Figure 2 bottom). The 

increases in PUMA levels after charged oxygen irradiation in secondary follicle oocytes and 

granulosa cells and antral follicle granulosa cells were mitigated by ALA supplementation 

(Figure 4E,F).

Charged oxygen particles disrupt estrous cycling

Estrous cycling was monitored by vaginal cytology from 6 to 8 wk after irradiation. 100% of 

mice in both 50 cGy exposure groups, 75% of mice in the 30 cGy group, and 37.5% of mice 

in the 5 and 0 cGy groups had irregular estrous cycles, defined as not having regular cycles 

of 4 to 5 day length (P=0.003, differences among groups by Fisher's exact test). 37% of the 

mice in the 50 cGy groups did not cycle at all, while all of the mice in the 0, 5, and 30 cGy 

groups cycled, whether regularly or irregularly (Table 2). For the mice that were cycling, 

cycle lengths tended to be longer in the mice in the 30 and 50 cGy groups compared to the 0 

and 5 cGy groups (P<0.001, effect of group; Table 2), with the 30 cGy group having 

significantly longer cycles than the 0 cGy group. However, there were no statistically 

significant differences among groups in the percentages of days with predominantly 

cornified cytology, characteristic of estrus, or with predominantly leukocytic cytology, 

characteristic of metestrus and diestrus (Table 2).

Charged oxygen particles deplete ovarian follicles

To examine the consequences of DNA damage, oxidative lipid damage, and apoptosis 

induction by oxygen charged particles in ovarian follicles, we counted healthy primordial, 

primary, secondary, and antral follicles at 1 wk after irradiation. The numbers of healthy 

primordial (P<0.001, effect of group by Kruskal Wallis test; Figure 5A), primary (P<0.001; 
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Figure 5B), and secondary (P=0.002, Figure 5C) follicles per ovary were dose-dependently 

decreased in mice irradiated with oxygen. The numbers of healthy antral follicles were not 

affected by charged oxygen irradiation, but we had limited power to detect differences 

because of the large inter-mouse variability in this endpoint. ALA supplementation did not 

mitigate the depletion of ovarian follicles 1 wk after irradiation with 50 cGy charged oxygen 

particles.

Charged oxygen particles are more potent destroyers of primordial follicles than charged 
iron particles

We analyzed the dose-response for primordial follicle depletion by oxygen ions (data from 

the present study) and iron ions (data from (Mishra, et al. 2016)) using linear regression on 

the log transformed follicle counts. We then calculated the ED50 for primordial follicle 

depletion at 1 wk after irradiation. The ED50 was 27.5 cGy for iron and 4.6 cGy for oxygen, 

indicating that charged oxygen particles with LET 16.5 keV/µm are more potent destroyers 

of primordial follicles than charged iron particles with LET of 179 keV/µm.

Charged oxygen particles alter reproductive hormone concentrations

If the hypothalamic-pituitary-ovarian axis were functioning normally, one would expect the 

depletion of ovarian follicles to result in decreased negative feedback to the hypothalamus 

and pituitary, increasing the circulating levels of follicle stimulating hormone (FSH) and 

luteinizing hormone (LH) secreted from the anterior pituitary gland. Consistent with this, 

serum FSH and LH concentrations increased with charged oxygen particle dose 8 wk after 

irradiation (P<0.001, effects of treatment group; Figure 6 A,B). Mice irradiated with 50 cGy 

oxygen fed ALA supplemented diet had similar levels of FSH and LH as the 50 cGy iron 

group fed nonsupplemented diet (Figure 6 A,B).

Discussion

High LET radiation causes dense ionization, which is believed to be more damaging to DNA 

than low LET radiation. Women are exposed to high LET charged particle radiation during 

travel in deep space and ion beam radiotherapy; however, the ovarian effects of most charged 

particles have not been studied. Our results reveal that acute exposure to charged oxygen 

particles dose-dependently increased DNA damage (γH2AX immunostaining), oxidative 

lipid damage (4-HNE immunostaining) and apoptosis (PUMA immunostaining) in ovarian 

follicles at 6h, resulting in depletion of ovarian follicles at 1 wk, irregular estrous cycling, 

and elevated serum concentrations of LH and FSH due to loss of ovarian negative feedback. 

Ovarian follicle numbers were dose-dependently depleted at 1 wk post irradiation, with 

complete absence of primordial and near-complete absence of primary follicles after 

irradiation with 30 cGy and 50 cGy oxygen ions. Dietary supplementation with the 

antioxidant ALA was not protective against ovarian follicle depletion caused by exposure to 

50 cGy charged oxygen particles. Our results also show that charged oxygen particles are 

more potent destroyers of primordial follicles than charged iron particles (Mishra, et al. 

2016).
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Depletion of ovarian follicles and resultant premature ovarian failure is a significant adverse 

side-effect of γ-irradiation for cancer treatment (Lee, et al. 2000, Lee and Yoon 2005, Lo 

Presti, et al. 2004, Wallace, et al. 1989, Wallace, et al. 2003). The ED50 for follicle depletion 

in humans by γ-radiation has been estimated to be less than 2 Gy (Wallace, et al. 2003). The 

ED50 for follicle destruction in 6 wk old ICR mice 1 wk after irradiation is less than 60 cGy 

(10% of total follicles remaining) (Mathur, et al. 1991) and in 6 wk old C57BL6/DBA F1 

hybrid mice 24h after irradiation it is less than 50 cGy (40% of primordial follicles 

remaining) (Pesty, et al. 2009). These doses were the lowest tested in both studies, and the 

data do not permit accurate estimation of ED50. Using data from the current study and from 

our prior study (Mishra, et al. 2016), we estimated the ED50 for primordial follicle depletion 

at one week after irradiation as 27.5 cGy for charged iron particles and 4.6 cGy for charged 

oxygen particles. These results suggest that oxygen and perhaps iron ion radiation have 

greater relative biological effectiveness for ovarian follicle destruction than γ-radiation, but 

more detailed dose response data comparing γ-radiation and charged particle radiation side 

by side in mice of the same strain and age are necessary to confirm this. The greater potency 

of lower LET oxygen compared to higher LET iron was unexpected, but can perhaps be 

explained by the relationship between LET and fluence (number of particles received by a 

surface per unit area). At LET of 16.5 keV/µm, oxygen has a fluence of about 10−7 

particles/cm2 second steradian MeV/nucleon, while iron at LET of 179 keV/µm iron has a 

fluence of 3×10−8 particles/cm2 second steradian MeV/nucleon (Bourdarie and Xapsos 

2008, ICRP 2003). Therefore, at the same radiation dose more oxygen particles are expected 

to traverse a primordial follicle than iron particles, causing greater damage.

The molecular mechanisms underlying follicle destruction by radiation exposure are not 

completely understood. Studies in diverse cell types support that about one-third of the 

detrimental effects of ionizing radiation at the cellular level are due to direct DNA damage 

and two-thirds are due to generation of reactive oxygen species (ROS) from ionization of 

water (Dayal, et al. 2008, Spitz, et al. 2004). Increased ROS persist for hours, days, and even 

weeks post-irradiation, reflecting perturbations to the redox homeostasis of cells (Dayal, et 

al. 2008, Spitz, et al. 2004). We previously showed that rapid and sustained increases in ROS 

occurred in human COV434 granulosa cells within 30 min after 1 or 5 Gy γ-irradiation, 

followed by apoptotic death at 6 h, whereas overexpression of glutamate cysteine ligase 

subunit genes to enhance glutathione synthesis prevented the radiation-induced rise in ROS 

and prevented apoptotic death of the cells (Cortés-Wanstreet, et al. 2009). Consistent with 

involvement of ROS in follicle destruction, we observed significantly increased 

immunostaining for 4-HNE, a marker of oxidative lipid damage, in oocytes and/or granulosa 

cells of follicles at all stages of development 6h after exposure to even the lowest dose of 

charged oxygen particles. Moreover, oxidative DNA damage is a known cause of double 

strand DNA breaks (Cadet, et al. 2012), and we observed increased immunostaining for 

γH2AX in oocytes and granulosa cells at 6h after oxygen ion irradiation. In our prior work, 

we observed similar increases in 4-HNE and γH2AX, as well as nitrotyrosine, a marker of 

oxidative protein damage, in ovarian follicles after irradiation with 50 cGy charged iron 

particles (Mishra, et al. 2016). The thiol ALA acts as a direct antioxidant in vitro at 

concentrations not achievable in vivo (Petersen Shay, et al. 2008, Rochette, et al. 2013). The 

in vivo antioxidant activity of ALA is mediated largely by increased cellular uptake of 
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ascorbate and cysteine and by increased translation of the transcription factor NRF2, a 

master regulator of the antioxidant response (Petersen Shay, et al. 2012, Rochette, et al. 

2013, Suh, et al. 2004). The lack of a prominent protective effect of dietary supplementation 

with ALA against the ovarian effects of 50 cGy oxygen ions is most likely due to 

overwhelming ROS generation by this relatively high dose that could not be overcome with 

supplementation of a single antioxidant. Supporting this notion, we observed minor, but 

statistically significant protective effects of ALA against oxidative lipid damage in 

secondary and primordial follicles.

The pro-apoptotic BH3-only BCL-2 family protein PUMA is required for germ cell 

apoptosis induction by γ-radiation in neonatal ovaries (Kerr, et al. 2012). We previously 

showed that charged iron particles increase PUMA protein expression in oocytes and 

granulosa cells of follicles at 6 h after irradiation, while caspase 3 activation is only 

observed in granulosa cells of secondary follicles at that time point (Mishra, et al. 2016). 

Therefore, in this study we analyzed the expression of PUMA as a marker of follicular 

apoptosis induction. In the present study, we observed significant dose-dependent increases 

in PUMA immunostaining in oocytes of all follicle stages and in granulosa cells of 

secondary and antral follicles 6h after oxygen ion irradiation. Moreover, ALA 

supplementation decreased the magnitude of the effects of 50 cGy oxygen irradiation on 

PUMA expression to the levels observed with 30 cGy irradiation. In contrast, ALA 

supplementation decreased oocyte and granulosa cell PUMA expression in 50 cGy iron ion 

irradiated mice to levels observed in 0 cGy sham-irradiated mice (Mishra, et al. 2016).

Consistent with depletion of ovarian follicles resulting in loss of ovarian negative feedback 

to the hypothalamus and pituitary, we observed significantly increased serum LH and FSH 

concentrations in the 50 cGy irradiated groups 8 wk after irradiation. Support for loss of 

ovarian negative feedback as the cause of the increased LH and FSH concentrations comes 

from our observation of complete depletion of primordial follicles in the 30 and 50 cGy 

groups at one week after irradiation. By 8 wk after irradiation nearly all of the remaining 

primary, secondary, and antral follicles would have already matured and ovulated or 

undergone atresia because the estimated time required for maturation of rodent follicles from 

the primordial to the ovulatory stage is 7–8 weeks (Hirshfield 1997). Increased production of 

LH and FSH due to pituitary tumors or other causes is very rare, and we feel that it is 

unlikely for the aforementioned reasons. However, in future studies, it would be useful to 

confirm that serum concentrations of estradiol and progesterone are low at 8 wk after 

irradiation.

In conclusion, our results show that a 5 cGy dose of charged oxygen particle radiation, 

which is 8-fold lower than the estimated cumulative radiation dose during a Mars mission of 

40 cGy, decreases the primordial follicle pool by 71.5%, while 30 cGy and 50 cGy doses 

destroy essentially all primordial follicles. We compared the dose-response for primordial 

follicle depletion by oxygen ions in the present study to the dose-response for iron ions in 

our prior study (Mishra, et al. 2016) and found that oxygen ions are more potent destroyers 

of primordial follicles than iron ions. Our results further show that follicle destruction by 

charged oxygen particles is preceded at 6h after irradiation by dose-dependent increases in 

DNA double strand breaks, oxidative lipid damage, and apoptosis in ovarian follicles. ALA 
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supplementation was somewhat protective against induction of lipid peroxidation and 

apoptosis by 50 cGy charged oxygen particles, but this was insufficient to protect against 

follicle depletion. Our results raise concerns that exposure to space radiation may increase 

the risk for early ovarian senescence in female astronauts and that use of heavy ions in 

cancer radiotherapy may pose a greater risk for ovarian damage than conventional photon 

radiation.
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Figure 1. Charged oxygen particles increase γH2AX immunostaining in ovarian follicles
Mice in this and subsequent figures were fed AIN-93M diet or diet supplemented with 150 

mg/kg ALA from one wk before irradiation with the indicated doses of charged oxygen 

particles until euthanasia. Double strand DNA damage was analyzed using γH2AX 

immunostaining in ovarian sections 6h after irradiation. Representative images of γH2AX 

immunostaining in 0 cGy (A), 5 cGy (B), 50 cGy (C) ovaries and lack of immunostaining in 

negative control with primary antibody replaced by nonimmune IgG (D). cells are indicated 

by black arrows (granulosa) and arrowheads (oocytes). Scale bars, 50 m. Graphs show the 

mean ± SEM percentage of follicles with γH2AX-positive granulosa cells or oocytes. (E) 

There were statistically significant differences in percentages of primary, secondary and 

antral follicles with γH2AX-positive granulosa cells among groups (P<0.005, Kruskal 

Wallis tests). (F) There were statistically significant differences in percentages of primordial, 

primary, and secondary follicles with γH2AX-positive oocytes (P<0.007, Kruskal Wallis 

tests). *P<0.05 versus 0 cGy control by Mann Whitney test. N=4 mice/group.
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Figure 2. Representative γH2AX, 4-HNE, and PUMA immunostaining in primordial and 
primary follicles after irradiation with charged oxygen particles
Processing of ovaries and immunostaining were performed as described in methods. 

Representative images of ovarian sections immunostained with antibodies to γH2AX (top 

row), 4-HNE (middle row), or PUMA (bottom row). Doses of charged oxygen particles are 

indicated at top. Arrowheads indicate primordial follicles and arrows indicate primary 

follicles Original magnification 400×.
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Figure 3. Charged oxygen particles increase lipid peroxidation in ovarian follicles
Lipid peroxidation was analyzed using 4-HNE immunostaining in ovarian sections 6h after 

irradiation. Representative images of 4-HNE immunostaining in 0 cGy (A), 5 cGy (B), 50 

cGy (C) ovaries and lack of immunostaining in negative control ovary with primary antibody 

replaced by nonimmune IgG (D). Representative positively stained cells are indicated by 

black arrows (granulosa) and arrowheads (oocytes). Scale bars, 50 m. Graphs show the 

means ± SEM of percentages of follicles with 4-HNE positive granulosa cells or oocytes. (E) 

Percentages of follicles with 4-HNE positive granulosa cells varied significantly among 

groups for primary, secondary, and antral follicles (P<0.03, Kruskall Wallis test). (F) 

Percentages of follicles with 4-HNE positive oocytes varied significantly among groups for 

primordial, primary, secondary, and antral follicles (P<0.04, Kruskall Wallis test). *P<0.05 

versus 0 cGy control by Mann Whitney test. †P<0.05 versus 50 cGy. N=4 mice/group.
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Figure 4. Induction of the proapoptotic protein PUMA in ovarian follicles by charged oxygen 
particles
Representative images of PUMA immunostaining in 0 cGy (A), 5 cGy (B), 50 cGy (C) 

ovaries and lack of immunostaining in negative control ovary with primary antibody 

replaced by nonimmune IgG (D). Representative positively stained cells are indicated by 

black arrows (granulosa) and arrowheads (oocytes), while negatively stained are indicated by 

red arrows/arrowheads. Scale bars, 50 m. Graphs show the means ± SEM of percentages of 

follicles with PUMA-positive granulosa cells or oocytes at 6h after irradiation. (E) 

Percentages of secondary and antral follicles with PUMA-positive granulosa cells varied 

significantly among groups (P<0.05, Kruskal Wallis). (F) Percentages of primordial, 

primary, and secondary follicles with PUMA-positive oocytes varied significantly among 

groups (P<0.05, Kruskal Wallis). *P<0.05 versus 0 cGy control by Mann Whitney test. 

†P<0.05 versus 50 cGy. N=4 mice/group.
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Figure 5. Charged oxygen particles deplete ovarian follicles
Ovaries were processed for histology, and follicles were classified and counted as described 

in Methods (N=4–5 mice/group). Graphs show the mean ± SEM of number healthy follicles 

of the indicated stages of development per ovary. (A) Primordial follicles, P<0.001, effect of 

group by Kruskal Wallis test. (B) Primary follicles, P<0.001, effect of group by Kruskal 

Wallis test. (C) Secondary follicles, P=0.002, effect of group by Kruskal Wallis test. (D) 

Antral follicles, effect of group not statistically significant. *P<0.05, compared to 0 cGy 

control by Mann Whitney test.
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Figure 6. Charged oxygen particles decrease ovarian negative feedback to the hypothalamus and 
pituitary
Graphs show the mean ± SEM of serum FSH (A) or LH (B) levels at 8 wk after irradiation 

(N=6–8 mice/group). There were significant differences in FSH and LH concentrations 

among treatment groups (P<0.001). *P<0.05, compared to 0 cGy control.
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Table 2

Effects of charged oxygen particles on estrous cycle length

Group Number (%)
cycling

Cycle length ±
SEM
(days)*

Cornified
cytology (% of
days)

Leukocytic
cytology (% of
days)

0 cGy 8 (100) 4.0±0.1 41.9±2.5 37.9±2.5

5 cGy 8 (100) 4.3±0.2 35.9±2.3 41.6±2.8

30 cGy 8 (100) 5.2±0.3** 40.8±6.7 38.5±3.5

50 cGy 5 (63) 6.1±0.6 31.7±4.9 48.6±2.5

50 cGy plus ALA 5 (63) 5.5±0.5 31.5±7.1 42.8±6.7

*
Includes only mice that were cycling

**
P<0.05 versus 0 cGy by Dunnett T3 test
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