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Abstract

Prenatal exposure to endocrine disrupting chemicals (EDCs), including bisphenol A, dioxin, 

pesticides, and cigarette smoke, has been linked to several ovarian diseases such as premature 

ovarian failure (POF) and early menopause in women. Hexavalent chromium (CrVI), one of the 

more toxic heavy metals, is widely used in more than 50 industries. As one of the world’s leading 

producers of Cr compounds, the U.S. is facing growing challenges in protecting human health 

against adverse effects of CrVI. Our recent findings demonstrated that in vivo CrVI exposure 

during gestational period caused POF in F1 offspring. Our current research focus is three-fold: (i) 

to identify the effect of CrVI on critical windows of great vulnerability of fetal ovarian 

development; (ii) to understand the molecular mechanism of CrVI-induced POF; (iii) to identify 

potential intervention strategies to mitigate or inhibit CrVI effects. In order to accomplish these 

goals we used a fetal whole ovarian culture system. Fetuses were removed from the normal 

pregnant rats on gestational day 13.5. Fetal ovaries were cultured in vitro for 12 days, and treated 

with or without 0.1 ppm potassium dichromate (CrVI) from culture day 2-8, which recapitulated 

embryonic day 14.5 – 20.5, in vivo. Results showed that CrVI increased germ cell/oocyte 

apoptosis by increasing caspase 3, BAX, p53 and PUMA; decreasing BCL2, BMP15, GDF9 and 

cKIT; and altering cell cycle regulatory genes and proteins. This model system may serve as a 

potential tool for high throughput testing of various drugs and/or EDCs in particular to assess 

developmental toxicity of the ovary.
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Introduction

Prenatal exposure to endocrine disrupting chemicals (EDCs), including bisphenol A (BPA) 

(Wang et al., 2014), dioxin (Shi et al., 2007), pesticides (Armenti et al., 2008), and cigarette 

smoke (Tawfik et al., 2015), has been linked to several ovarian diseases such as premature 

ovarian failure (POF) and early menopause in women. Disturbances in the initial steps or 

processes that facilitate fetal ovarian differentiation result in incomplete sexual development 

and may contribute to childhood and adult diseases such as gonadal dysgenesis, infertility or 

ovarian cancer (de Boo and Harding, 2006). Exposure to EDCs lead to a reduced initial 

primordial follicle pool (Rivera et al., 2011; Manikkam et al., 2014) and/or to accelerated 

decline in primordial follicle number (Rodríguez et al., 2010; Nilsson et al., 2012). This 

would ultimately decrease the reproductive lifespan of affected females by reducing the 

primordial follicle pool below the critical threshold necessary to maintain ovarian activity. 

Primordial follicles are formed during gestation in humans but after birth in rodents in a 

process that involves dissolution of germ cell nests (GCN) that form during germ cell 

mitosis (Pepling, 2006). The process of GCN breakdown involves migration of somatic/pre-

granulosa cells into the GCN and simultaneous disruption of the inter-oocyte bridges 

through apoptosis of individual oocytes (Pepling and Spradling, 1998). The pre-granulosa 

cells then surround the remaining oocytes to form primordial follicles that constitute the 

resting stock of gametes for the entire reproductive lifespan of female mammals (Pepling, 

2006). Thus, any alteration in this process and/or timing might lead to a reduced primordial 

follicle pool size, resulting in POF and infertility.

In the developing rodent ovary, germ cell apoptosis occurs at all stages of oogenesis with 

two main waves: the first wave of cell death coincides with the entry of oogonia into meiosis 

(E13.5–15.5); and the second wave occurs between E17.5 and postnatal day (PND) 1, 

marking the GCN breakdown and the beginning of primordial follicle assembly 

(Coucouvanis et al., 1993; Ratts et al., 1995). In rats, primordial follicle assembly is 

initiated neonatally and continues for 3–4 days (Rajah et al., 1992), where apoptosis plays a 

key role in the entire process (Pepling and Spradling, 2001; Sawyer et al., 2002). The key 

triggers and mediators of apoptosis responsible for massive germ cell death during this 

period are not known and the underlying physiological reasons for this loss are still unclear 

(Myers et al., 2014). Our previous findings identified a role for p53 pathway in hexavalent 

chromium (CrVI)-induced germ cell (Sivakumar et al., 2014) and granulosa cell (Banu et 

al., 2011) apoptosis. Activation of p53 leads to cell growth arrest, senescence or apoptosis 

(Yamakuchi and Lowenstein, 2009). In addition, p53 is directly translocated to mitochondria 

and forms complexes with the BCLXL and BCL2 proteins, increases permeabilization of the 

outer mitochondrial membrane, facilitates release of cytochrome c, activates caspase 3 to 

induce apoptosis (Haupt et al., 2003a; Haupt et al., 2003b). When cells are exposed to 

oxidative stress, toxicants, DNA damage and hypoxia signals, p53 protein is stabilized, 

activated and transported into nucleus and induces apoptosis (Giaccia and Kastan, 1998).

Growth differentiation factor 9 (GDF9), bone morphogenetic protein 15 (BMP15) and cKIT 

play crucial roles in follicular development and oocyte maturation (Thomas and 

Vanderhyden, 2006). There is compelling evidence in several mammalian species that 

GDF9 is essential for early stages of follicle development (Dong et al., 1996) and BMP15 is 
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essential for late stages of follicle development (Otsuka et al., 2011). GDF9 promotes 

follicular survival by suppressing granulosa cell apoptosis and follicular atresia (Orisaka et 

al., 2006). Combined mutation of Bmp15 and Gdf9 lead to multi oocyte follicles in mouse 

(Yan et al., 2001). In the human, mutations in both these genes have been associated with 

POF (Dixit et al., 2005; Dixit et al., 2006). Interestingly, our recent findings indicate that 

CrVI exposure during prenatal development caused POF in F1 progeny (Sivakumar et al., 

2014) and altered the spatiotemporal expression pattern of Xpnpep2 in fetal ovaries. 

XPNPEP2 is a candidate protein for POF in women (Prueitt et al., 2000).

Major limitations in understanding the direct effects of EDCs on ovarian cellular dynamics 

in mammals, including humans, include a lack of proper and simple tools/techniques as well 

as gaps in knowledge regarding the critical window(s) of vulnerability. Identifying such 

tools and evaluating the effects of EDCs on cellular dynamics during the critical windows of 

ovarian development will be helpful in: (i) high throughput toxicity screening and/or testing 

of EDCs; (ii) identifying the specific effects of various EDCs on follicle development; and 

(iii) dissecting the critical window(s) of vulnerability and key mechanisms/pathways 

involved in such window(s). The first paper in the literature on the in vitro culture of fetal 

ovaries (embryonic day (E) 16) was published in 1938 by Martinovitch (Martinovitch, 

1938); followed by Blandau et al., 1965 (Blandau et al., 1965), and Motohashi et al., in 2009 

(Motohashi et al., 2009). By refining these previous protocols, including the in vitro whole 

ovarian culture from neonatal rodents developed in the Hoyer lab (Devine et al., 2002), we 

assessed immunohistochemical localization of pro-apoptotic, anti-apoptotic, and oocyte-

specific protein machinery, and mRNA and protein expression pattern of cell cycle 

regulatory machinery in a fetal whole ovarian culture system.

Significant contamination with CrVI has been found in the drinking water sources of more 

than 30 cities in the U.S. (Sutton, 2010), with a highest chromium (Cr) level in drinking 

water source in Midland, TX of 5.28 mg/L or 5.28 ppm. This is 52.8 times greater than the 

regulatory dose of Cr in drinking water (0.1 ppm). Previous epidemiological studies have 

reported an increase in the risk of spontaneous abortion among women employed in Finnish 

metal industries (Hemminki et al., 1980; Hemminki et al., 1983). Welding fumes and metal 

dusts containing CrVI are known to be either teratogenic, carcinogenic, embryotoxic or 

mutagenic (Stern et al., 1986; Quansah and Jaakkola, 2009). Occupational exposure to Cr 

during pregnancy increased the rate of abortion (Yang et al., 2013), decreased intrauterine 

growth of the fetuses, resulting in low birth weight of the new born children (Quansah and 

Jaakkola, 2009). The effect of CrVI on the course of pregnancy and childbirth were studied 

in women employees at a dichromate manufacturing facility in Russia (Shmitova, 1980). 

These women had high levels of Cr in blood and urine and they experienced gynecological 

illnesses, abortion, postnatal hemorrhage and birth complications. They had Cr levels in the 

umbilical cord blood of 0.27 ± 0.005 mg/L, 0.24 ± 0.047 mg/L, and 0.1 ± 0.021 mg/L at 12, 

32 and 40 weeks of gestation, respectively. Likewise, Cr levels in urine samples from these 

women ranged from 0.043 – 0.1 mg/L (Shmitova, 1980). Another study from Guiyu, China 

(Li et al., 2008) showed increased Cr levels in umbilical cord blood from neonates born to 

the women who were occupationally exposed to Cr at electronic waste recycling sites. In 

this study, the authors documented umbilical cord blood (UCB) Cr levels in neonates from 
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0.00045 – 6.0 mg/L, with an average mean concentration of Cr 0.3 mg/L. There is a positive 

correlation between Cr levels in UCB and Cr-induced DNA damage of UCB lymphocytes. 

Increased levels of Cr in the blood and urine of chrome plating workers is associated with 

elevated levels of free radicals and chromosomal aberrations (Maeng et al., 2004). The 

objective of the current investigation was to determine the effect of in vitro exposure to 0.1 

mg/L or 0.1 ppm during germ cell apoptosis (E13.5 - 20.5), GCN breakdown and primordial 

follicle assembly on apoptotic pathways and follicle atresia. This dose is within the range of 

reported Cr levels in UCB or urine in women exposed to CrVI and is also a regulatory dose 

of Cr in drinking water in the U.S (USEPA, 2009).

Materials and methods

Chemicals

The reagents used in this study were purchased from the following suppliers: DNA ladder, 

TRIzol, antibiotic-antimycotic, trypsin-EDTA (Invitrogen Life Technologies Inc., Carlsbad, 

CA); one-step reverse transcriptase-polymerase chain reaction (RT-PCR) (Qiagen Inc., 

Valencia, CA); power SybrGreen PCR master mix (Life Technologies, CA); fetal bovine 

serum (Hyclone, Logan, UT); and tissue culture dishes and plates (Corning Inc., Corning, 

NY); potassium dichromate (K2Cr2O7) (Sigma-Aldrich, St. Louis, MO). The other 

chemicals used were molecular biologic grade available from Fisher Scientific (Pittsburgh, 

PA) or Sigma-Aldrich (St. Louis, MO). All oligonucleotide primers were commercially 

synthesized by Integrated DNA Technologies Inc., Coralville, Iowa. Details of sources of 

antibodies, catalog numbers, dilutions, host species, immunogens, and homologies with rat/

mouse are given in Table-1.

In vitro culture of the fetal ovary and experimental design

Animal use protocols were approved by the Animal Care and Use Committee of Texas 

A&M University and were in accordance with the standards established by Guiding 

Principles in the Use of Animals in Toxicology and Guidelines for the Care and Use of 

Experimental Animals by the National Institutes of Health and the American Veterinary 

Medical Association. Normal timed-pregnant rats of 60-70 days of age were euthanized by 

CO2 asphyxiation followed by cervical dislocation on 13.5 days post coitus. According to 

the AVMA guidelines (Leary et al., 2013), after confirming the death of the dams, the uteri 

were quickly cut opened and embryos were immersed (with the amniotic sac intact) in cold 

(4-8°C/35-39°F) physiological saline in a glass beaker until they became completely 

immobile. After confirming that the embryos were immobile, amniotic sacs were cut 

opened, embryos were decapitated with the scissors, and placed under a zoom stereo 

microscope. The ovaries were removed along with the mesonephros using sterile surgical 

instruments. Ovaries were carefully placed on top of a sterile membrane floating on the 

culture media in a 24-well culture plate. A drop of the culture media was placed on top of 

the ovaries to keep them from drying. Ovaries were cultured in Ham’s F-12/DMEM (1:1) 

media containing 1 mg/ml BSA, 1 mg/ml Albumax, 27.5µg/ml transferrin, 5 U/ml penicillin, 

and 5 µg/ml streptomycin; and placed in a CO2 incubator. Embryonic day (E) 13.5 was 

considered as culture day (CD) 1, and ovaries were cultured for a period of 9 or 12 days, and 

harvested on CD 9 or 12, which recapitulates postnatal day (PND) 1 and PND 4, 
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respectively (Fig. 1). According to Environmental Protection Agency (EPA), the maximum 

contamination level (MCL) or regulatory dose of Cr in the drinking water is 0.1 ppm (0.1 

mg/L) (USEPA, 2009). This regulatory dose of CrVI (0.1 ppm potassium dichromate) was 

used in the current study. CrVI was added to the media from CD 2 through CD 8, every 24 h 

(E 14.5 - 20.5). As explained earlier, E 14.5 – 20.5 comprises a germ cell breakdown 

window with germ cells undergoing the first and second waves of apoptosis. On CD 9 

(PND1) and 12 (PND4), ovaries were removed for further analyses.

Histology

Histological processing of the ovary was performed by the Histology core lab facility, 

College of Veterinary Medicine & Biomedical Sciences, Texas A&M University, based on 

the standard protocols for paraffin-embedded sections that were cut at 5 μm thickness and 

stained with hematoxylin and eosin (H&E).

TUNEL assay

Paraffin-embedded tissue sections were deparaffinized and TUNEL assay was performed as 

we described recently (Stanley et al., 2013; Sivakumar et al., 2014; Stanley et al., 2014; 

Banu et al., 2015). The apoptosis index (AI) was calculated as the average percentage of 

TUNEL-positive germ cells/oocytes from the ovaries (n=8) at magnification x400.

Histological evaluation of follicular atresia

On CD12 (which recapitulates PND 4), ovaries were collected and serial sections were 

made. The number of atretic follicles were counted in every 12th section to prevent counting 

the same follicle more than once (Devine et al., 2002). Briefly, ovaries were fixed 

processed, serially sectioned (5 μm), and stained with hematoxylin and eosin. Those follicles 

with intact oocytes were included in the counting. The criteria to identify atretic follicles 

was according to Osman (Osman, 1985) and Borgeest et al., (Borgeest et al., 2002) as 

follows: degenerative changes in the granulosa cell layer which shows cell shrinkage, 

pyknosis, and karyorrhexis and/or degenerative changes in the oocyte such as the breakdown 

of the nuclear membrane with oocyte fragmentation (Stanley et al., 2014).

Whole mount florescence immunohistochemistry, analysis of germ cell nest breakdown

The whole mount double immunofluorescence staining procedure was followed as we 

described recently (Banu et al., 2015). In brief, the ovaries were fixed with 5.3% 

formaldehyde (Cat#18814, Polysciences) overnight at 4°C. After several washings with 

PBS, they were labeled with primary antibodies overnight at 4°C for both VASA (germ cell 

marker) and GATA4 (somatic cell marker) at the appropriate dilution (Table 1). The ovaries 

were incubated with fluorophore-conjugated secondary antibodies, namely, Alexa Fluor® 

488 conjugate for VASA (Cat. No. A21121, Invitrogen, NY, USA) and Alexa Fluor 594 

conjugate for GATA4 (Cat. No. A11037, Invitrogen, NY, USA) for 4 h at RT, and overlaid 

with a cover glass and mounting medium containing Prolong Gold® antifade reagent (Life 

Technologies). Images were obtained on a Zeiss LSM 510 confocal microscope with a plan 

apochromat 63x/1.4 NA oil objective. For recording the VASA signal, the argon laser set 

was used at an excitation of 488 nm and emission collected with a BP 500-550 nm. For 
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recording the GATA signal, a HeNe laser was used at an excitation of 543 nm and emission 

collected with a long pass filter LP 560 nm. At least ten images were collected per 

treatment. In order to analyze GCN breakdown, for each ovary, two cores were visualized 

and counted. A core is a region 135 × 135 μm consisting of optical sections at four different 

depths in the ovary, each 15–20 μm apart. Thus, for each ovary, two cores were obtained 

consisting of four optical sections per core for a total of eight optical sections per ovary 

(Sivakumar et al., 2014). Total number of germ cells were counted in the ovaries from the 

control group and considered as 100%. Total number of germ cells from the CrVI group was 

calculated and expressed as the relative number in percentage, compared with control. The 

number of single oocytes found in the nest relative to the total number of oocytes was 

determined for each ovary and reported as percent single oocytes.

Immunohistochemistry

Sources of antibodies, catalogue numbers, dilution, host species, immunogen and homology 

with rat/mouse are given in Table-1. Ovaries were fixed in 4% buffered paraformaldehyde 

for 1 h at 4°C and processed using standard procedures as described (Sivakumar et al., 2014; 

Stanley et al., 2014). The tissue sections were incubated with specific primary antibodies at 

specific concentrations (Table 1). Digital images were captured using a Zeiss Axioplan 2 

Research Microscope (Carl Zeiss, Thornwood, NY) with an Axiocam HR digital color 

camera. The intensity of staining for each protein was quantified using Image-ProPlus 6.3 

image processing and analysis software according to the manufacturer’s instructions (Media 

Cybernetics, Inc.; Bethesda, MD). In brief, six images of the ovary at 400x magnification 

were captured randomly without hot-spot bias in each tissue section per animal. Integrated 

Optical Density (IOD) of immunostaining was quantified in the RGB mode. Numerical data 

were expressed as least square mean ± SEM. We also performed conventional blind scoring 

to count cells with positive staining in order to validate the methods. There was no 

significant difference between quantifying IOD and blind scoring system (data not shown).

Effects of CrVI on oxidative stress and antioxidant enzymes

Oxidative stress and antioxidant activities were measured from the culture media as we 

described previously (Stanley et al., 2013). As described for the experimental design, fetal 

whole ovarian culture was started on E13.5 (CD1), CrVI was added to the media on CD2, 

and samples of media were collected every 24 hour from CD3 until CD12. LPO levels in the 

media were measured using a colorimetric measurement kit as per the manufacturer’s 

instruction (Cat. No. 705003, Cayman Chemical, Ann Arbor, MI, USA). The kit measures 

hydroperoxides directly utilizing the redox reactions with ferrous ions. Briefly, LPO was 

extracted into chloroform, and directly used in the assay, thus it eliminates any interference 

caused by H2O2 and/or endogenous ferric ions in the sample. Hydroxyperoxides are highly 

unstable and react with ferrous ions to produce ferric ions. The resulting ferric ions were 

detected using thiocyanate ion as the chromogen and quantified at 500 nm. GPx was 

measured using a commercial kit (Cat. No. 703102, Cayman Chemical, Ann Arbor, MI, 

USA) according to the manufacturer’s protocol. SOD was measured using a commercial kit 

(Cat. No. 706002, Cayman Chemical, Ann Arbor, MI, USA) according to the 

manufacturer’s protocol. The kit utilizes the interaction between hypoxanthine and xanthine 

oxidase to produce O−2 radicals, which are detected using tetrazolium salt and can be read at 
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460 nm. The kit detects all three types of SOD metalloenzymes: copper/zinc, manganese, 

and iron. One unit of SOD is defined as the amount of enzyme required to dismutate 50% of 

the O−2 radicals. The catalase activity was measured using a commercial kit (Cat. No.

707002, Cayman Chemical, Ann Arbor, MI, USA). In this assay, catalase reacts with 

methanol in the presence of H2O2 to produce formaldehyde, which is then measured by 

adding 4-amino-3-hydrazino-5-mercapto-1, 2, 4-triazole to form a purple reaction product 

that can be detected spectrophotometrically at 540 nm.

Real-Time Reverse Transcription (RT)-Polymerase Chain Reaction (PCR)

Total RNA was isolated using RNeasy Micro Kit (Cat. No. 74004, Qiagen, USA) according 

to manufacturer’s instructions. The purity and concentration of RNA was determined 

spectrophotometrically by measuring the absorbance at 260/280 nm and a purity of 1.8 - 2.0 

was considered acceptable for the real time RT-PCR analysis. The first strand cDNA was 

synthesized using 100ng total RNA by QuantiTect RT kit (Cat. 205311, Qiagen, USA) 

according to manufacturer’s instructions. Real-time PCR was performed using the Power 

SYBR®Green master mix (Cat. 4368577, Life Technologies, USA) according to 

manufacturer’s instructions. cDNA (2μl) was mixed with 10μl master mix (dNTP mix, 

AmpliTaq Gold® DNA polymerase, optimized buffer components and SYBR®Green I dye), 

sense and anti-sense oligonucleotide primers for respective genes and β-actin gene for 

internal control, with the total reaction volume made up to 20µl with RNase free water. The 

reaction cycles were as follows: PCR enzyme initial activation at 95°C for 15 min; initial 

denaturation at 94°C for 15 sec, annealing at 60°C for 30 sec and elongation at 72°C for 30 

sec. All reactions were run in triplicate. The PCR amplification of all transcripts was 

performed on the Step-One Plus real-time PCR machine (Life Technologies, Carlsbad, CA). 

The fold differences were calculated by normalizing the relative expression of gene of 

interest with β-actin and the results expressed as fold changes. Details of the sense and anti-

sense oligonucleotide primer sequences used for the real-time PCR analysis were given in 

Table-2. Relative gene expression was presented by comparative CT (also referred to as the 

ΔΔCT) method (Schmittgen and Livak, 2008).

Statistical analysis

Effects of CrVI on various parameters in the ovary were analyzed and the results were 

expressed as mean ± SEM. Student t-test was used to compare groups and P values less than 

0.05 were considered significant.

Results

Effects of CrVI on germ cell death, germ cell nest breakdown and early stages of 
primordial follicle assembly

On PND1, control ovaries had tightly packed germ cells mostly residing inside the nests, 

with a very few isolated oocytes surrounded by the pre-granulosa cells in the form of 

primordial follicles, whereas, CrVI-treated ovaries appeared to have broken GCN with 

several isolated primordial or early primary follicles (Figs. 2C & I). Several pyknotic nuclei 

were found in the ovaries (Fig. 2C). Results from in situ TUNEL assay indicated that CrVI 

increased apoptosis of the oocytes and granulosa cells (Fig. 2D-F). Double immunolabelling 
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with VASA and GATA4 showed tightly packed germ cells in the control ovaries (both 

freshly collected from PND1 pups and cultured in vitro) (Fig. 2G&H). However, CrVI 

treatment increased the number of isolated oocytes surrounded by granulosa cells, thus 

accelerating or advancing primordial follicle assembly and primary follicle transition (Fig. 

2L).

Effects of CrVI on atresia of pre-antral follicles

On PND4, CrVI increased oocyte apoptosis (Fig. 3F) and atresia of both primordial and 

primary follicles compared to control (Figs 3 C, H & I). Several pyknotic bodies and 

increase in eosinophilic staining were also observed under CrVI treatment (Fig 3 C).

Effects of CrVI on the expression of BCL2, Caspase 3, BAX, p53 and PUMA

Our previous studies on in utero exposure to CrVI indicated that CrVI increased germ cell 

apoptosis through a down regulation of BCL2 and an up regulation of caspase 3, BAX and 

p53 on PND1 (Sivakumar et al., 2014). In order to confirm if the same mechanism operates 

under in vitro whole ovarian culture, we measured the expression of BCL2, caspase 3, BAX 

and p53 along with p53 upregulated modulator of apoptosis (PUMA) on PND1 (CD9). CrVI 

significantly decreased the expression of BCL2, and increased the expression of caspase 3, 

BAX, p53 and PUMA in the ovary compared to control (Fig 4 A-O).

Effects of CrVI on the expression of oocyte-specific proteins

CrVI down regulated the expression of oocyte specific proteins BMP15, GDF9 and cKIT 

compared to control on PND1 (CD9) (Fig 5A-I).

Effects of CrVI on oxidative stress and the activity of antioxidant enzymes

In order to determine the effects of CrVI on oxidative stress and antioxidant enzymes, we 

determined the levels of lipoperoxidase (LPO), an oxidative stress marker, and antioxidant 

enzymes GPx, SOD and catalase in the culture media. Samples from culture media were 

collected every 24 h, from CD3 until CD12 for 10 consecutive days. CrVI exponentially 

increased the levels of LPO from CD3 through CD12 (Fig. 6A). Compared to control, CrVI 

increased GPx activity on CD4, did not change on CD5, and decreased from CD6 to CD12 

(Fig. 6B). CrVI did not change SOD activity on CD3 and CD4, however, CrVI significantly 

decreased SOD activity from CD5 to CD12 (Fig. 6C). CrVI significantly decreased catalase 

activity from CD3-CD12 (Fig. 6D).

Effects of CrVI on the expression of the cell cycle regulatory machinery

We determined mRNA expression of cell cycle regulatory genes on CD12 (that 

recapitulated PND4). CrVI significantly decreased cyclin D2 and D3, cyclins A1 and A2, and 

cyclin B1 (Fig. 7). CrVI also down regulated cyclin-dependent kinase (CDK)1 and CDK2, 

and up regulated p27. However, CrVI did not change cyclin D1, E1, E2, and Cdk4. We also 

determined cell survival machinery Akt and Pcna. CrVI down regulated both. Since many of 

the proteins are regulated post translationally, we determined the protein expression of the 

selective candidates from the above panel. Compared to control, CrVI down regulated 

pAKT (Fig. 8A-C). In control ovaries PCNA was highly expressed very specific to the 
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oocytes (Fig. 8D). On the other hand, CrVI decreased PCNA expression in the oocytes and 

increased PCNA in the granulosa cells (Fig. 8E). Control ovaries highly expressed cyclins 

A2 (Fig. 8G-I), B1 (Fig. 8J-L) and CDK1 (Fig. 8M-O), whereas, CrVI downregulated these 

proteins compared to control.

Discussion

Our results demonstrate that in vitro treatment with a low dose of CrVI (0.1 ppm) increased 

germ cell apoptosis, enhanced GCN breakdown, and advanced primordial follicle assembly 

by (i) increasing pro-apoptotic markers caspase 3, BAX, p53 and PUMA and down 

regulating BCL2; (ii) CrVI increased oxidative stress and decreased antioxidant enzymes 

GPx, SOD and catalase; (iii) CrVI significantly down regulated oocyte specific markers 

GDF9, BMP15 and cKIT; and (iv) CrVI decreased pAKT, PCNA, and cyclins and CDK1 

that regulate M- and S-phases. We used an in vitro fetal whole ovarian model system that 

allowed easy manipulation with a view to histological and molecular parameters during 

early follicle development. This study describes the (i) characteristics of a 12 day in vitro 

whole fetal ovary culture system, which permits the survival and apoptosis of germ cells, 

and primordial follicle assembly that precedes GCN breakdown; (ii) it determines the effects 

of regulatory dose of CrVI on germ cell apoptosis, GCN breakdown and primordial follicle 

assembly; (iii) it compares the previous in vitro fetal whole ovarian culture model systems 

(Martinovitch, 1938; Blandau et al., 1965; Motohashi et al., 2009) and identifies the 

usefulness of adapting this unique model system to screen and assess the effects of CrVI on 

the ovarian development during the embryonic period.

Follicular development begins in utero with the transformation of primordial germ cells into 

oocytes (Hirshfield, 1997) that comprises various steps from the breaking down of GCN to 

the development of pre-ovulatory follicles. In rats, primordial follicles form during the 

postnatal days 3 and 4 (Gelety and Magoffin, 1997; Jones, 2012). One-third of the 

primordial follicles undergo rapid atresia within a few days after birth (Hirshfield and 

DeSanti, 1995; Hirshfield, 1997). Defects in either the timing or process of GCN breakdown 

can result in improper primordial follicle assembly and/or accelerated atresia, resulting in 

early reproductive senescence or infertility. Several EDCs are associated with POF 

(Diamanti-Kandarakis et al., 2009; Gore et al., 2011). While EDCs such as BPA and 

genistein delay GCN breakdown (Jefferson et al., 2006; Zhou et al., 2015) CrVI accelerates 

it (Sivakumar et al., 2014) by altering the apoptotic machinery and/or disrupting collagen 

matrix by targeting Xpnpep2, a POF marker/candidate gene in POF women (Banu et al., 

2015). Detailed mechanisms pertaining to the effects of EDCs on germ cell death or GCN 

breakdown are lacking due to lack of screening tools. With thousands of environmental 

chemicals being registered every year, it is very difficult to evaluate or test these chemicals 

specific to ovotoxicity using in vivo models. Therefore, developing an in vitro fetal whole 

ovarian culture model system will allow us not only to screen and test such chemicals cost-

effectively, but also to understand the mechanism at the molecular level.

BCL2 promotes cell survival by inhibiting caspases (Adams and Cory, 1998; Cory et al., 

2003). Over expression of BCL2 protein in the ovary leads to decreased ovarian somatic cell 

apoptosis, enhanced folliculogenesis, and increased susceptibility to ovarian germ cell 
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tumorigenesis in transgenic animals (Hsu et al., 1996). Another study from human fetal 

ovarian tissue spanning the period between 12 and 38 gestational weeks indicated that the 

highest incidence of apoptotic germ cells coincide with the lack of detectable BCL2 protein 

(Albamonte et al., 2008). In the current study, anti-apoptotic BCL2 is abundantly expressed 

in control ovaries and CrVI down regulated BCL2. This suggests that CrVI may have partly 

induced germ cell death and accelerated GCN breakdown by decreasing BCL2.

BAX is a regulator of germ cell death that controls the size of the primordial follicle pool 

(Felici et al., 1999; Greenfeld et al., 2007). BAX is upregulated in the ovaries during germ 

cell atresia and in fetal germ cells undergoing apoptosis (Felici et al., 1999). Bax−/− females 

have prolonged reproductive longevity due to reduced atresia of immature follicles (Perez et 

al., 1999). In the current study CrVI up regulated BAX expression in the ovaries on CD9. 

CrVI also significantly increased caspase 3 expression compared to control. Therefore, we 

suggest that CrVI may have increased germ cell apoptosis and accelerated GCN breakdown 

through a caspase 3-mediated mechanism downstream of BAX.

Our previous finding indicated that p53 plays a critical role in CrVI-induced granulosa cell 

apoptosis by altering sub-cellular localization of p53 and ERK1/2 in granulosa cells (Banu et 

al., 2011). Interestingly, CrVI increased the co-localization of p53 with the antioxidant 

enzyme SOD2, thus inhibiting the scavenging of free radicals and increasing oxidative stress 

(Sivakumar et al., 2014). In the current study, CrVI up regulated p53 compared to control. 

DNA damage-induced apoptosis of primordial follicle oocytes is mediated by the 

transcriptional activation of PUMA (Kerr et al., 2012), highlighting an essential role for 

PUMA in the elimination of oocytes following genotoxic stress during meiotic arrest. Thus, 

PUMA, a potent cell killer belonging to the BH3-only subgroup of the BCL2 family, acts as 

a key regulator of the germ cell number and primordial follicle endowment in mice (Myers 

et al., 2014). PUMA is the most important cell death regulator thus far identified in the 

female germ line mice (Myers et al., 2014). CrVI significantly up regulated PUMA. It has 

been suggested in the mouse ovary that PUMA plays a critical role in apoptosis of 

primordial germ cells prior to meiotic entry, either during migration to the gonad or soon 

after their arrival (Myers et al., 2014). Our current study shows that both p53 and its 

downstream candidate PUMA may play a critical role in CrVI-induced apoptosis of germ 

cells in PND1 ovaries, at the time of active GCN breakdown.

We further evaluated atresia of pre-antral (primordial and primary) follicles. Even though 

CrVI advanced primordial follicle assembly, it significantly increased primordial and 

primary follicle atresia and decreased expression of oocyte specific proteins GDF9, BMP15 

and cKIT. GDF9 and BMP15 are known to increase granulosa cell proliferation (Juengel 

and McNatty, 2005). GDF9 can increase primordial and primary follicle numbers (Otsuka et 

al., 2011). Furthermore, the blockage of cKIT signaling in oocytes by using a cKIT-

neutralizing antibody markedly suppressed BMP15-induced granulosa cell mitosis, 

suggesting that the oocytes play a critical role in the granulosa cells responses to BMP15 

(Otsuka and Shimasaki, 2002). In the human, combined mutations in BMP15 and GDF9 is 

associated with POF (Dixit et al., 2005; Dixit et al., 2006). PND4 is the initial period for the 

proliferation and differentiation of granulosa cells (Picut et al., 2015). Our data from the 

current study showed that CrVI down regulated GDF9, BMP15 and cKIT. In addition CrVI 
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down regulated cyclins (A1, A2, B1) and Cdk1 and Cdk2; and up regulated Cdk-inhibitor 

p27. While cyclins A1/A2 and CDK 2 regulate S-phase of the cell cycle, cyclin B1 and 

CDK1 regulate M-phase (Hochegger et al., 2008). Interestingly, CrVI did not alter cyclins 

D1, E1, E2 and CDK4, which are the major regulators of G1 phase. Therefore, it is 

suggested that CrVI may disrupt cell cycle during S- and M-phases. In addition, CrVI also 

down regulated cell survival machinery phospho-AKT. Interestingly, CrVI decreased PCNA 

in the oocytes and increased it in the granulosa cells. A number of studies have analyzed the 

post-translational modifications of PCNA and revealed its importance in the DNA damage 

response and maintenance of genomic integrity (Zhu et al., 2014). Thus, the genome-wide 

roles of PCNA spans beyond cell survival (Paunesku et al., 2001; Wang, 2014). The 

differential expression pattern of PCNA in the oocyte and granulosa cells in response to 

CrVI may be associated with its varying roles in both the cell types. Together, the data 

suggest that decrease in cell survival proteins and cell cycle machinery may partly contribute 

to the atresia of the pre-antral follicles which precede the apoptosis of granulosa cells and 

the oocytes.

Exposure to heavy metals, including CrVI during pregnancy increases oxidative stress 

(Flora et al., 2011; Gundacker and Hengstschlager, 2012; Ni et al., 2014), resulting in 

adverse pregnancy outcomes. In order to determine the contribution of oxidative stress in 

CrVI-induced apoptosis and follicle atresia, we estimated oxidative stress marker (LPO) and 

antioxidant enzyme activities (GPx, SOD and catalase) in the culture media every day from 

CD3-CD12. From CD3-12, CrVI increased LPO activity, and significantly decreased the 

activities of GPx, SOD and catalase. Together, it is suggested that oxidative stress (ROS)-

p53(PUMA)-BAX-Caspase3 pathway may predominantly orchestrate germ cell death in the 

fetal ovary due to CrVI (Fig. 8). Interestingly, the current study has chosen a safety or 

regulatory dose of total Cr in the drinking water (USEPA, 2009), and found a significant 

impact on the germ cell death with a low dose. Therefore, the outcome of the study may be 

used to revisit the regulatory policies of CrVI content in the drinking water.

Our future studies will (i) identify the mechanisms of acute and sub-acute exposure to CrVI 

during prenatal ovarian development on germ cell apoptosis; and (ii) target these pathways 

to mitigate CrVI-induced germ cell apoptosis, or rescue germ cells from CrVI-induced cell 

death by using various specific inhibitors. To the best of our knowledge and based on the 

available literature, this is the first report in determining the role of (ROS)-p53-PUMA-

BAX-Caspase3 pathway in regulating germ cell death, GCN breakdown and primordial 

follicle assembly in response to any heavy metal exposure in the fetal ovary using whole 

organ culture. Further research using this model is expected to emerge as a powerful tool for 

screening of various EDCs and testing the effects of drugs or inhibitors specific to germ cell 

death. In addition, our findings could help testing other heavy metal threats that may also 

underlie a developmental origin of later diseases, namely sub- or infertility from ovarian 

dysfunction.
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Highlights

• CrVI (0.1 ppm, a regulatory dose) increased germ cell apoptosis of fetal ovaries.

• CrVI (0.1 ppm) increased pro-apoptotic proteins.

• CrVI (0.1 ppm) decreased cyclins and CDK1 and cell survival proteins.

• CrVI (0.1 ppm) increased oxidative stress during fetal ovarian development.

• We propose fetal ovarian culture model for high-throughput testing of heavy-

metals.
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Fig. 1. 
Experimental design for treatment with CrVI (0.1 ppm) in vitro. Embryonic/fetal ovaries 

were removed from normal pregnant dams on gestational day 13.5 and cultured for 12 days. 

Embryonic day (E) 13.5 was considered as culture day (CD) 1, and CD12 recapitulates 

postnatal day 4 as given in the schematic diagram. CrVI (0.1 ppm potassium dichromate) 

was added in the media on CD2 and media was changed every 24h and CrVI was freshly 

added every day for 7 days. Ovaries were harvested on CD9 and CD12, which recapitulates 

postnatal days 1 and 4, respectively.
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Fig. 2. 
Effects of CrVI on germ cell/oocyte apoptosis in cultured whole fetal ovaries on culture day 

9. Fetal whole ovaries from embryonic day (E) 13.5 were cultured for 8 days in vitro, and 

treated with CrVI (0.1 ppm) from CD2 to CD8, harvested on CD9 (which recapitulated 

PND1), and used for histology (A-C) or TUNEL (D-F) or double immunolabeling of whole 

mount ovaries (G-I). The apoptosis index (AI) was calculated as the average percentage of 

TUNEL-positive germ cells/oocytes from 10 ovaries. Average number of TUNEL-positive 

cells in control group was considered as 10%. *: control vs CrVI, p<0.05. Each value 

represents mean ± SEM of TUNEL-positive germ cells/oocytes counted from 15 fields. The 

width of field for each image is 220 or 350 µm. In Fig 2C, arrow heads point out pyknotic 

nuclei and circle indicates primary follicle; in Fig 2F, arrow points out a primary follicle 

with TUNEL-positive (apoptotic) granulosa cells. In Figs 2G-I, arrow heads point out 

granulosa cells (red) and arrows point out germ cells or oocytes (green). GCN – germ cell 

nest, OVC - ovigerous cord, PF-primary follicle. FCO – freshly collected ovaries from 

PND1, CO – cultured ovaries on CD9. Representative images and histograms are shown.
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Fig. 3. 
Effects of CrVI on follicle atresia in cultured whole fetal ovaries on culture day 12. Fetal 

ovaries from embryonic day (E) 13.5 were cultured for 11 days in vitro, and treated with 

CrVI (0.1 ppm) from CD2 to CD8, and harvested on CD12 (which recapitulated PND4). 

Ovaries from culture were harvested and fixed in 4% buffered paraformaldehyde and 

processed for histology (A-C) or in situ TUNEL apoptotic assay (D-F). The apoptosis index 

(AI) was calculated as the average percentage of TUNEL-positive oocytes from 10 ovaries. 

Average number of TUNEL-positive cells in control group was considered as 10%. Number 

of atretic primordial or primary follicles were counted in serial sections and expressed in 

percentage. *: control vs CrVI, p<0.05. The width of field for each image is 220 or 350 µm. 

Arrow heads point out healthy follicles. Arrows point out atretic follicles. Representative 

images and histograms are shown.
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Fig. 4. 
Effects of CrVI on the expression of BCL2, caspase3, BAX, p53 and PUMA in cultured 

whole fetal ovaries on culture day 9. Fetal ovaries from embryonic day (E) 13.5 were 

cultured for 8 days in vitro and treated with CrVI (0.1 ppm) from CD2 to CD8, and 

harvested on CD9 (which recapitulated PND1). Ovaries from culture were harvested and 

fixed in 4% buffered paraformaldehyde and processed for IHC. Integrated Optical Density 

(IOD) of staining was quantified using Image ProPlus software. The width of field for each 

image is 220 or 350 µm; BCL2 (A-C), caspase 3 (D-F), BAX (G-I), p53 (J-L) and PUMA 

(M-O). *: Control vs CrVI, p<0.05. Each value represents mean ± SEM of 10 ovaries. 

Representative images and histograms are shown.
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Fig. 5. 
Effects of CrVI on the expression of BMP15, GDF9 and cKIT in cultured whole fetal 

ovaries on culture day 9. Fetal ovaries from embryonic day (E) 13.5 were cultured for 8 days 

in vitro and treated with CrVI (0.1 ppm) from CD2 to CD8, and harvested on CD9 (which 

recapitulated PND1). Ovaries from culture were harvested and fixed in 4% buffered 

paraformaldehyde and processed for IHC. Integrated Optical Density (IOD) of staining was 

quantified using Image ProPlus software. The width of field for each image is 220 or 350 

µm; BMP15 (A-C), GDF9 (D-F), and cKIT (G-I). *: Control vs CrVI, p<0.05. Each value 

represents mean ± SEM of 10 ovaries. Representative images and histograms are shown.
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Fig. 6. 
Effects of CrVI on the activities of lipid peroxidase (LPO) (A) and antioxidants GPx (B), 

SOD (C) and Catalase (D) in cultured whole fetal ovaries. Whole fetal ovaries from 

embryonic day (E) 13.5 were cultured for 12 days in vitro, and treated with CrVI (0.1 ppm) 

from CD2 to CD8. Culture media was collected every day from CD 3 to CD 12 and LPO, 

GPx, SOD and catalase activities were measured. *: Control vs CrVI, p<0.05. Each value 

represents mean ± SEM of 3 experiments.
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Fig. 7. 
Effects of CrVI on the mRNA expression analysis of cell cycle regulatory machinery genes 

in cultured whole fetal ovaries on culture day 12. Fetal ovaries from embryonic day (E) 13.5 

were cultured in vitro, and treated with CrVI (0.1 ppm) from CD2 to CD8, and harvested on 

CD12 (which recapitulated PND4). Ovaries from culture were harvested and mRNA 

expression of cell cycle regulatory machinery was analyzed by real time PCR. *: Control vs 

CrVI, p<0.05. Each value represents mean ± SEM of 3 experiments. Each sample was 

pooled from 5-8 ovaries.

Stanley et al. Page 24

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2016 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
Effects of CrVI on the expression of phosphorylated (p) AKT, caspase 3, PCNA, cyclin A, 

cyclin B and CDK1 in cultured whole fetal ovaries on culture day 12. Fetal ovaries from 

embryonic day (E) 13.5 were cultured for 12 days in vitro and treated with CrVI (0.1 ppm) 

from CD2 to CD8, and harvested on CD12 (which recapitulated PND4). Ovaries from 

culture were harvested and fixed in 4% buffered paraformaldehyde and processed for IHC. 

Integrated Optical Density (IOD) of staining was quantified using Image ProPlus software. 

The width of field for each image is 220 or 350 µm; pAKT (A-C), PCNA (D-F), cyclin A 

(G-I), cyclin B (J-L) and CDK1 (M-O). *: Control vs CrVI, p<0.05. Each value represents 

mean ± SEM of 10 ovaries. Representative images and histograms are shown.
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Fig. 9. 
Schematic diagram depicting the possible mechanisms involved in CrVI-induced germ cell 

apoptosis and follicle atresia. Arrows indicate stimulatory response and bars (T) indicate 

inhibitory response.
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Table 1

Sources of antibodies, catalog numbers, dilutions, host species, immunogens, and homologies with rat/mouse.

S.No. Antibody Company &
Cat. No.

Dilution Host
Species

Immunogen % of 
homology
with rat 
and
mouse

Secondary
antibody

Dilution Application

1 BCL2 Abcam;
AB7973

1:300 Rabbit Human Rat: 
100%;
mouse: 
100%

Goat anti-rabbit 1:200 IHC

2 BAX Sigma:
SAB4502549

1:1500 Rabbit Human Rat: 93%;
mouse: 
94%

Goat anti-rabbit 1:200 IHC

3 P53 Abcam;
AB131442

1:500 Rabbit Human Rat: 
100%;
mouse: 
100%

Goat anti-rabbit 1:200 IHC

4 PUMA Abcam;
AB9643

1:1000 Rabbit Human Rat: 79%;
mouse: 
79%

Goat anti-rabbit 1:200 IHC

5 BMP15 Abcam;
AB108413

1:3000 Rabbit Human Rat: 94%;
mouse: 
94%

Goat anti-rabbit 1:200 IHC

6 cKIT Sigma:
SAB4300489

1:4000 Rabbit Human Rat: 
100%;
mouse: 
100%

Goat anti-rabbit 1:200 IHC

7 GDF9 Abcam;
AB93892

1:500 Rabbit Human Rat: 93%;
mouse: 
93%

Goat anti-rabbit 1:200 IHC

8 Cleaved-
Caspase-3

Cell Signaling;
9661

1:100 Rabbit Human Rat: 
100%;
mouse: 
100%

Goat anti-rabbit 1:200 IHC

9 Cyclin
D2

Abcam:
AB94685

1:50 Rabbit Human Rat: 
100%;
mouse: 
100%

Goat anti-rabbit 1:200 IHC

10 Cyclin
A2

Cell Signaling:
4656

1:100 Mouse Human Rat: 91%;
mouse: 
92%

Horse anti-mouse 1:200 IHC

11 Cyclin B1 Cell Signaling:
4138

1:100 Rabbit Human Rat: 90%;
mouse: 
90%

Goat anti-rabbit 1:200 IHC

12 CDK1 Cell Signaling:
9116

1:50 Mouse Human Rat: 90%;
mouse: 
90%

Horse anti-mouse 1:200 IHC

13 p-AKT Cell Signaling:
3787

1:50 Rabbit Mouse Rat: 
100%;
mouse: 
100%

Goat anti-rabbit 1:200 IHC

14 PCNA Cell Signaling:
2586

1:250 Mouse Rat Rat: 
100%;
mouse: 
100%

Horse anti-mouse 1:200 IHC

15 VASA Abcam;
AB13840

1:100 Rabbit
polyclonal

Human Rat: 95%;
mouse: 
98%

Goat anti-mouse
Alexa 488 green

1:200 Immuno-
colocalization
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S.No. Antibody Company &
Cat. No.

Dilution Host
Species

Immunogen % of 
homology
with rat 
and
mouse

Secondary
antibody

Dilution Application

16 GATA-4 Santa Cruz;
SC25310

1:50 Mouse
Monoclonal

Human Rat: 75%;
mouse: 
77%

Goat Anti-mouse
594 Red

1:200 Immuno-
colocalization
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Table 2

Oligonucleotide primers used.

Cyclin A1_Forward 5'-TGC AAA TGG GCA GTA CAG GAG GAC -3'

Cyclin A1_Reverse 5'- TCC ACC AGC CAG TCC ACC AGA ATC -3'

Cyclin A2_ Forward 5'- GAC GGG TTG CAC CCC TTA AGG ATG -3'

Cyclin A2_ Reverse 5'- GTT CAC AGC CAA ATG CAG GGT CTC -3'

Cyclin B1_ Forward 5'- CTG CTG CAG GAG ACC ATG TA -3'

Cyclin B1_ Reverse 5'- CTG TCT GAT CTG GTG CTT GG -3'

Cyclin D1_ Forward 5'- AAG GTT TAG GGC CAT GTG TG -3'

Cyclin D1_ Reverse 5'- GCA AGA ATG TGC CAG ACT CA -3'

Cyclin D2_ Forward 5'- CTA GCC CCT TCT CTC TCT CTC TCT A -3'

Cyclin D2_ Reverse 5'- CTA GTC TGA GGG CTC TCC TGT AAG -3'

Cyclin D3_ Forward 5'- GTC TTG AGG GTG CTG ATG GT -3'

Cyclin D3_ Reverse 5'- GAA GAT GAG CTG GAG GGC TA -3'

Cyclin E1_ Forward 5'- GAA TGA CCA GAC CTG CCA TC -3'

Cyclin E1_ Reverse 5'- GGC TGG TGT ACT CGA CCC TA -3'

Cyclin E2_ Forward 5'- CAT TCT GAC TTG GAA CCA CAG ATG -3'

Cyclin E2_ Reverse 5'- AAA TGG CAC AAG GCA GCA GCA GTC -3'

P27_ Forward 5'- GCC TGG CTC TAC TCC ACT TG -3'

P27_ Reverse 5'- GGG CTC CCG TTA GAC ACT CT -3'

CDK 1_ Forward 5'- AGG GAC CAT ATT TGC AGA GC -3'

CDK 1_ Reverse 5'- TCA TCC AGG TTC TTG ACG TG -3'

CDK 2_ Forward 5'- GCA CTT AAC CCG ACT TCC AG -3'

CDK 2_ Reverse 5'- TCC CAA CTT AGG CTT CTG CT -3'

CDK 4_ Forward 5'- TAC ATA TGC AAC GCC TGT GG -3'

CDK 4_ Reverse 5'- GGA AGG CAG AGA TTC GCT TA -3'

β-Actin_ Forward 5'- CAA CCT TCT TGC AGC TCC TC -3'

β-Actin_ Reverse 5'- TTC TGA CCC ATA CCC ACC AT -3'
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