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Abstract

Environmental contamination with hexavalent chromium, Cr(VI), has been increasing in the 

United States as well as in developing countries. Exposure to Cr(VI) predisposes the human 

population to various diseases, including cancer, infertility, and developmental problems in 

children. Previous findings from our laboratory reported that prenatal exposure to Cr(VI) caused 

premature ovarian failure through p53-mediated mechanisms. Sirtuin 1 (SIRT1) is an NAD+-

dependent histone deacetylase class III. SIRT1 deacetylates several histones and non-histone 

proteins such as p53 and NFkB. The current study determines a role for the SIRT1-p53 network 

in apoptosis induced by Cr(VI) in the ovary and establishes physical interaction between SIRT1 

and p53. Adult pregnant dams were given regular drinking water or Cr(VI) (10 ppm potassium 

dichromate in drinking water, ad libitum), and treated with SIRT1 inhibitor, EX-527 (50 mg/kg 

body weight, i.p.,), during 9.5 −14.5 days post-coitum. On postnatal day-1, ovaries from F1 

offspring were collected for various analyses. Results indicated that Cr(VI) increased germ cell 

and somatic cell apoptosis, upregulated acetyl-p53, activated the apoptotic pathway, and inhibited 

cell survival pathways. Cr(VI) decreased acetyl-p53-SIRT1 co-localization in the ovary. In an 

immortalized rat granulosa cell line SIGC, Cr(VI) inhibited the physical interaction between 
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SIRT1 and acetyl-p53 by altering the p53:SIRT1 ratio. EX-527 exacerbated Cr(VI)-induced 

mechanisms. For the first time, the current study shows a novel mechanism for Cr(VI)-induced 

apoptosis in the ovary, mediated through the p53-SIRT1 network, suggesting that targeting the p53 

pathway may be an ideal approach to rescue ovaries from Cr(VI)-induced apoptosis.
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1. Introduction

Hexavalent chromium, Cr(VI), has been used in various industries such as leather and 

textiles, metallurgical, chemical, and automobile industries [1]. Due to increased use and 

improper disposal of chromium, its levels in the water, soil, and air continue to rise 

[2, 3]. Total Cr levels in drinking water sources in developing countries such as China, 

India, Bangladesh, and Mexico have been recorded as high as 19–50 ppm [4–8]. Women 

working in dichromate manufacturing industries and tanneries and living around Cr(VI) 

contaminated areas have high levels of Cr in blood and urine and encounter gynecological 

illnesses, abortion, postnatal bleeding, and birth complications [9]. Welding fumes and metal 

dust containing Cr(VI) are known to be either teratogenic, carcinogenic, embryotoxic, or 

mutagenic [10]. Women working in electronic waste industries had high Cr levels in their 

blood and urine with increased abortion rates, particularly in male fetuses [11].

When we consider the U.S. population, significant contamination with Cr(VI) has been 

found in the drinking water sources of several cities in the U.S., exposing Americans to 

various adverse health effects such as cancer and infertility [12]. Environmental exposure 

to Cr(VI) in pregnant women in the U.S caused infertility and intra uterine fetal growth 

restriction (IUGR) for two generations [13]. Occupational exposure to Cr(VI) is found 

among approximately one-half million industrial workers in the U.S. and several million 

worldwide [14]. Recent literature reveals that an estimated 120,000 workers in India and 

515,500 in the U.S are employed in leather tanning industries. About 300,000 workers of 

these industries are severely affected by chromium and its compounds worldwide per year 

[3].

Occupational exposure to Cr(VI) during pregnancy caused IUGR, resulting in low birth 

weight [10]. Previous epidemiological studies have reported an increase in the risk of 

spontaneous abortion among women employed in Finnish metal industries [15, 16]. The 

presence of Cr in umbilical cord blood and placental tissue in these women directly 

correlated with an increased risk of abortion [17]. High accumulation of Cr was reported 

in the umbilical cord blood of women exposed to Cr(VI) in electronic-waste (e-waste) 

processing industries in Guiyu, China (306.20 μg/L with a median level of 19.95 μg/L) [18]. 

Cr was detected in the amniotic fluid of diabetic women [19]. Another study reported a 

negative association between follicular fluid Cr and the proportion of mature MII oocytes 

retrieved from women who undergo IVF [20]. A study from China involving 7290 singleton 

live births measured maternal urinary Cr levels (low: ≤1.09 μg/g cr, middle: 1.09–3.76 
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μg/g cr, and high >3.76 μg/g cr [11]. Women living near Cr contaminated areas gave birth 

to infants with increased risk of congenital malformations, DNA damage, and low birth 

weight [18]. Thus, it is evident from the epidemiological data that Cr(VI) exposure severely 

affects the health of reproductive-age women and newborn children due to occupational and 

environmental exposures.

Exposure to heavy metals during pregnancy increases oxidative stress in the maternal and 

fetal compartments of the placenta resulting in adverse pregnancy outcomes [21, 22]. While 

Cr is known to affect reproductive health in women adversely, the specific mechanisms of 

reproductive toxicity are not clearly understood. Cr(VI) is rapidly transported through the 

cell membrane via anion transporters [23]. The reduction of Cr(VI) into Cr(V) induces DNA 

damage and mutations [24]. The genotoxic effects of Cr are predominantly represented by 

the formation of oxidative adducts and apurinic/apyrimidinic lesions, eventually resulting in 

DNA breaks [25]. p53 is a tumor suppressor gene that is activated by DNA damage such 

as radiation, oxidative stress, and chemotherapeutic drugs [26]. Under normal conditions, 

p53 is destabilized and degraded. However, genotoxic stress leads to the stabilization of p53 

through various mechanisms. As a result, p53 accumulates inside cells, inducing cell cycle 

arrest, senescence, and apoptosis [27].

Sirtuin 1 (SIRT1), an NAD+-dependent histone deacetylase class III, is one of the seven 

mammalian sirtuins. SIRT1 plays multiple and diverse roles in metabolism, development, 

stress response, neurogenesis, hormone responses, and apoptosis [28, 29]. SIRT1 is 

recognized as an anti-aging protein [30, 31]. Interestingly, a SIRT1 activator (SRT1720) 

was reported to improve the follicle reserve and prolong the ovarian lifespan of diet-induced 

obesity in female mice [32]. Resveratrol, an activator of SIRT1, has an anti-aging effect 

and is beneficial to the cardiovascular system, diabetes, and obesity [33]. Consistently, it 

prolonged the ovarian lifespan and protected against age-associated infertility in rodents 

[34, 35]. Our previous report showed that resveratrol protected the ovary against Cr(VI)-

toxicity in pre-pubertal rats by enhancing endogenous antioxidant enzymes and inhibiting 

the metabolic clearance of estradiol [36].

SIRT1 deacetylates non-histone proteins such as p53, FOXO), and NFkB [29, 37–40]. 

SIRT1 activates the PPARγ coactivator 1-alpha (PGC-1α) and increases the expression of 

antioxidants such as superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) 

[41, 42]. PGC-1α is a transcriptional coactivator, which regulates mitochondrial biogenesis 

[43]. Various endocrine disrupting chemicals (EDCs) such as lead [44] and fluoride [45] 

negatively regulates SIRT1, promoting oxidative damage to the central nervous system. 

SIRT1 acetylation regulates key signaling pathways perturbing mitochondrial function [46]. 

In Alzheimer’s disease, the β-amyloid protein content in the brain is negatively correlated 

with the SIRT1 content [47, 48]. SIRTI can activate Nrf2 transcriptional activity and 

upregulate the expression of SOD and GSH downstream of Nrf2 [49]. Deacetylation of 

p53 by SIRT1 decreases apoptosis mediated by oxidative stress [39]. SIRT1 colocalizes 

with p53 in promyelocytic leukemia nuclear bodies [50, 51] where it deacetylates p53 

and antagonizes p53-mediated cellular senescence [51]. Though SIRT1 plays a vital role 

in negatively regulating p53, its role in the ovary of the offspring in response to in utero 
exposure has not been understood. Therefore, we hypothesize that Cr(VI)-induced apoptosis 
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in the ovary is regulated through the p53-SIRT1 network. The objective of the current study 

is to test this hypothesis in the ovaries of F1 pups exposed to Cr(VI) in utero.

2. Materials and methods

2.1. Chemicals

All our chemicals and cell culture reagents were purchased from Millipore-Sigma (St. Louis, 

MO) or Thermo Fisher Scientific (Waltham, MA). Antibodies (Table.1) were obtained 

from Abcam (Cambridge, MA). Spontaneously Immortalized Granulosa Cells (SIGC) were 

received from Dr. Burghardt, Professor & Director, Image Analysis Laboratory, College of 

Veterinary Medicine & Biomedical Sciences, Texas A&M University.

2.2. In vivo dosing of the animals

Pregnant Sprague-Dawley rats of 60–70 days of age were divided into four groups. Briefly, 

control rats received regular drinking water and diet ad libitum. Whereas the rats from the 

treatment groups received SIRT1 inhibitor EX-527 (50 mg/kg body weight), with or without 

10 ppm Cr(VI) (potassium dichromate). Cr(VI) treatment was given through the drinking 

water, while EX-527 was given by intraperitoneal injections every day. All the rats received 

Cr(VI) with or without EX-527 injections from gestational day (GD) 9.5 to 14.5. The rats 

were allowed to deliver pups (F1 offspring), and the ovaries were removed on PND 1 for 

further analyses. Animal use protocols were performed following the National Institutes of 

Health Guidelines for the Care and Use of Laboratory Animals, were in accordance with 

the standards established by Guiding Principles in the Use of Animals in Toxicology and 

specific guidelines and standards of the Society for the Study of Reproduction and were 

approved by the Institutional Animal Care and Use Committee of Texas A&M University.

2.3. Rationale for choosing Cr doses for the in vivo study

The EPA has established a maximum contaminant level (MCL) of 100 μg/L or 100 ppb for 

total chromium in drinking water. Groundwater from Midland, Texas, contains 5.28 ppm Cr 

(5280 μg/L) [31]. A study conducted in Piedmont aquifers of North Carolina documented 

that 90% of the wells had detectable Cr(VI) and were above the California public health 

goal, 0.02 μg/L [52]. The chromium in groundwater in India ranges from 0.01–16.30 ppm 

[53]. Shockingly, blood Cr levels in workers of developing countries were reported follows: 

Bangladesh: 26.97 μg/L; Pakistan: 16 μg/L; India: 147 μgL; Kenya: 63 μg/L; Chinese: 2500 

μg/L [3]. In general, humans are exposed to as much as 10 ppm Cr(VI) in drinking water 

from contaminated wells [54]. Therefore, we chose 10 ppm Cr(VI) for the current study.

2.4. In vitro treatment of SIGC cells

Culture of Spontaneously Immortalized rat Granulosa Cell line: A spontaneously 

immortalized rat granulosa cell line (SIGC) [55] was cultured in DMEM-F12 (Sigma, 

Saint Louis, MO) supplemented with 5% Dextran Charcoal coated-Fetal Bovine Serum 

(DC-FBS) (Hyclone, Logan, UT), penicillin 100 U/ml, streptomycin (100 μg/ml) and 

amphotericin-B (2.5 μg/ml) in a humidified atmosphere with 95% air, 5% CO2 at 37°C. 

At 70% confluency, SIGC were serum-starved for 24 h and incubated in DMEM-F12 

supplemented with 2% DC-FBS (in base medium) in the presence or absence of Cr(VI) (25 
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μM potassium dichromate) for 12 h or 24 h. After the treatment, cells were harvested using 

0.1% trypsin-EDTA, and total protein was isolated for immunoprecipitation (IP) and western 

blot analyses.

2.5. Immunohistochemistry and image quantification by Image-ProPlus software

Paraffin sections from the ovary were fixed in 4% buffered paraformaldehyde containing 

6 g PFA, 325 mg NaOH, 15 ml 103 PBS in 100 ml diethyl pyrocarbonate-treated double-

distilled H2O, pH 7.2, for 4 h at 48C and processed using Vectastain Elite ABC kit 

(Vector Laboratories). An avidin/biotin-based peroxidase system was used to detect the 

biotinylated secondary antibody, and the sections were developed using the chromogen 

3-amino-9-ethylcarbazole, a peroxidase substrate that produces an insoluble end product 

that is red in color and observed visually. Sources of antibodies, catalog numbers, dilution, 

host species, immunogen, and homology with rat/mouse/human are given in Table-1. Digital 

images were captured at 400x magnification 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 10.0.8 software according to 

the manufacturer’s instructions (Media Cybernetics, Inc.; Bethesda, MD), described in the 

literature [56], and our previous findings [21, 36, 57]. The average staining intensity of 

multiple ovaries was calculated from the litters of treated dams (n=5). Integrated Optical 

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

expressed as mean ± SEM.

2.6. TUNEL assay and histology

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

we described [57, 58]. The apoptosis index (AI) was calculated as the average percentage 

of TUNEL-positive cells from the ovaries (n=8) at magnification x400 [36]. Histology and 

H&E staining of the tissue sections were performed at the College of Veterinary Medicine 

and Biomedical Sciences core histology laboratory, Texas A&M University.

2.7. Isolation of protein

After the treatments, the total protein from the cells was isolated for immunoblotting. 

Briefly, the cells were harvested using 1% Trypsin-EDTA and pelleted by centrifuging at 

13, 200 rpm for 10 minutes at 4°C. The cell lysates were sonicated in sonication buffer (20 

mM Tris–HCl, 0.5 mM EDTA, 100 μM DEDTC, 1% Tween, 1mM phenylmethylsulfonyl 

fluoride, and protease inhibitor cocktail tablets (EDTA-free) (1 tablet/50 ml) and PhosSTOP 

Phosphatase Inhibitor Cocktail Tablets (1 tablet/10 ml) (Millipore Sigma, Burlington, 

MA). Sonication was performed using a Microson ultrasonic cell disruptor (Microsonix 

Incorporated, Farmingdale, NY). After sonication, the samples were centrifuged at 13,200 

rpm for 15 minutes at 4°C. The supernatant was recovered, and protein concentration 

was determined using the Bradford method and a Bio-Rad Protein Assay kit (BIO-RAD, 

Hercules, CA).
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2.8. Immunofluorescence

Paraffin-embedded sections of the PND1 ovaries were deparaffinized in xylene and 

dehydrated in a graded ethanol series: 100%, 95%, and 70% for 5 min followed by washing 

in 1xPBS. Antigen retrieval was performed by incubating the sections in a protease solution 

(100 mg of protease in 200 ml of 1x PBS) for 5 min at 37°C and washed three times in 

double-distilled water and once in PBS. Subsequently, the tissues were permeabilized by 

washing the sections twice for 10 minutes with 1% goat serum in PBST (PBS containing 

0.4% Triton X-100) and incubated with blocking buffer (PBS containing 0.4% Triton X-100 

and 5% goat serum) for one h at room temperature. The sections were incubated overnight 

at 4 °C with rabbit polyclonal antibodies specific for p53 and SIRT1. The following 

day, the sections were washed in PBST three times and incubated with Alexa Fluor 

488-conjugated goat anti-rabbit secondary antibody and Alexa Fluor 594-conjugated goat 

anti-mouse secondary antibody at 1:200 dilutions for one h at room temperature. The proper 

negative control is used by substituting serum at the same concentration as the primary 

antibody [59]. The sections were washed with PBST and mounted using ProLong Gold 

antifade reagent (Invitrogen, Eugene, Oregon). The slides were kept in the dark overnight 

at room temperature. Confocal images were captured using a Zeiss 510 Meta multiphoton/

confocal microscope (Carl Zeiss) with a plan apochromat 633/1.4 NA oil objective. An 

argon laser set was used for the fluorophore with an excitation of 488 nm and emission 

(collected with a band-pass filter) of 500–550 nm. A helium-neon laser was used for the red 

dye with an excitation of 543 nm and emission (collected with a long-pass filter) of 560 nm. 

At least eight images were collected per treatment.

2.9. Immunoprecipitation

Immunoprecipitation (IP) was carried out using protocols provided by Cell Signaling 

Technology and as published [60]. Briefly, total cell lysate (1 mg, ~120–125 μl) was 

precleared by incubating with ImmunoCruz F pre-clearing matrix B-rabbit (50μl/ml) (Cat. 

SC-45057, Santa Cruz Biotechnology, Santa Cruz, CA) for 30 min at 4°C. After incubation, 

the matrix was pelleted by microcentrifugation at 1000 rpm for 1 min at 4° C. The pellet was 

discarded, and the precleared lysate (~120–125 μl) was incubated with rabbit oligoclonal 

acetyl-p53 (K-382) antibody (1μg/ml) (Cat. 710294, Thermo Fisher Scientific) overnight 

at 4°C with rotation. After overnight incubation, the mixture was further incubated with 

ImmunoCruz F IP matrix (50 μl/ml) (Cat. SC-45043, Santa Cruz Biotechnology, Santa Cruz, 

CA) overnight at 4°C. Protein-antibody IP complexes were precipitated and washed with 

500μl of IP buffer: 20mM Tris-HCl, 0.5mM EDTA, 100 μM DEDTC, 1% Tween, 1 mM 

phenyl methyl sulfonyl fluoride, and protease inhibitor cocktail tablets, that is, complete 

EDTA-free (1 tablet/50 ml) and PhosStop (1 tablet/10 ml). Finally, the protein-antibody IP 

complexes were resuspended in 40μl of 2× SDS sample buffer, boiled at 100°C for 5–10 

min, and resolved in 10% SDS PAGE gel. Rabbit IgG was immunoprecipitated and was used 

as an internal control.

2.10. Western blotting

Approximately 75 μg aliquots of total proteins were loaded in each lane and electrophoresed 

on 10% SDS polyacrylamide gels, then electrotransfer onto nitrocellulose membranes 
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(Amersham Pharmacia Biotech, Chicago, IL). Prestained protein markers (Fisher, BP3603–

1) were used as molecular weight standards for each analysis. The blots were stained 

with 0.5% ponceau-stain in 1% acetic acid for evaluating the quality of protein transfer. 

Proteins were blocked overnight at 4°C with 5% fat-free dry milk powder in PBS and 0.05% 

Tween-20 (PBST). The blots were incubated with SIRT1 primary antibody for 12 h at 4°C 

at a dilution of 1:1000 in 2% fat-free dry milk powder in PBST. The blots were washed 

three times at 10-min intervals in PBS-T and then incubated with secondary antibody 

(goat anti-rabbit IgG conjugated with horseradish peroxidase (Jackson Immunoresearch 

Laboratories, West Grove, PA) for one h at room temperature at a dilution of 1:10,000 in 2% 

fat-free dry milk powder in PBS-T. Blots were then washed three times at 10-min intervals 

in PBS-T. A chemiluminescent substrate (SuperSignal West Femto Maximum Sensitivity 

Substrate) was applied according to the manufacturer’s instructions (Cat. No. 34094, Pierce 

Biotechnology, Rockford, lL). The blots were exposed to Blue X-Ray film, and densitometry 

of autoradiograms was performed using an Alpha Imager (Alpha Innotech Corporation, San 

Leandro, CA). Sources of antibodies, catalog numbers, dilution, host species, immunogen, 

and homology with rat/mouse are given in Table 1.

2.11. Statistical analysis

All the numerical data were subjected to one-way ANOVA to detect the effects of treatments 

and interactions. The Tukey-Kramer HSD test was used to adjust for multiple pair-wise 

comparisons of means. We consider the nested structure in the design. Mixed models 

analysis was used to account for any correlation between the results of pups from the same 

dam. Mixed models were used to model both fixed effects (in this case, treatment) and 

random effects (in this case, dams and pups) [61]. Statistical analyses were performed using 

general linear models of the Statistical Analysis System (SAS, Cary, NC), and p≤ 0.05 was 

considered significant.

3. Results

3.1. Inhibition of SIRT1 increased germ cell apoptosis

Prenatal exposure to Cr(VI) significantly (p<0.05) increased germ cell apoptosis compared 

to the control group (Fig. 1A, B & G). Treatment with EX-527 alone increased apoptosis 

in the ovary compared to the control (Fig. 1A, C & G). Combined treatment with EX-527 

and Cr(VI) showed a significant (p<0.05) additive effect on apoptosis compared to Cr(VI) 

or EX-527 treatment alone (Fig. 1B–D&G). Figures 1E and 1F represent H&E sections of 

the control and Cr(VI)-exposed ovaries, respectively. Control ovaries have healthy oocytes 

intact and arranged inside the germ cell nests (GCN). Interestingly, Cr(VI) advanced 

GCN breakdown by increasing germ cell apoptosis. Advanced GCN breakdown led to 

disintegrated GCN and (partially) formed primordial follicles (Fig. 1F, white arrows). 

Control ovaries did not show any primordial follicles. Arrows (black) indicate germ cells, 

and the arrowheads indicate a somatic cell and white arrows indicate partially formed 

primordial follicles.
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3.2. Inhibition of SIRT1 increased p53 acetylation

Our previous finding indicated that Cr(VI) exposure increased total p53 in the PND1 ovary 

[58]. The EX-527 (Sirt1 inhibitor) treatment increased acetylation of p53 (at Lysine - 382) 

after DNA damage in primary human mammary epithelial cells [62]. To understand if 

Cr(VI) hyper acetylates p53, we studied the expression acetyl-p53 in the ovaries exposed 

to Cr(VI). Data indicated that exposure to Cr(VI) significantly (p<0.05) increased the levels 

of acetyl-p53(K-382) compared to control (Fig. 2A, B & E). EX-527 significantly (p<0.05) 

increased acetyl-p53 (K-382) expression in PND1 ovaries compared to control (Fig. 2A, C 

& E). It is also evident that while acetyl-p53 was predominantly expressed in the oocytes 

of the Cr(VI) treated ovaries, it is mainly expressed in the somatic cells of the EX-527 

treated ovaries. Thus, a spatio-temporal expression pattern of the acetyl-p53 was observed. 

Combined treatment with Cr(VI) and EX-527 showed a significant (p<0.05) additive effect 

and increased acetyl-p53 in PND1 ovaries compared to Cr(VI) or EX-527 treatment alone 

(Fig. 2B–E). Arrows indicate germ cells, and the arrowhead indicates a somatic cell.

3.3. Inhibition of SIRT1 increased cleaved caspase-3

Our findings indicated that Cr(VI) caused apoptosis of germ cells [58, 63] and trophoblasts 

[64] through caspase-3 dependent mechanisms. Treatment with Cr(VI) or EX-527 

significantly (p<0.05) increased the expression of cleaved caspase-3 (Fig. 3A, B, C & E) 

in PND1 ovaries compared to control. Combined treatment with Cr(VI) and EX-527 showed 

a significant (p<0.05) synergistic effect compared to Cr(VI) or EX-527 treatment alone (Fig. 

3B–E). Arrow indicates germ cell, and the arrowhead indicates a somatic cell.

3.4. Inhibition of SIRT1 increased Bax

Bax regulates the primordial germ cell survival and apoptosis in mice [77]. Bax mutant mice 

exhibited three times larger follicle pool compared to wild-type mice [78]. To understand 

the regulation of Bax through SIRT1, we studied Bax expression in the ovaries exposed to 

Cr(VI) and/or EX-527. Exposure to Cr(VI) significantly (p<0.05) increased the expression 

of BAX compared to control (Fig. 4A, B & E), whereas EX-527 and Cr(VI) showed a 

significant (p<0.05) synergistic effect on Bax expression compared to Cr(VI) or EX-527 

treatment alone (Fig. 4B–E). Arrow indicates germ cell, and the arrowhead indicates a 

somatic cell.

3.5. Inhibition of SIRT1 increased p53-upregulated modulator of apoptosis (PUMA)

The p53 upregulated modulator of apoptosis (PUMA) is a pro-apoptotic protein (encoded 

by the Bbc3 gene), a member of the BCL-2 protein family. The expression of PUMA is 

regulated by p53. We have previously identified PUMA as a crucial effector for p53 in 

Cr(VI)-induced trophoblast apoptosis [22]. Other studies also have shown that elimination 

of PUMA partly rescued ovarian reserve from γ-irradiation [65] and fully rescued the 

entire primordial follicle pool against DNA-damaging chemotherapeutic agents [66]. To 

understand if PUMA is the downstream effector of p53 in mediating apoptosis, we studied 

PUMA. Treatment with either Cr(VI) (Fig. 5A, B & E) or EX-527 (Fig. 5C & E) 

significantly (p<0.05) increased the expression of PUMA in PND1 ovaries compared to 

control. However, combined treatment with Cr(VI) and EX-527 had a significant (p<0.05) 
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synergistic effect on Cr(VI)-induced apoptosis compared to Cr(VI) or EX-527 treatment 

alone (Fig. 5B–E). Arrow indicates germ cell, and the arrowhead indicates a somatic cell.

3.6. Inhibition of SIRT1 downregulated Bcl-2

B-cell lymphoma 2 (Bcl2) is a vital cell survival protein that prevents apoptosis by directly 

binding and inhibiting the pro-apoptotic Bax and Bak [67]. Overexpression of Bcl2 in the 

oocytes increased the size of the primordial follicle pool at birth in mice [68]. To understand 

if Bcl2 is regulated through SIRT1, Bcl2 expression was studied in the ovaries exposed to 

the SIRT1 inhibitor. Bcl2 was abundantly expressed in the control ovaries (Fig. 6A), whereas 

Cr(VI) significantly (p<0.05) decreased Bcl2 expression compared to control (Fig. 6A, B & 

E). Treatment with EX-527 alone decreased the expression of Bcl2 (Fig. 6C & E). Treatment 

with EX-527 and Cr(VI) showed a significant (p<0.05) additive effect compared to Cr(VI) 

or EX-527 treatment alone (Fig. 6B–E). Arrow indicates germ cell, and the arrowhead 

indicates a somatic cell.

3.7. Inhibition of SIRT1 downregulated Bcl-XL

B-cell lymphoma-extra-large (Bcl-XL) is an anti-apoptotic protein that plays a crucial role 

in determining germ cell fate in early gonadal development, and it has an active role in 

protecting human ovarian cells from apoptosis [69]. Mice deficient in Bcl-XL showed a 

decrease in primordial follicles compared to wild-type mice [70]. To understand if Bcl-XL is 

regulated through SIRT1, Bcl-XL expression was studied in the ovaries exposed to EX-527. 

Bcl-XL was abundantly expressed in the control ovaries (Fig. 7A). Cr(VI) (Fig. 7A, B & 

E) or EX-527 (Fig. 7C & E) significantly (p<0.05) decreased the expression of Bcl-XL 

compared to control. EX-527 accelerated Cr(VI)-induced decrease in Bcl-XL (p<0.05) (Fig. 

7B–E). Arrow indicates germ cell, and the arrowhead indicates a somatic cell.

3.8. Inhibition of SIRT1 downregulated phospho-AKT

Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/AKT pathway is significant for the 

survival, dormancy and activation of the primordial follicle and any disruption of the AKT 

pathway could lead to infertility [71]. AKT is the critical regulator of cell survival and 

proliferation [72]. To understand if AKT is regulated through SIRT1, p-AKT expression 

was studied in the ovaries exposed to EX-527. Cr(VI) significantly (p<0.05) decreased 

pAKT expression (Fig. 8A, B & E) compared to control. Treatment with EX-527 alone 

significantly (p<0.05) reduced pAKT expression (Fig. 8C & E). However, treatment with 

Cr(VI) and EX-527 did not show an additive or synergistic effect compared to Cr(VI) or 

EX-527 treatment alone (Fig. 8B–E). Arrow indicates germ cell, and the arrowhead indicates 

a somatic cell.

3.9. Inhibition of SIRT1 altered acetyl p53-SIRT1 interaction and increased p53: SIRT1 
ratio

Previous findings from our laboratory demonstrated that Cr(VI) increased total p53 

expression in the ovary and placenta [22, 58]. Current data indicate that Cr(VI) increased 

acetyl-p53 expression on the same cells that undergo apoptosis. However, Cr(VI) effects 

on p53-SIRT1 interaction could be due to decreased SIRT1 or increased p53 or decreased 
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p53: SIRT1 ratio. To understand the exact mechanism of SIRT1-mediated regulation of p53, 

we conducted three experiments. Experiment 1: Acetyl-p53 and SIRT-1 were co-localized 

in control and Cr(VI)-treated ovaries. Cr(VI) increased acetyl p53:SIRT1 ratio (Fig. 9H), 

and decreased p53-SIRT-1 co-localization (Fig. 9G). Experiment 2: IHC was performed with 

control and Cr(VI)-treated ovaries to detect SIRT1 protein expression. Cr(VI) significantly 

decreased (p<0.05) SIRT1 expression in the ovary (Fig. 10A–C). Experiment 3: To have 

a mechanistic insight of SIRT1-p53 interaction, SIGC cells were used as a model system. 

Immunoprecipitation (IP) studies showed that Cr(VI) significantly decreased (p<0.05) the 

interaction between acetyl p53-SIRT1 (Fig. 10D & E), thus rescuing p53 from SIRT1-

induced deacetylation and inactivation. However, future studies would further confirm such 

an association in the germ cells or oocytes using IP studies.

4. Discussion

The previous report from our laboratory indicated that prenatal exposure to Cr(VI) induced 

premature ovarian failure in the F1 offspring by increasing germ cell apoptosis [70]. Several 

of our studies have identified p53 as one of the critical regulators for Cr(VI)-induced 

apoptosis of ovarian germ cells and trophoblasts. The current study indicated that prenatal 

exposure to Cr(VI) caused apoptosis of germ cells and somatic cells during fetal ovarian 

development in F1 offspring through the activation of the p53 pathway by hyperacetylating 

(and stabilizing) the p53. Cellular stress can cause several changes in p53 protein by 

post-translational modifications such as ubiquitination, phosphorylation, and acetylation. 

Acetylation of p53 on the C-terminal domain abrogates its ubiquitination by Mdm2, 

stabilizing the p53 protein [73]. However, whether such a mechanism exists in in-utero 
exposure to EDCs is not clear. Interestingly, the current study is novel as it indicates 

that gestational exposure to Cr(VI) stabilized p53 in the neonatal ovaries by increasing 

its acetylation, resulting in germ cell apoptosis. Moreover, we observed a differential 

staining pattern for acetyl-p53 between Cr(VI) and EX-527 ovaries. While acetyl p53 is 

predominantly detected in the oocytes of the Cr(VI) exposed rats, it is expressed more 

in somatic cells of the EX-527 treated rats. Cr(VI) accelerated germ cell nest (GCN) 

breakdown, and an advanced GCN breakdown leads to the increased intrusion of somatic 

cells around the individual oocytes, beginning follicle assembly. This could be the possible 

reason for the differential staining pattern between the groups Cr(VI) and EX-527.

SIRT1 is a highly conserved NAD+-dependent protein deacetylase that participates in 

several cellular functions, including apoptosis and oxidative and genotoxic stress. SIRT1 

protects and promotes cell survival against oxidative stress and DNA damage. Upon 

activation, SIRT1 deacetylates histones and histone methyltransferases and a variety of 

non-histone target proteins, including p53. As shown by the current study (Fig. 10) and 

in the model diagram (Fig. 11), SIRT1 physically interacts with p53 and deacetylates p53 

at Lys-382. In the presence of SIRT1, cells can escape p53-mediated apoptosis. On the 

other hand, in the absence or decrease of SIRT1, p53 remained acetylated and stabilized as 

an active form. Our data indicated that Cr(VI) had (i) decreased the expression of SIRT1; 

therefore, SIRT1’s ability to deacetylate p53 was minimized; (ii) increased the expression 

of p53, thus increasing its availability; (iii) hyperacetylated p53; (iv) altered the ratio of 

p53:SIRT1, and (v) decreased physical interaction between p53 and SIRT1. For the first 
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time, our data reveal an association between SIRT1 and p53 in Cr(VI)-induced germ cell 

apoptosis.

PUMA is an essential downstream candidate for p53-mediated apoptosis. PUMA is a 

critical regulator of germ cell death during ovarian development. PUMA-mediated cell 

death limits the primordial follicle number established in the initial ovarian reserve [65–

66]. In particular, Cr(VI) caused apoptosis of germ cells, granulosa cells, and trophoblasts 

by upregulating PUMA [30, 71]. During UV-induced apoptosis, PUMA promotes the 

translocation of BAX by interacting with BAX directly [77]. Our results show that 

SIRT1inhibitor significantly increased PUMA. Our data indicate that exposure to Cr(VI) 

induced apoptosis by activating the p53-PUMA-BAX-caspase-3 cascade in the F1 ovary.

Bcl-2 promotes cell survival by inhibiting caspases. Overexpression of Bcl-2 protein in 

the ovary leads to decreased ovarian somatic cell apoptosis and enhanced folliculogenesis 

in transgenic animals [68]. Strikingly, a study from human fetal ovarian tissue spanning 

the period between 12 and 38 gestational weeks indicated that the highest incidence of 

apoptotic germ cells coincides with the lack of detectable Bcl-2 protein [74]. In the current 

study, cell survival proteins Bcl-2 and Bcl-XL are abundantly expressed in control ovaries; 

and Cr(VI) downregulated both Bcl-2 and Bcl-XL. Interestingly, SIRT1 inhibitor EX-527 

down-regulated Bcl-2 and Bcl-XL, accelerating apoptosis of the germ cells and somatic 

cells, suggesting SIRT1 effects on cell survival machinery. Phosphorylation of AKT protects 

the cells from apoptosis. Granulosa cell-derived stem cell factor/kit ligand binds to the 

Kit receptor at the oocyte’s surface and activates the PI3 kinase pathway of the oocytes. 

Activating PI3 kinase in the oocytes leads to the phosphorylation of the serine/threonine 

kinase AKT in mouse and rat oocytes, resulting in AKT activation [75]. PI3k/AKT pathway 

is crucial for follicular activation and development. Our study shows that Cr(VI) decreased 

p-AKT expression in the F1 ovary, compromising germ cell survival.

Finally, we determined the physical interaction between SIRT1 and p53. Cr(VI) decreased 

the colocalization of p53 and SIRT1 in the ovary by decreasing the p53:SIRT1 ratio. Data 

from co-immunoprecipitation using the rat granulosa cells SIGC indicated that SIRT1 

physically interacts with p53. Interestingly, Cr(VI) decreased the physical interaction 

between SIRT1 and p53 by altering their ratio resulting in an increased abundance and 

stabilization of p53. It is noteworthy that Cr(VI) induced significant cell death in the ovaries, 

which may have partly decreased SIRT1 expression. Thus, data suggest that Cr(VI)-induced 

apoptosis in the ovary may partly be due to decreased SIRT1 besides its failure to interact 

with p53. Another study indicated that tenovin-6, a small molecule inhibitor of SIRT1, 

promoted p53 hyperacetylation and activation in cancer cells [76]. Thus, Cr(VI) exposure in 

utero stabilizes p53 in the F1 ovary promoting apoptosis. Therefore, the study suggests that 

in utero exposure to Cr(VI) can cause potential damage to the ovarian reserve in the early 

life stages of the offspring.

In conclusion, as depicted in the schematic diagram (Fig. 11), the current study indicates 

that prenatal exposure to Cr(VI): (i) altered p53:SIRT1 ratio and p53-SIRT1 interaction; 

(ii) increased the abundance of acetyl-p53; (iii) increased levels of acetyl-p53 escapes 

ubiquitination, becomes stable and activates its downstream candidates PUMA, Bax, and 
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cleaved-caspase-3; (vi) downregulates cell survival machinery Bcl-2, Bcl-XL, and p-Akt. 

SIRT1 inhibitor EX-527 either additively or synergistically exacerbates Cr(VI) effects. Our 

study suggests that targeting p53 may be ideal for rescuing ovaries from Cr(VI)-induced 

apoptosis.
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Highlights

• Prenatal Cr(VI) exposure accelerated oocytes apoptosis in F1 offspring.

• Inhibition of sirtuin1 exacerbated Cr(VI) toxicity in the F1 ovary 

synergistically.

• Cr(VI) altered the p53:SIRT1 ratio in the ovary and inhibited p53-SIRT1 

interaction in the ovarian granulosa cell line.

• Cr(VI) and sirtuin1 inhibitor hyperacetylated p53 ensuring p53-stabilization 

in the ovary of the F1 offspring.

• Cr(VI)-p53 partner together in oocyte apoptosis to activate PUMA, Bax, and 

caspase-3 and inhibit AKT, Bcl-2, and Bcl-XL.
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Fig. 1. 
SIRT1 inhibitor exacerbated Cr(VI)-induced germ cell apoptosis of F1 offspring. Pregnant 

dams (F0) were exposed to Cr(VI) (10 ppm) through drinking water from 9.5–14.5 days 

post-coitum (dpc). Cr(VI) exposed and unexposed dams were injected (i.p.) with EX-527 

(50 mg/kg body weight). On postnatal day (PND) 1, F1 offspring were euthanized, and 

ovaries were processed for TUNEL assay as described under Materials and methods. 

Representative images of the ovaries are shown from control (A), Cr(VI) (B), EX-527 

(C), and Cr(VI)+EX-527 (D). H&E images of control (E) and Cr(VI)-exposed (F) ovaries 

are shown. The histogram shows the percentage of TUNEL-positive apoptotic cells (G). 

Different lowercase letters (a, b, c, d) indicate significant differences between groups 

(p<0.05). Each value is mean ± SEM 5 F0 rats (n=5). Arrows (germ cells) and arrowhead 

(somatic cell) indicate apoptotic TUNEL-positive cells, white arrows (F) show partly formed 

primordial follicles.

Sivakumar et al. Page 18

Reprod Toxicol. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
SIRT1 inhibitor hyperacetylated p53(K-382) in the ovary of F1 offspring. Pregnant dams 

(F0) were exposed to Cr(VI) (10 ppm) through drinking water from 9.5–14.5 days post-
coitum (dpc). Cr(VI) exposed and unexposed dams were injected (i.p.) with EX-527 

(50 mg/kg body weight). On postnatal day (PND) 1, F1 offspring were euthanized, and 

ovaries were processed for Immunohistochemistry (IHC). Representative images of the 

ovaries are shown from control (A), Cr(VI) (B), EX-527 (C), and Cr(VI)+EX-527 (D). The 

histogram shows the integrated optical density (IOD) (E). Different lowercase letters (a, 

b, c, d) indicate significant differences between groups (p<0.05). There are no significant 

differences between groups marked by the same letter. Each value is mean ± SEM 5 F0 rats 

(n=5). Arrows indicate germ cells, and the arrowhead indicates a somatic cell.
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Fig. 3. 
SIRT1 inhibitor increased cleaved-caspase-3 in the ovary of F1 offspring. Pregnant dams 

(F0) were exposed to Cr(VI) (10 ppm) through drinking water from 9.5–14.5 dpc. 

Cr(VI) exposed and unexposed dams were injected (i.p.) with EX-527 (50 mg/kg body 

weight). On PND1, the F1 offspring were euthanized, and ovaries were processed for IHC. 

Representative images of the ovaries are shown from control (A), Cr(VI) (B), EX-527 (C), 

and Cr(VI)+EX-527 (D). The histogram shows the integrated optical density (IOD) (E). 

Different lowercase letters (a, b, c) indicate significant differences between groups (p<0.05). 

There are no significant differences between groups marked by the same letter. Each value 
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is mean ± SEM 5 F0 rats (n=5). Arrow indicates germ cell, and the arrowhead indicates a 

somatic cell.
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Fig. 4. 
SIRT1 inhibitor increased BAX in the ovary of F1 offspring. Pregnant dams (F0) were 

exposed to Cr(VI) (10 ppm) through drinking water from 9.5–14.5 days post-coitum (dpc). 

Cr(VI) exposed and unexposed dams were injected (i.p.) with EX-527 (50 mg/kg body 

weight). On postnatal day (PND) 1, F1 offspring were euthanized, and ovaries were 

processed for IHC. Representative images of the ovaries are shown from control (A), 

Cr(VI) (B), EX-527 (C), and Cr(VI)+EX-527 (D). The histogram shows the integrated 

optical density (IOD) (E). Different lowercase letters (a, b, c) indicate significant differences 

between groups (p<0.05). There are no significant differences between groups marked by 
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the same letter. Each value is mean ± SEM 5 F0 rats (n=5). Arrow indicates germ cell, and 

the arrowhead indicates a somatic cell.
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Fig. 5. 
SIRT1 inhibitor increased PUMA in the ovary of F1 offspring. Pregnant dams (F0) were 

exposed to Cr(VI) (10 ppm) through drinking water from 9.5–14.5 days post-coitum 
(dpc). Cr(VI) exposed and unexposed dams were injected (i.p.) with EX-527 (50 mg/kg 

body weight). On postnatal day (PND) 1, F1 offspring were euthanized, and ovaries were 

processed for IHC. Representative images of the ovaries are shown from control (A), Cr(VI) 

(B), EX-527 (C), and Cr(VI)+EX-527 (D). The histogram shows the integrated optical 

density (IOD) (E). Different lowercase letters (a, b, c, d) indicate significant differences 
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between groups (p<0.05). Each value is mean ± SEM 5 F0 rats (n=5). Arrow indicates germ 

cell, and the arrowhead indicates a somatic cell.
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Fig. 6. 
SIRT1 inhibitor decreased Bcl-2 in the ovary of F1 offspring. Pregnant dams (F0) were 

exposed to Cr(VI) (10 ppm) through drinking water from 9.5–14.5 dpc. Cr(VI) exposed and 

unexposed dams were injected (i.p.) with EX-527 (50 mg/kg body weight). On PND1, the 

F1 offspring were euthanized, and ovaries were processed for IHC. Representative images of 

the ovaries are shown from control (A), Cr(VI) (B), EX-527 (C), and Cr(VI)+EX-527 (D). 

The histogram shows the integrated optical density (IOD) (E). Different lowercase letters (a, 

b, c, d) indicate significant differences between groups (p<0.05). Each value is mean ± SEM 

5 F0 rats (n=5). Arrow indicates germ cell, and the arrowhead indicates a somatic cell.
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Fig. 7. 
SIRT1 inhibitor decreased Bcl-XL in the ovary of F1 offspring. Pregnant dams (F0) were 

exposed to Cr(VI) (10 ppm) through drinking water from 9.5–14.5 days post-coitum 
(dpc). Cr(VI) exposed and unexposed dams were injected (i.p.) with EX-527 (50 mg/kg 

body weight). On postnatal day (PND) 1, F1 offspring were euthanized, and ovaries were 

processed for IHC. Representative images of the ovaries are shown from control (A), Cr(VI) 

(B), EX-527 (C), and Cr(VI)+EX-527 (D). The histogram shows the integrated optical 

density (IOD) (E). Different lowercase letters (a, b, c, d) indicate significant differences 
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between groups (p<0.05). Each value is mean ± SEM 5 F0 rats (n=5). Arrow indicates germ 

cell, and the arrowhead indicates a somatic cell.
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Fig. 8. 
SIRT1 inhibitor decreased p-AKT in the ovary of F1 offspring. Pregnant dams (F0) were 

exposed to Cr(VI) (10 ppm) through drinking water from 9.5–14.5 dpc. Cr(VI) exposed and 

unexposed dams were injected (i.p.) with EX-527 (50 mg/kg body weight). On PND1, the 

F1 offspring were euthanized, and ovaries were processed for IHC. Representative images of 

the ovaries are shown from control (A), Cr(VI) (B), EX-527 (C), and Cr(VI)+EX-527 (D). 

The histogram shows the integrated optical density (IOD) (E). Different lowercase letters 

(a, b, c) indicate significant differences between groups (p<0.05). There are no significant 
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differences between groups marked by the same letter. Each value is mean ± SEM 5 F0 rats 

(n=5). Arrow indicates germ cell, and the arrowhead indicates a somatic cell.
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Fig. 9. 
Cr(VI) increased acetyl-p53:SIRT1 co-localization and ratio in the ovary of F1 offspring. 

Cr(VI) increased the co-localization of acetyl-p53 and SIRT1 in the germ cells and somatic 

cells of the PND1 ovary. Pregnant dams were treated with or without Cr(VI) (10 ppm) 

through drinking water from 9.5–14.5 days post-coitum (dpc). On postnatal day (PND) 

1, F1 offspring were euthanized, and ovaries were processed for immunofluorescence. 

Representative images of the ovaries are shown from control (A - p53; B - SIRT1; C 

- Merge) and Cr(VI) (D - acetyl p53; E - SIRT1; F - Merge). Histograms show acetyl-

p53:SIRT1 co-localization (G) and p53:SIRT1 ratio (H). I - Negative control. * Control vs. 

Cr(VI) (p<0.05).
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Fig. 10. 
Cr(VI) decreased acetyl-p53-SIRT1 interaction. Pregnant dams were exposed to Cr(VI) 

(10 ppm) through drinking water from 9.5–14.5 dpc. On PND1, the F1 offspring were 

euthanized, and ovaries were processed for IHC. Representative images of the ovaries are 

shown from control (A) and Cr(VI) treatment (B). The histogram shows the integrated 

optical density (IOD) (C). * Control vs. Cr(VI), p<0.05. Spontaneously Immortalized rat 

Granulosa Cells (SIGC) were cultured as described under materials and methods and treated 

with Cr(VI) (25 μM potassium dichromate) for 12 or 24 h. IP was performed with acetyl-

p53 antibody and western blot with SIRT1 antibody (D). The histogram shows IOD of 

SIRT1 expression by the western blot: 0 h (treated with media alone), 12 and 24 h (treated 

with Cr(VI) for 12 or 24 h) (E). * Control vs. Cr(VI) treatment for 12 or 24 h (p<0.05).
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Fig. 11. 
Schematic diagram of the mechanism of SIRT1-acetyl p53 network in mediating apoptosis 

in the ovary.
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Table 1.

Antibody Table (Source, catalog numbers, dilutions, host species and Immunogen)

S.No
Peptide/
protein 
target

Immunogen Name of 
Antibody

Manufacturer; 
catalog #

Species 
raised in

Dilution 
used

1 Acetyl-p53
Synthetic peptide conjugated to KLH 
derived from within residues 350 to the C-
terminus of Human p53

Rabbit-Anti-
p53 (acetyl 
K382)

Abcam; Ab37318 Rabbit 
polyclonal 1:100

2 PUMA
Synthetic peptide corresponding to C 
terminal amino acids 180–193 (PLPRGHR 
APEMEPN) of Human PUMA alpha

Rabbit Anti-
PUMA Abcam; Ab9643 Rabbit 

polyclonal 1:1000

3 BAX Synthesized peptide derived from human 
BAX

Rabbit Anti-
BAX

Sigma; 
SAB4502549

Rabbit 
polyclonal 1:1500

4 Cleaved-
Caspase-3

Synthetic peptide corresponding to amino-
terminal residues adjacent to (Asp175) in 
human caspase-3

Rabbit Anti-
Cleaved-
Caspase-3

Cell Signaling; 
9661

Rabbit 
polyclonal 1:300

5 BCL2 N terminal amino acids 1–18 of Human 
BCL-2; AGRTGYDNREIVMKYIHY

Rabbit Anti-
BCL-2 Abcam; ab7973 Rabbit 

polyclonal 1:250

6 BCL-XL Synthetic peptide corresponding to residues 
surrounding Asp61 of human BCL-XL

Rabbit Anti-
BCL-XL

Cell Signaling; 
2762

Rabbit 
polyclonal 1:200

7 p-AKT
Synthetic phosphopeptide corresponding 
to residues surrounding Ser473 of mouse 
AKT.

Rabbit Anti-
phospho AKT 
(Ser473)

Cell Signaling; 
3787

Rabbit 
monoclonal 1:50

8 SIRT-1 Recombinant Human SIRT1 Mouse Anti-
SIRT1 Abcam; Ab110304 Mouse 

monoclonal 1:100
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