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Abstract

Hexavalent chromium, CrVI, is a heavy metal endocrine disruptor, known as a mutagen,

teratogen, and a group A carcinogen. Environmental contamination with CrVI, including drinking

water, has been increasing in more than 30 cities in the United States. CrVI is rapidly converted to

CrIII intracellularly, and CrIII can cause DNA strand breaks and cancer or apoptosis through

different mechanisms. Our previous study demonstrated that lactational exposure to chromium

results in a delay or arrest in follicle development and a decrease in steroid hormone levels in F1

female rats, both of which are mitigated (partial inhibition) by vitamin C. The current study tested

the hypothesis that lactational exposure to CrIII accelerates follicle atresia in F1 offspring by

increasing reactive oxygen species (ROS) and decreasing cellular antioxidants. Results showed

that lactational exposure to CrIII dose-dependently increased follicular atresia and decreased

steroidogenesis in postnatal day 25, 45, and 65 rats. Vitamin C mitigated or inhibited the effects of

CrIII at all doses. CrIII increased hydrogen peroxide and lipid hydroperoxide in plasma and ovary;

decreased the antioxidant enzymes (AOXs) GPx1, GR, SOD, and catalase; and increased

glutathione S-transferase in plasma and ovary. To understand the effects of CrVI on ROS and

AOXs in granulosa (GC) and theca (TC) cell compartments in the ovary, ROS levels and mRNA

expression of cytosolic and mitochondrial AOXs, such as SOD1, SOD2, catalase, GLRX1,

GSTM1, GSTM2, GSTA4, GR, TXN1, TXN2, TXNRD2, and PRDX3, were studied in GCs and

TCs and in a spontaneously immortalized granulosa cell line (SIGC). Overall, CrVI

downregulated each of the AOXs; and vitamin C mitigated the effects of CrVI on these enzymes

in GCs and SIGCs, but failed to mitigate CrVI effects on GSTM1, GSTM2, TXN1, and TXN2 in

TCs. Thus, these data for the first time reveal that lactational exposure to CrIII accelerated

follicular atresia and decreased steroidogenesis in F1 female offspring by altering the ratio of ROS

and AOXs in the ovary. Vitamin C is able to protect the ovary from CrIII-induced oxidative stress

and follicle atresia through protective effects on GCs rather than TCs.
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Introduction

Hexavalent chromium (CrVI) has been used in more than 50 different industries throughout

the world. It has many uses in metal plating, leather tanning, and the production of textiles,

dyes, and pigments; in the metallurgical and chemical industries; in Cr-based catalytic

converters of automobiles; in heat resistance; and as an antirust agent in water cooling [1].

Owing to increased use and improper disposal of CrVI waste in the environment, CrVI

levels in the water, soil, and air continue to increase [2]. Significant contamination with

CrVI has been found in drinking water sources in California [3], Texas [4], and more than

30 cities in the United States [5]. Occupational exposure to CrVI is found among

approximately half a million industrial workers in the United States and several millions

worldwide [3]. CrVI is known to cause various health problems, including lung cancer [6]

and infertility in men and women and developmental problems in children [7]. Women

working in dichromate manufacturing industries and tanneries and living around Cr-

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

illness, premature abortion, postnatal hemorrhage, and birth complications [8–11]. Because

Cr can pass through the placental barrier and can be transported through mother’s milk to

offspring [12], it can cause adverse effects on the developing embryos/fetuses and newborn

children. CrVI-induced developmental defects include postimplantation loss and reduced

fetal weight [13–15]. Although CrVI is known to adversely affect reproductive health in

women [16], the actual mechanism of reproductive toxicity is not clearly understood.

At physiological pH, CrVI exists in the form of an oxyanion with an overall −2 charge that

resembles sulfate and phosphate; and CrVI is taken up by cells via the anionic transport

system [17,18]. This transport system, along with intracellular reduction reactions, allows Cr

to accumulate in cells at concentrations that are much higher than the extracellular levels

[19,20]. Once CrVI enters the cell, it is reduced to trivalent Cr (CrIII) by various

intracellular reductants, predominantly vitamin C and glutathione (GSH), as both exist in

high-millimolar concentrations [21]. Vitamin C and GSH are highly abundant in the brain

[22], liver [23], lungs [24,25], and ovary [26,27]. Epithelial lining fluid in the lung contains

100-fold higher GSH than in the plasma [28]. Eventually, all the CrVI that enters a cell is

reduced to CrIII [21]. During the intracellular reduction process of CrVI to CrIII, a whole

spectrum of reactive oxygen species (ROS) (i.e., superoxide ( ), hydrogen peroxide

(H2O2), and hydroxyl radical (•OH)) is produced [29], with the depletion of antioxidant

enzymes (AOXs) such as superoxide dismutase (SOD), glutathione peroxidase (GPx), and

catalase, resulting in oxidative stress that damages all components of the cell, including

proteins, lipids, and DNA [30]. Copper/zinc SOD (SOD1) and manganese SOD (SOD2) are

the two major intracellular enzymes that inactivate superoxide radicals. SOD1 is present in

both cytoplasmic and nuclear compartments, whereas SOD2 is localized to mitochondria

[31]. The expression and activity of SOD1 is directly related to oocyte quality and is

considered to be a biomarker in assisted reproductive techniques [32]. ROS such as ( 

Stanley et al. Page 2

Free Radic Biol Med. Author manuscript; available in PMC 2014 September 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and H2O2 are the products of univalent and bivalent reduction of oxygen (O2), respectively.

SODs detoxify  into H2O2. H2O2 is then converted to water and molecular O2 by

catalase and GPx. Oxidative stress has been proposed as a major pathway of Cr toxicity

[29].

Mitochondria are the major intracellular source of ROS generated during cellular

respiration. Mitochondrial ROS production is associated with the activation of apoptotic and

necrotic cell death [33]. Therefore, a tightly regulated balance exists between ROS

production and AOX defense systems in the mitochondria. Mitochondrial peroxiredoxin

(PRDX)-3 is an important reducer of mitochondrial H2O2. Mitochondria-specific AOXs,

such as PRDX3, thioredoxin (TXN)-2, and TXN reductase (TXNRD)-2, provide a major

line of defense against mitochondrial ROS [34]. PRDX3 depletion in cells leads to an

increase in H2O2 levels in mitochondria [35]. An age-related decrease in the mRNA

expression of the mitochondrial AOXs PRDX3 and TXN2 is reported in the mouse ovary

[36], with a parallel increase in oxidative stress. Moreover, mitochondria incorporate, as

well as recycle vitamin C, transported through glucose transporters, thus playing a critical

role in redox homeostasis [37]. Our previous in vitro study indicated that CrVI-induced

apoptosis of granulosa cells (GCs) is mediated through increased mitochondrial

translocation of BAX, BAD, ERK1/2, and p53 [38].

Gonadotropins, growth factors, and steroid hormones play differential and dual roles in

regulating cell survival and cell death pathways in GC and theca cells (TCs). For an

example, administration of luteinizing hormone and follicle-stimulating hormone (FSH) to

cultured preovulatory follicles induces an antiapoptotic response in GCs, which overrides

the proapoptotic response in TCs due to caspase-3 and −7 activation [39]. Regulation of

AOXs and redox homeostasis in the ovary is also a hormone-mediated process [40].

Therefore, it is imperative to understand the differential regulation of ROS and AOX

enzymes in follicular GC and TC compartments. We hypothesize that lactational exposure to

CrIII induces follicular atresia in F1 offspring by altering the ratio of ROS and antioxidants,

which is mitigated by vitamin C supplementation. This hypothesis was tested by the

following objectives: (i) to determine the effect of CrIII on follicular atresia of F1 offspring;

(ii) to understand the effects of CrIII on oxidative stress and alteration of AOXs in the

ovary; (iii) to determine the effect of CrVI treatment on the regulation of mRNA expression

of the cytosolic and mitochondrial AOXs SOD1, SOD2, catalase, GLRX1, glutathione S-

transferase (GST) M1, GSTM2, GSTA4, glutathione reductase (GR), TXN1, TXN2,

TXNRD2, and PRDX3 in GCs and TCs in vitro; and (iv) to determine the intervention

potential of vitamin C on the adverse effects of CrIII in the ovary. We used primary cultures

of rat GCs and TCs. GC responses to CrVI treatment were also compared with those in a

spontaneously immortalized rat granulosa cell line (SIGC) [41] to evaluate the suitability of

SIGCs as a model system to study heavy metal-induced oxidative stress on GC. As noted

above, CrVI is reduced to CrIII by antioxidants within cells, resulting in the more stable

form of CrIII in cells and body fluids, including breast milk [42,43]. Therefore, whereas

lactating mothers in these studies were dosed with CrVI, during the treatment period the F1

female pups received CrIII through the mothers’ milk. In the following sections, reference is
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made to CrVI for in vitro treatments and in vivo dosing of mothers and to CrIII as the

oxidation state of Cr delivered to female pups through their mother’s milk.

Materials and methods

Chemicals

Potassium dichromate (a hexavalent chromium compound, CrVI) was purchased from

Sigma–Aldrich (St. Louis, MO, USA; Cat. No. 483044). Purity of the chemical was 99.99%

based on trace metals analysis performed by the manufacturer. The TUNEL assay kit (Cat.

No. 11684817910) and protease and phosphatase inhibitor tablets were purchased from

Roche Applied Science (Germany). The H2O2 (Cat. No. 600050), lipid hydroperoxide

(LPO; Cat. No. 705002), SOD (Cat. No. 706002), catalase (Cat. No. 707002), GPx (Cat. No.

703102), GST (Cat. No. 703302), and GR (Cat. No. 703202) assay kits were purchased from

Cayman Chemical Co. (Ann Arbor, MI, USA). ELISA kits for estimating serum hormones,

estradiol-17β (E2; Cat. No. EIA2693), testosterone (T; Cat. No. EIA1559), progesterone (P4;

Cat. No. EIA1561), and FSH (Cat. No. EIA1288) were purchased from DRG International

(Springfield, NJ, USA). Trizol reagent (Cat. No. 15596026) was purchased from Ambion

Life Sciences (Austin, TX, USA). RNeasy kit (Cat. No. 74104), RNAprotect reagent (Cat.

No. 76526), reverse transcription kit (Cat. No. 205311), SybrGreen polymerase chain

reaction (PCR) kit (Cat. No. 204143), and proteinase K (Cat. No. 19131) were from Qiagen

(Valencia, CA, USA). Primary antibody for FSH receptor was purchased from Sigma–

Aldrich (Cat. No. F3929). Enhanced chemiluminescence substrate was from Pierce

Biotechnology (Rockford, IL, USA). Fetal bovine serum was from HyClone Chemicals

(Logan, UT, USA). Unless otherwise mentioned all other chemicals were purchased from

Sigma–Aldrich.

Animals

Timed pregnant Sprague–Dawley rats were purchased from Charles River Laboratories and

maintained in AALAC-approved animal facilities with a 12-h light/12-h dark regime at 23–

25 °C and provided with a Teklad 6% mouse/rat diet and water ad libitum. Animal use

protocols were performed in accordance with the NIH Guidelines for the Care and Use of

Laboratory Animals and were in accordance with the standards established by the Guiding

Principles in the Use of Animals in Toxicology and approved by the Institutional Animal

Care and Use Committee of Texas A&M University.

In vivo dosing and experimental design

Lactating rats were divided into the following groups: (1) control, rats receiving regular

drinking water; (2) CrVI treatment, rats receiving three doses of potassium dichromate

dissolved in drinking water, namely, (2a) 50 ppm CrVI, (2b) 100 ppm CrVI, and (2c) 200

ppm CrVI; (3) CrVI+vitamin C treatment, rats receiving three doses of CrVI with vitamin C

(500 mg/kg body wt/day) supplementation through gavage, namely, (3a) 50 ppm CrVI

+vitamin C, (3b) 100 ppm CrVI+vitamin C, and (3c) 200 ppm CrVI+vitamin C. On the day

of birth, male pups were removed, and the litters were culled to 4 female pups per mother

rat; thus each treatment group consisted of 5 mothers and 20 F1 female pups. In cases in
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which fewer than 4 female pups were delivered, additional pups were fostered from other

litters.

In all experimental groups, the lactating mother rats received CrVI treatment in drinking

water from the day of parturition to day 21 postpartum. Three age groups were chosen to

study the effects of Cr on the ovary to represent prepubertal age (PND 25), peripubertal age

(PND 45), and postpubertal age (PND 65). Previous findings showed that F1 rats of mothers

(F0) exposed to a high dose of CrVI (200 ppm) did not attain puberty (vaginal opening) until

PND 54 [38]. Even the F1 rats from mothers exposed to a lower dose of CrVI (50 ppm)

attained puberty around PND 47 (unpublished data). Therefore, three age groups were

chosen to cover the entire phase of follicle development in CrIII-treated rats. On PND 25,

female pups from 5 mother rats (n=20; 4 pups/mother) from each group were euthanized

under CO2 anesthesia followed by cervical dislocation, and blood and ovaries were

collected. After weaning, the remaining pups were maintained separately and fed with

regular drinking water and diet. On PND 45, rats from another 5 mother rats (n=20) from

each group were euthanized, and blood and ovaries were collected. On PND 65, the

remaining rats (n=20) were euthanized, and blood and ovaries were collected. Cycling rats

from control and experimental groups were euthanized on the next proestrus phase of the

estrus cycle after PND 45 or PND 65.

Histological evaluation of follicular atresia

Ovaries were collected and fixed in Bouin’s solution for 24 h and transferred to 70%

ethanol. After fixation, the tissues were dehydrated, embedded, serially sectioned (5 μm),

mounted on glass slides, and stained with hematoxylin and eosin. Large and small atretic

follicles were counted in serial sections of the ovary. Every 12th section was used to count

atretic follicle numbers [44]. The criteria to identify atretic follicles were according to

Osman [45] and Borgeest et al. [46] as indicated: degenerative changes in the GC wall,

which shows cell shrinkage, pyknosis, and karyorrhexis (rupture of nucleus with

disintegration of chromatin into granules), and/or degenerative changes in the oocyte such as

the breakdown of the nuclear membrane with oocyte fragmentation. Antral follicles were

considered atretic if they contained disorganized GCs with at least 20 apoptotic bodies in the

GC layer(s).

TUNEL assay on paraffin-embedded tissue sections and primary cultures of granulosa and
theca cells

Paraffin-embedded tissue sections were deparaffinized in xylene and dehydrated in a graded

ethanol series: 90, 80, 70% for 3–6 min, followed by a washing in double-distilled water.

Nuclei of tissue sections were stripped of proteins by incubating with 20 μg/ml proteinase K

(in 200 ml of 10 mM Tris–HCl, pH 7.4) for 30 min at 21–37 °C and washed in phosphate-

buffered saline (PBS). Endogenous peroxidase was inactivated by incubating sections with

3% H2O2 in methanol for 10 min at room temperature, blocked with 3% BSA in PBS for 30

min, and washed in PBS. For the positive control, sections were incubated with DNase I

(diluted in 50 mM Tris–HCl, pH 7.5, 10 mM MgCl2, 1 mg/ml BSA) for 10 min at 15–25 °C

to induce DNA strand breaks. Slides were rinsed twice in PBS followed by addition of 50 μl

of TUNEL reaction mixture to the sections and incubation for 60 min at 37 °C in a
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humidified chamber in the dark. The sections were rinsed and incubated with the TUNEL

detection antibody (Roche) labeled with peroxidase. The peroxidase was visualized with

diaminobenzidine. Slides were mounted and analyzed by light microscopy. The intensity of

staining for each protein was quantified in 10 randomly selected high-power fields from

each experimental group, using Image-Pro Plus software (Media Cybernetics, Bethesda,

MD, USA) as described previously [47] according to the manufacturer’s instructions.

Measurement of oxidative damage in plasma and the ovary

Oxidative damage was measured by estimating the levels of H2O2 and LPO in plasma and

the ovary. H2O2 production was measured spectrophotometrically using a commercial kit

(Cayman Chemical). Briefly, H2O2 was detected using 10-acetyl-3,7-dihydroxyphenoxazine

in the presence of horseradish peroxidase, which reacts with H2O2 at a 1:1 stoichiometry to

produce highly fluorescent resorufin that can be quantified at 590 nm. LPO levels were

measured by a direct method, using a colorimetric measurement kit as per the

manufacturer’s instructions (Cayman Chemical). The kit measures hydroperoxides directly

by utilizing the redox reactions with ferrous ions. Briefly, LPO was extracted into

chloroform and directly used in the assay thereby eliminating 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.

Measurement of vitamin C and antioxidant enzymes

Vitamin C and AOX activities were estimated both in the plasma and in the ovaries of F1

offspring exposed to Cr through mother’s milk. Ovaries were dissected out and

homogenized in 50 mM Tris–HCl buffer, pH 7.5, and centrifuged at 10,000g for 15 min.

The supernatants were used for the assay.

Vitamin C (ascorbic acid)

A commercial kit (Cat. No. 700420; Cayman Chemical) was used to measure the vitamin C

levels according to the manufacturer’s protocol. The kit utilizes the condensation reaction of

dehydroascorbic acid with o-phenylenediamine giving 3-(dihydroxyethyl)-furo [3,4–b]-

quinoxaline-1-one, which can be analyzed by fluorescence using an excitation wavelength

between 340 and 350 nm and an emission wavelength between 420 and 430 nm.

Superoxide dismutase

A commercial kit (Cayman Chemical) was used to measure the SOD activity according to

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

xanthine oxidase to produce  radicals, which are detected using tetrazolium salt and can

be read at 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  radicals.
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Catalase

The catalase activity was measured using a commercial kit (Cayman Chemical). 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.

Glutathione peroxidase

A commercial kit (Cayman Chemical) was used to measure the GPx levels according to the

manufacturer’s protocol. The kit measures the GPx activity indirectly by a coupled reaction

with GR. Oxidized glutathione (GSSG), produced upon reduction of hydroperoxide by GPx,

is recycled to its reduced state by GR and NADPH. The oxidation of NADPH to NADP+ is

accompanied by a decrease in absorbance at 340 nm.

Glutathione S-transferase

A commercial kit (Cayman Chemical) was used to measure the GST levels according to the

manufacturer’s protocol. The kit measures the total GST activity by measuring the

conjugation of 1-chloro-2,4-dinitrobenzene with reduced glutathione. The conjugation is

accompanied by an increase in absorbance and it is directly proportional to the GST activity

and can be measured at 340 nm.

Glutathione reductase

A commercial kit (Cayman Chemical) was used to measure the GR levels according to the

manufacturer’s protocol. GR activity was measured as the rate of NADPH oxidation. The

oxidation of NADPH to NADP+ is accompanied by a decrease in absorbance at 340 nm and

is directly proportional to the GR activity.

In vitro studies

Isolation and primary culture of granulosa cells from immature rat ovaries—
Granulosa cells were isolated from a total of 160 ovaries collected from 80 immature rats.

Female Sprague–Dawley rats of postnatal day 23–26 were harvested as described [48,49],

with few modifications in the procedure. Briefly, ovaries were cleared from the surrounding

fat under a stereomicroscope and punctured with 25-gauge needles. Cells were collected in

phenol red-free Dulbecco’s modified Eagle’s medium (DMEM)–F12 containing 0.2% BSA,

10 mM Hepes, and 6.8 mM EGTA; incubated for 15 min at 37 °C; and centrifuged for 5 min

at 250g. The pellets were suspended in a solution containing 0.5 M sucrose, 0.2% BSA, and

1.8 mM EGTA in DMEM–F12 and incubated for 5 min. After incubation, the suspension

was diluted with 3 vol DMEM–F12, centrifuged at 250g, and treated sequentially with

trypsin (20 μg/ml) for 1 min, 300 μg/ml soybean trypsin inhibitor for 5 min, and DNase I

(100 μg/ml) for 5 min at 37 °C. The cells were washed with medium and suspended in

DMEM–F12. Cells obtained from the 160 ovaries were cultured in 36 tissue culture dishes

in DMEM–F12 supplemented with 20 mM Hepes (pH 7.4), 4 mM glutamine, 100 IU

penicillin/ml, and 100 μg/ml streptomycin and subjected to treatments with potassium

dichromate, a form of CrVI, with or without pretreatment with vitamin C as described under

in vitro experimental design for CrVI treatment.
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Isolation and primary culture of theca cells from immature rat ovaries—TCs

were isolated as described [50]. Briefly, freshly collected ovaries were placed in medium

199 containing 25 mM Hepes (pH 7.4), 2 mM L-glutamine, 1 mg/ml BSA, 100 U/ml

penicillin, and 100 μg/ml streptomycin. The ovaries were then freed from adhering fat and

actively punctured with a 27-gauge needle under a stereomicroscope to release GC and

blood cells. The remaining ovarian tissue was washed three times with DMEM-F12 to

release any remaining GC. The tissue was then minced and incubated for 30 min at 37 °C in

the same medium supplemented with 0.65 mg/ml collagenase type 1 plus 10 μg/ml

deoxyribonuclease. The dispersion of TCs was enhanced by aspirating and releasing the

ovarian tissue suspension repeatedly with a 10-ml pipette. The TCs released by enzymatic

digestion were centrifuged at 250g for 5 min and washed in medium three times to eliminate

remaining collagenase. Cells were resuspended in McCoy’s 5A medium containing 2 mM

L-glutamine, 1 mg/ml BSA, 100 U/ml penicillin, and 100 μg/ml streptomycin and subjected

to unit gravity sedimentation for 5 min to eliminate small fragments of undispersed ovarian

tissue. Cell viability was assessed by trypan blue exclusion. TCs were seeded in 60-mm

plates (3 × 106 viable cells) and were maintained overnight in McCoy’s 5A medium

containing 2 mM L-glutamine, 1 mg/ml BSA, 100 U/ml penicillin, and 100 μg/ml

streptomycin in a humidified atmosphere of 95% oxygen and 5% CO2 at 37 °C.

SIGC culture

The spontaneously immortalized rat granulosa cell line SIGC [41] was cultured in DMEM-

F12 (Sigma-Aldrich) with 5% fetal bovine serum (Hyclone), 100 U/ml penicillin, 100 μg/ml

streptomycin, and 2.5 μg/ml amphotericin-B in a humidified atmosphere with 95% air, 5%

CO2 at 37 °C.

In vitro experimental design for CrVI treatment

At 70% confluency, primary cultures of ovarian GCs and TCs or the SIGCs were serum-

starved for 24 h with or without vitamin C in the medium and divided into six treatment

groups, as follows: (1) control, cells were treated with medium; (2) CrVI−12 h, cells were

treated with 10 μM potassium dichromate for 12 h; (3) CrVI−24 h, cells were treated with 10

μM potassium dichromate for 24 h; (4) vitamin C, cells were treated with 1 mM vitamin C

for 24 h; (5) vitamin C+CrVI−12 h, cells were pretreated with 1 mM vitamin C for 24 h and

treated with 10 μM potassium dichromate for 12 h; (6) vitamin C+CrVI−24h, cells were

pretreated with 1 mM vitamin C for 24 h and treated with 10 μM potassium dichromate for

24 h. After the treatment, cells were harvested using 0.1% trypsin-EDTA and mixed with 75

μl of RNAprotect cell reagent (Qiagen). Total RNA was isolated using an RNA isolation kit

(Qiagen), quantified, and used for real-time PCR All treatments were performed in triplicate

on the same day and each experiment was repeated three times on different days to test the

reproducibility of the results.

Measurement of steroid hormones and FSH by ELISA

Steroid hormones E2, P4, and T and peptide hormone FSH were estimated using ELISA kits

(DRG International) according to the manufacturer’s instructions. The intra- and interassay

coefficients of variation ranged from 5.0 to 8.5%.
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Protein extraction and immunoblotting

After the CrVI treatment with or without vitamin C pretreatment, protein from GCs was

isolated and immunoblotting/Western blotting was performed as described previously [38].

Briefly, cells were harvested using 1% trypsin–EDTA and pelleted. Cell lysates were

sonicated in sonication buffer, which consisted of 20 mM Tris–HCl, 0.5 mM EDTA, 100

μM diethyldithiocarbamate, 1% Tween, 1 mM phenylmethylsulfonyl fluoride, and protease

inhibitor cocktail tablets Complete EDTA-free (1 tablet/50 ml) and PhosStop (1 tablet/10

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

Farmingdale, NY, USA). Protein concentration was determined using the Bradford method

and a Bio-Rad protein assay kit. Protein samples (75 μg) were resolved using 7.5,10, or

12.5% SDS–PAGE. Chemiluminescent substrate was applied according to the

manufacturer’s instructions (Pierce Biotechnology). The blots were exposed to Blue X-Ray

film and densitometry of autoradiograms was performed using an Alpha Imager (Alpha

Innotech, San Leandro, CA, USA).

Real-time reverse transcription (RT)-PCR

Total RNA was isolated from GCs, SIGCs, and TCs using an RNeasy Mini Kit (Cat. No.

74104; Qiagen) according to the manufacturer’s instruction. The purity and concentration of

RNA were determined spectrophotometrically by measuring the absorbance at 260/280 nm,

and a purity of 1.8–2.0 was considered satisfactory for the real-time RT-PCR analysis. The

first-strand cDNA was synthesized using 1 μg total RNA from the QuantiTect RT kit

according to the manufacturer’s instructions. cDNA (2 μl) was mixed with 10 μl master mix

(2 × reaction buffer, dNTP mix, Hot Gold Star DNA polymerase, MgCl2, and SybrGreen

dye) and sense and antisense oligonucleotide primers for the respective genes and the β-actin

gene for internal control, with the total reaction volume made up to 20 μl 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 s, annealing at 56 °C for 30 s, and elongation at 72

°C for 30 s. All reactions were run in triplicate. The PCR amplification of all transcripts was

performed on an MX3000P real-time PCR machine (Stratagene, Santa Clara, CA, USA).

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

interest with β-actin and the results expressed as fold changes.

Statistical analyses

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

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

comparisons of means. Least-squares regression analysis was used to determine the effects

of treatment, dose, and treatment × dose interactions in in vivo studies. We took into account

the nested structure in the design. Mixed models analysis was used to account for any

correlation between the results of pups from the same mother. Mixed models were used to

model both fixed effects (in this case treatment) and random effects (in this case mothers

and pups) [51]. For in vitro studies, least-squares regression analysis was used to determine

effects of treatment (control, CrVI, CrVI+vitamin C), time (CrVI 12 h, CrVI 24 h), and

treatment × time interactions. Each value is the mean ± SEM from three plates per

treatment. Similar results were obtained in three different experiments performed on 3
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different days/time. Statistical analyses were performed using general linear models of

Statistical Analysis System (SAS, Cary, NC, USA) and P < 0.05 was considered significant.

Results

Supplementary Table 2 depicts an overall summary of the effects of Cr on the levels of ROS

and activity of AOX enzymes in vivo, and Supplementary Table 3 depicts an overall

summary of AOX activities and mRNA expression of cytosolic and mitochondrial AOX

genes in GCs, SIGCs, and TCs in vitro. Mitigative or inhibitory effects of vitamin C against

Cr toxicity varied depending on the dose of CrVI and/or the age of rats.

In vivo studies

Cr increased follicular atresia—Atretic follicle numbers were counted in serial sections

of the ovaries of F1 female offspring on PNDs 25, 45, and 65 (Fig. 1). CrIII accelerated

atresia of follicles compared to control in a dose-dependent manner. An age-dependent

change in the magnitude of follicle atresia/apoptosis was also observed, i.e., an overall

percentage of follicular atresia was higher in PND 25 rats compared to PND 45 and PND 65

rats. Interestingly, supplementation of vitamin C inhibited the follicular atresia in F1 rats

from the CrVI 50 ppm group and mitigated follicular atresia in the CrVI 100 ppm and CrVI

200 ppm groups.

Cr increased apoptosis of follicular cells

Ovaries from F1 rats that were lactationally exposed to CrIII showed a significant increase

in percentage of atretic follicles with degenerated oocytes and disorganized and

disintegrated GCs with pyknotic nuclei on PND 25 (Fig. 2). Larger follicles were more

vulnerable to the toxic effects of CrIII. Vitamin C inhibited CrIII-induced follicular atresia

in the 50 and 100 ppm groups, and it mitigated CrIII effects in the 200 ppm group.

Quantitative evaluation of the TUNEL assays revealed approximately 48, 64, and 80%

apoptotic cells in the 50, 100, and 200 ppm groups, respectively. Control ovaries contained

less than 7% positively labeled cells per ovarian section. Vitamin C inhibited apoptosis of

GC and oocytes exposed to CrIII in the 50 and 100 ppm groups, whereas it mitigated the

effects of CrIII in the 200 ppm group.

Cr decreased steroid and increased FSH hormone levels

The effects of lactational exposure to CrIII on the levels of E2, T, P4, and FSH were

analyzed (Table 1). CrIII significantly (P<0.05) decreased E2, T, and P4 in a dose-dependent

manner irrespective of age. Vitamin C inhibited or mitigated the effects of CrIII on E2, T,

and P4. Overall, vitamin C mitigated the effects of CrIII in the 200 ppm group, whereas it

inhibited the CrIII effects in the 50 and 100 ppm groups. CrIII increased FSH levels in F1

rats of all age groups irrespective of the dose of CrVI to the mothers. Vitamin C inhibited

the effects of CrIII on FSH in all age groups.

Chromium downregulated FSH receptor (FSHR) mRNA and protein

FSH regulates GC proliferation and inhibits apoptosis [49]. CrIII upregulated plasma FSH

through a negative-feedback loop. Therefore, FSHR mRNA in the whole ovary extract and
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protein in GC were measured. CrIII downregulated FSHR mRNA expression in the ovary

(Fig. 3A) and vitamin C mitigated the effect of CrIII in the 50 and 100 ppm groups, but not

the 200 ppm group. CrIII downregulated FSHR protein in GC (Figs. 3B and 3C), and

vitamin C mitigated CrIII effects in vitro.

Chromium increased oxidative stress

Cr is well known to induce oxidative stress [29]. To understand the mechanism behind

CrIII-induced follicular atresia, oxidative stress markers LPO and H2O2 were measured both

in plasma and in the ovary (Fig. 4). CrIII significantly (P<0.05) increased LPO and H2O2

levels in plasma and ovary in a dose-dependent manner, with a maximum increase induced

in F1 rats from the 200 ppm group. Vitamin C significantly inhibited CrIII-induced

increases in LPO and H2O2 in the 50 and 100 ppm groups, whereas it mitigated these effects

in the 200 ppm group.

Chromium decreased the antioxidants vitamin C, GPx, and GR and increased GST in
plasma and ovary

Vitamin C was measured in the plasma and the ovary to estimate the increase in vitamin C

levels due to supplementation of vitamin C, as well as to understand the effects of CrIII on

vitamin C levels. Oxidative stress changes the ratio between ROS and antioxidants, because

the latter are utilized by the cells to quench/scavenge ROS [30]. To understand the effect of

CrIII on AOXs in the ovary, the activities of AOXs were measured (Fig. 5). CrIII decreased

vitamin C in plasma and ovary, and supplementation of vitamin C resulted in a significant

increase in both plasma and ovarian vitamin C (Figs. 5A and B). CrIII invariably increased

GST in plasma and ovary of F1 rats from the 50, 100, and 200 ppm groups and vitamin C

had no effect on GST (Figs. 5C and D). In PND 25 rats, CrIII significantly (P<0.05)

decreased GPx at all doses, whereas in PND 45 and PND 65 rats it increased GPx in the 50

ppm group and decreased it in the 100 and 200 ppm groups (Figs. 5E and F). GR was

decreased by CrIII in plasma and ovary in all three groups, irrespective of age (Figs. 5G and

H). Interestingly, vitamin C mitigated or inhibited the effects of CrIII on GPx and GR, but

not on GST.

Chromium decreased the antioxidants SOD and catalase in plasma and ovary

CrIII significantly (P<0.05) decreased SOD and catalase in plasma and ovary of PND 25,

45, and 65 rats in a dose-dependent manner, whereas the mitigative effect of vitamin C

varied depending on the dose of CrVI to the mothers and the age of F1 rats (Fig. 6). In PND

25 rats, vitamin C inhibited the effects of CrIII on SOD in plasma and ovary in the 50 ppm

group and mitigated its effects in the 100 and 200 ppm groups (Figs. 6A and B). In PND 45

and 65 rats, vitamin C inhibited the effects of CrIII on SOD in the 50 and 100 ppm groups

and mitigated the effects of CrIII in the 200 ppm group (Figs. 6A and B). Mitigative or

inhibitory effects of vitamin C on CrIII-induced changes in catalase were the same as those

of SOD (Figs. 6C and D).
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In vitro studies

Exposure to CrVI increased ROS in granulosa and theca cells in vitro—To

understand the cell-specific response of GCs and TCs to CrVI treatment and intervention of

vitamin C, primary cultures of GCs and TCs from immature rats were treated with CrVI

with or without vitamin C pretreatment. Immortalized granulosa cells, SIGCs, were also

used to compare the responses with primary cultures of GC and to validate SIGCs as a

model to understand heavy metal toxicity (Fig. 7). Data indicate that CrVI treatment

increased LPO and H2O2 levels in GC and TC in vitro by 12 and 24 h, whereas in SIGCs,

LPO and H2O2 were increased only at 24 h after CrVI treatment. Vitamin C mitigated or

inhibited the increase in LPO and H2O2 due to CrVI treatment in GCs, SIGCs, and TCs.

Exposure to CrVI decreased vitamin C and antioxidant levels in granulosa and
theca cells in vitro—The effects of CrVI treatment on the intracellular level of vitamin C

and the activity of AOXs were measured in culture medium. CrVI treatment significantly

(P<0.05) decreased vitamin C, GPx, GST, GR, SOD, and catalase of GCs, SIGCs, and TCs

after 12 and 24 h of treatment in a time-dependent manner (Fig. 8). Vitamin C pretreatment

elevated its own concentration in the cells and mitigated the effects of CrVI treatment on all

the enzymes from GCs, SIGCs, and TCs and inhibited the effects of CrVI on catalase in

SIGCs alone.

Exposure to CrVI decreased mRNA expression of antioxidant enzymes in
granulosa and theca cells in vitro—GSH depletion within the mitochondria is an

important trigger for the apoptotic pathway [52]. GSTs catalyze GSH conjugation to

electrophilic compounds through thioether linkages [53]. GSSG, the product of GSH

oxidation, which is toxic to cells, is reduced by GR to restore GSH levels. As a

consequence, the ratio of GSH/GSSG in cells is normally maintained at about 100:1 [54].

From our earlier study, it is evident that mitochondria play a crucial role in CrVI-induced

apoptosis [38]. Mitochondrial levels of H2O2 were elevated under depletion of PRDX3 [35].

Even though GPx is present in the mitochondria, identification of mitochondria-specific

AOXs such as PRDX3 and TXN has drawn more attention to understanding the mechanism

of apoptosis mediated through mitochondrial ROS. Therefore, we studied the effects of

CrVI exposure on the mRNA expression of important cytosolic and mitochondrial AOXs in

GCs, SIGCs, and TCs (Figs. 9–12), and the overall trend of modulation is summarized in

Supplementary Table 3.

Treatment of GCs, SIGCs, and TCs with CrVI resulted in the downregulation of mRNA

expression of all 12 AOX enzymes (SOD1, SOD2, catalase, GLRX1, GSTM1, GSTM2,

GSTA, GR, TXN1, TXN2, TXNRD2, and PRDX3) by 12 and 24 h in a time-dependent

manner (Figs. 9–12). Obviously, the reduction in mRNA levels of all the enzymes was

higher after 24 h of treatment compared to 12 h. We observed cell-specific changes in the

intervention effects of vitamin C against CrVI treatment. In GCs, vitamin C mitigated CrVI

effects on SOD1, SOD2, GLRX1, GSTM1, GSTA, GSHR, TXN1, TXN2, TXNRD2, and

PRDX3 after 12 and 24 h. Vitamin C also inhibited the CrVI effects on GSTM2 after 12 h

but did not mitigate the effect of CrVI on catalase. In SIGCs, vitamin C mitigated CrVI

effects on all the enzymes just as in GCs, with the exception of catalase after 12 h of
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treatment. In TCs, vitamin C mitigated CrVI effects on SOD1, SOD2, catalase, GLRX1,

GSTA, GR, TXNRD2, and PRDX3 by 12 and 24 h; inhibited the effects on SOD2 and

GSTA4 after 12 h; but failed to mitigate CrVI effects on GSTM1, GSTM2, TXN1, and

TXN2 after either 12 or 24 h.

Discussion

Our previous studies indicated that lactational exposure to CrIII during the neonatal/

postnatal period (PND 1–21) resulted in a marked delay in pubertal onset due to an arrest in

follicle development at the secondary follicle stage and failure in the development of antral

follicles [55]. Exposure to CrVI induced granulosa cell apoptosis through the p53 pathway

activated by ERK1/2 and by shifting the subcellular translocation of mitochondrial apoptotic

machinery of the intrinsic apoptotic pathway [38]. Treatment with CrVI also resulted in the

downregulation of cyclins and cyclin-dependent kinases (CDK) and upregulated CDK

inhibitors in GCs to manifest an arrest of cell cycle progression in G1–S/G2–M phase

transitions of the cell cycle [49], which could be an additional mechanism for the delay/

arrest in follicle development. However, the key regulator(s) for many of the above-

mentioned adverse and toxic effects of Cr has not yet been identified. Our data clearly

indicated that lactational exposure to CrIII accelerated follicular atresia in PND 25, 45, and

65 rats in a dose-dependent and age-dependent manner. This was accompanied by an

increase in oxidative stress and depletion of AOXs in the plasma and the ovary. To

understand the effects of CrVI on GCs and TCs, we studied key AOXs localized in the

cytosol and mitochondria that contribute to AOX defense and scavenging of free radicals in

the ovarian microenvironment. Our data provide clear evidence for the effects of CrVI

treatment that increased ROS, with a concurrent decrease in mRNA expression of AOXs in

both GCs and TCs.

Long-term (90 days) exposure to high-dose CrVI (520 mg/L) in drinking water has been

reported to induce anemia and oxidative stress in plasma and intestine in rodents [22,23].

Similarly, exposure of rats to methimazole, an anti-thyroid drug, during gestation and

lactation induced anemia in the mother rats and suckling pups, resulting in increased

oxidative stress and depletion of antioxidants [56]. Direct exposure of rats to CrVI increased

oxidative stress in erythrocytes [57]. Exposure to sodium dichromate dihydrate (0–1000

mg/L) for 3 months caused a microcytic hypochromic anemia in rats and mice [58]. In

support of the above studies, the current in vivo study suggests that lactational exposure to

CrIII resulted in increased oxidative stress and depletion of antioxidants in plasma and ovary

of suckling offspring. Taken together, one or more of the above mechanisms might have

contributed to the CrIII-induced follicular atresia and GC apoptosis in F1 offspring.

CrVI is rapidly transported into the cells via plasma membrane anion transporters and

reduced/detoxified to CrIII [17,18]. Whereas CrVI enters cells by facilitated transport, CrIII

enters cells by passive diffusion or phagocytosis of precipitates, resulting in much lower

uptake [59,60]. However, Sayato et al. [61] demonstrated the comparative metabolic fate of

labeled chromium chloride (CrIII) and sodium chromate (CrVI) and interaction of these

compounds in rat liver and blood after their oral and intravenous administration.

Gastrointestinal absorption of both compounds was below 1% of the oral dose with similar
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rate of absorption. Studies in mice and yeast clearly indicate that CrIII causes more damage

to the DNA than CrVI [62]. In the cellular reduction of CrVI, a spectrum of ROS ( ,

H2O2, and •OH) is produced. Once inside the cells or in body fluids, most CrVI will be

converted to CrIII. Obviously, the predominant form of chromium in the mother’s milk in

this study was likely to be CrIII. CrIII induces oxidative stress to a lesser extent compared to

CrVI [60]. Although CrIII was thought to be relatively nontoxic, spin trapping studies by

Ozawa and Hanaki [63] have demonstrated that CrIII can be reduced to CrII by biological

reductants such as L-cysteine and NADH. The newly formed CrII reacts with hydrogen

peroxide to generate hydroxyl radical, resulting in the tissue-damaging effects and systemic

toxicity. This could also be attributed to CrIII-induced oxidative stress and follicular atresia

in suckling offspring in the current study, apart from the anticipated anemic effects of CrIII

or CrII in the mothers and/or suckling pups.

Our data indicated that lactational exposure to CrIII increased lipid peroxidation and

elevated H2O2 concentration in plasma and ovary in a dose-dependent manner, suggesting

that CrIII may have induced follicular atresia through oxidative stress. This is supported by

similar studies from other groups [46,64]. Free radicals have a dual role in the reproductive

tract, as they are among the key signaling molecules modulating various reproductive

functions [65]. Therefore, it may not be enough to consider an increase in ROS alone as a

contributing factor to follicular atresia. To further understand the effects of CrIII on AOXs,

we have estimated GPx, GR, GST, SOD, and catalase. Our data indicated that lactational

exposure to CrIII decreased GR, GPx, and catalase in plasma and ovary, in a dose-dependent

manner, which is either mitigated or inhibited by vitamin C. GPx present in the

mitochondria plays a crucial role in metabolizing H2O2. Even though catalase also removes

H2O2, it is not present in mitochondria [66]. GPx and catalase convert H2O2 into water and

molecular O2[67]. CrIII increased H2O2 levels both in the plasma and in the ovary while

decreasing GPx and catalase. It is suggested that the ovary of the F1 rats exposed to CrIII

may have utilized the available GPx and catalase to remove elevated H2O2 and therefore

resulted in depletion of GPx and catalase. Interestingly, CrIII increased GST in plasma and

ovary in all the age groups. GSTs not only catalyze the conjugation of reduced glutathione

via sulfhydryl groups but also bind to toxins and function as transport proteins. We suggest

that increased GSTs (total) resulting from CrIII toxicity may facilitate the excretion of CrIII,

to protect the ovary. In addition, CrIII decreased total SOD in plasma and ovary of PND 25,

45, and 65 rats. On the other hand, results from the in vitro experiments reveal that treatment

with CrVI also decreased mRNA levels of SOD1, SOD2, and catalase in GCs, SIGCs, and

TCs. It has been established through knockout studies that SOD1, and not SOD2, is

important to maintain normal fertility in mice [31]. However, this study suggests that SOD1

may be important to maintain normal physiology of the ovary, whereas SOD2 (localized in

mitochondria) plays a defensive role to protect the ovary from mitochondrial ROS induced

by Cr. A recent novel finding demonstrated that ovarian expression of genes associated with

ovarian thiol redox balance and cellular detoxification of electrophilic compounds, such as

PRDX3, TXN2, GRX1, and GSTM2, were downregulated during aging in the mouse ovary

[36]. Mitochondria-specific AOXs, such as PRDX3, TXN2, and TXNRD2, provide a major

line of defense against mitochondrial ROS [36]. PRDX3 depletion in cells leads to increased

H2O2 levels in mitochondria [68]. This study indicated that treatment with CrVI decreased
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GLRX1 mRNA levels in GCs, SIGCs, and TCs in a time-dependent manner. GLRX is

important for the survival of the oocytes. GLRX binds to apoptosis signal-regulating kinase

and prevents the onset of apoptosis [69]. Degenerating oocytes showed a significant

decrease or absence of GLRX expression [70]. Moreover, cells overexpressing GLRX are

more resistant to cadmium-induced apoptosis [71]. Thus the Cr-induced decrease in GLRX

expression may predispose GCs and TCs to undergo apoptosis.

Lactational exposure to CrIII increased H2O2 levels in the ovary. Intracellular H2O2 is

removed mostly by catalase, GPx, and PRDX. The PRDX concentration in mitochondria is

30 times higher than GPx1 [68]; and GPx1 clears only 15% of mitochondrial H2O2. PRDX3

is more abundant in mitochondria and is a major regulator of mitochondrial H2O2

concentration and apoptosis [68]. PRDX3 functions as a suppressor of mitochondria-

mediated apoptosis by eliminating H2O2 in mitochondria [68]. Moreover, an age-related

decrease in the expression of PRDX3 and TXN2 is indicative of increased susceptibility of

mitochondria in aging ovaries to oxidative damage [36]. Therefore, we also studied the

effects of CrVI treatment on the mitochondrial AOXs in addition to cytosolic AOX

components. The mRNA of the mitochondrial AOXs TXN2 and PRDX3 was downregulated

by CrVI treatment in GCs, SIGCs, and TCs, suggesting that cellular thiol redox homeostasis

is disturbed by CrVI exposure, leading to increased vulnerability of the ovary to oxidative

stress and follicular atresia. GSTM1, GSTM2, and GSTA4 play key roles in the cellular

detoxification of electrophilic compounds through GSH conjugation and in protection

against lipid peroxidation. The observed decrease in GSTM1, GSTM2, and GSTA4 in GCs

and TCs suggests a decrease in cellular resistance to oxidative stress caused by CrVI

treatment. Current data showed a discrepancy between in vivo and in vitro analyses of

GSTs. Whereas CrVI exposure increased total GST activity in vivo, GSTM1, GSTM2, and

GSTA4 were downregulated by CrVI treatment in GCs and TCs in vitro. There are several

isoforms of GST that have different roles to play in oxidative damage [72]. It is suggested

that although GSTM1, GSTM2, and GSTA4 were decreased by CrVI treatment in GCs and

TCs, other isoforms may have increased under in vivo conditions. Further studies are needed

on all other different isoforms of GST to understand the reason for this discrepancy.

Interestingly, mRNA expression of AOXs showed a cell-specific response to vitamin C in

mitigating the effect of CrVI treatment. Vitamin C did not rescue TC from the effect of CrVI

treatment on GSTM1, GSTM2, TXN1, and TXN2. Even though AOXs such as vitamin C

and GSH are present in the ovary at very high concentrations, it is possible that different

AOX systems may operate in different ovarian cell types to defend against oxidative

damage. Overall, this study clearly indicates that Cr accelerated follicular atresia and

apoptosis of GCs through the downregulation of cytosolic and mitochondrial AOXs and

disruption of the cellular thiol-redox balance leading to increased oxidative damage to

mitochondria.

Understanding the mechanisms through which various toxicants affect/disrupt ovarian

steroidogenesis and folliculogenesis at the molecular and cellular levels requires readily

available cells for in vitro studies [73]. Because of several limitations in obtaining granulosa

cells, particularly from human, and to reduce the use of experimental animals, the use of

granulosa cell lines for in vitro model systems has become an attractive alternative. Our

recent study validated SIGCs and compared their responses to CrVI treatment with primary
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cultures of GCs [49], suggesting SIGCs as a good model system to study metal toxicity and

mitigative effects of vitamin C. This study also indicates that the cellular responses of

SIGCs to CrVI treatment in altering the AOX to ROS balance and predisposing cells to

apoptotic death are comparable to those of GCs; thus SIGCs could stand as a functionally

relevant granulosa cell line model to understand the mechanism of metal toxicity on the

ovary.

E2 plays important roles in preventing oxidative stress. E2 depletion leads to apoptosis and

DNA damage, as well as elevated oxidative stress, in the lymphocytes of rats, which are

reversed by supplementing E2[74]. E2 supplementation reversed the age-related depletion of

AOXs and increase in free radicals in rat liver [75]. Therefore, this study suggests that

decreased levels of E2, T, and P4 due to increased follicular atresia may predispose the ovary

to decreased AOX gene transcription and activity, resulting in oxidative stress. On the other

hand, decreased AOX levels may also have indirectly contributed to the decrease in

steroidogenic machinery and diminished steroidogenesis. However, more studies are needed

to confirm the role of hormones on AOXs, and that of AOXs on the stepwise synthesis of

steroids by ovarian cells. Moreover, CrIII increased FSH levels in F1 rats, through a

negative-feedback mechanism. Interestingly, FSHR mRNA was downregulated in the ovary

of F1 rats. This is also confirmed by the data from the in vitro studies, in that CrVI treatment

downregulated FSHR protein in GCs, which was inhibited by vitamin C. This suggests that

increased apoptosis of granulosa cells of the ovary and accelerated follicular atresia, despite

the elevated FSH, could be partly due to the downregulation of FSHR by CrIII.

Our recent studies have documented a protective role for vitamin C against Cr-induced

reproductive toxicity at the cellular and molecular levels [38,49,55]. In this study, vitamin C

played a protective role against the adverse effects of CrVI treatment on transcription of

mitochondrial AOX enzymes in GCs and TCs. However, the actual mechanism by which

vitamin C ameliorates Cr-induced ovarian toxicity is not clearly understood. Vitamin C is

transported into the cells via the sodium-dependent vitamin C transporters 1 and 2, which

lead to accumulation of vitamin C within cells against a concentration gradient [76].

Interestingly, vitamin C has been reported to mitigate or inhibit ROS by either decreasing

oxidative stress or increasing AOX enzymes or doing both in various tissues against a

variety of toxicants such as cisplatin-induced testicular toxicity [77], endosulfan-induced

systemic toxicity [78], imidaclopid- [79] or ethanol- [80] induced hepatotoxicity, arsenic-

induced liver and testicular toxicity [81], and Cr-induced ovarian toxicity [38,49]. Vitamin C

enters mitochondria via facilitative glucose transporters 1 and 10 and confers mitochondrial

protection against oxidative injury [82]. Based on the previous reports from our studies and

others, and on the current data, we suggest that the protective effects of vitamin C against

Cr-induced ovarian toxicity may be attained through one or more of the following

mechanisms: (i) reduction in free radicals; (ii) increase in cytosolic AOXs; (iii) increased

intramitochondrial transport of vitamin C to scavenge mitochondrial ROS, thus preventing

changes in mitochondrial membrane potential and leakage of cytochrome c; and (iv) vitamin

C-induced increase in mitochondrial AOXs. In conclusion, these data suggest that CrIII

induced follicular atresia and apoptosis of GCs by increasing intraovarian ROS levels along

with a depletion of cytoplasmic and mitochondrial AOXs. Supplementation of vitamin C to

CrVI-treated rats, or pretreatment with vitamin C of CrVI-treated cells, mitigated or
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inhibited the adverse effects of Cr on follicular atresia in F1 offspring or GC/TC apoptosis

by decreasing ROS and increasing AOXs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AOX antioxidant enzyme

BAD B cell lymphoma 2-associated agonist of cell death

BAX B cell lymphoma 2-associated X protein

BSA bovine serum albumin

CDK cyclin-dependent kinase

DMEM Dulbecco’s modified Eagle medium

E2 estradiol

ERK extracellular-signal-regulated kinase

FSH follicle-stimulating hormone

GC granulosa cell

GLRX glutaredoxin

GPx glutathione peroxidase

GSH glutathione

GSSG oxidized glutathione

GST glutathione S-transferase

Hepes (2-hydroxyethyl)-1-piperazineethanesulfonic acid

LPO lipid hydroperoxide

GR glutathione reductase
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P4 progesterone

PND postnatal day

PRDX3 peroxiredoxin 3

ROS reactive oxygen species

SIGC spontaneously immortalized rat granulosa cell

SOD superoxide dismutase

T testosterone

TC theca cell

TXN thioredoxin

TXNRD thioredoxin reductase
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Fig. 1.
Effects of lactational exposure to CrIII on follicular atresia of F1 offspring. Experimental

details are described under Materials and methods. Lactating mother rats received 50, 100,

or 200 ppm CrVI in drinking water, with or without vitamin C supplementation through

gavage. Suckling F1 female offspring received CrIII through mother’s milk during PNDs 1–

21. After PND 21 pups from both control and treatment groups were continued on regular

diet and water and were euthanized on PND 25. Ovaries were fixed, embedded, and serially

sectioned, and every 12th section was used for counting atretic follicles, and the remaining

unstained sections were used for TUNEL assay. aControl vs CrVI or CrVI+vitamin

C; bCrVI vs CrVI+vitamin C; cCrVI 50 ppm vs CrVI 100 ppm or CrVI 200 ppm. Each value

represents the mean±SEM of 20 rats, P<0.05.
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Fig. 2.
Effect of lactational exposure to CrIII on apoptosis of granulosa cells in F1 offspring.

Lactating mother rats received 50, 100, or 200 ppm CrVI in drinking water, with or without

vitamin C supplementation through gavage. Suckling F1 female offspring received Cr

through their mother’s milk from PND 1 to 21. On PND 25 the F1 offspring were

euthanized and ovaries collected, fixed in 4% paraformaldehyde, embedded, and sectioned.

Apoptotic, TUNEL-positive cells were stained brown. A representative image for each

treatment group is shown. (A–C) Representative images of ovaries: (A) control PND 25 rats
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that received no treatment, (B) CrVI 50 ppm, and (C) CrVI 50 ppm+vitamin C

supplementation. (D) Histogram showing percentage of TUNEL-positive cells from (A),

(B), and (C). (E–G) Representative images of ovaries: (E) control PND 25 rats that received

no treatment, (F) CrVI 100 ppm, and (G) CrVI 100 ppm+vitamin C supplementation. (H)

Histogram showing percentage of TUNEL-positive cells from (E), (F), and (G). (I–K)

Representative images of ovaries: (I) control PND 25 rats that received no treatment, (J)

CrVI 200 ppm, and (K) CrVI 200 ppm+vitamin C supplementation. (L) Histogram showing

percentage of TUNEL-positive cells from (I), (J), and (K). O, oocyte; GC, granulosa cell;

TC, theca cell; A, antral cavity. Arrows indicate apoptotic cells. *Control vs CrVI, **CrVI

vs CrVI+vitamin C, P<0.05.
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Fig. 3.
Effects of CrIII on FSH-receptor (FSHR) mRNA expression in the ovary. Experimental

details are described under Materials and methods. (A) FSHR mRNA was quantified by

real-time PCR in the ovary of rats that were exposed to CrIII through mother’s milk between

PND 1 and 21. (B, C) Effects of CrVI treatment on FSHR protein expression in primary

cultures of granulosa cells (GC). In vitro experiments were carried out in triplicates in the

six groups as follows: control, CrVI 12 h, CrVI 24 h, vitamin C, CrVI 12 h+vitamin C, and

CrVI 24h+vitamin C. Cells were treated with 10 μM potassium dichromate with or without

pretreatment with 1 mM vitamin C. Expression of FSHR protein was quantified by Western

blot analysis. (B) Representative immunoblots of FSHR and β-actin proteins and (C)
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histogram showing FSHR:β-actin ratio. CrVI treatment decreased FSHR in GCs in a time-

dependent manner, and vitamin C inhibited the effects of CrVI treatment. Each value is the

mean±SEM of three different plates per treatment, P<0.05; aCrVI treatment, 0 h vs 12 or 24

h; bCrVI+vitamin C (pretreatment), 0 h vs 12 or 24 h.
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Fig. 4.
Effects of lactational exposure to CrIII on H2O2 and LPO in the plasma and ovary of F1

offspring. Experimental details are described under Materials and methods. H2O2 and LPO

were measured in plasma and ovary of rats that were exposed to CrIII through mother’s milk

between PND 1 and 21. LPO in plasma of (A) PND 25, (B) PND 45, and (C) PND 65 rats.

LPO in the ovary of (D) PND 25, (E) PND 45, and (F) PND 65 rats. H2O2 in plasma of (G)

PND 25, (H) PND 45, and (I) PND 65 rats. H2O2 in the ovary of (J) PND 25, (K) PND 45,

and (L) PND 65 rats. CrIII treatment increased LPO and H2O2 in plasma and ovary, and
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vitamin C supplementation to CrVI-treated mothers mitigated or inhibited the adverse

effects of CrIII on the ovary of F1 rats. aControl vs CrVI or CrVI+vitamin C; bCrVI vs CrVI

+vitamin C; cCrVI 50 ppm vs CrVI 100 ppm or CrVI 200 ppm. Each value represents the

mean±SEM of 20 rats, P<0.05.
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Fig. 5.
Effects of lactational exposure to CrIII on vitamin C, GST, GPx, and GR in plasma and

ovary of F1 offspring. Experimental details are described under Materials and methods.

Vitamin C, GPx, GST, and GR were measured in plasma and the whole ovary extracts from

rats that were exposed to CrIII through mother’s milk between PND 1 and 21. Vitamin C in

(A) plasma and (B) ovary; GST in (C) plasma and (D) ovary; GPx in (E) plasma and (F)

ovary; and GR in (G) plasma and (H) ovary of PND 25, PND 45, and PND 65 rats exposed

to CrIII lactationally through mother’s milk. Cr treatment decreased vitamin C, GPx, and
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GR and increased GST in plasma and ovary of F1 offspring in a dose-dependent manner,

and vitamin C mitigated or inhibited the effects of CrIII, except on GST. aControl vs

CrVI; bCrVI vs CrVI+vitamin C. Each value represents the mean±SEM of 20 rats, P<0.05.
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Fig. 6.
Effects of lactational exposure to CrIII on SOD and catalase in the plasma and the ovary of

F1 offspring. Experimental details are described under Materials and methods. SOD and

catalase were measured in plasma and whole ovary extracts from rats that were exposed to

CrVI through mother’s milk between PND 1 and 21. SOD in (A) plasma and (B) ovary and

catalase in (C) plasma and (D) ovary of PND 25, PND 45, and PND 65 rats exposed to CrIII

lactationally through mother’s milk. CrIII treatment decreased SOD and catalase in plasma

and ovary of F1 offspring in a dose-dependent manner, and vitamin C mitigated or inhibited

the effects of CrIII. aControl vs CrVI; bCrVI vs CrVI+vitamin C. Each value represents the

mean±SEM of 20 rats, P<0.05.
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Fig. 7.
Effects of exposure to CrVI on LPO and H2O2 in primary cultures of granulosa cells (GCs),

the spontaneously immortalized rat granulosa cell line (SIGCs), and theca cells (TCs). In

vitro experiments were carried out in triplicates in six groups as follows: control, CrVI 12 h,

CrVI 24 h, vitamin C, CrVI 12 h+vitamin C, and CrVI 24 h+vitamin C. Cells were treated

with 10 μM potassium dichromate with or without pretreatment with 1 mM vitamin C. H2O2

and LPO were measured in the culture medium. Histograms depict LPO in (A) GCs, (B)

SIGCs, and (C) TCs and H2O2 in (D) GCs, (E) SIGCs, and (F) TCs. CrVI increased LPO

and H2O2 in GCs, SIGCs, and TCs in a time-dependent manner, and vitamin C pretreatment

mitigated or inhibited the effects of CrVI treatment. Each value is the mean±SEM of three

different plates per treatment, P<0.05. aCrVI treatment, 0 h vs 12 or 24 h; bCrVI+vitamin C,

0 h vs 12 or 24 h; cCrVI (12 or 24 h) vs CrVI+vitamin C (12 or 24 h).
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Fig. 8.
Effects of exposure to CrVI on vitamin C, GPx, GST, and GR in GCs, SIGCs, and TCs.

GCs, TCs, and SIGCs were cultured and treated with CrVI with or without vitamin C

pretreatment, as described in the legend to Fig. 7. Histograms depict vitamin C in (A) GCs,

(B) SIGCs, and (C) TCs; GPx in (D) GCs, (E) SIGCs, and (F) TCs; GST in (G) GCs, (H)

SIGCs, and (I) TCs; and GR in (J) GCs, (K) SIGCs, and (L) TCs. CrVI treatment decreased

vitamin C, GPx, GST, and GR in GCs, SIGCs, and TCs in a time-dependent manner, and

vitamin C pretreatment mitigated or inhibited the effects of CrVI treatment. Each value is
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the mean±SEM of three different plates per treatment, P<0.05. aCrVI treatment, 0 h vs 12 or

24 h; bCrVI+vitamin C, 0 h vs 12 or 24 h; cCrVI (12 or 24 h) vs CrVI+vitamin C (12 or 24

h).
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Fig. 9.
Effects of exposure to CrVI on SOD and catalase in GCs, SIGCs, and TCs. GCs, SIGCs, and

TCs were cultured and treated with CrVI with or without vitamin C pretreatment, as

described in the legend to Fig. 7. Histograms depict SOD in (A) GCs, (B) SIGCs, and (C)

TCs and catalase in (D) GCs, (E) SIGCs, and (F) TCs. CrVI treatment decreased SOD and

catalase in GCs, SIGCs, and TCs in a time-dependent manner, and vitamin C pretreatment

mitigated or inhibited the effects of CrVI. Each value is the mean±SEM of three different

plates per treatment, P<0.05. aCrVI treatment, 0 h vs 12 or 24 h; bCrVI+vitamin C

(pretreatment), 0 h vs 12 or 24 h; cCrVI (12 or 24 h) vs CrVI+vitamin C (12 or 24 h).
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Fig. 10.
Effects of exposure to CrVI on mRNA levels of SOD1, SOD2, and catalase and GLRX1 in

GCs, SIGCs, and TCs. GCs and TCs were isolated from control immature rats (PND 23–

26), as described under Materials and methods. GCs, SIGCs, and TCs were cultured and

treated with CrVI with or without vitamin C pretreatment, as described in the legend to Fig.

7. Histograms depict expression of SOD1 mRNA in (A) GCs, (B) SIGCs, and (C) TCs;

SOD2 mRNA in (D) GCs, (E) SIGCs, and (F) TCs; catalase mRNA in (G) GCs, (H) SIGCs,

and (I) TCs; and GLRX1 mRNA in (J) GCs, (K) SIGCs, and (L) TCs. CrVI treatment
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decreased mRNA expression of SOD1, SOD2, catalase, and GLRX1, and vitamin C

pretreatment mitigated or inhibited the effects of CrVI treatment. Each value is the mean

±SEM of three different samples per treatment, P<0.05. aCrVI treatment, 0 h vs 12 or 24

h; bCrVI+vitamin C (pretreatment), 0 h vs 12 or 24 h; cCrVI (12 or 24 h) vs CrVI+vitamin C

(12 or 24 h).
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Fig. 11.
Effects of exposure to CrVI on mRNA expression of GSTM1, GSTM2, GSTA4, and GSHR

in GCs, SIGCs, and TCs. GCs and TCs were isolated from control immature rats (PND 23–

26), as described under Materials and methods. GCs, SIGCs, and TCs were cultured and

treated with CrVI with or without vitamin C pretreatment, as described in the legend to Fig.

7. Histograms depict expression of GSTM1 mRNA in (A) GCs, (B) SIGCs, and (C) TCs;

GSTM2 mRNA in (D) GCs, (E) SIGCs, and (F) TCs; GSTA4 mRNA in (G) GCs, (H)

SIGCs, and (I) TCs; and GSHR mRNA in (J) GCs, (K) SIGCs, and (L) TCs. CrVI treatment
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decreased mRNA expression of GSTM1, GSTM2, GSTA4, and GSHR, and vitamin C

pretreatment mitigated or inhibited the effects of CrVI in GCs and SIGCs. In TCs, vitamin C

failed to mitigate the effects of CrVI on GSTM1 and GSTM2. Each value is the mean±SEM

of three different samples per treatment, P<0.05. aCrVI treatment, 0 h vs 12 or 24 h; bCrVI

+vitamin C (pretreatment), 0 h vs 12 or 24 h; cCrVI (12 or 24 h) vs CrVI+vitamin C (12 or

24 h).
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Fig. 12.
Effects of exposure to CrVI on mRNA expression of TXN1, TXN2, TXNRD2, and PRDX3

in GCs, SIGCs, and TCs. GCs, SIGCs, and TCs were cultured and treated with CrVI with or

without vitamin C pretreatment, as described in the legend to Fig. 7. Histograms depict

expression of TXN1 mRNA in (A) GCs, (B) SIGCs, and (C) TCs; TXN2 mRNA in (D)

GCs, (E) SIGCs, and (F) TCs; TXNRD2 mRNA in (G) GCs, (H) SIGCs, and (I) TCs; and

PRDX3 mRNA in (J) GCs, (K) SIGCs, and (L) TCs. CrVI treatment decreased mRNA

expression of TXN1, TXN2, TXNRD2, and PRDX3 and vitamin C mitigated or inhibited
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the effects of exposure to CrVI in GCs and SIGCs. In TCs, vitamin C failed to mitigate

effects CrVI treatment on TXN1 and TXN2. Each value is the mean±SEM of three different

samples per treatment, P<0.05. aCrVI treatment, 0 h vs 12 or 24 h; bCrVI+vitamin C

(pretreatment), 0 h vs 12 or 24 h; cCrVI (12 or 24 h) vs CrVI + vitamin C (12 or 24 h).
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