
Environmentally relevant exposure to
dibutyl phthalate disrupts DNA damage

repair gene expression in the mouse ovary

Item Type Article

Authors Liu, Xiaosong; Craig, Zelieann R

Citation Xiaosong Liu, Zelieann R Craig, Environmentally relevant
exposure to dibutyl phthalate disrupts DNA damage repair
gene expression in the mouse ovary, Biology of Reproduction,
Volume 101, Issue 4, October 2019, Pages 854–867, https://
doi.org/10.1093/biolre/ioz122

DOI 10.1093/biolre/ioz122

Publisher OXFORD UNIV PRESS INC

Journal BIOLOGY OF REPRODUCTION

Rights Copyright © The Author(s) 2019. Published by Oxford University
Press on behalf of Society for the Study of Reproduction. All
rights reserved.

Download date 24/05/2023 07:52:00

Item License http://rightsstatements.org/vocab/InC/1.0/

Version Final accepted manuscript

Link to Item http://hdl.handle.net/10150/637068

http://dx.doi.org/10.1093/biolre/ioz122
http://rightsstatements.org/vocab/InC/1.0/
http://hdl.handle.net/10150/637068


Title: Environmentally Relevant Exposure to Dibutyl Phthalate Disrupts DNA Damage Repair 1 

Gene Expression in the Mouse Ovary 2 

Running Title: Phthalates and Murine Ovarian DNA Repair Genes 3 

Summary Sentence: Exposure to human relevant doses of dibutyl phthalate result in significant 4 

disruption of DNA Damage Repair gene expression in the mouse ovary 5 

Keywords: atresia, cell cycle, endocrine disruptors, environmental contaminants and toxicants, 6 

follicle, follicle development, follicle maturation, gene expression, ovary, rodents, toxicology 7 

Authors:  8 

Xiaosong Liu1   9 

Zelieann R. Craig1,2 10 

 11 

Affiliations:  12 
1School of Animal & Comparative Biomedical Sciences, The University of Arizona, Tucson, AZ 13 
2BIO5 Institute, The University of Arizona, Tucson, AZ  14 

 15 

Grant Support: This work was supported by a University of Arizona College of Agriculture and 16 

Life Sciences Research Innovation Challenge pilot grant and NIH grants R00 ES021467, R01 17 

ES0266998 and P30ES006694.  18 

 19 

Conference Presentation:  This work was presented in part at the 51st Annual Meeting of The 20 

Society for the Study of Reproduction, July 10-13, 2018 in New Orleans, LA, USA. 21 

 22 

Corresponding Author: 23 

Zelieann R. Craig, Ph.D. 24 

Assistant Professor 25 

School of Animal and Comparative Biomedical Sciences 26 

The University of Arizona 27 

1177 E 4th St, Shantz Room 215 28 

Tucson, AZ 85721-0038 29 

Phone: (520) 621-9965 30 

Fax: (520) 621-9435 31 

E-mail: zr.craig@arizona.edu 32 



ABSTRACT  33 

Phthalates have a history of reproductive toxicity in animal models and associations with 34 

adverse reproductive outcomes in women.  Human exposure to dibutyl phthalate (DBP) occurs 35 

via consumer products (7-10 µg/kg/day) and medications (1-233 µg/kg/day).  Most DBP toxicity 36 

studies have focused on high supraphysiological exposure levels, thus, very little is known 37 

about exposures occurring at environmentally relevant levels.  CD-1 female mice (80 days old) 38 

were treated with tocopherol-stripped corn oil (vehicle control) or DBP dissolved in oil at 39 

environmentally relevant (10 and 100 µg/kg/day) or higher (1000 µg/kg/day) levels for 30 days 40 

to evaluate effects on DNA damage response (DDR) pathway genes and folliculogenesis.  DBP 41 

exposure caused dose-dependent effects on folliculogenesis and gene expression.   42 

Specifically, animals exposed to the high dose of DBP had more atretic follicles in their ovaries, 43 

while in those treated with environmentally relevant doses, follicle numbers were no different 44 

from vehicle-treated controls.  DBP exposure significantly reduced the expression of DDR 45 

genes including those involved in homologous recombination (Atm, Brca1, Mre11a, Rad50), 46 

mismatch repair (Msh3, Msh6), and nucleotide excision repair (Xpc, Pcna) in a dose-specific 47 

manner.  Interestingly, staining for the DNA damage marker, γH2AX, was similar between 48 

treatments.  DBP exposure did not result in differential DNA methylation in the Brca1 promoter, 49 

but significantly reduced transcript levels for the maintenance DNA methyltransferase, Dnmt1 in 50 

the ovary.  Collectively, these findings show that oral exposure to environmentally relevant 51 

levels of DBP for 30 days does not significantly impact folliculogenesis in adult mice but leads to 52 

aberrant ovarian expression of DDR genes.   53 

 54 

 55 

 56 

 57 



INTRODUCTION 58 

In 2010, it was estimated that 48.5 million couples worldwide and 6.7 million women in 59 

the United States were unable to achieve pregnancy or carry a pregnancy to term [1].  60 

Phthalates are a family of endocrine-disrupting chemicals (EDCs) with a history of reproductive 61 

and developmental toxicities in animal models (reviewed in [2, 3].  Phthalate exposure in women 62 

has been confirmed by detection of their metabolites in urine and follicular fluid [4].  In women, 63 

increased urinary phthalate burden has been associated with various adverse reproductive 64 

outcomes which include early menopause [5], decreased hormone levels [6], early pregnancy 65 

loss [7, 8], decreased oocyte yield during IVF and low rate of clinical pregnancies and live births 66 

following assisted reproduction [9, 10], and low antral follicle counts [11].  Despite this valuable 67 

information, the mechanisms involved in these associations are still not understood. 68 

 69 

Dibutyl phthalate (DBP) is an EDC commonly used in and able to leach from consumer 70 

products such as personal care products and plastic-coated medications.  Based on urinary 71 

burden data, it is estimated that greater than 95% of the general population is exposed to DBP 72 

and that women of reproductive age tend to have higher burden than men [12].  Daily intake 73 

estimates for DBP in humans have been reported to range between 7-10 µg/kg/day in the 74 

general population [13, 14] and 1-233 µg/kg/day in individuals taking oral medications coated 75 

with DBP-containing plastic [15, 16].  The reproductive and developmental toxicities of DBP 76 

have been reported previously by an expert panel [14]; however, most studies used high doses 77 

that do not compare to human exposure estimates.  Thus, there is still a significant gap in our 78 

knowledge about the effects of DBP exposure at environmentally relevant levels.  In studies that 79 

include classical supraphysiological and environmentally relevant exposure levels, we have 80 

identified the process of folliculogenesis as a potential target for DBP action in the ovary.  81 

Specifically, we have shown that DBP exposure results in inhibition of antral follicle growth in 82 

vitro [17, 18] and in decreased antral follicle numbers in juvenile mice treated in vivo [19].  83 



These studies have also identified pathways with important roles in the regulation of cell cycle, 84 

cell cycle arrest, and apoptosis as altered in response to DBP exposures in isolated antral 85 

follicles [17, 18] and whole ovary [19].  Specifically, in in vitro exposed antral follicles, DBP has 86 

been shown to inhibit growth, trigger follicle atresia, and disrupt cell cycle and apoptosis gene 87 

expression in a manner consistent with activation of cell cycle arrest followed by apoptosis [17, 88 

18].  89 

 90 

DNA damage can be lethal to the cell, thus, its detection within a cell results in the 91 

activation of a series of molecular events known as the DNA damage response (DDR; reviewed 92 

in [20]).  Through various checkpoints during the cell cycle, DDR can halt the cell cycle 93 

progression, repair the DNA, and, if necessary, trigger apoptosis to prevent transmission of 94 

mutations due to DNA lesions.  DDR is possible through the specialized functions of sensor 95 

proteins that recognize DNA damage, transducer proteins responsible for recruiting downstream 96 

effector proteins, and effector proteins that regulate cell cycle arrest, transcription and DNA 97 

repair, and apoptosis (reviewed in [21]).  To date, six DDR mechanisms have been described 98 

including base excision repair, mismatch repair (MMR), nucleotide excision repair (NER), 99 

translesion DNA synthesis, non-homologous end joining, and homologous recombination (HR; 100 

reviewed in [20, 21].  Deficiencies in the expression and activation of factors in these pathways 101 

render the cell defenseless in the face of DNA damage.   102 

 103 

In the ovary, losing the ability to respond to DNA damage could lead to follicle loss and 104 

early menopause [22].  In fact, the ability of agents used during radio- and chemotherapy to 105 

cause ovarian DNA damage, trigger ovarian DDR responses, and cause follicle loss has been 106 

documented previously (reviewed in [23]).  Most recently, the ability of metabolites of 107 

cyclophosphamide and the endocrine disruptor, bisphenol A, have been shown to cause ovarian 108 



follicle loss via modulation of the DDR signaling pathway in the ovary [24, 25].  Unfortunately, no 109 

studies have investigated whether exposures to phthalates interfere with DDR in the ovary.   110 

 111 

As a first step towards eliminating this gap in our knowledge, the objective of this study 112 

was to test whether a subacute exposure to DBP resulted in: (1) disrupted expression of DDR 113 

signaling pathway members, (2) increased accumulation of a DNA damage marker, and (3) 114 

alterations in follicle numbers.  To accomplish this goal, we exposed adult mice to 115 

environmentally relevant levels of DBP for 30 consecutive days and used whole ovary samples 116 

to: (1) measure differential expression of DDR-related genes, (2) assess accumulation of 117 

γH2AX foci in ovarian sections, and (3) determine alterations in ovarian follicle populations.   118 

 119 

MATERIALS AND METHODS 120 

Chemicals 121 

Dibutyl phthalate (DBP, CAS # 84-74-2; 99.6% purity) was obtained from Sigma-Aldrich (St. 122 

Louis, MO), tocopherol-stripped corn oil (vehicle for DBP, CAS# 8001-30-7) was obtained from 123 

MP Biomedicals (Solon, OH).  Antibody Research Resource Identifier (RRID) information is 124 

included in Supplementary Table 1.    125 

 126 

Animals 127 

Female CD-1 mice (age: 60 days old, n=32) were obtained from Charles River Laboratories 128 

(Charles River, CA) and housed four per cage in single-use BPA and phthalate-free Econo-129 

Cage® Disposable Rodent Caging (Lab Products Inc., Seaford, DE, USA) at the University of 130 

Arizona Central Animal Facility with food and water provided ad libitum.  Temperature was 131 

maintained at 22 ± 1°C and animals were subjected to 12L:12D cycles.  After arrival to our 132 

animal facility, mice acclimated to the facilities for at least 24 h before being handled.  Estrous 133 



cycles and weight gain were monitored by daily vaginal smear readings and weighing for three 134 

weeks prior to the start of oral dosing.  No differences in weight gain were observed during this 135 

pre-dosing period.  At the end of dosing, mice were euthanized by decapitation under isoflurane 136 

anesthesia.  Major organs were excised and trimmed prior to weighing.  All experiments and 137 

methods involving animals were approved by the University of Arizona Institutional Animal Care 138 

and Use Committee and conformed to the Guide for the Care and Use of Experimental Animals 139 

[26]. 140 

 141 

Dibutyl Phthalate Dosing 142 

At the end of the three-week pre-dosing cyclicity assessment, normally cycling mice (n=30; ~80 143 

days old) were randomly assigned to receive tocopherol-stripped corn oil (vehicle, n=7) or DBP 144 

dissolved in vehicle at 10 or 100 µg/kg/day (n=8 each).  An additional group of mice (n=7) was 145 

treated with DBP at a higher dose for comparison (10-fold higher; 1000 µg/kg/day).  Doses were 146 

selected to approximate estimates of daily exposure reported in humans via oral ingestion (7-10 147 

μg/kg/day; [14]) and medication exposure (1-233 μg/kg/day; [16]).  Animals were weighed, 148 

smeared, and dosed daily for 30 consecutive days.   As described previously [19], all doses 149 

were administered orally by pipetting the dosing solution into the mouth past the incisors and 150 

into the cheek pouch.   151 

 152 

Tissue Collection 153 

At the end of dosing, both ovaries from each mouse were excised and processed for 154 

subsequent analyses.  Specifically, one ovary from each mouse was cut in half and placed in 155 

either formalin or Bouin’s fixative for subsequent immunofluorescent or hematoxylin and eosin 156 

(H&E) staining, respectively.  The contralateral ovary was also cut in half and snap frozen in 157 

liquid nitrogen and stored at -80° for subsequent RNA/DNA and protein extraction, respectively.  158 

Tissues were collected as animals reached the stage of diestrus after 30-32 days of dosing.  159 



Only tissues from mice in diestrus at euthanasia were used for subsequent analyses to maintain 160 

stage of the estrous cycle constant. 161 

 162 

Estrous Cyclicity 163 

The estrous cycles of each animal were monitored for three weeks by vaginal cytology prior to 164 

being added to the study.  Vaginal smears were collected and interpreted using criteria 165 

previously described with minor modifications [19, 27, 28].  Briefly, vaginal washings were 166 

performed by restraining animals and carefully pipetting 20 µL of sterile-filtered PBS into the 167 

vaginal opening.  Washings were placed in 96-well plates and observed unstained under an 168 

inverted microscope.  A second individual evaluated digital images of a subset of the smears 169 

(approximately 10-20% of all washings).  All smears, fresh and digital, were evaluated without 170 

knowledge of treatment by experienced staff.  The cyclicity pattern of an animal was considered 171 

abnormal if the animal showed at least one of the following: no cycles (no change in stage), 172 

extended estrus (> 4 days), or extended diestrus (> 6 days) during the pre-study period.  Two 173 

animals were identified as having abnormal cycles based on these criteria and were, thus, 174 

excluded from the study.  175 

 176 

Classification and Enumeration of Ovarian Follicles and Corpora Lutea 177 

Ovarian samples were prepared for classification and enumeration of ovarian follicles and 178 

corpora lutea (CL) as previously described [19, 28].  Briefly, one half ovary per animal was fixed 179 

in Bouin’s solution (2 h), transferred to 70% ethanol, and embedded in paraffin.  Paraffin-180 

embedded ovarian fragments were serially sectioned at 5 µm thickness, mounted on glass 181 

slides, and processed for H&E staining. Oocyte containing follicles and corpora lutea were 182 

counted on every 20th section without knowledge of treatment.  Follicles were classified as 183 

atretic using previously published criteria [29] which included having at least one of the 184 

following: (1) follicular cell pyknosis, (2) granulosa/theca cell layer disorganization, (3) oocyte 185 



fragmentation, and (4) theca cell hypertrophy.  Healthy follicles were further classified by stage 186 

using criteria previously published [19, 28].  Specifically, follicles were classified as primordial if 187 

they consisted of a single oocyte surrounded by a single layer of squamous granulosa cells, 188 

primary if the oocyte was surrounded by a single layer comprised of ≥50% cuboidal granulosa 189 

cells, secondary if the oocyte was surrounded by two or more layers of cuboidal granulosa cells 190 

and a theca layer, and antral if the oocyte was surrounded by multiple layers of cuboidal 191 

granulosa cells, theca cells and contained an antrum.    Follicle counts are presented as 192 

percentages from total counted follicles per animal to account for differences in ovarian 193 

fragment size due to the halving of each ovary at the time of collection.  Follicle percentages 194 

were used when making statistical comparisons between treatment groups.  CL counts were 195 

divided by the number of sections counted. 196 

 197 

RNA Extraction and cDNA synthesis 198 

Total RNA and DNA were extracted from individual ovarian samples (n=4-5 mice per treatment) 199 

using AllPrep DNA/RNA Mini kits (Qiagen, Valencia, CA) with a DNAse treatment (Qiagen; 15 200 

min) step to eliminate potential genomic DNA contamination from the RNA extracts.  RNA 201 

concentration was determined at 260 nm using a Synergy H1m microplate reader equipped with 202 

a Take3 micro-volume plate (Biotek, Winooski, VT).  RNA samples (1 µg) were reverse 203 

transcribed using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Each cDNA sample 204 

was diluted 1:5 with nuclease-free water prior to analysis.  205 

 206 

Standard Real-time PCR 207 

All standard qPCR reactions were done in triplicate and contained 1 µL of cDNA, 1 µL of gene-208 

specific primers (500 nM; Integrated DNA Technologies, Coralville, IA), 3 µL of nuclease-free 209 

water, and 5 µL of SsoFast EvaGreen Supermix (Bio-Rad) for a final volume of 10 µL per 210 

reaction.   Primers for Dnmt1, as well as the reference genes, β-actin (Actb), glyceraldehyde 3-211 



phosphate dehydrogenase (Gapdh), and TATA-box binding protein (Tbp) were purchased pre-212 

made as PrimePCR® qPCR primer assays from Bio-Rad (Dnmt1:qMmuCED0044266) or from 213 

Integrated DNA Technologies (Actb: Mm.PT.58.33540333, Gapdh: Mm.PT.39a.1, Tbp: 214 

Mm.PT.58.10867035). 215 

 216 

qPCR Arrays 217 

Pathway-specific gene expression was determined using Bio-Rad PrimePCR arrays (Mouse 218 

Brca1 and Brca2 in DNA Repair, Cat #10029171).  Specifically, qPCR reactions were set-up in 219 

96-well qPCR plates pre-loaded with lyophilized pathway-specific primers.  Each reaction 220 

consisted of 1 μL of cDNA, 9 μL of nuclease-free water, and 10 μL of SsoFast EvaGreen 221 

Supermix for a final volume of 20 μL.  Each array included 24 genes of interest, 3 reference 222 

genes, and 5 assay controls (genomic DNA, PCR control, RT control, and two RNA quality 223 

controls).    224 

 225 

Real time PCR Data Analysis 226 

All qPCR experiments (standard and array formats) were completed using a CFX Connect Real-227 

time System (Bio-Rad) using manufacturer recommended qPCR programs.  Expression data 228 

were generated using the Gene Study function of Bio-Rad’s CFX Manager Software which 229 

utilizes the ΔΔCt mathematical model for relative quantification of real-time PCR data.  Reported 230 

data consist of mean relative mRNA expression ratios from four to five separate ovarian 231 

samples per treatment. 232 

 233 

Immunostaining for phosphorylated H2AX  234 

One half ovary per animal was fixed in formalin (2 h), transferred to 70% ethanol, and 235 

embedded in paraffin.  Paraffin-embedded ovarian samples were serially sectioned at 5 µm 236 



thickness, mounted on glass slides, and processed for immunostaining.  After air drying, the 237 

sections were deparaffinized in xylene, followed by rehydration through 100-70% ethanol.  238 

Antigen was unmasked by immersing tissue sections in pre-heated 1X eBioscience IHC Antigen 239 

Retrieval Solution (Invitrogen, Madison, WI) and steaming for 20 min prior to cooling in hot 240 

solution for 30 min at room temperature with the container lid open.  After washing with ddH2O, 241 

sections were blocked in 1% BSA/1X PBS for 1 h at room temperature prior to incubation with 242 

rabbit anti-gamma H2AX (phosphor S139; Cat# ab26350) polyclonal IgG (1:250 in 1% 243 

BSA/0.3% Triton X-100/1X PBS, Abcam, Cambridge, MA) overnight at 4°C.  The antibody 244 

control sections (negative controls) were incubated in antibody dilution solution only.  After 245 

antibody incubation, tissue sections were subjected to three PBS washes and one ddH2O wash 246 

followed by dehydration through 70-100% ethanol.  Sections were then mounted with 247 

VECTASHIELD mounting medium with DAPI (Vector Laboratories, Burlingame, CA).   248 

Photographs with 200X magnification were taken using a Leica CTR 550 fluorescent 249 

microscope with camera.  Individual sections of each imaged ovary were subjected to 250 

quantification of p-H2AX staining using the opensource Python-based program, Foci Counter 251 

1.0 (http://focicounter.sourceforge.net/index.html).  In total, 9-12 sections per ovary were 252 

quantified and the total p-H2AX brightness of each section calculated by dividing the foci 253 

brightness over the total brightness of the section.  Additionally, images were manually analyzed 254 

by quantifying the number of positive small follicles, antral follicles, and CL and dividing each 255 

number by the total number observed of each to generate a percentage.  An ovarian feature 256 

was considered positive for p-H2AX when at least one p-H2AX foci was observed.   257 

 258 

Protein Extraction 259 

Total protein was extracted from one half ovary per mouse (n=3 mice per treatment).  Ovary 260 

samples were homogenized in 200 μL T-PER reagent (lysis buffer, Thermo Scientific, Rockford, 261 

IL) containing protease inhibitors (cOmplete Mini Protease Inhibitor Cocktail, Roche, Brandford, 262 

http://focicounter.sourceforge.net/index.html


CT) using a variable-speed Tissue Tearor homogenizer.  As recommended by manufacturer, 263 

ovary lysates were subjected to three freeze/thaw cycles (10 min at -80°C then thawed on ice) 264 

followed by centrifugation (10,000 x g for 5 min).  The supernatant was collected, and protein 265 

concentration determined using a Pierce BCA Protein Assay kit (Thermo Scientific) following 266 

manufacturer instructions. 267 

 268 

SDS-PAGE and Western Blotting 269 

Protein samples (10 μg) were denatured at 95ºC for 5 min in 1X Laemmli Sample Buffer (Bio-270 

Rad) and loaded on a Bio-Rad mini-protein TGX stain-free gel using 1X Tris/Glycine/SDS (Bio-271 

Rad) as the running buffer.  The protein samples, including molecular weight markers (Precision 272 

Plus protein Dual Color Standards, Bio-Rad) were separated at 70 V for 30 min followed by 100 273 

V for 45 min.  The stain-free gel was then UV activated for one min and imaged in a Bio-Rad 274 

ChemiDoc XRS+ Imaging System equipped with Image Lab software.  The intensity of total lane 275 

protein in each sample was determined, recorded, and later used as a loading control for 276 

normalization of the blot.   277 

 278 

After imaging, the gel was briefly rinsed in ddH2O and equilibrated for 15 min in transfer buffer 279 

(1X Tris/Glycine, Bio-Rad) followed by transfer to a nitrocellulose membrane at 100 V for 1 h at 280 

4°C.  Following transfer, the membrane was blocked in blocking buffer (5% nonfat dry milk in 1X 281 

TTBS buffer, Bio-Rad) for 1 h and then incubated overnight at 4°C with anti-BRCA1 (C-20) 282 

rabbit IgG solution (1:200 in blocking buffer, Cat # sc-642, Santa Cruz Biotechnology, Dallas, 283 

TX) to detect the expression of BRCA1 protein.  After three 10 min washes in 1X TTBS, the 284 

membrane was incubated with goat anti-rabbit IgG-HRP solution (1:5,000 in blocking buffer, Cat 285 

# sc-2004, Santa Cruz Biotechnology) for 1 h at room temperature.  The membrane was then 286 

washed with TTBS and detected using a SuperSignal West Femto Maximum Sensitivity 287 

Substrate kit (Thermo Scientific).  Imaging of the chemiluminescent blot was performed using a 288 



Bio-Rad ChemiDoc XRS+ Imaging System equipped with Image Lab software following 289 

manufacturer instructions.  The molecular weight and the intensity of each band were 290 

determined by the Image Lab software.  The total protein intensity detected in the stain-free gel 291 

was used for normalization of the blot and the BRCA1 protein expression in DBP-treated 292 

samples relative to vehicle control samples were calculated.  293 

 294 

Quantitative Analysis of DNA Methylation 295 

Analysis of DNA methylation was performed by the University of Arizona Genetics Core 296 

(http://uagc.arl.arizona.edu) using EpiTYPER assays on a Sequenom’s MassARRAY system as 297 

previously described [30, 31].  Based on previous studies evaluating methylation in the Brca1 298 

promoter region, we selected the region spanning -700 to 299 as the region of interest in this 299 

study [32].  Genomic DNA extracted from whole ovaries using AllPrep DNA/RNA Mini kits 300 

(Qiagen) was subjected to bisulfite treatment using the EpiTect Bisulfite kit (Qiagen).  The 301 

promoter region of interest was amplified using primers specific to quantitative mass 302 

spectrometric analysis using EpiTYPER technology (Sequenom, San Diego, CA).  Amplified 303 

DNA was transcribed in vitro, cleaved using RNAse A, and subjected to MALDI-TOF mass 304 

spectrometry analysis.  DNA methylation standards (0-100%) were used to control for PCR 305 

amplification bias.    306 

 307 

Statistical Analysis 308 

All non-qPCR data were analyzed using SPSS Statistics 25 software (IBM Chicago, IL).  As 309 

described in the “Real-time PCR Data Analysis” section, all qPCR data were analyzed using 310 

Bio-Rad’s CFX Manager software.  Prior to statistical analysis, non-qPCR data were subjected 311 

to normality and homogeneity of variance tests to best determine appropriate statistical tests.  312 

For data meeting the necessary assumptions, comparisons between treatment groups were 313 

done by ANOVA followed by Dunnett’s post hoc test with vehicle set as control.  Data not 314 

http://uagc.arl.arizona.edu/


meeting the assumptions for ANOVA were subjected to Kruskal-Wallis Non-Parametric test 315 

followed by Mann-Whitney’s post hoc tests as applicable.  For all comparisons, statistical 316 

significance was assigned at p≤0.05. 317 

 318 

RESULTS 319 

Effect of DBP Dosing on Body and Organ Weights 320 

Exposure to DBP did not cause overt toxicity as demonstrated by normal behavior, physical 321 

appearance, and no changes in the normalized weights of major organs (Supplementary Table 322 

2).  Mice treated with DBP at 100 and 1000 µg/kg/day experienced increased weight gain during 323 

the dosing period (Supplementary Figure 1A), but the p-values obtained for these 324 

comparisons did not reach statistical significance (ANOVA p=0.1).  325 

Effects of DBP Dosing on Estrous Cyclicity 326 

To determine whether repeated daily dosing with DBP for 30 days disrupts estrous cyclicity in 327 

adult mice, we compared the percentage of study time that each animal spent on each stage of 328 

the mouse estrous cycle (proestrus, estrus, and diestrus) between treatments.  There were no 329 

differences in the percentage of time spent in proestrus, estrus, and diestrus among all 330 

treatment groups during the pre-dosing and dosing periods (Supplementary Figure 1B).    331 

Effect of DBP exposure on DNA Repair Gene Expression 332 

We used a commercially available mouse-specific DNA Damage and Repair qPCR array to 333 

determine whether DBP exposure caused differential expression of key DDR genes in the 334 

ovary.  A complete list of the genes tested including their expression data and p-values are 335 

included in Supplementary Tables 3-4.  Using this approach, we identified 11 genes whose 336 

expression in the ovary was significantly altered by DBP exposure.  Among these genes, we 337 

noticed that the gene expression data produced three dose-specific groups of genes.  Using this 338 

information, we grouped the genes into those that were sensitive to (a) all exposure levels, (b) 339 



middle and highest levels, (c) highest dose only.  Two genes, Brca1 and Brca2, were sensitive 340 

to DBP treatment irrespective of the exposure level (Figure 1A).  Additional genes were 341 

sensitive to DBP exposure at the middle and highest doses including Atm, Ddb2, Msh3, Msh6, 342 

and Rad50 (Figure 1B). Finally, four genes were only altered when mice were exposed to the 343 

highest dose of DBP used in this study and included Mre11a, Pcna, Trp53b1, and Xpc (Figure 344 

1B). 345 

 346 

Effect of DBP Exposure on γ-H2AX Staining 347 

Double-stranded breaks resulting from a DNA-damaging insult lead to the phosphorylation of 348 

histone H2A variant H2AX, thus generating H2AX that has been phosphorylated at Ser 139 (p-349 

H2AX).  Detection of this molecule has been used to examine DNA damage as a sensitive 350 

marker of this process.  We tested whether the presence of p-H2AX foci in the ovaries of DBP-351 

treated mice differed from that in vehicle controls (Figures 2-4).  Immunofluorescent staining of 352 

ovarian sections for p-H2AX showed punctate staining that was rare in follicles, except for the 353 

theca cells of some large follicles, but abundant in the interstitium and corpora lutea of each 354 

treatment group.  Among all ovarian structures, corpora lutea and interstitium had the greatest 355 

frequency of pH2AX staining in all treatment groups and this pattern was not affected by DBP 356 

exposure (Figure 2 and Supplementary Table 5).  Similarly, the level of p-H2AX staining in the 357 

theca of some large follicles of DBP-treated mice did not differ from that observed in vehicle 358 

controls (Figure 3 and Supplementary Table 5).  To determine the overall level of p-H2AX in 359 

the ovarian sections, we marked p-H2AX foci in each image per ovary and measured their 360 

brightness related to the whole ovarian section.  There was no statistically significant difference 361 

in p-H2AX brightness between the treatments.  Interestingly, a small trend for decreased p-362 

H2AX brightness was observed in the ovaries of mice treated with DBP at 10 µg/kg/day (Figure 363 



4).  Finally, we reviewed our qPCR array data for the expression of H2afx transcript and 364 

observed that it was not affected by any of the DBP treatments (Supplementary Table 3).   365 

    366 

Effect of DBP Exposure on Ovarian BRCA1 Protein 367 

Based on its sensitivity to DBP exposure in this study and its importance in fertility and ovarian 368 

aging [33, 34], we became interested in further understanding the consequences of DBP-369 

induced downregulation of the Brca1 gene in the mouse ovary.  Therefore, ovary protein 370 

samples were subjected to western blotting to determine the effect of DBP exposure on levels of 371 

BRCA1 protein in the ovary.  In agreement with our gene expression data, we observed that the 372 

ovaries of mice treated with DBP for 30 days had significantly lower BRCA1 protein levels than 373 

vehicle-treated controls (Figure 5). 374 

 375 

Effect of DBP Exposure on Brca1 Promoter Methylation  376 

Because both mRNA and protein were decreased, we became interested in understanding how 377 

DBP exposure could affect Brca1 expression in the ovary of treated mice.  To do so, we 378 

subjected DNA samples to DNA methylation analysis using EpiTYPER assays.  The EpiTYPER 379 

assay allows for detection and quantitative analysis of DNA methylation using base-specific 380 

cleavage and Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry 381 

(MALDI-TOF MS).  Base-specific cleavage generated 28 cleavage products of which 12 were 382 

considered to represent single CpGs (potential methylation sites) and were analyzed.  When 383 

considered together, overall methylation in all 12 cleavage products was not significantly 384 

changed by DBP exposure (Figure 6); however, the fragment labeled CpG6 showed a non-385 

statistically significant (p>0.05) trend for increased methylation (Figure 6A). 386 

 387 



Effect of DBP Exposure on Ovarian DNA Methyltransferase Expression     388 

Although increased methylation in fragment CpG6 did not achieve statistical significance, it 389 

sparked our interest in investigating whether DBP exposure affects the expression DNA 390 

methyltransferases in the ovary.  We focused on testing the effect of DBP on mRNA levels of 391 

Dnmt1, an abundant methyltransferase involved in the maintenance of DNA methylation in 392 

mammals.  Real-time PCR analysis of Dnmt1 revealed that the ovaries from mice treated with 393 

DBP at 100 and 1000 µg/kg/day expressed significantly lower levels of this enzyme (Figure 394 

6C). 395 

 396 

Effect of DBP Exposure on Ovarian Follicle Numbers 397 

Acute exposure (10 days) to DBP caused differences in the number of antral follicles in a 398 

previous study using juvenile mice (35 days old at dosing; [19]), thus we were interested in 399 

expanding our understanding of the effects of DBP on follicular survival and dynamics in our 400 

cohort of adult mice (dosing started at ~80 days old) subjected to a longer exposure (30 days).  401 

First, we tested whether DBP exposure resulted in alterations in the balance between healthy 402 

and atretic follicles in the ovary.  The percentage of healthy and atretic follicles in the ovaries of 403 

mice treated with environmentally relevant levels of DBP was not different from that observed in 404 

control mouse ovaries.  However, exposure to the classical high dose of DBP (1000 mg/kg/day) 405 

resulted in a statistically significant increase in atretic follicles in the ovary of treated mice 406 

(Figure 7A).  A corresponding decrease in healthy follicles was also observed in the ovaries of 407 

these mice.  Healthy follicles were further classified into different developmental stages to test 408 

whether DBP exposure affected follicular dynamics.  No differences in the percentage of follicles 409 

at the secondary (Figure 7B) and antral stages (Figure 7C) of development were observed 410 

between controls and DBP-treated ovaries.  A slight alteration in the balance between primordial 411 

and primary follicles was observed in the ovaries of mice treated with the general population 412 



exposure level of DBP (10 µg/kg/day), but this difference in follicle percentages was not 413 

statistically significant (Figure 7B).  Finally, the number of CL present in the ovaries of treated 414 

mice did not differ between vehicle and DBP treatment groups (data not shown). 415 

 416 

DISCUSSION 417 

We exposed adult CD-1 mice to environmentally relevant doses of DBP, a phthalate 418 

ester commonly detected in women of reproductive age, for 30 consecutive days and 419 

determined whether exposure resulted in disrupted DDR signaling factor expression and 420 

alternations in folliculogenesis.  Our novel findings demonstrate that oral exposure to DBP 421 

results in dose-specific disruptions on the expression of genes involved in homologous 422 

recombination, mismatch repair, and nucleotide excision repair in the ovary.  DBP exposure did 423 

not cause increased p-H2AX foci relative to control in this study, thus suggesting that exposure 424 

to this phthalate does not result in direct DNA damage.  Based on the critical role of these 425 

pathways, our findings raise questions about whether phthalate exposures could lead to 426 

increased ovarian sensitivity to future DNA-damaging insults. 427 

Cellular exposure to a DNA-damaging insult results in the formation of double-stranded 428 

breaks (DSBs) which is quickly followed by the formation of p-H2AX foci.  Formation of p-H2AX 429 

foci has been shown to occur prior to ovarian follicle loss [24], thus understanding whether 430 

phthalate exposure results in p-H2AX accumulation in the ovary is important.    No studies have 431 

measured p-H2AX in the ovaries of phthalate-treated mice, but the effects of another phthalate, 432 

di-2-ethylhexyl phthalate (DEHP), on p-H2AX have been previously investigated [35].  In that 433 

study, DEHP exposure resulted in increased p-H2AX and comet tail moment, both accepted 434 

indicators of DNA damage.  Here, we measured whether exposure to DBP results in 435 

accumulation of such foci in the ovary of orally treated mice.  Compared to ovaries from vehicle-436 

treated controls, the ovaries from DBP-treated mice did not show increased presence of p-437 



H2AX foci, thus suggesting that DBP exposure does not result in increased formation of DSBs.  438 

These findings suggest that the mechanism of action of DBP in the ovary does not involve direct 439 

DNA damage.  It is important to note that although these findings provide evidence against the 440 

formation of DSBs in response to DBP exposure, they do not rule out the possibility that other 441 

forms of DNA damage that do not increase p-H2AX (e.g. nucleotide excision and cross-linking, 442 

[36]) could be involved.  Our gene expression results suggest that DBP exposure could also 443 

affect the integrity of repair pathways associated with nucleotide excision and nucleotide 444 

misincorporation, thus, the effects of DBP on these other mechanisms should be investigated.     445 

Upon detection of a DNA double strand break (DSB), the trimeric protein complex 446 

formed by MRE11-RAD50-NBS1 (MRN complex), recruits and activates the ataxia 447 

telangiectasia mutated (ATM) kinase.  ATM activation leads to the phosphorylation of several 448 

effectors including BRCA1, CHK2, and TRP53 which mediate ATM effects on DNA repair, cell 449 

cycle arrest, and apoptosis (reviewed in [20]).  In this study, DBP exposure led to decreased 450 

expression of Mre11a, Rad50, Atm, Brca1, Brca2, and Trp53b1 mRNA.  These observations 451 

suggest that cells in the ovaries of DBP-treated mice will have difficulty with sensing DSBs, 452 

activating ATM-dependent DDR, and transducing signals to downstream pathways (cell cycle 453 

arrest and apoptosis).  Though no other studies have reported effects of phthalates on Mre11a 454 

and Rad50, our findings are consistent with the scarce data available on the interactions of 455 

phthalates with Atm expression. Specifically, Atm expression has been shown to be decreased 456 

in the fetal rat testes following in utero exposure to DBP in two separate studies (supplementary 457 

data accompanying [37, 38].  In young ICR mice, DEHP treatment (0-1600 mg/kg/day) via 458 

gavage for six weeks resulted in a significant decrease in ovarian expression of various genes 459 

including Atm [39].  Finally, a meta-analysis of breast cancer and uterine leiomyoma studies 460 

utilized pathway enrichment analysis to identify genes associated with urinary phthalate 461 

metabolites levels.  The ATM signaling pathway was enriched among the 59 genes associated 462 



with DEHP metabolites in that meta-analysis [40].  Collectively, these studies provide evidence 463 

that phthalates may interact with ATM-mediated DDR in reproductive tissues.   464 

The mismatch repair (MMR) pathway is key to the repair of nucleotide misincorporation, 465 

base-base mismatches, and insertion/deletion mispairs which can lead to altered DNA structure 466 

and defects during meiotic recombination (reviewed in [41]).  The heterotrimeric complexes 467 

known as MutS (MSH2, MSH3, MSH6) and MutL (MLH1, MLH3, PMS1, PMS2) homologs as 468 

well as PCNA, replication protein A (RPA) and exonucleases are involved in this pathway.  Our 469 

results show that following DBP exposure, the ovaries of treated mice have significantly lower 470 

transcript levels of Msh3 and Msh6 and a trend for lower Msh2 levels.  Furthermore, exposure 471 

to the highest dose of DBP used in this study also significantly reduced transcript levels for 472 

Pcna in the ovary.  Our findings are consistent with supplementary data supporting two 473 

microarray studies evaluating fetal testicular gene expression which reported decreased 474 

expression of Msh2, Msh6, and Pcna after in utero exposure to DBP [37, 38].  Furthermore, 475 

immunoreactivity for PCNA was significantly decreased in fetal testes of rats exposed in utero 476 

(gestational days 6-19) to di-n-hexyl phthalate and dicyclohexyl phthalate (0-500 mg/kg/day; 477 

[42]).  Based on the role of MMR in oocytes (reviewed in [23]), it is critical to test the possibility 478 

that phthalate exposure could interfere with the ability of oocytes to respond to DNA damaging 479 

events under physiological (DNA replication and recombination) and exogenous (DNA 480 

damaging exposures) conditions in the future.   481 

Nucleotide Excision Repair (NER) is important as an excision mechanism for bulky, 482 

helix-distorting lesions [43].  During NER, damage is recognized thus triggering the removal of 483 

the short single-stranded DNA segment containing the lesion and activating the synthesis of a 484 

new strand from its undamaged complementary sequence.  Xpc encodes a key DNA damage 485 

recognition protein involved in the global genome repair branch of NER.  Humans and mice 486 

deficient in Xpc function are extremely sensitive to DNA damage and prone to tumor formation 487 



[44, 45].  Xpc null mice have an increased propensity to slowly accumulate mutations in 488 

response to induction of oxidative stress [46].  Our findings show that the ovaries from DBP-489 

treated mice expressed significantly less Xpc transcript when compared to controls.  Because 490 

phthalates have been shown to induce oxidative stress in ovarian follicles [47, 48], it is possible 491 

that down-regulation of Xpc in DBP-treated ovaries could result in increased susceptibility to the 492 

DNA damaging effects of reactive oxygen species.   493 

In this study, oral exposure to DBP resulted in significantly decreased transcript and 494 

protein levels for Brca1 in the ovary without affecting DNA methylation of its promoter.  Although 495 

most commonly associated with carcinogenesis in the breast and ovary, Brca1 has also been 496 

reported to have an important role in reproduction.   Specifically, women bearing Brca1 497 

mutations have been shown to ovulate less oocytes, undergo early menopause, and have lower 498 

ovarian reserve as suggested by lower serum anti-Mullerian hormone levels when compared to 499 

non-mutation carriers [33, 34].  In mice, BRCA1 deficiency leads to decreased oocyte yields in 500 

response to ovarian stimulation, small litter sizes, reduced follicular endowment, and increased 501 

accumulation of DSBs [34].  Interestingly, similar findings have been reported in human studies 502 

evaluating associations between phthalates and adverse reproductive health outcomes.  503 

Specifically, phthalates have been associated with early menopause, decreased oocyte yield, 504 

and reduced ovarian reserve in women [5, 9, 11].  In mice, daily oral exposures to DEHP [49, 505 

50] and DBP [19] have been shown to result in alterations in folliculogenesis in juvenile mice.  In 506 

vitro, various phthalates have been shown to target ovarian follicles individually [18, 51, 52] and 507 

in mixtures [53].  In this study, we used hemi-ovaries to classify and enumerate ovarian follicles 508 

in the ovaries of vehicle- and DBP-treated mice and observed a significant decrease in the 509 

percentage of healthy follicles in the ovaries of adult mice treated with DBP (1000 µg/kg/day).  510 

Although follicle dynamics were not significantly different between controls and DBP-treated 511 

mice, the trends for increased primordial and decreased primary in the low dose DBP group are 512 



intriguing and a potential hint that disruption in folliculogenesis could occur in a chronic 513 

exposure scenario.  It is important to note that the use of follicle percentages in this study could 514 

have prevented us from observing changes in total follicle number, thus, future studies 515 

specifically aimed at characterizing the effects of DBP on folliculogenesis are still needed.  516 

Nonetheless, taken together, these findings highlight a potential relationship between 517 

phthalates, the DDR machinery, and ovarian health.                   518 

Finally, mice treated orally with DBP at 100 and 1000 µg/kg/day for 30 days showed a 519 

trend for increased body weight gain during dosing compared to vehicle-treated controls.  520 

Although it was not statistically significant in our study, this observation is consistent with 521 

findings from epidemiological studies showing associations between phthalate burden and BMI 522 

and waist circumference [54], faster prospective weight gain [55], metabolic syndrome [56], 523 

central obesity [57], total and trunk fat mass and subcutaneous adipose tissue [58].  Additional 524 

studies have proposed that phthalates are obesogenic based on their ability to interact with 525 

peroxisome proliferator-activated receptors [59].  Recent studies have demonstrated a 526 

relationship between obesity status and ability to activate the DDR pathway.  Specifically, work 527 

by Ganesan et al. [24, 25] demonstrated that obesity status disrupted DDR activation in 18-528 

week old agouti mice exposed to phosphoramide mustard and dimethylbenz[a]anthracene.  529 

Although the trend for weight gain observed in the present study is small (~6% more than 530 

control) versus the agouti mouse (obese starting at ~8 weeks of age), these results highlight the 531 

importance of teasing out the influence of metabolic disorders when evaluating outcomes of 532 

EDC toxicity in animal studies.     533 

In conclusion, here we provide evidence that environmentally relevant exposures to the 534 

phthalate DBP lead to decreased expression of key DDR factors including BRCA1 and key 535 

players in the HR, MMR, and NER pathways.  These findings highlight the need to further 536 

understand the effects of low dose exposures to EDCs such as phthalates and determine 537 



whether DDR gene expression changes induced by these exposures subsequently lead to a 538 

state of increased sensitivity to DNA damage, risk of carcinogenesis, and exacerbated ovarian 539 

disease. 540 
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FIGURE LEGENDS 712 

Figure 1.  Effect of oral DBP exposure on ovarian DDR gene expression.  Adult cycling 713 

female CD-1 mice were treated daily with vehicle or DBP and their ovaries processed for qPCR 714 

as described in Materials and Methods.  Gene expression data were normalized to 715 

housekeeping gene expression and presented as mean normalized relative expression ± SEM.  716 

Expression data are grouped based on dose-specific effects into changes in response to all 717 

exposure levels (A), middle and highest doses (B), and highest dose only (C).  Asterisks (*) 718 

indicate statistical differences versus vehicle (p≤0.05; n=5 mice/treatment). 719 

Figure 2.  Effect of oral DBP exposure on corpus luteum p-H2AX.  Adult cycling female CD-720 

1 mice were treated daily with vehicle or DBP and their ovaries processed for 721 

immunofluorescence as described in Materials and Methods.  Representative images (from n=3 722 

mice per treatment) show p-H2AX (green), DAPI (blue) or merged staining in corpora lutea of 723 

mice treated with vehicle control (VEH), 10 µg/kg/day (DBP10), 100 µg/kg/day (DBP100), 1000 724 

µg/kg/day (DBP1000) or a no primary antibody negative control (negative).  Images were taken 725 

at 200x magnification.  Scale bar represents 100 μm. 726 

Figure 3.  Effect of oral DBP exposure on ovarian follicle p-H2AX.  Adult cycling female CD-727 

1 mice were treated daily with vehicle or DBP and their ovaries processed for 728 

immunofluorescence as described in Materials and Methods.  Representative images (from n=3 729 

mice per treatment) show p-H2AX (green), DAPI (blue) or merged staining in ovarian follicles of 730 

mice treated with vehicle control (VEH), 10 µg/kg/day (DBP10), 100 µg/kg/day (DBP100), 1000 731 

µg/kg/day (DBP1000) or a no primary antibody negative control (negative).  Images were taken 732 

at 200x magnification.  Scale bar represents 100 μm.  Arrows show large antral follicles and 733 

arrowheads point at small follicles. 734 

Figure 4. Effect of oral DBP exposure on overall p-H2AX staining.  Adult cycling female CD-735 

1 mice were treated daily with vehicle or DBP and their ovaries processed for 736 



immunofluorescent staining and image analysis as described in Materials and Methods.  737 

Percent brightness from p-H2AX foci data are presented as mean ± SEM.      738 

Figure 5.  Effect of oral DBP exposure on ovarian BRCA1 protein levels.  Adult cycling 739 

female CD-1 mice were treated daily with vehicle or DBP and their ovaries processed for 740 

western blotting as described in Materials and Methods.  Panel A shows resulting blots with 741 

BRCA1 staining (N1-3 indicate individual ovarian protein samples for each treatment group) 742 

while Panel B shows resulting densitometry data obtained by averaging the intensity of 743 

individual bands in Panel A.  Protein expression data are presented as mean normalized 744 

relative expression ± SEM (Panel B).   Data were compared between treatments using Kruskal-745 

Wallis Non-Parametric followed by Mann-Whitney post hoc test.  Asterisks (*) indicate statistical 746 

differences versus vehicle (p≤0.05; n=3 mice/treatment). 747 

Figure 6.  Effect of oral DBP exposure on Brca1 promoter methylation. Adult cycling female 748 

CD-1 mice were treated daily with vehicle or DBP and their ovaries processed for DNA 749 

methylation or qPCR analysis as described in Materials and Methods.  Methylation data are 750 

presented as mean percent methylated ± SEM.   Panel A shows methylation data for the 751 

cleavage sites CpG1 to 3 and CpG6 to 8 while panel B shows data for sites CpG14 to 18-20 752 

and CpG22-23.  Panel C shows mean relative expression for the DNA methyltransferase 753 

Dnmt1.  Data were compared between treatments using Kruskal-Wallis Non-Parametric 754 

followed by Mann-Whitney post hoc test with significance set at p≤0.05 (n=5-7 mice per 755 

treatment). 756 

Figure 7.  Effect of oral DBP exposure on ovarian follicle numbers.  Adult cycling female 757 

CD-1 mice were treated daily with vehicle or DBP and their ovaries processed for H&E staining 758 

and follicle counting as described in Materials and Methods.  Data are presented as the mean 759 

percent of total follicles counted ± SEM.   Panel A shows data for healthy and atretic follicles 760 

while panel B shows data for health preantral and panel C healthy antral follicles.  Data were 761 



compared between treatments using Kruskal-Wallis Non-Parametric followed by Mann-Whitney 762 

post hoc test with significance set at p≤0.05.  Asterisk (*) indicates statistical differences versus 763 

vehicle (p≤0.05; n=5-7 mice/treatment) 764 

 765 
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Figure 5
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Figure 6
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Figure 7
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