
HIGHLIGHTED ARTICLE
| INVESTIGATION

Antioxidant CoQ10 Restores Fertility by Rescuing
Bisphenol A-Induced Oxidative DNA Damage in the

Caenorhabditis elegans Germline
Maria Fernanda Hornos Carneiro,*,†,1,2 Nara Shin,*,1 Rajendiran Karthikraj,‡ Fernando Barbosa, Jr.,†

Kurunthachalam Kannan,‡,§ and Monica P. Colaiácovo*,3

*Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115, †School of Pharmaceutical Sciences of Ribeirao
Preto, Universidade de Sao Paulo, 14040-903, Brazil, ‡Wadsworth Center, New York State Department of Health, Albany, New
York 12201, and §Department of Environmental Health Sciences, School of Public Health, University at Albany, State University of

New York, New York 12201

ORCID IDs: 0000-0002-9910-4971 (N.S.); 0000-0001-9680-8079 (R.K.); 0000-0001-7803-4372 (M.P.C.)

ABSTRACT Endocrine-disrupting chemicals are ubiquitously present in our environment, but the mechanisms by which they adversely
affect human reproductive health and strategies to circumvent their effects remain largely unknown. Here, we show in Caenorhabditis
elegans that supplementation with the antioxidant Coenzyme Q10 (CoQ10) rescues the reprotoxicity induced by the widely used
plasticizer and endocrine disruptor bisphenol A (BPA), in part by neutralizing DNA damage resulting from oxidative stress. CoQ10
significantly reduces BPA-induced elevated levels of germ cell apoptosis, phosphorylated checkpoint kinase 1 (CHK-1), double-strand
breaks (DSBs), and chromosome defects in diakinesis oocytes. BPA-induced oxidative stress, mitochondrial dysfunction, and increased
gene expression of antioxidant enzymes in the germline are counteracted by CoQ10. Finally, CoQ10 treatment also reduced the levels
of aneuploid embryos and BPA-induced defects observed in early embryonic divisions. We propose that CoQ10 may counteract BPA-
induced reprotoxicity through the scavenging of reactive oxygen species and free radicals, and that this natural antioxidant could
constitute a low-risk and low-cost strategy to attenuate the impact on fertility by BPA.

KEYWORDS meiosis; germline; C. elegans; Bisphenol A; Coenzyme Q10

FERTILITYdecay related toaging inwomen, also referred to
as the “maternal age effect,” is not attributable to a single

factor but to an interplay of both endogenous and exogenous
features (Nagaoka et al. 2012). Recent studies have shown an
association between female infertility and exposure to endo-
crine-disrupting chemicals (EDCs) (Messerlian et al. 2016;
Bloom et al. 2017; Wang et al. 2017a). Bisphenol A (BPA)
is a widespread EDC employed in the manufacture of plastics
and epoxy resins used in several consumer goods, such as

polycarbonate water bottles, the inside lining of cans, food
packaging, toys, and cash register receipts (Rocha et al.
2018). Studies in mice and chimps have shown that BPA
exposure adversely affects reproduction, resulting in aneu-
ploidy and infertility (Hunt et al. 2003; Susiarjo et al. 2007),
whereas in humans it is associated with an increased risk of
miscarriages, delayed menarche in girls, and late pubertal
progression in boys (Lawson et al. 2011; Hunt et al. 2012;
Lathi et al. 2014; Shen et al. 2015; Wang et al. 2017b;
Watkins et al. 2017). We have previously demonstrated that
exposure to this EDC leads to decreased brood size and em-
bryonic lethality as a result of disruption of DNA double-
strand break repair (DSBR) progression, producing genomic
instability during meiosis in the nematode Caenorhabditis
elegans (Allard and Colaiacovo 2010). Given the widespread
prevalence of EDCs in our environment, it is critically impor-
tant to understand their impact on reproductive health, as
well as to identify ways to mitigate their effects and improve
fertility and early embryogenesis outcomes.
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Coenzyme Q10 (CoQ10) is a potent antioxidant that has
been reported toattenuate thedamagepromotedbyanumber
of toxicants (Binukumar et al. 2011; Kandhare et al. 2013;
Arany et al. 2017) and to have a beneficial effect on fertility
(Ben-Meir et al. 2015). For instance, the age-related decline
in oocyte quality and quantity (Ben-Meir et al. 2015) and the
obesity-induced oocyte mitochondrial defects observed in fe-
male mice (Boots et al. 2016) were reversed by the adminis-
tration of CoQ10. However, while some studies on women
undergoing in vitro fertilization (IVF) treatment suggest a
correlation between elevated levels of CoQ10 and improved
fertility (Gat et al. 2016; Xu et al. 2018), others have failed to
detect an effect (Bentov et al. 2014). To test the rescuing
potential of CoQ10 against BPA-induced reprotoxic effects,
we employed the nematode C. elegans, which is a powerful
multicellular model system for studies on meiosis because:
(1) its germline is well characterized and amenable to study
using genetic, biochemical, and molecular biology tools com-
bined with powerful cytological approaches (Colaiácovo
2006; Lui and Colaiacovo 2013); (2) C. elegans is transparent
and nuclei are ordered in a spatiotemporal gradient within
the germline, allowing for visualization of qualitative and
quantitative changes in oogenesis and embryogenesis; (3)
it has a short life cycle, developing from eggs to egg-laying
adults via four larval stages (L1–L4) in 3 days at 20� vs.
several months and years in rodents and humans, respec-
tively; (4) there is a large number of offspring laid by each
individual (200–300 eggs in 3–4 days); and (5) it is a model
highly predictive of mammalian reproductive toxicities that
provides a cost-effective and easy to control alternative over
conventional toxicological studies on mammals (Allard et al.
2013). In addition, genes of the CoQ biosynthetic pathway
are conserved between C. elegans and humans, and analysis
of genetic mutants has shown a role for CoQ in supporting
embryonic development and fertility in the worm (Asencio
et al. 2009).

Here, we demonstrate that BPA leads to increased mei-
otic DSBs and oxidative stress in the germline, and show for
the first time that CoQ10 can rescue decreased fecundity
and reproductive toxicity effects induced by BPA in this
system. After supplementation with CoQ10, BPA-treated
worms showed a reduction in the levels of chromosome
defects in oocytes at diakinesis. CoQ10 treatment also
decreased the elevated levels of germ cell apoptosis and
pCHK-1 signal seen in BPA-treated worms. In addition, we
found elevated DSB levels and impaired DSB repair, as
revealed by elevated levels of RAD-51 foci following
BPA exposure that were significantly decreased following
CoQ10 supplementation. Using an oxidative stress re-
porter strain, where GFP expression is driven by the glu-
tathione S-transferase 4 (gst-4) promoter (Detienne et al.
2016), we observed a significant decrease in GFP signal in
gonads of CoQ10-treated worms compared to BPA-only
exposed worms, suggesting that BPA exposure generates
oxidative stress in the germ cells that is neutralized by
CoQ10. Our observation of rescued Mitotracker signal in

CoQ10-treated worms suggests that the increased oxida-
tive stress reported by the gst-4::GFP transgene in the go-
nads may be due, in part, to increased mitochondrial
dysfunction following BPA exposure. Moreover, CoQ10
supplementation significantly decreased the elevated
expression of oxidative stress response genes (sod-1 and
gpx-4) observed in BPA-exposed germlines. Finally, live im-
aging and high-throughput analysis indicate that CoQ10 sup-
plementation can reduce the elevated levels of BPA-induced
defects and chromosome nondisjunction observed in early
embryos. These findings reveal that BPA may induce DNA
damage in the germline, due, in part, to elevated oxidative
stress, and suggest that CoQ10 rescues BPA-induced repro-
toxicity through the scavenging of reactive oxygen species
and free radicals. We propose that supplementation with this
natural antioxidant may constitute a low-risk and low-cost
strategy to attenuate the impact on fertility from BPA
exposure.

Materials and Methods

C. elegans strains and experimental design

C. elegans strains were cultured according to Brenner (1974)
at 20� on nematode growth medium (NGM) plates without
cholesterol, given that cholesterol masks the effects of endo-
crine-disrupting chemicals in C. elegans (Goldstein 1986;
Hoshi et al. 2003; Allard and Colaiacovo 2010). All experi-
ments were done in a col-121(nx3) mutant background
(Watanabe et al. 2005), which increases chemical sensitiv-
ity, allowing for analysis of effects of lower doses of BPA
(Allard et al. 2013). The following mutations and chromo-
some rearrangements were used in this study: LGI: rad-
54(ok615); LGIII: glp-1(bn18); LGIV: col-121(nx3); LGV:
yIs34[Pxol-1::GFP, rol-6]; LGX: sek-1(km4), transgenes:
H2B::mCherry; g-tubulin::GFP; dvIs19 [(pAF15)gst-4p::
GFP::NLS] III (Leiers et al. 2003; Watanabe et al. 2005;
Allard and Colaiacovo 2010; Nottke et al. 2011). All lines
used for this study are listed in Supplemental Material, Ta-
ble S1.

BPA ($99%) (Sigma-Aldrich) andCoQ10 (Kaneka, ubiquinol
$96%, ubiquinone #2%) were dissolved in dimethylsulf-
oxide (DMSO). BPA and DMSO (control) were added to
the medium before pouring plates for a final DMSO concen-
tration of 0.1%. Exposure was carried out by placing
synchronized L1 stage worms [synchronized by sodium
hypochlorite treatment as in Stiernagle (2006)] onto
DMSO/BPA-containing plates seeded with Escherichia coli
strain OP50. Plates were then incubated for �53 hr at 20�
until worms reached the L4 stage. At the L4 stage, worms
were washed three times with M9, and exposed to DMSO,
DMSO+CoQ10, BPA or BPA+ CoQ10 in liquid culture (M9
buffer containing OP50 grown to OD600 = 24) in 24-well
plates. Between 200 and 300 worms were placed in each
well. After 24 hr, worms were washed five times in M9 and
collected for evaluation.
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Scoring embryonic lethality, larval lethality, and
brood size

Age-matched worms exposed as described above (from L1 to
24 hr post-L4) were washed five times in M9 and transferred
to NGM plates to score their embryonic lethality, larval
lethality, and brood size. Worms were transferred to new
NGM plates every 24 hr for four consecutive days. The
total number of fertilized eggs laid, hatched, and the num-
ber of progeny that reached adulthood were scored. At
least two independent biological replicates for each condi-
tion were assessed. P-values for col-121 worms (Figure 1)
for (A) Emb: BPA 500 mM vs. DMSO, P = 0.0031; BPA
500 mM vs. BPA 500 mM + CoQ10, P = 0.0049; (B)
Lvl: BPA 500 mM vs. DMSO, P , 0.0001; BPA 500 mM
vs. BPA 500 mM + CoQ10, P = 0.0015; (C) Brood size:
BPA 500 mM vs. DMSO, P= 0.0074; BPA 500 mM vs. BPA
500 mM CoQ10, P = 0.0173.

DAPI analysis and immunostaining

Whole-mount preparation of dissected gonads, DAPI stain-
ing, immunostaining, and analysis of stained germline nuclei
were performed as previously reported (Colaiácovo et al.
2003). Primary antibodies were used at the following
dilutions: rabbit a-RAD-51 at 1:10,000 [Novus Biological
(SDI)], and rabbit a-pCHK-1 at 1:100 (Santa Cruz). The
secondary antibody used was Alexa-488 a-rabbit (1:500)
(Jackson Immunochemicals). At least two independent bi-
ological replicates for each condition were assessed with
each primary antibody.

Imaging and microscopy

Immunofluorescence images were collected at 0.2-mm in-
tervals with an IX-70 microscope (Olympus) and a cooled
CCD camera (model CH350; Roper Scientific) controlled
by the DeltaVision system (Applied Precision). The repre-
sentative images presented correspond to projections appro-
ximately halfway through three-dimensional (3D) data
stacks of whole nuclei, except for the 21 oocytes at diakine-
sis, in which entire nuclei were captured. Images were sub-
jected to deconvolution analysis using the SoftWorx 3.3.6
program (Applied Precision) as described in de Carvalho et al.
(2008).

Live imaging was performed as described in Allard and
Colaiacovo (2010). Briefly, worms were immobilized with
0.01% levamisole on 3% agarose pads. Images were captured
with a 60X objective every 10 sec on the IX-70 microscope
described above. Nine independent biological replicates were
done for the live imaging assay.

Quantitative spatiotemporal analysis for RAD-51 foci

Quantitation of RAD-51 foci for all seven zones composing
the germline of both col-121 and rad-54;col-121 worms was
performed as previously described (Colaiácovo et al. 2003).
The average number of nuclei scored per zone (n) from
six gonads for each group was as follows: for the col-121
line: zone 1 (n = 91 6 11), zone 2 (n = 97 6 11), zone 3

(n= 79 6 6), zone 4 (n= 80 6 5), zone 5 (n= 78 6 8),
zone 6 (n = 69 6 8), and zone 7 (n = 56 6 4). For
the rad-54;col-121 line: zone 1 (n = 92 6 18), zone 2
(n =106 6 23), zone 3 (n = 97 6 18), zone 4 (n =
57 6 4), zone 5 (n = 44 6 6), zone 6 (n = 37 6 1)
and zone 7 (n = 32 6 6). Statistical comparisons between
treatments were performed using the two-tailed Mann-
Whitney test, 95% confidence interval (C.I). P-values for
col-121 worms (Figure 1E) in zone 4: BPA 500 mM vs.
DMSO, P = 0.0076; BPA 500 mM vs. DMSO + CoQ10,
P , 0.0001; BPA 500 mM vs. BPA 500 mM + CoQ10,
P = 0.006; in zones 5 and 6: BPA 500 mM vs. DMSO; BPA
500 mM vs. DMSO + CoQ10; BPA 500 mM vs. BPA
500 mM + CoQ10, P , 0.0001 (all pairs); in zone 7:
BPA 500 mM vs. DMSO, P = 0.0002; BPA 500 mM vs.
DMSO + CoQ10, P , 0.0001; BPA 500 mM vs. BPA
500 mM + CoQ10, P = 0.0004. P-values for rad-54;
col-121 worms (Figure 1F) in zone 5: BPA 500 mM vs.
DMSO, P , 0.0001; BPA 500 mM vs. DMSO + CoQ10,
P , 0.0001; BPA 500 mM vs. BPA 500 mM + CoQ10,
P = 0.001; in zones 6 and 7: BPA 500 mM vs. DMSO;
BPA 500 mM vs. DMSO + CoQ10; BPA 500 mM vs. BPA
500 mM + CoQ10, P , 0.0001 (all pairs).

Quantitative analysis for pCHK-1 foci and mitotic
nuclear diameter

Quantitation of pCHK-1 foci in nuclei at the premeiotic tip
(zones 1 and 2) and pachytene (zones 5 and 6) regions in
the germlines of col-121 worms was performed as previ-
ously described (Kim and Colaiacovo 2014). The average
number of nuclei scored per zone (n) from six gonads
for each group was as follows: Premeiotic tip: zone 1
(n = 87 6 8) and zone 2 (n = 76 6 21); Pachytene:
zone 5 (n = 75 6 7) and zone 6 (n = 62 6 11). Nu-
clear diameters of nuclei in the premeiotic tip were mea-
sured using the ruler tool available in the SoftWorx 3.3.6
program (Applied Precision). Statistical comparisons be-
tween treatments were performed using the two-tailed
Mann-Whitney test, 95% C.I.

Quantitative analysis of germ cell apoptosis

Germ cell corpses were scored in adult (24 hr post L4) her-
maphrodites (col-121 worms), using acridine orange as de-
scribed in Kelly et al. (2000), utilizing a Leica DM5000B
fluorescence microscope. Between 32 and 67 gonads were
scored, from at least three independent biological replicates
for each chemical treatment. Statistical comparisons between
treatments were performed using the two-tailed Mann-
Whitney test, 95% C.I. P-values for Figure 2: (B): DMSO vs.
DMSO + CoQ10, P = 0.0156; DMSO vs. BPA 100 mM +
CoQ10, P = 0.0435; DMSO vs. BPA 100, 200, and 500 mM,
P , 0.0001 (all pairs); BPA 100 mM vs. BPA 100 mM +
CoQ10, BPA 200 mM vs. BPA 200 mM + CoQ10, BPA
500 mM vs. BPA 500 mM + CoQ10, P, 0.0001 (all pairs);
in (C): BPA 500 mM vs. BPA 500 mM + CoQ10 at 5 or 30 or
100 mg/ml, P , 0.0001 (all pairs); in (D): BPA 500 mM vs.
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DMSO, BPA 500 mM vs. DMSO + CoQ10, BPA 500 mM vs.
BPA 500 mM + CoQ10, P , 0.0001 (all pairs).

Oxidative stress analysis

For evaluation of oxidative stress, we used a reporter strain
carrying GFP expressed under the control of the gst-4
promoter {dvIs19 [(pAF15)gst-4p::GFP::NLS] III; col-
121(nx3) IV}. After treatment, worms were washed in
M9 five times, and their gonads were dissected and ex-
amined utilizing a Leica DM5000B fluorescence microscope.
As controls, we also compared 24 hr post-L4 gst4p::GFP
worms that were either treated (+) or not (2) with para-
quat 50 mM for 1 hr, given that paraquat is a compound
that leads to elevated reactive oxygen species in the worm
by increasing superoxide levels primarily in mitochondria
(Castello et al. 2007; Keith et al. 2014). The fluorescence
intensities of the gonads and background were quantified
using ImageJ software. Four independent biological repli-
cates were performed for the oxidative stress assay. Be-
tween 26 and 29 gonads were scored for each chemical
treatment. Statistical comparisons between treatments
were performed using the two-tailed Mann-Whitney
test, 95% C.I. P-values (Figure 5A): BPA 500 mM vs.
DMSO, P = 0.0002; BPA 500 mM vs. DMSO + CoQ10,
P , 0.0001; BPA 500 mM vs. BPA 500 mM + CoQ10,
P = 0.0157.

Staining of mitochondria

To evaluate effects on mitochondrial morphology or func-
tion stemming from BPA exposure, we used Mitotracker
Red CMXRos (Invitrogen)—a mitochondrial dye that
accumulates in a manner dependent on mitochondrial
membrane potential—in worms exposed to DMSO,
DMSO + CoQ10, BPA, and BPA + CoQ10 as described
above. Mitotracker Red CMXRos was dissolved in M9 to
a stock concentration of 1 mg/ml and added to late L4
stage col-121 worms in liquid culture at a final concentra-
tion of 1 mg/ml for 24 hr. After treatment, worms were
washed in M9 five times, and placed on regular NGM
plates containing only OP50 E. coli for 1 hr to clear any
residual dye present on their intestinal tracts. Gonads
were dissected and examined utilizing a Leica DM5000B
fluorescence microscope. As controls, we also compared
untreated col-121 and sek-1 mutants, given that sek-1 en-
codes for a MAPKK that phosphorylates and activates p38
MAPK under oxidative stress conditions (Inoue et al.
2005; Hourihan et al. 2016). The fluorescence intensi-
ties of the cytoplasmic area of the gonads and back-
ground were quantified using ImageJ software. Three
independent biological replicates were performed for
the Mitotracker Red staining assay (DMSO: n = 31,
DMSO + CoQ10: n = 32, BPA 500 mM: n = 31, BPA
500 mM + CoQ10: n= 27, col-121, untreated: n= 21, sek-1,
untreated: n = 18). Statistical comparisons between treat-
ments were performed using the two-tailed Mann-Whitney

test, 95% C.I. P-values (Figure 5E): BPA 500 mM vs.
DMSO, P , 0.0001; BPA 500 mM vs. BPA 500 mM +
CoQ10, P , 0.0001; (Figure 5G): col-121 vs. sek-1, P ,
0.0001.

Worm lysis and liquid chromatography–tandem mass
spectrometry analysis of BPA

After exposure, worms were washed 10 times in M9 buffer,
and the worm pellet was frozen in liquid nitrogen. The pellet
was then resuspended in lysis buffer [25 mM Hepes
(pH 7.6), 5 mM EDTA, 0.5 M sucrose, 0.5% CHAPS, and
0.5% deoxycholic acid]. This solution was sonicated at 4�
for 10 cycles (1 min on and 1 min off per cycle) using a
Diagenode Bioruptor Plus 300 (Diagenode, Belgium), and
centrifuged at 10,000 rpm for 15 min to remove residual
nonsonicated/lysed fragments. Total BPA was quantified in
the lysates by LC-MS/MS as described in Zhang et al. (2016).
Briefly, 150 ml of lysate was transferred into a polypropylene
(PP) tube, spiked with 40 ng of 13C12-BPA (as an internal
standard) and b-glucuronidase for deconjugation of BPA.
BPA was extracted from the digested lysate using liquid–
liquid extractionwith ethyl acetate. The solventwas evaporated
to dryness, and reconstituted with methanol for LC-MS/MS
analysis. The chromatographic separation and quantification
of BPA were achieved by a Shimadzu Prominence Modular
HPLC system (LC-20 AD UFLC; Shimadzu Corporation, Kyoto,
Japan) connected with a Betasil C18 column (2.1 mm–

100 mm, 5 mm; Thermo Electron Corp., Waltham, MA)
coupled with API 3200 triple quadrupole mass spectrometer
(ABSciex, Foster City, CA). An isotope dilutionmethodwas used
for quantification. A nine-point calibration curve (1–400 ng/ml)
with a regression coefficient (R) of 0.997 was constructed
for the quantification of BPA. Quality control protocols include
procedural blank, matrix blank, matrix spike (fortified at
300 ng BPA), and duplicate analyses were performed along
with treated worm lysates. A trace level of BPA was found
in procedural blanks (1.2 ng) and matrix blanks (2.8 ng),
and these values were subtracted from sample concentrations.
The mean recovery (%) of BPA from the matrix spike ex-
periment was 83%, and the duplicate analysis of samples
yielded a coefficient of variation ,10%. Two independent
biological replicates were done for the analysis of BPA levels.
Representative LC-MS/MS chromatograms are shown in
Figure S1.

Quantitative RT-PCR analysis

Four independent biological replicates of �50 worms
each were collected in TRIzol (Invitrogen). The RNA was
extracted using Direct-zol RNA Kit (Zymo). cDNA was
synthesized using iScript gDNA Clear cDNA Synthesis Kit
(Bio-Rad) and reverse transcription/real-time quantitative
PCR was carried out using SsoFast EvaGreen Supermix
(Bio-Rad), according to the manufacturer’s protocol. Primer
amplification efficiencies were calculated from the standard
curve. Each sample was run in triplicate. Sample values
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were normalized to tba-1 (tubulin), and the relative fold
change to DMSO was calculated. Statistical comparisons
between treatments were performed using the unpaired
two-tailed t-test, 95% C.I. Primer sequences are listed in
Table S2.

Analysis with the COPAS biosort

Strain CV369 {col-121(nx3)IV; yIs34[Pxol-1::GFP;rol-6]V}
was used for analysis. The exposed worms were washed five
times with M9 and analyzed through the COPAS Biosort
(Union Biometrica, Holliston, MA) as described in Shin
et al. (2019). This analysis takes advantage of the transpar-
ency of C. elegans and the low levels of males (X0, 0.2% of
offspring of self-fertilizing XX hermaphrodites) to identify
chemical exposures resulting in increased chromosome non-
disjunction. Specifically, chemicals resulting in impaired
X chromosome segregation lead to a higher incidence of males
detected as elevated levels of GFP+ embryos (destined to
become males) in the uterus of exposed worms. Time-of-
flight (Tof) and GFP peak height were used as reading pa-
rameters in the COPAS Biosort. Four independent biological
repeats, encompassing a total of .5600 worms for each con-
dition, were run through the COPAS Biosort. Fold-increase
GFP+ signal over DMSO alone was calculated for each bio-
logical repeat, and then an average of the fold increase was
calculated (Figure 6, D and E).

Statistical analysis

Statistical analysis and figures were prepared using GraphPad
Prismversion 5.0 (GraphPadSoftware). Detailed descriptions
are indicated in the figure legends.

Data availability

Strains and reagents are available upon request. The authors
affirm that all data necessary for confirming the conclusions
of this article are represented fully within the article and its
tables and figures. All supplemental information has been
uploaded to figshare. Supplemental Information: The rep-
resentative LC-MS/MS chromatograms for the analysis of
BPA levels in worm lysates and additional information on
pCHK-1 foci scored along the germline are shown in Figures
S1 and S2, respectively. Table S1 indicates the C. elegans
lines used for this study and Table S2 shows the primers
utilized for quantitative RT-qPCR analysis. Supplemental
material available at figshare: https://doi.org/10.25386/
genetics.10782575.

Results and Discussion

CoQ10 supplementation rescues the increased
embryonic lethality, larval lethality, and decreased
brood size stemming from BPA exposure in C. elegans

BPA exposure impairs mammalian reproductive health, as
evidenced by decreased quality and production of both
sperm and oocytes (Hunt et al. 2003; Kato et al. 2006;
Susiarjo et al. 2007; Mok-Lin et al. 2010), increased

embryonic lethality, and increased recurrence of miscar-
riages in humans (Sugiura-Ogasawara et al. 2005; Salian
et al. 2009). Our previous study in C. elegans has shown
that BPA exposure results in decreased brood size and in-
creased embryonic lethality (Allard and Colaiacovo 2010).
To address whether CoQ10 can counteract the deleterious
effects of BPA on the germline, we continuously exposed
worms starting at the L1 larval stage (early developmental
stage) to three different concentrations of BPA: 100, 200,
and 500 mM (or 22.83, 45.66, and 114.15 mg/ml, respec-
tively). CoQ10 (5, 30, and 100 mg/ml) was then given for
24 hr starting at late L4 when the germline is fully formed,
and all meiotic nuclei are undergoing oogenesis. This ex-
posure protocol was used in an attempt to approximate
human exposures, which take place throughout the life
span of an individual, and the potential use of CoQ10 as
an intervention prior to or during pregnancy in humans.
We used col-121(nx3) worms for this and all subsequent
studies herein since this mutation in a cuticle collagen
gene, isolated in a screen for hypersensitivity to BPA
(Watanabe et al. 2005), increases cuticle permeability,
allowing for analysis of BPA effects at lower doses without
perturbing worm development or meiosis (Allard et al.
2013). Although we had previously employed ethanol as
vehicle for our meiotic studies, we were unable to dissolve
CoQ10 in the dose range tested using ethanol. For this
reason, we used DMSO as vehicle instead, which is known
to produce baseline toxicity (Katiki et al. 2013; Parodi et al.
2015). Although not statistically significant, a tendency of
protective effects for CoQ10 was observed in DMSO +
CoQ10 worms when considering the baseline effects pro-
duced by the inherent toxicity of DMSO (Figure 1, A–C). A
beneficial role for CoQ10 in promoting fertility became
further apparent when assessing the BPA-treated worms
(Figure 1, A–C). BPA exposure at the highest dose tested
(500 mM) resulted in statistically increased embryonic le-
thality (Emb), larval lethality (Lvl), and decreased brood
size (sterility). CoQ10 supplementation significantly res-
cued the decreased brood size, embryonic lethality, and
larval lethality produced by exposure to BPA. Taken to-
gether, these results support a beneficial role for this nat-
ural supplement in rescuing the C. elegans germline from
the effects of BPA exposure.

BPA uptake by C. elegans and CoQ10
supplementation doses

To determine the internal levels of BPA, we measured the
concentration of BPA inworm lysates by liquid chromatography–
tandem mass spectrometry analysis (Figure S1). This
analysis revealed that an exposure to 500 mM BPA
through the protocol described above resulted in 45 mg
of total BPA per gram of worm (adults, 24 hr post-L4)
pellet, or 0.045 ng of BPA per each worm, since an indi-
vidual worm weighs�1 mg (Muschiol et al. 2009). There-
fore, we are assessing the reproductive effects of BPA
in worms at internal levels consistent with low-dose
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exposure in the general human population, as suggested
by the amounts found in human specimens such as placenta
(�6014 ng BPA), amniotic fluid (�3320 ng), follicular fluid
(�0.12 ng per follicle), and umbilical cord tissue (�422 ng)
(calculated considering the estimation of the total mass of
the organ/volume of fluid) (Vandenberg et al. 2010). In

addition, the doses of CoQ10 (5, 30, and 100 mg/ml)
used to test if this coenzyme can reduce the germline de-
fects resulting from BPA exposure are comparable to those
used in prior C. elegans studies, and sixfold lower than
those used in mouse studies (Fischer et al. 2014; Ben-Meir
et al. 2015).

Figure 1 CoQ10 rescues BPA-
induced embryonic lethality (Emb),
larval lethality (Lvl), and decrea-
sed brood size, and it protects
from BPA-induced defects in DNA
double-strand break formation and
repair. (A) Embryonic lethality ob-
served among the progeny of
worms exposed to vehicle alone
(0.1% DMSO) or the indicated
doses of BPA, either with or with-
out subsequent supplementation
with 100 mg/ml CoQ10. Indicated
above the error bars are the total
numbers of eggs laid by the exposed
hermaphrodites. (B) Larval lethality
observed among the hatched prog-
eny of exposed worms. Indicated
above the error bars are the total
numbers of larvae hatched from
the eggs laid by the exposed her-
maphrodites. (C) Mean number of
eggs laid by worms exposed to the
indicated conditions. Indicated above
the error bars are the total numbers
of hermaphrodites exposed from L1
to 24 hr post-L4, for which entire
brood sizes were scored. Error bars
represent SEM. P values calculated
by the two-tailed Mann-Whitney
test, 95% C.I. *P # 0.05; **P #

0.01; ***P # 0.001; ****P #

0.0001. (D) Diagram of the
C. elegans germline indicating the
position of the seven zones scored
for RAD-51 foci. TZ, transition zone,
corresponds to leptotene/zygotene
stages of meiosis. (E and F) Mean
number of RAD-51 foci scored per
nucleus (y-axis) for each zone along
the germline axis (x-axis) for the in-
dicated genotypes. (E) Histogram in-
dicates a significant increase in levels
of RAD-51 foci in col-121worms ex-
posed to BPA-only compared to
other cases. (F) Histogram indicates
that the mean number of RAD-51
foci detected per nucleus is increased
starting in midpachytene (zone 5) in
rad-54;col-121 worms exposed to
BPA-only compared to other cases.
(G) Representative images of the
immunostaining for RAD-51 on mid-
pachytene nuclei (zone 5) from dis-

sected gonads of col-121 (left) and rad-54;col-121 (right) treated worms. Error bars in (E and F) represent SEM. Two-tailed Mann-Whitney test, 95% C.I. Levels of
RAD-51 foci in worms exposed to BPA only are statistically different from other cases with the following P values: **P# 0.01; ***P# 0.001; ****P# 0.0001.
DMSO was used at 0.1%; CoQ10 at 100 mg/ml, and BPA at 500 mM. Bar, 5 mm. N = 6 gonads.
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CoQ10 supplementation protects from BPA-induced
meiotic DSBs, resulting in reduced germ cell apoptosis
and DNA damage checkpoint activation and improved
chromosome morphology at diakinesis

Progression of meiotic recombination in the C. elegans germline
can be assessed by using an antibody recognizing the RAD-51
protein, which is the ortholog of Saccharomyces cerevisiae pro-
tein Rad51 involved in strand invasion/exchange during DSB
repair (Sung 1994; Colaiácovo et al. 2003). RAD-51 foci can be
quantified in nuclei throughout the germline, with levels in-
creasing in a SPO-11-dependent manner upon entrance into
meiosis (zone 3, Figure 1D), peaking by midpachytene (zone

5) and then decreasing by late pachytene (zone 7) as meiotic
DSB repair is completed (Alpi et al. 2003; Colaiácovo et al.
2003). As we previously reported, BPA exposure results in al-
tered meiotic DSBR progression as evidenced by significantly
elevated levels of RAD-51 foci detected specifically during mei-
osis (not inmitotic nuclei in the premeiotic tip or in premeiotic S
phase, zones 1 and 2) in BPA- compared to vehicle-treated
worms (Figure 1, D and E and Allard and Colaiacovo 2010).

Here, we show that CoQ10 supplementation significantly
decreased the BPA-induced increment in RAD-51 foci seen
during pachytene (zones 4–7) (Figure 1, E and G). To distin-
guish whether the elevated levels of RAD-51 foci reflect

Figure 2 CoQ10 rescues BPA-
induced elevated germ cell apoptosis
and pCHK-1 foci levels detected in
pachytene nuclei. (A) Schematic
representation of the U-shaped
gonad arms of C. elegans indicat-
ing where the acridine orange
stained corpses are scored. (B)
Dose-response curve showing the
quantification of apoptotic corpses
for the indicated doses of BPA with
and without CoQ10 (100 mg/ml)
supplementation. (C) Lower doses
of CoQ10 were also able to coun-
teract the elevated BPA-induced
(500 mM) germ cell apoptosis.
Two-tailed Mann-Whitney test, 95%
C.I. *P # 0.05; ***P # 0.001;
****P # 0.0001. DMSO was used
at 0.1%. N $ 32, number of go-
nads scored per condition. (D)
Mean number of pCHK-1 foci
per nucleus 6 SEM scored in
mid to late pachytene for the in-
dicated conditions. (E) Represen-
tative images of the immunostaining
for pCHK-1 on midpachytene (zone
5) nuclei from dissected gonads.
Two-tailed Mann-Whitney test, 95%
C.I. ****P # 0.0001 compared to
all other conditions. DMSOwas used
at 0.1%; CoQ10 at 100 mg/ml and
BPA at 500 mM. Bar, 5 mm. N = 6,
number of gonads scored per
condition.
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elevated DSB formation and/or impaired DSBR progression,
we examined rad-54;col-121 double mutants. In a rad-54
mutant background, DSBR is blocked and DSB-bound RAD-
51 is not removed, thus allowing for the quantification of
RAD-51 foci to serve as a readout of the total number of DSBs
formed (Mets and Meyer 2009). We observed a significant
increase in RAD-51 levels in rad-54;col-121 double mutant
worms exposed to BPA 500 mM compared to all the other
groups from midpachytene (zone 5) onwards, suggesting
elevated DSB formation upon BPA exposure (Figure 1, F
and G), and providing new insights into our previous anal-
ysis (Allard and Colaiacovo 2010). Importantly, the BPA-
induced elevated DSB levels were significantly decreased
with CoQ10 supplementation.

After exposure to BPA, late pachytene nuclei carrying
unrepaired DSBs and/or aberrant recombination inter-
mediates will be removed by apoptosis via activation of the
CEP-1/p53-mediated DNA damage checkpoint (Allard and
Colaiacovo 2010). Consistent with these findings, the higher
number of RAD-51 foci seen in BPA (500 mM)-exposed go-
nads was accompanied by a significant increase in the num-
ber of apoptotic nuclei in the germline (Figure 2, A and B).
Importantly, supplementation with CoQ10 (100 mg/ml) was
able to significantly reduce the elevated apoptosis detected
at various doses of BPA exposure (Figure 2B). Moreover, we
observed that CoQ10, even at lower doses (5 and 30 mg/ml),
protected from BPA-induced (500 mM) increased levels of
germ cell apoptosis (Figure 2C).

The ability of CoQ10 supplementation to rescue elevated
BPA-induced germ cell apoptosis is further supported by
the observed decrease in signal for phosphorylated CHK-1
(pCHK-1), which is a checkpoint kinase that is normally ele-
vated upon DNA damage checkpoint activation (Kalogeropoulos
et al. 2004), and which we have previously shown is elevated
upon BPA exposure (Figure 2, D and E; and see Allard and
Colaiacovo 2010). In addition, we did not detect either ele-
vated pCHK-1 signal in mitotic germline nuclei (Figure S2, A
and B) or an increased nuclear diameter for nuclei in the
premeiotic tip (mitotic nuclei), which is characteristic of
S-phase arrest induced by DNA damage (Garcia-Muse and
Boulton 2005; Kim and Colaiacovo 2014) (Figure S2C), sug-
gesting that BPA exposure specifically activates the meiotic
DNA damage checkpoint in late pachytene. We also corrob-
orated previous data pointing to BPA-dependent specific
stress during meiosis within the germline, since we did not
observe elevated levels of RAD-51 foci in zones 1 and 2 of the
gonad (premeiotic tip) (Allard and Colaiacovo 2010) (Figure
1, E and F).

Finally, we assessed whether CoQ10 rescues the defects in
chromosomemorphology observed in oocytes at diakinesis as
a result of altered DSB formation and repair following BPA
exposure. We examined the diakinesis oocyte that is most
proximal to the spermatheca (21 oocyte; Figure 3A), and the
defects scored included chromosome aggregation, frayed ap-
pearance, the presence of chromosome fragments and chro-
matin bridges, which can stem from elevated DSB formation

and/or impaired DSB repair. High-resolution microscopy
revealed a direct correlation between the dose of BPA and
the percentage of 21 oocytes exhibiting chromosome mor-
phology defects, which was reduced by CoQ10 supplementa-
tion (Figure 3, B and C). However, only BPA 200 mM and
500 mM produced a significant increase in the percentage of
chromosome morphology defects at diakinesis in comparison
to DMSO (44.7% and 63.8% compared to 17.3%, respec-
tively, P = 0.0043 and P , 0.0001 by Fisher’s exact test).
After supplementation with CoQ10, the frequency of defects
detected for all three doses of BPAwere reduced compared to
worms exposed only to BPA. However, only BPA 500 mM-
treated worms supplemented with CoQ10 exhibited a statis-
tically significant decrease in the levels of defects compared
to BPA-only treated worms (P = 0.0035). Taken together,
these results reveal that BPA exposure results in increased
levels of DSB formation specifically during meiosis and sup-
port an improvement in the maintenance of genomic integ-
rity exerted by CoQ10 against the effects of BPA during
meiosis.

CoQ10 supplementation counteracts BPA-induced
oxidative stress and altered gene expression of
antioxidant enzymes in the germline

We had previously shown that exposure to BPA resulted in
germline-specific altered expression of DSBR genes in C. ele-
gans (Allard and Colaiacovo 2010). To examine gene expres-
sion upon supplementation with CoQ10, and distinguish
changes taking place in the soma from those in the germline,
we performed quantitative RT-PCR using a glp-1(bn18) tem-
perature-sensitive mutant (Austin and Kimble 1987), which
lacks a germline at 25�, but is essentially wild type at 15�
(Figure 4, A and B). We focused this analysis on a set of
15 genes involved in meiotic DSB formation (dsb-1, dsb-2,
spo-11), DSB repair (mre-11, msh-5, rad-51, rad-54), and
DNA damage response (atl-1, atm-1, cep-1, chk-1, clk-2,
hus-1, mrt-2, prmt-5). However, we also examined the ex-
pression of four additional genes (ctl-2, sod-1, gpx-4, and
gst-4) involved in response to oxidative stress given that
BPA has been associated with oxidative DNA damage
(Rocha et al. 2017, 2018), and we observe that the antioxi-
dant CoQ10 rescues many of the germline defects caused by
BPA. Three genes were significantly upregulated specifically
in the germline of BPA-treated worms: hus-1, which encodes
for a checkpoint protein required for DNA damage-induced
CEP-1/p53-dependent apoptosis (Hofmann et al. 2002), and
sod-1 and gpx-4, which encode for a copper/zinc superoxide
dismustase and a selenoprotein glutathione peroxidase, re-
spectively, both known to protect cells from oxidative damage
(Giglio et al. 1994; Halliwell and Gutteridge 2007). CoQ10
supplementation was not able to alleviate the upregulation of
hus-1 in the germline of BPA-treated worms, although it was
able to reduce germ cell apoptosis even at low concentrations
(Figure 2, B and C). While changes in expression for other
genes not included in our analysis might explain this out-
come, it is also possible that the beneficial effects on germ
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cell apoptosis are due, at least in part, to changes in HUS-1
protein stability or localization that were not assessed in our
current study. However, supplementation with the antioxi-
dant resulted in a significant reduction in the expression lev-
els of the antioxidant enzymes seen elevated in germlines
exposed to BPA. We did not observe the downregulation of
the DSBR genes rad-54, mre-11, and mrt-2 reported previ-
ously following exposure to BPA (Allard and Colaiacovo
2010). Potential explanations for that include differences in
the worm background (we used the cuticle sensitized col-121
background vs. N2), dose (we used 500 mM vs. 1 mM) and
exposure time (in the current study BPA exposures extended
from L1 until 24 hr post L4 vs. eggs until 24 hr post L4)
between the studies.

Given the altered expression for oxidative stress response
genes and the elevated DSB levels we observed upon BPA
exposure, we next assessed the redox state in the gonads

after exposure to BPA, as well as whether rescuing oxidative
imbalance is one of themainmechanisms accounting for the
protective role of CoQ10 against BPA-induced reprotoxicity.
Using a reporter strain carrying GFP expressed under the
control of the gst-4 promoter, we observed that exposure to
BPA resulted in elevated GFP fluorescence signal in the
gonads compared to vehicle alone (Figure 5, A and B). In
contrast, gonads of CoQ10-supplemented worms showed a
significant reduction in GFP signal, suggesting that the re-
active oxygen species generated by BPA in the germ cells
are efficiently neutralized by CoQ10 treatment. Further ev-
idence that increased GFP fluorescence signal in the gonads
is a readout of oxidative stress stems from the increased
signal observed upon treatment with the reactive oxygen
species-generating compound paraquat (50mM) compared
to untreated [(2) paraquat] gonads (Figure 5, C and D).
Given that mitochondria are involved in reactive oxygen

Figure 3 CoQ10 ameliorates the deleterious effects
of BPA on chromosome morphology observed at
diakinesis (21 oocyte). (A) Schematic representation
of one gonad arm of C. elegans indicating the lo-
cation of the 21 oocyte (red arrow). (B) Quantifica-
tion of the chromosome morphology defects
observed in bivalents at diakinesis. n = number
of 21 oocytes in which each indicated type of de-
fect was observed. DMSO was used at 0.1%;
CoQ10 at 100 mg/ml. Fisher’s exact test pairwise
comparisons for the total numbers of defects/total
number of oocytes scored revealed **P = 0.0035
for BPA 500 mM vs. BPA 500 mM + CoQ10,
P = 0.0043 for DMSO vs. BPA 200 mM and
P , 0.0001 for DMSO vs. BPA 500 mM. (C) Rep-
resentative images of the DAPI-stained bodies in
the 21 oocyte. Six intact bivalents are shown for
control and either control or BPA 500 mM supple-
mented with CoQ10. In contrast, higher frequencies
of oocytes carrying chromosomes with a frayed ap-
pearance, aggregates, chromatin bridges (red ar-
rowhead), and fragments (yellow arrowhead) are
observed upon BPA-treatment. Bivalents and aggre-
gates have been traced to facilitate visualization of
the DAPI-stained bodies being scored, given that,
once the 3D data stacks encompassing whole nuclei
are “flattened,” some of the bivalents look super-
imposed onto each other in the final projections.
Bar, 5 mm.
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species metabolism (Brookes et al. 2004), we examined mi-
tochondrial function using a mitochondrial-targeted dye
(MitoTracker Red CMXRos) that accumulates within mito-
chondria dependent on mitochondrial membrane poten-
tial. Gonads from BPA-exposed worms exhibited reduced
Mitotracker signal, indicative of mitochondrial dysfunc-
tion, whereas Mitotracker signal was rescued upon supple-
mentation with CoQ10 (Figure 5, E and F). Supporting
specificity of this analysis, gonads from untreated col-121
worms, where mitochondrial function is supposedly nor-
mal, showed Mitotracker red signal (Figure 5, G and H)
comparable to that observed in col-121 worms treated ei-
ther with DMSO or DMSO + CoQ10 (Figure 5, E and F). In
comparison, untreated sek-1 worms, which lack the ortho-
log of mammalian MKK3/6 in the p38 MAPK pathway and
therefore exhibit mitochondrial dysfunction and increased ox-
idative stress, show a significant decrease in gonadal Mito-
tracker signal (Figure 5, G and H) (Chen et al. 2018).
Oxidative stress is known to produce DNA DSBs (O’Driscoll
and Jeggo 2006), and, therefore, these results also imply that
BPA-induced oxidative stress, due, at least in part, to mito-
chondrial dysfunction, is a potential mechanism by which ex-
posure to this plasticizer leads to the elevated levels of DSBs
we have observed in the worm germlines.

Further strengthening the link between BPA exposure,
oxidative DNA damage, and fertility problems, a recent study
has shown that knocking down the scavenger superoxide
dismutase 1 in the Drosophila oocyte leads to less efficient
maintenance of sister chromatid cohesion resulting in chromo-
some segregation errors (Perkins et al. 2016). The authors
recognize oxidative damage as a physiologicalmechanism that
triggers the human maternal age effect. In the same way, our
findings suggest that a major mechanism underlying the tox-
icity of BPA on reproductive health is oxidative damage.
According to our observations, the increase in the levels of
reactive oxygen species following BPA exposure induces
DNA damage, resulting in augmented germ cell apoptosis
and alteredmeiotic DSBR progression. An extrapolation based
on the findings by Perkins et al. (2016) would be that BPA-
induced oxidative stress may also impact the stability of sis-
ter chromatid cohesion, leading to chromosome segregation

errors. Whilewe have not observed evidence of premature loss
of sister chromatid cohesion based on the number of DAPI-
stained bodies scored in oocytes at diakinesis, we cannot ex-
clude the possibility that this could become more apparent at
later stages of cell division or in worms exposed for more
extended periods (i.e., aged worms).

CoQ10 supplementation rescues BPA-induced
chromosome segregation defects during
early embryogenesis

To assess whether CoQ10 may be beneficial also during early
embryogenesis, we performed live-imaging of the first em-
bryonic division in H2B::mCherry; g-tubulin::GFP transgenic
worms. Results corroborated our previous data showing that
worms exposed to BPA exhibited a higher frequency of de-
fects (21.9%, n = 32) during the first embryonic cell divi-
sion, such as chromosomes failing to properly align at the
metaphase plate, metaphase plate arrest, and presence of
chromatin bridges during the metaphase to anaphase transi-
tion (Allard and Colaiacovo 2010), in comparison to vehicle
(6.3%, n= 32) (Figure 6, A and B). In this assay, we observed
that CoQ10 supplementation provided a modest decrease to
the higher frequency of defects found during early embryogen-
esis in comparison to exposure to BPA (21.9% for BPA-only vs.
15.2%, n = 33, for BPA + CoQ10). We suggest that this par-
tial rescue is due to the limitation of the number of events that
can be assessed by live-imaging. Specifically, when we moni-
tored embryonic lethality levels (Figure 1A), in which CoQ10
was seen to significantly overcome BPA 500 mM-induced em-
bryonic lethality, the number of events scored was much
higher (n = 2179 embryos for BPA-exposed and n = 3148
embryos for BPA + CoQ10) than those assessed by live-
imaging analysis (n= 32 embryos for BPA, andn= 33embryos
for BPA + CoQ10). Therefore, the partial effect of CoQ10 in
decreasing the frequency of defective early embryonic divi-
sions may stem from technical limitations on the number of
events that can be scored by the more laborious live-imaging
approach. To address this, we applied a high-throughput
screening platform developed recently in the laboratory
to screen large numbers of animals for increased aneu-
ploidy as a result of impaired germline function (Allard et al.

Figure 4 CoQ10 counteracts BPA-induced altered
gene expression of antioxidant enzymes in the
germline. (A and B) Expression levels of a panel
of genes implicated in DSBR, DNA damage re-
sponse, and oxidative stress scavenging were
assayed by quantitative RT-PCR. Analysis of glp-
1;col-121 worms at 15�C (A) reports expression
in both the germline and the soma, while only
expression in the soma can be scored at 25�C
(B). Error bars represent SEM. BPA is statistically
different from DMSO at *P = 0.0286 (hus-1);
BPA is statistically different from BPA + CoQ10
at **P = 0.006 and **P = 0.0017 for sod-1 and
gpx-4, respectively, by the unpaired two-tailed
t-test, 95% C.I. DMSO was used at 0.1%; CoQ10 at
100 mg/ml.
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2013; Shin et al. 2019) (Figure 6C). With this strategy,
worms carrying a Pxol-1::gfp transcriptional reporter are
assessed based on fluorescence intensity with a large ob-
ject flow cytometry system (COPAS Biosort; Union Bio-
metrica). GFP expression is controlled by a male-specific
promoter allowing for measurement of the levels of GFP+

eggs (destined to become males) in the uterus of exposed
mothers as a result of X chromosome nondisjunction (see
Material and Methods). More than 5600 animals were
screened in four biological repeats for each condition.

BPA-treated worms exhibited a significant higher fold in-
crease in GFP+ embryos compared to DMSO, and treat-
ment with CoQ10 (BPA + CoQ10) significantly lowered
the levels of GFP+ embryos (Figure 6, D and E), indicating
that CoQ10 is rescuing the elevated levels of chromosome
nondisjunction detected during embryogenesis following
BPA exposure.

In conclusion, due to the potential of endocrine disrup-
tors such as BPA to cause toxicity, the identification of
new potential protective agents is imperative. Here, we

Figure 5 BPA-induced oxidative
stress and mitochondrial dysfunc-
tion in the germline are rescued
by CoQ10 supplementation. (A)
Fold increase of gonadal GFP fluo-
rescence showing CoQ10 rescues
the elevated signal in gonads
from worms exposed to BPA.
gst-4p::GFP;col-121 transgenic
worms were examined. (B) Dis-
sected gonads from transgenic
gst-4p::GFP; col-121 worms ex-
posed to the indicated chemicals.
GFP signal is elevated in the germ-
lines of BPA-exposed worms, and
that signal is decreased in the go-
nads of BPA-exposed worms sup-
plemented with CoQ10. Gonads
from worms exposed to either
DMSO-only or DMSO + CoQ10
are shown as controls. (C) Fold in-
crease of gonadal GFP fluores-
cence showing paraquat treatment
(50 mM) significantly augments
the signal in gst-4p::GFP;col-121
worms. (D) Dissected gonads
from transgenic gst-4p::GFP; col-
121 worms either exposed (+) or
not (2) to paraquat 50 mM.
(E–H) Staining of mitochondria us-
ing Mitotracker Red was exam-
ined in the gonads. (E) Fold
increase of gonadal Mitotracker
Red (MTR) fluorescence showing
CoQ10 rescues mitochondrial
function in BPA-exposed worms.
(F) Dissected gonads from col-
121 worms exposed to the indi-
cated chemicals. Mitotracker Red
signal is significantly decreased
in the germlines of BPA-exposed
worms and increased in the go-
nads of BPA-exposed worms sup-
plemented with CoQ10. Gonads

from worms exposed to either DMSO-only or DMSO + CoQ10 are shown as controls. (G) Quantification of gonadal Mitotracker Red (MTR) signal
detected in untreated sek-1 mutants showing a significant decrease compared to untreated col-121 (control). (H) Dissected gonads from col-121
and sek-1 worms were examined after Mitotracker staining. White arrows are positioned adjacent to the premeiotic region indicating the direction
of germline progression. Dissected gonads are shown to facilitate visualization and quantitation of signal specifically in the germline, which
otherwise is confounded by signal in other regions of the worms’ bodies. Statistically different from DMSO and DMSO + CoQ10 at
P# 0.0001, statistically different from BPA + CoQ10 at **P# 0.01 (A); statistically different from (2) paraquat at ****P# 0.0001 (C); statistically
different from DMSO and BPA at ****P , 0.0001, statistically different from BPA + CoQ10 at ****P , 0.0001 (E); statistically different from col-
121 and sek-1 at ****P , 0.0001 (G) by the two-tailed Mann-Whitney test, 95% C.I. DMSO used at 0.1%; CoQ10 at 100 mg/ml and BPA at
500 mM. Bar, 5 mm. N $ 18, number of gonads scored per treatment.
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corroborated and extended our previous findings on the
mechanisms by which BPA—a highly prevalent EDC in our
environment—disturbs the germline and results in in-
creased embryonic lethality, larval lethality, and decreased
brood size. We complemented the toxicological analysis of
BPA by showing that exposure to this plasticizer may

generate reactive oxygen species in the gonads, which
our analysis suggests can induce altered meiotic DSB lev-
els. Elevated meiotic DSBs, coupled to impaired meiotic
DSB repair, ultimately result in activation of the DNA dam-
age checkpoint, elevated levels of germ cell apoptosis and
chromosome morphology defects in late prophase I, as

Figure 6 CoQ10 supplementa-
tion rescues BPA-induced defects
during the first embryonic divi-
sion. (A and B) A higher frequency
of chromosome segregation de-
fects during the first embryonic cell
division is seen in H2B::mCherry;
g-tubulin::GFP; col-121 embryos
after treatment with BPA com-
pared to vehicle (DMSO). CoQ10
partially rescues this effect. (A)
Quantification of defects detected
during the first embryonic cell di-
vision. (B) Time-lapse images of the
first embryonic division. Shown are
examples of normal chromosome
alignment at metaphase and seg-
regation at anaphase (top row),
with chromosomes in red and spin-
dle microtubules in green. Center
and bottom rows show examples
of chromatin bridges (yellow arrow-
head; insert shows a magnified
image of the chromatin bridge),
congression defects, and metaphase
arrest observed. A Pearson Chi-
Square test of independence was
calculated for a pairwise comparison
of defective and nondefective first
embryonic divisions. DMSO used at
0.1%; CoQ10 at 100 mg/ml. Bar,
5 mm. N $ 32 per condition.
(C–E) High-throughput analysis with
the COPAS Biosort shows CoQ10
rescues the elevated chromosome
nondisjunction detected during em-
bryogenesis following BPA exposure.
(C) Flowchart for high-throughput
analysis with the COPAS Biosort.
Age-matched L1 stage animals
were grown on either DMSO- or
BPA-containing NGM plates until
reaching the L4 stage. L4 stage an-
imals from DMSO plates were dis-
pensed into 24-well plates (300
worms/well) containing OP50 E. coli

(OD600 = 24) in M9 buffer and either DMSO alone or DMSO with CoQ10, and L4 stage animals from BPA plates were dispensed into 24-well plates with
either BPA or BPA with CoQ10. After a 24-hr incubation at 20�, worms were thoroughly washed with M9 and sorted with the COPAS Biosort based on
fluorescence intensity. Time-of-flight (Tof) and GFP peak height were used as reading parameters. (D) Levels of GFP+ embryos (resulting from X chromosome
nondisjunction) detected in the uterus of BPA-treated worms are significantly higher relative to DMSO (***P , 0.0001) and CoQ10 treatment results in a
significant reduction in the elevation induced by BPA (**P = 0.0021). DMSO used at 0.1%; BPA at 500 mM; CoQ10 at 100 mg/ml. Statistical comparisons
were performed using the unpaired two-tailed t-test, 95% C.I. Error bars represent SEM. (E) Readouts obtained with the COPAS Biosort for the indicated
chemicals. Shown is the fold increase over DMSO alone calculated for each biological repeat (labeled as 1 through 4). SD, standard deviation. (F) Model for how
CoQ10 restores fertility by rescuing BPA-induced oxidative DNA damage in the C. elegans germline. BPA exposure may lead to mitochondrial dysfunction in the
germline resulting in increased reactive oxygen species (ROS) that in turn may account, at least in part, for the increased levels of DNA double-strand breaks
(DSBs) and the embryonic defects observed. Unrepaired or aberrantly repaired meiotic DSBs lead to the activation of a late pachytene DNA damage checkpoint
resulting in increased germ cell apoptosis, the increased chromosome abnormalities detected in oocytes at late diakinesis, and some of the observed embryonic
defects (the latter is depicted by a dashed arrow, given that a direct effect on embryos may also be possible). Only the pathway/mode of action directly tested in
this study is depicted, but other studies have shown additional effects such as alterations in gene expression (Allard and Colaiacovo 2010; Chen et al. 2016).
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well as the elevated expression of genes encoding for an-
tioxidant enzymes specifically in the germline. Taken
together, our data suggest that CoQ10 counteracts BPA-
induced toxicity on reproductive health through the scav-
enging of reactive oxygen species and free radicals (Figure
6F), raising the exciting possibility that supplementation
with this natural antioxidant may constitute a low-risk
and low-cost strategy to attenuate the impact on fertility
exerted by BPA.
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