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Abstract: Advanced maternal age (AMA) is associated with reduced fertility due in part to
diminished ovarian follicle quantity, inferior oocyte quality, chromosome aneuploidy, and lower
implantation rates. Ovarian aging is accompanied by increased oxidative stress and blunted
antioxidant signaling, such that antioxidant intervention could improve reproductive potential. The
first aim of this study was to determine the molecular effects of antioxidant intervention in the
ovaries and oocytes of aged mice, utilizing a supplement containing only naturally occurring agai
(Euterpe oleracea) with an oxygen radical absorbance capacity of 208,628 umol Trolox equivalent
(TE)/100 g indicating high antioxidant activity. Nine month old female CF-1 mice were administered
80 mg/day antioxidants (n = 12) or standard diet (n = 12) for 12 weeks. In the ovary, antioxidant
treatment upregulated B-adrenergic signaling, downregulated apoptosis and proinflammatory
signaling, and variably affected cell growth and antioxidant pathways (p < 0.05). Exogenous
antioxidants also increased the oocyte expression of antioxidant genes GPX1, SOD2, and GSR (p <
0.05). A feasibility analysis was then conducted on female AMA infertility patients as a proof-of-
principle investigation. Patients (1 = 121; <45 years old) consented to receiving 600 mg antioxidants
three times daily for >8 weeks preceding infertility treatment. Preliminary results indicate
promising outcomes for AMA patients, warranting further investigation.

Keywords: antioxidants; flavonoids; oxidative stress; advanced maternal age; in vitro fertilization;
dietary supplements

1. Introduction

Advanced maternal age (AMA) represents a significant decrease in fertility associated with reduced
ovarian follicle quantity and oocyte quality, increased oocyte chromosome aneuploidy, and lower
implantation rates [1-3]. Aging is associated with an imbalanced redox state in most organs, including the
ovaries, with increased reactive oxygen species (ROS) relative to antioxidant signaling [4,5]. In aged
ovaries, this is likely due in part to less activity of naturally occurring antioxidant enzymes [6,7].
Transcriptional changes also contribute to aging effects in a variety of ways. Specifically, antioxidant
gene expression decreases in mouse, nonhuman primate, and human oocytes [8-11], altered
microRNAs in human blastocysts lead to reduced oxidative defense [12], and granulosa and cumulus
cell gene expression important for oocyte maturation is dysregulated [11,13,14]. Aged oocytes are
also more sensitive to oxidative stress and likely require a shift in redox balance toward increased
antioxidant signaling [15].

The relationship between ROS and antioxidant signaling in the ovary is complex. Ovarian ROS
are important mediators of numerous processes including ovulation, corpus luteum formation, and
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ovarian angiogenesis [16-19], but they can also be detrimental to ovarian processes such as cumulus-
oocyte complex interactions and oocyte maturation [20,21]. Therefore, the correct balance between ROS
generation and elimination is essential for optimal ovarian function and fertility [22]. The aging-associated
decline in fertility has shown correlation with dysregulated pro- and antioxidant signaling [11,23,24].
Studies utilizing various animal models of induced ovarian oxidative stress provide evidence that
antioxidant supplementation combats oxidative damage in the ovary [25-30].

In patients with increased levels of oxidative stress, clinical studies have linked positive
pregnancy outcomes with more robust antioxidant signaling. One such study in patients with
unexplained infertility found that a higher intake of certain antioxidant nutrients was associated with
decreased time to pregnancy [31]. Another study observed a positive correlation between the total
antioxidant response measured in maternal blood and pregnancy success following in vitro
fertilization (IVF) [32]. Consistent with these studies, elevated circulating or peritoneal ROS are
associated with idiopathic infertility [33,34]. Therefore, we hypothesize that augmenting antioxidant
signaling may improve ovarian function and fertility.

The primary aim of this study was to determine the effects of antioxidant treatment on gene
expression in ovaries and oocytes of aged mice. We utilized the naturally occurring acai berry (Euterpe
oleracea) as it contains flavonoids that are potent scavengers of oxygen free radicals and ROS, and it
shows therapeutic benefit in several studies investigating aging impact [35,36]. Dietary antioxidant
supplementation was sufficient to alter gene expression in both ovaries and oocytes. Signaling
pathways that are impacted by aging, i.e., antioxidant and apoptosis, were altered by antioxidant
treatment. We then evaluated the feasibility of antioxidant administration in patients prior to an IVF
cycle and determined that patients were compliant with the antioxidant regimen, where it was found
that reproductive outcomes in AMA and younger counterparts were comparable. We conclude that
antioxidant supplementation is a feasible and promising strategy to improve ovarian function during
reproductive aging, warranting further investigation.

2. Results

2.1. Pathway Analysis of the Aged Murine Ovarian Transcriptome Following Antioxidant Intervention

After 9 months of natural aging, female mice were fed either a control chow diet or the same diet
supplemented with antioxidants for 12 weeks, after which they were euthanized for collection of
ovaries and oocytes (Figure 1a). Murine ovarian transcriptome analysis revealed that, compared to a
control diet, antioxidant treatment altered the expression of many signaling pathways in the ovaries
of aged mice as determined by pathway analysis (Figure 2) of the differentially expressed genes
(Table S1, Supplementary Materials). Antioxidant administration resulted in upregulated [-
adrenergic signaling (dopamine receptor, cardiac -adrenergic, and cyclin-dependent kinase 5
(CDKS5) signaling pathways). Apoptosis signaling was downregulated (induction of apoptosis via the
human immunodeficiency virus 1 (HIV1) pathway) with reduced expression of tumor necrosis factor
receptor superfamily member 1B (TNFRSF1B). Cell growth pathways were both upregulated (cyclins
and cell-cycle regulation, gap 1 (G1)/synthesis (S) checkpoint regulation, and angiopoietin signaling
pathways), and downregulated (transforming growth factor beta (TGFf3) and p38 mitogen-activated
protein kinase (MAPK) signaling pathways), suggesting that antioxidant treatment promoted cell-
type-specific cell survival and growth.

Antioxidant intervention had anti-inflammatory effects by downregulating proinflammatory
pathways (p38 MAPK and B-cell receptor signaling pathways; nuclear factor (NF)-«B signaling, Z-score
—0.632). The intervention also had antioxidant effects per microarray findings, i.e., increased expression
of the antioxidant gene PAX4, but did not result in a significant difference by pathway analysis.
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Figure 1. Experimental designs for antioxidant intervention in (a) mice and (b) humans are detailed.
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Figure 2. Pathway analysis of the differentially expressed genes in aged murine ovaries following
antioxidant intervention. Cellular pathways with altered expression after antioxidant intervention
compared to control diet, with p <0.05 and Z-score >1 or <-1, are presented.

2.2. Differential Gene Expression in the Murine Ovary Following Antioxidant Intervention

Effects of antioxidant treatment on apoptosis signaling in the ovary were further investigated by
qPCR (Figure 3a), and the microarray and qPCR findings were consistent. Expression of tumor
necrosis factor (INF)-related genes was lower after antioxidant treatment as determined by both
methodologies. The microarray did not report levels of the other genes analyzed by qPCR.
Differentially expressed genes by qPCR reflected a shift toward pro-survival and antiapoptotic
signaling. Antioxidant intervention downregulated the extracellular-induced apoptotic signaling
response, with reduced expression of proapoptotic factors TNF and Fas cell-surface death receptor
(FAS). Intrinsically induced apoptosis was also downregulated by antioxidant treatment, with
reduced expression of the proapoptotic factor Bcl-2-interacting killer (BIK) and higher expression of
pro-survival factors Bcl2-like 1 (BCL2L1), B-cell lymphoma 2 apoptosis regulator (BCL2), and Bcl-2
homologous antagonist killer (BAKI). Consistently, expression of the proapoptosis regulator caspase
9 (CASP9) was reduced.

We determined by qPCR that ovarian signaling components important for redox balance were
variably affected by antioxidant treatment, with reduced expression of the antioxidant enzymes
glutaredoxin (GLRX), quiescin sulfhydryl oxidase 1 (QSOX1), and protein disulfide isomerase family
A member 4 (PDIA4), but increased expression of the antioxidant genes glutamate cysteine ligase
modifier subunit (GCLM) and superoxide dismutase 2 (SOD2) (Figure 3a).
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Figure 3. Antioxidant-induced gene expression changes in the aged murine ovary and meiosis II (MII)
oocytes. Select genes identified as differentially expressed by microarray and additional genes of
interest were analyzed by qPCR. Data are presented as the fold change (+ fold change range) of gene
expression in (A) ovaries (1 =12 each) and (B) MII oocytes (1 = 19 each) from antioxidant-treated aged
mice compared to aged mice on control diet. * p <0.05 by two-tailed, unpaired t-test.

2.3. Effects of Antioxidant Administration on Murine Oocyte Gene Expression

Antioxidant intervention altered the gene expression of factors important in redox signaling in
murine oocytes (Figure 3b). Expression levels of three important antioxidant genes—glutathione
peroxidase (GPX1), SOD2, and glutathione reductase (GSR) —were markedly higher in oocytes from
mice treated with antioxidants compared to control diet.
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2.4. Feasibility Analysis after Antioxidant Intervention

To determine feasibility of the antioxidant intervention in a patient cohort, infertility patients
were administered antioxidants for 8-16 (mean 9.9 + 2.2) weeks (variability due to menstrual cycle
dates), immediately preceding follicle-stimulating hormone (FSH) administration (Figure 1b). Patients
were aged 38.1 + 3.5 (median 39, range 28-44) years during their antioxidant-supplemented IVF cycle.
The patients had normal ovarian reserves as determined by measurement of antral follicle count and
follicle-stimulating hormone (FSH) on menstrual cycle day 3 and antimdiillerian hormone levels
(Table 1). In total, 121 patients were offered the treatment, and all consented and were compliant.

Preimplantation genetic testing for aneuploidy (PGT-A) was performed by array comparative
genomic hybridization (aCGH) or next-generation sequencing (NGS; Illumina, San Diego, CA, USA)
for detection of whole-chromosome aneuploidy only. Trisomies of chromosomes 15, 16, 19, 21, and
22 and monosomies of chromosomes 15, 16, 18, 19, 21, and 22 each occurred in more than 10% of
patients (Figure 4). In total, 21 patients had only aneuploid blastocysts and did not undergo frozen
embryo transfer (FET; Figure 1b). The IVF cycles that resulted in only aneuploid blastocysts occurred
in women who were significantly older than patients who underwent FET (41.5+1.7 vs. 37.4 + 3.4 years
old, p <0.0001). In patients 39 years or older compared to patients younger than 39, IVF outcomes were
similar apart from euploidy rates, which were lower in the older group (p <0.0001; Table 1).

Table 1. Results of proof-of-principle investigation.

FET Patients <39 Years, n=50 FET Patients 239 Years, n =50

Age, years 345+24 40.3+1.3
Prior failed IVF cycles, n (range) 2.1+1.4(1-8) 19+1.4 (1-7)
Baseline ovarian reserve parameters
AMH, ng/mL 29+29 28+21
D3 FSH, ng/mL 8.0+34 84+3.1
D3 AFC, n 16.6 +8.3 15.7 +8.5
IVF outcomes
Oocytes collected, n 17.4+8.3 17.4+9.2
Total blastocysts, n 50+29 52+3.3
Total blastocysts, % 30.4+14.1 33.7+18.3
Euploid blastocysts, n 3.0+£19 21+1.6
Euploid blastocysts, % 63.8£24.8 43.4+223*
Embryos transferred 1.5+05 14+05
FET outcomes
Implantation rate (FHT) 72.0% 75.3%
Negative 3-hCG 4 (8%) 7 (14%)
Nonviable implantation 6 (12%) 4 (8%)
Miscarriage 1(2%) 2 (4%)
Fetal demise at 34 weeks 0 (0%) 1(2%)
Live birth 39 (78%) 36 (72%)
Twin birth 11 (28%) 9 (24%)

FET, frozen embryo transfer; B-hCG, f-human chorionic gonadotropin;, AMH, antimiillerian
hormone; FSH, follicle-stimulating hormone; AFC, antral follicle count; D3, menstrual cycle day 3;
FHT, fetal heart tones; IVF, in vitro fertilization. Data are presented as means + SD or number (%) of
patients. * p <0.0001 by two-tailed, unpaired ¢-test.
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Figure 4. Types of aneuploidies in blastocysts from antioxidant-treated patients (1 = 553 blastocysts,
100 IVF cycles). The percentage of patients with a gain or loss of each chromosome is presented.

2.5. Outcomes of FET Following Antioxidant Supplementation

All subjects underwent follow-up after FET procedures, and 75% resulted in live birth (Table 1).
In total, 99.3% of cryopreserved embryos survived warming and 1.4 + 0.5 embryos were transferred
per patient according to the physician’s direction and their prior infertility history. Cases of
reproductive failure included 11 negative f-human chorionic gonadotropin (3-hCG) measurements,
seven biochemical pregnancy losses, three pregnancies resulting in first-trimester fetal loss (no
products of conception analyzed), and one late-gestation fetal demise due to a placental defect. AMA
patients 39 years or older had promising FET outcomes comparable to good-prognosis patients
younger than 39 (Table 1).

3. Discussion

Antioxidant supplementation in aged mice was sufficient to impact the ovarian and oocyte
transcriptome, specifically, signaling pathways affected by aging. Infertility patients were compliant
with the antioxidant regimen prior to an IVF cycle and AMA patients had promising and comparable
reproductive outcomes to their younger counterparts. These findings support our hypothesis that
reduced antioxidant signaling in the aged ovary can be ameliorated by exogenous antioxidant
intervention to enhance reproductive potential.

Following antioxidant administration, the murine ovarian transcriptome reflected an
environment with enhanced cell survival and {3-adrenergic signaling, decreased apoptotic signaling
proinflammatory pathways, and altered antioxidant signaling compared to control aged mice.
Upregulated p-adrenergic signaling may contribute to improved ovarian function through changes
in follicular development and hormone secretion [37-39], particularly since ovarian sympathetic
nerve activity may decline with ovarian aging [40]. The anti-inflammatory effects of antioxidant
treatment are consistent with previous reports [41]. Further cell-type-specific investigation into the
effects of antioxidant treatment on redox regulation in the ovary is warranted, given that some
antioxidant enzymes were upregulated while others were downregulated. A recently published
study of nonhuman primates provided insight into ovarian cell-type-specific changes in gene
expression with aging [11] and reported increased apoptosis and reduced antioxidants in the ovary,
which they localized to granulosa cells. The aged mice in this study showed a similar phenotype to
aged nonhuman primates, and antioxidant intervention was sufficient to alter the cellular processes
most influenced by aging, i.e., apoptosis and antioxidant signaling. In the whole ovary, the expression
of important antioxidant genes was upregulated, including GCLM, the modifier subunit of glutamate
cysteine ligase (GCL). Decreased activity of GCL is associated with increased oxidative stress and
aging-related diminished function in the ovary [42]; thus, we speculate that increased GCLM
expression reduces oxidative stress and improves ovarian function.
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In murine oocytes, expression of key antioxidant genes SOD2, GPX1, and GSR was markedly
higher after treatment. Disrupted redox balance associated with aging reduces oocyte competence [22]
such that increased expression of these genes in oocytes of antioxidant-supplemented mice could
lead to restoration of quality and future developmental competence. Superoxide dismutase is
important in meiosis for maintenance of sister chromatid cohesion necessary to prevent segregation
errors and aneuploidy [43,44]; thus, its upregulation following antioxidant intervention could reduce
meiotic errors. Glutathione peroxidase activation in oocytes has also been associated with enhanced
embryonic development [45,46]. The importance of increasing antioxidant enzyme expression in
oocytes was highlighted by a recent study that reported downregulation of these genes (including
GPX1 and GSR) with aging in the oocytes of nonhuman primates [11]. Restoration of redox balance
in the oocyte may be beneficial for maintaining correct epigenetic signatures which are important for
euploidy, fertilization potential, and embryo development [47].

On the basis of these observations, infertility patients were recruited for a proof-of-principle
investigation of antioxidant supplementation prior to an IVF cycle to analyze its feasibility. In AMA
patients 39 years of age or older compared to their younger counterparts, IVF and FET outcomes
were similar with the exception of aneuploidy rates that were higher for the AMA patients, as
extensively documented in the literature [48]. The 21 patients who did not undergo FET due to
aneuploidy were significantly older than the antioxidant-supplemented patients who underwent FET
(41.5+1.7 vs. 37.4 £ 3.4 years old, p <0.0001). There was a lack of euploidy in 17.4% of patients, which
is in the expected range for women of this age (36.7 + 3.7 years old, n = 121) [49]. Thus, antioxidants
did not negate the known effect of advanced maternal aging as women enter their 40s as the most
significant risk factor for chromosome aneuploidy. The antioxidant regimen was not detrimental to
IVF outcomes, as live birth rates were comparable to typical rates at our clinic and even represent
possible improvements [50]. The preliminary findings of this proof-of-principle investigation provide
rationale for future studies on the efficacy of antioxidant intervention.

Our findings may have broader implications for antioxidant administration in additional
populations. For example, there was elevated anti-inflammatory gene expression in the ovary with
antioxidants, suggesting that patients with pathologic ovarian inflammation may benefit from
antioxidant treatment. In women with obesity and/or polycystic ovary syndrome, there is evidence
that chronic, low-grade inflammation and oxidative stress in both ovarian follicles and the
endometrium contribute to anovulation and implantation failure, indicating that these groups may
benefit from this intervention [51,52].

There is robust evidence that an imbalanced redox state contributes to the effects of aging, and
that oxidative stress and aging are associated with lower fertility. So far, there is a lack of knowledge
of the benefits of antioxidant treatment in the preconception period on assisted reproductive
technology outcomes. In an aged murine model, antioxidant treatment positively impacted ovarian
and oocyte signaling pathways impacted by aging. When the antioxidant supplement was
administered to AMA patients prior to an IVF cycle, reproductive outcomes were similar to those in
younger counterparts. Antioxidant supplementation is a promising strategy to achieve optimal
ovarian function and oocyte quality, warranting further investigation.

4. Materials and Methods

4.1. Murine Antioxidant Intervention Protocol

Female outbred CF-1 mice (Charles River, Wilmington, MA, USA) were housed with a 12 h
light/dark cycle and ad libitum access to standard chow diet and water. All animal procedures and
protocols were completed in accordance with the Guide for the Care and Use of Laboratory Animals
(8th edition) and approved by the Fertility Labs of Colorado Ethics in Research Committee. Mice
were naturally aged for 9 months prior to an antioxidant diet intervention of 80 mg acai daily for 12
weeks (n = 12; Figure 1a). The acai antioxidant supplement was sourced from a commercial
manufacturer and contained only the naturally occurring acai berry from the palm tree Euterpe
oleracea. The agai pulp underwent nonthermal dehydration and packaging into vegetable-based
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cellulose capsules (Ecofruits International Inc., South Jordan, UT, USA). Chemical analysis of the lot
by the manufacturer reported a total polyphenol content of 6618 mg gallic acid equivalent (GAE)/100
g, an oxygen radical absorbance capacity (ORAC) of 208,628 umol Trolox equivalent (TE)/100 g, and
negligible microbial contamination. Control mice (n = 12) received the same balanced nutritional feed
but without the agai supplementation. After 12 weeks of the antioxidant intervention or control diet,
mice were euthanized by cervical dislocation for immediate collection of ovaries or oocytes.

For oocyte collection, mice were superovulated with 5 IU pregnant mare’s serum gonadotropin
(Sigma G-4877, St. Louis, MO, USA) followed 48 h later by 5 IU hCG (Sigma CG-5). Then, 23 h after
hCG administration, animals were euthanized by cervical dislocation, and oviducts were
immediately dissected from the abdominal cavity. Cumulus oocyte masses were then isolated from
the ampullae in G-MOPS+ (Vitrolife, Stockholm, Sweden) and exposed to hyaluronidase (Sigma H-
3757) to denude the cumulus cells and isolate the oocytes for collection.

4.2. Murine RNA Isolation, Transcriptome Analysis, and Quantitative Real-Time PCR

Murine ovaries were harvested from 12 month old mice, and RNA was isolated using the
RNeasy mini kit after homogenization with the QiaShredder (Qiagen, Germantown, MD, USA). RNA
analysis was carried out with CodeLink™ Mouse Whole Genome Array (Applied Microarrays,
Tempe, AZ, USA) and Ingenuity Pathway Analysis (Qiagen).

RNA was isolated from oocytes in meiosis II (MII) using the PicoPure™ RNA Isolation Kit
(Applied Biosystems, Foster City, CA, USA) with minor modifications to the manufacturer’s protocol.
Briefly, oocytes were lysed at 42 °C for 30 min in 10 pL of extraction buffer. One volume of 70%
ethanol was mixed with each sample prior to loading onto a preconditioned purification column.
Each sample was on-column deoxyribonuclease-treated at room temperature for 15 min (Qiagen).
After several washes, RNA was eluted in 20 uL of elution buffer.

For microarray validation and further gene expression investigation in ovaries and MII oocyte
gene expression, reverse transcription was performed using the High-Capacity complementary DNA
(cDNA) Reverse Transcription Kit (Applied Biosystems). The same extracted RNA samples were
used for both ovarian microarray and gene expression. The cDNA was diluted (1:4) in 1x Tris—
ethylenediaminetetraacetic acid (EDTA) buffer prior to performing quantitative reverse-transcription
PCR (RT-qPCR) on the 7300 Real-Time PCR System (Applied Biosystems). Here, 3 uL of diluted
c¢DNA was combined with 5 uM primer mix and Power SYBR™ Green PCR Master Mix (Applied
Biosystems) in a 15 pL final volume and amplified under the following thermal cycling conditions:
95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min, and a melt curve stage at
95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s. Gene primers are described in Table S2
(Supplementary Materials). For each target gene, relative expression to the stable internal
housekeeping gene ribosomal protein L19 (RPL19) was determined for sample-to-sample
comparisons. The fold change in expression of antioxidant-supplemented vs. control mice was
determined using the 2-22CT method.

4.3. Feasibility Analysis of Antioxidant Intervention Protocol and Outcomes

A total of 121 patients undergoing IVF with autologous oocytes consented to participate in this
proof-of-principle investigation. All female patients were <45 years and their partners had no severe
male factor infertility or requirement for surgically removed sperm. Patients provided informed
consent (Health One Institutional Review Board, protocol no. 350763-4) and were not compensated
for their participation.

The intervention protocol is described in Figure 1b. Routine IVF protocols were followed as
described previously [53]. Patients were administered antioxidants—the same agai supplements
described above —orally in 600 mg capsules three times daily according to the variable reported doses
of acgai pulp administered [54], and compliance was assessed by subjects” verbal confirmation. The
duration of intervention was 8-16 (mean 9.9 + 2.2) weeks (variability due to menstrual cycle dates),
immediately preceding FSH administration. Standard protocols were followed for ovarian
stimulation, IVF, and PGT-A.
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The primary patient outcomes were indicators of ovarian function and oocyte quality, i.e., the
number of oocytes retrieved, blastocyst development, and blastocyst euploidy. The patients
underwent follow-up to determine subsequent reproductive outcomes.

4.4. Statistical Analysis

Murine microarray data were analyzed by Ingenuity Pathway Analysis (Qiagen) and pathways
with p < 0.05 and Z-score >1 or <-1 are reported. Murine qPCR data are presented as fold change
compared to control + the fold change range. Statistical analysis was performed using REST 2009
software (Qiagen)m which uses PCR efficiencies and mean crossing point deviation between the
sample and control groups to test for significance via a Pair-Wise Fixed Reallocation Randomization
Test® (significance at p < 0.05).

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1: Table S1. Differentially
expressed genes in aged murine ovarian tissue after antioxidant supplementation (n = 12); Table S2. Primer
sequences for quantitative real-time polymerase chain reaction of ovarian and oocyte genes.
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Abbreviations
AMA Advanced maternal age
ROS Reactive oxygen species
IVF In vitro fertilization
CASP9 Caspase 9
CDK5 Cyclin-dependent kinase 5
HIV1 Human immunodeficiency virus 1
TNFRSF1B  TNF receptor superfamily member 1B
TGEpB Transforming growth factor beta
MAPK Mitogen-activated protein kinase
NF-«xB Nuclear factor kappa light chain enhancer of activated B cells
PAX4 Paired box gene 4
TNF Tumor necrosis factor
FAS Fas cell surface death receptor
BIK Bcl-2-interacting killer
BCL2L1 Bcl-2-like 1
BCL2 B-cell lymphoma 2 apoptosis regulator
BAK1 Bcl-2 homologous antagonist killer
GLRX Glutaredoxin
QSOX1 Quiescin sulfhydryl oxidase 1
PDIA4 Protein disulfide isomerase family A member 4
GCLM Glutamate cysteine ligase modifier subunit
SOD2 Superoxide dismutase 2
GPX1 Glutathione peroxidase
GSR Glutathione reductase

FSH Follicle stimulating hormone
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FET Frozen embryo transfer
PGT-A Preimplantation genetic testing for aneuploidy
aCGH Array comparative genomic hybridization
NGS Next generation sequencing
B-hCG Beta-human chorionic gonadotropin
GAE Gallic acid equivalent
ORAC Oxygen radical absorbance capacity
TE Trolox equivalent
RPL19 Ribosomal protein L19
References

1. Eichenlaub-Ritter, U. Oocyte ageing and its cellular basis. Int. |. Dev. Biol. 2012, 56, 841-852.
Crawford, N.M,; Steiner, A.Z. Age-related Infertility. Obs. Gynecol. Clin. N. Am. 2015, 42, 15-25.

3. Llarena, N.; Hine, C. Reproductive Longevity and Aging: Geroscience Approaches to Maintain Long-Term
Ovarian Fitness. ]. Gerontol. A Biol. Sci. Med. Sci. 2020, doi:10.1093/gerona/glaa204.

4.  Tarin, ].]. Potential effects of age-associated oxidative stress on mammalian oocytes/embryos. Mol. Hum.
Reprod. 1996, 2, 717-724.

5. Ruder, E.H.; Hartman, T.J.; Blumberg, J.; Goldman, M.B. Oxidative stress and antioxidants: Exposure and
impact on female fertility. Hum. Reprod. Update 2008, 14, 345-357.

6.  Carbone, M.C.; Tatone, C.; Delle Monache, S.; Marci, R.; Caserta, D.; Colonna, R.; Amicarelli, F. Antioxidant
enzymatic defences in human follicular fluid: Characterization and age-dependent changes. Mol. Hum.
Reprod. 2003, 9, 639-643.

7. Lim, J; Luderer, U. Oxidative damage increases and antioxidant gene expression decreases with aging in
the mouse ovary. Biol. Reprod. 2011, 84, 775-782.

8. Steuerwald, N.M.; Bermudez, M.G.; Wells, D.; Munne, S.; Cohen, J. Maternal age-related differential global
expression profiles observed in human oocytes. Reprod. BioMed. Online 2007, 14, 700-708.

9. Hamatani, T.; Falco, G.; Carter, M.G.; Akutsu, H.; Stagg, C.A.; Sharov, A.A; Dudekula, D.B.; VanBuren, V.;
Ko, M.S.H. Age-associated alteration of gene expression patterns in mouse oocytes. Hum. Mol. Genet. 2004,
13, 2263-2278.

10. McCallie, B.R.; Parks, ]J.C.; Trahan, G.D.; Jones, K.L.; Coate, B.D.; Griffin, D.K.; Schoolcraft, W.B.; Katz-Jaffe,
M.G. Compromised global embryonic transcriptome associated with advanced maternal age. ]. Assist.
Reprod. Genet. 2019, 36, 915-924.

11. Wang, S.; Zheng, Y.; Li, J.; Yu, Y.; Zhang, W.; Song, M.; Liu, Z.; Min, Z.; Hu, H.; Jing, Y.; et al. Single-Cell
Transcriptomic Atlas of Primate Ovarian Aging. Cell 2020, 180, 585-600.

12.  McCallie, B.R; Parks, ].C.; Strieby, A.L.; Schoolcraft, W.B.; Katz-Jaffe, M.G. Human blastocysts exhibit
unique microrna profiles in relation to maternal age and chromosome constitution. J. Assist. Reprod. Genet.
2014, 31, 913-919.

13. Dumesic, D.A.; Meldrum, D.R; Katz-Jaffe, M.G.; Krisher, R.L.; Schoolcraft, W.B. Oocyte environment:
Follicular fluid and cumulus cells are critical for oocyte health. Fertil. Steril. 2015, 103, 303-316.

14. McReynolds, S.; Dzieciatkowska, M.; McCallie, B.R.; Mitchell, S.D.; Stevens, J.; Hansen, K.; Schoolcraft,
W.B.; Katz-Jaffe, M.G. Impact of maternal aging on the molecular signature of human cumulus cells. Fertil.
Steril. 2012, 98, 1574-1580.

15. Mihalas, B.P.; Redgrove, K.A.; McLaughlin, E.A.; Nixon, B. Molecular Mechanisms Responsible for
Increased Vulnerability of the Ageing Oocyte to Oxidative Damage. Oxid. Med. Cell. Longev. 2017, 2017,
4015874.

16. Fujii, J.; Iuchi, Y.; Okada, F. Fundamental roles of reactive oxygen species and protective mechanisms in
the female reproductive system. Reprod. Biol. Endocrinol. 2005, 3, 43.

17.  Behrman, H.R.; Kodaman, P.H.; Preston, S.L.; Gao, S. Oxidative Stress and the Ovary. J. Soc. Gynecol.
Investig. 2001, 8, S40-542.

18. Kodaman, P.H.; Behrman, H.R. Endocrine-Regulated and Protein Kinase C-Dependent Generation of
Superoxide by Rat Preovulatory Follicles. Endocrinology 2001, 142, 687-693.

19. Freitas, C.; Neto, A.C.; Matos, L.; Silva, E.; Ribeiro, A.; Silva-Carvalho, J.L.; Almeida, H. Follicular Fluid
redox involvement for ovarian follicle growth. J. Ovarian Res. 2017, 10, 44.



Life 2020, 10, 250 12 of 13

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Tsai-Turton, M.; Luderer, U. Opposing Effects of Glutathione Depletion and Follicle-Stimulating Hormone
on Reactive Oxygen Species and Apoptosis in Cultured Preovulatory Rat Follicles. Endocrinology 2006, 147,
1224-1236.

Jana, SK.; K, N.B.; Chattapadhyay, R.; Chakravarty, B.; Chaudhury, K. Upper control limit of reactive
oxygen species in follicular fluid beyond which viable embryo formation is not favorable. Reprod. Toxicol.
2010, 29, 447-451.

Yuan, Y.; Wheeler, M.B.; Krisher, R.L. Disrupted Redox Homeostasis and Aberrant Redox Gene Expression
in Porcine Oocytes Contribute to Decreased Developmental Competence. Biol. Reprod. 2012, 87, 78.

Yeh, J.; Bowman, M.J.; Browne, RW.; Chen, N. Reproductive aging results in a reconfigured ovarian
antioxidant defense profile in rats. Fertil. Steril. 2005, 84, 1109-1113.

Lord, T.; Martin, J.H.; Aitken, R.J. Accumulation of Electrophilic Aldehydes During Postovulatory Aging
of Mouse Oocytes Causes Reduced Fertility, Oxidative Stress, and Apoptosis. Biol. Reprod. 2015, 92, 33.
Xian, Y.; et al. Antioxidants retard the ageing of mouse oocytes. Mol. Med. Rep. 2018, 18, 1981-1986.

Lian, H.-Y,; Gao, Y.; Jiao, G.-Z,; Sun, M.-].; Wu, W.-F,; Wang, T.-Y.; Li, H.; Tan, J.-H. Antioxidant
supplementation overcomes the deleterious effects of maternal restraint stress-induced oxidative stress on
mouse oocytes. Reproduction 2013, 146, 559-568.

Song, C.; Peng, W.; Yin, S.; Zhao, ].; Fu, B.; Zhang, ].; Mao, T.; Wu, H.; Zhang, Y. Melatonin improves age-
induced fertility decline and attenuates ovarian mitochondrial oxidative stress in mice. Sci. Rep. 2016, 6,
35165.

Kandemir, Y.B.; Aydin, C.; Gorgisen, G. The effects of melatonin on oxidative stress and prevention of
primordial follicle loss via activation of mTOR pathway in the rat ovary. Cell. Mol. Biol. 2017, 63, 100-106.
Liu, X,; Lin, X,; Mi, Y,; Li, J.; Zhang, C. Grape Seed Proanthocyanidin Extract Prevents Ovarian Aging by
Inhibiting Oxidative Stress in the Hens. Oxid. Med. Cell. Longev. 2018, 2018, 9390810.

Liu, X,; Lin, X.; Zhang, S.; Guo, C; Li, J.; Mi, Y.; Zhang, C. Lycopene ameliorates oxidative stress in the
aging chicken ovary via activation of Nrf2/HO-1 pathway. Aging 2018, 10, 2016-2036.

Ruder, E.H.; Hartman, T.J.; Reindollar, R.H.; Goldman, M.B. Female dietary antioxidant intake and time to
pregnancy among couples treated for unexplained infertility. Fertil. Steril. 2014, 101, 759-766.

Velthut, A.; Zilmer, M.; Zilmer, K.; Kaart, T.; Karro, H.; Salumets, A. Elevated blood plasma antioxidant
status is favourable for achieving IVF/ICSI pregnancy. Reprod. Biomed. Online 2013, 26, 345-352.

Wang, Y.; Sharma, R.K,; Falcone, T.; Goldberg, J.; Agarwal, A. Importance portance of reactive oxygen
species in the peritoneal fluid of women with endometriosis or idiopathic infertility. Fertil. Steril. 1997, 68,
826-830.

Bedaiwy, M.A; Falcone, T.; Sharma, R K.; Goldberg, ].M.; Attaran, M.; Nelson, D.R.; Agarwal, A. Prediction
of endometriosis with serum and peritoneal fluid markers: A prospective controlled trial. Hum. Reprod.
2002, 17, 426-431.

Schauss, A.G.; Wu, X; Prior, R.L.; Ou, B.; Huang, D.; Owens, ]J.; Agarwal, A.; Jensen, G.S.; Hart, AN.;
Shanbrom, E. Antioxidant capacity and other bioactivities of the freeze-dried Amazonian palm berry,
Euterpe oleraceae mart. (acai). J. Agric. Food Chem. 2006, 54, 8604-8610.

Kang, J.; Xie, C,; Li, Z.; Nagarajan, S.; Schauss, A.G.; Wu, T.; Wu, X. Flavonoids from acai (Euterpe oleracea
Mart.) pulp and their antioxidant and anti-inflammatory activities. Food Chem. 2011, 128, 152-157.

Merz, C.; Saller, S.; Kunz, L.; Xu, J.; Yeoman, R.R.; Ting, A.Y.; Lawson, M.S.; Stouffer, R.L.; Hennebold, J.D.;
Pau, F.; et al. Expression of the beta-2 adrenergic receptor (ADRB-2) in human and monkey ovarian follicles:
A marker of growing follicles? . Ovarian Res. 2015, 8, 8.

Wheeler, A.G.; Lean, J.; Walker, M. Peripheral progesterone concentrations in the luteal-phase ewe: Effects of
a beta-adrenergic receptor antagonist and two beta 2-adrenergic agonists. J. Endocrinol. 1988, 116, 137-142.
Parillo, F.; Maranesi, M.; Mignini, F.; Marinelli, L.; Di Stefano, A.; Boiti, C.; Zerani, M. Evidence for a
dopamine intrinsic direct role in the regulation of the ovary reproductive function: In vitro study on rabbit
corpora lutea. PLoS ONE 2014, 9, e104797.

Cruz, G.; Fernandois, D.; Paredes, A.H. Ovarian function and reproductive senescence in the rat: Role of
ovarian sympathetic innervation. Reproduction 2017, 153, R59-R68.

Xie, C.; Kang, J.; Li, Z.; Schauss, A.G.; Badger, T.M.; Nagarajan, S.; Wu, T.; Wu, X. The acai flavonoid velutin
is a potent anti-inflammatory agent: Blockade of LPS-mediated TNF-a and IL-6 production through
inhibiting NF-«B activation and MAPK pathway. ]. Nutr. Biochem. 2012, 23, 1184-1191.



Life 2020, 10, 250 13 of 13

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Lim, J.; Nakamura, B.N.; Mohar, I.; Kavanagh, T.J.; Luderer, U. Glutamate Cysteine Ligase Modifier
Subunit (Gclm) Null Mice Have Increased Ovarian Oxidative Stress and Accelerated Age-Related Ovarian
Failure. Endocrinology 2015, 156, 3329-3343.

Perkins, A.T.; Das, T.M.; Panzera, L.C.; Bickel, S.E. Oxidative stress in oocytes during midprophase induces
premature loss of cohesion and chromosome segregation errors. Proc. Natl. Acad. Sci. USA 2016, 113, E6823—
E6830.

Cheng, ].M.; Liu, Y.X. Age-Related Loss of Cohesion: Causes and Effects. Int. . Mol. Sci. 2017, 18, 1578.
Fortier, M.E.; Audet, L; Giguere, A.; Laforest, ].P.; Bilodeau, J.F.; Quesnel, H.; Matte, J.J. Effect of dietary
organic and inorganic selenium on antioxidant status, embryo development, and reproductive
performance in hyperovulatory first-parity gilts. J. Anim. Sci. 2012, 90, 231-240.

Xiong, X.; Lan, D.; Li, J.; Lin, Y.; Li, M. Selenium supplementation during in vitro maturation enhances
meiosis and developmental capacity of yak oocytes. Anim. Sci. ]. 2018, 89, 298-306.

Dattilo, M.; D’Amato, G.; Caroppo, E.; Menezo, Y. Improvement of gamete quality by stimulating and
feeding the endogenous antioxidant system: Mechanisms, clinical results, insights on gene-environment
interactions and the role of diet. ]. Assist. Reprod. Genet. 2016, 33, 1633-1648.

Mikwar, M.; MacFarlane, A.J.; Marchetti, F. Mechanisms of oocyte aneuploidy associated with advanced
maternal age. Mutat. Res. 2020, 785, 108320.

Franasiak, ].M.; Forman, E.J.; Hong, K.H.; Werner, M.D.; Upham, K.M.; Treff, N.R.; Scott, R.T. The nature
of aneuploidy with increasing age of the female partner: A review of 15,169 consecutive trophectoderm
biopsies evaluated with comprehensive chromosomal screening. Fertil. Steril. 2014, 101, 656-663.
Katz-Jaffe, M.G.; McReynolds, S.; Henry, L.; McCubbin, N.; Mann, R.S.; Tucci, R.; McCormick, S.;
Schoolcraft, W.B. Age-related pregnancy loss is largely overcome with single euploid embryo transfer.
Fertil. Steril. 2020, 114, e428.

Riley, ].K.; Jungheim, E.S. Is there a role for diet in ameliorating the reproductive sequelae associated with
chronic low-grade inflammation in polycystic ovary syndrome and obesity? Fertil. Steril. 2016, 106, 520-527.
Poston, L.; Igosheva, N.; Mistry, H.D.; Seed, P.T.; Shennan, A.H.; Rana, S.; Karumanchi, S.A.; Chappell, L.C.
Role of oxidative stress and antioxidant supplementation in pregnancy disorders. Am. J. Clin. Nutr. 2011,
94, 19805-1985S.

Young, D.; Klepacka, D.; McGarvey, M.; Schoolcraft, W.B.; Katz-Jaffe, M.G. Infertility patients with
chromosome inversions are not susceptible to an inter-chromosomal effect. |. Assist. Reprod. Genet. 2019, 36,
509-516.

Alessandra-Perini, J.; Rodrigues-Baptista, K.C.; Machado, D.E.; Nasciutti, L.E.; Perini, ].A. Anticancer
potential, molecular mechanisms and toxicity of Euterpe oleracea extract (agai): A systematic review. PLoS
ONE 2018, 13, 0200101.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional

affiliations.

© 2020 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ @ | article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



