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STUDY QUESTION: Are urinary levels of oxidative stress biomarkers associated with reproductive outcome success following fertility
treatments?

SUMMARY ANSWER: Levels of oxidative stress in the middle tertile for women are associated with the highest levels of reproductive
success while no associations were noted for men.

WHAT IS KNOWN ALREADY: Oxidative stress may contribute to adverse fertility outcomes in the general population, but findings from
couples undergoing fertility treatments are sparse.

STUDY DESIGN, SIZE, DURATION: This prospective cohort study included 481 women and 249 of their male partners undergoing
fertility treatments from 2007 to 2015, from the Environment and Reproductive Health (EARTH) study in Boston, MA.

PARTICIPANTS/MATERIALS, SETTING, METHODS: One urine sample per participant was collected at each cycle and analysed for
two oxidative stress markers: 8-isoprostane-PGF;,, (8-iso-PGF;,, ) and 8-isoprostane-PGF,, metabolite (F,-isoP-M). Reproductive outcomes
were abstracted from medical records and included the fertilization rate, for IVF (oocytes fertilized/mature oocytes retrieved), and rates of
implantation, clinical pregnancy and live birth, for both IVF and IUI. Cluster-weighted generalized estimating equations were used to analyse
adjusted associations between exposure tertiles and outcomes.

MAIN RESULTS AND THE ROLE OF CHANCE: Levels of F»-isoP-M in the middle tertile were associated with the most success among
women. Women in the upper tertile of F»-isoP-M had an adjusted mean live birth rate after IVF and 1Ul of 23% (95% Cl: 17, 29) compared to
38% (95% Cl: 31, 45) for women in the middle tertile and 27% (95% Cl: 21, 34) in the lower tertile. The fertilization rate during IVF was higher
for women with 8-iso-PGF;,, in the middle tertile (0.77 [95% Cl: 0.73, 0.80]) compared to women in the lower (0.69 [95% Cl: 0.64, 0.73]) or
upper tertiles (0.66 [95% CI: 0.61, 0.71]). No significant associations were found for other measured outcomes with 8-iso-PGF;,,, or between
any oxidative stress biomarker in men and reproductive outcomes in their partners.

LIMITATIONS, REASONS FOR CAUTION: [soprostanes are short-lived biomarkers and this study may not have captured the most
relevant window of susceptibility for oxidative stress on the outcomes of interest. Findings from this study may not be generalizable to couples
attempting conception without fertility assistance.

WIDER IMPLICATIONS OF THE FINDINGS: This study suggests that a non-linear association may exist between oxidative stress and
reproductive outcomes in a population undergoing fertility treatment, a finding not previously identified in the literature. Oxidative stress may
represent the mechanism through which environmental chemicals are associated with adverse reproductive outcomes.
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(a) US Government employee(s) and is in the public domain in the US.
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Introduction

Impaired fecundity, characterized by difficulty either getting pregnant or
carrying a pregnancy to a live birth, affects an estimated 2% of United
States (US) women aged |5-44 (CDC, 2017). Over 7 million women
in the US have used fertility services in their lifetimes and utilization of
services has been increasing in recent years (CDC, 2018b; 2017). IVF is
one of the most common fertility treatments and involves retrieval of a
woman’s mature oocytes, fertilization by spermin a lab and subsequent
transfer into the woman. In 2016, over 260000 cycles of IVF were
performed in the US, with roughly 25% of those cycles resulting in
live birth (CDC, 2018a). IUl is a fertility treatment in which sperm is
inserted directly into a woman'’s uterus and has lower success rates
compared to IVF. Given the increasing use of [VF and [Ul and the stable
live birth rates among sub-fertile populations, investigation of potential
determinants of outcome is warranted.

Oxidative stress is a biological imbalance between reactive oxygen
species (ROS) and antioxidants that leads to cellular damage. Levels
are influenced by factors such as diet (Vetrani et al., 2013), exercise
(Carraro et al., 2018), age (Cui et al., 2012) and smoking status (Nagai
et al, 2006). Environmental exposures have also been implicated as
a cause of oxidative stress and represent a modifiable risk factor
(Al-Gubory, 2014).

Furthermore, oxidative stress may play a role in infertility as a balance
between ROS and antioxidants is needed for proper reproductive func-
tion in both women and men. In women, processes including follicular
development (Sabatini et al., 1999), oocyte maturation (Shiotani et al.,
1991, Martin-Romero et al., 2008), implantation (Jauniaux et al., 2000)
and embryo development (Bedaiwy et al., 2004) can be affected by
oxidative stress. In men, ROS are necessary for sperm capacitation
(Ford, 2004), but spermatozoa can also be damaged by an overpro-
duction of ROS (Aitken and Clarkson, 1987, Bykova et al., 2007).

Results from previous epidemiologic studies suggest that among
women seeking fertility treatments, intrafollicular concentrations of
oxidative stress biomarkers are higher among those with high rates of
degenerate oocytes and are associated with lower fertilization poten-
tial of oocytes (Tamura et al., 2008, Das et al, 2006). Additionally,
women with unexplained infertility had lower levels of total antioxidant
status compared to fertile women (Polak et al., 2001). Reproductive
conditions associated with impaired fertility (e.g. endometriosis, poly-
cystic ovary syndrome) have also been associated with higher levels
of oxidative stress (Fenkci et al, 2003, Bedaiwy et al, 2002, Dong
et al, 2001). However, research has primarily examined biomarkers
of oxidative stress within follicular or peritoneal fluid, rather than
circulating measures of oxidative stress.

In men, the link between oxidative stress and fertility difficulties is
well-established and thought to be mediated through DNA damage in
spermatozoa (Simon et al., 201 |, Dorostghoal et al., 2017, Oleszczuk
et al, 2016). However, previous studies have measured oxidative stress

in sperm or ejaculates, rather than circulating measures. Circulating
measures are more easily collected and may serve as a more accessible
diagnostic tool if an association with outcomes can be established.

The Environment and Reproductive Health (EARTH) cohort was
designed to investigate dietary and environmental influences on fertility
and results from this paper may help elucidate findings from previous
studies; oxidative stress has previously been associated with various
environmental and dietary exposures and may be the mechanism
through which these exposures are associated with fertility outcomes.
Using a prospective cohort of couples undergoing fertility treatments,
we examined the association between systemic oxidative stress levels
in urine and reproductive success across multiple IVF and Ul cycles
among couples attending a fertility centre in Boston, MA.

Materials and Methods

Study population

This prospective analysis comprises women and men enrolled in the
EARTH study, a prospective cohort designed to examine determinants
of fertility (Messerlian et al., 2018). Women undergoing fertility treat-
ment and their partners were recruited at the Massachusetts General
Hospital (MGH) Fertility Center from November 2007 through April
2015. Women were eligible for inclusion in the study if they were
between the ages of 18 and 45 and contributed their own oocytes
for the fertility treatment. Men between the ages of 18 and 5| were
eligible. For the present analysis, we included women who contributed
at least one urine sample during an [Ul and/or IVF cycle and, where
available, their male partners who also provided a urine sample for at
least one cycle. Oxidative stress measurements were also required for
inclusion in this analysis.

Ethical approval

EARTH protocols were approved by the Human Studies Institutional
Review Boards at MGH and Harvard T.H. Chan School of Public
Health. All participants provided written informed consent before any
study involvement.

Clinical data

Prior to any treatments, all couples met with a physician at the MGH
Fertility Center who assigned a primary infertility diagnosis based on
definitions from the Society for Assisted Reproductive Technology
(Mok-Lin et al, 2010). Oocytes underwent either conventional IVF
or intracytoplasmic sperm injection as clinically indicated. Women
participating in conventional IVF underwent one of three controlled
ovarian stimulation treatment protocols: (i) luteal phase GnRH-agonist
protocol; (ii) follicular-phase GnRH-agonist/flare protocol; or (iii)
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GnRH-antagonist protocol. Oocytes were subsequently retrieved
when the dimensions of at least three follicles on a transvaginal ultra-
sound reached |6—18 mm and estradiol levels reached >500 pg/ml.
The fertilization rate was defined as the number of fertilized oocytes
with two pronuclei divided by the total number of metaphase Il oocytes
inseminated, as determined by embryologists 17-20 hours after
insemination. Clinical outcomes of implantation, clinical pregnancy
and live birth rates were measured per IVF cycle initiated. Implantation
was defined as a serum B-hCG level >6m IU/ml, usually measured at
approximately |7 days after oocyte retrieval. Clinical pregnancy was
ascertained through the elevated S-hCG measures and confirmation
of an intrauterine pregnancy via ultrasound at 6 weeks. Live birth was
defined as the birth of a neonate on or after 24 weeks completed
gestation.

For couples undergoing IUl, women were treated with clomiphene
citrate or gonadotropins on cycle day 3 or 5. Ovulation was induced
using recombinant human chorionic gonadotropin (hCG) and artificial
insemination followed approximately 36 hours later. Implantation, clin-
ical pregnancy and live birth following IUl were defined with the same
criteria used for IVF. Success rates presented reflect success among
the total cycles, not among those with a previous successful step (i.e.
clinical pregnancy success rate is among all cycles, not among women
with a successful implantation).

Oxidative stress measures

Men and women provided one spot urine sample per cycle at the
time of oocyte retrieval during the IVF procedure or at the time of
insemination for IUl. Urine was collected at the MGH Fertility Center
in a sterile, clean polypropylene specimen cup using midstream clean
catch urine protocol. Specific gravity (sg), a measure of urine dilution,
was measured within an hour of the sample collection using a handheld
refractometer. Urine was aliquoted and frozen at —20°C and later
stored at —80°C prior to shipment to the Eicosanoid Core Laboratory
at Vanderbilt University Medical Center (Nashville, TN).

Two compounds were measured and used as biomarkers of oxida-
tive stress: free 8-iso-prostaglandin Fy, (8-iso-PGFy,) and 2,3-dinor-
5,6-dihydro-15-F-isoprostane (F;-IsoP-M), a main metabolite of 8-
is0-PGFyy. Fo-IsoP-M may be a more sensitive biomarker of oxida-
tive stress than the traditionally used 8-iso-PGFy,, (Dorjgochoo et dl.,
2012). 8-iso-PGF,, is produced in the kidney and directly excreted.
The contribution of F-IsoP-M from the kidney is minimal and therefore
urinary levels of F»-IsoP-M may better reflect contributions from the
whole body.

Biomarker concentrations were measured using gas chromatogra-
phy—negative ion chemical ionization—-mass spectrometry employing
stable isotope dilution. [?H4]- 8-iso-PGF, was added as an internal
standard to 0.2 ml of urine in 5 ml of water. The concentration of 8-
iso-PGF,, was calculated as the ratio of intensities of the m/z 569:
m/z 573. Further detail on the analytic process has been previously
provided (Milne et al., 2007).

Statistical analyses

Demographic characteristics of participants at their first cycle were
reported using median (interquartile range [IQR]) or n (%). Oxidative
stress measures were corrected for urinary dilution using the following

formula: Os =O([1.015 — 17/(SG — 1)) where Os is the sg-corrected
oxidative stress measure, O is the raw measure (ng/ml) and 1.015
represents the average sg level from all samples in the study. Median
(IQR) levels of sg-corrected oxidative stress biomarkers at the first
cycle were examined, stratified by sex. Oxidative stress levels were
further summarized within levels of type of procedure (IUl vs. IVF)
and by demographic characteristics.

Cluster-weighted generalized estimating equation models (CWGEE)
were applied to evaluate the relationship between oxidative stress
biomarkers and fertilization rate, and probabilities of implantation,
clinical pregnancy and live birth. Men and women were evaluated sepa-
rately and both |Ul and IVF cycles were included in the models, except
for the fertilization rate analysis that only applies to IVF cycles. CWGEE
allows for the use of repeated measures among individuals and pro-
vides unbiased estimates in the presence of an unbalanced design (i.e.
participants contributing different numbers of cycles). Weights were
assigned to participants using the inverse number of cycles contributed
to account for the lower likelihood of success among participants
with more cycles, and all analyses were weighted. We have recently
shown that CWGEE may provide narrower Cls as compared with
multivariable generalized linear mixed models and may more accurately
account for the within-subject correlation pattern (Yland et al., 2019).

Weights were not used in the crude examination of cycle outcomes
and thus success rates in crude summaries are lower than success
rates generated from the models. A binomial distribution and logit
link function were used for all outcomes. For all analyses, the indi-
vidual was treated as the unit of observation. Oxidative stress levels
were categorized into tertiles based on preliminary analyses, which
suggested a non-linear association between oxidative stress measures
and clinical outcomes. The association with quartiles and outcome was
also assessed. Tertiles were established using oxidative stress measures
at all time points. The middle tertile of oxidative stress biomarkers was
treated as the referent group and P-values were generated comparing
the lower and upper tertiles to the referent group. We also examined
associations between oxidative stress measures and clinical outcomes
stratified by treatment type (IUl vs. IVF).

Confounding was evaluated using a priori knowledge of factors
associated with both oxidative stress measures and fertility outcomes.
All covariates presented in Table | were evaluated as potential con-
founders. Final covariates for statistical models were then identified
within the data as those that had a > 1 0% change in effect estimates, and
included age (continuous), BMI (continuous), smoking (never vs. ever),
primary infertility diagnosis (male, female, unexplained), race (white vs.
other) and type of procedure (IVF vs. IUI).

Results

Our sample included 481 women contributing 1001 total cycles (575
[Ul and 426 IVF) and 249 men contributing 472 cycles (232 1Ul and 240
IVF). At the first cycle, women were on average 35 years old, of normal
BMI (mean=123.4 kg/m?), primarily white (83%), college-educated
(919%) and never smokers (73%) (Table |). Among participating women,
female factor accounted for 33% of primary infertility diagnoses, with
male factor providing 29% of primary diagnoses and the remaining
infertility cases were of unexplained origin. The demographics of
women in EARTH who were excluded from this analysis (either due
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Table | Demographic characteristics at first cycle for
women and men enrolled in the Environment and
Reproductive Health Study (EARTH)—median (IQR) or
n (%).

Women Men (n=249)
(n=481)
Age (years) 35(32,38) 36 (33, 40)
missing 0 |
BMI (kg/m?) 234 (21.2,26.4) 26.9 (24.3,29.5)
missing 2 |
Race
White 400 (83.2) 218 (87.9)
Black/African American 13 (2.70) 6(2.42)
Asian 45 (9.36) I5 (6.05)
Other 23 (4.78) 9 (3.63)
missing 0 |
Education
<College graduate 39 (9.03) 34 (16.8)
>College graduate 393 (91.0) 168 (83.2)
missing 49 47
Smoking status
Never 350 (72.8) 167 (67.3)
Current 13 (2.70) 17 (6.85)
Former 118 (24.5) 64 (25.8)
missing 0 |
Primary infertility diagnosis
at study entry
Female factor
Diminished ovarian 42 (8.73) 18 (7.23)
reserve
Ovulation disorders 55(11.4) 30 (12.1)
Endometriosis 29 (6.03) 13 (5.22)
Uterine disorders 5(1.04) 2 (0.80)
Tubal factor 28 (5.82) 19 (7.63)
Male factor 137 (28.5) 77 (30.9)
Unexplained 185 (38.5) 90 (36.1)

Abbreviations: body mass index (BMI); interquartile range (IQR).

to a pregnancy before treatment or missing oxidative stress mea-
sures) were similar to women included in this analysis (Supplementary
Table SI). Women who were excluded were more likely to be black,
to have a college education and had a slightly different distribution
of primary infertility diagnoses. Men were on average 36 years old
at the first cycle and overweight (26.9 kg/m?). They were also pre-
dominantly white (88%), most had a college degree (84%) and 67%
never smoked. The distribution of infertility diagnoses among the
participating male partners was similar to what we observed for all
participating women.

Oxidative stress levels at the first cycle were higher in men than in
women for both biomarkers measured. The median (IQR) level of
8-iso-PGF,, in women was 1.30 (0.91, 1.79) ng/ml and in men, it
was 1.43 (1.08, 1.92) ng/ml. The median (IQR) level of F;-IsoP-M in

women was 0.50 (0.39, 0.69) ng/ml and among men, 0.76 (0.54, 1.22)
ng/ml. The correlation coefficient between 8-iso-PGF,, and F,-IsoP-M
was 0.55 for women and 0.52 for men.

Levels of the two oxidative stress biomarkers did not meaningfully
differ by cycle (data not shown). Oxidative stress levels differed across
demographic categories (Table Il). Among women, levels of F;-IsoP-
M were significantly higher among those younger than 30 compared to
those older. Levels of both 8-iso-PGF,, and F,-IsoP-M were positively
associated with BMI. F»-IsoP-M levels were significantly higher among
women with an infertility diagnosis of female factor compared to a
diagnosis of male factor or unexplained infertility. There were no
statistically significant differences in oxidative stress levels by race,
education or IVF treatment protocol. Higher levels of 8-iso-PGFy,
were noted among men younger than 30 years old compared to men
ages 40 or older.

A total of 426 of the initiated IVF cycles in women had at least
one embryo transferred with 246 (58%) resulting in implantation, 218
(519) in clinical pregnancy and 185 (43%) in live birth (Fig. 1a). Of the
575 1UI cycles performed among women, approximately 17% led to
successful implantation (97 cycles), |5% resulted in a clinical pregnancy
(84 cycles) and 1% led to a live birth (64 cycles) (Fig. Ib). Success
rates were similar among the subset of men whose female partners
underwent IVF and [Ul. Of the 240 IVF cycles in female partners of
participating men with stress biomarkers, 60% led to implantation, 52%
to a clinical pregnancy and 43% to a live birth (Fig. 2a). Similarly, 1UI
was much less successful and only 19% of the 232 cycles in female
partners of participating men led to implantation, 18% resulted in a
clinical pregnancy and 13% resulted in a live birth (Fig. 2b). Among
men with partners undergoing IUl, there were 2 cycles with unknown
outcomes that were excluded from analyses.

IVF and IUI cycles were first examined independently but subseg-
uently combined to increase statistical power after noting similar
trends. Models examining associations with maternal oxidative stress
levels were run separately from models examining paternal oxidative
stress levels. In adjusted models of maternal oxidative stress biomark-
ers and clinical outcomes, success rates tended to be higher among
women with levels of 8-iso-PGF,, and F,-IsoP-M in the middle tertile
(Table lll). However, these differences only reached statistical signifi-
cance when measuring the association of F;-IsoP-M and clinical preg-
nancy and live birth.

Women with levels of F,-IsoP-M in the middle tertile had a signifi-
cantly higher proportion of cycles leading to clinical pregnancy (44%,
95% ClI: 37, 52) than women in either the upper (29%, 95% Cl: 23, 36)
or lower tertile (34%, 95% Cl: 28, 41). A similar pattern was observed
when live birth was the outcome of interest; the middle tertile had
significantly higher proportion of successful cycles (38%, 95% Cl: 31,
45) compared to the upper or lower tertile (23% successful cycles and
27% successful cycles), respectively. There were no statistically signifi-
cant associations for 8-iso-PGF,,, in association with clinical outcomes.

These results were similar to analyses stratified by treatment type
(i.e. IVF and 1UI; Supplementary Tables Sl and SllI). In a similar analysis
among men, there were no significant associations between pater-
nal oxidative stress levels and success rate of implantation, clinical
pregnancy or live birth (Table IV). There was a slight inverse lin-
ear trend between both biomarkers and live birth. These results
also showed no association in models stratified by treatment type
(Supplementary Tables SIV and SV).
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Table Il Specific gravity-corrected biomarker levels (ng/ml) at first cycle by demographic charac-
teristics [geometric mean (geometric standard deviation)].

Women (n=481)

8-iso-PGF,,

Age (years)

<30 (ref) 1.45 (1.9)

30-40 1.28 (1.6)

>40 1.27 (1.5)
BMI (kg/m?)

<25 (ref) 1.24 (1.6)

25-30 1.38 (1.6)*

>30 1.47 (1.7)*
Race

White (ref) 1.28 (1.6)

Other 1.36 (1.7)
Education

<College graduate (ref) 1.39 (1.6)

>College graduate 1.27 (1.6)
Smoking status

Never (ref) 1.31 (1.6)

Ever 1.26 (1.6)
Primary infertility diagnosis at study entry

Female factor 1.34 (1.7)

Male infertility 1.31(1.7)

Unexplained (ref) 1.24 (1.6)
Treatment (IVF only)

Antagonist (ref) 1.30 (1.4)

Flare 1.37 (1.6)

Luteal phase agonist 1.39 (1.7)

Men (n=249)
F,-l1soP-M 8-iso-PGF,, F,-1soP-M
0.62 (1.9) 1.68 (1.6) 0.90 (2.1)
0.52 (1.7)* 1.44 (1.6) 0.89 (2.1)
0.50 (1.5)* 1.27 (1.6)* 0.78 (1.8)
0.48 (1.6) 1.40 (1.6) 0.84 (2.1)
0.58 (1.8)* 1.41 (1.5) 0.87 (2.0)
0.66 (1.7)* 1.43 (1.6) 0.89 (2.0)
0.52 (1.7) 1.43 (1.6) 0.88 (2.0)
0.54 (1.7) 1.33(1.6) 0.77 (2.0)
0.59 (1.7) 1.55 (1.6) 0.90 (2.0)
0.52 (1.7) 1.42 (1.6) 0.85 (2.0)
0.53 (1.7) 1.41 (1.6) 0.85 (2.0)
0.49 (1.7) 1.43 (1.6) 0.89 (2.1)
0.56 (1.8)* 1.45 (1.5) 0.99 (2.4)
0.53 (1.7) 1.40 (1.6) 0.81 (1.9)
0.48 (1.6) 1.40 (1.6) 0.81 (1.8)
0.53 (1.5) 1.44 (1.8) 0.73 (2.0)
0.47 (1.6) 1.34 (1.5) 0.67 (1.6)
0.54 (1.8) [.37 (1.5) 0.85 (2.0)

Abbreviations: 8-isoprostane-PGF,,, (8-iso-PGF,,); 8-isoprostane-PGF,, metabolite (F;-isoP-M); body mass index (BMI); in-vitro fertilization (IVF).

*Indicates significant difference from the referent group at P < 0.05.

Among IVF cycles, we additionally examined associations with
oocyte fertilization rate, or the proportion of fertilized oocytes among
mature oocytes retrieved. There were 302 women who contributed
421 IVF cycles and 167 men who contributed 240 IVF cycles for this
analysis (Table V). Women with middle tertile levels of 8-iso-PGFy,
had significantly higher rates of fertilization than women in either the
lower or upper tertile. In the middle tertile, the fertilization rate was
0.77 (95% CI: 0.73, 0.80), while the rate in the upper tertile was
0.66 (95% Cl: 0.61, 0.71), and lower tertile rate was 0.69 (95%
Cl: 0.64, 0.73). No statistically significant differences were noted
among Fy-IsoP-M and fertilization rate, or either paternal oxidative
stress markers or fertilization rate in the partners of the participating
men.

Discussion

In this large, prospective cohort of women and men undergoing fertility
treatments, we found evidence for non-linear relationships between
oxidative stress biomarkers and reproductive outcomes in women.

Women with levels of oxidative stress biomarkers in the middle tertile
had higher rates of success for both clinical pregnancy and live birth
than women with levels in the upper or lower tertiles. Similarly, women
with levels of oxidative stress biomarkers in the middle tertile had
higher fertilization rates than women with levels in the lower or
upper tertile. Among men, there were no differences detected in their
partners for any outcome according to urinary levels of oxidative stress
biomarkers in the men. In contrast with many previous studies, our
analysis measured oxidative stress using systemic measures rather than
localized measures (i.e. ejaculate, follicular fluid, tubal fluid, etc.)

We noted inconsistencies in findings between F-IsoP-M and 8-iso-
PGF, in this study, where F;-IsoP-M levels were associated with signif-
icant differences in clinical outcomes but no association was noted for
fertilization rate. Inversely, we identified associations between 8-iso-
PGF,, levels and fertilization rate, but no effects for clinical outcomes.
This inconsistency may reflect differences in accuracy between the two
biomarkers; F»-IsoP-M is thought to be more reliable and thus we
believe the effect estimates produced from this analysis to be more
accurate (Dorjgochoo et al., 2012).
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3 cycles with no retrieval; 12 cycles with no

transfer

| 10 cycles with fertilization failure |

* 155 cycles with implantation failure |

| 28 cycles pregnant but no clinical confirmation |

A

I 426 fresh IVF cycles |

I 411 cycles with fertilization |
[

I 401 cycles with embryo transfer l
[

I 246 implantations (58%) I
[

I 218 clinical pregnancies (51%) I
[
|

| 185 live births (43%) |

575 fresh Ul cycles |

33 cycles with pregnancy loss |

I[ 3 cycles with unknown outcomes l

I 97 cycles with implantation (17%) I

| 475 cycles with implantation failure |

I 84 clinical pregnancies (15%) I

,{ 13 cycles pregnant but no clinical confirmation l

| 64 live births (11%) |

—I 20 cycles with pregnancy loss

Figure I Cycle outcomes among women. (a) Women undergoing in-vitro fertilisation (IVF); (b) Women undergoing intrauterine insemination

aul).

There is extensive literature on oxidative stress and fertility in
women (reviewed in Ruder et al., 2008, Lu et al., 2018), but few studies
have specifically examined oxidative stress biomarkers and outcomes
following IVF and IUl procedures. Generally, successful reproduction
is dependent on many factors and oxidative stress may interfere at
multiple points. It is believed to have an adverse effect on oocyte
quality and maturation, subsequently influencing later development
(Yang et al., 1998, Bosco et al., 2005). Higher levels of ROS in culture
media have been associated with slow early embryo development, high
fragmentation and decreased formation of morphologically normal
blastocysts (Bedaiwy et al., 2004). The endometrium, responsible for
embryo implantation and development, can become defective in the
presence of oxidative stress (Iborra et al., 2005). Additionally, oxidative
stress may cause luteal regression and insufficient luteal hormone
levels, hindering the necessary support to sustain a pregnancy (Agarwal
and Allamaneni, 2004).

Among the studies examining oxidative stress and outcomes in
women undergoing fertility treatments, there is consistent evidence
that higher levels of oxidative stress are associated with poorer
outcomes. However, these studies had small sample sizes, exposure
and outcome data at only one time point, and no control for potential
confounders.

Lin etal, (2005) measured 8-iso-PGF,, in follicular fluid of 29
women undergoing IVF and found lower levels in women who
went on to become pregnant compared to those who did not
achieve pregnancy. Ahelik etal, (2015) measured urinary 8-iso-
PGFyy in 79 infertile couples and detected the highest levels in
women who had a biochemical pregnancy that did not develop
into a clinical pregnancy, although this group contained only seven
women. These levels were higher than those of women who
did not achieve pregnancy at all and women who had a clinical
pregnancy.
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I 6 cycles with no transfer |

| 5 cycles with fertilization failure |

I 86 cycles with implantation failure |

I 18 cycles pregnant but no clinical confirmation I

A
l 240 fresh IVF cycles ]
[
| 234 cycles with fertilization l
I 229 cycles with embryo transfer l
I 143 implantations (60%) I
I 125 clinical pregnancies (52%) I
| 104 live births (43%) |

232 fresh Ul cycles |

{ 21 cycles with pregnancy loss |

-{ 2 cycles with unknown outcomes |

I 44 cycles with implantation (19%) I

'II 186 cycles with implantation failure I

I 41 clinical pregnancies (18%) I

—{ 3 cycles pregnant but no clinical confirmation l

| 30 live births (13%)

{ 11 cycles with pregnancy loss

Figure 2 Cycle outcomes among men. (a) Men with partners undergoing IVF; (b) Men with partners undergoing [UI.

8-hydroxy-2'-deoxyguanosine (8-OHdG) is a marker of oxidative
DNA damage and was measured in two studies. Both found
associations between elevated 8-OHdG levels and decreased
reproductive success. A study of 96 Japanese women measured 8-
OHdG in granulosa cells and found an association with oxidative
stress levels and statistically significant decreased rates of fertilization
(Seino etal, 2002). In an additional study measuring 8-OHdG in
follicular fluid, higher oxidative stress levels were associated with
lower fertilization rates and lower proportion of quality blastocysts
(Nishihara et al., 2018).

Although these studies are not directly comparable to ours due
to different matrices, biomarkers, endpoints and study design, the
consistency of findings support adverse effects of elevated oxidative
stress levels on assisted reproductive outcomes.

Among men, oxidative stress may cause decreased reproductive
success through DNA damage. Oxidative stress is considered to be

one of the primary causes of sperm DNA damage and current research
suggests that sperm lack the necessary DNA repair mechanisms, mak-
ing this damage irreversible (Simon et al., 2017). One study measured
malondialdehyde (MDA), a marker of lipid peroxidation, in seminal
plasma and found no difference in average concentration between
those with successful fertilization and those without (Jedrzejczak
et al, 2005). Another study examined male oxidative stress levels in
association with IVF outcomes and noted no associations between
urinary 8-iso-PGF,, and successful pregnancies (Ahelik et al, 2015).
Lastly, a study evaluating lUl outcomes found that 8-OHdG levels were
significantly lower in men whose partners achieved clinical pregnancy
compared to those who did not (Thomson et al., 201 ).

A number of studies have found associations between DNA damage
in sperm and decreased reproductive success following IVF (Simon
et al, 2010, Meseguer et al., 2008, Simon et al., 201 |, De Sutter et dl.,
2012). MDA and 8-iso-PGF,, induce oxidative stress through lipid
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Table 11l Adjusted® and weighted® mean proportion of cycles (95% CI) resulting in implantation, clinical pregnancy and
live birth in association with urinary oxidative stress biomarkers among 478 women undergoing 992 IVF and IUI cycles.

Implantation p-value© Clinical p-value©
pregnancy

Live birth p-value®

8-iso-PGF,,,

T lower 0.40 (0.33,0.47) 0.49 0.36 (0.29, 0.43) 0.45 0.30 (0.24,0.37) 0.57

T2 middle 0.44 (0.37,0.51) 0.39 (0.33,0.47) 0.33 (0.26, 0.40)

T3 upper 0.39 (0.32, 0.46) 0.32 0.33 (0.27, 0.40) 0.20 0.26 (0.21,0.33) 0.17
F,-IsoP-M

T lower 0.39 (0.33, 0.46) 0.21 0.34 (0.28,0.41) 0.04 0.27 (0.21,0.34) 0.03

T2 middle 0.46 (0.38,0.54) 0.44 (0.37,0.52) 0.38 (0.31, 0.45)

T3 upper 0.36 (0.30, 0.44) 0.07 0.29 (0.23,0.36) P<0.0l 0.23 (0.17,0.29) P <0.0l

2Adjusted for maternal age (continuous), maternal BMI (continuous), smoking (never vs. ever), primary infertility diagnosis (male, female, unexplained), race (white vs. other) and
type of procedure (IVF vs. IUI).

®Models were weighted to account for number of cycles with weights assigned using inverse number of cycles.

¢P-value represents differences compared to the 2" tertile.

Note: There were 5 cycles missing information on BMI (2 women), | cycle missing 8-iso-PGF,,, (I woman) and 3 cycles missing F,-IsoP-M (3 women).

Abbreviations: 8-isoprostane-PGF,,, (8-iso-PGF;,,); 8-isoprostane-PGF;, metabolite (F2-isoP-M); IVF and UI.

Table IV Adjusted® and weighted® mean proportion of cycles (95% CI) resulting in implantation, clinical pregnancy and
live birth in association with urinary oxidative stress biomarkers among 246 men with partners undergoing 468 IVF and
1UI cycles.

Implantation p-value© Clinical p-value© Live birth p-value®
pregnancy

8-iso-PGF,,

TI lower 0.51 (0.40, 0.61) 0.90 0.46 (0.37,0.57) 0.77 0.42 (0.33,0.53) 0.18

T2 middle 0.50 (0.39, 0.60) 0.44 (0.34, 0.55) 0.33 (0.24, 0.44)

T3 upper 0.46 (0.36, 0.57) 0.64 0.40 (0.31,0.51) 0.60 0.31(0.22,0.41) 0.81
F,-l1soP-M

TI lower 0.49 (0.39, 0.58) 0.68 0.43 (0.34, 0.52) 0.51 0.40 (0.31, 0.49) 0.60

T2 middle 0.52 (0.42,0.62) 0.47 (0.38, 0.57) 0.36 (0.27, 0.46)

T3 upper 0.46 (0.35, 0.57) 0.45 0.41 (0.31,0.52) 0.39 0.31(0.21,0.42) 0.45

2Adjusted for paternal age (continuous), paternal BMI (continuous), smoking (never vs. ever), primary infertility diagnosis (male, female, unexplained), race (white vs. other) and type

of procedure (IVF vs. Ul).

®Models were weighted to account for number of cycles with weights assigned using inverse number of cycles.

¢P-value represents differences compared to the 2" tertile.

Note: There were 2 cycles missing information on age, BMI, smoking and race (I man). There were 2 cycles missing information on F,-IsoP-M (2 men).
Abbreviations: 8-isoprostane-PGF,,, (8-iso-PGF;,, ); 8-isoprostane-PGF,, metabolite (F;-isoP-M); in-vitro fertilisation (IVF); intrauterine insemination (IUI).

peroxidation, whereas 8-OHdG generates oxidative stress through its
oxidative effects on DNA. Because the male contribution of infertility
is hypothesized to be mediated through DNA damage, 8-OHdG may
be a more useful biomarker and oxidative stress levels measured this
way may be more biologically meaningful. Systemic measures of 8-iso-
PGFyq may not be sufficient to capture the localized DNA-damage
leading to impaired reproduction.

No identified studies, male or female, have allowed for potential
non-linear effects of oxidative stress, despite research that suggests
that some level of oxidative stress may be necessary for proper
reproductive processes. In a recent review, Lu et al,, (2018) identify
a number of reproductive processes for which oxidative stress has
a beneficial role including promotion of the development of follicles,
ovulation, protection of cells from apoptosis and synthesis of proges-

terone. In epidemiologic research, some studies have identified that
a certain threshold of ROS in follicular fluid is necessary, indicative
of healthy and developing oocytes (Attaran et al., 2000, Pasqualotto
et al., 2004, Wiener-Megnazi et al, 2004). The role of elevated ROS
in other matrices (i.e. urine) remains unknown and it is important to
note that while a certain level of ROS may be necessary, it must be
carefully balanced with antioxidant levels to protect against cellular
damage.

If findings from this analysis can be reproduced, oxidative stress
represents a potentially modifiable determinant of IVF/IUl success.
Oxidative stress levels have previously been linked to exposures such
as smoking, diet and environmental chemicals (Vetrani et al, 2013,
Carraro etal, 2018, Nagai et al., 2006, Al-Gubory, 2014). Altering
these exposures and subsequently lowering oxidative stress levels may
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Table V Adjusted and weighted® estimated fertilization rate® (95% Cl) among women undergoing IVF cycles.

Women© p-value! Men® p-value
(n=302 women, (n=167 men, 240 cycles)
421 cycles)

8-iso-PGF,,

TI lower 0.69 (0.64, 0.73) P <0.0l 0.73 (0.68, 0.77) 0.89

T2 middle 0.77 (0.73, 0.80) 0.73 (0.67,0.79)

T3 upper 0.66 (0.61,0.71) P <0.0l 0.65 (0.57,0.72) 0.11
F,-IsoP-M

TI lower 0.68 (0.63, 0.73) 0.73 (0.67,0.78) 0.43

T2 middle 0.72 (0.68, 0.76) 0.70 (0.63, 0.76)

T3 upper 0.71 (0.66, 0.76) 0.69 (0.62, 0.75) 0.81

2Models were weighted to account for number of cycles with weights assigned using inverse number of cycles.

bFertilization rate is defined as the ratio of fertilized oocytes to mature oocytes retrieved.

€Adjusted for maternal age (continuous), maternal BMI (continuous), smoking (never vs. ever), primary infertility dx (male, female, unexplained) and race (white vs. other).

9P-value represents differences in adjusted mean proportion compared to the 2" tertile.

¢Adjusted for paternal age (continuous), BMI (continuous), smoking (never vs. ever), primary infertility dx (male, female, unexplained) and race (white vs. other).
Note: There was | cycle missing information on BMI (I woman). There were 3 cycles missing information on fertilization rate (3 women).
Abbreviations: 8-isoprostane-PGF,,, (8-iso-PGF,,); 8-isoprostane-PGF,, metabolite (F;-isoP-M); in-vitro fertilisation (IVF).

result in improved fertility outcomes following IVF and IUl. Our findings
of a non-linear association somewhat complicate potential implications
and this association should be examined more carefully in additional
studies before suggesting exposures that may increase a woman’s
oxidative stress levels.

This study is not without limitations. Our results may not be gen-
eralizable to the general population as couples who seek infertility
treatment tend to be older; more educated and of a higher socioe-
conomic status than those who do not. However, given the prevalence
of infertility, findings from our study are relevant to a non-negligible
percentage of the population. Additionally, isoprostanes are stable
but short-lived markers of oxidative stress. We do not know the
windows of susceptibility for oxidative stress on the outcomes of
interest and misclassification of oxidative stress biomarkers is pos-
sible. However, we would expect this misclassification to be non-
differential with respect to outcome. Isoprostanes specifically mea-
sure oxidative stress through lipid peroxidation and other markers of
oxidative stress (such as those capturing DNA damage) should also be
assessed before drawing firm conclusions. It is also possible that vulvar
contamination occurred during collection of urine samples. However,
we believe that any contamination would be non-differential with
respect to outcome.

Furthermore, previous studies have found that 8-OHdG levels
increase following repeated ovarian stimulations in mice (Chao et dl.,
2005, Miyamoto et al., 2010). A study performed in humans identified
a correlation between the number of ampules of gonadotropin
stimulation and the amount of DNA damage measured by 8-OHdG,
even after adjusting for maternal age, baseline FSH levels and infertility
etiology (Polgar et al., 2001). In the last study, it is unclear if oxidative
stress levels were higher due to increased stimulation or rather the
aggressive stimulation represented an increased requirement. In this
analysis, oxidative stress biomarker levels were measured following
ovarian stimulation, at the time of oocyte retrieval. The stimulation
itself may have elevated oxidative stress levels and our exposure may
be subsequently misclassified. Lastly, we examined many associations

without any control for multiple comparisons, but this is solely an
exploratory analysis.

This study provides a large sample of men and women and is
sufficiently powered to examine the association between oxidative
stress and fertility treatment success. Additionally, we had exposure
information available at multiple time points, potentially reducing
issues of misclassification. This study builds on previous studies of
oxidative stress and reproductive outcomes through its inclusion of
outcomes other than live birth (i.e. implantation and clinical pregnancy)
and its examination of |Ul. To our knowledge, the relationship
between oxidative stress and |Ul outcomes in women has previously
been unstudied. Circulating oxidative stress measures are more
easily collected than localized measures. Utilizing urinary oxidative
stress markers may be more feasible in a clinical setting to assess
a patient’s oxidative stress burden and predict IVF/IUl outcomes.
Results from this study suggest that among men, circulating levels may
not be sufficient for prediction and that more localized measures are
necessary.

In conclusion, we found preliminary evidence that a moderate degree
of oxidative stress in women, but not in men, is associated with
improved outcomes following IVF/IUl treatment. Additional cellular
and animal studies are needed to further unravel the effects of oxida-
tive stress on female reproductive processes while future epidemio-
logic studies should be longitudinal in nature and validate the utility of
measuring oxidative stress in different biologic compartments.
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