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Abstract

Background: Randomized trials of supplementation with antioxidant mixtures during infertility
treatment show no benefit on pregnancy or live birth rate. However, the roles of individual
antioxidants are poorly understood. We examined the association of baseline intake of vitamins A,
C, E, and carotenoids with outcomes of assisted reproductive technologies (ART).

Methods: We followed 349 women undergoing a total of 588 ART cycles for infertility treatment
at the Massachusetts General Hospital. We assessed antioxidant intakes from food and
supplements before treatment using a validated food frequency questionnaire. We used generalized
linear mixed models to account for multiple ART cycles per woman while adjusting for
confounding.
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Results: Mean (SD) age and body mass index were 35.1 (4.0) years and 24.1 (4.3) kg/m?2. Total
intake of vitamins A, C, and E were not associated with the probability of live birth. Women in the
highest intake category of B-carotene from foods had a lower probability of live birth than women
in the lowest intake quartile (50% vs 22%; p-trend=0.03); for lutein and zeaxanthin, the
probability for the highest intake group was 44% vs 28% for the lowest). Intake of p-carotene
from supplements and intakes of retinol and all other carotenoids was unrelated to live birth rates.

Conclusions: We found unexpected inverse associations of p-carotene intake from foods and of
lutein and zeaxanthin intake with live birth rates. Within the observed intake ranges, total
consumption of vitamins A, C, and E prior to starting infertility treatment with ART were not
associated with live birth rates.

infertility; in vitro fertilization; probability of live birth; assisted reproductive technology;
antioxidants; vitamin A; vitamin C; vitamin E; carotenoids

Introduction

Infertility is a global public health concern. An estimated 48.5 million couples worldwide
are infertile,! and approximately 40%-50% percent of cases are attributed to female factors.
23 Assisted reproductive technologies (ART) are a cornerstone of infertility treatment, with
more than 600,000 cycles performed each year in North America and Europe alone.*-%
Nevertheless, success rates remain relatively low; in 2015 in the US, approximately only one
of three ART cycles started with the intention to transfer an embryo resulted in a live birth.4
It is thus of vital importance to identify potentially modifiable predictors of treatment
outcome, including diet.”

Growing evidence indicates that oxidative stress impairs gamete and embryo development
during ART.8 In addition, infertile women have been reported to have a lower total
antioxidant status.®10 It has thus been suggested that antioxidant supplements may improve
infertility treatment outcomes with ART.11 However, high intake of some vitamins, such as
vitamin A, may result in adverse reproductive outcomes.12:13 Furthermore, the relation
between micronutrients and ART outcomes may not necessarily be linear.14

While several randomized controlled trials (RCTs) have addressed this question, their
findings are inconsistent. A 2017 Cochrane review of RCTs concluded that antioxidant
supplementation during the course of infertility treatment showed limited benefit for
increasing the probability of pregnancy or live birth and that, among women undergoing
ART specifically, antioxidants were not associated with an increased live birth rate.11
However, as acknowledged by the authors, this evidence suffers from multiple important
gaps. First, few trials reported effects of the intervention on live birth rates. In addition, few
of the trials included in the meta-analysis tested the same intervention and estimated pooled
data from interventions as dissimilar as multiple micronutrient blends (including proprietary
blends whose composition cannot be established) to selected combinations of specific
micronutrients at considerably different doses, to interventions of substances without direct
antioxidant potential. These issues make it difficult to draw strong conclusions regarding the
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effects—or lack thereof—of antioxidants on ART outcomes. A particularly important gap to
move the field forward is to identify which specific antioxidants and at which doses may
offer benefit to inform the design of new trials. To advance this goal, we conducted a
prospective study to examine the association between baseline intake of specific
micronutrients with direct antioxidant capacity (vitamins A, C, and E; retinol; and
carotenoids) from food and supplemental sources and outcomes of infertility treatment with
ART.

Study population

Study participants were women enrolled in the Environment and Reproductive Health
(EARTH) Study, an ongoing prospective cohort started in 2004 to explore environmental and
lifestyle determinants of fertility among couples presenting for evaluation or treatment of
infertility to the Massachusetts General Hospital (MGH) Fertility Center (Boston, MA).1°
Women were eligible to participate if they were between 18 and 45 years and planned to use
their own gametes for infertility treatment. Women whose treating physician later
determined that using donor eggs was clinically necessary remained in the study. Among
women referred by physicians, approximately 60% of those approached by the research
nurses enrolled in the study. Diet assessment was introduced to the study in 2007.

At study entry, study nurses measured participants’ height and weight and administered a
brief questionnaire aimed at collecting basic demographic, medical, and lifestyle
information. Participants were then asked to complete a longer questionnaire at home,
including a food frequency questionnaire (FFQ). The current analysis includes all women
who completed a FFQ and subsequently underwent at least one autologous ART cycle by
November 2016 (N=349 women; 588 ART cycles). Oocyte donation cycles (25 cycles) were
excluded from the analysis). The study was approved by the institutional review boards of
the MGH and the Harvard T.H. Chan School of Public Health. All participants provided
written informed consent after the study procedures were explained by a research nurse.

Dietary assessment

Diet was assessed at baseline using an extensively validated FFQ.16:17 In the validation
study, the correlation between FFQ-assessed carotenoid intake and plasma levels of the
corresponding carotenoid ranged between 0.59 and 0.81.16 Similar results were obtained for
vitamins A, C, and E, and carotenoid when FFQ-assessments were compared to
prospectively collected diet records.}” Vitamin A, expressed as mcg/day of retinol activity
equivalents, includes intake of retinol and of provitamin A carotenoids weighed by their
retinol forming capacity. Participants reported how often they consumed specified amount of
131 food items during the previous year. Nutrient intakes were estimated by summing the
nutrient contribution of each food and supplement included in the questionnaire, taking into
consideration the brands of specific supplements and breakfast cereals. Nutrient contents for
each item in the questionnaire were obtained from the US Department of Agriculture with
supplemental data obtained from food manufacturers.18 Nutrient intakes were energy
adjusted using the residual method.1® Principal components analysis (PCA) was used to
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derive food patterns based on 40 pre-defined food groups.2% The ‘Prudent” pattern was
characterized by high intakes of fish, fruits, cruciferous vegetables, yellow vegetables,
tomatoes, leafy green vegetables and legumes; The “Western” pattern was characterized by
high intakes of processed meat, full-fat dairy, fries, refined grains, pizza and mayonnaise.
All participants were given a score for each pattern according to their adherence to these
patterns. The scores ranged from —2.4 to 5.0 for Prudent” pattern and -1.9 to 3.7 for
“Western” pattern. A higher pattern score can be interpreted as higher adherence to the
pattern.

Clinical management and assessment of outcomes

Clinical information was abstracted by trained study staff from the patients’ electronic
medical records. Details of patient clinical management was previously described elsewhere.
21 Briefly, after completing a cycle of oral contraceptives, participants underwent one of
three stimulation protocols as clinically indicated: 1) luteal-phase gonadotropin-releasing
hormone (GnRH) agonist protocol, 2) follicular-phase GnRH-agonist/ flare protocol; or 3)
follicular-phase GnRH-antagonist protocol. Clinical staff monitored patients during
gonadotropin stimulation for serum estradiol (E,), follicle size and counts, and endometrial
thickness, and administered human chorionic gonadotropin (hCG) approximately 35-36
hours before the scheduled oocyte retrieval to induce oocyte maturation. Oocytes were
classified by embryologists as germinal vesicle, metaphase I, metaphase Il, or degenerated.
Embryologists then determined fertilization rate as the number of oocytes with 2 pronuclei
divided by the number of metaphase Il oocytes at 17 to 20 hours after either in vitro
fertilization or intracytoplasmic sperm injection. Early ART end points referred to those
preceding embryo transfer, including markers of ovarian responses to stimulation (peak E;
levels, endometrial thickness, metaphase Il and total oocytes), and fertilization rate. Patients
undergoing cryo-thaw cycles underwent endometrial preparation protocols as clinically
indicated. Following embryo transfer, all clinical outcomes (i.e. implantation, clinical
pregnancy, and live birth) were assessed identically for fresh and cryo-thaw cycles. We
defined implantation as a serum B-hCG level >6mIU/mL, measured approximately 17 days
after oocyte retrieval, clinical pregnancy as the presence of intrauterine gestational sac(s) on
transvaginal ultrasonography at 6 weeks of gestation, and live birth as the birth of a neonate
on or after 24 weeks of gestation. The denominator for all clinical outcomes was the total
number of ART cycles started.

Statistical analysis

We divided participants into quartiles of intake for each antioxidant. Antioxidant intakes
from supplements and food were analyzed separately and jointly. The association of baseline
demographic, dietary and reproductive characteristics with intake antioxidants was evaluated
using Kruskal-Wallis tests for continuous variables and Chi-square tests for categorical
variables. Generalized linear mixed models with random intercepts were used to evaluate the
associations of intakes of vitamin A, C, and E and carotenoid intake with ART outcomes. A
normal distribution and identity link were specified for continuous outcomes (peak E, levels,
endometrial thickness); a Poisson distribution and log link function for count outcomes
(number of total and mature oocytes retrieved); and a binomial distribution and a logit link
function for proportions (fertilization and clinical outcomes). Population marginal means
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were used to present population averages adjusted for the covariates (at the mean level for
continuous variables and for categorical variables at a value weighted according to their
frequencies) in the model.22 Tests for linear trend across quartiles of intake were conducted
using the median nutrient intake in each quartile as a continuous variable in the regression
models. Confounding was evaluated using previous knowledge and taking into consideration
the associations between intake of antioxidants with baseline characteristics.#14:21.23.24
Multivariable adjusted models were included simultaneously terms for the other
antioxidants, age, BMI, smoking, total calorie intake, dietary patterns, intakes of folate and
vitamin B12, and treatment protocol. We tested whether the association between intake of
antioxidants and the probability of live birth was modified by age (=35 vs. <35), BMI (=25
vs. <25) and smoking status (ever vs. never) by introducing cross product terms to the
multivariable adjusted models. When there was a suggestive interaction effect (p-value
<0.10), stratified analysis was further conducted to investigate whether the changes in
probabilities of live birth varied by age, smoking status, and BMI. Primary analyses included
all autologous cycles for a woman, including fresh and cryo-thaw cycles. We performed
sensitivity analyses to test the robustness of the findings and modeling assumptions, which
included modeling intake as a continuous linear term, as a restricted cubic spline and using
different distribution-based groupings (tertiles, quintiles). We also performed analyses co-
adjusting for male partner intake of the same micronutrients among couples where male
partner diet data was available (N=170 women, 301 cycles) and restricting analysis to fresh
cycles only (n=338 women, 503 cycles). We performed all statistical analyses using SAS 9.4
(SAS Institute, Cary, NC, USA).

The analysis included 349 women who collectively underwent 588 ART cycles of which 233
(40%) resulted in a live birth. Mean (standard deviation) age was 35.1 (4.0) years and BMI
was 24.1 (4.3) kg/m? (Table 1). The majority of women were white (83%) and had a college
degree (98%). Less than a third of women (26%) had ever smoked. The most common initial
infertility diagnosis was unexplained (41%), followed by male factor (32%). Approximately
one third of women (38%) reported at least one prior pregnancy. Vitamin A, C, E, and
carotenoid intakes were positively related to each other, to intakes of folate and B12, and to
dietary patterns, but not to alcohol and caffeine consumption or personal characteristics (age,
BMI, smoking status, race, and education) (Table 1; Supplemental eTable 1). The median
time between diet assessment and the start the first ART cycle was 133 days.

Total intakes of vitamins C and E were not associated with intermediate outcomes, including
endometrial thickness, peak E; levels, oocyte yield and fertilization rates (Supplemental
eTable 3). Vitamin A total intake was positively related to endometrial thickness. The
adjusted mean endometrial thicknesses in mm (95% CI) for women in the lowest quartile of
vitamin A total intake was 10.6 (10.0-11.2) and in the highest 9.8 (9.2-10.3) (p-trend=0.02).
When we considered vitamin A intake from supplements separately from food intake,
vitamin A from supplements was inversely related to total and M2 oocyte yield, while
vitamin A from foods was unrelated to this outcome (Supplemental eTable 3). The adjusted
mean number of M2 oocytes (95% CI) for women in the lowest quartile of vitamin A intake
from supplements was 10.6 (8.9-12.7) and 7.9 (7.0-9.0) in the highest (p-trend=0.04); The

Epidemiology. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 6

adjusted mean number of total oocytes were 12.9 (10.9-15.3) in the lowest quartile and 9.2
(8.2-10.4) in the highest (p-trend=0.01). When we considered vitamin E intake from
supplements separately from food intake, vitamin E from supplements was positively related
to total oocyte yield. The adjusted mean number of total oocytes (95% CI) for women in the
lowest quartile of vitamin E intake from supplements was 8.7 (7.4-10.3) and in the highest
11.0 (9.7-12.4) (p-trend=0.05), while vitamin E from foods was unrelated to this outcome
(Supplemental eTable 3).

Intakes of vitamin A, C, and E were not related to the probability of implantation, clinical
pregnancy or live birth per initiated treatment cycle (Table 2). The adjusted probability of
live birth (95% CI) for women in the lowest quartile intake categories was 25% (17%—35%)
and in the highest 31% (23%-42%) for vitamin A total intake; 30% (21%-40%) for the
lowest and 32% (24%—-42%) for the highest vitamin C total intake; and 38% (27%-50%) for
the lowest and 29% (21%-39%) for the highest vitamin E total intake (Table 2). Results did
not change when intakes from foods and supplements were considered separately (Table 2).

We then evaluated the relationship between intake of retinol and individual carotenoids with
intermediate ART outcomes (Table 3 and supplemental eTable 4). Intake of a-carotene was
positively related to endometrial thickness. The adjusted mean endometrial thicknesses in
mm (95% CI) for women in the lowest quartile of a-carotene total intake were 9.8 (9.2—
10.4) and in the highest 10.6 (10.0-11.2) (p-trend=0.05). No other associations were
observed between carotenoids and intermediate outcomes (Supplemental eTable 4).

Intake of retinol and most carotenoids were unrelated to the probabilities of implantation,
clinical pregnancy or live birth (Table 3). The adjusted probability of live birth (95% CI) for
was 25% (17%-35%) for the lowest quartile of total intake of retinol and 37% (27%—47%)
for the highest; 33% (24%-43%) for the lowest quartile of a-carotene and 35% (25%—46%)
the highest; 36% (25%—-48%) the lowest quartile of B-carotene and 32% (21%-44%) for the
highest; 33% (25%-42%) for the lowest quartile of p-cryptoxanthin and 33% (24%—-43%)
for the highest; and 34% (26%—-43%) for the lowest quartile of lycopene and 36% (27%
—-45%) for the highest. When we considered p-carotene intake from food and supplemental
sources eparately, higher intake from foods was related to lower live birth rates (Table 3).
The adjusted probability of live birth (95% CI) for women in the lowest and highest intake
categories were 50% (36-64%) and 22% (13-35%) for B-carotene from foods (p,
trend=0.03). A similar inverse relationship was present for intake of lutein and zeaxanthin.
The adjusted probability of live birth (95% CI) for women in the lowest category of lutein
and zeaxanthin was 44% (33%-56%) and for the highest was 28% (19%-38%),
respectively. Adjustment for pesticide residue contamination based on USDA surveillance
data2>26 did not change the results. When we evaluated the association between the main
food contributors of B-carotene and lutein and zeaxanthin intake in this population, only
intake of sweet potatoes was related to live birth rate (eTable 5). p-carotene intake from
supplements was unrelated to these outcomes (Table 3). The adjusted probability of live
birth (95% CI) for women in bottom and top intake categories were 32% (24%-42%) and
29% (20%—-39%) (Table 3).
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We found no evidence that smoking, age, or BMI modified the relation between intake of
antioxidants and outcomes of infertility treatment.

We performed sensitivity analyses aimed at evaluating the robustness of our findings and
assumptions. Univariate associations differed little from multivariable-adjusted estimates
(eTable 6). None of the nutrients evaluated, including p-carotene from foods and lutein and
zeaxanthin, was associated to the probability of live birth when intake was modeled as a
continuous linear term or when modeled as a restricted cubic spline to allow for non-
linearity. Moreover, the associations for intake of B-carotene from foods and lutein and
zeaxanthin with the probability of live birth were highly sensitive to the choice of cutoffs,
with large changes in magnitude associated with minor changes in cutoff values. Findings
did not change when co-adjusting for male partner intake of the same micronutrients in the
subgroup of women where these data were available (N=170 women, 301 cycles), or when
restricted to fresh cycles (N=338 women, 503 cycles).

Discussion

In this prospective cohort of women undergoing infertility treatment with ART, we identified
a positive relationship of vitamin E intake from supplements, and a negative one of vitamin
A from supplements, with oocyte yield. While these relationships did not translate into
differences in clinically relevant outcomes, they may be of interest in settings where the goal
is improving oocyte yields, such as egg donation programs. When intake of vitamin A was
separated into intake from retinol and intake of provitamin A carotenoids, we found an
inverse association between p-carotene intake from food sources with live birth rates and a
similar relationship with intake of lutein and zeaxanthin. This pattern, coupled with the lack
of associations with total vitamin A, p-carotene from supplement, total B-carotene and all
other carotenoids intake suggests that these associations may not be due to the nutrients
themselves but may instead reflect either chance findings or associations with primary food
sources. Overall, our findings suggest that habitual intake of antioxidants from foods and
supplements prior to infertility treatment offers no benefit on ART outcomes.

There is an extensive literature on the relation between antioxidants and outcomes of
infertility treatments, including several randomized clinical trials addressing this question.
Of note, a Cochrane systematic review and meta-analysis of these RCTs concluded that the
current evidence provides little support for supplementing women undergoing infertility
treatment with antioxidants.! Importantly, this review also highlighted many of the
limitations of the current literature including the heterogeneity of interventions, which make
it difficult to attribute any specific observed effects to a specific antioxidant or dose.1! Most
of the literature in this field has investigated the effect of supplementation with mixtures of
antioxidants or other supplements including antioxidants, but epidemiologic studies and
RCTs focusing on single antioxidants, including vitamins A, C, and E, or carotenoids, are
relatively limited, and findings are inconsistent.2-2° For example, Ruder and colleagues
found that vitamin C, B-carotene, and vitamin E were related to better ART outcomes in
subgroups of women defined by BMI or age.2” Similarly, Crha and collaborators found that
vitamin C supplementation increased pregnancy rate primarily among non-smokers.28 We
found no evidence of effect modification by age, BMI, or smoking status in our study.
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Instead, our findings are better aligned with the overall conclusion of the Cochrane review
on women undergoing in vitro fertilization or intracytoplasmic sperm injection,1! as well as
with the findings of previous RCTs focusing specifically on supplementation with these
nutrients, alone or in combination of no benefit of antioxidants in the setting of assisted
reproduction.30-33

In our study, B-carotene intake from food sources, but not from supplements, was inversely
related to the probability of live birth. We found a similar inverse relation between intake of
lutein and zeaxanthin and the probability of live birth. It is important to briefly review the
basic differences and similarities of retinol, provitamin A carotenoids, and non-provitamin A
carotenoids in discussing these findings. The term vitamin A refers to both preformed
vitamin A (retinol and its esters) and provitamin A carotenoids (largely a-carotene, p-
carotene, and B-cryptoxanthin). Retinol can be reversibly oxidized to retinal, which exhibits
all of the biologic activities of retinol; or further oxidized to retinoic acid, which is the
primary active metabolite of vitamin A.34 Provitamin A carotenoids can be endogenously
converted into retinoic acid whereas other carotenoids, such as lutein, zeaxanthin, and
lycopene, are not precursors of vitamin A but do have direct antioxidant capacity. Seventy-
five percent of B-carotene intake in this study population is accounted for by five foods:
lettuce, spinach, carrots, sweet potatoes, and kale. Three of these five foods (lettuce, spinach,
and kale) account for 71% of lutein and zeaxanthin intake. These five foods are known to
have modest pesticide residue contamination in the US food supply.3® We have previously
reported that intake of fruits and vegetables with high levels of contamination with pesticide
residues is related to lower ART success.38 However, adjustment for pesticide residues did
not change the results. Furthermore, the only parent food related to live births was sweet
potato, which accounts for 6.8% of p-carotene intake and is not an important source of lutein
and zeaxanthin in this population. It is also possible that some of these relations represent
true associations. In support of this interpretation, Ruder and colleagues reported that higher
intake of B-carotene was related to longer time to pregnancy among women over 35 years
(the median age in our population) who participated in a RCT of infertility treatment,
although the opposite relation was observed among younger women.2” We did not observe
evidence of effect modification by age in this study. A third, and highly likely, possible
interpretation is that these associations are a chance finding. The observed pattern of an
inverse relation with intake from food sources but no relation with total intake or intake from
supplements and no relation with retinol or the other carotenoids supports this third
interpretation. Furthermore, the fact that these associations were highly sensitive to
modeling assumptions, including major changes in magnitude when modeled using different
distribution based cutoffs and when modeled using restricted cubic splines, decreases our
confidence that these findings may represent true biological associations. Nevertheless,
given the relative scarcity of data regarding the relation of retinol and carotenoids with
fertility and infertility treatment outcomes, more studies are needed to confirm or refute
these findings.

Strengths of our study include its prospective design and complete participant follow-up, and
thorough assessment of intermediate and clinical outcomes, all of which aid in the
interpretation of the findings. The availability of comprehensive demographic, lifestyle and
dietary data also allowed us to account for a broad range of potential confounders including
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highly correlated nutrients. The size of the cohort allowed us to evaluate clinically relevant
outcomes with sufficient statistical power, including live birth. Important limitations of the
study include non-differential exposure misclassification by virtue of using FFQs for diet
assessment and due to differences in timing of diet assessment in relation to treatment
initiation. Also, since FFQs are designed to assess habitual diet, recent changes to diet and
changes in diet after diet assessment but before treatment would not be adequately captured.

In conclusion, in this large prospective cohort we unexpectedly found an inverse relation of
[B-carotene intake from foods, but not from supplements, and of lutein and zeaxanthin, with
live birth rates. More importantly, within the observed intake ranges, we found no
association between total baseline intakes of vitamins A, C, and E — from food and
supplemental sources — of retinol and of all other carotenoids with outcomes of ART-based
infertility treatment. These findings are in agreement with the results of a Cochrane
systematic review of RCTs which also show no benefit of antioxidant supplementation for
females undergoing in vitro fertilization or intracytoplasmic sperm injection,! and, despite
biologic plausibility, do not support the hypothesis that female partner’s baseline intake of
antioxidants plays a major role in determining the outcome of infertility treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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