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Abstract

Background: Evidence is growing that the equilibrium between reactive oxygen species and antioxidants plays a vital role
in women’s reproductive health.

Objective: The objective of this study was to evaluate variations in serum antioxidant concentrations across the menstrual
cycle and associations between antioxidants and reproductive hormones and anovulation among healthy women.
Methods: The BioCycle Study, a prospective cohort, followed 259 women aged 18-44 y for up to 2 menstrual cycles.
Serum fat-soluble vitamin and micronutrient (a-tocopherol, y-tocopherol, retinol, lutein, lycopene, and B-carotene),
ascorbic acid, and reproductive hormone concentrations were measured 5-8 times/cycle. We used weighted linear mixed
models to assess associations between antioxidants and hormone concentrations, after adjustment for age, race, body
mass index, parity, sleep, pain medication use, total energy intake, concurrent hormones, serum cholesterol, F2-isoprostanes,
and other antioxidants. Generalized linear models were used to identify associations with anovulation.

Results: Serum antioxidant concentrations varied across the menstrual cycle. Retinol and a-tocopherol were associated
with higher estradiol [RR: 1.00 pg/mL (95% CI: 0.67, 1.34 pg/mL); RR: 0.02 pg/mL (95% CI: 0.003, 0.03 pg/mL),
respectively] and testosterone [RR: 0.61 ng/dL (95% CI: 0.44, 0.78 ng/dL); RR: 0.01 ng/dL (95% CI: 0.001, 0.01 ng/dL),
respectively]. Ascorbic acid was associated with higher progesterone (RR: 0.15 ng/mL; 95% Cl: 0.05, 0.25 ng/mL) and
with lower follicle-stimulating hormone (RR: —0.06 mlU/mL; 95% CI: —0.09, —0.03 mlU/mL). The ratio of a- to
vy-tocopherol was associated with an increased risk of anovulation (RR: 1.03; 95% CI: 1.01, 1.06).

Conclusions: These findings shed new light on the intricate associations between serum antioxidants and endogenous
hormones in healthy premenopausal women and support the hypothesis that concentrations of serum vitamins affect

steroidogenesis even after adjustment for oxidative stress. J Nutr 2016;146:98-106.
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Introduction

The equilibrium between reactive oxygen species (ROS)'® and
antioxidants plays an important role in maintaining women’s

' Supported by the Intramural Research Program of the NIH, Eunice Kennedy
Shriver National Institute of Child Health and Human Development, contracts
NO1-HD-3-3355, NO1-HD-3-3356, and NO1-HD-3-3358.

2 Author disclosures: SL Mumford, RW Browne, KC Schliep, J Schmelzer, TC
Plowden, KA Michels, LA Sjaarda, SM Zarek, NJ Perkins, LC Messer, RG Radin,
J Wactawski-Wende, and EF Schisterman, no conflicts of interest.

3 Supplemental Figure 1 is available from the *Online Supporting Material” link in
the online posting of the article and from the same link in the online table of
contents at http://jn.nutrition.org.

*To whom correspondence should be addressed. E-mail: mumfords@mail.nih.gov.

reproductive health (1-8). Indeed, accumulation of ROS, result-
ing in oxidative stress, is linked to defective oocyte maturation,
impaired fertilization, and development of endometriosis
(9-13).

Antioxidants reduce excess ROS and may help support
normal reproduction in women. For example, ascorbic acid (1
form of vitamin C) can stimulate human placental/trophoblastic
steroidogenesis (14), and supplementation with ascorbic acid
may increase serum progesterone concentrations in women with

0 Abbreviations used: E,, estradiol; FSH, follicle-stimulating hormone; LH,
luteinizing hormone; ROS, reactive oxygen species; SHBG, sex hormone-binding
globulin.

© 2016 American Society for Nutrition.

98 Manuscript received May 21, 2015. Initial review completed June 23, 2015. Revision accepted October 21, 2015.

First published online November 18, 2015; doi:10.3945/jn.115.217620.



a luteal phase defect (15). Moreover, lower concentrations of
ascorbic acid and a-tocopherol (the form of vitamin E that
is preferentially absorbed by humans) were observed among
women with recurrent spontaneous abortions linked to a luteal
phase defect than among women with better reproductive
outcomes (16).

Although these previous studies show the importance of
antioxidants in relation to reproductive complications, less is
known about antioxidant concentrations and their associations
with menstrual function in healthy women of reproductive age.
In addition, assessment of antioxidants with the use of serum
biomarkers improves research on the basis of self-reported
intakes, given known individual differences in metabolism (17).
A previous report from the BioCycle Study found that among
healthy, regularly menstruating, premenopausal women, oxida-
tive stress was positively associated with endogenous estradiol
(Ez) and inversely associated with follicle-stimulating hormone
(FSH) and sex hormone-binding globulin (SHBG) (18), but the
associations between serum antioxidants and endogenous hor-
mones have yet to be determined.

Therefore, the primary objective of this study was to evalu-
ate variation in serum antioxidant concentrations across the
menstrual cycle and the relations between serum antioxidant
concentrations and endogenous reproductive hormone concen-
trations and sporadic anovulation in regularly menstruating
young women.

Methods

Participants and study design. The BioCycle Study (2005-2007) was
a prospective cohort study of 259 regularly menstruating, healthy female
volunteers, aged 18-44 vy, recruited from western New York. The
primary objective of the BioCycle Study was to determine the association
of oxidative stress concentrations with endogenous reproductive hor-
mone concentrations and antioxidants, including vitamin concentrations,
across the menstrual cycle in a prospective cohort of premenopausal
women (18). Further details of the study design are described elsewhere
(19). Exclusion criteria included use of vitamin/mineral or herbal antiox-
idant supplements over the study period; current use of oral contraceptives
(or use during the previous 3 mo); pregnancy or breastfeeding in the
previous 6 mo; and diagnosis of certain chronic conditions, including
history of menstrual and ovulation disorders and uterine abnormalities,
such as uterine fibroids. Women with a self-reported BMI (in kg/m?) of <18
or >335 at screening were also excluded.

The University at Buffalo Health Sciences Institutional Review Board
approved the study and served as the institutional review board,
designated by the NIH for this study under a reliance agreement. All
participants provided written informed consent. Participants were
followed for 1 (n = 9 women) or 2 (n = 250 women) menstrual cycles.
Fasting blood samples were collected for serum antioxidant and hormone
assessment during the following 8 phases: second day of menstruation (visit
M1); mid-follicular phase (visit F1); 3 visits around expected ovulation
(visits O1-03); and early, mid-, and late luteal phases (visits L1-L3).
Fertility monitors [Clearblue Easy Fertility Monitor; Alere (previously
Inverness Medical)] indicated low, high, and peak fertility and were
used to time mid-cycle visits and biospecimen collection (20). Other
visits were scheduled according to an algorithm that took each
woman’s reported cycle length into consideration (21). The partici-
pants were highly compliant to the study protocol; 94% completed at
least 7 clinic visits per cycle, and all completed at least 5 clinic visits
per cycle.

Laboratory assays. Total ascorbic acid was determined by the dinitro-
phenylhydrazine method (22). Samples for ascorbate analysis were stabilized
immediately after phlebotomy and centrifugation by adding 0.5 mL heparin
plasma to 2.0 mL of 6% meta-phosphoric acid and centrifuging at 3000 X g

for 10 min. Clear supernatant fluid was decanted and frozen at —80°C for
analysis. The absorbance of each dinitrophenylhydrazine derivatized sample
was determined at 520 nm on a Shimadzu 160U spectrophotometer
(Shimadzu Scientific Instruments, Inc.). Across the study period, the CV for
this test reported by the laboratory was 10%.

Fat-soluble vitamins and carotenoid micronutrients (retinol, a- and
y-tocopherols, lutein, lycopene, and B-carotene) were measured
simultaneously in serum with the use of HPLC with photodiode array
detection (23). Lutein was quantified as a single co-eluting peak with
zeaxanthin. 8-Tocopherol was detected but was below the lower limit
of quantification for our assay; thus, results are not presented in this
analysis. Across the study period the CV for these tests reported by the
laboratory were <6% for retinol, <2% for a- and y-tocopherols, and
<8% for the carotenoids. Continuous monitoring of standard refer-
ence material 968c from the National Institute of Standards and
Technology, and participation in the National Institute of Standards
and Technology Micronutrients Measurement Quality Assurance
Program provided external checks on analytical accuracy. Because
ascorbic acid participates in the recycling of the a-tocopherol radical
(24-28), we examined the ratio of a-tocopherol to ascorbate.
Similarly, although +v-tocopherol seems to be the more powerful
antioxidant (29, 30), a-tocopherol is incorporated into lipoproteins
preferentially to y-tocopherol (31). We therefore also examined the
a- to y-tocopherol ratio.

Serum cholesterol was measured with the use of a LX20 automated
chemistry analyzer (Beckman; CV: <5%). Plasma free F2-isoprostanes
were measured with a gas chromatography-mass spectrometry-based
method by the Molecular Epidemiology and Biomarker Research
Laboratory (University of Minnesota; CV: 9%).

Reproductive hormones were measured in fasting serum samples
collected at each cycle visit (5-8 visits per cycle for up to 2 cycles) at the
Kaleida Health Center for Laboratory Medicine (Buffalo, New York).
E,, FSH, luteinizing hormone (LH), progesterone, and SHBG were
measured with the use of solid-phase competitive chemiluminescent
enzymatic immunoassays by Specialty Laboratories, Inc. on the DPC
Immulite 2000 analyzer (Siemens Medical Solutions Diagnostics). The
albumin assay was tested with the Beckman LX20 autoanalyzer with the
use of bromocresol purple methods. Calculation of free E, (i.e.,
bioavailable E,) was performed via the equation proposed by Sédergard
et al. (32) with the use of total E,, SHBG, and albumin concentrations.
Total testosterone concentration (ng/dL) was determined by liquid
chromatography/tandem mass spectrometry with the use of a Shimadzu
Prominence Liquid Chromatogram (Shimadzu Scientific Instruments,
Inc.) with an ABSceix 5500 tandem mass spectrometer (AB SCIEX).
Increased sensitivity was obtained with the use of Mobile Phase B (100%
acetonitrile) with a low standard of 4 ng/dL added to the standard curve.
Across the study period the CV for these tests reported by the laboratory
were <10% for E, and SHBG, <5% for LH and FSH, <14% for
progesterone, and <7% for testosterone. Cycles were defined as
anovulatory if progesterone concentrations were =5 ng/mL across the
cycle and no serum LH peak was observed during the mid- or late luteal
phase visit [42 of 509 cycles (8.3%)] (33).

Covariates. At study enrollment, height and weight were obtained with
the use of standardized protocols by trained study staff and used to
calculate BMI. Participants also completed questionnaires at baseline
for demographic characteristics, lifestyle, reproductive history, health
history (19), and physical activity with the use of the International
Physical Activity Questionnaire (34). High, moderate, and low physical
activity categories were formed on the basis of standard International
Physical Activity Questionnaire cutoffs (34). Numbers of hours of sleep
and pain medication use for the day before biospecimen collection were
assessed via self-report on a daily diary. Cycle length was defined as
the number of days from the first day of bleeding (menstruating by 1600)
until the day before the next onset of bleeding. Energy intake
was assessed with 24-h dietary recalls conducted 4 times per cycle
(corresponding to menstruation, mid-follicular phase, ovulation, and
mid-luteal phase) and analyzed with the use of the Nutrition Data
System for Research software version 2005 (Nutrition Coordinating
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Center, University of Minnesota). All covariates assessed had at least a
95% response rate.

Statistical analysis. Descriptive statistics were calculated for demo-
graphic and lifestyle characteristics and for mean concentrations of
serum antioxidants, cholesterol, and F2-isoprostanes and were com-
pared between tertiles of average retinol, ascorbic acid, and a-tocopherol
across the study. Fisher’s exact tests and ANOVA were used to test for
differences across tertiles. In addition, variation in average antioxidant
concentrations across the menstrual cycle was assessed with the use of
linear mixed models to account for repeated cycles per woman and
repeated visits per cycle. Pairwise comparisons were made between cycle
phases with the use of the Tukey’s method to account for multiple
comparisons.

Weighted linear mixed models were used to estimate the associations
between antioxidant concentrations and reproductive hormones, adjust-
ing for age, race, BMI, parity, hours of sleep, pain medication use, total
energy intake, concurrent reproductive hormones, serum cholesterol
concentrations, F2-isoprostanes, and other antioxidants. Because E,,
progesterone, LH, and FSH concentrations change over the cycle in
response to complex feedback mechanisms with other hormones, choles-
terol, and antioxidants, traditional regression adjustment for other
hormone concentrations and antioxidants across the cycle may be
inadequate (35). Therefore, we used marginal structural models to
appropriately adjust for this time-varying confounding affected by prior
exposure with the use of inverse probability weights (35, 36). Hormone
concentrations were log-transformed for normality. Lag models were
additionally evaluated in which we assessed associations between antiox-
idant concentrations on 1 visit and reproductive hormones during the next
cycle visit. To assess the association between cycle average antioxidant
concentrations and sporadic anovulation, RRs were estimated with the use
of generalized linear models, adjusted for age, race, BMI, total energy
intake, and cycle-average serum cholesterol, with results compared with
models that additionally adjusted for F2-isoprostanes and other antiox-
idants. Models for anovulation were additionally run with the use of the
average antioxidant concentrations up to the time of expected ovulation to
preserve temporality. P < 0.05 was considered statistically significant. SAS
version 9.4 (SAS Institute) was used for all statistical analyses.

Results

Overall, women in the BioCycle Study were relatively young
(mean age: 27.3 y), of healthy weight (mean BMI: 24.1),
physically active (moderate-to-high physical activity: 90%), and
nonsmokers (96%) (Table 1). Age was significantly associated
with a-tocopherol concentrations, with the average age between
the lower and upper tertiles differing by 7.6 y (23.7 and 31.3 ,
respectively; P < 0.01). Accordingly, women in the highest tertile
of a-tocopherol were also more likely to be married, parous, and
have a history of past oral contraceptive use than were women in
the first and second tertiles. Race was also significantly associ-
ated with a-tocopherol (40% compared with 73% white for the
lower and upper tertiles, respectively) and for retinol tertile
(43% compared with 72% white for the lower and upper
tertiles, respectively). Women in the highest ascorbic acid tertile
had lower BMI than women in the lowest tertile; no differences
were observed in BMI between tertiles of retinol (P = 0.42) or
tertiles of a-tocopherol (P = 0.60). Women in the highest tertile
of serum retinol had higher mean a-tocopherol and y-tocopherol
concentrations than women in the middle or lower tertile.
Women with the highest tertile of ascorbic acid similarly had
the higher mean a-tocopherol concentration and higher mean
total cholesterol, lutein, lycopene, and B-carotene concentra-
tions than women in the lowest tertile of ascorbic acid
concentration. However, women in the highest tertile of ascorbic
acid had the lowest mean F2-isoprostane concentrations relative
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to the other tertiles. Finally, women in the highest tertile of
a-tocopherol had higher mean serum concentrations of total
cholesterol, retinol, ascorbic acid, lutein, lycopene, and B-car-
otene than women in the lowest tertile.

Antioxidant concentrations were observed to vary signifi-
cantly across phases of the menstrual cycle for retinol, ascorbic
acid, a-tocopherol, lutein, lycopene, and B-carotene (Figure 1).
Specifically, the mean concentrations of these fat-soluble vita-
mins and macronutrients and ascorbic acid were lower during
menses: retinol [compared with the early follicular (F1), periovu-
latory (O1-03), and early and mid-luteal (L1, L2) phases],
ascorbic acid [compared with the early follicular (F1) and mid-
luteal (L2) phases], a-tocopherol [compared with the early
follicular (F1), and periovulatory (O1, O2) phases], lutein [com-
pared with the periovulatory phase (O2)], lycopene [compared
with the mid-luteal phase (L2)], and B-carotene [compared with
the early follicular phase (F1)]. No differences were observed for
y-tocopherol or the a-tocopherol:y-tocopherol ratio across phases
of the menstrual cycle (P = 0.29 and P = 0.11, respectively)
(Supplemental Figure 1).

We consistently observed positive associations between
multiple antioxidants and both E, and testosterone (Table 2).
Specifically, we observed positive associations between retinol,
a-tocopherol, and lutein and between E,, free E,, and testoster-
one. Associations between retinol and a-tocopherol and total
and free E, were observed in models in which antioxidants and
hormones were measured on the same day, although only retinol
was also associated with these hormones in lag models. Ascorbic
acid and lutein were associated with total and free E; only in
models with antioxidants and hormones measured on the same
day. In general, ascorbic acid and lutein were associated with
E, and other hormones only in same-day models, suggesting
potentially acute effects. However, we also observed that several
antioxidants were positively associated with testosterone in lag
models (retinol, y-tocopherol, lycopene, B-carotene), suggesting
potential longer term effects. We also observed that retinol
was positively associated with LH (in both same-day and lag
models), whereas a-tocopherol (in same-day and lag models)
and ascorbic acid (in the same-day model) were negatively
associated with FSH. Sporadic associations were observed
between some of the antioxidants measured and other repro-
ductive hormones.

An increased risk of anovulation associated with increasing
serum <y-tocopherol and the a-tocopherol:y-tocopherol ratio
was found after adjusting for age, race, BMI, cholesterol, and
total energy intake (Table 3). However, after additional adjust-
ment for F2-isoprostanes and other antioxidants, only the
a-:y-tocopherol was significantly associated with an increased
risk of anovulation (RR: 1.03; 95% CI: 1.01, 1.05). We observed
no other associations between antioxidants and the risk of
anovulation. Similar results were observed when evaluating the
association between average antioxidant concentrations up to
the time of expected ovulation and sporadic anovulation.

Discussion

Serum concentrations of fat-soluble antioxidant vitamins tended
to be lowest during menses and were positively associated with
E, and testosterone concentrations across the menstrual cycle in
a cohort of healthy regularly menstruating women. Ascorbic
acid was also associated with increased E,, progesterone and
decreased FSH concentrations. The a-tocopherol:y-tocopherol
ratio was significantly associated with an increased risk of
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FIGURE 1 Serum concentrations of retinol (A), ascorbic acid (B), a-tocopherol (C), lutein (D), lycopene (E), and B-carotene (F) in 259 healthy
premenopausal women in the BioCycle Study across phases of the menstrual cycle for up to 2 cycles (509 cycles). Values are means and 95%
Cls. Means without a common letter differ, P < 0.05 (adjusted for multiple comparisons). Sample sizes represent number of cycles (up to 2 per
woman) for each cycle phase (all models take multiple visits per cycle and multiple cycles per woman into account). F, follicular phase; L1-L3,

luteal phase; M, menses; O1-03, ovulatory phase.

anovulation. These results support the hypothesis that serum
concentrations of antioxidants are associated with steroidogen-
esis and further elucidate the potential role of antioxidants in
women’s reproductive health.

Biomarkers of both antioxidants and oxidative stress exist
in normally cycling human ovaries (37, 38), and ROS and
antioxidants are shown to surge and ebb across a normal
menstrual cycle (8). Our finding of lower antioxidant concen-
trations during menses is consistent with this previous work and
with a few small studies that have directly evaluated fluctuations
across the cycle (39—-42). In particular, a study of 12 premen-
opausal women observed serum B-carotene, lutein, and lycopene
concentrations to be lowest during menses during controlled
feeding cycles and that retinol concentrations were lowest
during menses in both controlled feeding and free-living cycles
(39). Among these women, serum a-tocopherol was lowest
during menses (41), and similar cyclic fluctuations of carote-
noids in lipoprotein fractions were observed (40). In addition,
Michos et al. (42) reported elevated antioxidant status (17 = 13)
and an increase in ascorbic acid and total antioxidant plasma
status between menstruation and ovulation and positive corre-
lations between antioxidant concentrations and E,. In contrast
to our study, a-tocopherol concentrations were reported to be
lower in the follicular than in the luteal phase, but these results
were based on a small study (z = 10) with the use of single
nonfasting measurements during the follicular and luteal
phases, with sample collection based on cycle day rather
than timed to cycle phase by other methods (43). Collectively,
and particularly given that we observed no differences in
reported dietary intakes of these antioxidants across the
menstrual cycle in this study (data not shown), these findings
highlight potential differences in metabolism of antioxidants
across the cycle, perhaps because of interactions with repro-
ductive hormones.
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Previous investigations have proposed biological mechanisms
that may explain our findings of increased E, and testosterone
concentrations associated with a-tocopherol, retinol, and lutein.
Some researchers hypothesize that vitamin E affects steroido-
genesis by altering prostaglandin concentrations (44, 45) or
through effects on cholesterol homeostasis (46, 47). E, can
influence the expression of retinol-binding protein and hepatic
uptake of retinol-binding protein, which may also influence
serum concentrations (48, 49). Moreover, we previously
reported a significant positive relation between E, and F2-
isoprostanes, a global marker of oxidative stress, in the BioCycle
cohort (18). Together, these studies may indicate greater antiox-
idant capacity in association with increased estrogen. This may
suggest an adaptive response to estrogen-related oxidative
stress, thereby resulting in an observed association also with
antioxidant concentrations, or that estrogen may support
antioxidant accumulation in the face of high ROS phases of the
menstrual cycle.

The association between a-tocopherol:y-tocopherol ratio
and an increased risk of anovulation seems to conflict with past
research, although no previous studies have evaluated these
associations directly. Specifically, vitamin E supplementation, in
the form of a-tocopherol, was associated with increased mid-
luteal progesterone among women who had tried unsuccessfully
to conceive (50); however, the supplement used had components
in addition to vitamin E. Furthermore, lower ascorbic acid and
a-tocopherol concentrations were reported among women with
luteal phase defects who experienced recurrent spontaneous
abortions compared with healthy women (16). Although
v-tocopherol is the main form of vitamin E in the diet, hepatic
processing of vitamin E preferentially incorporates a-tocopherol
into LDL cholesterol and HDL cholesterol, leading to increased
y-tocopherol excretion into bile. Our findings of a higher serum
a-tocopherol:y-tocopherol ratio being associated with increased
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TABLE 3 Associations between average serum antioxidant concentrations per cycle and risk of
anovulation among healthy premenopausal women in the BioCycle Study’

Cycle-average antioxidant

Average antioxidant concentrations

concentrations before expected ovulation
Model 12 Model 23 Model 12 Model 2°
Retinol, pg/dL 1.29 (0.77, 2.16) 1.17 (0.68, 2.02) 1.34(0.82, 2.18) 1.25(0.75, 2.08)
Ascorbic acid, umol/L 0.99 (0.98, 1.01) 1.00 (0.98, 1.01) 1.00 (0.99, 1.01) 1.00 (0.98, 1.01)
a-Tocopherol, pg/dL 1.01(0.99, 1.03) 1.01(0.99, 1.02) 1.01 (1.00, 1.03) 1.01 (0.99, 1.02)
~-Tocopheral, pg/dL 1.06 (1.00, 1.12)* 1.05(0.99, 1.12) 1.06 (1.00, 1.12)* 1.05(0.99, 1.12)
Ratio of a- to -y-tocopherol 1.03 (1.01, 1.05)* 1.03 (1.01, 1.06)* 1.03 (1.01, 1.05)* 1.03 (1.01, 1.06)*
Ratio of a-tocopherol to ascorbic acid 1.12 (0.96, 1.30) 1.10 (0.94, 1.28) 1.10 (0.94, 1.29) 1.08 (0.93, 1.26)
Lutein, pg/dL 1.42 (0.64, 3.16) 1.44 (0.56, 3.67) 1.38 (0.62, 3.04) 1.32 (0.49, 3.51)
Lycopene, pg/dL 1.10 (0.89, 1.36) 1.13(0.88, 1.44) 1.15 (0.94, 1.40) 1.18 (0.93, 1.50)
B-Carotene, pg/dL 0.86 (0.50, 1.49) 0.78 (0.37, 1.65) 0.88 (0.50, 1.52) 0.80 (0.37, 1.74)

"Values are RRs (95% Cls). *P < 0.05.

2 Adjusted for age, race, BMI, serum cholesterol, and total energy intake.
3 Adjusted for age, race, BMI, serum cholesterol, F2-isoprostanes, total energy intake, and the other antioxidants.

risk of anovulation indicates that y-tocopherol may be the more
effective form of vitamin E relative to reproductive outcomes.
Indeed, we observed more consistent associations between
v-tocopherol and reproductive hormones in both same-day and
lag models. A clue to this complex relation may lie in
observations in breast cancer in which y- and 8-tocopherols,
but not a-tocopherol, antagonized estrogen action (51). Given
the complexities of hepatic processing and the contribution of
diet and lipoprotein metabolism, additional research is needed
to further explore the potential relations and mechanisms
between particular vitamin E concentrations and reproductive
outcomes.

The positive association we observed between serum ascorbic
acid and both E, and progesterone are in line with a prior study
that reported increased progesterone concentrations and preg-
nancy rates in 122 women with luteal phase defect who were
administered ascorbic acid supplementation (15). Indeed, in
vitro studies with the use of human choriocarcinoma cell lines
indicate that ascorbic acid may stimulate hormone synthesis
through a vitamin C transporter (14). However, a study among
620 women aged <40 y undergoing in vitro fertilization did not
show increases in clinical pregnancy rates or implantation from
ascorbic acid supplementation (52). This could suggest a minimal
steroidogenic effect or one that is overshadowed by subfertility or
exogenous hormone treatments used in assisted reproductive
technologies.

Our finding of an association between ascorbic acid and
decreased FSH is novel. A decrease in FSH may be expected
because we also observed increases in E,, and these 2 hormones
have a known negative feedback under control of the hypothalamic-
pituitary-ovarian axis in women with normal reproductive function.
It is important to note that, although we could not evaluate
supplementation by ascorbic acid in this study and women were
eligible for the study only if they were willing to stop regular intake
of vitamin or mineral supplements during the study, the concen-
trations of ascorbic acid were considerably higher than among
women of reproductive age in the United States on the basis of
responses from the NHANES [median: 96.0 pmol/L (95% CIL:
61.3, 157.3 wmol/L) in BioCycle compared with 55.3 pwmol/L
(95% CI: 9.9, 96.1 p.mol/L) in NHANES] (53).

Intensive monitoring of a large number of young, ethnically
diverse women throughout 2 menstrual cycles, with multiple
clinic visits timed with fertility monitors, are unique strengths of
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this study. Multiple measurements of both hormones and
antioxidants enabled us to more precisely model these associ-
ations. The biomarker approach to target antioxidant nutrients
is a more precise method of assessing these exposures, given
individual differences in metabolism compared with self-
reported dietary assessment (17). We were also able to adjust
for important covariates that affect antioxidant concentrations,
such as serum cholesterol and F2-isoprostane concentrations.
We attempted to further explain the complex relations between
antioxidants and hormones by using marginal structural models
and inverse probability weights to account for potential feed-
back mechanisms and to adjust for potential confounding by
reproductive hormone concentrations. Moreover, the use of lag
models and anovulation models to evaluate concentrations of
antioxidants before the time of expected ovulation preserves
temporality and indicates both potential acute and longer term
effects of antioxidants on hormone concentrations. Collectively,
these unique aspects of the study design allowed us to improve
our knowledge of antioxidants and their relations with repro-
ductive hormones and ovulation.

The study faced several limitations, including the absence of a
daily transvaginal ultrasound scan to aid in detecting ovulation.
In addition, the power of the findings was limited by the small
number of anovulatory cycles (7 = 42) and because women were
only followed for up to 2 menstrual cycles. The median
concentrations of retinol, a- and y-tocopherols, and lutein were
lower in our population than the median concentrations
reported in NHANES [retinol: 37 pg/dL (BioCycle), 49 pg/dL
(NHANES); a-tocopherol: 796 pg/dL (BioCycle), 997 ng/dL
(NHANES); vy-tocopherol: 173 pg/dL (BioCycle), 196 ng/dL
(NHANES); lutein: 11.4 ng/dL (BioCycle), 13.8 ng/dL
(NHANES)], although median concentrations of lycopene
and ascorbic acid were higher [lycopene: 44 pg/dL (BioCycle),
43 pg/dL (NHANES); ascorbic acid: 96 wmol/L (BioCycle),
55 pmol/L (NHANES)] (53). Thus, although some differences
in the concentrations were observed, the concentrations re-
ported are in large part in line with those reported among
women of reproductive age in the United States and are
generalizable to similar populations.

In conclusion, we observed that serum concentrations of
antioxidants were lower during menses and were positively
associated with E, and testosterone concentrations across the
menstrual cycle in healthy premenopausal women. Ascorbic acid



was also associated with increased progesterone and decreased
FSH concentrations. This study sheds new light on the intricate
associations between antioxidant and hormone concentrations
among healthy women of reproductive age and builds on our
previous work that identified positive associations between
markers of oxidative stress and E,. Studies are now needed to
elucidate the biologic pathways interconnecting ROS production,
antioxidant agents, and reproductive hormones to better under-
stand the potential role dietary and supplemental antioxidants
may play in women’s reproductive health and fertility.
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