
Dietary Carbohydrate Intake Does Not Impact Insulin
Resistance or Androgens in Healthy, Eumenorrheic
Women

Lindsey A. Sjaarda, Enrique F. Schisterman, Karen C. Schliep, Torie Plowden,
Shvetha M. Zarek, Edwina Yeung, Jean Wactawski-Wende, and
Sunni L. Mumford

Division of Intramural Population Health Research (L.A.S., E.F.S., K.C.S., T.P., S.M.Z., E.Y., S.L.M.) and
Program of Reproductive and Adult Endocrinology (T.P., S.M.Z.), Eunice Kennedy Shriver National
Institute of Child Health and Human Development, National Institutes of Health, Bethesda, Maryland
20892; and Department of Epidemiology and Environmental Health (J.W.W.), School of Public Health
and Health Professions, University at Buffalo, Buffalo, New York 14214

Context: Diet is proposed to contribute to androgen-related reproductive dysfunction.

Objective: This study evaluated the association between dietary macronutrient intake, carbohy-
drate fraction intake, and overall diet quality on androgens and related hormones, including
anti-Müllerian hormone (AMH) and insulin, in healthy, regularly menstruating women.

Design: This was a prospective cohort study from 2005 and 2007.

Setting: The study was conducted at the University at Buffalo, western New York State, USA.

Participants: Participants were 259 eumenorrheic women without a self-reported history of in-
fertility, polycystic ovary syndrome (PCOS), or other endocrine disorder.

Main Outcome Measures: A 24-hour dietary recall was administered 4 times per menstrual cycle,
and hormones were measured 5 to 8 times per cycle for 1 (n � 9) or 2 (n � 250) cycles per woman
(n � 509 cycles). Associations between the dietary intake of carbohydrates (starch, sugar, sucrose,
and fiber), macronutrients, overall diet quality and hormones (insulin, AMH, and total and free
testosterone), as well as the relationship of dietary intake with occurrences of high total testos-
terone combined with high AMH (fourth quartile of each), ie, the “PCOS-like phenotype,” were
assessed.

Results: No significant relationships were identified between dietary intake of carbohydrates,
percent calories from any macronutrient or overall diet quality (ie, Mediterranean diet score) and
relevant hormones (insulin, AMH, and total and free testosterone). Likewise, no significant rela-
tionships were identified between dietary factors and the occurrence of a subclinical PCOS-like
phenotype.

Conclusions: Despite evidence of a subclinical continuum of a PCOS-related phenotype of elevated
androgens and AMH related to sporadic anovulation identified in previous studies, dietary car-
bohydrate and diet quality do not appear to relate to these subclinical endocrine characteristics in
women without overt PCOS. (J Clin Endocrinol Metab 100: 2979–2986, 2015)
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Lifestyle modifications, including dietary intervention,
may improve the reproductive features affected by

androgen-related anovulatory infertility, such as those in
polycystic ovary syndrome (PCOS) (1, 2). Previous re-
search has noted that a low-calorie diet led to a reduction
in androgen levels along with weight loss in patients with
PCOS, and, furthermore, patients who adopted a high-
protein/low-glycemic load diet, rather than a conventional
low-calorie diet, also attained a greater concomitant re-
duction in insulin resistance (3). Indeed, replacement of
carbohydrate calories with unsaturated fat, for example,
increased insulin sensitivity outside the context of PCOS
(4). However, it is not clear whether dietary factors linked
to insulin sensitivity, such as glycemic load, are involved in
the etiology of PCOS or whether they are related to re-
productive features in women without PCOS.

As currently defined, PCOS affects 15% to 20% of
women and is marked by 2 of 3 characteristics including
hyperandrogenism, irregular menstrual cycles, and poly-
cystic-appearing ovaries on ultrasound (5). Previous re-
search has demonstrated that women with PCOS are at
greater risk for developing metabolic syndrome, diabetes,
and cardiovascular disease and are frequently plagued by
obesity and insulin resistance (5, 6). Our previous work
described a subclinical continuum of the endocrine fea-
tures of PCOS and identified a higher rate of sporadic
anovulatory cycles in cycles with higher androgen and
anti-Müllerian hormone (AMH) (a marker of ovarian fol-
licle number) in normally menstruating, healthy women
(7), as well as several dietary and metabolic factors po-
tentially associated with sporadic anovulation (8–10).

Here, our aim was to investigate whether dietary intake
in this population, with a particular emphasis on carbo-
hydrate fractions, is associated with these PCOS-related
endocrine features across the menstrual cycle, including
testosterone, AMH, and fasting insulin, using dietary data
measured by the gold standard of repeated 24-hour di-
etary recalls.

Materials and Methods

Participants and study design
The BioCycle Study was a prospective study to determine the

association of oxidative stress with endogenous reproductive
hormone levels and antioxidants across the menstrual cycle
among healthy, premenopausal women aged 18 to 44 years (11).
Full details of participant recruitment, data collection, partici-
pant characteristics, and clinic visit timing for the BioCycle Study
have been described elsewhere (12, 13). Included here are the
details relevant to the present investigation. Women who had
menstrual cycles between 21 and 35 days for the preceding 6
months, a lack of pregnancy or postpartum state in the previous
6 months, and no known diagnosis of PCOS or other endocrine

dysfunction (eg, diabetes, Cushing syndrome, or conditions of
the adrenal glands, hypothalamus, or other organs) were in-
cluded in the study (12). Furthermore, included women had not
used hormonal contraceptive medication for at least 12 months
(ie, Depo-Provera, Norplant, or intrauterine device) or 3 months
for oral contraceptives or other hormone supplements (ie, patch
or ring) before enrollment. Women were followed prospectively
between 2005 and 2007 for 2 (n � 250) menstrual cycles, in
addition to some participants who participated for 1 (n � 9)
menstrual cycle; all 259 women were included in the current
investigation. Participants were recruited through local adver-
tisements and media and were provided modest compensation
(12). The study was conducted at the University at Buffalo in
New York State, under an Intramural Research Program con-
tract from the Eunice Kennedy Shriver National Institute of
Child Health and Human Development. The University at Buf-
falo Health Sciences Institutional Review Board approved the
study, and served as the Institutional Review Board designated
by the National Institutes of Health under a reliance agreement.
All participants provided written informed consent.

Women provided health and lifestyle information and under-
went measurements of weight and height and dual-energy x-ray
absorptiometry for determination of percent body fat (14). Fast-
ing blood samples were collected between 7:00 and 8:30 AM up
to 8 times per menstrual cycle at study visits (94% completed �7
visits per cycle), corresponding to early menstruation, the mid-
follicular phase, 3 samples of peri-ovulation, and the early, mid,
and late luteal phases. Study visits were timed to menstrual cycle
phases using a calendar and Clearblue Easy home fertility mon-
itors (Inverness Medical) (13).

Dietary assessments
Diet factors were measured using multiple 24-hour dietary

recalls. Recalls were administered at the clinic visits 4 times dur-
ing each cycle (87% of women completed 4 dietary recalls per
cycle), corresponding to menstruation, the midfollicular phase,
the estimated day of ovulation, and the midluteal phase, for a
total of up to 8 dietary recalls per woman. Intakes (grams per
day) of total carbohydrate, total sugars, sucrose, starch, and
water-soluble dietary fiber were determined from the recall data
using the Nutrition Data System for Research (version 2005;
Nutrition Coordinating Center, University of Minnesota) (15),
and a Mediterranean diet score was calculated for each recall as
described previously (16). The percent intake for each macro-
nutrient was also determined as a proportion of total calories
consumed from each carbohydrate, fat, and protein.

Biochemical analyses
Serum sample collection tubes remained at room temperature

for 20 to 30 minutes before being placed in a 4°C centrifuge at
1500 � g for 10 minutes. Serum aliquots were then collected and
stored frozen at �80°C until the time of assay. Fasting insulin
and sex hormone–binding globulin (SHBG) were determined
using a solid-phase competitive chemiluminescent enzymatic im-
munoassay (IMMULITE 2000; Specialty Laboratories, Inc). Al-
bumin was measured by bromocresol purple methods and glu-
cose by a hexokinase-based assay using a Beckman LX20
autoanalyzer. Coefficients of variation (CVs) were �10% for
insulin and SHBG. AMH was analyzed using the original GEN
II ELISA protocol (Beckman Coulter). All machine-observed
concentrations were used without substitution of concentrations
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below the limits of detection to avoid biases (17). To maximize
measurement precision of AMH, 6 of 46 batches/plates were
recalibrated using a pooled standard curve (18), as indicated by
improper calibration curves or out-of-range values for manu-
facturer-provided control samples (CV � 12%). The total tes-
tosterone concentration (nanograms per deciliter) was deter-
mined by liquid chromatography/tandem mass spectrometry
employing a Shimadzu Prominence Liquid Chromatogram (Shi-
madzu Scientific Instruments, Inc) with an AB Sciex 5500 tan-
dem mass spectrometer. Increased sensitivity was obtained by
use of mobile phase B (100% acetonitrile) with a low standard
of 4 ng/dL added to the standard curve; the interassay CV was
6.7%.

Free testosterone was calculated as 24.00314 � T/log10S �
0.0499 � T2 and free androgen index as 100 �(T/S), where T is
total testosterone in nanomoles per liter and S is SHBG in nano-
moles per liter (19). The homeostasis model assessment of insulin
resistance (HOMA-IR) was calculated as (insulin [milli-interna-
tional units per liter] � glucose [milligrams per deciliter])/405
(20, 21).

Statistical analyses
Descriptive statistics were used for baseline demographic, re-

productive, and metabolic features of participants. Associations
between dietary intake of overall macronutrients and carbohy-
drate fractions and hormones were determined using linear
mixed models of log-transformed hormones. Models accounted
for repeated measures within woman across both cycles and
across days within each cycle. Geometric least squares means of
log-transformed hormones adjusted for age, body mass index
(BMI), menstrual cycle phase, and total calorie consumption are
presented (Figure 1). Covariates of age, BMI, and menstrual cy-
cle phase were selected as confounders because of their potential
association with both dietary intake and hormone outcomes.
Models of individual dietary components (eg, starch) also in-
cluded total calorie consumption to measure the effect of each
dietary component independent of the level of calories consumed
in the total diet. A mild PCOS-like phenotype was defined as a
cycle having both an AMH and total testosterone concentration
among the highest quartile for each at the menses visit (n � 53
cycles), as defined previously and previously associated with
PCOS characteristics of increased acne and sporadic anovulation
(7). To evaluate the relationships between dietary factors and
occurrence of the mild PCOS-like phenotype (7), logistic regres-
sion using generalized linear mixed-effects models to account for
repeated measures within woman were performed. Results are
presented as the odds of a PCOS-like phenotype associated with
a 1-unit increase in respective intakes, adjusted for age, BMI, and
total calorie consumption (see Table 3). The logistic models were
also repeated among overweight (n � 60 overweight only)
and/or obese women (n � 25 obese only) only to better assess
these relationships among non–normal weight women. Total
energy substitution models of hormone and phenotype outcomes
were also performed, including percent total calories from car-
bohydrate vs fat vs protein with appropriate adjustments for age,
BMI, and menstrual cycle phase (menstrual cycle phase included
in hormone but not phenotype models) as described above. One
macronutrient was omitted from each model, repeating the anal-
ysis for all possible pairs of macronutrients to reflect the substi-
tution of consuming calories from carbohydrate in place of fat
(with the fat term omitted), or in place of protein, or consuming

calories from fat in place of carbohydrate (with the carbohydrate
term omitted), and so on (22).

All hormone data were shifted to standardize the day of cycle
for estimated time of ovulation and cycle phase, and missing
hormone data were imputed as discussed previously (23). Spe-
cifically, days were aligned to ovulation, which was estimated
based on the LH peak from the fertility monitor compared with
the observed serum LH maximum and the first day of proges-
terone rise (23). All statistical analyses took multiple imputations
into account using SAS software (version 9.3; SAS Institute, Inc).

Results

Participant characteristics
Participants were overall healthy, young (average �

SD, 27.3 � 8.2 years; range, 18–44 years), predominantly
nonobese (24.1 � 3.9 mg/kg2), Caucasian (59%), edu-
cated (87% with postsecondary education), and non-
smoking (86%) (Table 1). Dietary intake was variable
with the middle 50% of participants’ total carbohydrate
intake (interquartile range) ranging from 146 to 248 g/d,
corresponding to 43% to 59% of total calories consumed
as carbohydrate. Quartiles of the overall cohort for each
of the dietary variables of interest are defined (Table 2).

Diet and PCOS-like phenotype
No significant relationships were identified across

quartiles of dietary intake of carbohydrates, percent cal-
ories from any macronutrient (Figure 1) or overall diet
quality (ie, Mediterranean diet score), and relevant hor-
mone outcomes (fasting insulin [data not shown],
HOMA-IR, AMH, and total and free testosterone).

Likewise, no significant relationships were identified
between dietary intake of carbohydrates, percent calories
from any macronutrient or overall diet quality (ie, Med-
iterranean diet score), and the occurrence of a PCOS-like
phenotype (defined as falling into the highest quartile for
both testosterone and AMH) (7), with the exception of a
higher odds of the PCOS-like phenotype with greater fiber
intake (Table 3). Results were nearly identical when anal-
ysis was limited to overweight (n � 60 overweight only)
and/or obese women (n � 25 obese only) only (data not
shown).

Substitutions of calories from one macronutrient cat-
egory for another (eg, percent calories from carbohydrate
in place of fat, or carbohydrate in place of protein) also all
produced null associations with hormones and the PCOS-
like phenotype examined here (data not shown).

Discussion

Dietary intake was not related to the endocrine charac-
teristics previously associated with a PCOS-like pheno-
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type (7) in this population of healthy, predominately
nonobese women. Results remained null for nearly all as-
sociations between carbohydrate intake and relevant hor-
mone concentrations, including fasting insulin, HOMA-

IR, AMH, and free and total testosterone throughout the
menstrual cycle. Results remained null when also evalu-
ated as the overall proportion of calories consumed from
carbohydrate vs fat vs protein. Likewise, no associations

Figure 1. Metabolic and reproductive hormones across quartiles of dietary intake. Data are geometric means and 95% confidence intervals. Bars
reflect the lowest to highest quartile of dietary intake, left to right within each diet factor. Actual ranges of intake by quartile are defined for each
diet factor in Table 2. No significant differences across quartiles of dietary intake were detected for any hormone outcome. CHO, total
carbohydrate; Sucr, sucrose; fiber, water-soluble dietary fiber; %, reflects percentage of total calories.
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were identified between dietary carbohydrate intake, with
the exception of dietary fiber, and occurrences of a mild
PCOS-like phenotype, defined here as having relatively
elevated testosterone and AMH combined (7). Diet may
be related to insulin resistance and obesity that are linked
to PCOS in clinical cases, but the relationship between diet
and insulin function, AMH, and/or testosterone is not ev-
ident in the range of hormones occurring in healthy, nono-
bese women.

Diet may affect reproductive function through myriad
pathways and mechanisms (24). In particular, insulin re-
sistance and obesity, conditions influenced by dietary in-
take (25–27), have been implicated in the pathophysiol-
ogy of PCOS (28). Moreover, dietary interventions have
been proposed to ameliorate specific components of
PCOS, including general healthy diet and exercise to im-
prove insulin sensitivity and restore ovulatory function
(29), lower carbohydrate diet to improve hyperandrogen-
emia (30), and omega-3 fatty acid supplementation to re-

duce PCOS-related cardiovascular disease risk (31). Even
normal-weight women with PCOS are reported to have
lower insulin sensitivity than their BMI-matched non-
PCOS counterparts (32) and to show improvement in
symptoms with metformin (ie, “insulin sensitizer”) treat-
ment (33). However, the interplay of reproductive steroid
hormones, insulin resistance, obesity, and ovarian func-
tion is incompletely understood.

Others have indicated more recently, using different
methods to assess insulin sensitivity and related glucose-
insulin parameters (ie, intravenous glucose tolerance test
with minimal model assessment), that metformin may ex-
ert its beneficial effects in women with PCOS through
changes in glucose disposal independent of insulin (ie, glu-
cose-mediated glucose disposal) and not through impacts
on insulin sensitivity (34). Furthermore, the prevalence of
obesity among women with PCOS is not different from
that among the general population when an unselected
population is assessed (35). Thus, greater referral or seek-
ing of medical care may occur in women who are both
obese and have PCOS characteristics, leading to greater
identification of PCOS in obese, insulin-resistant women

Table 1. Participant Characteristics at Study Entry

Characteristic No. Value

Age, y 259 27.3 (8.2)
BMI, kg/m2 259 24.1 (3.9)
Body fat, % 248 29.5 (6.0)
Race (C/AA/A) 259 59/20/21
Education, postsecondary 259 87
Current smokers 259 4
Nulliparous 253 74
Past use of hormonal contraception 255 55
Currently sexually activea 192 70
Age at menarche, y 255 12.5 (1.2)
Usual menstrual bleeding, days 239 5.1 (1.1)
Glucose, mg/dL 257 87.2 (6.6)
TG, mg/dL 257 59.2 (27.9)
Total cholesterol, mg/dL 257 163.4 (29.0)
HDL, mg/dL 257 50.1 (11.5)
LDL, mg/dL 257 101.5 (25.7)
Albumin, g/dL 257 4.0 (0.3)

Abbreviations: A, Asian; AA, African American; C, Caucasian; TG,
triglyceride; HDL, high-density lipoprotein cholesterol; LDL, low-density
lipoprotein cholesterol. Data are means (SD) or %; data reflect the
baseline visit of the first menstrual cycle (study entry).
a Percentage of those reporting any past sexual activity; n � 67
reported no (past or current) sexual activity.

Table 2. Quartiles of the Overall Cohort for Each of the Dietary Variables of Interest

Quartile 1 Quartile 2 Quartile 3 Quartile 4

% calories from carbohydrate 6.2–42.6 42.6–50.9 50.9–58.8 58.8–89.0
% calories from fat 5.4–27.2 27.2–34.0 34.0–40.2 40.2–68.3
% calories from protein 3.5–12.1 12.1–15.1 15.1–18.4 18.4–41.7
Starch, g/d 0–62.6 62.6–87.0 87.0–116.5 116.5–571.2
Sucrose, g/d 0–16.6 16.6–31.2 31.3–50.2 50.2–326.1
Total carbohydrate, g/d 8.7–146.2 146.3–192.0 192.1–247.7 248.5–658.3
Total sugars, g/d 1.8–49.9 50.1–77.2 77.2–109.6 109.6–357.5
Water soluble dietary fiber, g/d 0.1–2.3 2.3–3.4 3.4–4.8 4.8–16.8
Mediterranean diet score 0–1 2–2 3–3 4–8

Table 3. Odds of PCOS-Like Phenotype Per Unit
Increase in Nutrient Intake

Odds
Ratio

95%
Confidence
Interval

PLower Upper

% calories from carbohydrate 0.99 0.97 1.01 .44
% calories from fat 1.00 0.98 1.03 .74
% calories from protein 1.02 0.98 1.07 .28
Starch, g/d 1.00 0.99 1.01 .83
Sucrose, g/d 1.00 0.99 1.01 .53
Total carbohydrate, g/d 1.00 1.00 1.01 .62
Total sugars, g/d 1.00 0.99 1.01 .93
Water soluble dietary fiber, g/d 1.18 1.03 1.34 .01
Mediterranean diet score 0.94 0.80 1.11 .44

Logistic regression using generalized linear mixed-effects models to
account for repeated measures within woman was performed,
adjusted for age, BMI, and total caloric intake. Results are presented as
the odds of a PCOS-like phenotype associated with a 1-unit increase in
respective intakes.
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than in those without obesity. In agreement, others indi-
cate evidence of 2 distinct phenotypes of PCOS, those with
vs without obesity and insulin resistance (36).

Thus, in the current study in which no relationships
were identified between key hormones previously de-
scribed as a mild PCOS-like phenotype, diet was not rel-
evant to an effect on metabolic and endocrinologic fea-
tures related to the ovarian dysfunction of PCOS within a
nonclinical range. Indeed, there was no association iden-
tified here between any dietary carbohydrate factors typ-
ically associated with promotion of insulin resistance and
hormone concentrations in the highest quartile levels of
both testosterone and AMH combined, an indicator from
our previous study of a mild PCOS-like phenotype in the
subclinical range (7). Such evidence may indicate that re-
ported dietary patterns are a consequence of an aberrant
insulin system in women already having PCOS and con-
comitant obesity, but perhaps not a cause of an insulin-
driven PCOS etiology. It may also be that behavioral diet
changes can affect the insulin-related component of PCOS
in patients who are already insulin resistant, but not in
women without overt insulin resistance, as dietary inter-
ventions from a lower carbohydrate diet to omega-3 fatty
acid supplementation have been shown to bring about
clinical improvements in PCOS characteristics in some
studies of obese women (29–31). Indeed, the current study
does not support a relationship between dietary patterns
in healthy women with subclinical manifestations of an
aberrant insulin, AMH, and testosterone milieu. Instead,
our previous findings of a subclinical PCOS-related phe-
notype (7) may indicate a constitutional disposition that
may not be influenced by excess carbohydrate or excess
calorie intake, particularly outside the context of obesity
and resultant insulin resistance.

An alternative explanation for the null association
identified between dietary intake and hormone outcomes
or a PCOS-related phenotype reported here may also be
due to a relatively narrow range of hormone concentra-
tions observed across this normal population, compared
with a population with clinical disease, as wider variation
in measurements may have been necessary to provide ad-
equate power for detecting a small effect size, if such an
effect existed. Likewise, more extreme levels of intake over
time or randomizing participants to an extreme diet may
be necessary to cause measurable changes in hormone out-
comes that could not be detected in this observational
cohort study conducted across a relatively short time win-
dow. The median level of carbohydrate intake observed
here (51% of calories from carbohydrate) was similar to
the 49% to 50% of calories consumed from carbohydrate
observed contemporaneously in US women (37). In addi-
tion, the significant association observed between in-

creased fiber intake and increased odds of the PCOS-like
phenotype reflects our prior findings linking high fiber
intake with higher odds of anovulation (9) but does not
support the promotion of a PCOS phenotype through the
dysregulation of glycemia and insulinemia.

The present study benefits from several advantages.
First, multiple dietary recalls were applied and blood sam-
ples were collected at several visits, specifically timed to
ovulation, through 2 consecutive menstrual cycles in a
carefully selected population allowing thorough charac-
terization of cyclic hormone patterns. Second, the partic-
ipants in this study were not taking any hormonal medi-
cations (eg, contraceptive pills) that may disrupt the
accurate measurement of testosterone and/or AMH con-
centrations. This study also overcomes common limita-
tions in studies of testosterone in women by using highly
sensitive assay methods (liquid chromatography with tan-
dem mass spectrometry) to measure testosterone. A limi-
tation of our study is that we cannot rule out the effects of
chronic, more extreme dietary intakes, or the effect of
moderate or high intakes in a predominantly obese or in-
sulin-resistant population, limiting the generalizability of
our findings. We did conduct a sensitivity analysis, how-
ever, restricting our analyses to overweight and obese
women (60 overweight and 25 obese), finding identical
null results. Likewise, these findings should not be extrap-
olated to women with clinical PCOS.

Thus, although dietary interventions have been re-
ported to be have an impact in managing PCOS in some
studies, dietary intake in women without PCOS was not
associated with PCOS-related hormones including testos-
terone, AMH, and insulin. Therefore, despite previous ev-
idence of a subclinical continuum of a PCOS-related phe-
notype of elevated androgens and AMH related to
sporadic anovulation, dietary carbohydrate and diet qual-
ity do not appear to relate to such subclinical character-
istics. Whereas dietary interventions may still have prom-
ise in women with clinical PCOS, particularly those with
features of insulin resistance and/or obesity, such inter-
vention is not likely to improve reproductive function
within the subclinical range of these features outside of the
context of obesity. Thus, specific recommendations re-
garding dietary intake, particularly regarding carbohy-
drate intake, to prevent progression of PCOS in women
with subclinical features may not be warranted, aside from
general recommendations for a healthful diet that are uni-
versal in promoting overall health and preventing other
chronic disease in women.
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