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Abstract

Polycystic ovary syndrome (PCOS), a common female endocrinopathy, is a complex metabolic
syndrome of enhanced weight gain. The goal of this pilot study was to evaluate metabolic
differences between normal (n=10) and PCOS (n=10) women via breath carbon isotope ratio,
urinary nitrogen and nuclear magnetic resonance (NMR)-determined serum metabolites. Breath
carbon stable isotopes measured by cavity ring down spectroscopy (CRDS) indicated diminished
(p<0.030) lipid use as a metabolic substrate during overnight fasting in PCOS compared to normal
women. Accompanying urinary analyses showed a trending correlation (p<0.057) between
overnight total nitrogen and circulating testosterone in PCOS women, alone. Serum analyzed by
NMR spectroscopy following overnight, fast and at 2 h following an oral glucose tolerance test
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showed that a transient elevation in blood glucose levels decreased circulating levels of lipid,
glucose and amino acid metabolic intermediates (acetone, 2-oxocaporate, 2-aminobutyrate,
pyruvate, formate, and sarcosine) in PCOS women, whereas the 2 h glucose challenge led to
increases in the same intermediates in normal women. These pilot data suggest that PCOS-related
inflexibility in fasting-related switching between lipid and carbohydrate/protein utilization for
carbon metabolism may contribute to enhanced weight gain.
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Cavity ring down; glucose elevation; lipid metabolism; NMR-metabolomics; polycystic ovary
syndrome (PCOS)

Introduction

Polycystic ovary syndrome (PCOS) is a complex metabolic and reproductive health disorder
in women comprising multiple gene variants and hyperandrogenic hormonal
pathophysiology [1]. It appears to manifest at puberty with multiple phenotypes [2, 3]
characterized by androgen excess, ovulatory dysfunction and polycystic ovaries [4]. PCOS
affects 6-15% of women [5-8] and is associated with obesity, type 2 diabetes mellitus
(T2DM) and cardiovascular disease [9, 10]. Thirty-eight to 88% of women with PCOS are
overweight or obese [11, 12]. Increased adiposity enhances not only the incidence of PCOS
[13], but also the severity of the phenotype [14, 15]. Such an adverse effect of adiposity on
PCOS phenotypic expression may begin in adolescence [16, 17] and continues with age as
PCOS women develop greater abdominal adiposity than normal women with comparable
body mass index (BMI). Women with PCOS demonstrate a significant correlation between
enhanced abdominal visceral fat and insulin resistance [18] together with abnormal adipose
function, abnormal adipokine release and glucoregulation [19]. Subcutaneous abdominal
adipocytes also are larger in PCOS women [20], indicating potential constraint on adipocyte
differentiation and a reduced ability of this adipose depot to safely store fat [21, 22]. Such
constrained lipid adipose storage in subcutaneous adipocytes can promote ectopic lipid
accumulation and lipotoxicity, thereby diminishing insulin action [21, 22] and providing a
mechanistic basis for positive correlations between adipocyte diameter and insulin resistance
[20, 23]. Reduced utilization of lipid as an energy substrate (24-26) has the potential to
enhance such metabolic dysfunction.

In this pilot study, we employed complementary methods (breath carbon stable isotope
analysis, total urinary nitrogen (N) excretion, and nuclear magnetic resonance (NMR)-based
metabolomics) to further our understanding of metabolic perturbations in PCOS women that
may contribute to their propensity towards obesity. We used changes in the 13C enrichment
in stable isotope ratio of carbon in exhaled breath CO, (i.e. 13C0,/12C0O, or & 13C in parts
per mil, denoted as %o0) to monitor substrate utilization [25-29]. Multiple stable isotopes of
carbon, nitrogen, oxygen and sulfur are naturally found in body tissues. During lipid
synthesis, however, isotopic discrimination against 13C by pyruvate dehydrogenase results
in preferential accumulation of isotopically light carbon (*2C) in fat compared to carbon
incorporation into synthesized carbohydrate or protein [30]. Because endogenous lipids are
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enriched with isotopically lighter carbon than carbohydrate or protein, fat oxidation results
in a decrease in the breath 813CO, compared to breath during carbohydrate/protein
oxidation [27, 28, 31]. Breath analysis allows fast, non-invasive monitoring of lipid
oxidation. Breath & values alone, however, do not distinguish contribution from carbon
isotopes derived from carbohydrates vs. proteins. Therefore, to further support the
conclusion made from fasting breath §13C0O,, urinary N excretion was measured, and
untargeted NMR-metabolomics was used to investigate basic metabolic processes, an
approach that allows unbiased identification and quantification of small molecules (less than
1000 Da), including metabolites, present in the circulation. We challenged both normal and
PCOS women with a 2-hour oral glucose tolerance test (2hOGTT) to ascertain impairments
in glucose utilization. This pilot study suggests that subtle perturbations in macronutrient
metabolism (i.e. differences in switching between metabolism of lipid and carbohydrate/
protein for energy metabolism) occur in women with PCOS, and points to metabolic
dysregulation as a factor in the progressive obesity that commonly accompanies PCOS.

Material and Methods

Participants and Ethics Statement

Ethics Statement—This study was approved by the Health Sciences Institutional Review
Board at the University of Wisconsin-Madison. Subjects signed informed consent forms,
and the study was in compliance with privacy-act guidelines.

Participants: Healthy control women (n=10) and women with PCOS (n=10) were recruited
by newspaper advertisement and flyers posted at the Reproductive Endocrine and Infertility
clinic and gynecology practices associated with the Department of Obstetrics and
Gynecology at the University of Wisconsin-Madison. A subset of subjects was used for the
glucose tolerance study (normal: 8 fasted, 8 2hOGTT; and PCOS: 7 fasted, 7 2hOGTT), and
their sera samples were used for NMR data collection. An initial telephone screening
confirmed inclusion criteria: female, age 18-38 years, and ruled out exclusion criteria:
current smoker; history of diabetes or heart disease; prior or current use of diabetes
medications (within past year), antidepressants, beta blockers, antipsychotic, or weight loss
medications; use of hormonal contraception within the prior three months; pregnancy or
planning to become pregnant; or weight instability (change > 5% within the month prior to
enrollment).

Clinical Study Assays and Procedures

Subjects meeting the above criteria underwent a screening visit that included a medical
history questionnaire and body composition assessment by bioelectrical impedance analysis
(Tanita, TBF-310, Arlington Heights, IL). Of all subjects screened, only one woman with
PCOS reported family history of T2DM. Subjects also had an additional screening visit for
fasting tests including serum total testosterone, a 75-g oral glucose tolerance test, fasting
insulin, lipid panel, a pelvic ultrasound, as well as serum prolactin, 17-hydroxyprogesterone,
and, thyroid stimulating hormone (TSH) to exclude hyperprolactinemia (elevated prolactin),
non-classic congenital adrenal hyperplasia (elevated 17-hydroxyprogesterone), or thyroid
dysfunction (above or below normal TSH). Serum hormone and glucose concentrations
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were determined at the UW Madison Institute for Clinical and Translational Research-
WNPRC Assay Services laboratory [32, 33], and within the single assay performed for each
hormone, intra-assay coefficients of variation were: total testosterone enzymeimmunoassay
with celite chromatography (16.0%), insulin radioimmunoassay (4.5%) and glucose oxidase
assay (2.9%). Blood biochemical analytes [36] were performed at the National University
Hospital Referral Laboratory, which is accredited by the College of American Pathologists.
Serum total cholesterol, triglyceride, and high-density lipoprotein cholesterol (HDL-C) were
measured using an automated autoanalyzer (ADVIA 2400; Bayer Diagnostics, New York).
Low-density lipoprotein cholesterol (LDL-C) levels were calculated using the Friedewald
formula. Subjects with impaired fasting glucose (fasting glucose 100-125 mg/dL), diabetes
mellitus (fasting glucose =126 mg/dL, 2 h glucose =200 mg/dL), triglycerides over 800
mg/dL, or LDL cholesterol over 180 mg/dL were excluded.

PCOS women were confirmed to have PCOS (by Rotterdam criteria [7] requiring
hyperandrogenism (Ferriman-Gallwey score of =28) and intermittent/absent menstrual cycles
(<8 cycles in a year, or <26 d or >35 d in length) with polycystic ovaries (= 12, 2-9mm
follicles in at least one ovary, and/or increased ovarian volume >10ml). Control normal
subjects were healthy with regular menstrual cycles and without polycystic ovaries.
Homeostasis model of assessment - insulin resistance (HOMA-IR; fasting glucose (mg/dl) x
fasting insulin (uU/mL) / 405) [34], fasting glucose-to-insulin ratio (FGIR) [35] and 2-hour
GIR were calculated as surrogate measures of insulin resistance. Control subjects were
scheduled for the additional screening visit on day 2 or 3 of their menstrual cycle. Within
1-4 days after their 2nd screening visit, subjects spent 26 h in the Clinical Translational
Research Center for assessment in the human respiratory chamber (room calorimeter).
Meals consisted of 35% kcal as fat, 15% protein, and 50% carbohydrate. Total energy level
was adjusted to meet individual energy needs while maintaining this macronutrient profile.
Subjects were provided with a lead-in diet with a similar macronutrient profile for 3 days
[36] prior to their 26 h stay to standardize their nutrient intake and reduce diet effect on
breath and biofluid metabolite analysis. Caloric content of lead-in diet approximated energy
balance. For all subjects, early follicular phase or anovulation was confirmed by ultrasound
(no lead follicles >10 mm) and serum progesterone level <3 ng/mL at the 2nd screen visit
and during the overnight stay.

Urinary Nitrogen Sample Collection and Analysis

Protein oxidation from urinary nitrogen was measured by collecting all urine during the
respiratory chamber stay. Urine was acidified with citric acid to prevent volatilization of
nitrogen compounds. Samples were pooled into sleeping hours (night) and waking hours
(day) and frozen at -80°C until dilution for nitrogen analysis using a chemiluminescent
nitrogen analyzer (Antek 900 series nitrogen analyzer) as previously described [37].

Serum and NMR Sample Preparation

Serum samples were collected at fasting and 2 h after glucose challenge from normal
women (8 fasted, 8 2hOGTT) and women with PCOS (7 fasted, 7 2hOGTT) and
immediately frozen at —80°C. At the time of NMR analysis, samples were thawed on ice and
only mixed by inversion. 500 pl of serum was transferred to a new tube, and two volumes of
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methanol were added to denature and precipitate proteins. Samples were kept at -20°C for
20 min. The precipitate was removed by centrifuging for 5 min at 14,000 rpm in micro-
centrifuge tubes. The supernatant was dried in a speed-vacuum centrifuge overnight. The
dried samples were re-suspended with 600 ul 20 mM phosphate buffer in 99%-D,0 (pH=
7.4). All NMR spectra were collected at 25°C with 1 mM DSS (4,4-dimethyl-4-
silapentane-1-sulfonic acid, an agent used for internal referencing NMR chemical shifts and
relative concentrations) and 0.1 mM NaF.

NMR Spectroscopy and Data Analysis

All NMR spectra were collected at the National Magnetic Resonance Facility at Madison
(NMRFAM) on a Varian NMR System spectrometer operating at 800 MHz. The
spectrometer was equipped with cryogenic single z-axis gradient probe. One-dimensional
proton spectra with a total of 512 acquisitions were collected for each sample with the
temperature regulated to 25°C. The water signal was suppressed by applying a weak
saturation pulse prior to the beginning of the pulse sequence. Furthermore, a low power 8 ms
spinlock pulse was used to suppress fast relaxing signals from large molecules such as
proteins. Software used to process and analyze NMR spectra included vnmrJ 1.1D (Varian,
Inc.) and NMRpipe (http://spin.niddk.nih.gov/bax/software/NMRPipe). Metabolites were
identified and their relative concentrations to the internal standard (DSS) were determined
using Chenomx NMR Suite 6.1 (http://www.chenomx.com) (Supplementary Table 1). The
online database MMCD (http://mmcd.nmrfam.wisc.edu) was used to verify molecule
identifications.

To compare the net effect of glucose perturbation on the means of metabolites
(Supplementary Table 1) Equation 1, below, was used to calculate fold change between the
fasted and 2hOGTT conditions:

= Normaly,, PCOS,. PCOSQ}L;G&T); PCOS

Fasting Fasting

Norma’lmz()GTT

Normal

Fasting

Normal .=

A subset of NMR metabolites, each with greater than a one-fold difference (increase or
decrease) between normal and PCOS, were analyzed using Student's t-test. Data trends for p
<0.08 are reported. Heat map graphical representation for the subset of metabolites
increasing or decreasing were used to show changes in the mean values for normal and
PCOS women at fasting and 2hOGTT (Supplementary Fig. 2). The heat map was generated
using MATLAB software. Numerical values and SEM for the heat map matrix are reported
in Supplementary Table 2.

Breath Measurements

Normal and PCOS were fed a controlled diet designed to meet their energy needs in an in-
patient setting. Breath samples were collected at wake-up, and immediately prior to and
following breakfast, lunch, dinner, and a prescribed exercise regime (1400h - 1500h).
Patients were asked to exhale into a 1-L gas tight Tedlar bag. Each breath sample was
diluted to 1% CO, by mixing with nitrogen gas in approximately a 2 to 5 ratio (26). Isotopic
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CO, was measured from diluted breath samples using a Picarro isotopic CO; cavity ring-
down spectrometer (Picarro Inc., Sunnyvale, CA). The breath CO, carbon stable isotope
ratio (13C0,/12C0,) was normalized to Pee Dee Belemnite (PDB), the international
standard, and expressed as a delta value (8) in parts per mil (%o) notation. This notation,
simply translated, is ten times the percent difference in isotope ratio relative to the standard
[27].

Statistical Methods

Results

Breath 613CO, values at wake-up and urinary nitrogen data were compared using Student's
t-test. Results are reported as mean £ SEM. Data were considered significantly different at
p<0.05. Repeated measures analysis of covariance was used to compare the normal to PCOS
women across all time points. Because waking values from three subjects (1 normal, 2
PCOS) were missing, the mean of waking and pre-breakfast delta values was used as the
covariate for each woman to adjust for the observed initial differences between the two
groups.

Baseline, Endocrine and Metabolic Parameter Characteristics of Human Subjects

Normal and PCOS subjects were similar in age, height, weight, % body fat and baseline
characteristics, as shown in Table 1. Serum values for fasting glucose, glucose after a
2hOGTT, HOMA-IR, fasting insulin, fasting glucose-to-insulin ratio (FGIR), 2-hour GIR,
total cholesterol, triglycerides and HDL, obtained during a 24-h hospital stay, did not differ
between normal and PCOS women. PCOS women were distinguished from normal women
in terms of hirsutism (Ferriman-Gallwey score), intermittent or absent menstrual cycles and
polycystic ovaries (Table 1). Circulating total testosterone levels in the PCOS group were
~34% greater than in controls, but not significantly different.

Breath Data Analyses Indicate Diminished Lipid Oxidation in PCOS Women

Breath 813C values are plotted as a function of time during the inpatient stay (Fig. 1) and
indicate decreased fasting and daytime lipid oxidation in PCOS compared to normal women.
Mean 613C at wake-up for normal subjects was -23.1 + 0.3%o (0600h) that increased to a
peak of -20.6 + 0.4%o at 15:00h, an increase of 2.5%o. In contrast, the mean & value for
PCOS women on waking was -21.6 + 0.3%o with a 0.8%o increase to a peak of -20.8 + 0.3%o
by pre-lunch (12:00h) (Fig. 1). The mean 6 values at wake-up (06:00h) were higher (p <
0.04) in PCOS compared to normal subjects, and after covariance adjustment for this initial
difference in 813C values, PCOS subjects had lower breath & values (p < 0.02) across the
day. This may indicate diminished switching between lipids and other carbon sources for
energy metabolism during fasting and across the daytime hours when meals were consumed
in PCOS subjects.

Urinary nitrogen (N) analysis shows a trend towards increased amino acid metabolism in
PCOS women

To initially explore the contribution of amino acid metabolism to the carbon content of
breath 6 values, we measured total urinary N during the 26-h inpatient stay. Overall,
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normalized nitrogen values were similar in normal and PCOS groups during both nighttime
and daytime hours (Supplementary Table 3). Nighttime nitrogen values, however, trended
toward a positive correlation (r? = 0.38, p<0.057) with circulating testosterone levels in
PCOS subjects. There were no other testosterone-related correlations involving urinary N or
breath parameters.

Analysis of NMR-metabolomics Data from Fasting Serum Implicates Altered Lipid
Oxidation, Amino Acid and Glucose Metabolism in PCOS Women

Representatives of overnight fasted serum NMR spectra from a normal and a PCOS woman
with a subset of metabolites labeled are shown in Supplementary (Fig. 1). A total of 43
metabolites were identified in both normal and PCOS serum samples, and their relative
concentrations (mM) to the internal standard (DSS) are reported in Supplementary Data
Table 1. We investigated differences between fasting NMR-determined metabolite
concentrations in PCOS vs. normal groups. The PCOS group showed increased serum levels
for all identified metabolites (with the exception of citrate and glycerol) relative to normal
group (Fig. 2). Concentrations of 8 metabolites were found to be =1-fold higher in PCOS
than in control serum. These metabolites are involved in amino acid (2-oxocaproate, 2-
aminobutyrate, homoserine, sarcosine) and glucose (glucose, pyruvate, acetoacetate)
metabolism. Two additional metabolites exhibited statistical trends for increase in PCOS:
sarcosine (p = 0.060), an amino acid intermediate, and acetoacetate (p = 0.079), a lipid
metabolism pathway intermediate. Lactate, fructose, acetate, and threonine were increased
by 0.7-0.8 fold in PCOS, but only acetate showed a trend in significance (p = 0.06) between
PCOS and normal subjects at fasting.

NMR-metabolomics Data Show Metabolic Impairment of Glycolysis and Amino Acid
Regulation in PCOS Women During Transiently Glucose Challenged Condition

To examine the effect of glucose metabolism in PCOS, we challenged subjects with a 2-h
oral glucose tolerance test (2hOGTT) after an overnight fast and measured their serum
metabolites before and 2 h after glucose administration. The transient glucose elevation
changed the concentrations of NMR-measured serum metabolites in both groups of women,
but at the 2hOGTT sampling time, little evidence remained of elevated glucose
concentrations in circulation. PCOS subjects showed different responses in metabolite
concentration for a subset of 12 metabolites compared to normal subjects. The complete fold
change analyses of 2hOGTT samples, shown in (Fig. 3), identified 12 metabolites (=1-fold
difference to serum values in normal women; indicated with *) that changed in opposing
directions between the two groups of women. Comparison of magnitude of fold change
between fasting and 2hOGTT conditions for each group is shown as a heat map in
(Supplementary Fig. 2). The glucose elevation-related changes in metabolite concentrations
implicate molecules involved in energy substrate utilization: lipid/amino acid metabolic
pathways (2-aminobutyrate, 2-oxocaporate, acetate, acetone, formate, and sarcosine) and
glycolysis pathways (fructose, glucose, lactate, pyruvate, alanine, and taurine). The oral
glucose challenge generally was associated with increases in serum concentrations of these
12 metabolites in normal subjects but with decreases in PCOS subjects, with the exceptions
of fructose and glucose, which decreased in normal subjects but increased in PCOS subjects.
PCOS subjects exhibited a >1-fold higher fasting concentration of 2-aminobutyrate, 2-
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oxocaporate, pyruvate, and sarcosine than normal women. At 2hOGTT, the serum
concentrations of these 10 of 12 metabolites decreased in PCOS subjects, while the
corresponding concentrations in normal subjects for formate, 2-oxocaporate, 2-
aminobutyrate, and pyruvate increased resulting in a lesser net effect of changes in
metabolites levels between the two groups (Supplementary Table 2). Sarcosine (p = 0.06), 2-
amino butyrate (p = 0.055), alanine (p = 0.04), formate (p = 0.04), acetoacetate (p = 0.079)
and acetate (p = 0.06) decreased, while glucose (p = 0.03) and fructose (p = 0.03) increased
in PCOS subjects.

Discussion

This pilot study focuses on metabolic markers in breath and serum that may contribute to
PCOS metabolic dysfunction. Our preliminary examination of exhaled breath, urinary
nitrogen and NMR-based metabolomics of serum metabolites suggests subtle, but distinct,
differences in lipid and glucose/amino acid metabolism between normal women and those
with PCOS following an overnight fast and after an oral glucose challenge (transient
elevation in circulating glucose concentrations).

Breath is the waste product of cellular respiration and macronutrient oxidation, and the
breath stable isotopes of carbon may be used to assess macronutrient oxidation [38]. We
analyzed the changes in breath stable isotope & 13CO, values, which provide important
information on the macro-nutrient source of oxidized carbon [30, 38, 39]. Daily variation in
breath 813CO, values correlates with daily variation in macronutrient oxidation (more
negative breath values are indicative of increased lipid relative to glucose/amino acid
utilization) in non-human species [29]. Normally, as glycogen supplies are depleted during
nighttime fasting, and protein turnover remains relatively constant, cellular respiration
shows increasing reliance on lipid utilization throughout the night. Thus, as expected,
normal women in this study exhibited breath & values lower in the fasted morning sample
compared to the fed state, consistent with increased overnight fasting lipid oxidation [27,
29]. In contrast, women with PCOS exhibited less negative 8§13CO, breath values (or less
abundant with 13C) on waking, suggesting diminished switching to lipid oxidation.
Moreover, in PCOS women, overall changes in breath 813CO, values during daytime hours
were decreased compared to controls, suggesting an overall constraint on the variety of
carbon sources contributing to daily energy metabolism. PCOS women thus appear to
exhibit reduced transitioning between lipids and carbohydrate/amino acids, since diminished
use of lipid as an energy substrate will diminish inclusion of the heavier carbon isotope in
their breath samples (i.e. higher 813CO,).

The positive correlational trend between circulating testosterone and nighttime nitrogen
excretion suggests that PCOS women may, unlike normal controls, utilize amino acids as a
preferential carbon source for energy metabolism during fasting. These urinary nitrogen
results are consistent with our NMR-metabolomic outcomes implicating altered amino acid
and glucose metabolic utilization during fasting in PCOS women, and support our metabolic
inflexibility hypothesis, illustrated in (Fig. 4), by which diminished utilization of lipid as an
energy substrate may lead to increased fat accumulation in both adipose stores and ectopic
sites, such as liver and skeletal muscle [40]. Accompanying hyperandrogenic constraint on
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adipogenesis [41] may accelerate such lipid accumulation into lipotoxicity—driven hepatic/
systemic insulin resistance and cardio-metabolic disease [42, 43].

Overnight fasting NMR data are consistent with predominant utilization of ketogenic
derived amino acids and glucose as energy substrates in PCOS women, i.e., ~1-fold
increases in serum concentrations of 2-aminobutyrate, 2-oxocaporate, acetate, acetone,
formate and sarcosine compared to normal women. A transient glucose elevation
additionally implicates increased intermediate metabolites in glycolysis and/or glucogenic
amino acid pathways: lactate, pyruvate, alanine, and taurine in PCOS women in contrast to
decreases in these same metabolites in normal women receiving the same glucose challenge
(2hOGTT). The latter difference may reflect relatively impaired glucose oxidation in PCOS
compared to normal women, but there is no evidence of insulin resistance in the PCOS
women in our study that might explain the related diminution of glycolysis [44].

Alanine and pyruvate, however, are part of a reversible transamination reaction in liver,
named alanine-amino-transferase (ALT) activity, in which alanine can be either converted to
or made from pyruvate in this reaction by either donating or accepting an amine group as
part of urea cycle and amino acid metabolism. ALT is also found in plasma and is thought to
be associated with diurnal variations. Although NMR-metabolites reported are from a wide
range of BMI (Table 1), the higher levels of pyruvate/lactate/acetate in PCOS subjects
compared to normal subjects suggest a lesser fat oxidation in PCOS women at fasting (Fig.
2). Increased levels of 2-amino butyrate (a secondary metabolite) and 2-oxo-caproate (an
amino acid intermediate) may also provide additional substrates for the ALT pathway
consistent with our hypothesis of increased amino acid metabolism as a source of alternative
energy metabolism in PCOS (Fig. 4).

To further understand the role of glucose metabolism in PCOS, we transiently challenged
both groups with oral glucose stimulation. Our NMR analysis of serum samples from the
2hOGTT experiment indicates an interesting inverse effect of glucose on only a subset of
metabolites in PCOS vs. normal women. Those metabolites in PCOS women that showed
inverse responses to glucose are initially reported at higher than normal levels at fasting.
Although upon stimulation with glucose, there is a decrease in pyruvate, alanine, lactate, and
acetate levels, while those of fructose and glucose increase, levels of all these metabolites
still remain elevated compared to normal subjects, suggesting possible impairments in
glucose and fat metabolism.

A diminished ability to switch to lipid from carbohydrate/protein usage in periods of fasting
has been reported by others and appears to be a key feature of metabolic inflexibility
associated with bed rest [45, 46], aging [47, 48], obesity [49], insulin resistance [50], T2DM
[51, 52] and PCOS [53]. In hyper- compared to normo-androgenic PCOS women, Di Sarra
and colleagues [53] recently reported a greater degree of metabolic inflexibility in the
former PCOS women in terms of diminished increase in respiratory quotient (RQ) values
during a hyperinsulinemic-euglycemic clamp [53]. These RQ findings suggest diminished
switching of substrate metabolism from predominant lipid oxidation at low (overnight
fasted) insulin levels to predominant glucose utilization at high (clamp) insulin levels [53] in
only hyperandrogenic PCOS phenotypes, a finding consistent with our finding of a positive
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association between increased nighttime (fasting) utilization of amino acids as an energy
substrate and circulating testosterone levels in subjects with PCOS. Such PCOS associations
between testosterone and diminished utilization of lipid or glucose as an energy substrate are
contrary to expectations from normal women [54] and men [55], in whom testosterone
enhances lipid oxidation and protein synthesis. In men, testosterone acting through the
androgen receptor [56] diminishes utilization of amino acid as an energy substrate and
increases fat-free mass [57-59]. Increased reliance on glucose and a corresponding decrease
in fatty acid oxidation in skeletal muscle [60, 61] has also been found in PCOS women, and
associated with decreased oxidative metabolism [62] in tandem with decreased
mitochondrial respiration [63]. In the latter PCOS-associated metabolic inflexibility,
diminished gene expression regulating fatty acid oxidation and lipid metabolism, combined
with increased expression of glycolytic enzymes [64, 65], may result in reduced glycogen
synthesis coincident with increased reliance on glucose, rather than lipid, as an energy
source [61, 66, 67]. An additional recent study, however, also employing changes in RQ
values during a hyperinsulinemic-euglycemic clamp, found evidence of metabolic
inflexibility in overweight and obese women that was not influenced by the presence of
PCOS [68].

4. Conclusions

In conclusion, our pilot study suggests that women with PCOS may exhibit a diminished
ability to switch during overnight fasting and daily metabolism from glucose/amino acid to
lipid oxidation. It is unclear, however, whether such a metabolic inflexibility is a
fundamental, intrinsic PCOS trait, is subsequent to progressive PCOS pathology that may
have developmental origins [69], or is dependent on extent chronic androgen excess [53].
Reduced utilization of lipid stores by PCOS women could contribute to obesity and
increased rates of metabolic disorders, particularly T2DM.
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Fig. (1).
Normal and PCOS women were given a defined diet that was designed to meet their caloric needs (see methods). Breath

samples were taken after an overnight fast (at wake-up, 0600h), before and after every meal and before and after an afternoon
exercise bout. Breath 613CO,values were determined using an isotopic CO, cavity ring-down spectrometer. The observed
means are shown as lines in blue for normal women and red for PCOS women. Morning-to-evening variation in breath delta
values was analyzed by repeated measures analysis of covariance (ANCOVA) using the mean of the wake up and pre-breakfast
delta values as the covariate.
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Fig. (2).
Fold changes in fasted serum metabolite levels in PCOS as compared to hormal subjects. The dotted line indicates a 1-fold (2x)

increase. All metabolites, with the exception of citrate and glycerol, were increased in PCOS compared to normal women.
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Fig. (3).

Fold changes between the fasting and 2hOGTT conditions for the normal and PCOS subjects. Metabolites labeled with *
changed oppositely between the normal and PCOS groups: with exception of glucose and fructose, these metabolites increased
from fasting to 2hOGTT in the normal subjects but decreased from fasted to 2hOGTT in the PCOS subjects. Those metabolites

that showed trends toward significant increase are: acetoacetate (p = 0.079), acetate (p = 0.06), 2-amino butyrate (p = 0.055),
and sarcosine (p = 0.06).
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1 Glycolysis/Gluconeogensis 2

Fatty acid synthesis/catabolism

Fig. (4).

Diagrammatic representation of proposed metabolic palthwalysg 5\(Ni)tching in PCOS suggested by NMR and supported by breath
and urine data analysis. Simplified metabolic pathways and TCA cycle showing enhanced diversion of glucose metabolism
through alternative pathways (i.e. glycolysis and pentose phosphate pathways) into fatty acid synthesis including increased

amino acid utilization by the cell which may explain the observed increased fat accumulation and increased nitrogen excretion at
fasting in PCOS women. Major metabolites identified during 2hOGTT metabolic perturbation are: formate, acetone, 2-
oxocaproate, 2-aminobutyrate, sarcosine, pyruvate, which are intermediates of major metabolic processes listed in the diagram.
These pathways are summarized as: 1) glycolysis/gluconeogenesis where is centered on glucose metabolism (via pyruvate), 2)
fatty acid metabolism (via acetone, 2-oxocaproate, 2-aminobutyrate, sarcosine intermediates), centered on lipid metabolism as
source of energy through free fatty acids, as a precursor of cholesterol biosynthesis, androgen biosynthesis or fat deposition in
fat cells. 3) Redox homeostasis/detoxification (via 2-aminobutyrate, sarcosine), which is coupled with removal of free radical
formation during metabolic stress and coupled to trans-sulfuration.
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Table 1

Mean (= SEM) baseline parameters in 10 PCOS and 10 non-PCOS, normal women. Ferriman Gallwey score is
shown as median (range). * P < 0.01, PCOS vs. normal women.

Normal PCOS
Age (y) 282+16 280+ 1.4
Height (cm) 165.7+3.1 165.7 + 2.5
Weight (kg) 69.4+4.9 77.7+16
BMI (kg/m2) 254 +1.9 284423
% Total body fat 31.3+29 346+28
Fasting glucose (mg/dL) 79.3+21 79.7+1.7
2hOGTT glucose (mg/dL) 75.1+3.8 81.5+8.3
Fasting insulin (uU/dL) 9.7+15 135+23
2hOGTT insulin (U/dL) 41.7+107 | 49.0+124
HOMA-IR 19+03 27+05
FGIR 96+1.1 7917
2hOGTT GIR 85+0.8 74+16
Total cholesterol (mg/dL) 149275 1743 +9.8
HDL cholesterol (mg/dL) 548+7.8 52.7+2.4
Triglycerides (mg/dL) 80.1+22.7 91.4+123
Ferriman Gallwey Score * 0.8+0.5 11.7+0.8
Total testosterone (pg/mL) 522.0£84.5 | 699.5+126.0
Intermittent/absent menstrual cycles * 0% 100%
Polycystic ovaries * 0% 100%
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