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STUDY QUESTION: Are non-esterified fatty acid (NEFA) kinetics altered in women with polycystic ovary syndrome (PCOS)?

SUMMARY ANSWER: Women with PCOS, particularly obese subjects, have dysregulated plasma NEFA kinetics in response to changes
in plasma insulin and glucose levels, which are associated with insulin resistance (IR) independently of the fasting plasma NEFA levels.

WHAT IS KNOWN ALREADY: Elevated plasma NEFA levels are associated with IR in many disorders, although the homeostasis of
NEFA kinetics and its relationship to IR in women with PCOS is unknown.

STUDY DESIGN, SIZE, DURATION: We prospectively compared insulin sensitivity and NEFA kinetics in 29 PCOS and 29 healthy con-
trols women matched for BMI.

PARTICIPANTS/MATERIALS, SETTING, METHODS: This study was conducted in a tertiary institution. Plasma NEFA, glucose and
insulin levels were assessed during a modified frequently sampled intravenous glucose tolerance test (mFSIVGTT). Minimal models were used
to assess insulin sensitivity (Si) and NEFA kinetics (i.e. model-derived initial plasma NEFA level [NEFA0], phi constant [Φ], reflecting glucose-
mediated inhibition of lipolysis and measures of maximum rate of lipolysis [SFFA] and NEFA uptake from plasma [KFFA]).

MAIN RESULTS AND THE ROLE OF CHANCE: The study provides new evidence that women with PCOS have defective NEFA
kinetics characterized by: (i) lower basal plasma NEFA levels, measured directly and modeled (NEFA0), and (ii) a greater glucose-mediated
inhibition of lipolysis in the remote or interstitial space (reflected by a lower affinity constant [Φ]). There were no differences, however, in the
maximal rates of adipose tissue lipolysis (SFFA) and the rate at which NEFA leaves the plasma pool (KFFA). The differences observed in NEFA
kinetics were exacerbated, and almost exclusively observed, in the obese PCOS subjects.

LIMITATIONS, REASONS FOR CAUTION: Our study did not study NEFA subtypes. It was also cross-sectional and based on women
affected by PCOS as defined by the 1990 National Institutes of Health (NIH) criteria (i.e. Phenotypes A and B) and identified in the clinical
setting. Consequently, extrapolation of the present data to other phenotypes of PCOS should be made with caution. Furthermore, our data
is exploratory and therefore requires validation with a larger sample size.
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WIDER IMPLICATIONS OF THE FINDINGS: Dysfunction in NEFA kinetics may be a marker of metabolic dysfunction in nondiabetic
obese women with PCOS and may be more important than simply assessing circulating NEFA levels at a single point in time for understanding
the mechanism(s) underlying the IR of PCOS.
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Introduction
Polycystic ovary syndrome (PCOS) is the most common endocrine-
metabolic disorder, affecting 7–10% of women even when the most con-
servative definition of PCOS is used. PCOS is frequently associated with
insulin resistance (IR) and compensatory hyperinsulinemia (DeUgarte et al.,
2005), which increases their risk of developing type 2 diabetes (T2DM).
However, little is known about the underlying cause of IR in PCOS.
Most of the PCOS-related investigations of IR have focused on

insulin-mediated glucose uptake in insulin-sensitive tissues and sup-
pression of hepatic endogenous glucose production (Bergman, 1989;
Ezeh et al., 2013a), even though impaired insulin-mediated suppression
of lipolysis and plasma non-esterified fatty acids (NEFA) levels are also
associated with IR (Chen et al., 1987; Santomauro et al., 1999).
Furthermore, plasma NEFA is an important substrate for triglyceride
synthesis and provides fuel for β-oxidation in non-adipose tissues.
Data concerning the contribution of abnormalities in plasma NEFA to
the IR of PCOS is limited (Phelan et al., 2011; Bellanger et al., 2012).
In the present study, we aimed to test the hypothesis that abnormal-

ities in plasma NEFA levels and NEFA kinetics exist in PCOS and that
these abnormalities are associated with the IR of these women. We
applied the Boston NEFA minimal model using an insulin-modified fre-
quently sampled intravenous glucose tolerance test (mFSIVGTT)
(Boston and Moate, 2008a,b; Boston et al., 2008). This model or its
modifications has been successfully used in numerous studies to pre-
dict the dynamic changes that occur in plasma NEFA concentrations in
response to FIVGTT (Boston and Moate, 2008a,b; Boston et al., 2008;
Vethakkan et al., 2012; Anholm et al., 2014).

Materials andMethods

Study population
A cohort of 29 women aged 18–45 years with PCOS and 29 healthy controls
were prospectively recruited at the Center for Androgen-Related Disorders
(CARD) at Cedars Sinai Medical Center (CSMC) in Los Angeles, CA, USA.
As we were interested in studying metabolic dysfunction in classic PCOS, we
chose to use the 1990 National Institutes of Health (NIH) criteria for PCOS,
defined by the presence of (a) oligo-ovulation, (b) biochemical or clinical
hyperandrogenism and (c) the exclusion of other known endocrinopathies, as
previously described (Azziz et al., 2004). Control women comprised healthy
premenopausal women with long-term predictable eumenorrhea, and no evi-
dence of hyperandrogenism or endocrine disorders. Study exclusion criteria
included other endocrine disorders, inability to assess menstruation or

ovulation status (e.g. prior hysterectomy, bilateral oophorectomy, vaginal
agenesis or postmenopausal or premenarcheal state) and use of hormonal
medication within the previous three months.

Research subjects were recruited through advertisements or the clinical
practice of CARD. To ensure the diagnostic groups matched as closely as
possible, we generally first recruited a PCOS subject, then selected a con-
trol to match (either from our pool of controls or by specifically seeking a
matching control). Our overall recruitment protocol matched controls and
PCOS subjects to within a BMI of ±3 kg/m2, an age of ±5 years and race
and has been previously described (Ezeh et al., 2013a).

All qualifying subjects underwent a history and physical exam with blood
sampling, as previously described (Knochenhauer et al., 1998). All subjects
were normoglycemic by a prior 2-hr. oral glucose tolerance test (if PCOS) or
a fasting glucose level (if controls). Fasting blood samples were obtained on
days 3–8 of a spontaneous or progesterone-induced withdrawal bleed and
were assessed for total testosterone (T), free T, dehydroepiandrosterone sul-
fate (DHEAS) and sex hormone-binding globulin. Height, weight, waist circum-
ference (WC), modified Ferriman-Gallwey (mF-G) hirsutism score and
calculated waist-to-hip ratio were determined, as previously described (Azziz
et al., 2004). The study was approved by the institutional review board at
CSMC, and all subjects provided written informed consent before study entry.

Modified frequently sampled intravenous
glucose tolerance test (mFSIVGTT)
All subjects underwent an mFSIVGTT on days 3–8 of a spontaneous or
induced withdrawal bleed. In brief, after an overnight fast, two intravenous
catheters were placed in each forearm between 8:00 and 9:00 am.
Thereafter, intravenous (iv) glucose (0.3 g/kg) was injected at time 0min. fol-
lowed by an iv bolus of regular insulin (0.03 U/kg) at time 20min. Blood sam-
ples (2.0ml) were collected 34 times from −20min. (relative to the time of
glucose administration) to +180min. Plasma samples were drawn into pre-
chilled tubes containing EDTA (for insulin), sodium fluoride potassium oxalate
(for glucose) or paraoxon (for NEFA), and samples were frozen at −80°C
until assayed. After assaying the plasma glucose, insulin and NEFA, the levels
at −20, −15 and 0min. were averaged to yield respective fasting values. Data
were additionally analyzed using minimal models to determine glucose/insulin
(Bergman, 1989; Boston et al., 2003) and NEFA kinetics (Boston and Moate,
2008a; Boston et al., 2008), as described below.

Determination of dynamic state insulin
sensitivity and NEFA kinetics using minimal
models
Glucose and NEFA kinetics were determined using minimal models as pre-
viously described (Bergman, 1989; Boston and Moate, 2008a). Of note,
until recently, complex intravenous infusion of isotopic tracers to measure
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glycerol appearance rates and colorimetry were required to estimate
whole-body lipolysis and NEFA oxidation rates, respectively (Magkos
et al., 2012). More recently, the use of minimal models (i.e. mathematical
models using a minimum of inputs) have been demonstrated to be reliable
for the assessment of NEFA kinetics (and insulin/glucose kinetics), with
many advantages over traditional tracer methods, including avoiding the
use of isotope tracer and calorimetry, and their relative practicality, simpli-
city and lower cost (Thomaseth and Pavan, 2003; Periwal et al., 2008; Roy
and Parker, 2006; Boston and Moate, 2008a,b; Boston et al., 2008).

In the minimal model described by Boston and Moate to assess NEFA
kinetics during an FSIVGTT (Boston and Moate, 2008a,b; Boston et al.,
2008), glucose in a remote compartment, considered a proxy for insulin
action in adipose tissue or acting on its own, is the principal driver of adipose
lipolysis and NEFA kinetics. Briefly, plasma glucose levels provide a time-
delayed input function to a remote glucose compartment via an intracellular
signaling pathway and the increase in remote glucose concentration results
in a Michaelis–Menten type inhibition of lipolysis, which causes a unique
decline from a basal NEFA level, nadir and rebound in the rate of NEFA out-
put into the plasma compartment (Boston and Moate, 2008a,b; Boston
et al., 2008). The Boston NEFA model has been demonstrated to predict all
the dynamic changes that occur in plasma NEFA concentrations in response
to FIVGTT (Boston and Moate, 2008a,b; Boston et al., 2008; Vethakkan
et al., 2012; Anholm et al., 2014). The following indices were obtained.

Estimates of glucose/insulin kinetics (Bergman, 1989):

(i) acute insulin response to glucose (AIRg): the first phase endogenous
insulin secretion in response to a bolus glucose injection;

(ii) insulin sensitivity index (Si): the extent of insulin-mediated glucose
uptake;

(iii) glucose effectiveness (Sg): the capacity of glucose, at basal insulin level,
to mediate its own glucose uptake;

(iv) disposition index (Di): the ability of the β-cell to compensate for the
prevailing peripheral IR (i.e. Di = Si ×AIRg).

Estimates of NEFA kinetics (Boston and Moate, 2008a; Boston et al., 2008):

(i) initial NEFA level (NEFA0): the model-derived NEFA level at time 0;
(ii) adjustable Michaelis-Menten type affinity constant (Φ): the extent to

which remote compartment (interstitial) glucose inhibits lipolysis (i.e.
the lower the constant, the higher the reaction affinity and the faster
the glucose-mediated inhibition of lipolysis);

(iii) lipolysis (SFFA): the maximum rate at which NEFA enters the plasma
pool;

(iv) NEFA uptake (KFFA): the maximum rate at which NEFA leaves the
plasma pool.

Of note, the Boston minimal model also calculates and uses additional
parameters of glucose utilization to estimate NEFA kinetics (i.e. initial glu-
cose level [Gb]: the model-derived glucose level at time 0; initial remote
glucose level [R0]: the initial glucose level in the remote (interstitial) com-
partment; threshold glucose level [gs]: the threshold plasma glucose level
above which plasma glucose enters the remote compartment, after a delay
of time τ; latency [τ]: the time in minutes that it takes plasma glucose to
enter the remote compartment; and dissipation constant [KC]: a rate con-
stant reflecting the ease of movement of plasma glucose in and out of the
remote (interstitial) compartment (the lower the KC the less the move-
ment in and out of the remote compartment)), although these were not
primary endpoints of the study. See Fig. 1 for example depicting glucose,
insulin and NEFA changes during the FSIVGTT.

Determination of basal state insulin
sensitivity
Basal state IR and insulin secretion were assessed by the homeostasis
model assessment of IR (HOMA-IR) and insulin secretion (HOMA-β%),
calculated from fasting glucose and insulin levels, as previously described
(Matthews et al., 1985).

Figure 1 Plasma glucose, insulin and NEFA levels in PCOS versus control subjects during an FSIVGTT. Data were generated from
13 insulin resistant PCOS patients (Si < 2.0 min−1 μU−1 mL−1) and 12 insulin sensitive controls (Si > 5.2 min−1 μU−1 mL−1). Data are means.
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Assessment of total, visceral and
subcutaneous fat content
There were 22 PCOS (76%) and 14 (48%) controls who also underwent a
single-slice computerized axial tomography scan to determine their sub-
cutaneous adipose tissue (SAT), visceral adipose tissue (VAT) and total
adipose tissue (TAT) contents, as previously described (Dey et al., 2008;
Ezeh et al., 2013a).

Biochemical analysis
Total testosterone (T) was measured using high-turbulence liquid chroma-
tography tandem mass spectrometry (LC–MS/MS). Free T was deter-
mined by equilibrium dialysis (Quest Diagnostics, San Juan Capistrano, CA,
USA), as previously described (Salameh et al., 2014). In eight patients, total
T levels were determined by an extraction chromatography and radio-
immunoassay (RIA) method, as previously described (Salameh et al., 2014)
and results were converted to LC–MS/MS values (Supplementary
Figure S1). DHEAS was measured by a competitive immunoassay
(Modular E170; Roche Diagnostics, Indianapolis, IN, USA).

Insulin was assayed by chemiluminescence (ADVIA Centaur chemilu-
minescent immunoassay system; Siemens Healthcare, Deerfield, IN, USA).
Serum glucose levels were measured using the hexokinase/glucose-6-
phosphate dehydrogenase method (Roche Applied Sciences, Indianapolis,
IN, USA).

Plasma NEFA levels were determined using a colourimetric method
(Noma et al., 1973) from Wako Diagnostics (Richmond, VA; catalog no.
991-34691) on the automated instrument, Elan ATAC8000 (Elan
Diagnostics, Athlone, Ireland; interassay variation: 2.3–4.8%; intra-assay
variation: 5.1–8.6%) (Miller et al., 2012). The method relies on the acyl-
ation of coenzyme A (CoA) by NEFA in the presence of added acyl-CoA
synthatase. The resulting acyl-CoA is oxidized by added acyl-CoA oxidase
with generation of hydrogen peroxide. In the presence of peroxidase,
hydrogen peroxide converts the substrate into a colored product, which
can be read at 550 nm by the instrument.

Statistical analysis
Data were expressed as mean ± SEM or geometrical mean (range) if log-
transformed. The Shapiro–Wilks W test was used to determine if continu-
ous variables were normally distributed. All continuous variables, except
for the mF-G score, reasonably followed a parametric normal distribution
on the original or log scales, with six variables requiring log transformation
(fasting glucose, fasting insulin, HOMA-IR, Si, KC and Φ). Initial differences
in PCOS versus control women were evaluated using the Student’s
unpaired t-test for normally distributed continuous variables or the
Wilcoxon rank-sum test for the mF-G score.

Analysis of covariance models were used with the entire cohort to mod-
el the relationship between NEFA kinetics and measures of metabolic dys-
function determined by insulin sensitivity index (Si) while adjusting for
differences in other parameters between the groups (PCOS vs. controls).
We further assessed the association of each covariate (i.e. mF-G score,
free T, total T and DHEAS) with the study groups by modeling group, the
potential covariate and group by covariate interactions. If the interaction
with group was not significant, we interpreted the model without the inter-
action term. A similar analysis was conducted to assess the differences
between the obese groups (i.e. obese vs. not obese) and the interaction of
groups and each covariate (i.e. NEFA0, gs, KC, τ,Φ, SFFA and KFFA).

In determining whether or not to adjust α (P) values for multiple testing,
we considered the following. First, only four variables denoting NEFA
kinetics (NEFA0, Φ, SFFA and KFFA) were considered primary under the
hypothesis explored in this study. All other comparisons were secondary,
ancillary or merely descriptive. Second, while failure to adjust for multiple

comparisons may result in false positive rates being larger than the set α
level, alternatively, the use of these adjustments will adversely impact false
negative rates. Since our study is exploratory, affecting false negative rates
was of greater concern than impacting false positives. Considering these
issues, we chose not to adjust our results for multiple comparisons. All
statistical analyses were conducted using the Stats Direct statistics soft-
ware package, version 2.7.8 2010 (Cheshire, UK).

Results

Baseline features of PCOS and control
subjects
The basal characteristics of the study subjects are depicted in Table I.
We studied 58 nondiabetic subjects (29 PCOS and 29 healthy con-
trols). As expected, women with PCOS had higher mean mF-G scores
and higher mean baseline total T, free T and DHEAS levels than con-
trols. Despite a proactive group matching strategy, controls were
slightly older than PCOS subjects; the mean age of PCOS women was
29.2 years (range: 22.0–42.8 years) and 34.5 years for controls (range:
21–45.8 years). There were 17 (58.6%) PCOS and 14 (48.3%) control
women who obese (BMI ≥ 30 kg/m2), a non-significant difference.
Overall, there were no differences in mean VAT, SAT and TAT
between PCOS and matched controls. The results were similar when
the study subjects were subcategorized into obese and nonobese sub-
groups (Table I).

Insulin sensitivity in PCOS and control
subjects
When comparing all PCOS to controls, no significant differences in glu-
cose/insulin parameters were observed, with the exception of insulin
sensitivity (as assessed by mean log Si), which was lower in women
with PCOS than controls (Table I). Higher fasting plasma glucose and
insulin levels and HOMA-IR values and a lower Si and a trend towards
a higher HOMA-β% values, were observed when comparing obese
PCOS and controls (Table I). Alternatively, there were no differences
for any of these parameters, including Si, when comparing nonobese
PCOS and nonobese controls (Table I).

NEFA kinetics in PCOS and control subjects
The comparison of NEFA kinetics between PCOS and controls is
depicted in Table II and Figure 2. Comparing directly measured fasting
plasma NEFA levels, PCOS women tended to have lower levels than
controls, although the difference did not reach significance for both
the entire cohort and the obese subgroup (Table I). Consistent with
this trend, comparing the calculated NEFA value modeled at time 0
(NEFA0), PCOS women had significantly lower values than controls,
for the entire cohort and the obese subgroup. PCOS women tended
to have a lower affinity constant (Φ) for the entire cohort, reflecting
the extent to which the remote compartment glucose inhibited the
provision of NEFA to the plasma pool in PCOS women. Alternatively,
PCOS and controls were similar in terms of the maximal rates of adi-
pose tissue lipolysis (SFFA) and the rate at which NEFA leaves the plas-
ma pool (KFFA).
Comparing obese and nonobese subjects separately, we observed

that the difference in affinity constant (Φ) became clearly significant
when comparing obese PCOS women and controls while the

338 Ezeh et al.



difference in mean dissipation constant (KC) and threshold plasma glu-
cose parameter (gs) values observed for the entire PCOS versus control
cohort were no longer observed. Alternatively, when comparing nonob-
ese PCOS and controls, all differences in NEFA kinetics disappeared.

Interaction models of NEFA parameters with
obesity status or androgens
Since differences were present in NEFA parameters between obese
and nonobese women with PCOS compared to their respective con-
trols, the interactions of NEFA parameters with obesity status (i.e.
obese vs. nonobese) were examined. Supplementary Table SI depicts
the models with and without the interaction of each covariate with
subgroup (obese and nonobese) with respect to log Si. A significant
interaction of obese status was found with each of the covariates (P <
0.0001), indicating that differences in obesity status affected the NEFA
parameters.

Because women with PCOS demonstrated greater degrees of hyper-
androgenism than controls (Table I), the relation of measures of andro-
genicity (i.e. mF-G score, free T, total T and DHEAS) to NEFA
parameters were examined with or without interactions of each covari-
ate with the diagnostic group (i.e. PCOS and control) (Supplementary
Table SII). No significant interactions were found between NEFA para-
meters and mF-G score. However, significant interactions of diagnostic
group (i.e. PCOS vs. controls) with free T (P = 0.049) or total T (P =
0.026) were found for affinity constant (Φ). Alternatively, significant
interaction of diagnostic group with DHEAS (P = 0.045) was found with
respect to threshold plasma glucose parameter (gs) outcome.

Association of indices of NEFA kinetics with
insulin sensitivity
There was a lineal correlation between fasting total plasma NEFA
levels and log SI in both PCOS (Pearson’s r=−0.38, P-value = 0.045)

................................................ ................................................. .................................................

.............................................................................................................................................................................................

Table I Basic characteristics of PCOS and control subjects.

Variable All Obese Lean

PCOS
(n = 29)

Controls
(n = 29)

P
value

PCOS
(n= 17)

Controls
(n = 14)

P
value

PCOS
(n = 12)

Controls
(n= 15)

P
value

Age (years) 29.2 ± 0.9 34.5 ± 1.2 0.001 30. 0 ± 1.3 35.9 ± 1.7 0.008 28.1 ± 1.1 33.1 ± 1.8 0.035

Body mass index (kg/m2) 32.1 ± 1.4 30.4 ± 1.4 0.388 36.9 ± 1.4 36.5 ± 1.5 0.881 25.4 ± 0.7 24.7 ± 0.7 0.504

Waist-Hip Ratio 0.87 ± 0.02 0.85 ± 0.02 0.348 0.9 0 ± 0.02 0.89 ± 0.03 0.664 0.83 ± 0.02 0.81 ± 0.02 0.472

Visceral Adipose Tissue
(cm2)*

120.3 ± 15.6 108.8 ± 14.3 0.617 145.8 ± 17.3 141.1 ± 15.0 0.871 52.4 ± 8.2 76.5 ± 17.8 0.275

Subcutaneous Adipose
Tissue (cm2)*

436.9 ± 15.6 370.2 ± 14.3 0.282 511.4 ± 39.0 487.8 ± 47.4 0.728 238.1 ± 26.9 252.743.5 0.789

Total Adipose Tissue (cm2)* 557.2 ± 49.5 479.1 ± 58.5 0.321 657.2 ± 46.0 628.9 ± 60.3 0.729 290.4 ± 33.6 329.2 ± 60.8 0.605

mF-G score 7.6 ± 5.1 0.89 ± 1.3 0.001 8.5 ± 1.3 0.6 ± 0.4 0.001 6.25 ± 1.3 1.2 ± 0.3 0.001

Free Testosterone (pg/mL) 5.2 ± 0.6 2.8 ± 0.3 0.001 5.8 ± 0.8 3.1 ± 0.4 0.007 4.2 ± 0.7 2.3 ± 0.5 0.032

Total Testosterone (ng/dL) 43.8 ± 5.2 29.9 ± 2.8 0.005 42.1 ± 7.6 31.4 ± 3.2 0.238 46.3 ± 6.5 27.9 ± 5.0 0.036

DHEAS (ug/dL) 313.7 ± 26.8 168.6 ± 21.7 0.001 331.6 ± 40.6 138.1 ± 24.7 0.001 286 ± 27.0 202 ± 35 0.073

Fasting plasma NEFA
(mg/dL)

0.493 ± 0.334 0.604 ± 0.049 0.069 0.567 ±
0.0.045

0.694 ± 0.052 0.074 0.388 ± 0.343 0.579 ± 0.078 0.167

Fasting plasma glucose
(mg/dL)**

91.7
(68.7–110.4)

89.8
(76.1–106)

0.414 96.3 ± 2.2 88.1 ± 2.3 0.016 86.2
(68.7–100.9)

91.7
(76.1–106.0)

0.146

Fasting plasma insulin
(μIU/mL)**

7.1 (1.5–50.6) 5.0 (1.6–27.3) 0.11 0 15.4
(4.5–50.6)

8.0 (2.9–27.3) 0.023 3.5 (1.5–12.2) 3.9 (1.6–17.7) 0.706

HOMA-IR** 1.61
(0.27–13.51)

1.11
(0.35–5.95)

0.112 3.83
(1.03–13.51)

1.77
(0.15–5.95)

0.016 0.74
(0.27–2.90)

0.8 (0.35) 0.572

HOMA-β% 36.23 ± 7.29 22.38 ± 3.98 0.101 52.1 ± 10.8 28.7 ± 6.7 0.076 13.8 ± 3.2 16.5 ± 4.2 0.630

AIRg (μU−1/mL) 559.6 ± 76.9 476.2 ± 98.1 0.506 681.9 ± 101.4 679.5 ± 185.8 0.991 386.3 ± 102.8 286.4 ± 43.7 0.345

Di 1593.6 ±
224.7

1846.8 ±
242.1

0.447 1174.2 ±
162.2

1863.3 ± 446.6 0.13 0 2187.7 ±
449.2

1831.4 ±
231.7

0.462

Si (min−1 . μU−1 . mL−1)** 2.68
(0.51–19.22)

4.65 (0.58–14.
00)

0.012 2.02
(0.51–4.54)

3.71(0.58–7.32) 0.006 5.04
(0.82–19.22)

6.9 0
(4.06–4.00)

0.218

Sg (min -1) 0.0218 ±
0.0019

0.0224 ±
0.0022

0.833 0.0169 ±
0.0021

0.0200 ±
0.0030

0.389 0.0287 ±
0.0026

0.0245 ±
0.003

0.349

Values are expressed as mean ± SE, or mean and range if log transformed. Significant P values are denoted in bold and italics.
Analysis by unpaired t-test p values reported for all variable, except by Wilcoxon p-value for mFG score and HOMA% β-function.
*Assessment of adipose tissue content was performed in 22 PCOS and 14 controls.
**Data were log-transformed prior to analysis.
See text for key to abbreviations.
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and controls (r=−0.38, P-value = 0.041). log Si was also used as the
dependent variable in multiple linear regression models including diag-
nostic group (PCOS and control), age, BMI, measures of androgenicity,
fasting plasma NEFA level and indices of NEFA kinetics (NEFA0, log
KC, gs, logΦ, τ, SFFA and KFFA) as potential independent variables
(Table III). In addition to independent association of the group, age
and BMI with log Si, log KC and gs were positively associated and
NEFA0 and τ were negatively associated, with log Si. About 67.1% (i.e.
r2 = 0.671) of the variation in Si could be explained by seven variables
included in the model (i.e. diagnostic group, age, BMI, NEFA0, gs, KC
and τ).

Discussion
This study evaluated the kinetics of NEFA and their relationship with
whole-body insulin sensitivity in nondiabetic women with PCOS. In
line with other studies, we found that PCOS women overall had
impaired whole-body insulin sensitivity compared to controls matched
for adiposity (Ezeh et al., 2013a). The study also provides new evi-
dence that women with PCOS have defective NEFA kinetics charac-
terized by (i) lower basal plasma NEFA levels, measured directly and
modeled (NEFA0), and (ii) a greater glucose-mediated inhibition of lip-
olysis in the remote or interstitial space (i.e. reflected by a lower affin-
ity constant [Φ]). There were no differences, however, in the maximal
rates of adipose tissue lipolysis (SFFA) and the rate at which NEFA
leaves the plasma pool (KFFA). The differences observed in insulin sen-
sitivity and NEFA kinetics were exacerbated and almost exclusively
observed in the obese PCOS subjects.
Overall, these data suggest that in nondiabetic women with PCOS,

particularly obese individuals, there is a lower capacity to facilitate the
provision of NEFA into the circulation. Additionally, our data sug-
gested that adipose tissue metabolism of NEFA itself is not altered in
PCOS. Our results also suggested that the differences between
women with PCOS and controls with regards to NEFA kinetics may
depend, to some extent, on differences in androgenicity and obesity.

We also observed that dysfunction in NEFA kinetics was independ-
ently associated with differences in mean Si in PCOS and control
women, regardless of the subjects’ age, BMI and basal plasma NEFA
levels. In fact, ~70% of the variation in Si could be explained by the
variables included in our models, suggesting that our study was able to
capture a significant proportion of the factors determining whole-body
insulin sensitivity. These data suggest that the higher degrees of meta-
bolic dysfunction in PCOS patients, particularly in obese individuals,
may be associated, at least in part, with dysfunction in NEFA kinetics
and not directly due to excess circulating NEFA levels.
The mechanisms underlying the observed dysfunction in NEFA

kinetics, while preserving adipose tissue metabolism of NEFA itself,
remain to be determined. Postprandial spillover of NEFA from
hydrolysis of circulating triglycerides (Fielding, 2011) or dysfunction in
adipose NEFA re-esterification (Pereira et al., 2016), which were not
assessed in this study, may affect plasma NEFA levels without mani-
festation of defects in lipolysis or lipid β-oxidation. Our data may also
be the result of the high sensitivity of lipolysis to small increases in cir-
culating insulin levels (Jensen et al., 1989; Magkos et al., 2012) with the
result that the degrees of hyperinsulinemia present in PCOS women
could be sufficient to potentially normalize the rates of lipolysis and
NEFA uptake. Furthermore, IR can result from other causes including
disturbance in mitochondrial oxidative function, intracellular NEFA
trafficking and lipotoxicity of non-adipose tissues, without necessarily
manifesting evidence of abnormalities in plasma NEFA levels, lipolysis
and NEFA uptake (Mittendorfer, 2011). Because NEFA levels are
associated with increased fat mass (Mittendorfer, 2011), the fact that
our PCOS patients were matched for BMI and abdominal adiposity
may also explain the similar rate of lipolysis and NEFA uptake between
the PCOS group and the controls.
Our findings of a tendency to lower fasting plasma NEFA levels and

a lower calculated NEFA0 value in PCOS compared to controls were
surprising, giving reports of dyslipidemia in PCOS (Lim et al., 2013) and
impaired insulin-mediated suppression of lipolysis in many IR states
(Mittendorfer, 2011). Our results also differ from previous studies in
adult populations, which either did not observe a difference in

.................................................... .................................................... .......................................................

.............................................................................................................................................................................................

Table II Non-esterified free fatty acid (NEFA) kinetics in PCOS and control women.

Variables All Obese Lean

PCOS (n= 29) Controls
(n= 29)

P
value

PCOS (n= 17) Controls
(n = 14)

P
value

PCOS (n = 12) Controls
(n = 15)

P
value

NEFA0 (μmol/l) 473. 0 ± 33.0 587.3 ± 43.4 0.041 515.9 ± 45.7 668.5 ± 49.9 0.032 412.1 ± 42.8 511.4 ± 65.5 0.242

log KC (%/min) 0.041
(0.007–0.107)

0.055
(0.021–0.149)

0.048 0.033
(0.007–0.079)

0.044
(0.021–0.104)

0.098 0.052
(0.024–0.149)

0.064
(0.026–0.149)

0.484

SFFA
(μmol·l−1·min−1)

82.3 ± 7.8 77.6 ± 5.8 0.628 89.0 ± 9.6 72.9 ± 8.4 0.228 72.9 ± 13.2 81.9 ± 8.2 0.553

KFFA (%/min) 0.088 ± 0.006 0.093 ± 0.008 0.587 0.074 ± 0.007 0.071 ± 0.006 0.713 0.107 ± 0.009 0.114 ± 0.013 0.659

gs (mmol/l) 9.8 ± 0.7 7.7 ± 0.7 0.042 10.7 ± 0.9 8.5 ± 1.1 0.122 8.5 ± 0.9 7.0 ± 1.0 0.29 0

log θ (mmol/l) 0.044
(0.010–1.300)

0.075
(0.008–0.409)

0.065 0.040
(0.011–1.300)

0.092
(0.013–0.409)

0.041 0.050
(0.0208–0.461)

0.060
(0.008–0.401)

0.659

τ (min) 11.2 ± 1.1 10.9 ± 0.8 0.817 10.5 ± 1.5 11.5 ± 0.8 0.555 12.3 ± 1.5 10.3 ± 1.3 0.335

Values are expressed as mean ± SE, or mean and range if log transformed.
See text for key to abbreviations.
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circulating NEFA levels between PCOS and controls (Ciampelli et al.,
2005; Patel et al., 2017) or found higher levels of circulating NEFA in
PCOS subjects, particularly those who were obese (Holte et al., 1994;
Zhao et al., 2014).
The differing circulating NEFA levels may be due to a number of fac-

tors, including the impact of the antagonistic effects of hyperinsuline-
mia and hyperandrogenemia on plasma NEFA levels in PCOS (Li et al.,
2017), adaptation of adipose tissue to obesity in terms of whole-body
NEFA output into the circulation (McQuaid et al., 2011) and marked
diurnal variability in NEFA levels (Boston and Moate, 2008a; Boston
et al., 2008). Furthermore, fasting plasma NEFA levels do not appear
to reflect day-long NEFA activities in insulin-sensitive tissues (McQuaid
et al., 2011). The poor independent association between fasting

plasma NEFA levels and insulin sensitivity in our study is in line with
other large studies (Baldeweg et al., 2000; Magkos et al., 2012), indicat-
ing that other factors may be involved.
It should be noted that there are very few studies that have

addressed NEFA dysfunction in PCOS, some of which agree and
others disagree with our findings. A study of nine adolescent girls
(8–14 years) with a family history of PCOS versus ten controls found
that the PCOS-at risk group had impaired insulin sensitivity (Si), β-cell
function and insulin-mediated suppression of plasma NEFA levels
assessed by an mFSIVGTT, although they had greater BMI and WC
(Trottier et al., 2012). Another study investigated NEFA dysfunction in
21 obese PCOS girls versus 21 matched controls, assessing Si by
hyperinsulinemic–euglycemic clamp and NEFA dynamics by tracer

Figure 2 Comparison of indices of plasma NEFA kinetics in PCOS (n = 29) and controls (n = 29). The NEFA indices NEFA0

(Figs. 2a-c), Kc (Figs. 2d-f), (Figs. 2g-i) and gs (Figs. 2j-l) are depicted. All parameters were significantly different, or tended to be, between PCOS and
controls when considering all subjects (Figs. 2a, d, g, j), while only NEFA0 and Φ differed in obese subjects (Figs. 2b and h). Non-obese subjects did not
differ in any of the NEFA kinetic parameters depicted.
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techniques (Kim et al., 2018). The investigators reported that PCOS
girls had larger VAT and diminished Si, suppression of plasma NEFA,
lipolysis and lipid oxidation, although fasting plasma NEFA levels were
similar between the groups. Another study conducted in adult obese
PCOS women found increased fasting plasma NEFA levels and abdom-
inal adiposity in PCOS compared to controls (Holte et al., 1994).
Therefore, the results of these studies may be confounded by the
impact of visceral adiposity, which is usually associated with impaired
insulin-mediated suppression of plasma NEFA levels, IR and lipid oxi-
dation (Mittendorfer, 2011).
Our study has a number of major strengths. First, it includes well

phenotyped and matched subjects with PCOS and controls. Second,
our sample size is greater than that in most prior studies. Third, this
study includes a comprehensive and novel assessment of plasma
NEFA kinetics, in addition to assessing insulin-mediated glucose uptake
in both static and dynamic states.
However, our study also has potential limitations. First, a compre-

hensive profile of NEFA by subtype was not performed and there are
data to suggest that the various subtypes of NEFA vary differently
according to pathology (Zhao et al., 2014). Second, the cross-sectional
nature of our study does not allow us to examine causal relationships
between IR and NEFA kinetics in PCOS. Third, the fact that the min-
imal model calculations for NEFA kinetics uses glucose-related para-
meters (e.g. KC and gs) implies that the estimation may be highly
susceptible to severe alterations in glucose/insulin kinetics and the
model may not adequately describe NEFA kinetics in such situations.
Fourthly, our study was based on women affected by PCOS as defined
by the 1990 NIH criteria (i.e. phenotypes A and B as currently defined)
and who were recruited from the clinical setting. These women tend
to have a more severe metabolic and androgenic phenotype than
other phenotypes of the syndrome (Ezeh et al., 2013b), and conse-
quently, we should be cautious when extrapolating the results this
study (and any other similar study) to the entirety of the PCOS
population.
In conclusion, our data suggest that nondiabetic women with PCOS,

particularly obese subjects, may have dysregulated plasma NEFA

kinetics in response to changes in circulating insulin and glucose and
that this dysfunction appears to be associated with the insulin sensitiv-
ity of these patients. Our data also suggest that understanding NEFA
kinetics may be more important than simply assessing circulating
NEFA levels at a single point in time when assessing the mechanism(s)
underlying the IR of PCOS. Longitudinal and interventional studies will
be required to determine which parameters of NEFA kinetics may
prove to be markers of early metabolic dysfunction and which are
causative. Finally, the results of our study are preliminary and further
research will be required to confirm these findings, elucidate the
underlying molecular etiology and determine whether current treat-
ments that improve insulin sensitivity also correct the dysfunction in
NEFA kinetics.
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Supplementary data are available at Human Reproduction online.
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