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STUDY QUESTION: What is the effect of saturated fat ingestion on mononuclear cell (MNC) TNFα, IL-6 and IL-1β secretion and circulating
IL-6 levels in women with polycystic ovary syndrome (PCOS)?

SUMMARY ANSWER: Women with PCOS exhibit increases in MNC-derived TNFα, IL-6 and IL-1β secretion and circulating IL-6 following
saturated fat ingestion even in the absence of obesity, and these increases are linked to metabolic aberration and androgen excess.

WHAT IS KNOWN ALREADY: Cytokine excess and metabolic aberration is often present in PCOS.

STUDY DESIGN, SIZE, DURATION: A cross-sectional design was used in this study of 38 reproductive-age women.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Groups of 19 reproductive-age women with PCOS (10 lean, 9 obese) and 19
ovulatory controls (10 lean, 9 obese) participated in this study that was performed at a tertiary academic medical centre. TNFα, IL-6 and
IL-1β secretion was measured from cultured MNC, and IL-6 was measured in plasma from blood sampling while fasting and 2, 3 and 5 h after
saturated fat ingestion. Insulin sensitivity was determined using the Matsuda index following an oral glucose tolerance test. Androgen secretion
was evaluated with blood sampling while fasting and 24, 48 and 72 h after an HCG injection.

MAIN RESULTS AND THE ROLE OF CHANCE: Lean and obese women with PCOS exhibited lipid-induced incremental AUC increases
in MNC-derived TNFα (489–611%), IL-6 (333–398%) and IL-1β (560–695%) secretion and in plasma IL-6 levels (426–474%), in contrast with
lean control subjects. In both PCOS groups, insulin sensitivity was lower (42–49%) and androgen secretion after HCG injection was greater
(63–110%) compared with control subjects. The MNC-derived TNFα, IL-6 and IL-1β and circulating IL-6 responses were inversely associated
with insulin sensitivity and directly associated with fasting lipids and androgen secretion after HCG injection.

LIMITATIONS, REASONS FOR CAUTION: The sample size of each of the four study groups was modest following group assignment
of subjects by body mass.

WIDER IMPLICATIONS OF THE FINDINGS: This study showcases the unique pro-inflammatory contribution of circulating MNC in the
development of metabolic aberration and androgen excess in PCOS.
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Introduction
Polycystic ovary syndrome (PCOS) can present with androgen excess,
chronic oligo-anovulation and polycystic ovarian morphology, and
affects 15–18% of premenopausal women (Fauser et al., 2012, March
et al., 2010). Insulin resistance is a common feature in PCOS that is
worsened by concomitant obesity (Dunaif et al., 1989; Morales, et al.,
1996). Emerging evidence suggests that oxidative stress and chronic
low-grade inflammation underpin the genesis of insulin resistance and
accelerated atherogenesis in PCOS (Kelly et al., 2001; González et al.,
2006a; González et al., 2013).

We have previously shown that nutrient ingestion triggers a proox-
idant proinflammatory response from peripheral blood mononuclear
cells (MNC) in women with PCOS in the absence of obesity (González
et al., 2006a; González et al., 2006b; González et al., 2012b). Glucose
and saturated fat ingestion stimulates reactive oxygen species (ROS)
generation and nuclear factor κB (NFκB) activation in MNC of
lean women with PCOS (González et al., 2006a; González et al.,
2019b; González et al., 2020). NFκB regulates the transcription of
cytokines such as TNFα, IL-6 and IL-1β. Positive feedback by these
cytokines up-regulates inflammation, thereby contributing to insulin
resistance and atherogenesis (Barnes and Karin, 1997; Rui et al.,
2001).

In PCOS, hyperandrogenism may present as elevations in circulat-
ing androgens or as the skin manifestations of hirsutism and acne
(Knochenhauer et al., 1998). Theca cells within the polycystic ovary
have an increased capacity to produce androgens (Nelson et al.,
1999). Women with PCOS exhibit ovarian androgen hypersecretion
following HCG administration regardless of body weight (Koivunen
et al., 2001; González et al., 2019a). Hyperinsulinemia resulting from
insulin resistance is thought to promote hyperandrogenism in PCOS,
since insulin may augment LH-induced androgen synthesis (Barbieri
et al.,, 1983). However, physiological insulin infusion alone does not
increase circulating androgens (Dunaif et al., 1989). Given that 30–50%
of women with PCOS are lean and do not have insulin resistance, it is
possible that some other factor can stimulate ovarian androgen hyper-
secretion in PCOS. MNC-derived macrophages are more abundant
within the ovary after saturated fat ingestion (Thornton et al., 2015).
Macrophage TNFα secretion may promote ovarian theca cell prolifer-
ation (Spazynsky et al., 1999) and increase serine phosphorylation to
increase the 17,20-lyase activity of CYP17 (Zhang et al., 1995). Other
proinflammatory stimuli such as lipopolysaccharide and IL-1β stimulate
theca cell androgen production in vitro (Fox et al., 2019) and antioxidant
treatment using resveratrol decreases circulating androgens in women
with PCOS (Banaszewska et al., 2016). Thus, inflammation triggered by
saturated fat ingestion may lead to ovarian androgen hypersecretion
in PCOS.

We examined the effect of saturated fat ingestion on TNFα, IL-6
and IL-1β secretion from MNC and circulating IL-6 levels in women
with PCOS. We hypothesized that women with PCOS have increased
MNC-derived cytokine secretion and circulating IL-6 levels compared
with ovulatory controls of similar age and weight class; and that these
cytokine responses are related to adiposity, insulin sensitivity, levels of
fasting lipids and ovarian androgen secretion. We separately evaluated
lean women with PCOS who represent the authentic syndrome from
obese women with PCOS who represent the overlying impact of
obesity on this disorder.
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Materials and Methods

Participants
Groups of 19 women with PCOS (10 lean; 9 obese; 18–36 years of
age) and 19 control subjects (10 lean; 9 obese; 20–40 years of age)
with a similar BMI participated in the current study that focused on
cell culture experiments. Some of these subjects were involved in our
previous work on lipopolysaccharide-mediated inflammation and lipid-
induced oxidative stress in PCOS (González et al., 2019a; González
et al., 2019b). Lean subjects had a BMI of 18–25 kg/m2 and obese sub-
jects had a BMI of 30–40 kg/m2. The diagnosis of PCOS was based on
National Institutes of Health (NIH) criteria, requiring the presence of
oligo-amenorrhea and hyperandrogenemia, after excluding nonclassic
congenital adrenal hyperplasia, Cushing syndrome, hyperprolactinemia
and thyroid disease. Metabolic aberration is more prevalent in women
with PCOS meeting NIH criteria (Wild et al., 2010), and inflammation
has been shown to promote metabolic aberration in humans (Brewer
et al.,, 1999; Rui et al., 2001). Polycystic ovaries were present on ultra-
sound in all subjects with PCOS, and thus, they also met the European
Society of Human Reproduction and Embryology, American Society
for Reproductive Medicine and Androgen Excess and PCOS Society
diagnostic criteria for PCOS. Ovulation was documented in all control
subjects based on regular menses every 25 to 35 days and a serum
progesterone level in the luteal range (>5 ng/ml) (Abraham et al.,
1974; Lynch et al., 2014). Control subjects lacked skin manifestations
of androgen excess or polycystic ovaries on ultrasound and had normal
androgen levels.

Diabetes and inflammatory illnesses were ruled out in all subjects,
although three obese women with PCOS had impaired glucose toler-
ance and metabolic syndrome based on WHO and ATP III criteria,
respectively (Modan et al., 1989; Adult Treatment Panel III, 2002).
There were 15 women with PCOS (7 lean; 8 obese) and 11 control
subjects (7 lean; 4 obese) who had a family history of type 2 diabetes.
None of the subjects smoked tobacco or used medications that would
impact carbohydrate metabolism or immune function for no less than
6 weeks before beginning the study. All subjects were weight stable
within 2.5 kg and were either sedentary or lightly active during the six
months before entering the study. Physical activity levels were similar
among the study groups.

Ethical approval
The study was approved by the institutional review board on 8 Septem-
ber 2011. Written informed consent was obtained from all subjects
in accordance with the institutional review board guidelines for the
protection of human subjects.

Study design
All study subjects underwent a cream challenge test (CCT) between
Days 5 and 8 after the onset of a spontaneous menses, or after a
progestin-induced withdrawal bleed in three amenorrheic women with
PCOS. All study subjects underwent an oral glucose tolerance test
(OGTT) the following day. An overnight fast for ∼12 h was required
before subjects underwent both tests. All subjects were provided a
healthy diet consisting of 50% carbohydrate, 35% fat and 15% protein
for three consecutive days before the CCT and on the day preceding
the OGTT after completing the CCT. A body composition assessment
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was performed on the same day as the CCT. All subjects subse-
quently underwent a human chorionic gonadotropin stimulation test
(HCG-ST) over four days starting on the day of the OGTT.

CCT
As adapted from Deopurkar et al., (2010), all subjects consumed
100 ml of dairy cream (gourmet heavy whipping cream; Land O Lakes
Inc., Arden Hills, MN) composed of 70% saturated fat content, 28%
unsaturated fat, <2% protein and 0% glucose. Blood samples were
obtained while fasting and 2, 3 and 5 h after cream ingestion to isolate
plasma and MNC as previously described (González et al., 2014a).
MNC were used to measure cytokine secretion. Plasma was stored
at −80◦C until assayed for IL-6 and fasting lipids.

OGTT
All subjects consumed a 75-g glucose beverage. Blood samples were
obtained while fasting and 30, 60, 90, 120 and 180 min after glucose
ingestion. For all blood samples, glucose was measured right away,
and insulin was measured later from plasma stored at −80◦C. Insulin
sensitivity was derived from the OGTT (ISOGTT) using the Matsuda
index formula: 10 000 divided by the square root of the fasting glucose
level multiplied by the fasting insulin level, and that result multiplied by
the product of the mean glucose level and mean insulin level (Matsuda
and DeFronzo, 1999).

HCG-ST
As previously described (Koivunen et al., 2001), an IM injection of
5000 IU of HCG (Pregnyl; Merck & Co., Whitehouse Station, NJ) was
administered after obtaining a baseline blood sample at 8 a.m. after
an overnight fast of ∼12 h. Blood samples were then obtained while
fasting at 24, 48 and 96 h after the HCG injection. Serum isolated from
these samples was stored at −80◦C until assayed for testosterone (T),
androstenedione (A) and 17-hydroxyprogesterone (17-OHP). Area
under the curve (AUC) was calculated for androgens and 17-OHP
using the trapezoidal rule (Yeh, 2002).

Body composition assessment
Height without shoes was measured to the nearest 1.0 cm. Body weight
was measured to the nearest 0.1 kg. Dual-energy X-ray absorptiometry
was performed to assess the percentage of total body fat, percentage
of truncal fat and R1 central abdominal fat using a QDR 4500 Elite
model scanner (Hologic Inc., Waltham, MA) as previously described
(González et al., 2005; Carmina et al., 2007).

MNC culture
MNC isolated from samples obtained during the CCT were cultured
for 24 h as previously described (González et al., 2014a). Culture
supernatants were collected and stored at −80◦C until being assayed
for TNFα, IL-6 and IL-1β.

MNC supernatant, plasma and serum and
measurements
MNC-derived TNFα, IL-6 and IL-1β and plasma IL-6 were measured
by high sensitivity ELISA (Quantikine, R&D Systems, Minneapolis, MN;
sensitivities, 0.1 pg/ml, 0.7 pg/ml, 1.0 pg/ml; intra-assay coefficient
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of variation [CV] 2.4–5.4%; interassay CV 6.4–8.3%). Plasma levels of
glucose, insulin, total cholesterol, triglycerides, high-density lipoprotein
(HDL) cholesterol and low-density lipoprotein (LDL) cholesterol, and
serum levels of LH, T, A, dehydroepiandrosterone sulfate (DHEA-S)
and 17-OHP were measured as previously described (González et al.,
2019a). The radioimmunoassay used to measure T demonstrates
good correlation with commercial liquid chromatography tandem mass
spectrometry (Legro et al., 2010). All samples from each subject
were measured in duplicate in the same assay at the end of the
study.

Statistical analysis
Analyses were performed using the StatView software package (SAS
Institute, Cary, NC). All values were examined graphically for depar-
ture from normality, which was subsequently confirmed using the
Shapiro–Wilk test. The natural logarithm transformation was applied
to total cholesterol and LH before the analysis since these values were
not normally distributed. Treatment effects on lipid-induced cytokine
secretion from MNC were determined by calculating the absolute
change from baseline for each participant to account for inter-subject
variability. In the case of plasma IL-6, percentage change from baseline
was calculated due to the large magnitude of difference in absolute
change values in obese subjects with PCOS compared with the other
three groups. The trapezoidal rule was used to also calculate the
incremental AUC (iAUC) for each cytokine response (Yeh, 2002).
Given that previous studies by our group suggest that obesity increases
inflammation and reduces insulin sensitivity in PCOS (González et al.,
2006b; González et al., 2013; González et al., 2014a; González et al.,
2019a), ANOVA was used to compare data from this study across
groups (lean PCOS vs. lean control vs. obese PCOS vs. obese control)
followed by Tukey’s honestly significant difference test to identify the
source of significance. Differences across groups in cytokine responses
over time during the CCT were analyzed using repeated measures
ANOVA followed by post hoc analyses. Pearson product moment
correlation coefficients were calculated for correlation analyses. Data
are presented as mean ± SE, and results with a two-tailed α level of
0.05 were considered to be significant.

Results

Age, body composition and blood pressure
All four groups had similar age, height and systolic and diastolic blood
pressures (Table I). Obese subjects with and without PCOS had signif-
icantly (P < 0.05) higher weight, body mass index (BMI), percent total
body fat, percent truncal fat and R1 fat compared with lean subjects.
However, there were no differences in these body composition mea-
sures between women with PCOS and control subjects of the same
weight class.

MNC-derived cytokine secretion and plasma
IL-6 levels
At baseline, there were no significant differences among groups in the
culture supernatant concentrations of MNC-derived TNFα, IL-6 and
IL-1β from fasting samples (Table I). Baseline fasting plasma IL-6 levels
were significantly (P < 0.03) higher in obese subjects with and without
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Table I Age, body composition, inflammation, metabolic and endocrine parameters of subjects.

CONTROLS PCOS
....................................................... ........................................................

Lean Obese Lean Obese
........................................................................................................................................................................................
Age, years 29 ± 2 32 ± 2 27 ± 1 28 ± 2

Height, cm 165.8 ± 1.3 163.5 ± 2.6 160.3 ± 1.9 159.7 ± 3.4

Body weight, kg 60.6 ± 2.4 91.3 ± 4.0a,b 58.1 ± 2.2 88.1 ± 4.0c,d

Body mass index, kg/m2 22.0 ± 0.8 34.1 ± 0.7a,b 22.5 ± 0.6 34.4 ± 0.9c,d

Total body fat, % 29.5 ± 1.8 41.3 ± 0.7a,b 31.9 ± 1.3 44.2 ± 1.3c,d

Truncal fat, % 24.0 ± 2.3 40.5 ± 1.2a,b 27.6 ± 1.5 43.3 ± 1.4c,d

Central fat (R1), g 755 ± 84 2005 ± 113a,b 865 ± 83 2157 ± 123c,d

Systolic blood pressure, mmHg 115 ± 4 124 ± 2 112 ± 5 118 ± 5

Diastolic blood pressure, mmHg 72 ± 2 74 ± 3 67 ± 3 75 ± 2

Fasting MNC-derived TNFα, pg/ml 16.7 ± 3.9 15.4 ± 3.6 25.6 ± 7.8 24.0 ± 5.4

Fasting MNC-derived IL-6, pg/ml 9.5 ± 3.6 5.3 ± 2.1 9.7 ± 2.8 10.3 ± 3.2

Fasting MNC-derived IL-1β, pg/ml 47.2 ± 17.4 26.2 ± 11.9 45.8 ± 9.7 65.3 ± 18.9

Fasting plasma IL-6, pg/ml 0.9 ± 0.2 2.0 ± 0.4a 1.6 ± 0.2 2.6 ± 0.4c,d

Fasting glucose, mg/dl 89 ± 2 90 ± 2 87 ± 2 94 ± 3

2 h glucose, mg/dl 94 ± 5 87 ± 9 101 ± 8 131 ± 8c,d, f

Fasting insulin, μU/ml 3.4 ± 0.8 15.1 ± 3.0a,b 6.0 ± 1.0 19.3 ± 4.1c,d

ISOGTT 15.0 ± 1.8 5.3 ± 1.0 a 8.3 ± 1.1e 3.1 ± 0.4c,d

Total cholesterol, mg/dl 138 ± 6 151 ± 11a 174 ± 6e 184 ± 10c,f

Triglycerides, mg/dl 59 ± 6 91 ± 12 61 ± 6 136 ± 26c,d, f

HDL—cholesterol, mg/dl 53 ± 3 48 ± 3 56 ± 2 49 ± 4

LDL—cholesterol, mg/dl 73 ± 6 85 ± 9b 106 ± 6e 110 ± 8c,f

LH, mIU/ml 5.9 ± 0.5 5.2 ± 0.8b 14.6 ± 1.3e 14.0 ± 2.0c, f

Testosterone, ng/dl 37.0 ± 4.5 21.6 ± 4.0b 64.0 ± 4.2e 70.1 ± 8.6c, f

Androstendione, ng/ml 1.8 ± 0.8 2.0 ± 0.2b 4.1 ± 0.4e 3.8 ± 0.3c, f

DHEA-S, μg/dl 215 ± 22 154 ± 30 248 ± 27 207 ± 30

Testosterone, AUC 3810 ± 363 3703 ± 201b 6413 ± 629e 7762 ± 1262c,f

Androstendione, AUC 316 ± 24 314 ± 37b 514 ± 29e 562 ± 53c,f

17OH-Progesterone, AUC 9307 ± 1249 9868 ± 616b 19 724 ± 3027e 22 376 ± 3157c,f

Values are expressed as means ± SE. Conversion factors to SI units: Testosterone ×3.467 (nmol/l), androstenedione ×3.492 (nmol/l), DHEA-S ×0.002714 (μmol/l), glucose ×0.0551
(mmol/l), insulin ×7.175 (pmol/l).
Abbreviations: IL-6, interleukin-6; ISOGTT, insulin sensitivity derived from an oral glucose tolerance test; DHEA-S, dehydroepiandrosterone-sulfate; AUC, HCG-stimulated area under
the curve.
aObese control vs. lean control, P < 0.02
bObese control vs. lean PCOS, P < 0.05
cObese PCOS vs. lean control, P < 0.002
dObese PCOS vs. lean PCOS, P < 0.03
eLean PCOS vs. lean control, P < 0.004
f Obese control vs. obese PCOS, P < 0.04

PCOS compared with lean control subjects and in women with PCOS
who were obese compared with those who were lean. However,
baseline fasting plasma IL-6 levels were similar in obese control subjects
and lean women with PCOS.

In response to saturated fat ingestion, lean control subjects exhibited
a decline from baseline in MNC-derived TNFα, IL-6 and IL-1β secretion
and plasma IL-6 after 2 and 3 h, which was significantly (P < 0.05)
different compared with the rise that occurred in lean and obese
women with PCOS and obese control subjects (Figs 1 and 2). All
four groups exhibited a maximum response in MNC-derived cytokine
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secretion and plasma IL-6 by 2 h. Both lean groups and obese control
subjects demonstrated a return to baseline in all four inflammation
markers after 5 h. On the other hand, obese women with PCOS
showed a persisting response in all four inflammation markers after 5 h
that was significantly (P < 0.05) higher compared with the other three
groups.

Lean control subjects exhibited a decrease in the iAUC for
MNC-derived TNFα, IL-6 and IL-1β secretion and plasma IL-6 that
was significantly (P < 0.02) different compared with the increase that
occurred in the other three groups (Fig. 2).
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Figure 1 Lipid-induced cytokine responses in mononuclear cells and plasma.Comparison of the four study groups (lean PCOS, n = 10 vs.
lean control, n = 10 vs. obese PCOS, n = 9 vs. obese control, n = 9) of the absolute change from baseline in the mononuclear cell (MNC) secretion of
the cytokines (A) TNFα, (B) IL-6 and (C) IL-1β, and (D) the change from baseline (%) in plasma IL-6 from blood samples collected while fasting and 2,
3 and 5 h after saturated fat ingestion, using repeated measures ANOVA followed by post hoc analyses to identify the source of significance. ∗Response
in obese women with PCOS, lean women with PCOS and obese control subjects was significantly higher compared with lean control subjects, P < 0.05.
†Residual response in obese women with PCOS was significantly higher compared with the other three groups. (A, B and C) P < 0.02 and (D) P < 0.05.

Insulin sensitivity and fasting lipids
ISOGTT was significantly (P < 0.02) lower in obese women with PCOS
compared with lean subjects with and without PCOS and in obese con-
trol subjects and lean women with PCOS compared with lean control
subjects (Table I). Regardless of weight class, women with PCOS had
significantly (P < 0.05) higher plasma cholesterol and LDL levels than
control subjects. Obese women with PCOS had significantly (P < 0.04)
higher plasma triglycerides than those of the other three groups. All
four groups have similar plasma HDL levels. This notwithstanding, the

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

mean LDL level (>100 mg/dl) in both PCOS groups was the only
clinically abnormal plasma lipid.

Basal hormone levels and HCG-stimulated
androgen and 17-OHP responses
Both lean and obese women with PCOS had significantly (P < 0.05)
higher serum levels of LH, T and A compared with control subjects.
All four groups had similar DHEA-S levels (Table I).
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Figure 2 Incremental area under the curve for lipid-induced cytokine responses. Comparison of the four study groups (lean PCOS,
n = 10 vs. lean control, n = 10 vs. obese PCOS, n = 9 vs. obese control, n = 9) of the incremental area under the curve (iAUC) in response to saturated
fat ingestion for mononuclear cell (MNC) secretion of the cytokines (A) TNFα, (B) IL-6 and (C) IL-1β, and for (D) plasma IL-6 levels using ANOVA
followed by post-hoc analyses to identify the source of significance. The iAUC in lean control subjects was significantly lower compared with ∗ obese
control subjects. (A, B, C and D) P < 0.02, † lean women with PCOS (A) P < 0.007, (B) P < 0.03, (C) P < 0.003 and (D) P < 0.002, and ‡ obese women
with PCOS (A) P < 0.002, (B) P < 0.004, (C) P < 0.0003 and (D) P < 0.0005.

Regardless of weight class, women with PCOS had significantly
(P < 0.05) higher AUC for the HCG-stimulated responses of T, A and
17-OHP.

Correlations
For the combined groups, there was an inverse association between
ISOGTT and BMI (r = −0.61, P < 0.0001), percent total body fat
(r = −0.62, P < 0.0001), percent truncal fat (r = −0.66, P < 0.0001)
and R1 fat (r = −0.65, P < 0.0001). The iAUC for MNC-derived TNFα,
IL-6 and IL-1β secretion and plasma IL-6 was directly associated with
these same adiposity measures, and negatively correlated with ISOGTT

(Table II).
For the combined groups, the iAUC for MNC-derived IL-1β secre-

tion and plasma IL-6 was positively correlated with plasma total choles-
terol and LDL; and the iAUC for MNC-derived IL-6 secretion was
positively correlated with triglycerides and LDL (Table II). The iAUC
for MNC-derived TNFα and IL-1β secretion and plasma IL-6 was
positively correlated with basal levels of LH, testosterone and
androstenedione and the HCG-stimulated testosterone AUC. The

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

MNC-derived IL-6 response was positively correlated with basal
levels of testosterone, androstenedione and DHEA-S and the HCG-
stimulated androstenedione AUC. The MNC-derived IL-1β response
was positively correlated with the HCG-stimulated 17OHP AUC.

In women with PCOS, the iAUC for MNC-derived TNFα secretion
was positively correlated with percent truncal fat (r = 0.42, P < 0.05)
and R1 fat (r = 0.47, P < 0.04), and negatively correlated with ISOGTT

(r = 0.49, P < 0.04). Plasma total cholesterol was positively correlated
with the iAUC for MNC-derived IL-6 secretion (r = 0.46, P < 0.05),
and plasma triglycerides were positively correlated with the iAUC for
MNC-derived IL-6 (r = 0.58, P < 0.02) and IL-1β secretion (r = 0.50,
P < 0.05) and plasma IL-6 (r = 0.50, P < 0.04).

In women with PCOS, there were also positive correlations between
basal LH and the iAUC for MNC-derived IL-1β secretion (r = 0.61,
P < 0.02) and plasma IL-6 (r = 0.58, P < 0.02), basal testosterone and
the MNC-derived responses of TNFα (r = 0.53, P < 0.03) and IL-1β

(r = 0.57, P < 0.03), HCG-stimulated testosterone AUC and the iAUC
for MNC-derived TNFα secretion (r = 0.53, P < 0.04) and plasma IL-6
(r = 0.51, P < 0.05), and HCG-stimulated androstenedione AUC and
the MNC-derived IL-6 response (r = 0.51, P < 0.05).
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Table II Pearson correlations of cytokine incremental area under the curve during the cream challenge test with
measures of adiposity, insulin sensitivity, lipids, LH and androgens for the combined groups.

TNFα Secretion iAUC IL-6 Secretion iAUC IL-1β Secretion iAUC Plasma IL-6 iAUC
........................................................................................................................................................................................
Adiposity and insulin sensitivity vs. cytokines

BMI (kg/m2) 0.321∗ 0.356∗ 0.417† 0.343∗

Total body fat (%) 0.362∗ 0.352∗ 0.469† 0.363∗

Truncal fat (%) 0.375† 0.400† 0.429† 0.322∗

Central fat—R1 (gm) 0.379† 0.352∗ 0.353∗ 0.383 †

ISOGTT -0.513‡ -0.423† -0.451† -0.341∗

Fasting lipids vs. cytokines

Total cholesterol (mg/dl) 0.157 0.136 0.387∗ 0.396†

Triglycerides (mg/dl) 0.147 0.366∗ 0.387† 0.362∗

HDL—cholesterol (mg/dl) -0.050 -0.144 -0.101 -0.194

LDL—cholesterol (mg/dl) 0.136 0.338∗ 0.354∗ 0.349∗

LH and androgens vs. cytokines

LH (iU/ml) 0.348∗ 0.178 0.341∗ 0.529∗

Testosterone (ng/dl) 0.371† 0.343 ∗ 0.422 ∗ 0.370

Androstenedione (ng/ml) 0.377† 0.383† 0.539‡ 0.330∗

DHEA-S (μg/dl) 0.099 0.340∗ 0.032 0.051

Testosterone AUC 0.353 0.207 0.375∗ 0.426†

Androstenedione AUC 0.257 0.366∗ 0.398† 0.384†

17OH-Progesterone AUC 0.083 0.231 0.362∗ 0.236

TNFα, tumor necrosis factor α; IL-6, interleukin-6; IL-1β, interleukin-1β; ISOGTT, insulin sensitivity derived from an oral glucose tolerance test; HDL, high-density lipoprotein; LDL,
low density lipoprotein; DHEA-S, dehydroepiandrosterone-sulfate; AUC, HCG-stimulated area under the curve. Statistically significant correlations are represented by
∗P < 0.05,
†P < 0.02 and
‡P < 0.002.

Discussion
Our data are the first to show clearly in PCOS that cytokines secreted
by MNC and in the circulation following saturated fat ingestion are
increased in the absence of obesity. Lean and obese women with
PCOS both show a rise in lipid-induced TNFα, IL-6 and IL-1β secretion
from MNC and plasma IL-6 compared with lean control subjects.
These cellular and circulating cytokine responses to saturated fat inges-
tion are inversely related to insulin sensitivity, and directly related to
basal and HCG-stimulated androgen secretion, thereby upholding the
view that lipid-stimulated inflammation may underpin insulin resistance
and androgen excess in PCOS. Furthermore, the direct relationship
between these lipid-induced cytokine responses and measures of
adiposity raises the possibility that in PCOS, adiposity is an additional
source of inflammation that modulates insulin action.

MNC-derived TNFα, IL-6 and IL-1β secretion and plasma IL-6 are
suppressed in lean control subjects following saturated fat ingestion,
in keeping with our previous studies showing an attenuated MNC
cytokine response and lower plasma cytokines following glucose inges-
tion in ovulatory women (González et al., 2014a; González et al.,
2014b; González et al., 2014c; González et al., 2019a). These observa-
tions are important because TNFα, IL-6 and IL-1β mediate insulin resis-
tance and atherogenesis (Barnes and Karin 1997; Rui et al., 2001). Thus,
the limited cytokine response to saturated fat ingestion in lean women
may serve to maintain insulin sensitivity and preserve blood vessel
integrity.
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In contrast, MNC-derived TNFα, IL-6 and IL-1β secretion and
plasma IL-6 increase following saturated fat ingestion in lean and
obese women with PCOS compared with lean control subjects, in
line with our previous reports of MNC preactivation in the fasting
state and glucose-stimulated increases in cytokines from MNC and
plasma in women with PCOS (González et al., 2007; González et al.,
2014a; González et al., 2014b; González et al., 2014c; González et al.,
2019a). Notably, these studies highlight the contribution of circulating
MNC in establishing a proinflammatory state that may underpin the
development of insulin resistance and atherogenesis in women with
PCOS. The similar degree in baseline plasma IL-6 elevation in lean
women with PCOS and obese control subjects also suggests that
systemic inflammation related to PCOS per se may raise the risk of
metabolic aberrations to that seen in obesity. Protein ingestion also
provokes a proinflammatory MNC response (Mohanty et al., 2002)
suggesting that feeding itself can induce an inflammatory response that
may promote metabolic aberration in PCOS even in the absence of
adiposity. The reduction in inflammation in normal humans following
a two-day fast, as well as the negative association between insulin
sensitivity and the lipid-stimulated cytokine responses in the current
study further support this concept (Dandona et al., 2001).

Lipid-induced inflammation and adiposity are linked in PCOS. In
the current study, cytokine responses following saturated fat ingestion
are directly related to measures of adiposity including abdominal fat,
for the combined groups and in women with PCOS. Hypoxia-related
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adipocyte death causes oxidative stress due to phagocytic activity
of resident macrophages emanating from MNC trafficking into the
stromal-vascular compartment of excess adipose tissue (Weisberg
et al., 2003; Cinti et al., 2005). Oxidative stress activates NFκB in
macrophages which in turn upregulates their cytokine production
(Barnes and Karin 1997). Macrophage cytokines stimulate adipocyte
cytokine production through a paracrine effect perpetuated by lipid-
induced cytokine secretion from MNC which promotes insulin resis-
tance and atherogenesis (Barnes and Karin 1997; Fain et al., 2004;
Nov et al., 2013). In fact, measures of adiposity are inversely related
to insulin sensitivity. Thus, circulating MNC and adiposity together
elicit systemic inflammation and metabolic aberration when obesity is
present in PCOS.

Lipid-induced inflammation and dyslipidemia are linked in PCOS
as total cholesterol, triglycerides and LDL are positively associated
with cytokine responses in MNC and plasma following saturated fat
ingestion for the combined groups and in women with PCOS. LDL is
also directly related to these lipid-induced cytokine responses for the
combined groups. Cytokines promote hepatic fatty acid synthesis and
adipose tissue lipolysis, providing substrates for hepatic triglyceride
and triglyceride-rich VLDL production (Brewer et al., 1999). VLDL
triglyceride is transferred to LDL and hydrolyzed by hepatic lipase to
proatherogenic small dense LDL, which is oxidized and transported
into foamy macrophages of atherosclerotic lesions (Khovidhunkit
et al., 2004). In the current study, cholesterol and LDL are elevated
in both lean and obese women with PCOS, while triglycerides are
elevated distinctly in obese women with PCOS. Thus, inflammation
triggered by saturated fat ingestion may be a powerful provoker of
dyslipidemia when obesity is present in PCOS, with inflammation and
lipid abnormalities acting together to prematurely drive atherogenesis.

Lipid-induced inflammation may directly stimulate androgen excess in
PCOS. In the current study, basal LH and androgen concentrations and
HCG-stimulated androgen secretion are directly related to cytokine
responses in MNC and plasma following saturated fat ingestion for
the combined groups and in women with PCOS. We have reported
similar findings in response to glucose ingestion (González et al., 2006b;
González et al., 2012b; González et al., 2013; González et al., 2014a).
The link with LH suggests that inflammation may exert a central effect
to promote androgen production. Nevertheless, local effects of inflam-
mation may also exist given that intake of saturated fat increases MNC-
derived macrophages within the ovary (Thornton et al., 2015) and
macrophage TNFα stimulates theca cell proliferation (Spazynsky et al.,
1999) and promotes serine phosphorylation which may increase 17,20-
lyase activity (Zhang et al., 1995). We recognize that the link between
lipid-induced cytokine secretion and HCG-stimulated androgen secre-
tion does not prove cause and effect. However, in lean women with
PCOS, chronic androgen suppression does not decrease inflammation
(González et al., 2012a), while long-term salicylate treatment to reduce
inflammation lowers basal and HCG-stimulated androgen secretion
(González et al., 2015). Thus, MNC migration into the polycystic ovary
following saturated fat ingestion may incite local cytokine secretion
to increase ovarian androgen production by stimulating theca cells
to proliferate and ramp up steroidogenic activity. Further research
with a greater number of subjects is warranted to confirm whether
inflammation influences ovarian androgen secretion in PCOS.

In conclusion, MNC-derived TNFα, IL-6 and IL-1β secretion and
circulating IL-6 are increased in PCOS following saturated fat ingestion
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even in the absence of obesity. The ensuing proinflammatory state may
contribute to insulin resistance, dyslipidemia and androgen excess in
PCOS. The link between lipid-induced cytokine secretion and mea-
sures of adiposity suggests that excess adipose tissue also stimulates
inflammation in this disorder. Thus, circulating MNC and adiposity may
be separate and distinct contributors to the metabolic aberration and
endocrine dysfunction in PCOS.
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