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Abstract

Saturated fat ingestion stimulates proatherogenic
inflammation in polycystic ovary syndrome
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Abstract

Inflammation and dyslipidemia are often present in polycystic ovary syndrome (PCOS). We determined the
effect of saturated fat ingestion on circulating heat shock protein-70 (HSP-70) and mononuclear cell
(MNC) toll-like receptor-2 (TLR2) gene expression, activator protein-1 (AP-1) activation, and matrix
matalloproteinase-2 (MMP-2) protein in women with PCOS. Twenty reproductive-age women with PCOS
(10 lean, 10 with obesity) and 20 ovulatory controls (10 lean, 10 with obesity) participated in the study.
HSP-70 was measured in serum and TLR2 mRNA and protein, AP-1 activation, and MMP-2 protein were
quantified in MNC from blood drawn while fasting and 2, 3, and 5 h after saturated fat ingestion. Insulin
sensitivity was derived from an oral glucose tolerance test (ISogrT). Androgen secretion was assessed from
blood drawn while fasting and 24, 48, and 72 h after human chorionic gonadotropin (HCG) administration.
In response to saturated fat ingestion, serum HSP-70, TLR2 gene expression, activated AP-1, and MMP-2
protein were greater in lean women with PCOS compared with lean controls and in women with PCOS and
obesity compared with controls with obesity. Both PCOS groups exhibited lower ISogrr and greater HCG-
stimulated androgen secretion compared with control subjects of their respective weight classes. Lipid-
stimulated proatherogenic inflammation marker responses were negatively correlated with ISogrr and pos-
itively correlated with abdominal adiposity and HCG-stimulated androgen secretion. In PCOS, saturated
fat ingestion stimulates proatherogenic inflammation independent of obesity. This effect is greater when
PCOS is combined with obesity compared with obesity alone. Abdominal adiposity and hyperandrogenism
may perpetuate proatherogenic inflammation.

NEW & NOTEWORTHY This paper demonstrates that in polycystic ovary syndrome (PCOS), ingestion
of saturated fat triggers a molecular pathway of inflammation known to drive atherogenesis. This effect is
independent of obesity as it occurs in lean women with PCOS and not in lean ovulatory control subjects.
Furthermore, the combined effects of PCOS and obesity are greater compared with obesity alone.

INTRODUCTION

Polycystic ovary syndrome (PCOS) is a highly prevalent endocrine disorder impacting 15%—18% of pre-
menopausal women (1, 2). Diagnostic features of PCOS include hyperandrogenism, ovarian dysfunction,
and polycystic ovarian morphology (2). Metabolic abnormalities associated with accelerated atherogenesis
such as obesity, insulin resistance, and dyslipidemia are present in 60%—70% of women with the disorder
(3—-6). A proatherogenic predisposition in PCOS is reflected by a high prevalence of endothelial dysfunc-
tion and coronary artery calcification (7, 8). Chronic low-grade inflammation in PCOS has been implicated
in the development of accelerated atherogenesis (9—11).

Our previous studies have demonstrated that peripheral blood mononuclear cells (MNC) of women with
PCOS generate oxidative stress and inflammation following nutrient ingestion even in the absence of obesi-
ty (12-16). Indeed, there is increased reactive oxygen species (ROS) generation from MNC of lean women
with PCOS in response to glucose and saturated fat ingestion (15, 17, 18). ROS-induced oxidative stress
upregulates the gene transcription of heat shock protein-70 (HSP-70), a molecular chaperone that facilitates
restorative renaturation of oxidized proteins to favor cell survival (19, 20). However, HSP-70 can also bind
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to toll-like receptor-2 (TLR-2), a pathogen pattern recognition receptor present on MNC and MNC-derived
macrophages, thereby culminating in activator protein-1 (AP-1) activation (21). AP-1 is a proinflammatory
transcription factor heterodimer predominantly encoded by the fos and jun gene families with the cJun pro-
tein subunit being the most potent transcriptional activator (22, 23). AP-1 regulates the transcription of ma-
trix metalloproteinase-2 (MMP-2) that is involved in extracellular matrix remodeling within the blood ves-
sel wall (23, 24). Extensive degradation of the extracellular matrix by MMP-2 produced by MNC-derived
foamy macrophages and activated vascular smooth muscle cells within atherosclerotic plaque leads to
plaque instability and susceptibility to rupture that ultimately contributes to vascular occlusion (25).
Indeed, circulating levels of HSP-70 and MMP-2 are elevated in PCOS (26, 27). We have shown that glu-
cose ingestion stimulates MNC-derived AP-1 activation and MMP-2 protein content and fails to suppress
circulating MMP-2 levels in lean women with PCOS (10, 11). Saturated fat ingestion is also capable of
stimulating AP-1 activation, as well as TLR-2 and MMP-2 expression in metabolically aberrant conditions
(28-30). These findings implicate inflammation triggered by nutrient intake as a driver of atherogenesis in
PCOS.

To expand our previous observations implicating nutrient-induced oxidative stress and inflammation in the
development of a proatherogenic state in PCOS, we evaluated the effect of saturated fat ingestion on circu-
lating HSP-70 levels and on the mRNA and protein content of TLR-2 from MNC in women with PCOS.
We also examined this effect on MNC-derived AP-1 activation and MMP-2 protein content. We hypothe-
sized that in response to saturated fat ingestion, circulating HSP-70 levels, TLR-2 mRNA and protein con-
tent, activated AP-1, and MMP-2 protein content are increased in women with PCOS compared with ovu-
latory controls of similar age and body mass index (BMI), and that these markers of proatherogenic inflam-
mation are linked to adiposity, insulin sensitivity, levels of fasting lipids, and ovarian androgen secretion.
Lean women with PCOS representing the authentic syndrome were evaluated separately from women with
PCOS and obesity representing the superimposed effects of obesity on this disorder.

MATERIALS AND METHODS

Participants

Twenty women with PCOS (10 lean and 10 with obesity) 18-35 yr of age and 20 control subjects (10 lean
and 10 with obesity) 19—40 yr of age with a similar BMI volunteered to participate in the study. Thirty-
three of these subjects were involved in our previous work on lipid-induced inflammation and insulin resis-
tance in PCOS via NF-kB-TNFa signaling (16). Lean subjects had a BMI between 18 and 25 kg/m?.
Obesity was defined as a BMI between 30 and 40 kg/m?. The women with PCOS were diagnosed on the
basis of oligo-amenorrhea and hyperandrogenemia after excluding nonclassic congenital adrenal hyperpla-
sia, Cushing syndrome, hyperprolactinemia, and thyroid disease. The subjects with PCOS also exhibited
polycystic ovaries on ultrasound. All control subjects had regular menses every 25 to 35 days with evi-
dence of ovulation based on a luteal range serum progesterone level (>5 ng/mL). All control subjects had
normal circulating androgen levels, no androgen excess manifestations and no signs of polycystic ovaries
on ultrasound.

Diabetes and inflammatory illnesses were excluded in all subjects. However, five women with PCOS (1
lean and 4 with obesity) had impaired glucose tolerance based on WHO criteria, and four of these subjects
(1 lean and 3 with obesity) also had metabolic syndrome based on modified ATP III criteria (31, 32). Data
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from these five volunteers were included in the analysis based on our previous studies (16, 18, 33), since
there is no appreciable stimulatory effect on inflammation measurements from the transient, less pro-
nounced hyperglycemia present in these individuals beyond that observed from saturated fat ingestion. All
control subjects had normal glucose tolerance and none of them had metabolic syndrome. Fourteen women
with PCOS (4 lean and 10 with obesity) and 13 control subjects (5 lean and 8 with obesity) 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 at least 6 wk before entering the study. All subjects were
weight stable within 5 pounds and were either sedentary or lightly active during the 6 mo before study par-
ticipation. The extent of physical activity was similar among study groups. This research protocol involving
human subject studies was reviewed and approved by the Indiana University Institutional Review Board
before starting the study, and all subjects provided written informed consent. The clinical trial registration
number is ClinicalTrials.gov NCT01489319 (registered 9 December 2011).

Study Design

A cream challenge test (CCT) was performed on all study subjects between days 5 and 8§ after the onset of
menses. In four amenorrheic subjects with PCOS (2 lean and 2 with obesity), menses was induced with a
5-day course of micronized progesterone. An oral glucose tolerance test (OGTT) was performed the very
next day. All subjects fasted overnight for ~12 h before undergoing both tests. All subjects were given a
healthy diet consisting of 50% carbohydrate, 35% fat, and 15% protein for 3 consecutive days before the
CCT and on the day preceding the OGTT once they completed the CCT. Body composition was assessed
on the same day as the CCT. All subjects then underwent a human chorionic gonadotropin stimulation test
(HCG-ST) over 4 days beginning on the day of the OGTT.

Cream Challenge Test

As adapted from Deopurkar et al. (34), all subjects consumed 100 mL of dairy cream (gourmet heavy
whipping cream; Land O Lakes Inc., Arden Hills, MN) composed in volume of 70% saturated fat, 28% un-
saturated fat, <2% protein, and 0% glucose. Blood sampling was performed in the fasting state and 2, 3,
and 5 h after cream ingestion to quantify molecular markers of proatherogenic inflammation from MNC
isolated as previously described (11). Serum and plasma were isolated from these same blood samples and
stored at —80°C until assayed for HSP-70 and fasting lipids, respectively.

Oral Glucose Tolerance Test

A 75 g glucose beverage was administered to all subjects. Blood samples were drawn in the fasting state
and at 30, 60, 90, 120, and 180 min after glucose ingestion to measure glucose and insulin. Plasma glucose
levels were measured immediately, and insulin was measured later from plasma stored at —80°C. Insulin
sensitivity was derived from the OGTT (ISpgrt) using the Matsuda index formula (35).

HCG Stimulation Test
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As described by Koivunen et al. (36), an intramuscular injection of 5,000 IU of HCG (Pregnyl; Merck &
Co., Whitehouse Station, NJ) was administered after obtaining a baseline blood sample at 8:00 AM after
an overnight fast of ~12 h. Fasting blood samples were subsequently obtained at 24, 48, and 96 h after the
HCQG injection. Serum was isolated from these samples and stored at —80°C until assayed for testosterone,
androstenedione, and 17-hydroxyprogesterone (17-OHP). The trapezoidal rule was used to calculate the
area under the curve (AUC) for androgens and 17-OHP (37).

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 in all subjects to assess percent total body fat, percent
truncal fat, and R1 central abdominal fat using a QDR 4500 Elite model scanner (Hologic Inc., Waltham,
MA) as previously described (38, 39).

Real-Time PCR

An RNAeasy kit (Quiagen, Germantown, MD) was used to isolate total RNA from MNC that were previ-
ously stabilized in RNAlater (Sigma-Aldrich, St Louis, MO). Real-time PCR was used to quantify the
mRNA content of TLR-2 as previously described (40). However, an ABI Prism 7300 Sequence Detection
System (Applied Biosystems, Foster City, CA) was used for the current study. PRIMER EXPRESS soft-
ware (PE Biosystems, Foster City, CA) was used to select the primer sequences for TLR-2 (NM 003264,
forward primer 5'- GGCCAGCAAATTACCTGTGT-3', reverse primer 5'- ATACCACAGGCCATGGAAAC-
3"), and for the housekeeping gene ribosomal protein L13a (NM_000977.3, forward primer 5'-
AACAAGTTGAAGTACCTGGCTTTC-3', reverse primer 5'- TGGTTTTGTGGGGCAGCATA-3"). The
rRNA signal for L.13a was used to normalize against differences in RNA isolation and degradation and in

reverse transcription and PCR efficiencies using the comparative cycle threshold method.

Western Blotting

Total protein concentrations from MNC lysates were determined using the Bradford protein assay (Bio-Rad
Laboratories, Inc., Hercules, CA). The protein content of TLR-2, MMP-2, and actin from MNC was quan-
tified by Western blotting (WB) as previously described (41) using a monoclonal antibody against TLR-2
(Novus Biologicals, LLC, Centennial, CO) at a dilution of 1:400, a polyclonal antibody against MMP-2
(Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution of 1:400, and a monoclonal antibody against
actin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at a dilution of 1:1,000. Densitometry was per-

formed on the scanned films of Western blots using Carestream molecular imaging software version
5.0.2.30 (Carestream Health, Rochester, NY), and all values for TLR-2 and MMP-2 were corrected for
loading using those obtained for actin.

Oligonucleotide-Based Enzyme-Linked Immunosorbent Assay

Nuclear extracts of DNA-binding protein from MNC were prepared using a method described by Andrews
et al. (42). Nuclear extract total protein concentrations were determined using the Bradford protein assay
(Bio-Rad Laboratories, Inc., Hercules, CA). The AP-1 c-Jun protein in nuclear extracts reflecting intranu-
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clear activated AP-1 was quantified using an oligonucleotide-based enzyme-linked immunosorbent assay
(ELISA; Active Motif, Carlsbad, CA) as previously described (11).

Serum and Plasma Measurements

Serum HSP-70 was measured by an ultrahigh sensitivity ELISA [Enzo Life Sciences, Inc., Farmingdale,
NY; sensitivity, 7 pg/mL; intraassay coefficient of variation (CV) 9.6%; interassay CV 8.8%]. Plasma levels
of glucose, insulin, total cholesterol, triglycerides, high-density lipoprotein (HDL) cholesterol, and low-
density lipoprotein (LDL) cholesterol and serum levels of luteinizing hormone (LH), androstenedione, de-
hydroepiandrosterone-sulfate (DHEA-S), and 17-OHP were measured as previously described (33). Serum
testosterone levels were measured by a radioimmunoassay (Siemens, Los Angeles, CA; sensitivity, 5
ng/dL, 0.1 ng/mL; intraassay CV 6.8%; interassay CV 11.2%) that demonstrates good correlation with
commercial liquid chromatography tandem mass spectrometry (43). All samples from each subject were
measured in duplicate in the same assay at the end of the study.

Statistics

The StatView software package (SAS Institute, Cary, NC) was used to perform the statistical analysis. All
values were initially examined graphically for departure from normality. The presence or absence of nor-
mality 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,
and the Shapiro—Wilk test was repeated on the log-transformed data to confirm a normal distribution.
Treatment effects of saturated fat on HSP-70 were determined by calculating the absolute change from
baseline for each participant. However, treatment effects on MNC-derived inflammation markers were de-
termined by calculating the percent change from baseline due to intersubject variability. The incremental
AUC (1AUC) for each inflammation marker was also calculated using the trapezoidal rule (37). Two-way
ANOVA revealed no significant interaction between the main effects of weight class (obese vs. lean) and
PCOS status (PCOS vs. control). Consequently, the data were further analyzed by one-way ANOVA for
comparisons across groups (lean PCOS vs. lean control vs. obese PCOS vs. obese control), since our prior
work suggests that obesity increases inflammation and reduces insulin sensitivity in PCOS (11, 13, 15, 16,
33). Post hoc analyses of significant ANOVA comparisons used the Tukey’s honestly significant difference
test to identify the source of significance. Differences across groups in the response of inflammation mark-
ers over time during the CCT were analyzed using repeated-measures ANOVA followed by post hoc analy-
ses. Pearson product moment correlation coefficients were calculated initially for correlation analyses. For
the combined group analyses, variables were assessed by weight class (lean and obese) with or without
PCOS and by PCOS status (lean and obese). Partial Pearson correlations with inflammation markers were
subsequently calculated that separately adjusted for each measure of adiposity due to collinearity. Data are
presented as means + SE, and results with a two-tailed a-level of 0.05 were considered to be significant.
However, Pearson correlation results required an a-level of 0.02 to be considered significant after correct-
ing for multiple comparisons using the Benjamini-Hochberg approach to determine the false discovery rate
(44).

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8782660/?report=printable 6/25



4/20/23, 3:46 PM Translational Physiology: Saturated fat ingestion stimulates proatherogenic inflammation in polycystic ovary syndrome - PMC

RESULTS

Age, Body Composition, and Blood Pressure

Age, height, systolic and diastolic blood pressures were similar in all four groups. (Table 1). Weight, BMI,
percent total body fat, percent truncal fat, and R1 fat were significantly (P < 0.05) higher in subjects with
obesity compared with lean subjects whether or not they had PCOS. However, these measures of body
composition were similar when women with PCOS were compared with control subjects of similar weight
class. Percent truncal fat and R1 fat were significantly (P < 0.05) greater in lean women with PCOS com-
pared with lean control subjects.

Proatherogenic Inflammation Markers in Serum and MNC

Basal serum HSP-70 levels were significantly (P < 0.05) higher in women with PCOS regardless of weight
class and in control subjects with obesity compared with lean control subjects (Table 1).

In response to saturated fat ingestion, the change from baseline in serum HSP-70, TLR-2 protein and
mRNA content, activated AP-1, and MMP-2 protein content decreased in lean control subjects and was
significantly (P < 0.003) different compared with the increase observed in women with PCOS regardless of
weight class and control subjects with obesity after 2 and 3 h (Figs. 1 and 2). In all four groups, the maxi-
mum response of all five lipid-stimulated proatherogenic inflammation markers was achieved at 2 h and
sustained through 3 h.

Compared with control subjects with obesity, women with PCOS and obesity exhibited significantly (P <
0.05) greater serum HSP-70 and activated AP-1 responses after 2 h and TLR-2 protein and mRNA content
and MMP-2 protein content after 2 and 3 h. All five proatherogenic inflammation markers returned to base-
line in both lean groups and in control subjects with obesity after 5 h. In contrast, women with PCOS and
obesity exhibited significantly (P < 0.009) greater residual responses in all five inflammation markers com-
pared with the other three groups after 5 h.

The iAUC for serum HSP-70, TLR-2 protein and mRNA content, activated AP-1, and MMP-2 protein con-
tent decreased in lean control subjects and was significantly (P < 0.002) different compared with the in-
crease observed in women with PCOS regardless of weight class and in control subjects with obesity (
Fig. 3). Women with PCOS and obesity exhibited a significantly (P < 0.04) greater iAUC for all five
proatherogenic inflammation markers compared with control subjects with obesity and for TLR-2 protein
content and activated AP-1 compared with lean women with PCOS.

Insulin Sensitivity and Fasting Lipids

ISogrT Was significantly lower (P < 0.05) in subjects with obesity whether or not they had PCOS com-
pared with lean control subjects and in lean women with PCOS compared with lean control subjects (
Table 1). Plasma cholesterol and LDL were significantly (P < 0.05) higher in women with PCOS com-
pared with control subjects regardless of body composition status. Plasma triglycerides was significantly (P
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< 0.05) higher in women with PCOS and obesity compared with those of the other three groups. Plasma
HDL was significantly (P < 0.04) lower in women with PCOS and obesity compared with lean subjects
whether or not they had PCOS. Based on modified ATP III criteria (32), the mean HDL level was clinically
decreased in both obese groups, and the mean LDL level was clinically elevated in both PCOS groups.

Basal Hormone Levels and HCG-Stimulated Androgen and 17-OHP Responses

Serum levels of LH, testosterone, and androstenedione were significantly (P < 0.05) higher in women with
PCOS compared with control subjects regardless of body composition status. Serum DHEA-S levels were

significantly (P < 0.05) higher in lean women with PCOS compared with control subjects with obesity, al-
though mean DHEA-S levels in all four groups were clinically normal based on age-related assay cutoffs (

Table 1).

The AUC for the HCG-stimulated responses of testosterone, androstenedione, and 17-OHP were signifi-
cantly (P < 0.05) higher in women with PCOS compared with control subjects regardless of weight class.

Correlations

Adiposity versus proatherogenic inflammation. BMI, percent total body fat, percent truncal fat, and R1 fat
were positively correlated with basal serum HSP-70 levels in control subjects (Table 2). All body composi-
tion measurements were also positively correlated with the iAUC for TLR-2 mRNA content, activated AP-

1, and MMP-2 protein content for the combined groups and separately in control subjects. Percent truncal
fat and R1 fat were positively correlated with the iAUC for serum HSP-70 and TLR-2 protein content for
the combined groups and separately in control subjects.

In women with PCOS, the iAUC for activated AP-1 was positively correlated with BMI (r = 0.59, P <
0.02), percent total body fat (r = 0.56, P < 0.02), and R1 fat (r = 0.59, P < 0.02), and the iAUC for MMP-
2 protein content was positively correlated with BMI (r = 0.61, P < 0.01) and R1 fat (r = 0.58, P < 0.02).

Insulin sensitivity versus proatherogenic inflammation. ISogprr was negatively correlated with BMI (r =
—0.49, P < 0.002), percent total body fat (r = 0.52, P < 0.0007), percent truncal fat (r = —0.60, P <
0.0001), and R1 fat (r = —0.57, P < 0.0002) for the combined groups. ISogrr Was also negatively correlat-
ed with basal serum HSP-70 and the iAUC for serum HSP-70, TLR-2 protein and mRNA content, activat-
ed AP-1, and MMP-2 protein content for the combined groups, with basal serum HSP-70 and the iAUC for
TLR-2 mRNA content, activated AP-1, and MMP-2 protein content in control subjects (Table 2), and with
the iAUC for serum HSP-70 (r = 0.59, P < 0.02) in women with PCOS.

Fasting lipids versus proatherogenic inflammation. For the combined groups, plasma total cholesterol and
triglycerides were positively correlated with basal serum HSP-70 and the iAUC for TLR-2 protein and
mRNA content, activated AP-1, and MMP-2 protein content (Table 3). Plasma HDL was negatively corre-
lated with the iAUC for activated AP-1, and plasma LDL was positively correlated with basal serum HSP-
70 and the iAUC for activated AP-1 and MMP-2 protein content.
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In women with PCOS, plasma triglycerides were positively correlated with basal serum HSP-70 (r = 0.72,
P < 0.002) and the iAUC for serum HSP-70 (r = 0.64, P < 0.007) and TLR-2 protein and mRNA content
(r=20.70, P < 0.002; r = 0.63, P < 0.006). Plasma HDL was negatively correlated with the iAUC for
TLR-2 mRNA content (r = 0.58, P < 0.02).

LH and androgens versus proatherogenic inflammation. For the combined groups, basal LH levels were
positively correlated with the iAUC for TLR-2 protein content, activated AP-1, and MMP-2 protein con-
tent, and basal testosterone levels and the HCG-stimulated AUC for testosterone were positively correlated
with the iAUC for serum HSP-70, TLR-2 protein and mRNA content, and MMP-2 protein content (Table 4
). Basal androstenedione levels and the HCG-stimulated AUC for androstenedione and 17-OHP were posi-
tively correlated with the entire panel of proatherogenic inflammation markers.

In women with PCOS, basal testosterone levels was positively correlated with the iAUC for serum HSP-70
(r=0.57, P <0.02) and activated AP-1 (r = 0.68, P < 0.004). The iAUC for TLR-2 mRNA content was
positively correlated with basal levels of androstenedione (r = 0.60, P < 0.01) and DHEA-S (r =0.57, P <
0.02) and the AUC for androstenedione (r = 0.57, P < 0.02) and 17-OHP (r = 0.60, P < 0.02).

None of the proatherogenic inflammation markers were correlated with fasting lipids and hormones in con-
trol subjects (data not shown). Likewise, correlations of proatherogenic inflammation markers with mea-
sures of adiposity, insulin sensitivity, fasting lipids, and hormones in women with PCOS that were not sig-
nificant are not reported. The relationships of proatherogenic inflammation markers with insulin sensitivity,
fasting lipids, and hormones were maintained after adjusting for adiposity (data not shown).

DISCUSSION

Our data clearly show for the first time that in PCOS, saturated fat ingestion is capable of stimulating a
proatherogenic inflammatory response even in the absence of obesity. However, this inflammatory re-
sponse is more pronounced with the combination of PCOS and obesity compared with obesity alone. In re-
sponse to saturated fat ingestion, lean women with PCOS exhibit increases in serum HSP-70, TLR-2 gene
expression, AP-1 activation, and MMP-2 protein content compared with lean control subjects. Women with
PCOS and obesity also exhibit lipid-induced increases in these proatherogenic inflammation markers and
higher triglycerides levels compared with control subjects with obesity, along with higher levels of fasting
insulin, total cholesterol and triglycerides, and lower HDL levels compared with both lean groups. The in-
verse relationship between insulin sensitivity and lipid-stimulated serum HSP-70, TLR-2 gene expression,
AP-1 activation, and MMP-2 protein content provides added support for this concept. In addition, lean
women with PCOS have a greater amount of abdominal fat compared with lean control subjects, and multi-
ple proatherogenic inflammation markers are directly associated with abdominal adiposity and basal and
HCG-stimulated androgen secretion. These findings implicate abdominal adiposity and hyperandrogenism
as distinct risk factors in PCOS for promoting proatherogenic inflammation that may predispose to a car-
diovascular event.

Lean women with PCOS may be at increased risk for accelerated atherogenesis. The subjects in this group
have insulin resistance, a strong predictor of atherosclerotic cardiovascular disease (45), along with higher
basal HSP-70 levels and greater lipid-induced responses in serum HSP-70, TLR-2 gene expression, AP-1

activation, and MMP-2 protein content compared with lean control subjects. In fact, all of these proathero-
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genic inflammation markers are inversely associated with insulin sensitivity. In corroboration, our previous
studies showed that lean women with PCOS exhibit similar increases in AP-1 activation and MMP-2 pro-
tein content in addition to failed suppression of circulating MMP-2 levels in response to glucose ingestion
(10, 11). This heightened proatherogenic inflammatory response has been shown to contribute to athero-
sclerotic plaque instability and predispose to plaque rupture (25). Previous studies have shown that lean
women with PCOS also have elevated circulating levels of C-reactive protein (CRP) which is another well-
established predictor of atherosclerotic cardiovascular disease (11, 16, 46). Although CRP elevations in
lean women with PCOS tend to be milder (1-3 mg/L) than what is observed in obesity (>3 mg/L), they are
nonetheless associated with an intermediate risk of incurring a cardiovascular event (47). We have previ-
ously reported glucose and/or lipid-induced increases in MNC-derived nuclear factor kB (NF-kB) activa-
tion and circulating CRP along with elevated circulating monocyte chemotactic protein-1 (MCP-1) levels
in lean women with PCOS (10, 13, 16). NF-xB is a proinflammatory transcription factor that regulates the
gene transcription of CRP and MCP-1, both of which participate in atherogenesis. Whereas MCP-1 facili-
tates MINC migration into the vascular interstitium, CRP promotes the subsequent uptake of lipids into
MNC-derived foamy macrophages within atherosclerotic plaques (48, 49). In contrast, lean controls exhibit
suppression of serum HSP-70, TLR-2 gene expression, AP-1 activation, and MMP-2 protein content, sug-
gesting that this may be the normal in vivo response to saturated fat ingestion to preserve blood vessel in-
tegrity. This is corroborated by our previous studies showing a similar response pattern in glucose-stimu-
lated activation of MNC-derived AP-1 and NF-kB and MMP-2 protein content in lean healthy young
women (11, 13, 16). Thus, women with PCOS have a proinflammatory risk profile for atherogenesis incited
by saturated fat ingestion that is independent of obesity.

Women with PCOS and obesity may be at even greater risk for accelerated atherogenesis. This group ex-
hibits greater insulin resistance and lipid-induced increases in serum HSP-70, TLR-2 gene expression, AP-
1 activation, and MMP-2 protein content compared with control subjects with obesity and lean control sub-
jects. We have previously reported marked elevations in both circulating interleukin-6 (IL-6) and CRP (>3
mg/L) in women with PCOS and obesity beyond those observed in lean women with PCOS and are most
likely of adipose tissue origin given their similarity to those of women with obesity who do not have PCOS
(11, 16, 50). In fact, IL-6 stimulates CRP synthesis in the liver and in adipose tissue of individuals with
obesity (51). We have also previously demonstrated circulating and molecular alterations that promote vas-
cular thrombosis in women with PCOS and obesity such as glucose-stimulated increases in the protein
content of early growth response-1 (EGR-1) and tissue factor (TF), as well as elevated circulating plas-
minogen activator inhibitor (PAI-1) levels (10, 11). EGR-1 is the transcription factor that regulates the gene
expression of TF, the receptor for coagulation factor VII that induces thrombin generation to promote fibrin
formation and platelet activation (52). Exposure of TF to the circulating blood following atherosclerotic
plaque rupture triggers thrombosis culminating in vascular occlusion. This process is perpetuated by PAI-1
that inhibits fibrinolysis, thereby retarding thrombus resolution (53). Thus, the combination of PCOS and
obesity may lead to a more profound proinflammatory milieu that confers a significant risk for both athero-
genesis and thrombosis compared with PCOS or obesity alone.

In PCOS, proatherogenic inflammation induced by saturated fat ingestion is linked to adiposity. Lipid-stim-
ulated proatherogenic inflammation markers are directly associated with measures of adiposity for the
combined groups and in women with PCOS. The iAUC for lipid-induced AP-1 activation in particular is
directly associated with BMI, total body fat, and abdominal fat in women with PCOS. Indeed, migration of
MNC into the stromal-vascular compartment of excess adipose tissue in response to hypoxia-related cell
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death incites oxidative stress during phagocytosis and a subsequent inflammatory response by MNC-de-
rived macrophages serving as a proinflammatory paracrine stimulus to adipocytes (54). In fact, approxi-
mately half of the IL-6 emanating from the expanded adipose mass of individuals with obesity is produced
by MNC-derived macrophages (53). Lean women with PCOS also have excess abdominal fat as described
in previous studies (38, 55, 56). Thus, the prooxidant, proinflammatory environment in excess adipose tis-
sue of women with PCOS, especially in the abdominal region, may be an additional driver of circulating
and molecular mediators of atherogenesis. These data are striking because they implicate abdominal adi-
posity as a contributor to early and possibly premature onset of atherogenesis.

In PCOS, proatherogenic inflammation induced by saturated fat ingestion is linked to dyslipidemia. In the
current study, total cholesterol and LDL are directly associated with the iAUC for basal serum HSP-70, ac-
tivated AP-1, and MMP-2 protein content for the combined groups. Triglycerides are directly associated
with basal serum HSP-70 and the iAUC for TLR-2 protein and mRNA content and MMP-2 protein content
in the combined groups and in women with PCOS. HDL is inversely associated with the iAUC for activat-
ed AP-1 for the combined groups and with iAUC for TLR-2 mRNA content in women with PCOS. Both
NF-xB and AP-1 from MNC and MNC-derived macrophages are capable of regulating the production of
cytokines that promote dyslipidemia in response to saturated fat ingestion (16, 28). Moreover, IL-6 and
TNFo promote adipose tissue lipolysis, fatty acid transport to the liver, and de novo hepatic fatty acid syn-
thesis to provide substrates for hepatic triglyceride and triglyceride-rich VLDL production (57). The rise in
VLDL concentration drives the transfer of triglycerides from VLDL to LDL, the latter of which is hy-
drolyzed by hepatic lipase to small dense LDL. The highly atherogenic small dense LDL molecule is easily
oxidized and taken up by foamy macrophages present in atherosclerotic plaques (58). Cytokines can also
reduce the amount of HDL in the bloodstream and alter the structure of HDL to decrease HDL-mediated
cholesterol efflux from foamy macrophages (58, 60). Indeed, cholesterol efflux capacity is reduced in
women with PCOS (61). In the current study, cholesterol and LDL are higher in women with PCOS re-
gardless of weight class, whereas triglycerides are higher and HDL is lower in women with PCOS and obe-
sity. Thus, lipid-induced inflammation may serve as a potent inciter of dyslipidemia in PCOS especially
when obesity is present, such that the dual effects of inflammation and lipoprotein abnormalities may cul-
minate in accelerated atherogenesis.

In PCOS, proatherogenic inflammation induced by saturated fat ingestion is linked to hyperandrogenism.
In the current study, basal LH and androgen levels along with the HCG-stimulated androgen secretion are
directly associated with the cadre of lipid-stimulated inflammation markers for the combined groups and in
women with PCOS. This corroborates similar associations between androgens and glucose- or lipid-stimu-
gests a central impact of androgen secretion on proatherogenic inflammation, local androgen effects have
been reported. Androgen exposure in vitro promotes MNC adhesion to vascular endothelium and LDL oxi-
dation by MNC-derived macrophages (62, 63). Induction of hyperandrogenism in cholesterol-fed female
cynomolgus monkeys leads to the development of atherosclerosis (64). Most importantly, induction of hy-
perandrogenism in normal reproductive-age women activates MNC and increases MNC sensitivity to glu-
cose ingestion (65). Thus, hyperandrogenism in PCOS may potentiate the action of proatherogenic media-
tors of inflammation from lipid-activated MNC, thereby raising the risk of atherogenesis.
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This study extends our previous findings on nutrient-induced inflammation in PCOS showing that besides
glucose ingestion (10, 11), intake of saturated fat also contributes to atherogenesis by triggering a proin-
flammatory mechanism involving HSP-70 signaling through TLR-2 not previously reported in the disorder.
Lean women with PCOS exhibit increases in baseline serum HSP-70 and lipid-stimulated serum HSP-70,
TLR-2 gene expression, activated AP-1, and MMP-2 protein content that is independent of obesity. Women
with PCOS and obesity exhibit similar findings that are more pronounced than in simple obesity, in addi-
tion to a greater degree of insulin resistance and more profound dyslipidemia. Thus, both PCOS and obesi-
ty contribute to a proatherogenic environment. The association of proatherogenic inflammation markers
with abdominal adiposity and basal and HCG-stimulated androgen secretion also suggests that in PCOS,
excess abdominal fat and hyperandrogenism may serve as distinct perpetuators of atherogenesis.
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Figures and Tables

Table 1.

Age, body composition, endocrine, and metabolic parameters of subjects

Translational Physiology: Saturated fat ingestion stimulates proatherogenic inflammation in polycystic ovary syndrome - PMC

Lean Controls Obese Controls Lean PCOS Obese PCOS P Value
n, subjects 10 10 10 10
Age, yr 302 29+2 26+ 1 29+1 041
Height, cm 1645+ 1.5 163.3+2.5 163.5+1.8 162.8 +3.0 0.96
Body weight, kg 62.6 +2.1 93.4 +3.6% 60.0 +2.2° 91.0 +4.1*¢ <0.0001
Body mass index, kg/m? 23.1+0.7 35.0+0.8% 22.4+0.6° 342 +0.9%¢ <0.0001
Total body fat, % 294 +1.5 423 +0.8° 3244220 44.1 £ 1.2%¢ <0.0001
Truncal fat, % 23.8+1.9 41.7+1.3% 29.0 +£2.280 42.6 + 1.12¢ <0.0001
Central fat (R1), g 748 + 81 2,095 + 1292 982 + 108*° 2,102 +108*  <0.0001
Systolic blood pressure, mmHg 109+ 6 124 +3 112+6 120+ 5 0.18
Diastolic blood pressure, mmHg 69 +2 73+2 67+3 76 +2 0.09
HSP-70, pg/mL 201 +37 330 £ 417 349 +49° 380 +52° <0.05
Fasting glucose, mg/dL 89+2 88 +2 86 +2 92+2 0.13
2 h glucose, mg/dL 95+5 93+9 108 + 11 135 + 8%0¢ <0.007
Fasting insulin, pU/mL 53+1.3 16.2 +2.6* 8.6+ 1.7° 18.0 £3.9%¢ <0.004
ISogrr 122422 47 +0.8% 7.7+ 1.3% 3.3+04% <0.0004
Total cholesterol, mg/dL# 138 +5 149 + 10 186 + 14*° 188 + 9% <0.002
Triglycerides, mg/dL 57+6 90 +11 78 +12 147 + 22b¢ <0.0006
HDL cholesterol, mg/dL 53+£3 49+3 52+3 43 + 1%¢ <0.03
LDL cholesterol, mg/dL 74+ 6 82+8 118 +132P 113 + 9P <0.003
LH, mIU/mL# 6.4+0.6 5.0+0.7 13.1 2.0 129+2.0*  <0.0003
Testosterone, ng/dL 29.6 + 6.0 21.4+3.8 55.9 + 6.3 69.7+7.82>  <0.0001
Androstendione, ng/mL 1.9+0.2 20+0.2 3.9+0.3%0 3.8+02*  <0.0001
DHEA-S, ng/dL 212+20 153 +21 260 + 35° 197 +22 <0.04
Testosterone AUC 3,202+487  3,607+202  5739+635° 7,626+ 1,140  <0.0003
Androstendione AUC 302 +25 337 +34 494 + 2% 572 +47%"  <0.0001
17-OH-progesterone AUC 10,508 + 1211 10,605 +932 20,637 +2,8012> 21,669 +3,0272>  <0.0005

Data are expressed as means + SE. P value represents analysis of variance (ANOVA). Conversion factors to SI units: testosterone
%3.467 (nmol/L), androstenedione X3.492 (nmol/L), DHEA-S x0.002714 (umol/L), glucose X0.0551 (mmol/L), insulin X7.175
(pmol/L). AUC, HCG-stimulated area under the curve; DHEA-S, dehydroepiandrosterone-sulphate; HDL, high-density lipoprotein;
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HSP-70, heat shock protein-70; ISogTT, insulin sensitivity derived from an oral glucose tolerance test; LDL, low-density lipoprotein;

LH, luteinizing hormone; PCOS, polycystic ovary syndrome.

#Data log-transformed for statistical analysis. Comparison across groups (one-way ANOVA and post hoc Tukey’s Honestly

Significant Difference test).

Significantly different compared with lean controls (P < 0.05).

bSignificantly different compared with controls with obesity (P < 0.05).

“Significantly different compared with lean women with PCOS (P < 0.05).
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Comparison of the 4 study groups (n = 10 subjects per group) of the change from baseline (%) in serum heat shock protein-70 (HSP-
70; A) and mononuclear cell (MNC)-derived toll-like receptor-2 (TLR-2) mRNA content (B) and protein content (C) from blood sam-
ples collected while fasting and 2, 3, and 5 h after saturated fat ingestion. Representative Western blots (C) show the change in quanti-
ty of TLR-2 and actin in MNC homogenates in samples collected before and after saturated fat ingestion. The samples used to quanti-
fy TLR-2 and actin protein content by densitometry were run on the same gel. Data are presented as means + SE. Differences across
groups (repeated-measures ANOVA). *Response in women with polycystic ovary syndrome (PCOS) and obesity, lean women with
PCOS and control subjects with obesity was significantly different compared with lean control subjects; P < 0.003 (4), P < 0.0004
(B), and P < 0.001 (C). TResponse in women with PCOS and obesity was significantly different compared with control subjects with
obesity; P < 0.04 (A), P < 0.05 (B), and P < 0.02 (C). £Residual response in women with PCOS and obesity was significantly differ-
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Figure 2.
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Comparison of the four study groups (n = 10 subjects per group) of the change from baseline (%) in mononuclear cell (MNC)-derived
activated activator protein-1 (AP-1; A) and matrix metalloproteinase-2 (MMP-2; B) from blood samples collected while fasting and 2,
3, and 5 h after saturated fat ingestion. Representative Western blots (B) show the change in quantity of MMP-2 and actin in MNC ho-
mogenates in samples collected before and after saturated fat ingestion. The samples used to quantify MMP-2 protein content by den-
sitometry were run on the same gel. Data are presented as means + SE. Differences across groups (repeated measures ANOVA). *Re-
sponse in women with polycystic ovary syndrome (PCOS) and obesity, lean women with PCOS and control subjects with obesity was
significantly different compared with lean control subjects; P < 0.0001 (A and B). Response in women with PCOS and obesity was
significantly different compared with control subjects with obesity; P < 0.04 (A) and P < 0.02 (B). £Residual response in women with
PCOS and obesity was significantly different compared with the other 3 groups; P < 0.009 (A) and P < 0.0001 (B).
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Figure 3.
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Comparison of the 4 study groups (n = 10 subjects per group) of the incremental area under the curve (1IAUC) in response to saturated
fat ingestion for serum heat shock protein-70 (HSP-70; A) and mononuclear cell (MNC)-derived toll-like receptor-2 (TLR-2) mRNA
content (B) and protein content (C) as well as MNC-derived activated activator protein-1 (AP-1; D) and matrix metalloproteinase-2
(MMP-2) protein content (E). Data are presented as means + SE. Comparison across groups (one-way ANOVA and post hoc Tukey’s
Honestly Significant Difference test). *The iAUC in lean control subjects was significantly different compared with the other 3
groups; P < 0.002 (A) and P < 0.0001 (B and C). The iAUC in control subjects with obesity was significantly different compared
with women with polycystic ovary syndrome (PCOS) and obesity; P < 0.03 (A), P < 0.007 (B), P < 0.0008 (C), P < 0.008 (D), and P
< 0.004 (E). £The iAUC in lean women with PCOS was significantly different compared with women with PCOS and obesity; P
<0.03 (C) and P < 0.04 (D).
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Table 2.

Translational Physiology: Saturated fat ingestion stimulates proatherogenic inflammation in polycystic ovary syndrome - PMC

Pearson correlations of proatherogenic inflammation markers iAUC during the cream challenge test with measures of adiposity and

insulin sensitivity for the combined groups and in control subjects

Basal Serum  Serum HSP-  TLR-2 mRNA TLR-2 Protein Activated AP-1 MMP-2 Protein
HSP-70 70 iAUC Content iAUC Content iAUC iAUC Content iAUC
Combined groups
BMI,
kg/m?
r 0.156 0.346 0.387 0.389 0.447 0.404
P 0.336 0.031 0.014* 0.011* 0.004* 0.009*
Total body
fat, %
r 0.366 0.430 0.392 0.457 0.549 0.535
P 0.028 0.006* 0.012%* 0.003* 0.0002%* 0.0004*
Truncal fat,
%
r 0.164 0.430 0.389 0.544 0.513 0.505
P 0.312 0.006* 0.013* 0.0003* 0.0007* 0.001*
Central fat
(R1), g
r 0.164 0.430 0.389 0.544 0.513 0.505
P 0.312 0.006* 0.013* 0.0003* 0.0007* 0.001*
ISogrr
r —0.548 -0.413 —-0.433 —-0.534 —0.596 —0.520
P 0.0004* 0.008* 0.006* 0.0004 0.0001* 0.0007*
Controls
BMI,
kg/m?2
r 0.568 0.511 0.604 0.767 0.784 0.729
P 0.017* 0.006* 0.005* 0.0001* 0.0001* 0.0003*
Total body
fat, %
r 0.598 0.589 0.641 0.715 0.801 0.631
n NNt N nngsx noanax A AN A Nt N N

>AP-1, activator protein-1; BMI, body mass index; HDL, high-density lipoprotein; HSP-70, heat shock protein-70; iAUC, incremen-

tal area under the curve; ISogrT, insulin sensitivity index derived from an oral glucose tolerance test; LDL low-density lipoprotein;

MMP-2, matrix metalloprotease-2; mRNA, messenger ribonucleic acid; TLR-2, toll-like receptor-2.
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Correlation analyses (Pearson product moment correlation coefficient calculations).*P < 0.02.

Table 3.

Pearson correlations of proatherogenic inflammation markers iAUC during the cream challenge test with circulating lipids for the

combined groups

Basal Serum  Serum HSP- TLR-2 mRNA TLR-2 Protein Activated AP- MMP-2 Protein

HSP-70 70 iAUC Content iAUC Content iAUC 1iAUC Content iAUC
Total cholesterol,
mg/dL
r 0.499 0.329 0.505 0.425 0.498 0.430
P 0.001* 0.041 0.0009* 0.006* 0.001* 0.006*
Triglycerides,
mg/dL
r 0.589 0.405 0.524 0.551 0.520 0.457
P 0.0001* 0.012* 0.0005* 0.0002* 0.001* 0.003*
HDL cholesterol,
mg/dL
r —0.079 —-0.333 —0.338 —0.149 —0.391 —0.228
P 0.627 0.044 0.036 0.358 0.017* 0.158
LDL cholesterol,
mg/dL
r 0.382 0.347 0.396 0.355 0.448 0.400
P 0.019* 0.035 0.011* 0.029 0.004* 0.012%*

AP-1, activator protein-1; HDL, high-density lipoprotein; HSP-70, heat shock protein-70; iAUC, incremental area under the curve;
LDL, low-density lipoprotein; MMP-2, matric metalloprotease-2; mRNA, messenger ribonucleic acid; TLR-2, toll-like receptor-2.

Correlation analyses (Pearson product moment correlation coefficient calculations). *P < 0.02.
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Table 4.

Pearson correlations of proatherogenic inflammation markers iAUC during the cream challenge test with circulating LH and andro-

Translational Physiology: Saturated fat ingestion stimulates proatherogenic inflammation in polycystic ovary syndrome - PMC

gens for the combined groups

Basal Serum  Serum HSP- TLR-2 mRNA TLR-2 Protein Activated AP- MMP-2 Protein
HSP-70 70 iAUC Content iAUC Content iAUC 1iAUC Content iAUC

LH, IU/mL

r 0.155 0.171 0.357 0.460 0.372 0.382

P 0.338 0.291 0.024 0.003* 0.018* 0.005*
Testosterone, ng/dL

r 0.018 0.476 0.479 0.377 0.353 0.445

P 0.912 0.002* 0.002* 0.016* 0.025 0.005*
Androstenedione,
ng/mL

r 0.471 0.475 0.519 0.632 0.549 0.568

P 0.003* 0.002* 0.0006* 0.0001* 0.0002%* 0.0003*
DHEA-S, ug/dL

r 0.011 0.217 0.163 0.008 0.007 0.076

P 0.945 0.179 0.314 0.961 0.964 0.640
Testosterone AUC

r 0.077 0.496 0.486 0.490 0.421 0.490

P 0.638 0.001* 0.002* 0.002* 0.008* 0.002*
Androstenedione
AUC

r 0.468 0.483 0.529 0.541 0.429 0.562

P 0.003* 0.002* 0.0004* 0.0003* 0.006* 0.0002*
17-OH-progesterone
AUC

r 0.474 0.450 0.509 0.388 0.538 0.446

P 0.003* 0.001* 0.0008* 0.013* 0.0005* 0.003*

AP-1, activator protein-1; AUC, HCG-stimulated area under the curve; DHEA-S, dehydroepiandrosterone-sulphate; HSP-70, heat

shock protein-70; iAUC, incremental area under the curve; LH, luteinized hormone; MMP-2, matric metalloprotease-2; mRNA, mes-

senger ribonucleic acid; TLR-2, toll-like receptor-2.

Correlation analyses (Pearson product moment correlation coefficient calculations). *P < 0.02.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8782660/?report=printable

25/25



