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Abstract

:

Introduction. Serum lipoproteins, with the exception of high-density lipoprotein cholesterol (HDL-C), are increased in polycystic ovary syndrome (PCOS) and their levels may reflect the associated obesity and insulin resistance, but the nature of this association is not fully explained. Therefore, proteomic analysis of key proteins in lipoprotein metabolism was performed. Methods. In this cohort study, plasma was collected from 234 women (137 with PCOS and 97 controls without PCOS). Somalogic proteomic analysis was undertaken for the following 19 proteins involved in lipoprotein, and particularly HDL, metabolism: alpha-1-antichymotrypsin; alpha-1-antitrypsin; apolipoproteins A-1, B, D, E, E2, E3, E4, L1, and M; clusterin; complement C3; hemopexin; heparin cofactor II; kininogen-1; serum amyloid A-1; amyloid beta A-4; and paraoxonase-1. Results. The levels of apolipoprotein E were higher in PCOS (p = 0.012). However, the other isoforms of ApoE, ApoE2, E3, and E4, did not differ when compared with controls. ApoM was lower in PCOS (p = 0.000002). Complement C3 was higher in PCOS (p = 0.037), as was heparin cofactor II (HCFII) (p = 0.0004). The levels of the other proteins associated with lipoprotein metabolism did not differ between PCOS and controls. Conclusions. These data contribute to the concern of the deleterious dyslipidemia found in PCOS, with the novel combination reported here of higher levels of ApoE, C3 and HCFII together with lower ApoM. The dysregulation of these proteins could circumvent the protective effect of HDL-C and contribute to a more atherogenic profile that may increase cardiovascular risk.
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1. Introduction


Polycystic ovary syndrome (PCOS) is the most common endocrine disorder in premenopausal women, with its prevalence reported as 10–15% [1]. It is associated with an increased prevalence of type 2 diabetes, hypertension, insulin resistance, metabolic syndrome, and potentially cardiovascular disease (CVD) [2]. This may be mediated by inflammation, although the underlying pathophysiological mechanism remains unclear [3]. PCOS is also associated with nonalcoholic fatty liver disease (NAFLD) [4] and nonalcoholic steatohepatitis [5] and these diseases are associated with dyslipidemia and CVD. Dyslipidemia, the most important risk factor for CVD, is common in young adult women with PCOS [6,7]. In particular, the role of high-density lipoprotein cholesterol (HDL-C) particles is critical because decreased cholesterol efflux capacity has been shown in young women with PCOS, which increases their risk of atherosclerosis and CVD [8]. Both retrospective and prospective cohort studies report increased atherosclerotic coronary heart disease (ASCHD) in women with PCOS [9].



Apolipoproteins are the main components determining the metabolic fate of serum lipoprotein particles, as well as other proteins involved in lipoprotein metabolism (Figure 1). Dietary fats (exogenous triglycerides) are carried by nascent chylomicrons synthesized by the intestine. Chylomicrons are assembled in the intestinal mucosal cells and carry dietary triacylglycerol (TAGs), cholesterol, fat soluble vitamins (vitamin A, D, E, and K), and cholesteryl esters (CEs). TAGs account for close to 90% of the lipids in a chylomicron. Chylomicrons are hydrolyzed by an extracellular enzyme, lipoprotein lipase (LPL), which is anchored by heparan sulphate to the capillary wall of most tissues. LPL is activated by insulin and apolipoprotein CII (CII) on circulating chylomicrons and hydrolyzes the TAGs to yield free fatty acids (FFAs) and glycerol. In muscle, fatty acids are oxidized for energy; in adipose tissue, they are re-esterized as TAGs for storage. Upon being hydrolyzed by LPL, a chylomicron is converted into a chylomicron remnant (which contains lipoproteins, Apo B-48, and Apo E). Chylomicron remnant (Apo B-48, Apo E) enters the liver through the low-density lipoprotein (LDL) receptor (Apo B-100, E). Apo CII from chylomicrons is taken back by HDL. De-novo synthesis of fatty acids (endogenous triglycerides) in the liver is carried out by nascent very-low-density lipoprotein (VLDL) (containing lipoproteins Apo B-100, Apo CII, and Apo E). Lipoprotein lipase hydrolyzes TAG to FFAs and the remnant of VLDL is called intermediate density lipoprotein IDL (containing Apo B-100, Apo E), which has lost triglyceride, but is rich in cholesterol. IDL or VLDL remnant (B-100, E) has two fates: largely, it loses Apo-E and is converted to LDL (B-100) and, minorly, it is taken up by liver via the LDL receptor. LDL (B-100) has two fates: 80% of LDL enters the liver through the LDL receptor (ApoB-100, E), while 20% enters extrahepatic tissues through the LDL receptor (ApoE). HDL acts as a reservoir for different apoproteins and exchanges them with other lipoproteins. It provides Apo CII and E to nascent chylomicrons and VLDL to form chylomicron (B-48, CII, E) and VLDL (B-100, CII, E). Besides being a reservoir for apoproteins, it serves the function of reverse cholesterol transport. HDL takes cholesterol from extrahepatic tissues through the ATP binding cassette (ABC-1) transporter. Lectin-cholesterol acyltransferase (LCAT) in HDL (stimulated by A-1 and Apo D) converts cholesterol to cholesteryl ester. Cholesteryl ester transport protein (CETP) mediates the exchange of cholesteryl ester for triglyceride from HDL with other lipoproteins. Reuptake of HDL-derived C occurs in the liver through scavenger receptor class B type 1 (SR-B1). The other apoproteins of HDL involve Apo L1 and Apo M. Two other HDL-associated proteins, paraoxonase-1 (PON1) and serum amyloid A1 (SAA1), are synthesized in the liver and later associated with the HDL moiety.



Alzheimer’s disease (AD)-related protein amyloid beta (Aβ) has also been reported to interact with normal human plasma HDL [10]. Amyloid beta A4, also known as amyloid precursor protein (APP), functions as a cell surface receptor and transmembrane precursor protein, which is cleaved by secretases to form amyloid beta (Aβ) fiber. Human APOE lipoprotein isoforms, APOE2, APOE3, and APOE4, are involved in the pathobiology of AD. While APOE2 has a protective effect against amyloid fibril formation, APOE3 has no effect in amyloid fibril generation. APOE4, which promotes Aβ aggregation, constitutes the most significant genetic risk factor for AD. APOJ (also known as clusterin) has also been found to positively interact with Aβ (Figure 2). The regulatory proteins of Aβ, α-1 antichymotrypsin (ACT), a plasma serine protease inhibitor, targets neutrophil cathepsin G as well as mast cell chymase. ACT is an integral component of the amyloid deposits in Alzheimer’s disease (AD) and had been shown to catalyze amyloid beta (Aβ) polymerization. Alpha 1 antitrypsin (A1AT) is a serum proteinase inhibitor, especially for neutrophil elastase. While women with PCOS have shown worse cognitive performance compared with non-PCOS women across domains of memory, executive function, and brain structure [11], the association between HDL- and AD-related proteins in PCOS has not been explored before.



HDL acts as an anticoagulant and its antithrombotic property involves modulation of platelet reactivity and endothelial function [12]. Kininogen-1 (encoded by the KNG1 gene in humans) is a α-2-thiol proteinase inhibitor and a constituent of the blood coagulation system as well as the kinin-kallikrein system. KNG1 gene undergoes alternative splicing to generate high-molecular-weight kininogen (HMWK) and low-molecular-weight kininogen. HMWK in turn is cleaved by the enzyme kallikrein (synthesized by pre-kallikrein with the help of coagulation factor XIIa) to produce bradykinin (Figure 2). Bradykinin is a potent endothelium-derived vasodilator and is involved in many biological processes including blood coagulation, inflammation, and blood pressure control [13]. As the risk of developing hypertension in young women with PCOS is higher than in controls, the role of proteins in the kinin-kallikrein system has not been elucidated in PCOS.



An inverse association has been reported between high-density lipoprotein cholesterol (HDL-C) and the risk of atherosclerotic coronary artery disease (ASCAD) in multiple clinical and epidemiological studies [14,15], indicative of the protective effect of HDL-C. Accordingly, low levels of HDL-C underlie the most frequent form of familial dyslipidemia in younger patients with myocardial infarction [16]. In prospective studies, low levels of HDL-C and high levels of C-reactive protein were independent factors elevating the risk of a second event in patients with known ASCAD [17,18]. Furthermore, in a large interventional trial, elevating the level of HDL-C was shown to decrease the incidence of ASCAD [19]. The protective effects of HDL-C on ASCAD are considered to be a consequence of HDL-C’s role in reverse cholesterol transport, removing cholesterol from the periphery to the liver for processing and excretion in the bile [20]. However, further evidence suggests that HDL-C additionally exerts a protective influence on endothelial function [21].



As PCOS is associated with CVD, determining the levels of serum lipoproteins in PCOS subjects is important. Therefore, the aim of this study was to utilize state-of-the-art proteomics to determine circulating levels of proteins specifically involved in lipoprotein metabolism, particularly of HDL, in subjects with PCOS.




2. Materials and Methods


Plasma levels of proteins involved in lipoprotein, and particularly HDL, metabolism were measured in women with (n = 137) and without PCOS (n = 97) from a PCOS biobank (ISRCTN70196169: 2012–2017, approved by the Newcastle and North Tyneside Ethics Committee [22]); all subjects provided written informed consent.



The women were all Caucasian [22], with PCOS diagnosed according to the Rotterdam consensus, based on two out of three of the criteria; namely, clinical and biochemical evidence of hyperandrogenism (Ferriman–Gallwey score > 8), free androgen index > 4 (total testosterone > 1.5 nmol/L), and oligomenorrhea or amenorrhoea and polycystic ovaries diagnosed by transvaginal ultrasound. Confounding diagnoses such as nonclassical 21-hydroxylase deficiency were appropriately screened in detail previously [22]. The demographic data for the PCOS and control cohorts are shown in Table 1 [22]. Controls had regular menses, normal physical examination, and polycystic ovaries excluded by ultrasound, and were not on any medications.



Blood was withdrawn fasting and prepared by centrifugation at 3500× g for 15 min, aliquoted, and stored at −80 °C. Analysis for sex hormone binding globulin (SHBG), insulin (DPC Immulite 200 analyser, Euro/DPC, Llanberis, UK), and plasma glucose (Synchron LX20 analyser, Beckman-Coulter, High Wycombe, UK) was undertaken. Free androgen index (FAI) was derived from total testosterone divided by SHBG ×100. Insulin resistance (IR) was calculated using the homeostasis model assessment (HOMA-IR). Serum testosterone was quantified using isotope-dilution liquid chromatography tandem mass spectrometry (LC-MS/MS) [23].



Plasma lipid-related proteins were measured by the slow off-rate modified aptamer (SOMA)-scan platform [24]. Calibration was based on standards as previously described [25].



SOMAscan technology offers significant advantages in sample size, cost, time, multiplexing capability, dynamic range, and flexibility of readout over many alternate protein biomarker platforms. The protein quantification was performed using a slow off-rate modified aptamer (SOMAmer)-based protein array, as previously described [26,27]. Briefly, EDTA plasma samples were diluted and the following assay steps were performed: (1) Binding—analytes and primer bead (PB)/SOMAmers (fully synthetic fluorophore-labeled SOMAmer coupled to a biotin moiety through a photocleavable linker) were equilibrated. (2) Catch I—all analyte/SOMAmers complexes were immobilized on a streptavidin-substituted support. Washing steps removed proteins not stably bound to PB/SOMAmers and the bound protein was biotinylated. (3) Cleave—long-wave ultraviolet light was applied to release analyte/SOMAmer complexes into the solution. (4) Catch II—analyte/SOMAmer complexes were selectively immobilized on streptavidin support via the introduced analyte-borne biotinylation. Further washing was continued to select against unspecific analyte/SOMAmer complexes. (5) Elution–denaturation caused disruption of analyte/SOMAmer complexes. Released SOMAmers serve as surrogates for the quantification of analyte concentrations. (6) Quantification–hybridization to custom arrays of SOMAmer-complementary oligonucleotides.



Normalization of raw intensities, hybridization, median signal, and calibration signal were performed based on the standard samples included on each plate, as previously described [24,25].



Version 3.1 of the SOMAscan assay, targeting those proteins specifically involved in lipoprotein and particularly HDL metabolism in the SOMAscan panel, was used. These 19 proteins were alpha-1-antichymotrypsin; alpha-1-antitrypsin; apolipoproteins A-1, B, D, E, E2, E3, E4, L1, and M; clusterin; complement C3; hemopexin; heparin cofactor II; kininogen-1; serum amyloid A-1; amyloid beta A-4; and paraoxonase-1 (PON1).




3. Statistics


Power was based on C3 protein changes reported to be different in PCOS [28] (nQuery version 9, Statsols, Boston, MA, USA). For an alpha of 0.05, with a common standard deviation (SD) of 0.37 based on 80% power, a total of 23 subjects per arm were required. Visual inspection of the data was undertaken followed by Student’s t-tests for normally distributed data and Mann–Whitney tests for non-normally distributed data, as determined by the Kolmogorov–Smirnov test. All analyses were performed using Graphpad Prism version 9.4.1 (San Diego, CA, USA).




4. Results


Baseline data for the 146 PCOS subjects and 97 controls are shown in Table 1. The two cohorts were age-matched, but subjects with PCOS had a greater BMI, had increased insulin resistance, hyperandrogenemia, and increased C-reactive protein (CRP, an inflammatory marker). Regarding the circulating lipoprotein profile, triglycerides (TGs) were higher (p = 0.001) and high-density lipoprotein cholesterol (HDL-C) was lower (p < 0.0001) in PCOS, while total cholesterol and low-density lipoprotein cholesterol (LDL-C) were comparable (p = 0.22 and 0.16, respectively). The TG/HDL-C ratio was higher in PCOS versus controls (p = 0.001).



The results of the Somascan analysis of lipid-metabolism-related proteins are shown as violin plots in Figure 3 and numerically in Supplementary Table S1 for PCOS subjects and control subjects.



4.1. Levels of Proteins Involved in Lipid Metabolism in PCOS


The levels of apolipoprotein E (ApoE) were higher in PCOS (39,054 ± 17,973 vs. 33,577 ± 13,945 RFU, p = 0.012, PCOS vs. control). However, the isoforms of ApoE-ApoE2, E3, and E4- were not different in PCOS compared with women without PCOS (26,1934 ± 50,357 vs. 259,099 ± 51,595 RFU of ApoE2, p = 0.67, PCOS vs. control; 217,377 ± 67,477 vs. 201,576 ± 61,141 RFU of ApoE3, p = 0.06, PCOS vs. control; 219,789 ± 58305 vs. 210,604 ± 55,689 RFU of ApoE4, p = 0.22, PCOS vs. control).



ApoM was lower in PCOS (7878 ± 3039 vs. 9868 ± 3277 RFU, p = 0.000002, PCOS vs. control).



Complement C3 (C3) was higher in PCOS (71,028 ± 25,536 vs. 63,896 ± 26,822 RFU of C3, p = 0.037, PCOS vs. control), as was heparin cofactor II (HCFII) (4156 ± 773 vs. 3821 ± 618 RFU of HCFII, p = 0.0004, PCOS vs. control) (Figure 3 and Supplementary Table S1).



The levels of other proteins associated with lipid metabolism, namely, alpha-1-antichymotrypsin; alpha-1-antitrypsin; apolipoproteins A-1, B, D, E2, E3, E4, and L1; clusterin; hemopexin; kininogen-1; serum amyloid A-1; amyloid beta A-4; and paraoxonase-1, were comparable between PCOS subjects and controls (Figure 3 and Supplementary Table S1).




4.2. Correlation Analyses


For the four proteins that differed between PCOS subjects and control women (ApoE, ApoM, C3, and HCFII), correlations with age; BMI; insulin resistance (HOMA-IR); testosterone; and circulating levels of TG, cholesterol, HDL-C, LDL-C, and CRP were performed.



ApoE correlated positively with BMI in controls (r = 0.27, p = 0.01); correlated positively with total cholesterol in controls (r = 0.38, p = 0.0002) and PCOS (r = 0.59, p < 0.0001); correlated positively with TG in controls (r = 0.61, p < 0.0001) and PCOS (r = 0.62, p < 0.0001); correlated negatively with HDL-C in controls (r = −0.28, p = 0.014); and correlated positively with LDL-C in controls (r = 0.34, p = 0.003) and PCOS (r = 0.53 p < 0.0001) (Figure 4).



ApoM correlated negatively with BMI in controls (r = −0.36, p = 0.0004) and PCOS (r = −0.57, p < 0.0001); correlated negatively with TG in controls (r = −0.50, p < 0.0001) and PCOS (r = −0.46, p < 0.0001); correlated positively with HDL-C in controls (r = 0.54, p < 0.0001) and PCOS (r = 0.67, p < 0.0001); correlated negatively with CRP in controls (r =−0.32, p = 0.003) and PCOS (r = −0.41, p < 0.0001); and correlated negatively with HOMA-IR in controls (r = −0.50, p = 0.007) and PCOS (r = −0.45, p = 0.008) (Figure 5).



Complement C3 correlated positively with BMI in controls (r = 0.33, p = 0.001); correlated positively with TG in controls (r = 0.44, p < 0.0001); and correlated positively with HOMA-IR in controls (r = 0.38, p = 0.049) (Figure 6).



HCFII correlated negatively with age in PCOS (r =−0.21, p = 0.02); correlated positively with BMI in controls (r = 0.30, p = 0.004); correlated positively with cholesterol in PCOS (r = 0.22, p = 0.01); correlated positively with TG in controls (r = 0.52, p < 0.0001) and PCOS (r = 0.36, p < 0.0001); correlated positively with CRP in controls (r = 0.31, p = 0.004) and PCOS (r = 0.29, p = 0.001); and correlated positively with HOMA-IR in controls (r = 0.40, p = 0.03) (Figure 7).





5. Discussion


The results presented here show that the levels of ApoE (but not the isoforms ApoE2, ApoE3, and Apo E4), complement C3, and heparin cofactor II were higher, while the levels of ApoM were lower in women with PCOS versus control women.



Several studies have been performed on women with PCOS analyzing their serum lipoproteins. One most recently published retrospective study on 700 Chinese women indicated that most of these subjects had low HDL-C; that subjects with clinical hyperandrogenism also had lower ApoA levels; and that the levels of TG, LDL-C, and ApoB were increased in women with PCOS with insulin resistance. This study also showed that TG and ApoB levels showed a trend towards an increase with BMI and that ApoAI, TG/HDL-C, and ApoB/ApoA ratios were linked to certain features of PCOS, specifically insulin resistance and obesity [29]. However, these authors did not compare women with PCOS to healthy women, neither did they perform a proteomic study. In one of the earliest studies on PCOS and dyslipidemia performed on south-west Chinese women with PCOS, now published a decade ago, HDL-C was decreased and TG was increased in women with PCOS versus women without PCOS. PCOS subjects who exhibited dyslipidemia had not only higher TG/HDL-C ratios, but also lower HDL-C and ApoAI levels versus controls or PCOS subjects without dyslipidemia. They also had higher BMI and fasting and 2 h insulin and glucose concentrations, as well as increased homeostatic model assessment IR (HOMA-IR); atherogenic indexes; TG, LDL-C, and ApoB concentrations; and ApoB/ApoA-I ratios versus controls [30].



The association between Apo E, and particularly ApoE2 (one of the three isoforms of the APOE gene), and atherogenesis is still controversial, although evidence suggests that apolipoprotein gene rs7412 (E2) and rs429358 (E4) single nucleotide polymorphisms (SNPs) may be associated with CVD risk. The results of a cohort study of south-west Chinese women showed no associations of any ApoE genotype with PCOS, and accord with the results of the present study [31]. In a study on subjects with PCOS in Western Anatolia, Turkey, the ApoE3 allele was reported at a higher frequency in PCOS subjects versus controls, although no significant difference was found in lipid or other CVD risk factors with regard to allele and genotype data [32]. Another study reported similar findings in PCOS with no significant difference in E3, E4, and E2 alleles of ApoE genes [33]. Of note, higher apoE in whole plasma and a higher apoE content in HDL particles were associated with lower dementia risk [34] and, conversely, reduced plasma ApoE plus the APOE ε4 allele were associated with elevated risk for Alzheimer’s disease [35]. Polymorphism of the ApoE gene is a major risk for Alzheimer’s disease, with the strongest risk being for the ε4 allele associated with lower levels of ApoE, while the ε2 allele is protective with higher levels of ApoE [36]. The various ApoE isoforms differ in their ability to bind lipids and amyloid-β, a critical protein in Alzheimer’s disease [36]. This finding of increased levels of ApoE may be pertinent in protecting against the potential increased risk of Alzheimer’s disease in PCOS, where it has been shown that these subjects may share some common risk factors [37].



Here, no association of PCOS and ApoB was found, though ApoB showed a trend to increase; this result differs from a study of young girls with PCOS, where elevated plasma apoB48-lipoprotein remnants were found to be highly associated with cardiometabolic risk and had ~2-fold elevated prevalence compared with girls without PCOS. Therefore, this may predispose them to prematurely developing atherosclerosis and CVD [38].



A recent study including proteomics of potential insulin resistance biomarkers in PCOS women showed that only ApoC3 was flagged as potentially being a diagnostic marker for PCOS-insulin-resistant subjects [39]; however, in this study, ApoC3 was not available in the Somascan panel. A single nucleotide polymorphism with a reduction in ApoM transcriptional activity and a decrease in serum ApoM levels has been reported as a potential biomarker for coronary artery disease [40]. Decreased ApoM has not been reported in PCOS previously and, in this context, may contribute to the increased atherogenic dyslipidemia seen in PCOS.



ApoM is an apolipoprotein primarily located in HDL particles and required in their formation and HDL-mediated reverse cholesterol transport. ApoM is linked to the anti-atherosclerotic, anti-inflammatory, and anti-oxidant effects of HDL particles, and is associated with several diseases, including ASCVD [41]. It is interesting that plasma ApoM levels are low in subjects with type 2 diabetes mellitus (T2DM), a phenomenon that, according to some authors, is likely caused by diabetes and is not a consequence of the dyslipidemia that often accompanies T2DM [42]. However, others consider that no causal association exists between plasma ApoM and an elevated risk of T2DM [43]. ApoM, the major plasma carrier of the bioactive lipid mediator sphingosine-1-phosphate (S1P), seems to underlie several HDL-associated protective functions in the endothelium, including the regulation of adhesion molecule quantity, leukocyte–endothelial adhesion, and the endothelial barrier limiting endothelial inflammation by delivering S1 to the S1P receptor 1 [44]. Lower levels of ApoM, as found in this study, probably lead to lower ApoM/S1 levels. It has been suggested that the ApoM/S1 complex has a protective role against the development of insulin resistance, a common feature of PCOS [45]; therefore, lower ApoM levels may contribute to the insulin resistance commonly seen in PCOS and that is an independent cardiovascular risk marker [46]. Others have reported that single nucleotide polymorphisms with a reduction in ApoM transcriptional activity and a decrease in serum ApoM levels may be biomarkers for coronary artery disease [40]. Cardiac insulin resistance generates damage by at least three different mechanisms, including signal transduction alteration, impaired regulation of substrate metabolism, and altered delivery of substrates to the myocardium [40].



Higher levels of complement C3 were found here in PCOS and have been reported previously [47], which may reflect an association with the higher risk of obesity and atherosclerosis. In a PCOS population, complement C3 was associated with coronary artery calcification [48]. HDL subspecies that contain C3 are associated with higher CHD risk versus HDL without complement C3 [49]. One possible explanation might be that complement C3 is associated with ApoC2 and indirectly with ApoE [50]. The complement C3 fragment, C3a-desArg, acts as a hormone with insulin-like effects and aids triglyceride metabolism, but also promotes the production of inflammatory initiators such as the anaphylatoxin C3a, potentiating atherogenesis [51]. It has been shown that complement C3 is linked to an adverse lipoprotein profile, featuring increased triglyceride-enriched lipoproteins though fewer large HDL particles [52]. In addition to elevated triglycerides, lower levels of large HDL particles seem to be linked with increased CHD risk [53,54]. Increased levels of complement C3 have a greater association with insulin resistance than markers of inflammation such as C-reactive protein [55], and a recent study has shown a strong association of serum complement C3 with serum insulin and insulin resistance in subjects with PCOS, suggesting that this inflammatory marker might predict future diabetes and CVD complication risk in subjects with PCOS [56]; therefore, it is not surprising that, in this study, complement C3 was also elevated in PCOS versus controls. This also suggests that increased insulin resistance is mediated by complement C3 rather than complement C3, being an epiphenomenon of inflammation. In accord with the increased insulin resistance associated with reduced ApoM noted above, the increased complement C3 may augment the insulin resistance seen and its associated cardiovascular risk.



Studies suggest that high plasma HCII levels are protective against in-stent restenosis and atherosclerosis [57], with HCII deficiency promoting atherogenesis in mice [58], indicative of the important role that HCII may play in vascular homeostasis. Higher heparin cofactor II (HCFII) levels were found in PCOS; however, there is scant literature on the role of HCFII in the metabolism of serum lipoproteins and development of atherogenesis. In a single study, heparin cofactor II activity and HDL-C were negatively correlated with maximum atherosclerotic plaque thickness; plasma heparin cofactor II activity and HDL-C concentration independently contributed to plaque thickness, with the antiatherogenic effects of heparin cofactor II activity being greater than the effect of HDL-C [59]. It has been reported that the HCII level was negatively correlated with a higher vulnerability of carotid plaques and that plasma HCII may be a potential biomarker for the evaluation of the vulnerability of carotid plaques [60]. Thus, in this study, the high levels of HCII may mitigate and protect against the potential detrimental effects of the raised complement C3 and the low ApoM.



In this study, we did not find a decrease in PON1 activity (an antioxidant that serves to prevent lipoprotein oxidation and to hydrolyze atherogenic products generated from oxidative lipid modification). Such a decrease was, however, found in a meta-analysis of PCOS women [61]. Limited studies have suggested that antioxidant therapy in PCOS, such as with alpha lipoic acid, improves oxidative stress and insulin resistance, promotes follicular maturation, and improves glucose and lipid metabolism and vascular endothelial function, though robust and sufficiently powered studies are necessary to confirm these findings [62].



Serum complement C3 was reported to have a stronger link with insulin resistance than with high-sensitivity C-reactive protein (hsCRP) in PCOS women [55]. Therefore, it is not surprising that, in this study, complement C3 was also elevated in PCOS versus controls. A recent study has shown a strong association of serum complement C3 with serum insulin and insulin resistance in subjects with PCOS, suggesting that this inflammatory marker might predict future diabetes and CVD complication risk in subjects with PCOS [56].



The level of heparin cofactor-II in subjects with PCOS was shown to be increased [63]; however, in a multivariate analysis where BMI, inflammation, and insulin resistance were accounted for, no correlation of PCOS with either heparin cofactor II or any coagulation proteins was seen, suggesting that hypercoagulability is not an intrinsic facet of PCOS. Thus, PCOS should not be considered as a risk factor on the Veno Thrombo embolism risk assessment unless associated with other risk factors such as obesity, hormonal stimulation, or smoking.



The limitations of this study include that all participants were Caucasian and, therefore, the findings may differ, to a greater or lesser extent, in other ethnic groups. Moreover, protein measurements are reported as relative fluorescent units (RFUs) by the SOMAscan software version 4.1 and cannot be converted to protein concentrations.



In conclusion, these data contribute to the concern of the deleterious dyslipidemia found in women with PCOS, with the novel combination of higher levels of ApoE, C3, and HCFII together with lower ApoM being reported here; these dysregulated proteins may circumvent the protective effect of HDL and contribute to a more atherogenic profile that may increase cardiovascular risk and, at least in part, explain the atherogenic, inflammatory, insulin-resistant, and prothrombotic characteristics of PCOS. To mitigate these adverse risk factors, lifestyle modification including dietary modification and exercise should be emphasized for the management of women with PCOS with further interventional studies needed to determine if these findings are reversible.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/cells12060855/s1. Supplementary Table S1. Protein levels measured by SOMAscan. Levels of proteins involved in lipid metabolism in subjects with polycystic ovary syndrome (PCOS) fulfilling all three diagnostic criteria versus controls. Data presented as Mean ± 1 Standard Deviation of Relative Fluorescent Units (RFU).





Author Contributions


Conceptualization, A.E.B., A.S. and S.L.A.; Methodology, S.L.A.; Formal analysis, A.E.B. and A.S.M.M.; Writing—original draft preparation, A.E.B., A.S.M.M. and S.L.A.; Writing—review and editing, A.E.B., A.S.M.M., S.L.A., T.S., Ž.R., T.J. and A.S.; Visualization, A.E.B. and A.S.M.M.; Supervision, T.S. and S.L.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Yorkshire and The Humber NRES ethical committee, UK (reference number 10/H0906/17 and date of approval 6 June 2014).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


All the data for this study will be made available upon reasonable request to the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Azziz, R. Polycystic ovary syndrome. Obstet. Gynecol. 2018, 132, 321–336. [Google Scholar] [CrossRef] [PubMed]

	



Sathyapalan, T.; Atkin, S.L. Recent advances in cardiovascular aspects of polycystic ovary syndrome. Eur. J. Endocrinol. Eur. Fed. Endocr. Soc. 2012, 166, 575–583. [Google Scholar] [CrossRef] [PubMed]

	



Carter, A.M. Complement activation: An emerging player in the pathogenesis of cardiovascular disease. Scientifica 2012, 2012, 402783. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, L.; Kardashian, A.; Sarkar, M. NAFLD in Women: Unique Pathways, Biomarkers, and Therapeutic Opportunities. Curr. Hepatol. Rep. 2019, 18, 425–432. [Google Scholar] [CrossRef]

	



Maldonado, S.S.; Grab, J.; Wang, C.W.; Huddleston, H.; Cedars, M.; Sarkar, M. Polycystic ovary syndrome is associated with nonalcoholic steatohepatitis in women of reproductive age. Hepatol. Commun. 2022, 6, 2634–2639. [Google Scholar] [CrossRef] [PubMed]

	



Luo, X.; Cai, W.Y.; Wu, X.K.; Kim, J.J.; Choi, Y.M. Prevalence, Pattern and Predictors for Dyslipidemia of Chinese Women With Polycystic Ovary Syndrome. Front. Cardiovasc. Med. 2021, 8, 790454. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.J.; Choi, Y.M. Dyslipidemia in women with polycystic ovary syndrome. Obstet. Gynecol. Sci. 2013, 56, 137–142. [Google Scholar] [CrossRef] [PubMed]

	



Roe, A.; Hillman, J.; Butts, S.; Smith, M.; Rader, D.; Playford, M.; Mehta, N.N.; Dokras, A. Decreased cholesterol efflux capacity and atherogenic lipid profile in young women with PCOS. J. Clin. Endocrinol. Metab. 2014, 99, E841–E847. [Google Scholar] [CrossRef]

	



Gunning, M.; Fauser, B. Are women with polycystic ovary syndrome at increased cardiovascular disease risk later in life? Climacteric 2017, 20, 222–227. [Google Scholar] [CrossRef]

	



Koudinov, A.R.; Berezov, T.T.; Kumar, A.; Koudinova, N.V. Alzheimer’s amyloid beta interaction with normal human plasma high density lipoprotein: Association with apolipoprotein and lipids. Clin. Chim. Acta 1998, 270, 75–84. [Google Scholar] [CrossRef]

	



Perović, M.; Wugalter, K.; Einstein, G. Review of the effects of polycystic ovary syndrome on Cognition: Looking beyond the androgen hypothesis. Front. Neuroendocrinol. 2022, 67, 101038. [Google Scholar] [CrossRef] [PubMed]

	



Van der Stoep, M.; Korporaal, S.J.; Van Eck, M. High-density lipoprotein as a modulator of platelet and coagulation responses. Cardiovasc. Res. 2014, 103, 362–371. [Google Scholar] [CrossRef]

	



Bryant, J.W.; Shariat-Madar, Z. Human plasma kallikrein-kinin system: Physiological and biochemical parameters. Cardiovasc. Hematol. Agents Med. Chem. 2009, 7, 234–250. [Google Scholar] [CrossRef]

	



Assmann, G.; Schulte, H.; von Eckardstein, A.; Huang, Y. High-density lipoprotein cholesterol as a predictor of coronary heart disease risk. The PROCAM experience and pathophysiological implications for reverse cholesterol transport. Atherosclerosis 1996, 124, S11–S20. [Google Scholar] [CrossRef]

	



Gordon, D.J.; Rifkind, B.M. High-density lipoprotein--the clinical implications of recent studies. N. Engl. J. Med. 1989, 321, 1311–1316. [Google Scholar] [CrossRef]

	



Genest, J.J., Jr.; Martin-Munley, S.S.; McNamara, J.R.; Ordovas, J.M.; Jenner, J.; Myers, R.H.; Silberman, S.R.; Wilson, P.W.; Salem, D.N.; Schaefer, E.J. Familial lipoprotein disorders in patients with premature coronary artery disease. Circulation 1992, 85, 2025–2033. [Google Scholar] [CrossRef]

	



Bolibar, I.; von Eckardstein, A.; Assmann, G.; Thompson, S.; ECAT Angina Pectoris Study Group. Short-term prognostic value of lipid measurements in patients with angina pectoris. Thromb. Haemost. 2000, 84, 955–960. [Google Scholar] [CrossRef]

	



Ridker, P.M. High-sensitivity C-reactive protein: Potential adjunct for global risk assessment in the primary prevention of cardiovascular disease. Circulation 2001, 103, 1813–1818. [Google Scholar] [CrossRef]

	



Robins, S.J. Targeting low high-density lipoprotein cholesterol for therapy: Lessons from the Veterans Affairs High-density Lipoprotein Intervention Trial. Am. J. Cardiol. 2001, 88, 19–23. [Google Scholar] [CrossRef] [PubMed]

	



Silver, D.L.; Jiang, X.C.; Arai, T.; Bruce, C.; Tall, A.R. Receptors and lipid transfer proteins in HDL metabolism. Ann. N. Y. Acad. Sci. 2000, 902, 103–112. [Google Scholar] [CrossRef]

	



Calabresi, L.; Gomaraschi, M.; Franceschini, G. Endothelial protection by high-density lipoproteins: From bench to bedside. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 1724–1731. [Google Scholar] [CrossRef] [PubMed]

	



Sathyapalan, T.; Al-Qaissi, A.; Kilpatrick, E.S.; Dargham, S.R.; Atkin, S.L. Anti-Mullerian hormone measurement for the diagnosis of polycystic ovary syndrome. Clin. Endocrinol. 2018, 88, 258–262. [Google Scholar] [CrossRef] [PubMed]

	



Cunningham, T.K.; Allgar, V.; Dargham, S.R.; Kilpatrick, E.; Sathyapalan, T.; Maguiness, S.; Mokhtar Rudin, H.R.; Abdul Ghani, N.M.; Latiff, A.; Atkin, S.L. Association of Vitamin D Metabolites With Embryo Development and Fertilization in Women With and Without PCOS Undergoing Subfertility Treatment. Front. Endocrinol. (Lausanne) 2019, 10, 13. [Google Scholar] [CrossRef]

	



Kahal, H.; Halama, A.; Aburima, A.; Bhagwat, A.M.; Butler, A.E.; Graumann, J.; Suhre, K.; Sathyapalan, T.; Atkin, S.L. Effect of induced hypoglycemia on inflammation and oxidative stress in type 2 diabetes and control subjects. Sci. Rep. 2020, 10, 4750. [Google Scholar] [CrossRef] [PubMed]

	



Kraemer, S.; Vaught, J.D.; Bock, C.; Gold, L.; Katilius, E.; Keeney, T.R.; Kim, N.; Saccomano, N.A.; Wilcox, S.K.; Zichi, D.; et al. From SOMAmer-based biomarker discovery to diagnostic and clinical applications: A SOMAmer-based, streamlined multiplex proteomic assay. PLoS ONE 2011, 6, e26332. [Google Scholar] [CrossRef] [PubMed]

	



Gold, L.; Ayers, D.; Bertino, J.; Bock, C.; Bock, A.; Brody, E.N.; Carter, J.; Dalby, A.B.; Eaton, B.E.; Fitzwater, T.; et al. Aptamer-based multiplexed proteomic technology for biomarker discovery. PLoS ONE 2010, 5, e15004. [Google Scholar] [CrossRef] [PubMed]

	



Suhre, K.; Arnold, M.; Bhagwat, A.M.; Cotton, R.J.; Engelke, R.; Raffler, J.; Sarwath, H.; Thareja, G.; Wahl, A.; DeLisle, R.K.; et al. Connecting genetic risk to disease end points through the human blood plasma proteome. Nat. Commun. 2017, 8, 14357. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, R.D.; Narayanaswamy, A.K.; Farewell, D.; Rees, D.A. Complement activation in polycystic ovary syndrome occurs in the postprandial and fasted state and is influenced by obesity and insulin sensitivity. Clin. Endocrinol. 2021, 94, 74–84. [Google Scholar] [CrossRef] [PubMed]

	



Guo, F.; Gong, Z.; Fernando, T.; Zhang, L.; Zhu, X.; Shi, Y. The Lipid Profiles in Different Characteristics of Women with PCOS and the Interaction Between Dyslipidemia and Metabolic Disorder States: A Retrospective Study in Chinese Population. Front. Endocrinol. 2022, 13, 892125. [Google Scholar] [CrossRef]

	



Zhang, J.; Fan, P.; Liu, H.; Bai, H.; Wang, Y.; Zhang, F. Apolipoprotein AI and B levels, dyslipidemia and metabolic syndrome in south-west Chinese women with PCOS. Hum. Reprod. 2012, 27, 2484–2493. [Google Scholar] [CrossRef]

	



Liu, H.-W.; Zhang, F.; Fan, P.; Bai, H.; Zhang, J.-X.; Wang, Y. Effects of apolipoprotein E genotypes on metabolic profile and oxidative stress in south-west Chinese women with polycystic ovary syndrome. Eur. J. Obstet. Gynecol. Reprod. Biol. 2013, 170, 146–151. [Google Scholar] [CrossRef] [PubMed]

	



Cetinkalp, S.; Karadeniz, M.; Erdogan, M.; Zengi, A.; Cetintas, V.; Tetik, A.; Eroglu, Z.; Kosova, B.; Ozgen, A.G.; Saygili, F. Apolipoprotein E gene polymorphism and polycystic ovary syndrome patients in Western Anatolia, Turkey. J. Assist. Reprod. Genet. 2009, 26, 1–6. [Google Scholar] [CrossRef]

	



Heinonen, S.; Korhonen, S.; Hippeläinen, M.; Hiltunen, M.; Mannermaa, A.; Saarikoski, S. Apolipoprotein E alleles in women with polycystic ovary syndrome. Fertil. Steril. 2001, 75, 878–880. [Google Scholar] [CrossRef]

	



Koch, M.; DeKosky, S.T.; Fitzpatrick, A.L.; Furtado, J.D.; Lopez, O.L.; Kuller, L.H.; Mackey, R.H.; Hughes, T.M.; Mukamal, K.J.; Jensen, M.K. Apolipoproteins and Alzheimer’s pathophysiology. Alzheimer’s Dement. Diagn. Assess. Dis. Monit. 2018, 10, 545–553. [Google Scholar] [CrossRef]

	



Giannisis, A.; Al-Grety, A.; Carlsson, H.; Patra, K.; Twohig, D.; Sando, S.B.; Lauridsen, C.; Berge, G.; Grøntvedt, G.R.; Bråthen, G. Plasma apolipoprotein E levels in longitudinally followed patients with mild cognitive impairment and Alzheimer’s disease. Alzheimer’s Res. Ther. 2022, 14, 115. [Google Scholar] [CrossRef]

	



Husain, M.A.; Laurent, B.; Plourde, M. APOE and Alzheimer’s Disease: From Lipid Transport to Physiopathology and Therapeutics. Front. Neurosci. 2021, 15, 630502. [Google Scholar] [CrossRef]

	



Sarahian, N.; Sarvazad, H.; Sajadi, E.; Rahnejat, N.; Eskandari Roozbahani, N. Investigation of common risk factors between polycystic ovary syndrome and Alzheimer’s disease: A narrative review. Reprod. Health 2021, 18, 156. [Google Scholar] [CrossRef]

	



Vine, D.F.; Beilin, L.J.; Burrows, S.; Huang, R.-C.; Hickey, M.; Hart, R.; Proctor, S.D.; Mori, T.A. ApoB48-lipoproteins are associated with cardiometabolic risk in adolescents with and without polycystic ovary syndrome. J. Endocr. Soc. 2020, 4, bvaa061. [Google Scholar] [CrossRef]

	



Li, L.; Zhang, J.; Zeng, J.; Liao, B.; Peng, X.; Li, T.; Li, J.; Tan, Q.; Li, X.; Yang, Y. Proteomics analysis of potential serum biomarkers for insulin resistance in patients with polycystic ovary syndrome. Int. J. Mol. Med. 2020, 45, 1409–1416. [Google Scholar] [CrossRef]

	



Zhang, Y.; Huang, L.Z.; Yang, Q.L.; Liu, Y.; Zhou, X. Correlation analysis between ApoM gene-promoter polymorphisms and coronary heart disease. Cardiovasc. J. Afr. 2016, 27, 228–237. [Google Scholar] [CrossRef]

	



Christoffersen, C.; Obinata, H.; Kumaraswamy, S.B.; Galvani, S.; Ahnström, J.; Sevvana, M.; Egerer-Sieber, C.; Muller, Y.A.; Hla, T.; Nielsen, L.B. Endothelium-protective sphingosine-1-phosphate provided by HDL-associated apolipoprotein M. Proc. Natl. Acad. Sci. USA 2011, 108, 9613–9618. [Google Scholar] [CrossRef]

	



Zhang, P.; Gao, J.; Pu, C.; Feng, G.; Wang, L.; Huang, L.; Tao, Q.; Zhang, Y. Effects of hyperlipidaemia on plasma apolipoprotein M levels in patients with type 2 diabetes mellitus: An independent case–control study. Lip. Health Dis. 2016, 15, 1–8. [Google Scholar] [CrossRef]

	



Hajny, S.; Christoffersen, M.; Dalila, N.; Nielsen, L.B.; Tybjærg-Hansen, A.; Christoffersen, C. Apolipoprotein M and risk of type 2 diabetes. J. Clin. Endocrinol. Metab. 2020, 105, 3046–3057. [Google Scholar] [CrossRef]

	



Ruiz, M.; Frej, C.; Holmér, A.; Guo, L.J.; Tran, S.; Dahlbäck, B. High-density lipoprotein–associated apolipoprotein M limits endothelial inflammation by delivering sphingosine-1-phosphate to the sphingosine-1-phosphate receptor 1. Arterioscler. Thromb. Vasc. Biol. 2017, 37, 118–129. [Google Scholar] [CrossRef]

	



Kurano, M.; Tsukamoto, K.; Shimizu, T.; Kassai, H.; Nakao, K.; Aiba, A.; Hara, M.; Yatomi, Y. Protection against insulin resistance by apolipoprotein M/sphingosine-1-phosphate. Diabetes 2020, 69, 867–881. [Google Scholar] [CrossRef]

	



Ormazabal, V.; Nair, S.; Elfeky, O.; Aguayo, C.; Salomon, C.; Zuñiga, F.A. Association between insulin resistance and the development of cardiovascular disease. Cardiovasc. Diabetol. 2018, 17, 122. [Google Scholar] [CrossRef]

	



Moin, A.S.M.; Sathyapalan, T.; Butler, A.E.; Atkin, S.L. Classical and alternate complement factor overexpression in non-obese weight matched women with polycystic ovary syndrome does not correlate with vitamin D. Front. Endocrinol. 2022, 13, 935750. [Google Scholar] [CrossRef]

	



Snyder, M.L.; Shields, K.J.; Korytkowski, M.T.; Sutton-Tyrrell, K.; Talbott, E.O. Complement protein C3 and coronary artery calcium in middle-aged women with polycystic ovary syndrome and controls. Gynecol. Endocrinol. 2014, 30, 511–515. [Google Scholar] [CrossRef]

	



Sacks, F.M.; Liang, L.; Furtado, J.D.; Cai, T.; Davidson, W.S.; He, Z.; McClelland, R.L.; Rimm, E.B.; Jensen, M.K. Protein-Defined Subspecies of HDLs (High-Density Lipoproteins) and Differential Risk of Coronary Heart Disease in 4 Prospective Studies. Arterioscler. Thromb. Vasc. Biol. 2020, 40, 2714–2727. [Google Scholar] [CrossRef]

	



Furtado, J.D.; Yamamoto, R.; Melchior, J.T.; Andraski, A.B.; Gamez-Guerrero, M.; Mulcahy, P.; He, Z.; Cai, T.; Davidson, W.S.; Sacks, F.M. Distinct Proteomic Signatures in 16 HDL (High-Density Lipoprotein) Subspecies. Arterioscler. Thromb. Vasc. Biol. 2018, 38, 2827–2842. [Google Scholar] [CrossRef]

	



Barbu, A.; Hamad, O.A.; Lind, L.; Ekdahl, K.N.; Nilsson, B. The role of complement factor C3 in lipid metabolism. Mol. Immunol. 2015, 67, 101–107. [Google Scholar] [CrossRef] [PubMed]

	



Xin, Y.; Hertle, E.; van der Kallen, C.J.H.; Vogelzangs, N.; Arts, I.C.W.; Schalkwijk, C.G.; Stehouwer, C.D.A.; van Greevenbroek, M.M.J. C3 and alternative pathway components are associated with an adverse lipoprotein subclass profile: The CODAM study. J. Clin. Lipidol. 2021, 15, 311–319. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, H.; Soderlund, S.; Soro-Paavonen, A.; Hiukka, A.; Leinonen, E.; Alagona, C.; Salonen, R.; Tuomainen, T.P.; Ehnholm, C.; Jauhiainen, M.; et al. Decreased high-density lipoprotein (HDL) particle size, prebeta-, and large HDL subspecies concentration in Finnish low-HDL families: Relationship with intima-media thickness. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 897–902. [Google Scholar] [CrossRef] [PubMed]

	



Reiner, Z. Hypertriglyceridaemia and risk of coronary artery disease. Nat. Rev. Cardiol. 2017, 14, 401–411. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.; Li, Q.; Song, Y.; Tian, B.; Cheng, Q.; Qing, H.; Zhong, L.; Xia, W. Serum complement C3 has a stronger association with insulin resistance than high-sensitivity C-reactive protein in women with polycystic ovary syndrome. Fertil. Steril. 2011, 95, 1749–1753. [Google Scholar] [CrossRef]

	



Khichar, A.; Gupta, S.; Mishra, S.; Meena, M. Assessment of Inflammatory Markers in Women with PCOS and their Correlation with Insulin Resistance. Clin. Lab. 2021, 67. [Google Scholar] [CrossRef]

	



Takamori, N.; Azuma, H.; Kato, M.; Hashizume, S.; Aihara, K.; Akaike, M.; Tamura, K.; Matsumoto, T. High plasma heparin cofactor II activity is associated with reduced incidence of in-stent restenosis after percutaneous coronary intervention. Circulation 2004, 109, 481–486. [Google Scholar] [CrossRef]

	



Vicente, C.P.; He, L.; Tollefsen, D.M. Accelerated atherogenesis and neointima formation in heparin cofactor II deficient mice. Blood 2007, 110, 4261–4267. [Google Scholar] [CrossRef]

	



Aihara, K.; Azuma, H.; Takamori, N.; Kanagawa, Y.; Akaike, M.; Fujimura, M.; Yoshida, T.; Hashizume, S.; Kato, M.; Yamaguchi, H.; et al. Heparin cofactor II is a novel protective factor against carotid atherosclerosis in elderly individuals. Circulation 2004, 109, 2761–2765. [Google Scholar] [CrossRef]

	



Li, J.; Liu, X.; Xiang, Y.; Ding, X.; Wang, T.; Liu, Y.; Yin, M.; Tan, C.; Deng, F.; Chen, L. Alpha-2-macroglobulin and heparin cofactor II and the vulnerability of carotid atherosclerotic plaques: An iTRAQ-based analysis. Biochem. Biophys. Res. Commun. 2017, 483, 964–971. [Google Scholar] [CrossRef]

	



Murri, M.; Luque-Ramírez, M.; Insenser, M.; Ojeda-Ojeda, M.; Escobar-Morreale, H.F. Circulating markers of oxidative stress and polycystic ovary syndrome (PCOS): A systematic review and meta-analysis. Hum. Reprod. Update 2013, 19, 268–288. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, X.; He, B. Clinical and Biochemical Potential of Antioxidants in Treating Polycystic Ovary Syndrome. Int. J. Women’s Health 2022, 14, 467–479. [Google Scholar] [CrossRef] [PubMed]

	



Moin, A.S.M.; Sathyapalan, T.; Diboun, I.; Elrayess, M.A.; Butler, A.E.; Atkin, S.L. Metabolic consequences of obesity on the hypercoagulable state of polycystic ovary syndrome. Sci. Rep. 2021, 11, 5320. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 12 00855 g001 550] 





Figure 1. Schematic illustrating the interactions of proteins and lipids in the pathways of lipoprotein metabolism. The lipoproteins that are changed in obese subjects with PCOS are indicated in the table (bottom right in the illustration). An upward green arrow indicates an increase and a downward red arrow indicates a decrease in lipoproteins in PCOS. 
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Figure 2. Schematic illustrating the interactions of proteins measured in the current study in their respective biological pathways. The levels of C3 and heparin cofactor II were higher in PCOS, as indicated by green upward arrows. 
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Figure 3. Levels of proteins involved in lipid metabolism in subjects with polycystic ovary syndrome (PCOS) fulfilling all three diagnostic criteria versus controls. Data presented as violin plots with mean ± 1 standard deviation of relative fluorescent units (RFUs). These 19 proteins were alpha-1-antichymotrypsin (A); alpha-1-antitrypsin (B); apolipoproteins A-1 (C), B (D), D (E), E (F), E2 (G), E3 (H), E4 (I), L1 (J), and M (K); clusterin (L); complement C3 (M); hemopexin (N); heparin cofactor II (O); kininogen-1 (P); serum amyloid A-1 (Q); amyloid beta A-4 (R); and paraoxonase-1 (S). 
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Figure 4. ApoE correlated significantly with BMI in controls (A), cholesterol in controls and PCOS (B), triglycerides in controls and PCOS (C), HDL in controls (D), and LDL in controls and PCOS (E). 
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Figure 5. ApoM correlated significantly with BMI in controls and PCOS (A), triglycerides in controls and PCOS (B), HDL in controls and PCOS (C), CRP in controls and PCOS (D), and HOMA-IR in controls and PCOS (E). 
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Figure 6. Complement C3 correlated significantly with BMI in controls (A), triglycerides in controls (B), and HOMA-IR in controls (C). 
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Figure 7. Heparin cofactor II (HCFII) correlated significantly with age in PCOS (A), BMI in controls (B), cholesterol in PCOS (C), triglycerides in controls and PCOS (D), CRP in controls and PCOS (E), and HOMA-IR in controls (F). 
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Table 1. Demographics, baseline hormonal, and metabolic parameters of the polycystic ovary syndrome (PCOS) subjects and controls.
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Baseline Demographics

	
PCOS (n = 137)

	
Controls (n = 97)

	
p-Value




	
Mean (SD)

	
Mean (SD)

	






	
Age (years)

	
29.1 (6.1)

	
29.6 (6.5)

	
0.09




	
BMI (Kg/m2)

	
34.1 (7.5)

	
26.7 (6.6)

	
<0.0001




	
Body weight (Kg)

	
96.5 (23.7)

	
74.4 (18.4)

	
<0.0001




	
Insulin (IU/mL)

	
10.2 (6.1)

	
6.2 (3.2)

	
0.001




	
HOMA-IR

	
3.8 (0.6)

	
1.6 (0.2)

	
<0.005




	
CRP (mg/L)

	
4.4 (4.2)

	
2.4 (3.9)

	
0.0008




	
SHBG (nmol/L)

	
42.5 (39.6)

	
77.5 (78.4)

	
0.0003




	
Testosterone (nmol/l)

	
1.6 (1.0)

	
1.05 (0.48)

	
<0.0001




	
Total cholesterol (mmol/L)

	
4.8 (1.0)

	
4.7 (0.8)

	
0.22




	
Triglycerides (mmol/L)

	
1.5 (1.3)

	
1.0 (0.7)

	
0.001




	
HDL-cholesterol (mmol/L)

	
1.2 (0.3)

	
1.5 (0.4)

	
<0.0001




	
LDL-cholesterol (mmol/L)

	
2.9 (1.0)

	
2.7 (0.6)

	
0.16




	
TG/HDL ratio

	
1.4 (1.6)

	
0.8 (0.7)

	
0.001








BMI—body mass index; HOMA-IR—homeostasis model of assessment—insulin resistance; CRP—C-reactive protein; SHBG—sex hormone binding globulin; HDL-C—high-density lipoproteins cholesterol; LDL-C—low-density lipoproteins cholesterol.
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