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Abstract

Patients diagnosed with polycystic ovary syndrome (PCOS) are at high risk of developing a

myriad of endocrinologic and metabolic derailments. Moreover, PCOS is a leading cause of

habitual abortion, also known as recurrent pregnancy loss (RPL). Meteorin-like protein

(Metrnl) is a newly discovered adipokine with the potential to counteract the metaflamma-

tion. This study aimed at determining the associations of serum Metrnl levels with homocys-

teine, hs-CRP, and some components of metabolic syndrome in PCOS-RPL and infertile

PCOS patients.This case-control study was conducted in 120 PCOS patients (60 PCOS-

RPL and 60 infertile) and 60 control. Serum hs-CRP and homocysteine were assessed

using commercial kits, while adiponectin, Metrnl, FSH, LH, free testosterone and insulin lev-

els were analyzed using ELISA technique. Serum Metrnl levels were found to be lower in

PCOS patients when compared to controls (67.98 ± 26.66 vs. 96.47 ± 28.72 pg/mL, P

<0.001)). Furthermore, serum adiponectin levels were lower, while free testosterone, fasting

insulin, HOMA-IR, homocysteine, and hs-CRP were significantly higher in PCOS group

compared to controls. Moreover, serum Metrnl correlated with BMI, adiponectin, and homo-

cysteine in controls, and inversely correlated with FBG, fasting insulin, and HOMA-IR in

PCOS group and subgroups. Besides, it inversely correlated with hs-CRP in control, and

PCOS group and subgroups. These findings revealed a possible role of Metrnl in the patho-

genesis of PCOS and RPL. Nevertheless, there is a necessity for future studies to prove this

concept.
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Introduction

Infertility, or the inability to conceive for more than twelve months, is a highly prevalent repro-

ductive problem, affecting 8–12% of reproductive-aged couples globally [1]. More than 50% of

the cases are related to male gender irregularities; however, infertility continues to be a female’s

social burden [2].

Polycystic ovary syndrome (PCOS) is one of the most prevalent ovulatory disorders con-

tributing to infertility. It is a common polygenic, multifactorial, inflammatory, endocrine

disorder, which evinces mainly due to lifestyle factors such as low-fiber high-fat diet, sedentary

lifestyle, smoking and alcohol consumption [3–7], with a global prevalence of about 20% of

women of reproductive age [8]. It is characterized by disrupted neuroendocrine mechanisms

and a vast degree of symptomatic heterogeneity in ovulatory dysfunction, functional hyper-

androgenism, and polycystic ovary morphology (PCOM) [9]. Females affected by PCOS may

suffer from fertility challenges, oblivious to their ovulatory disorder until they become diag-

nosed with habitual abortion, also known as recurrent pregnancy loss (RPL)–defined as at

least two consecutive abortions within the first 20 weeks of pregnancy, with an incidence of

1in 300 pregnancies [10]. The pathogenesis of PCOS shares several features with metabolic

syndrome (MetS), including dysfunctional adipose tissue with visceral adiposity, impaired

insulin action with an increased risk for developing type II diabetes mellitus (T2DM), pro-

atherogenic dyslipidemia, non-alcoholic fatty liver disease (NAFLD), and metaflammation

[11–14].

Adipose tissue is not a mere fat depot; it is a metabolically active organ, releasing several

cytokines, known as adipokines, regulating metabolic homeostasis and immune response. As a

result of excess energy balance, the tissue cell mass expands. Metabolic dysregulation occurs

whenever the expansion rate exceeds vascularization status. A sequela of impaired angiogene-

sis, hypoxia, cell death, and fibrosis take place, attracting macrophages and other immune

cells, with an upregulation of pro-inflammatory (tumor necrosis factor (TNF)-α, Interleukin

(IL)-6) and pro-fibrogenic factors (collagen and lysyl oxidase (LOX)). This eventually leads to

a state of metaflammation [15, 16], and dysregulated release of adipokines, coercing mesen-

chymal stem cells to commit to the adipocyte lineage [17]. This pathology is the link between

excess adiposity and number of disorders, including osteosarcopenic obesity [18], insulin

resistance, T2DM [19], tumors [20], etc. Ongoing research revealed that adipocyte dysfunction

is pivotal in the pathogenesis of ovulatory disorders in females [21], including PCOS [22].

Meteorin-like protein (Metrnl) is a novel immunoregulatory adipokine, widely expressed

by white adipocytes, activated monocytes and macrophages [23, 24]. It promotes the differen-

tiation of functional adipocytes and the browning of white adipocytes upon thermogenic stim-

ulus, antagonizes insulin resistance, and suppresses inflammatory immune response [25].

Few studies have investigated Metrnl in the clinical setting [24, 26–28]. Much of the infor-

mation is derived from animal studies, and none of them considered a possible relation

between Metrnl and MetS within the pathogenesis of PCOS. The focus of this study is to inves-

tigate a possible association between Metrnl with components of MetS and cardiovascular bio-

markers, and its relation with the pathogenesis of PCOS and RPL.

Materials and methods

Study design, setting, and participants

The study was conducted under the Declaration of Helsinki and was approved by the Ethical

Committee of Tehran University of Medical Sciences, Tehran, Iran. All enrolled subjects

signed a written consent form. Subjects were selected from the Obstetrics and Gynecology
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Department of Ibn Sina Infertility Center, Tehran, Iran, and controls were recruited from

those performing routine checkups in the laboratory at the same center, from May 2017 to Jan

2018. The subjects were previously involved in our studies on PCOS and adipokines, and some

of their data have been utilized in a recent publication [29].

This case-control study included 60 PCOS-RPL, 60 infertile PCOS (PCOS-Inf) and 60 con-

trol aged between 20–40 years, as described previously (published data) [29]. The inclusion cri-

terion included PCOS diagnosis according to the 2003 Rotterdam Criteria [30], which dictates

that two out of the following three characteristics should be met, PCOM on ultrasound, clinical

and/or biochemical hyperandrogenism, and oligo- or ano-vulation (oligo-amenorrhea), with

differential diagnosis of conditions such as hyperprolactinemia, thyroid diseases, premature

ovarian failure, congenital adrenal hyperplasia, Cushing’s syndrome, and adrenal tumors.

PCOM was defined as presence of at least 12 follicles with a diameter of 2–9 mm in each ovary

and/or increased ovarian volume (at least 10 mm 3), detected by sonographic imaging. Hyper-

androgenism was defined as clinical symptoms (hirsutism with modified Ferriman-Gallwey

score exceeding 8) and/or biochemical symptoms with an increment in serum free testoster-

one levels (exceeding 0.6 pg/mL) [30, 31]. Chronic oligo- and/or amenorrhea (oligo- or anovu-

lation) were defined as infrequent menstruation with menstrual cycle exceeding 35 days, with

less than eight cycles per year. Subjects designated for the PCOS-RPL group were those who

simultaneously had at least two consecutive miscarriages before their 20th week of gestation

[32]. Infertile patients were those who were unable to conceive after one year of unprotected

intercourse as a consequence of PCOS pathogenesis. Complete evaluation of all PCOS subjects

were performed. Females with other causes of infertility such as tubal factor infertility, endo-

metriosis, and anatomical abnormalities in the reproductive tract were excluded. The control

group included fertile subjects with regular menstrual cycles and had no clinical/biochemical

hyperandrogenism. Subjects who smoke, are pregnant, are lactating, have gynecological or

obstetric problems, are receiving hormonal therapy, have viral, bacterial, or inflammatory dis-

ease, or suffer from CVD, thyroid diseases, or DM were excluded. Moreover, subjects who

have been taking the following pharmaceutical products for the past six months were excluded:

glucocorticoids, prescription weight loss drugs, estrogenic and anti-androgenic drugs, and

anti-hypertensive drugs.

Variable measurements

Anthropometrics and biochemical measurements. Anthropometric data, lifestyle fac-

tors, and medications were obtained for each subject. BMI was calculated using a standard for-

mula [weight (kg)/ height (m2)]. Five milliliters of venous blood were collected from each

subject after overnight fasting at the follicular phase of their menstrual cycle. FBG, lipid profile

(serum triglyceride (TG), total cholesterol (TC), LDL-C, HDL-C), homocysteine, hs-CRP, fast-

ing insulin, free testosterone, FSH, and LH were measured as previously described [29]. The

homeostatic model assessment of insulin resistance (HOMA-IR) was calculated using the fol-

lowing equation: [(FBG (mg/dL)] × [fasting blood insulin (μU/mL)] / 405 [33].

Measuring adipokines. Serum levels of adiponectin were measured using ELISA tech-

nique, as previously described [29]. Commercial ELISA kits were utilized to measure serum

levels of Metrnl protein (Aviscera Biosciences, U.S.A.). Moreover, the intra- and inter-assay

coefficients of variation (CV) of Metrnl were 5% and 4.67%, respectively.

Bias

Selection bias was addressed by closely matching cases to controls based on age and BMI.
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Statistical methods and sample size calculation

Statistical analysis was performed using IBM SPSS Statistics 20.0 (IBM SPSS, Chicago, IL, U.S.

A.). Categorical variables were presented in frequency and percentage, and compared by Chi-

square test. The normality of the continuous variables was checked using Kolmogorov-Smir-

nov test. Normal variables were presented by mean and standard deviation (SD) and com-

pared using Student’s T test or one-way ANOVA with Bonferroni test. Skewed data were

represented as median and quartile ranges, and compared using Mann-Whitney U test or

Kruskal-Wallis tests, with Bonferroni corrections post hoc test. The effect of confounders (age,

BMI, adiponectin levels, and metformin administration) on serum Metrnl was adjusted using

Analysis of covariance (ANCOVA). Before heading toward further analysis, the logarithms of

nonparametric data were calculated to approximate normality. The correlation between serum

Metrnl with anthropometric and metabolic variables was tested using Pearson correlation test.

Multiple linear regression was performed with all correlated parameters with serum Metrnl.

The association of serum Metrnl with the risk of PCOS and RPL was assessed by multinomial

logistic regression. All tests were two-sided, and a p-value of less than 0.05 was considered of

statistical significance.

The sample size was determined on the basis of obtaining a significant difference of serum

Metrnl level between two groups of 15 pg/mL, with an estimated SD of 23 pg/mL in each

group, 95% statistical power, and 5% type I error [34].

Results

Characteristics of the study population

Table 1 lists the characteristics of the study population. When comparing controls to the

PCOS group, there was no significant difference in terms of age, BMI, FBG, TG, TC, LDL-C,

HDL-C, LH, FSH, and LH to FSH ratio levels. However, the PCOS group, compared to con-

trols, had significantly higher levels of free testosterone, fasting insulin, and HOMA-IR.

Furthermore, PCOS-Inf, PCOS-RPL, and control subjects were similar in terms of age,

BMI, TC, LDL-C, and HDL-C. However, serum TG was significantly higher in PCOS-RPL

than in infertile PCOS patients. Concerning the hormonal profile, PCOS-Inf subgroup had

higher LH to FSH ratio and free testosterone levels, when compared to PCOS-RPL subgroup.

Despite similar serum levels of FBG, PCOS-Inf and PCOS-RPL subgroups had significantly

higher levels of fasting insulin and HOMA-IR, when compared to the control group, with

higher levels in the infertile subgroup. These findings were similar to those in our previous

publication [29].

The whole sample was stratified according to BMI stages: normal weight (BMI < 25 Kg/

m2) and overweight/obese (BMI� 25 Kg/m2) for further analysis. Overweight/obese subjects

exhibited significantly lower levels of serum HDL-C in the PCOS-RPL subgroup, lower levels

of FSH in the PCOS group and infertile subgroup, and higher levels of fasting insulin in the

PCOS group and PCOS-inf subgroup, when compared to their normal-weight counterparts

(P< 0.05 for all). Moreover, they had significantly lower levels of serum adiponectin in all

groups (P< 0.05), except for the PCOS-RPL subgroup, although not statistically significant.

(S1 Table)

Serum levels of cardiovascular biomarkers and adipokines

The serum levels of homocysteine were significantly higher in the PCOS group and PCOS-RPL

subgroup when compared to control. Furthermore, serum hs-CRP levels were significantly

higher in the PCOS group and subgroups, when compared to the control group. (Fig 1)
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On the other hand, serum adiponectin levels were significantly lower in the PCOS group

and subgroups, when compared to controls. These results were similar to those we have pub-

lished previously [29]. Likewise, serum levels of Metrnl were significantly lower in PCOS

group (67.98 ± 26.66 pg/mL), PCOS-Inf (66.57 ± 28.14 pg/mL) and PCOS-RPL subgroups

(69.39 ± 25.25 pg/mL), when compared to controls (96.47 ± 28.72 pg/mL) (P < 0.001 for all)

(Fig 2). Following adjustment for the covariates (age, BMI, serum adiponectin, and metfor-

min), the difference remained significant in serum Metrnl levels between control and PCOS

groups (P< 0.001). It is noteworthy to point that no significant difference was observed in the

levels of the three variables among the PCOS subgroups.

The difference in serum Metrnl protein between the groups was further tested after stratifi-

cation by BMI, into normal weight (BMI < 25 Kg/m2) against overweight/obese (BMI� 25

Kg/m2) (Table 2). Serum Metrnl levels showed no significant difference between overweight/

obese individuals than normal-weight in the control group, PCOS-Inf and PCOS-RPL groups.

Intriguingly, overweight/obese subjects demonstrated lower Metrnl levels compared to normal

weight subjects in whole sample and PCOS groups.

Association of serum Metrnl with clinical parameters

Correlations between serum Metrnl level and other clinical parameters were analyzed

(Table 3). Serum Metrnl levels inversely correlated with BMI and circulating LH levels in the

Table 1. Clinical features of the study pulation.

Variables Control group (n = 60) PCOS group (n = 120) PCOS-Inf subgroup (n = 60) PCOS-RPL subgroup (n = 60) p-value

Age (years) 30.02 ± 4.60 29.88 ± 4.22 29.88 ± 4.23 29.88 ± 4.23 0.981

BMI (Kg/m2) 25.48 ± 3.26 26.01 ± 3.39 25.86 ± 3.53 26.17 ± 3.25 0.536

FBG (mg/dL) 91.15 ± 9.68 90.62 ± 10.76 90.92 ± 11.6 90.32 ± 9.95 0.903

TG (mg/dL) 122.5 [97.5–155.0] 126.5 [92.5–165.5] 111.5 [82.5–142.0] 145.0 [103.25–175.25] d�� 0.009

TC (mg/dL) 163.84 ± 39.09 173.61 ± 35.58 171.82 ± 33.70 175.40 ± 37.57 0.216

LDL-C (mg/dL) 96.80 ± 30.21 100.84 ± 29.26 102.48 ± 26.81 99.20 ± 31.66 0.575

HDL-C (mg/dL) 46.09 ± 6.91 45.00 ± 9.93 44.93 ± 8.69 45.06 ± 11.11 0.744

FSH (IU/L) 6.43 ± 2.40 7.00 ± 3.30 7.00 ± 4.02 7.00 ± 2.40 0.500

LH (IU/L) 8.56 ± 2.38 9.38 ± 5.01 10.08 ± 3.95 8.68 ± 5.84 0.099

Free Testosterone (pg/mL) 1.50 ± 0.34 3.19 ± 1.10 a�� 3.15 ± 0.90 b�� 3.24 ± 1.28 c�� < 0.001

Log LH to FSH ratio 1.29 [0.96–1.92] 1.26 [0.92–1.90] 0.40 [0.10–0.70] 0.08 [-0.34–0.54] d�� 0.009

Fasting Insulin (μU/mL) 2.94 [2.12–4.16] 3.71 [2.61–6.43] a� 3.77 [2.93–5.37] b� 3.32 [2.20–7.34] c� 0.008

HOMA-IR 0.62 [0.45–0.97] 0.78 [0.61–1.33] � 0.80 [0.61–1.24] b� 0.74 [0.53–1.76] c� 0.012

Metformin (%) 1 (1.5) 66 (65.3) 28 (41.8) 38 (56.7) < 0.001

Categorical data are given in frequency and percentage

Parametric data are given as mean ± standard deviation

Non-parametric data are given as median and interquartile range [25–75%]

Post Hoc Analysis are given as mean and median of each group on the far-right column
a Comparison between Control group and PCOS group
b Comparison between Control group vs PCOS-inf subgroup
c Comparison between Control group and PCOS-RPL subgroup
d Comparison between PCOS-inf and PCOS-RPL subgroups

� P < 0.05 is of statistical significance

�� P < 0.001 is of statistical significance

PCOS: Polycystic ovary syndrome; RPL: Recurrent pregnancy loss; PCOS-inf: infertile PCOS; BMI: Body mass index; FBG: fasting blood glucose; TG: triglyceride; TC:

total cholesterol; LDL-C: Low-density lipoprotein cholesterol; HDL-C: High-density lipoprotein cholesterol; LH: luteinizing hormone; FSH: follicle-stimulating

hormone; HOMA-IR: Homoeostasis Model Assessment of Insulin Resistance

https://doi.org/10.1371/journal.pone.0231943.t001
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control group and PCOS-RPL group. In the PCOS group and subgroups, it negatively associ-

ated with the parameters of glucose homeostasis: FBG, log fasting insulin, and log HOMA-IR.

No associations were detected between serum Metrnl levels and age, serum levels of TC,

LDL-C, HDL-C, LH, and FSH, and LH to FSH ratio in PCOS subgroups.

Furthermore, a positive correlation was noted with log serum adiponectin in the control

group only. On the other hand, an inverse correlation existed between serum Metrnl and hs-

CRP levels in all groups, but with a higher statistical significance in the PCOS group and sub-

groups, as compared to controls. However, an inverse correlation between serum Metrnl and

homocysteine was observed only in the whole sample (r = - 0.153, P = 0.040), which remained

valid even after adjustment for folic acid intake (P = 0.039).

Next, multiple linear regression models were used to validate the prediction of serum Metrnl

protein with those variables that had previously showed significant correlations. A multiple regres-

sion was operated to predict serum Metrnl levels from BMI, FSH, hs-CRP and log serum adipo-

nectin in the control group. BMI (- 0.268, 95% CI [- 4.52—- 0.20]), serum hs-CRP (-0.260, 95%

CI [- 15.24—- 0.72]) and LH (- 0.347, 95% CI [- 6.98—- 1.40]) significantly predicted serum

Metrnl (P< 0.05). In PCOS group, FBG (1.965, 95% CI [0.70–9.04]), log fasting insulin (10.650,

95% CI [96.89–855.06]), log HOMA-IR (- 11.598, 95% CI [- 866.33—- 106.15]) and serum hs-

CRP (- 0.321, 95% CI [- 10.09—- 3.24]) significantly predicted serum Metrnl (P< 0.05). Serum

hs-CRP (- 0.328, 95% CI [- 13.25—- 1.71]) and log serum adiponectin (- 0.328, 95% CI [- 38.05—

- 5.49]) significantly predicted serum Metrnl in the PCOS-Inf subgroup (P< 0.05). Finally, in the

Fig 1. Serum levels of cardiovascular biomarkers and adiponectin. (a) Comparison of serum levels of homocysteine (μmol/L) in

control vs. PCOS group (P < 0.05), and (b) control vs. PCOS-Inf vs. PCOS-RPL subgroups (P < 0.05). (c) Comparison of serum levels

of hs-CRP (mg/L) in control vs. PCOS group (P< 0.05), and (d) control vs. PCOS-Inf vs. PCOS-RPL subgroups (P< 0.001). (e)

Comparison of serum levels of adiponectin (μmol/L) in control vs. PCOS group (P< 0.001), and (f) control vs. PCOS-Inf vs.

PCOS-RPL subgroups (P< 0.001). PCOS: Polycystic ovary syndrome; PCOS-Inf: Infertile PCOS; RPL: Recurrent pregnancy loss; hs-CRP:

high sensitivity C-reactive protein.

https://doi.org/10.1371/journal.pone.0231943.g001
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PCOS-RPL, serum hs-CRP (- 0.291, 95% CI [- 10.09—- 0.89]) and log serum HOMA-IR (- 0.243,

95% CI [- 17.36—- 0.03]) significantly predicted serum Metrnl (P< 0.05).

Discussion

Obesity and adipose tissue dysfunction, as a part of MetS, are common in patients diagnosed

with PCOS, adversely affecting their cardiometabolic function and systemic homeostasis

Fig 2. Serum levels of Metrnl protein (pg/mL) in control vs. infertile PCOS vs. PCOS-RPL subgroups

(96.47 ± 28.72, 66.57 ± 28.14, and 69.39 ± 25.25, respectively, P< 0.001). PCOS: Polycystic ovary syndrome;

PCOS-Inf: Infertile PCOS; RPL: Recurrent pregnancy loss.

https://doi.org/10.1371/journal.pone.0231943.g002

Table 2. Mean comparison of serum Metrnl levels in normal (< 25kg/m2) and overweight/obese (� 25 kg/m2) patients.

Groups BMI Staging Number of Cases Metrnl (pg/mL) p-value

Whole Sample (n = 180) Normal Weight 79 82.19 ± 31.89 0.008

Overweight/Obese 101 742.21 ± 28.28

Control group (n = 60) Normal Weight 26 103.87 ± 27.78 0.080

Overweight/Obese 34 90.80 ± 28.52

PCOS group (n = 120) Normal Weight 53 74.54 ± 29.43 0.019

Overweight/Obese 67 62.79 ± 23.17

PCOS-Inf subgroup (n = 60) Normal Weight 27 72.35± 30.45 0.152

Overweight/Obese 33 61.84 ± 25.59

PCOS-RPL subgroup (n = 60) Normal Weight 26 76.82 ± 28.75 0.056

Overweight/Obese 34 63.70 ± 20.90

The data are represented as mean ± standard deviation (SD).

PCOS: Polycystic ovary syndrome; PCOS-Inf: Infertile PCOS; RPL: Recurrent pregnancy loss; BMI: Body mass index

https://doi.org/10.1371/journal.pone.0231943.t002
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through a disrupted release of adipokines. Intriguingly, insulin resistance has a bidirectional

relationship with adipocyte dysfunction, and is an essential contributing factor in the trigger

and exacerbation of PCOS pathogenesis. This study is the first to show that serum levels of

Metrnl tend to be lower in patients diagnosed with PCOS and RPL, inversely correlating with

markers of glucose homeostasis and inflammation.

The low serum levels of Metrnl in patients diagnosed with PCOS showed an independent

association with the pathogenesis of the disease, partly through insulin resistance, as evidenced

by the correlation between Metrnl levels and glucose homeostasis parameters. Similar correla-

tion was observed in several studies [35–37]. For instance, Wang et al. found that Metrnl levels

positively correlated with FBG, post-prandial BG, HbA1c, fasting insulin, and HOMA-IR. The

authors regarded that Metrnl elevated the risk of T2DM, independent of insulin resistance

[38]. Moreover, experimental studies have shown that Metrnl knockout models developed

insulin resistance in response to high-fat diet (HFD); on the contrary, Metrnl overexpression

in transgenic mice were able to antagonize it [28, 39]. A recent study by Lee et al. found that

Metrnl improved glucose tolerance by increasing the phosphorylation of histone deacetylase 5

(HDAC5), thereby activating GLUT4 transcription, in an AMPKα2-dependent pathway, in

HFD-induced obese or diabetic mice [34]. However, the methodology of the present study

limits a causal relationship between lower levels of serum Metrnl and insulin resistance in

PCOS setting. Nevertheless, it can be interpreted that these levels reflect the metabolic impair-

ments observed in these patients.

Moreover, our results showed a significant decrement in serum Metrnl levels in over-

weight/obese individuals regardless of their disease status, when compared to controls [40, 41].

Lowest levels were observed in infertile obese patients diagnosed with PCOS. However, the

association of serum Metrnl with obesity biomarkers is still paradoxical. For instance, El-Ash-

mawy et al. and other authors found no association between serum Metrnl and BMI [28, 42,

43]; while Al-Khairi at el. found a significant correlation between the two in obese subjects

[37]. This paradox might be due to methodological differences in terms of obesity cutoffs, i.e.

BMI exceeding 25 Kg/m2 or 30 Kg/m2. Nevertheless, stratifying individuals according to BMI

alone has been regarded as “an imperfect predictor of body composition and disease risk, but

still has some clinical value as a crude estimate”, posing the risk of misclassification [44]. For

Table 3. Correlation of serum Metrnl protein with anthropometric, hormonal and biochemical variables.

Variables Control group (n = 60) PCOS group (n = 120) PCOS-Inf subgroup (n = 60) PCOS-RPL subgroup (n = 60)

BMI (Kg/m2) - 0.347�� - 0.138 - 0.011 - 0.297�

FBG (mg/dL) - 0.230 - 0.314�� - 0.318� - 0.306�

Log TG 0.017 - 0.118 - 0.270� 0.015

LH (IU/L) - 0.277� 0.086 0.072 0.117

Log Fasting Insulin - 0.174 - 0.248�� - 0.278� - 0.236

Log HOMA-IR - 0.199 - 0.293�� - 0.319� - 0.281�

hs-CRP (mg/L) -0.283� -0.365�� -0.364�� - 0.365��

Homocysteine (μmol/L) - 0.214 - 0.028 - 0.012 - 0.043

Log Adiponectin 0.323� - 0.012 - 0.124 0.086

Pearson correlation analyses were performed to determine if an association exists between the variables.

� P < 0.05

�� P < 0.01

PCOS: Polycystic ovary syndrome; PCOS-Inf: Infertile PCOS; RPL: Recurrent pregnancy loss; BMI: Body mass index; FBG: fasting blood glucose; TG: triglyceride; LH:

luteinizing hormone; HOMA-IR: Homoeostasis Model Assessment of Insulin Resistance; hs-CRP: high sensitivity C-reactive protein

https://doi.org/10.1371/journal.pone.0231943.t003
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instance, Stefanaki et al. showed that lean PCOS females (BMI 18.5–24.9 kg/m2) exhibited an

osteosarcopenic phenotype, characterized by low muscle mass and bone mineral density, but

normal total and subcutaneous fat mass [45]. A recent study by Du et al. found that serum

Metrnl levels negatively correlated with visceral adiposity (exceeding 100 cm2) in diabetic

patients (OR = 0.846, 95% CI [0.745–0.961], P = 0.01) [46]. Therefore, there is a need to assess

the functional body composition of PCOS subjects to have a better image on the association of

fat mass and fat free mass with, in this case, serum Metrnl levels. In addition, physical activity

could be a confounding factor, elevating the levels of Metrnl in obese and/or diabetic patients

in these studies. Exercise training induces mitochondrial biogenesis and release of Metrnl

through the upregulation of peroxisome proliferator-activated receptor-γ coactivator-1 (PGC-

1), thereby, suppressing adipocyte dysfunction and insulin resistance [26, 47, 48].

An inverse correlation with serum TG was detected in the subgroup only. We could not

detect any association between serum levels of Metrnl and other parameters of lipid profile,

unlike previous studies [35, 46]. However, this might be explained by the effect of Metrnl treat-

ment in attenuating HFD-induced hypertriglyceridemia in transgenic mice, but not hypercho-

lesterolemia [23].

Interestingly, infertile PCOS patients tended to have lower levels of serum adiponectin,

worse insulin resistance, and higher LH to FSH ratio, as well. On the other hand, PCOS-RPL

patients had higher serum Metrnl, homocysteine, and TG. Nevertheless, they were able to con-

ceive, unlike PCOS-Inf. It can be hypothesized that lower serum levels of Metrnl and adipo-

nectin, and higher levels of homocysteine in patients diagnosed with PCOS, synergistically add

to the ongoing inflammatory process and insulin resistance. Usually, adiponectin performs

anti-inflammatory functions, insulin-sensitizing, and cardioprotective functions [49, 50] by

inhibiting NF-κB pathway in macrophages and dendritic cells [51–53], and is involved in regu-

lating fertility, ovarian functions, and cytotrophoblast invasion [54]. Hypoadiponectinemia

has been associated with CVD [55], increased adiposity, impaired fasting glucose (IFG), insu-

lin resistance, and DM [56], and PCOS [57, 58]. Surprisingly, it has pro-inflammatory function

inducing the release of pro-inflammatory cytokines (such as TNF-α, IL-6, IL-1β) and prosta-

glandins (such as PG2α) in the placenta, by regulating NF-κB and PPAR-γ signaling pathway

[59], in an attempt for an essential degree of inflammation necessary to promote syncytializa-

tion and the invasive capacity of cytotrophoblast. Adiponectin to leptin ratio is diminished in

PCOS [60] and is elevated in those diagnosed with RPL only [61]. Our data showed signifi-

cantly lower adiponectin levels in the PCOS group and subgroups, when compared to controls,

coinciding with the aforementioned. Therefore, both elevated and depressed levels of this adi-

pokine can negatively affect fertility rates in females diagnosed with PCOS with/out RPL,

increasing the risk of insulin resistance and inflammation.

Furthermore, homocysteine is a potent inhibitor of adipogenesis, stimulating AMPK and

suppressing PPAR-γ signaling pathways; and it intensifies the effect of hyperandrogenism on

cardiovascular risk in females diagnosed with PCOS [61]. PCOS group and subgroups had

higher homocysteine levels when compared to control, having a direct association with insulin

resistance [62]. This might be related to the inhibitory effect of homocysteine on adiponectin

biosynthesis by primary adipocytes and PPAR-γ signaling by increasing the methylation of

PPAR-α/γ gene promoter [63], further exacerbating the insulin resistance and inflammation

[64].

The PCOS-Inf and PCOS-RPL females also had significantly higher levels of hs-CRP, an

acute phase reactant primarily produced by IL-6-induced hepatocytes [65]. Numerous studies

demonstrated a correlation between higher serum hs-CRP levels with cardiovascular events in

patients diagnosed with coronary artery disease (CAD), T2DM [66], PCOS [67, 68], and RPL

[69]. However, its use as a “powerful predictor of cardiovascular risk” is still controversial [70];
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while some studies have agreed to this notion [71], a 9-year prospective study concluded that

hs-CRP did not pose any additional effect on conventional risk factors [72]. Nevertheless, in

this study, hs-CRP levels were significantly higher in patients diagnosed with PCOS, also coin-

ciding with previous literature. Furthermore, a strong inverse correlation was detected

between serum Metrnl and hs-CRP levels in the PCOS group and subgroups. The same associ-

ation was detected by Dadmanesh et al. [36], and Li et al. [73], in the context of T2DM and

CAD. El-Ashmawy et al. also found a negative correlation between serum Metrnl and hs-CRP

levels, IL-6, TNF-α, and endothelial dysfunction markers (E-selectin and intracellular adhe-

sion molecule-1) in DM patients. The authors concluded that depressed levels of Metrnl might

“be a stimulus of subclinical inflammation and insulin resistance”, increasing the risk for

developing CVD and DM [42]. These further emphasize that Metrnl protein is involved in the

inflammatory process. Metrnl biosynthesis is induced by an inflammatory stimulus (as by

TNF-α levels), playing a regulatory role in the inflammatory response, upregulating the pro-

duction of anti-inflammatory cytokines (such as IL-4) and abrogating the production of pro-

inflammatory cytokines and chemokines [74]. Metrnl might normally balance the anti-inflam-

matory effect of adiponectin to control the inflammatory response and induce the action of

immunoregulatory immune cells, just enough to create a harboring medium for the approach-

ing fertilized egg. However, in the case of PCOS-Inf, serum levels of Metrnl were not enough

to break the shield of inflammation created by hypoadiponectinemia and hyperhomocysteine-

mia. Therefore, Metrnl protein might have served a protective effect, synergistically with adi-

pokines such as adiponectin, CTRP 12 & 13 [75], against the inflammation and insulin

resistance present in PCOS-RPL group, through PPAR-γ signaling pathway, but was not

enough to maintain viable pregnancy. Future studies might include assessing the expression of

PPAR-γ and its association with Metrnl protein in the pathogenesis of PCOS and RPL to get a

better picture of the underlying mechanisms.

Currently, this is the first study to inquire serum Metrnl protein in females diagnosed with

PCOS and/or RPL. However, there are limitations. First, we could not exclude all potential

bias and confounding factors such as exercise training. Second, in this study, we have used

BMI for assessing body composition based on statistical criterion, and the use of body compo-

sition analysis (dual energy X ray absorptiometry (DEXA) and bioelectrical impedance analy-

sis (BIA)) and functional body composition can give better insight on the possible relation

between serum Metrnl levels and the different tissue masses [44]. Third, additional assessment

of clinical parameters could have been beneficial at drawing more exact conclusions, such

as Ferriman score, and ovarian volume. Fourth, insulin resistance was calculated using

HOMA-IR, instead of the gold standard, the euglycemic/hyperglycemic clamp. Nevertheless,

HOMA-IR remains a universally accepted marker of insulin resistance. Moreover, an addi-

tional group of females affected by RPL but not PCOS could have shed more light on the asso-

ciation of serum Metrnl with the pathogenesis of recurrent miscarriage.

The results of the present study revealed an independent association between Metrnl pro-

tein and PCOS, with a negative correlation with insulin resistance and inflammation. There-

fore, Metrnl might play a role in the pathogenesis of PCOS and recurrent miscarriage.

Nevertheless, the study design limits further conclusion about the consequential relation

between Metrnl and the diseases.
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6. Cupisti S, Häberle L, Dittrich R, Oppelt PG, Reissmann C, Kronawitter D, et al. Smoking is associated

with increased free testosterone and fasting insulin levels in women with polycystic ovary syndrome,

resulting in aggravated insulin resistance. Fertility and sterility. 2010; 94(2):673–7. https://doi.org/10.

1016/j.fertnstert.2009.03.062 PMID: 19394003

7. Zhang J, Liu XF, Liu Y, Xu LZ, Zhou LL, Tang LL, et al. Environmental risk factors for women with poly-

cystic ovary syndrome in china: a population-based case-control study. Journal of biological regulators

and homeostatic agents. 2014; 28(2):203–11. Epub 2014/07/09. PMID: 25001653.

8. Villa J, Pratley RE. Adipose tissue dysfunction in polycystic ovary syndrome. Current diabetes reports.

2011; 11(3):179–84. https://doi.org/10.1007/s11892-011-0189-8 PMID: 21424395.

PLOS ONE Circulating Metrnl protein in polycystic ovary syndrome

PLOS ONE | https://doi.org/10.1371/journal.pone.0231943 April 24, 2020 11 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231943.s002
http://www.ncbi.nlm.nih.gov/pubmed/24753941
https://doi.org/10.1093/humupd/dmv016
http://www.ncbi.nlm.nih.gov/pubmed/25801630
https://doi.org/10.1016/j.ecl.2013.05.008
https://doi.org/10.1016/j.ecl.2013.05.008
http://www.ncbi.nlm.nih.gov/pubmed/24011889
https://doi.org/10.1016/s1043-2760(02)00612-4
https://doi.org/10.1016/s1043-2760(02)00612-4
http://www.ncbi.nlm.nih.gov/pubmed/12128286
https://doi.org/10.1093/humrep/dey027
http://www.ncbi.nlm.nih.gov/pubmed/29471520
https://doi.org/10.1016/j.fertnstert.2009.03.062
https://doi.org/10.1016/j.fertnstert.2009.03.062
http://www.ncbi.nlm.nih.gov/pubmed/19394003
http://www.ncbi.nlm.nih.gov/pubmed/25001653
https://doi.org/10.1007/s11892-011-0189-8
http://www.ncbi.nlm.nih.gov/pubmed/21424395
https://doi.org/10.1371/journal.pone.0231943


9. Cardoso RC, Puttabyatappa M, Padmanabhan V. Steroidogenic vs. metabolic programming of repro-

ductive neuroendocrine, ovarian, and metabolic dysfunctions. Neuroendocrinology. 2015 102(3):226–

37. https://doi.org/10.1159/000381830 PMID: 25832114

10. Ford HB, Schust DJ. Recurrent Pregnancy Loss: Etiology, Diagnosis, and Therapy. Reviews in obstet-

rics & gynecology. 2009; 2(2):76–83.

11. Diamanti-Kandarakis E, Papavassiliou AG. Molecular mechanisms of insulin resistance in polycystic

ovary syndrome. Trends Mol Med. 2006; 12(7):324–32. https://doi.org/10.1016/j.molmed.2006.05.006

PMID: 16769248.

12. Diamanti-Kandarakis E, Papavassiliou AG, Kandarakis SA, Chrousos GP. Pathophysiology and types

of dyslipidemia in PCOS. Trends Endocrinol Metab. 2007; 18(7):280–5. https://doi.org/10.1016/j.tem.

2007.07.004 PMID: 17692530.

13. Escobar-Morreale HF, Luque-Ramirez M, Gonzalez F. Circulating inflammatory markers in polycystic

ovary syndrome: a systematic review and metaanalysis. Fertility and sterility. 2011; 95(3):1048–58.e1-

2. Epub 2010/12/21. https://doi.org/10.1016/j.fertnstert.2010.11.036 PMID: 21168133; PubMed Central

PMCID: PMC3079565.

14. Zhang Y, Meng F, Sun X, Sun X, Hu M, Cui P, et al. Hyperandrogenism and insulin resistance contrib-

ute to hepatic steatosis and inflammation in female rat liver. Oncotarget. 2018; 9(26):18180–97. https://

doi.org/10.18632/oncotarget.24477 PMID: 29719598

15. Sun K, Tordjman J, Clement K, Scherer PE. Fibrosis and adipose tissue dysfunction. Cell Metab. 2013;

18(4):470–7. Epub 2013/08/21. https://doi.org/10.1016/j.cmet.2013.06.016 PMID: 23954640; PubMed

Central PMCID: PMC3795900.

16. Crewe C, An YA, Scherer PE. The ominous triad of adipose tissue dysfunction: inflammation, fibrosis,

and impaired angiogenesis. The Journal of clinical investigation. 2017; 127(1):74–82. Epub 2017/01/

04. https://doi.org/10.1172/JCI88883 PMID: 28045400; PubMed Central PMCID: PMC5199684.

17. Ilich JZ, Kelly OJ, Inglis JE, Panton LB, Duque G, Ormsbee MJ. Interrelationship among muscle, fat,

and bone: connecting the dots on cellular, hormonal, and whole body levels. Ageing research reviews.

2014; 15:51–60. Epub 2014/03/19. https://doi.org/10.1016/j.arr.2014.02.007 PMID: 24632496.

18. JafariNasabian P, Inglis JE, Kelly OJ, Ilich JZ. Osteosarcopenic obesity in women: impact, prevalence,

and management challenges. Int J Womens Health. 2017; 9:33–42. https://doi.org/10.2147/IJWH.

S106107 PMID: 28144165.

19. Tam CS, Redman LM. Adipose tissue inflammation and metabolic dysfunction: a clinical perspective.

Hormone molecular biology and clinical investigation. 2013; 15(1):19–24. Epub 2013/09/01. https://doi.

org/10.1515/hmbci-2013-0032 PMID: 25436729.

20. Catalan V, Gomez-Ambrosi J, Rodriguez A, Fruhbeck G. Adipose tissue immunity and cancer. Frontiers

in physiology. 2013; 4:275. https://doi.org/10.3389/fphys.2013.00275 PMID: 24106481; PubMed Cen-

tral PMCID: PMC3788329.

21. Leeners B, Geary N, Tobler PN, Asarian L. Ovarian hormones and obesity. Hum Reprod Update. 2017;

23(3):300–21. Epub 2017/03/24. https://doi.org/10.1093/humupd/dmw045 PMID: 28333235; PubMed

Central PMCID: PMC5850121.

22. Delitala AP, Capobianco G, Delitala G, Cherchi PL, Dessole S. Polycystic ovary syndrome, adipose tis-

sue and metabolic syndrome. Archives of gynecology and obstetrics. 2017; 296(3):405–19. Epub 2017/

06/24. https://doi.org/10.1007/s00404-017-4429-2 PMID: 28643028.

23. Ushach I, Burkhardt AM, C. M, Hevezi PA, Gerber PA, Buhren BA, et al. Meteorin-like is a cytokine

associated with barrier tissues and alternatively activated macrophages. Clin Immunol 2015 156

(2):119–27. https://doi.org/10.1016/j.clim.2014.11.006 PMID: 25486603

24. Li Z, Zheng S, Wang P, Xu T, Guan Y, Zhang Y, et al. Subfatin is a Novel Adipokine and Unlike Meteorin

in Adipose and Brain Expression. CNS Neuroscience & Therapeutics 2014; 20:344–54. https://doi.org/

10.1111/cns.12219 PMID: 24393292

25. Rao RR, Long JZ, White JP, Svensson KJ, Lou J, Lokurkar I, et al. Meteorin-like is a hormone that regu-

lates immune-adipose interactions to increase beige fat thermogenesis. Cell. 2014; 157(6):1279–91.

Epub 2014/06/07. https://doi.org/10.1016/j.cell.2014.03.065 PMID: 24906147; PubMed Central

PMCID: PMC4131287.

26. Bae JY. Aerobic Exercise Increases Meteorin-Like Protein in Muscle and Adipose Tissue of Chronic

High-Fat Diet-Induced Obese Mice. BioMed research international. 2018; 2018:6283932. Epub 2018/

06/02. https://doi.org/10.1155/2018/6283932 PMID: 29854769; PubMed Central PMCID:

PMC5952564.

27. Jung TW, Lee SH, Kim HC, Bang JS, Abd El-Aty AM, Hacimuftuoglu A, et al. METRNL attenuates lipid-

induced inflammation and insulin resistance via AMPK or PPARdelta-dependent pathways in skeletal

muscle of mice. Experimental & molecular medicine. 2018; 50(9):122. Epub 2018/09/15. https://doi.org/

10.1038/s12276-018-0147-5 PMID: 30213948; PubMed Central PMCID: PMC6137187.

PLOS ONE Circulating Metrnl protein in polycystic ovary syndrome

PLOS ONE | https://doi.org/10.1371/journal.pone.0231943 April 24, 2020 12 / 15

https://doi.org/10.1159/000381830
http://www.ncbi.nlm.nih.gov/pubmed/25832114
https://doi.org/10.1016/j.molmed.2006.05.006
http://www.ncbi.nlm.nih.gov/pubmed/16769248
https://doi.org/10.1016/j.tem.2007.07.004
https://doi.org/10.1016/j.tem.2007.07.004
http://www.ncbi.nlm.nih.gov/pubmed/17692530
https://doi.org/10.1016/j.fertnstert.2010.11.036
http://www.ncbi.nlm.nih.gov/pubmed/21168133
https://doi.org/10.18632/oncotarget.24477
https://doi.org/10.18632/oncotarget.24477
http://www.ncbi.nlm.nih.gov/pubmed/29719598
https://doi.org/10.1016/j.cmet.2013.06.016
http://www.ncbi.nlm.nih.gov/pubmed/23954640
https://doi.org/10.1172/JCI88883
http://www.ncbi.nlm.nih.gov/pubmed/28045400
https://doi.org/10.1016/j.arr.2014.02.007
http://www.ncbi.nlm.nih.gov/pubmed/24632496
https://doi.org/10.2147/IJWH.S106107
https://doi.org/10.2147/IJWH.S106107
http://www.ncbi.nlm.nih.gov/pubmed/28144165
https://doi.org/10.1515/hmbci-2013-0032
https://doi.org/10.1515/hmbci-2013-0032
http://www.ncbi.nlm.nih.gov/pubmed/25436729
https://doi.org/10.3389/fphys.2013.00275
http://www.ncbi.nlm.nih.gov/pubmed/24106481
https://doi.org/10.1093/humupd/dmw045
http://www.ncbi.nlm.nih.gov/pubmed/28333235
https://doi.org/10.1007/s00404-017-4429-2
http://www.ncbi.nlm.nih.gov/pubmed/28643028
https://doi.org/10.1016/j.clim.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25486603
https://doi.org/10.1111/cns.12219
https://doi.org/10.1111/cns.12219
http://www.ncbi.nlm.nih.gov/pubmed/24393292
https://doi.org/10.1016/j.cell.2014.03.065
http://www.ncbi.nlm.nih.gov/pubmed/24906147
https://doi.org/10.1155/2018/6283932
http://www.ncbi.nlm.nih.gov/pubmed/29854769
https://doi.org/10.1038/s12276-018-0147-5
https://doi.org/10.1038/s12276-018-0147-5
http://www.ncbi.nlm.nih.gov/pubmed/30213948
https://doi.org/10.1371/journal.pone.0231943


28. Li Z, SONG J, Zheng S, Fan M, Guan Y, Qu Y, et al. Adipocyte Metrnl Antagonizes Insulin Resistance

Through PPARg Signaling. Diabetes. 2015; 64:4011–22 https://doi.org/10.2337/db15-0274 PMID:

26307585

29. Sadeghi A, Fadaei R, Moradi N, Fouani FZ, Roozbehkia M, Zandieh Z, et al. Circulating levels of C1q/

TNF-alpha-related protein 6 (CTRP6) in polycystic ovary syndrome. IUBMB Life. 2020. https://doi.org/

10.1002/iub.2272 PMID: 32170998.

30. Rotterdam EA-SPCWG. Revised 2003 consensus on diagnostic criteria and long-term health risks

related to polycystic ovary syndrome. Fertility and sterility. 2004; 81(1):19–25. https://doi.org/10.1016/j.

fertnstert.2003.10.004 PMID: 14711538.

31. Abbasi-Ranjbar Z, Sharami SH, Kazemi S, Sayyad-Abdi D, Dalil Heirati SF. The Relation Between Free

Testosterone and Components of Metabolic Syndrome in Women With Polycystic Ovary Syndrome. J

Family Reprod Health. 2018; 12(1):1–7. PMID: 30647752.

32. Lee RM, Silver RM. Recurrent pregnancy loss: summary and clinical recommendations. Semin Reprod

Med. 2000; 18: 433–40. https://doi.org/10.1055/s-2000-13733 PMID: 11355802

33. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model

assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin concen-

trations in man. Diabetologia. 1985; 28 (7):412–9. https://doi.org/10.1007/bf00280883 PMID: 3899825

34. Lee JH, Kang YE, Kim JM, Choung S, Joung KH, Kim HJ, et al. Serum Meteorin-like protein levels

decreased in patients newly diagnosed with type 2 diabetes. Diabetes Research and Clinical Practice.

2018; 35:7–10. https://doi.org/10.1016/j.diabres.2017.10.005 PMID: 29097285

35. Lee JH, Kang YE, Kim JM, Choung S, Joung KH, Kim HJ, et al. Serum Meteorin-like protein levels

decreased in patients newly diagnosed with type 2 diabetes. Diabetes research and clinical practice.

2018; 135:7–10. Epub 2017/11/04. https://doi.org/10.1016/j.diabres.2017.10.005 PMID: 29097285.

36. Dadmanesh M, Aghajani H, Fadaei R, Ghorban K. Lower serum levels of Meteorin-like/Subfatin in

patients with coronary artery disease and type 2 diabetes mellitus are negatively associated with insulin

resistance and inflammatory cytokines. PloS one. 2018; 13(9):e0204180. Epub 2018/09/14. https://doi.

org/10.1371/journal.pone.0204180 PMID: 30212581; PubMed Central PMCID: PMC6136801.

37. AlKhairi I, Cherian P, Abu-Farha M, Madhoun AA, Nizam R, Melhem M, et al. Increased Expression of

Meteorin-Like Hormone in Type 2 Diabetes and Obesity and Its Association with Irisin. Cells. 2019; 8

(10). Epub 2019/10/23. https://doi.org/10.3390/cells8101283 PMID: 31635130.

38. Wang K, Li F, Wang C, Deng Y, Cao Z, Cui Y, et al. Serum Levels of Meteorin-Like (Metrnl) Are

Increased in Patients with Newly Diagnosed Type 2 Diabetes Mellitus and Are Associated with Insulin

Resistance. Medical science monitor: international medical journal of experimental and clinical

research. 2019; 25:2337–43. Epub 2019/04/01. https://doi.org/10.12659/msm.915331 PMID:

30928991; PubMed Central PMCID: PMC6454984.

39. Li ZY, Zheng SL, Wang P, Xu TY, Guan YF, Zhang YJ, et al. Subfatin is a novel adipokine and unlike

Meteorin in adipose and brain expression. CNS neuroscience & therapeutics. 2014; 20(4):344–54.

Epub 2014/01/08. https://doi.org/10.1111/cns.12219 PMID: 24393292.

40. Spritzer PM, Lecke SB, Satler F, Morsch DM. Adipose tissue dysfunction, adipokines, and low-grade

chronic inflammation in polycystic ovary syndrome. Reproduction (Cambridge, England). 2015; 149(5):

R219–27. Epub 2015/01/30. https://doi.org/10.1530/rep-14-0435 PMID: 25628442.

41. Achari AE, Jain SK. Adiponectin, a Therapeutic Target for Obesity, Diabetes, and Endothelial Dysfunc-

tion. International journal of molecular sciences. 2017; 18(6):1321. https://doi.org/10.3390/

ijms18061321 PMID: 28635626.

42. El-Ashmawy HM, Selim FO, Hosny TAM, Almassry HN. Association of low serum Meteorin like (Metrnl)

concentrations with worsening of glucose tolerance, impaired endothelial function and atherosclerosis.

Diabetes research and clinical practice. 2019; 150:57–63. Epub 2019/03/03. https://doi.org/10.1016/j.

diabres.2019.02.026 PMID: 30825562.

43. Chung HS, Hwang SY, Choi JH, Lee HJ, Kim NH, Yoo HJ, et al. Implications of circulating Meteorin-like

(Metrnl) level in human subjects with type 2 diabetes. Diabetes research and clinical practice. 2018;

136:100–7. Epub 2017/12/05. https://doi.org/10.1016/j.diabres.2017.11.031 PMID: 29199003.

44. Muller MJ, Braun W, Enderle J, Bosy-Westphal A. Beyond BMI: Conceptual Issues Related to Over-

weight and Obese Patients. Obesity facts. 2016; 9(3):193–205. Epub 2016/06/12. https://doi.org/10.

1159/000445380 PMID: 27286962; PubMed Central PMCID: PMC5644873.

45. Stefanaki C, Bacopoulou F, Kandaraki E, Boschiero D, Diamandi-Kandarakis E. Lean Women on Met-

formin and Oral Contraceptives for Polycystic Ovary Syndrome Demonstrate a Dehydrated Osteosar-

copenic Phenotype: A Pilot Study. Nutrients. 2019; 11(9):2055. https://doi.org/10.3390/nu11092055

PMID: 31480705.

PLOS ONE Circulating Metrnl protein in polycystic ovary syndrome

PLOS ONE | https://doi.org/10.1371/journal.pone.0231943 April 24, 2020 13 / 15

https://doi.org/10.2337/db15-0274
http://www.ncbi.nlm.nih.gov/pubmed/26307585
https://doi.org/10.1002/iub.2272
https://doi.org/10.1002/iub.2272
http://www.ncbi.nlm.nih.gov/pubmed/32170998
https://doi.org/10.1016/j.fertnstert.2003.10.004
https://doi.org/10.1016/j.fertnstert.2003.10.004
http://www.ncbi.nlm.nih.gov/pubmed/14711538
http://www.ncbi.nlm.nih.gov/pubmed/30647752
https://doi.org/10.1055/s-2000-13733
http://www.ncbi.nlm.nih.gov/pubmed/11355802
https://doi.org/10.1007/bf00280883
http://www.ncbi.nlm.nih.gov/pubmed/3899825
https://doi.org/10.1016/j.diabres.2017.10.005
http://www.ncbi.nlm.nih.gov/pubmed/29097285
https://doi.org/10.1016/j.diabres.2017.10.005
http://www.ncbi.nlm.nih.gov/pubmed/29097285
https://doi.org/10.1371/journal.pone.0204180
https://doi.org/10.1371/journal.pone.0204180
http://www.ncbi.nlm.nih.gov/pubmed/30212581
https://doi.org/10.3390/cells8101283
http://www.ncbi.nlm.nih.gov/pubmed/31635130
https://doi.org/10.12659/msm.915331
http://www.ncbi.nlm.nih.gov/pubmed/30928991
https://doi.org/10.1111/cns.12219
http://www.ncbi.nlm.nih.gov/pubmed/24393292
https://doi.org/10.1530/rep-14-0435
http://www.ncbi.nlm.nih.gov/pubmed/25628442
https://doi.org/10.3390/ijms18061321
https://doi.org/10.3390/ijms18061321
http://www.ncbi.nlm.nih.gov/pubmed/28635626
https://doi.org/10.1016/j.diabres.2019.02.026
https://doi.org/10.1016/j.diabres.2019.02.026
http://www.ncbi.nlm.nih.gov/pubmed/30825562
https://doi.org/10.1016/j.diabres.2017.11.031
http://www.ncbi.nlm.nih.gov/pubmed/29199003
https://doi.org/10.1159/000445380
https://doi.org/10.1159/000445380
http://www.ncbi.nlm.nih.gov/pubmed/27286962
https://doi.org/10.3390/nu11092055
http://www.ncbi.nlm.nih.gov/pubmed/31480705
https://doi.org/10.1371/journal.pone.0231943


46. Du Y, Ye X, Lu A, Zhao D, Liu J, Cheng J, et al. Inverse relationship between serum Metrnl levels and

visceral fat obesity (VFO) in patients with type 2 diabetes. Diabetes research and clinical practice. 2020;

161:108068. https://doi.org/10.1016/j.diabres.2020.108068 PMID: 32044349.

47. Saeidi A, Tayebi SM, Khosravi A, Malekian F, Khodamoradi A, Sellami M, et al. Effects of exercise train-

ing on type 2-diabetes: the role of Meteorin-like protein. Health promotion perspectives. 2019; 9(2):89–

91. Epub 2019/06/30. https://doi.org/10.15171/hpp.2019.12 PMID: 31249794; PubMed Central

PMCID: PMC6588808.

48. Bae JY, Woo J, Kang S, Shin KO. Effects of detraining and retraining on muscle energy-sensing net-

work and meteorin-like levels in obese mice. Lipids in health and disease. 2018; 17(1):97. Epub 2018/

04/29. https://doi.org/10.1186/s12944-018-0751-3 PMID: 29703203; PubMed Central PMCID:

PMC5924483.

49. Tilg H, Moschen AR. Adipocytokines: Mediators linking adipose tissue, inflammation and immunity. Nat

Rev Immunol 2006; 6(10):772–83. Epub 2006 Sep 22. https://doi.org/10.1038/nri1937 PMID:

16998510

50. Brochu-Gaudreau K, Rehfeldt C, CBlouin R, Bordignon V, Murphy BD, Palin MF. Adiponectin action

from head to toe. Endocrinology. 2010; 37:11–32. https://doi.org/10.1007/s12020-009-9278-8 PMID:

20963555

51. Wolf AM, Wolf D, Rumpold H, Enrich B, Tilg H. Adiponectin induces the anti-inflammatory cytokines IL-

10 and IL-1RA in human leukocytes. Biochem Biophys Res Commun. 2004; 323(2):630–5. https://doi.

org/10.1016/j.bbrc.2004.08.145 PMID: 15369797

52. Wulster-Radcliffe MC, Ajuwon KM, Wang J, Christian JA, Spurlock ME. Adiponectin differentially regu-

lates cytokines in porcine macrophages. Biochem Biophys Res Commun. 2004; 316(3):924–9. https://

doi.org/10.1016/j.bbrc.2004.02.130 PMID: 15033490
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