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ARTICLE INFO ABSTRACT

Keywords: Background: Metabolic syndrome (MetS) is accompanied by chronic low-grade inflammation, and
Inflammation inflammatory markers like high-sensitivity C-reactive protein(hs-CRP), interleukin-6(IL-6), and
Cytokine

homocysteine(Hcy) contribute to inflammation, obesity, and insulin resistance. Adiponectin
(AdipoQ) and interleukin-10(IL-10) are anti-inflammatory markers that play protective roles in
MetS. This study aimed to investigate the association between these biochemical marker changes
and MetS in a sample of the Tehranian population during six years of follow-up.

Methods: In this longitudinal study, 340 adults at baseline and after a six-year follow-up, aged >18
years, were selected randomly from the Tehran Lipid and Glucose Study (TLGS). MetS was
defined according to the Joint Interim Statement (JIS) criteria. Individuals were categorized into
four groups based on their MetS status at baseline and follow-up: 1) non-MetS: participants who
did not have MetS at both baseline and follow-up; 2) incident MetS: participants who did not have
MetS at baseline but developed MetS during the follow-up ; 3) recovery MetS: participants who
had MetS at baseline but no longer had MetS during the follow-up; 4) persistent MetS: partici-
pants who had MetS both at baseline and follow-up.

Results: The mean follow-up time was 6.1 years. There were 176 subjects in the non-MetS group,
35 in the incident MetS group, 41 in the recovery MetS group, and 88 in the persistent MetS
group. Increases in the levels of both hs-CRP 1.40 (95% CI: 1.15, 1.71, p = 0.001) and IL-6 1.09
(95% CI: 1.03, 1.17, p = 0.004) significantly increased the odds of the incident and persistent
MetS, respectively. The area under the ROC curve (AUC) was more than 0.69 (p < 0.000) for hs-
CRP in predicting MetS incidence and more than 0.86 (p < 0.000) for IL-6 in predicting MetS
persistence.

Conclusion: After a six-year average follow-up, hs-CRP and IL-6 levels were deemed more reliable
predictors of MetS incidence and persistence, respectively.
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1. Introduction

Metabolic syndrome (MetS) is a common clinical disorder defined as the aggregation of cardiovascular risk factors such as central
obesity, impaired glucose tolerance, hypertension, and dyslipidemia [1]. MetS is recognized as a target for preventing cardiovascular
diseases (CVD) and is associated with an increased risk of coronary heart disease (CHD) [2]. The inflammatory condition associated
with MetS is known as ’low-grade’ chronic inflammation and does not appear to be caused by tissue damage, infection, or a sign of
autoimmune disease. Many reports have suggested that markers of low-grade inflammation such as acute-phase reactants (e.g.,
high-sensitivity C-reactive protein (hs-CRP)), abnormal cytokine production (e.g., interleukin-6 (IL-6)), and the activation of in-
flammatory signaling pathways might play an important role [3-5]. Such markers contribute to inflammation, obesity, and insulin
resistance. They are correlated with MetS regardless of obesity status and are higher when metabolic alterations are prevalent [6].
Studies have revealed that inflammation is associated with CVD and that inflammatory markers predict cardiovascular events [7].

High-sensitivity C-reactive protein as a sensitive marker for systemic inflammation is a product of hepatic inflammation [8]. The
association between high hs-CRP levels and an increased risk of MetS development has been documented [9,10]. Elevated hs-CRP
levels are also strongly associated with increased adipose tissue IL-6 expression and release [11]. IL-6 is a pro-inflammatory cyto-
kine associated with obesity, MetS, and other MetS-related disorders and predicts the risk of acquiring insulin resistance and type 2
diabetes (T2D) [12,13]. Another indicator introduced in recent decades that is associated with incident CHD events is homocysteine
(Hcy), a non-essential amino acid formed by the breakdown of methionine and known as a marker of endothelial injury [14,15].
Hyper-homocysteinemia, pro-inflammatory cytokines, and acute phase proteins are considered risk factors for developing MetS and
atherosclerosis [16,17].

Adiponectin, an adipokine, is predominantly released by adipose tissue. It has anti-inflammatory and insulin-sensitizing properties
[18]. This biomarker appears to have protective effects on MetS and T2D, unlike other adipokines [19,20]. Adiponectin deficiency has
also been suggested as an independent risk factor for CVD [21]. Studies have shown that AdipoQ can induce interleukin-10 (IL-10)
synthesis, and the anti-inflammatory properties of AdipoQ may be partially mediated through the stimulation of IL-10 [22].
Interleukin-10 is also an important anti-inflammatory cytokine, a major immune system regulator, and induces down-regulation of
pro-inflammatory cytokines [23]. Its important protective effect on atherosclerotic lesions in experimental animals has been revealed
[24]. Elevated levels of IL-10 were observed in obese Caucasian women, and its low levels have been associated with MetS [25].
Anti-inflammatory cytokine, IL-10 reduces IL-6 and other pro-inflammatory cytokines’ inflammatory processes [22]. Studies have
reported that elevated levels of IL-6 and IL-10 are related to the increase in the prevalence of CVD [26,27].

Importantly, the prevalence of MetS in Iran has been estimated at more than 30%, which is higher than that of some Western
countries [28-30] and based on the increasing prevalence of obesity in children and adolescents in Iran [31], the prevalence of MetS is
expected to increase in the future. Despite various preventive modalities for CVD, its prevalence is still increasing rapidly [32].
However, there is a paucity of studies investigating the correlation of inflammatory markers with MetS over time. We selected markers
with both pro-inflammatory and anti-inflammatory properties (CRP and Hcy), pro-inflammatory (IL-6), and anti-inflammatory
(AdipoQ and IL-10) properties, which have well-established associations with both MetS and CVD. Therefore, this study aimed to
investigate the association between these biochemical marker changes and MetS in a sample of the Tehranian population during six
years of follow-up.

2. Material and methods
2.1. Study population

In this longitudinal study, the participants were selected from the Tehran Lipid and Glucose Study (TLGS) population. The TLGS is a
large, long-term, integrated, and community-based study conducted in Tehran, Iran. Inclusion criteria for our study were as follows:
adults over the age of 18 who took part in phases I (baseline, conducted from 1999 to 2001) and III (follow-up, conducted from 2006 to
2008) of the TLGS, and information on age, sex, demographic, biochemical and serum were completed. Three hundred forty of these
participants were randomly selected. TLGS is a large, long-term, integrated, and community-based study aiming to evaluate the
prevalence of non-communicable diseases and all-cause mortality in the urban population of Tehran, the capital of Iran. Tehran’s
District 13 population was randomly sampled using a multistage stratified cluster random sampling approach, yielding a total of 15005
persons aged three and above. The district is situated in central Tehran, and its population age structure mirrors that of the city as a
whole. The TLGS encompasses two primary parts: a cross-sectional prevalence research examining cardiovascular disease and its
related risk factors, a prospective 20-year follow-up in several phases at approximately 3.6-year intervals [33-35]. The research
protocol obtained approval of the Research Ethics Committee of the Research Institute for Endocrine Sciences (RIES), which is
affiliated with Shahid Beheshti University of Medical Sciences, Tehran, Iran. The code assigned to this approval is "IR.SBMU.
ENDOCRINE.REC.1398.104".

2.2. Anthropometric and biochemical measurements

Information on age, sex, demographic, and medication usage for diabetes, hypertension, and lipid disorders were collected with a
standardized questionnaire. Anthropometric measures, encompassing height, weight, and waist circumference (WC) were taken for all
the subjects as described previously [5]. By dividing weight (kg) by height (mz), the body mass index (BMI) was computed. After at
least 10 min of repose, systolic blood pressure (SBP), and diastolic blood pressure (DBP) were determined using a standard
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sphygmomanometer. All the assays, including fasting blood glucose (FBS), triglyceride (TG), and high-density lipoprotein-cholesterol
(HDL-C) levels, were done on the day of sampling. FBS level was measured by the glucose oxidase method (Glucose kit; Pars Azmun,
Tehran, Iran). TG level of the samples was determined by enzymatic colorimetric method (TG kit; Pars Azmun, Tehran, Iran). The
HDL-C samples were determined by precipitation and enzymatic colorimetric method (HDL-C; Pars Azmun, Tehran, Iran). Plasma
levels of hs-CRP, Hcy, and IL-6 were measured using Enzyme-Linked Immunosorbent Assay (ELISA) kits (dbc co. Canada, diazyme co.
USA, and dia clone co. France, respectively). Using human ELISA kits created by Diaclone (France) and Mercodia Company (Sweden),
it was possible to measure the plasma concentrations of IL-10 and AdipoQ, respectively. Intra- and inter-assay coefficients of variation
(CVs) were <7.5% for all biochemical measurements. The reliability of all methods was described previously [36].

2.3. Definition of MetS

MetS was defined according to the Joint Interim Statement (JIS) criteria [37] as the presence of three or more of the following
features: TG > 150 mg/dl or on medication; HDL-C <40 mg/dl in men and <50 mg/dl in women or on medication; SBP >130 mmHg
and/or DBP >85 mmHg or drug treatment; FBS >100 mg/dl or drug treatment, and WC > 90 Cm for both gender [38].

Participants were classified into four distinct groups based on their MetS status: (1) those who had no MetS at baseline and follow-
up (non-MetS), (2) those who had no MetS at baseline and had MetS in follow-up (incident MetS), (3) those who had MetS at baseline
and had no MetS in follow-up (recovery MetS) and (4) those who had MetS at baseline and follow-up (persistent MetS).

2.4. Statistical analysis

The Kolmogorov-Smirnov goodness-of-fit test assessed the normal distribution of continuous data. For continuous variables that
exhibited a normal distribution, the mean + standard deviation was reported, while variables that displayed a skewed distribution
were reported using the median value with an interquartile range (IQR) of 25-75%. Categorical variables were expressed as counts and
percentages. To compare different variables between the baseline and follow-up of the study, we utilized the paired t-test (normal
variables), the Wilcoxon signed-rank test (skewed variables), and the McNemar test (categorical variables). The difference between the
two phases of measuring markers was presented as a delta (A). The level of the A inflammatory markers with skewed distributions was
rank normalized. Analyses of the covariance (ANCOVA) test were used to compare the mean of this delta value in four MetS status
groups, adjusting for age, gender, BMI, and baseline value for each inflammatory marker. So that the markers’ delta values were
included as a dependent variable, Mets status as a factor, and other variables (sex and baseline values of age, BMI, and the level of each
marker) were included in the analysis as covariates. Post hoc pairwise comparisons were performed using Bonferroni correction.

Multiple regression analysis was performed to estimate the association between delta values of markers and MetS in the two
adjusted models: model 1 was adjusted for age (baseline), gender, and the baseline value of each biochemical marker, and model 2
included all factors in model 1 and BMI (baseline). The odds ratio (OR) and 95% confidence interval (CI) were reported. The

Tablel

Characteristics of participants at baseline and follow-up
Variables Baseline (n = 340) Follow-up (n = 340) p-value
Male 127 (37.4)
Female 213 (62.6)
MetS 129 (37.9) 123 (36.2) 0.560
Age (years) 42.21 + 14.65 48.36 + 14.76 <0.001
BMI (kg/mz) 26.78 + 4.63 28.03 + 4.48 <0.001
MetS components
WC (cm) 87.23 +£11.50 92.41 + 11.49 <0.001
FBS (mg/dl) 89 (83,97) 91 (85,99) 0.001
SBP (mmHg) 119.71 £ 19.12 117.55 £ 17.23 0.017
DBP (mmHg) 77.58 +10.17 73.00 + 8.99 <0.001
TG (mg/dl) 146.5 (97,207) 131.5 (95,188) 0.002
HDL-C (mg/dl) 42 (35,49) 41 (35,47) 0.130
Biochemical Markers
AdipoQ (mg/1) 13.14 (6.8,23.2) 11.84 (5.8,21.3) <0.001
Hcy (pmol/1) 11.62 (7.7,18.4) 11.38 (7.7,18.2) 0.710
hs-CRP (mg/1) 0.94 (0.47,2.4) 1.11 (0.52,2.9) 0.008
IL-6 (pg/ml) 4.41 (1.92,12.36) 3.1 (1.32,6.3) <0.001
IL-10 (pg/ml) 4.54 (2.5,7.76) 4.22 (2.17,6.6) <0.001
Medication use
Antidiabetic medication (%) 20 (5.9) 34 (10) 0.004
Lipid-lowering medication (%) 15 (4.4) 29 (8.5) 0.030
Antihypertensive medication (%) 82 (24.1) 19 (5.6) <0.001

Abbreviations: MetS, metabolic syndrome; BMI, body mass index; WC, waist circumference; FBS fasting blood sugar; SBP, systolic blood pressure;
DBP, diastolic blood pressure; TG, triglyceride; HDL-C, high-density lipoprotein; AdipoQ, adiponectin; Hcy, homocysteine; hs-CRP, high-sensitivity C-
reactive protein; IL-6, interleukin-6; IL-10, interleukin-10.

Data are shown as numbers (%) or median (IQR).

The p-values are for paired t-test (normal variables), Wilcoxon signed-rank test (skewed variables), and the McNemar test (categorical variables).



Table2

Characteristics of participants by categories of MetS status at baseline and follow-up

Variables ~ Non-MetS (n = 176) Incident MetS (n = 35) Recovery MetS (n = 41) Persistent MetS (n = 88)
Baseline Follow-up P Baseline Follow-up p Baseline Follow-up P Baseline Follow-up P

WwC 81.24 + 8.83 86.49 + 9.38 <0.001 86.4 + 11.68 97.61 + 8.91 <0.001 91.25 + 10.61 93.27 + 11.86 0.167 97.66 + 7.93 101.8 + 8.41 <0.001

BMI 25 + 3.86 26.41 + 3.63 <0.001  26.47 + 4.37 29.47 + 4.27 <0.001  27.42 + 4.29 27.36 + 4.67 0.881 30.17 + 4.43 30.99 + 4.4 <0.001

FBS 87 (81,92) 88 (83,92) 0.173 87 (79,96) 94 (86,107) 0.002 89 (83,100) 92 (86.5,97) 0.141 99.5 (89,111) 100.5 (91,119) 0.283

SBP 111 (104,119) 110 (102,120) 0.110 115 (111,127) 123 (115,132) 0.015 121 (114,135) 114 0.001 128.5 126 0.161

(104.5126.5) (115.5143.75) (116.25,138.75)

DBP 73.82 + 8.52 70.54 + 8.15 <0.001  76.26 + 5.34 74.66 + 7.83 0.226 81.81 +11.15 73.46 +9.28 <0.001  83.64 +10.68 77.03 £ 9.36 <0.001

TG 104 105 0.364 135 (102,177) 170 (112,209) 0.037 180 128 (107,179) <0.001  210.5 191.5 (142.5259) 0.015
(77.25,146.75) (78.75,138.75) (161.5228) (151.25,266.75)

HDL-C 42 (39,49) 43 (36.25,49) 0.160 42 (35,53) 39 (32,46) 0.002 39 (35,49) 43 (37,47.5) 0.056 39 (32,46) 38 (33,43) 0.786

AdipoQ 13.24 12.11 0.004 12.48 9.32 (5.67,15) 0.010 10.78 11.04 0.056 11.87 (6.32,21.83)  11.84 0.980
(6.59,25.13) (5.77,22.8) (7.06,19.19) (7.34,21.15) (6.32,19.17) (5.75,21.35)

Hcy 11.62 11.34 0.716 9.48 10.48 0.166 12.01 12.24 0.957 12.04 (8.15,18.29) 12.26 0.779
(7.72,18.09) (7.73,17.19) (7.15,19.14) (7.64,16.13) (7.88,23.47) (7.86,20.24) (7.74,19.75)

hs-CRP 0.86 (0.35,1.97) 0.85 (0.42,2.04) 0.335 0.74 1.9(0.68,3.21)  <0.001 1.7 (0.91,2.73)  1.39 0.510 1.18 (0.74,3.47) 1.97 (0.93,3.43) 0.083

(0.42,1.77) (0.51,3.16)

IL-6 3.98 2.08 (1.01,4.6) <0.001  5.48 3.57 (2.42,7.5)  0.256 6.02 4.02 0.006 4.59 (2.08,11.95) 3.87 (1.76,8.21) 0.067
(1.83,10.73) (2.16,10.62) (2.12,19.09) (1.37,7.61)

IL-10 4.46 (2.58,7.57) 3.87 (2.43,6.58) 0.001 3.96 4.19 0.158 4.28 (2.6,7.76) 4.69 0.706 4.38 (2.43,7.74) 4.22 (2.11,6.48) 0.037

(1.97,8.22) (1.97,6.32) (2.02,7.75)

Abbreviations: MetS, metabolic syndrome; BMI, body mass index; WC, waist circumference; FBS fasting blood sugar; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglyceride; HDL-C,

high-density lipoprotein; AdipoQ, adiponectin; Hcy, homocysteine; hs-CRP, high-sensitivity C-reactive protein; IL-6, interleukin-6; IL-10, interleukin-10.
Data are n (%), median (IQR), or mean+SD.
The p-values are for the paired t-test (normal variables) and Wilcoxon signed-rank test (skewed variables).
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association between the change in inflammatory markers and MetS components was measured via multiple linear regression models in
which changes in MetS components were considered dependent variables and the covariates were gender, age, BMI, the value of each
marker at baseline, and changes in the markers (delta (A)).

Receiver-operator curves (ROC) were generated to predict the performance of A hs-CRP and hs-CRP levels at baseline and follow-up
on the "incident MetS" group, as well as A IL-6 and IL-6 levels at baseline and follow-up on the "persistent MetS" group. The ROC was
constructed using a binary logistic regression model (adjusted for age, gender, BMI, and the baseline value of each biochemical
marker). The area under the curve (AUC) and the 95% CI were calculated using the predicted probabilities from the prediction models.
The diagnostic performance of the markers was assessed using sensitivity, specificity, and AUC. A model’s goodness of fit (GOF) was
evaluated using the Hosmer-Lemeshow goodness of fit test.

The SPSS software version 22.0 (SPSS Inc., Chicago, IL, USA) was utilized for conducting all statistical analysis. Two-sided sta-
tistical tests were employed, and any differences with probability values less than 0.05 were deemed to be statistically significant.

3. Results

Table 1 compares the characteristics of participants at baseline and follow-up. The mean age of participants was 42.2 + 14.65 years
at baseline and 48.4 + 14.76 at follow-up; 56.9% were women. The mean follow-up time was 6.1 years. At baseline, the prevalence of
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Fig. 1. Mean difference of biochemical markers according MetS status during the follow-up period * Bonferroni correction p-value <0.05, based on
ANCOVA adjusted for baseline age, gender, baseline value of each inflammation marker, and baseline body mass index. Abbreviations: A, initial
level - follow-up level; MetS, metabolic syndrome; AdipoQ, adiponectin; Hcy, homocysteine; hs-CRP, high-sensitivity C-reactive protein; IL-6,
interleukin-6; IL-10, interleukin-10.
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MetS was 37.9%; by follow-up, it had reduced to 36.2%. WC, FBS, BMI, and hs-CRP levels were significantly elevated in the follow-up
compared to baseline. Also, an increase in the use of diabetic and lipid-controlling medications was observed. Antihypertensive
medication use and levels of SBP, DBP, TG, AdipoQ, IL-6, and IL-10 were significantly reduced. The changes in HDL-C and Hcy levels
were insignificant between the two phases.

There were 176 subjects in the non-MetS group (51.8%), 35 in the incident MetS group (10.3%), 41 in the recovery MetS group
(12%), and 88 in the persistent MetS group (25.9%). The BMI and WC were increased, and the levels of DBP, AdipoQ, IL-6, and IL-10
were significantly decreased in the follow-up compared to baseline in the "non-MetS" group. Moreover, as predicted, in the "incident
MetS" group, except for DBP, all MetS components and BMI and hs-CRP levels shifted in favor of MetS incidence. However, in the
"recovery MetS" group, the SBP, DBP, TG, and IL-6 values decreased significantly over the follow-up period. Besides, the WC and BMI
were elevated, and the DBP, TG, and IL-10 were diminished in the "persistent MetS" group (Table 2).

Fig. 1 displays the results of the ANCOVA analysis. The levels of AdipoQ, IL-6, and IL-10 markers in all groups declined between the
two phases of the study. The groups "non-MetS" and "recovery MetS" had decreases in hs-CRP and Hcy levels, whereas the "incident
MetS" and "persistent MetS" groups showed increases. However, only the higher rise in hs-CRP level in the "incident MetS" versus the
"non-MetS" group and the lower decrease in IL-6 level in the "persistent MetS" over the "non-MetS" group were statistically significant
(Fig. 1).

The correlation between alterations in inflammatory markers and MetS status, with the "non-MetS" group as a reference, was shown
in Table 3. Following the findings of the ANCOVA analysis, increases in the levels of both hs-CRP and IL-6 significantly increased odds
of the incident and persistent MetS, respectively, in two adjusted multiple regression analysis models. For each unit change in hs-CRP
and each unit change in IL-6 in model 2, the ORs for MetS incidence and persistence were 1.40 (95% CI: 1.15, 1.71) and 1.09 (95% CI:
1.03, 1.17), respectively. None of the other correlations between marker changes and other MetS statuses were statistically significant.
The findings of the correlation between changes in markers and MetS components are displayed in Supplementary Table 1. Of the
investigated biomarkers, AdipoQ alterations were most strongly associated with MetS component changes. Thus, in the "incident MetS"
group, which was associated with a significant decrease in the level of this adipokine, the changes in AdipoQ levels were associated
with alterations in WC (p = —0.6, p = 0.000), serum HDL-C ( = 0.35, p = 0.019), SBP ( = —0.6, p = 0.002), and DBP (p = —0.41,p =
0.039). There was a correlation between the changes in hs-CRP levels and the changes in the three MetS components, including FBS,
TG, and WC. This association was restricted to the two components of TG (f = 0.18, p = 0.018) and WC (p = 0.16, p = 0.046) in the
"non-MetS" group. In the "recovery MetS" group, the positive correlation between hs-CRP and WC changes was stronger (§ = 0.51, P =
0.001). In contrast, in the "persistent MetS" group, the correlation between the inflammatory marker and TG changes was reversed (f
= —0.23, p = 0.042), and there was a correlation between the changes of this marker and FBS (§ = 0.32, p = 0.005). Interestingly, hs-
CRP level changes were not independently associated with any component in the "incident MetS" group; additionally, no correlation
was found between alterations in IL-6 and IL-10 levels and changes in any of the MetS components among all four groups (Supple-
mentary Table 1).

The predictive power of hs-CRP and IL-6 was evaluated using ROC curve analyses, as shown in Figs. 2 and 3. The area under the
ROC curve (AUC) was more than 0.69 (p < 0.000) for hs-CRP in predicting MetS incidence and more than 0.86 (p < 0.000) for IL-6 in
predicting MetS persistence.

4. Discussion
In this longitudinal study of Iranian adults, we investigated the correlation between MetS status and inflammatory biomarker levels

and the changes in these markers during the six-year period. The findings indicated that during the follow-up period, the levels of
AdipoQ, IL-6, and IL-10 were significantly decreased in the three status categories of incident, recovery, and persistent MetS,

Table 3
Association between changes in the levels of inflammation markers and MetS status
Markers Models Non-MetS Incident MetS Recovery MetS Persistent MetS
OR (95%CI) P OR (95%CI) p OR (95%CI) 14
A AdipoQ Model 1 Ref 0.934 (0.869,1.00) 0.066 0.986 (0.924,1.05) 0.681 0.999 (0.948,1.05) 0.960
Model 2 Ref 0.931 (0.865,1.00) 0.059 0.983 (0.919,1.05) 0.617 0.994 (0.938,1.05) 0.846
A Hcey Model 1 Ref 1.021 (0.967,1.08) 0.457 1.003 (0.956,1.05) 0.900 1.021 (0.982,1.06) 0.294
Model 2 Ref 1.022 (0.968,1.08) 0.430 1.008 (0.960,1.06) 0.755 1.032 (0.989,1.08) 0.143
A hs-CRP Model 1 Ref 1.447 (1.18,1.77) <0.001 1.137 (0.912,1.42) 0.254 1.221 (1.02,1.46) 0.030
Model 2 Ref 1.399 (1.15,1.71) 0.001 1.109 (0.887,1.39) 0.364 1.176 (0.967,1.43) 0.105
A IL-6 Model 1 Ref 1.067 (0.995,1.15) 0.068 1.054 (0.984,1.13) 0.133 1.109 (1.047,1.17) <0.001
Model 2 Ref 1.06 (0.989,1.14) 0.100 1.045 (0.976,1.12) 0.207 1.096 (1.03,1.17) 0.004
A IL-10 Model 1 Ref 0.962 (0.860,1.08) 0.493 0.996 (0.914,1.09) 0.921 1.004 (0.933,1.08) 0.907
Model 2 Ref 0.957 (0.854,1.07) 0.444 0.995 (0.912,1.09) 0.904 1.000 (0.925,1.08) 0.990

Abbreviations: A, initial level - follow-up level; MetS, metabolic syndrome; AdipoQ, adiponectin; Hcy, homocysteine; hs-CRP, high-sensitivity C-
reactive protein; IL-6, interleukin-6; IL-10, interleukin-10.

Results of multivariate logistic regression analyses with MetS status as a dependent variable.

Ref: The non-MetS group was used as the reference in logistic regression analysis.

Model 1: adjustment for baseline value of each inflammation marker, baseline age, and gender; model 2: model 1+ baseline BMI.
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Fig. 3. Receiver operating characteristic (ROC) curves of IL-6 levels in predicting MetS persistent.

respectively. This decrease was also significant for the three markers in the "non-MetS" group. The only significant increase in hs-CRP
in the "incident MetS" group was not accompanied by a significant change in the "non-MetS" group. By examining changes in the levels
of these inflammatory markers and after adjusting for baseline values of markers, BMI, age, and gender, the correlation between the
levels of AdipoQ and IL-10 and MetS status disappeared. By referring to the "non-MetS" group, it was determined that further increases
in hs-CRP and IL-6 levels enhanced the incidence of MetS and persistent MetS, respectively, after the six-year follow-up. In addition,
considering age, gender, BMIL, and baseline levels of each marker as covariates, IL-6 levels were highly predictive of persistent MetS.
Moreover, the predictive powers of hs-CRP and IL-6 for the risk and persistence of MetS were 76% and 88%, respectively.

Central obesity and insulin resistance are considered vital contributors to the development of MetS, despite its complex etiology
[39]. Adipose tissue secretes cytokines as an endocrine organ with metabolic activity [40]. Hence, visceral obesity induces subclinical
inflammation, MetS, and increases the risk of cardiovascular disease by elevating inflammatory cytokines [41]. In comparison to
individuals without MetS, patients with MetS have a simultaneous elevation in pro-inflammatory cytokines (such as IL-6 and TNF) and
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a reduction in anti-inflammatory cytokines (such as IL-10 and AdipoQ) [42]. Therefore, an imbalance between pro-inflammatory and
anti-inflammatory cytokines contributes to the pathophysiology of MetS [43]. On the other hand, it has been demonstrated that
patients with MetS have a distinct inflammatory pattern, and MetS affects the expression of pro-inflammatory genes in adipose tissue
and the amount of circulating inflammatory cytokines [44]. Hence, the question remains open for discussion as to whether MetS is the
causal factor or the consequence of alterations in inflammatory marker levels.

Hs-CRP is a well-investigated inflammatory indicator associated with MetS. Most of these investigations were cross-sectional; hs-
CRP levels were assessed in quartiles, and the results demonstrated a positive association between hs-CRP and MetS in Iranian and
other populations [45-49]. In fewer longitudinal studies, this positive and significant relationship has also been observed with MetS
incidence [50-52]. The relationship between longitudinal changes in hs-CRP levels and the incidence of MetS has also been studied in a
limited number of studies conducted on Asian populations [53,54]. In a cohort of 3748 healthy Korean men with a follow-up of seven
years, the risk of MetS incidence was significantly higher in the group with elevated hs-CRP levels (OR = 1.44), even after adjusting for
confounding variables [53]. In addition to age, the study’s confounding factors included smoking, alcohol use, and exercise, but not
BMI or hs-CRP baseline levels. A one-unit increase in CRP level elevated the risk of MetS incidence by 23% (OR = 1.23) in a population
of 4116 Chinese individuals after adjusting for covariates [54]. This study was adjusted for the influence of many confounding factors,
including education level, place of residence, smoking habits, alcohol consumption, hypertension, dyslipidemia, diabetes, heart dis-
ease, and stroke. Similarly, in the present study, one unit (1 pg/ml) elevation in hs-CRP levels was correlated with a 40% increased risk
of incident MetS (OR = 1.40) after adjusting for baseline age, sex, BMI, and hs-CRP level. Therefore, the observed variations in the
outcomes may be attributed, at least in part, to differences in confounding factors.

The relatively high AUC value of hs-CRP for MetS incidence confirms its outstanding diagnostic capability. One study examined the
predictive ability of different levels of the hs-CRP marker for developing MetS based on AUC values [55]. In this study, Japanese men
and women had similar hs-CRP AUCs at baseline and follow-up, and the average of the two tests indicated early MetS. This investi-
gation revealed that AUCs ranging from 0.71 to 0.75 are consistent with our findings. Interestingly, in the present study, the change in
hs-CRP levels had slightly more predictive power than the baseline and follow-up levels. Therefore, consistent with prior research [53,
54], the results of our study indicate that elevations in hs-CRP levels within the normal range and a progressive rise in hs-CRP levels
over time may serve as diagnostic indicators for MetS. Consequently, it is essential to monitor individuals for the early prevention and
diagnosis of MetS, even if they appear healthy.

In the current study, multivariate logistic regression analyses showed that a unit increase in IL-6 levels elevated the risk of MetS by
9% in the "persistent MetS" group. Previous cross-sectional studies found a positive relationship between IL-6 levels and the prevalence
of MetS in the Iranian population [56-58], including the TLGS community [59], and in other populations [60-65]. The convergence of
the pathological mechanisms involved in the pathogenesis of MetS leads to a pro-inflammatory state, which explains the increased
levels of several inflammatory biomarkers, including IL-6 and CRP, in individuals with MetS. The major mechanisms underlying the
pathophysiology of MetS, insulin resistance, and systemic oxidative stress induced by obesity lead to the activation of downstream
inflammatory cascades [66]. The precise physiological role of IL-6 signaling in the development of MetS is unclear, despite the
involvement of this marker in low-grade chronic inflammation [67]. The origin of IL-6 can influence its response to inflammation. IL-6
is produced by various cell types within adipose tissue, including adipocytes, adipose tissue macrophages, and other cell types present
in adipose tissue. In mice, it has been observed that adipocyte-derived IL-6 significantly enhances the accumulation of macrophages in
adipose tissue, even without substantial alterations in glucose or insulin tolerance. Conversely, IL-6 derived from myeloid cells sup-
presses the polarization of M1 macrophages, reduces the accumulation of macrophages in adipose tissue, and improves glucose and
insulin tolerance [67]. These results indicate the complexity of the physiology of the metabolic function of IL6. Possibly because of this
complexity, in line with the results obtained in two other Iranian populations [58,68], the positive relationship between persistent
MetS and IL-6 changes proven in our study was also independent of MetS components. However, our study specifically examined the
correlation between changes in MetS components and IL-6, a relationship that was not investigated in a previous study.

Few studies have monitored the changes in IL-6 levels over time. In one intervention study in an animal model, 28 rats were fed a
high-fat or high-salt diet for seven weeks. A significant positive correlation was identified between IL-6 levels in adipose tissue and
various risk factors for MetS, including fasting insulin, blood lipid profile, body weight, and visceral fat mass. Based on these findings,
the authors concluded that IL-6 could be considered an early and typical marker in the pathogenesis and development of MetS and CVD
[69]. The predictive power of IL-6 levels in the two phases of our study and the difference between these two levels were similar for
persistent MetS. The AUC values of IL-6 obtained for persistent MetS in our investigation were higher than those reported in previous
research on the prevalence of MetS [70-72]. Hence, based on the current investigation results, it can be inferred that elevated levels of
IL-6, whether observed at a single time or as an ongoing increase over time, serve as a robust indicator of persistent MetS. To our
knowledge, no previous study has investigated the relationship between IL-6 and the incidence of MetS in the long term. Further
longitudinal investigations are recommended to study the predictive ability of the IL-6 marker for persistent MetS.

Many variables contribute to elevated hs-CRP and IL-6 levels. One potential aspect to consider is the development of MetS. As
mentioned, it remains unclear whether the increase in inflammation-related markers results from a higher incidence of MetS or
whether it is the cause. The results of Mendelian randomization analysis also did not favor the causality of inflammatory markers for
MetS [73,74]. Obesity and insulin resistance, the two possible critical causes of MetS, are additional variables that raise these two
markers [6,75]. Central obesity and insulin resistance stimulate IL-6 secretion by adipocytes. Adipocytes, particularly those from
visceral adipose tissue, are the primary sources of IL-6, making it a cytokine with a cellular origin. IL-6 is correlated with other cy-
tokines and inflammatory mediators, and one of its most vital functions is to stimulate liver cell production of CRP, the major mediator
of the inflammatory response [6]. Dyslipidemia, characterized by increased TG and decreased HDL, was also positively correlated with
hs-CRP and IL-6 levels [76,77]. Lifestyle variables, including dietary patterns, levels of physical activity, and smoking habits, can
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significantly impact inflammatory markers like hs-CRP and IL-6. Unhealthy diets high in processed foods and saturated fats, sedentary
behavior, and smoking have been associated with increased levels of hs-CRP and IL-6, thereby promoting chronic inflammation and
metabolic dysfunction [78-80]. The observed variations in hs-CRP and IL-6 levels may also be influenced by genetic and epigenetic
factors [81-84]. The current research demonstrated the association between the development of MetS and the increase in the levels of
hs-CRP and IL-6, among the influencing factors in the serum. However, this association was not affected by the two additional factors
of dyslipidemia and obesity (BMI), consistent with the findings of some prior investigations [57,58,85]. In this research, the impact of
other factors was not examined.

Abnormal levels of the pro-inflammatory cytokines IL-6 and TNF-a may lead to dysregulation of the insulin signaling system. IL-10
can potentially restore normal insulin signaling by either inhibiting oxidative stress caused by NADPH oxidase or counteracting the
effects of IL-6 and TNF-a [86,87]. Since insulin resistance is one of the primary mechanisms underlying the development of MetS and a
reverse association between IL-10 and other MetS components has been reported [88,89], it appears that this marker’s protective effect
against MetS is probable. In this regard, it has been found in some studies that a reduced IL-10 level is associated with an elevated risk
of MetS. For example, obese and non-obese women with MetS showed significantly decreased levels of IL-10 [90]. Other studies [42,
91] have shown that the IL-10 levels of both men and women with MetS have significantly decreased. Following most previous studies,
we observed a significant decrease in IL-10 levels in the "persistent MetS" group. Still, this decrease was also observed in the "non-MetS"
group throughout the follow-up period. Age was one of the main variables that changed in the "non-MetS" group during the follow-up
period, and the decrease in the level of IL-10 in this healthy group can be attributed to the documented age-related declines in this
marker [92-95]. Nevertheless, no significant correlation between serum IL-10 and the incidence of MetS was found in 258 sera
collected from older people, despite the negative correlation between IL-10 and BMI [96].

Adiponectin enhances target tissue insulin sensitivity and assumes a pivotal role in the development of MetS by affecting lipid and
glucose metabolism [97]. On the other hand, evidence suggests that AdipoQ has a significant inverse relationship with obesity and
hypertension, two other components of MetS [98]. In the current investigation, AdipoQ levels were significantly lower in those who
developed MetS during follow-up. However, this association disappeared when these individuals were compared to the reference
group (non-MetS). Consistent with our results, the incidence of MetS and baseline serum AdipoQ levels in three cohort studies were
determined to have a negative association [20,99,100]. The changes in AdipoQ level were associated with changes in MetS compo-
nents only in the "incident MetS" group, including WC, SBP, and DBP, positively and with HDL-C negatively. This correlation with MetS
components was consistent with the results of another Iranian population [101], with the exception that in the latter study, corre-
lations with other MetS components, such as FBS and TG, were also observed, and the demonstrated correlation was between AdipoQ
values and MetS components, not between changes in their levels. So, in the present investigation, AdipoQ may play a role in the
pathophysiology of MetS via adiposity, dyslipidemia, and blood pressure-related components. Monitoring and increasing AdipoQ
levels can therefore be effective factors in preventing the development of this syndrome.

During the present study’s follow-up period, the level of IL-6 in the "Recovery MetS" group decreased significantly. In this group,
the levels of anti-inflammatory markers IL-10 and AdipoQ increased. In contrast, another inflammatory marker, Hs-CRP, decreased
during the follow-up period. Still, these changes were not significant, possibly attributable to the limited size of the sample.
Furthermore, changes in hs-CRP, IL-6, IL-10, and AdipoQ levels may serve as potential therapeutic targets for improving metabolic
function in individuals with MetS. Monitoring these biomarkers can help evaluate the degree of inflammation, metabolic dysfunction,
and cardiovascular risk associated with MetS.

Consequently, reducing IL-6 levels may be a viable therapeutic objective for treating MetS. Tocilizumab, an IL-6 inhibitor, was
evaluated for its efficacy in treating MetS in rat models. Tocilizumab is a monoclonal antibody that functions as an antagonist of the IL-
6 receptor. The results indicated that the drug was effective, which confirms the current research and previous study findings. This IL-6
inhibitor shows promise for this indication, but further human studies are required before it can be used clinically [102]. On the other
hand, IL-6 levels were significantly reduced when dietary interventions were implemented [103,104]. Nutritional interventions
combined with anti-inflammatory drugs may thus become an innovative way of treating MetS in future approaches.

The potential of AdipoQ as a biotarget for the modulation of metabolic and cardiovascular disease is noteworthy. Nonetheless, the
administration of recombinant AdipoQ from an external source is hindered by difficulties in generating stable isoforms and high
endogenous levels with a short in vivo half-life. The achievement of therapeutic effectiveness is contingent upon the augmentation of
endogenous expression and the precise targeting of AdipoQ signaling and its subsequent effector pathways. On the other hand, lifestyle
treatments, including exercise, calorie restriction, pharmaceutical agents, and gastric bypass surgery, have consistently demonstrated
favorable outcomes in relation to AdipoQ levels. Integrating lifestyle modifications and pharmaceutical therapies has demonstrated
the ability to enhance AdipoQ levels in individuals diagnosed with MetS [105,106].

Methionine metabolism results in the production of a mediator called homocysteine. Hyperhomocysteinemia has an extensive
range of biological effects on various organs and is recognized to be associated with cardiovascular disease through different mech-
anisms, such as vascular dysfunction [107,108]. Furthermore, it has been suggested that an increased level of Hcy is pathophysio-
logically involved in the increased risk of MetS [109]. However, the mechanisms involved in Hcy-associated diseases have not been
entirely clarified, and whether the relationship between MetS and Hcy level is causal remains obscure. However, recently, using the
Mendelian randomization approach, a significant relationship was elucidated between Hcy and the risk of MetS in the Korean pop-
ulation [110]. On the other hand, Hcy increases inflammatory responses and correlates with IL-6, TNFa, and hs-CRP levels [111].
Although some previous studies demonstrated that Hcy was associated with the MetS or its components [112] in obese or overweight
individuals [113] or hypertensive patients [17] with features of the MetS, in our research, the Hcy level was associated with neither the
baseline nor the follow-up of the MetS status groups and its components. Consistent with our results, in Iranian populations, Fakhr-
zadeh et al. (2005) and Naderyan Fe’li et al. (2020) did not find a significant difference between the mean level of this marker in people
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with and without MetS [114,115]. Moreover, Nabipour et al. (2009) did not observe a significant association between the MetS and
serum Hyc levels by multiple logistic regression analysis after adjusting for some confounders such as sex, age, smoking, fruit and
vegetable intake pattern, BMI, and physical inactivity [116]. A similar lack of association has been documented in other populations:
Budak et al. (2009) in Turkish individuals [117] and Garcin et al. (2006) in French people [118].

A prospective longitudinal design is one of the current study’s strengths. According to our knowledge, this is the first study to
investigate the relationship between changes in inflammatory markers, including AdipoQ, Hyc, IL-6, and IL-10, and MetS status and
MetS components. However, the present study has some limitations, including the small sample size, the lack of data on some con-
founding factors such as dietary habits, smoking, and physical activity due to the unavailability of accurate data, and the lack of
research on some pro-inflammatory cytokines, including TNF-a.

5. Conclusion

After an average six-year follow-up, the changes in hs-CRP and IL-6 levels were regarded as more reliable predictors of incidence
and persistent MetS, respectively, compared to the changes in AdipoQ, IL-10, and Hcy. Interleukin-6 levels at baseline and follow-up
were similarly predictive of the persistence of MetS. However, the predictive power of the changes in the hs-CRP level was marginally
higher than the other two measurements over the two phases of the study. Further, larger and longer-term longitudinal studies are
needed to determine the role of IL-6 in persistent MetS.
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