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Abstract


Adiponectin, an adipokine secreted by adipocytes with anti-inflammatory and insulin-sensitizing properties, circulates in several isoforms, of which total and high-molecular-weight (HMW) adiponectin are the most physiologically relevant. While adiponectin has been inversely associated with obesity and metabolic syndrome (MetS), evidence from Latin American populations remains scarce. To explore its role in this context, we conducted a case–control study in 310 Panamanian adults, including 77 individuals with MetS and 233 controls, diagnosed according to the Latin American Diabetes Association (ALAD) criteria. Serum adiponectin, lipid profile, glucose, HbA1c, and body composition were evaluated, with adiponectin quantified by chemiluminescent immunoassay (CLIA). Correlations with metabolic parameters were analyzed using GraphPad Prism 10.5. Participants with MetS exhibited significantly lower adiponectin concentrations compared with controls (7.75 ± 2.58 µg/mL vs. 9.53 ± 3.31 µg/mL, p = 0.0030). Adiponectin levels were significantly lower in males than in females (p = 0.0083) and showed inverse correlations with visceral fat (r = −0.26, p < 0.001), triglycerides (r = −0.25, p = 0.0062), insulin (r = −0.31, p < 0.0001), and HbA1c (r = −0.11, p = 0.046). Conversely, a positive association was observed with HDL cholesterol (r = 0.37, p < 0.0001). Individuals with HbA1c ≥ 6.5% or insulin ≥ 15 µU/mL exhibited markedly reduced adiponectin concentrations (p = 0.0006 and p < 0.0001, respectively). The ROC analysis yielded an AUC of 0.69, indicating a moderate discriminatory ability of adiponectin for identifying MetS in this population. These findings confirm that adiponectin is inversely associated with several metabolic risk factors, supporting its potential utility as a biomarker for early detection and risk stratification of metabolic syndrome in the Panamanian population.
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1. Introduction


Metabolic syndrome (MetS) is a cluster of interrelated metabolic disorders that include central obesity, insulin resistance, hypertension, dyslipidemia, and hyperglycemia, increasing the risk of cardiovascular diseases and type 2 diabetes [1,2]. Currently, MetS has reached epidemic proportions worldwide, with an estimated prevalence of 30% in adults in countries such as the United States [3]. This public health issue is particularly relevant in Panama, where more than 70% of adults are living with overweight or obesity.



Obesity, the primary risk factor for MetS, has tripled over the past 50 years globally, in both developed and developing countries [4]. Unhealthy diets are one of the main drivers of obesity. Moreover, in Panama, 21.5% of people aged 15 and over consume sugar-sweetened beverages six to seven times per week, while 68.5% consume fried foods at least once a week [5].



Adiponectin, an adipokine primarily secreted by adipocytes, has been shown to play a key role in metabolic regulation and insulin sensitivity [6]. Unlike other pro-inflammatory adipokines, adiponectin has anti-inflammatory and insulin-sensitizing effects, promoting glucose and lipid homeostasis [7]. Its plasma concentration varies according to body mass index (BMI) and adipose tissue distribution, with lower levels found in individuals with obesity [8].



Adiponectin circulates in three major structural isoforms: low-molecular-weight (LMW) trimers, medium-molecular-weight (MMW) hexamers, and high-molecular-weight (HMW) multimers composed of 12–18 subunits [9,10]. Among these, the HMW isoform is the most biologically active form, exhibiting potent insulin-sensitizing, anti-inflammatory, and anti-atherogenic effects [11,12,13]. It binds preferentially to AdipoR1 and AdipoR2 receptors, activating AMP-activated protein kinase (AMPK) and peroxisome proliferator-activated receptor alpha (PPAR-α) pathways, which enhance glucose utilization and fatty acid oxidation in skeletal muscle and liver [8].



Clinically, HMW adiponectin represents the most relevant fraction for assessing insulin resistance and cardiometabolic risk. The ratio of HMW to total adiponectin (HMW/Total) correlates more strongly with glucose tolerance, insulin sensitivity, and lipid oxidation than total adiponectin alone [12,14,15]. Lifestyle and pharmacological interventions that improve metabolic health—such as weight reduction, thiazolidinedione therapy, or endurance exercise—selectively increase circulating HMW adiponectin [9,15]. Reference ranges for HMW adiponectin are generally lower than for total adiponectin, averaging 2–10 µg/mL in healthy adults, with higher concentrations in women and lean individuals [9,15]. These findings highlight the need to specify the adiponectin isoform measured when comparing results across studies or populations.



Studies have identified an inverse correlation between adiponectin levels and the components of the MetS. Elevated triglyceride and fasting glucose levels have been associated with a significant reduction in serum adiponectin levels [16,17]. Likewise, hypoadiponectinemia has been linked to insulin resistance, a central mechanism in the development of MetS and type 2 diabetes [18,19,20].



The reduction in adiponectin levels may contribute to the establishment of a state of low-grade chronic inflammation, promoting the activation of pro-inflammatory pathways and the deterioration of insulin sensitivity. This scenario is exacerbated by excess visceral fat, a tissue that acts as an endocrine organ producing pro-inflammatory cytokines and playing a key role in the pathophysiology of metabolic syndrome. In older adults, it has been demonstrated that systemic low-grade inflammation is increased in those diagnosed with metabolic syndrome and is closely associated with the accumulation of visceral adipose tissue, highlighting the importance of considering both adipocyte dysfunction and inflammatory mechanisms in the progression of this condition [21,22].



In addition to storing energy, adipose tissue acts as an endocrine organ that secretes cytokines and hormones, influencing energy metabolism and systemic inflammation [7]. In individuals with obesity, excessive adipose tissue promotes low-grade chronic inflammation through the activation of the NF-kB transcription factor and the production of cytokines such as TNF-α and IL-6, which reduce adiponectin expression and secretion [22,23].



In this context, adiponectin has been proposed as a key biomarker in the assessment of metabolic syndrome and its complications [24]. Studies have reported that individuals with higher adiponectin levels present a lower risk of developing type 2 diabetes and cardiovascular disease [25]. Additionally, its positive relationship with high-density lipoprotein (HDL) levels reinforces its protective role in cardiovascular health [26].



Adiponectin levels have also been shown to be inversely related to body mass index and visceral fat accumulation [27]. Reports indicate that individuals with severe obesity have significantly reduced adiponectin levels compared to those with a normal BMI (Figure 1) [28].



Moreover, adiponectin levels have been associated with glycemic control in patients with type 2 diabetes mellitus. Studies have demonstrated that patients with elevated glycated hemoglobin (HbA1c) levels exhibit a significant decrease in serum adiponectin concentration [29].



Interventions aimed at increasing adiponectin levels, such as regular physical activity, weight loss, and the use of insulin-sensitizing drugs, result in improved metabolic profiles [28].



Although numerous studies have characterized adiponectin as a metabolic biomarker in North American, European, and Asian populations, data from Latin America remain scarce. This lack of regional evidence is particularly relevant given the genetic diversity and distinct lifestyle factors of Latin American populations, which may modulate adiponectin levels and their association with metabolic syndrome. In Panama, where obesity and related metabolic disorders have reached high prevalence, this study provides the first population-based evidence linking serum adiponectin concentrations with metabolic risk, thereby contributing to early detection strategies and context-specific preventive interventions.



In conclusion, studying adiponectin in the Panamanian population is essential for understanding its impact on metabolic health and its potential utility as a biomarker for the early detection of metabolic syndrome. Given the increasing prevalence of this condition in Panama, research focused on adiponectin could contribute to the development of preventive and therapeutic strategies to improve the quality of life of the affected population.




2. Materials and Methods


A case–control study with a 3:1 ratio was conducted to analyze the association between adiponectin levels and the presence of metabolic syndrome in an adult Panamanian population. A total of 310 participants were included, divided into 77 cases diagnosed with metabolic syndrome and 233 controls without the condition.



2.1. Population and Sample


Participants were voluntarily recruited through open invitations disseminated via social media. Eligible volunteers were residents of the provinces of Panama and Panama Oeste, aged 18 to 60 years. All participants provided written informed consent prior to enrollment.



2.1.1. Inclusion and Exclusion Criteria


Inclusion criteria:




	
Men and women between 18 and 60 years of age.



	
Residents of the provinces of Panama or Panama Oeste.



	
Willingness to participate voluntarily and sign informed consent.



	
Availability for fasting blood collection and anthropometric evaluation.








Exclusion criteria:




	
Pregnant women.



	
Individuals with chronic inflammatory, autoimmune, or immunosuppressive diseases.



	
Participants under corticosteroid or anti-inflammatory medication within the previous 15 days, to prevent pharmacological modulation of adiponectin levels.



	
Individuals with a recent COVID-19 infection (within the previous 30 days), to avoid post-infectious inflammatory bias.









2.1.2. Selection of Cases and Controls


The diagnosis of metabolic syndrome was established according to the criteria of the Latin American Diabetes Association (ALAD). Individuals presenting central obesity (waist circumference ≥ 94 cm in men and ≥88 cm in women) plus at least two of the following components were classified as cases:




	
Elevated triglycerides (≥150 mg/dL) or current treatment for hypertriglyceridemia



	
Fasting glucose ≥ 100 mg/dL or use of hypoglycemic agents



	
Systolic blood pressure ≥ 130 mmHg or diastolic ≥ 85 mmHg, or under antihypertensive treatment



	
HDL < 40 mg/dL in men or <50 mg/dL in women








Participants who did not meet these criteria were classified as controls. The clinical classification and verification of all cases and controls were performed under the supervision of board-certified endocrinologists, ensuring diagnostic accuracy and adherence to clinical standards.





2.2. Biological Sample Collection


Participants attended the Immunology Laboratory of the Faculty of Medicine, University of Panama, after a minimum fasting period of 10–12 h. Venous blood samples were collected by trained laboratory staff following standardized protocols for metabolic and hormonal analysis. Samples were processed immediately, aliquoted, and stored at −80 °C until biochemical evaluation to preserve biomarker integrity.




2.3. Adiponectin and Metabolic Biomarker Analysis


	
Total Adiponectin Quantification:






Serum adiponectin was measured using a chemiluminescent immunoassay (CLIA) on the iFlash 3000 (YHLO Biotech, Shenzhen, China). All assays were performed according to the manufacturer’s recommendations. To ensure analytical accuracy and reproducibility, commercial calibrators and internal quality controls supplied with the kit were used in each analytical run, following the instrument’s calibration schedule and validation criteria.



	
Lipid and Glycemic Profile:






Fasting glucose, total cholesterol, triglycerides, HDL, and VLDL were determined by automated enzymatic spectrophotometry (RAYTO Chemray-330, Shenzhen Rayto Life and Science Co., Ltd., Shenzhen, China). Glycated hemoglobin (HbA1c) was quantified by high-performance liquid chromatography (HPLC) using a Lifotronic H8 analyzer (Shenzhen Lifodt Technology Co., Ltd., Shenzhen, China). All biochemical analyses were conducted using certified commercial reagents, and manufacturer-provided calibrators and controls were included to validate each analytical batch.



Body Composition Assessment:



Weight, height, and waist circumference were measured according to World Health Organization (WHO) standardized protocols. Body mass index (BMI) was calculated as weight (kg) divided by height squared (m2). Body composition parameters were evaluated by bioelectrical impedance analysis (BIA) using a Tanita BC-545® analyzer (Tanita, Tokyo, Japan). This device provides a visceral fat rating (VFR), a proprietary numerical scale that indirectly reflects visceral adiposity rather than a true percentage. In the present study, visceral fat values were expressed as Tanita VFR units, where a rating of ≥10 was considered indicative of elevated visceral fat according to the manufacturer’s validation criteria.



To ensure methodological precision, all measurements were performed under standardized conditions (fasting state, light clothing, and no exercise 12 h prior to assessment). The results derived from the Tanita scale were interpreted with caution and complemented with waist circumference data to strengthen the accuracy of central adiposity evaluation.




2.4. Statistical Analysis


Data were analyzed using GraphPad Prism® version 10.5 (GraphPad Software, San Diego, CA, USA). The normality of adiponectin concentrations was assessed using the Shapiro–Wilk test, which indicated a mild deviation from normality in both the MetS and control groups (MetS: p = 0.002; controls: p < 0.0001). However, given the large sample size (n = 310), the absence of extreme outliers, and the approximately linear relationships between variables, Pearson’s correlation coefficient was used to assess associations between adiponectin and metabolic parameters. Group comparisons were performed using the Mann–Whitney U test. A p-value < 0.05 was considered statistically significant.



Potential outliers were evaluated using the ROUT method (Q = 1%) in GraphPad Prism®. Two outliers were identified in the control group and none in the MetS group. As these values were biologically plausible and showed no analytical inconsistencies, they were retained for all analyses.



To further explore the independent predictors of circulating adiponectin levels, a multivariable linear regression analysis was performed. This approach allowed adjustment for potential confounders and provided a more robust assessment of the factors independently associated with adiponectin concentrations.




2.5. Ethical Considerations


This study involved the collection of biological samples specifically for this research at the Immunology Laboratory of the Department of Human Microbiology, University of Panama. The sample collection process adhered to strict ethical and methodological protocols, ensuring data integrity and quality.



The study was approved by the Ethics Committee of the University of Panama (CBUP/588/2021 and CBUP/101/2022, 1 April 2022), complying with the principles established in the Declaration of Helsinki and international regulations for research involving human participants. All subjects signed an informed consent, guaranteeing voluntary participation and data confidentiality.





3. Results


3.1. Clinical and Biochemical Characteristics of the Study Population


A total of 310 Panamanian adults were included in the study, comprising 77 participants with metabolic syndrome (MetS) and 233 controls, classified according to the Latin American Diabetes Association (ALAD) criteria. The cohort included 166 women and 144 men, with no significant difference in sex distribution between groups.



Table 1 summarizes the clinical, biochemical, and anthropometric characteristics of the participants. Individuals diagnosed with MetS exhibited significantly higher levels of fasting glucose, insulin, HbA1c, triglycerides, visceral fat, and waist circumference compared with controls, while HDL cholesterol was markedly lower. Conversely, adiponectin concentrations were significantly reduced in the MetS group (p < 0.0001). These findings confirm the distinct metabolic profiles between groups and reinforce the inverse relationship between adiponectin and key metabolic risk factors.




3.2. Variation in Adiponectin Levels Concerning Sex


The analysis of adiponectin levels revealed significant differences between sexes. On average, women exhibited higher serum adiponectin concentrations (9.50 ± 3.55 µg/mL) compared to men (8.50 ± 2.64 µg/mL; p < 0.05) (Supplementary Table S1). This finding is consistent with previous studies reporting higher adiponectin concentrations in women, possibly due to the influence of hormonal factors such as estrogens (Figure 1). The optimal mean values for adiponectin in men and women without MetS were 8.50 µg/mL and 9.50 µg/mL, respectively (Figure 2A).




3.3. Relationship Between Adiponectin and Body Composition


Participants with a higher visceral fat rating (VFR) showed significantly lower adiponectin levels compared to those with lower adiposity (p < 0.001). A significant negative correlation was established between adiponectin levels and visceral fat (r = ࢤ0.26, p < 0.001) (Figure 2B)




3.4. Effect of Adiponectin on Triglyceride Levels


An inverse correlation was observed between adiponectin levels and blood triglycerides (r = −0.25, p < 0.01). Participants with triglyceride levels exceeding 150 mg/dL showed a significant reduction in serum adiponectin levels compared to those with triglycerides within the normal range (p = 0.0294) (Figure 2C).




3.5. Adiponectin in Relation to Blood Pressure


No statistically significant differences were found in adiponectin levels between hypertensive and normotensive individuals. It is hypothesized that the use of antihypertensive medication in most individuals with elevated blood pressure may modulate adiponectin levels, potentially masking a direct relationship.




3.6. Adiponectin and Glycemic Control


Adiponectin levels were significantly lower in individuals with glycated hemoglobin (HbA1c) ≥ 6.5% compared to those with normal HbA1c levels (p < 0.01). This confirms adiponectin’s role in glucose metabolism regulation and its potential utility as a risk biomarker for type 2 diabetes. (Figure 2D)




3.7. Effect of Adiponectin on Insulin Levels


The analysis showed that individuals with elevated insulin levels (≥15 μU/mL) presented significantly lower serum adiponectin concentrations compared to those with insulin levels < 15 μU/mL. As shown in Figure 2D, hyperinsulinemic participants exhibited a marked reduction in adiponectin, highlighting an inverse association between these two biomarkers (p = 0.003). This finding supports the hypothesis that hyperinsulinemia may exert an inhibitory effect on adiponectin secretion or function, reinforcing its role in metabolic dysfunction.




3.8. Effect of Adiponectin on HDL Levels


A positive and significant correlation was found between adiponectin levels and HDL cholesterol (r = 0.39, p < 0.05). Participants with high HDL levels (>50 mg/dL) exhibited higher adiponectin concentrations compared to those with low HDL levels (p < 0.001). This finding supports the hypothesis that adiponectin plays a protective role in lipid profile regulation and cardiovascular health. (Figure 2F)




3.9. Adiponectin and Metabolic Syndrome


Among participants diagnosed with metabolic syndrome, a significant reduction in adiponectin levels was observed compared to healthy controls (p < 0.001). This finding reinforces adiponectin’s role as a diagnostic and prognostic marker in metabolic syndrome (Figure 2G)




3.10. Diagnostic Accuracy of Adiponectin for Metabolic Syndrome


To evaluate the diagnostic performance of adiponectin as a biomarker for metabolic syndrome, we performed a receiver operating characteristic (ROC) curve analysis. The area under the ROC curve (AUC) for adiponectin was 0.69, indicating a moderate discriminatory ability between participants with and without metabolic syndrome.



The optimal cutoff point determined using the Youden index (J = Sensitivity + Specificity − 1) was 6.9 µg/mL of adiponectin, which yielded a sensitivity of 50% and a specificity of 80% (J = 0.30). This threshold indicates that while adiponectin correctly identifies half of the cases with metabolic syndrome, it has a higher accuracy in correctly classifying healthy controls.



The ROC curve (Figure 3) illustrates this diagnostic performance, with the curve deviating above the diagonal reference line, thereby confirming adiponectin’s utility as a biomarker, although not a perfect discriminator. These findings support the role of adiponectin as a potential indicator of metabolic dysfunction, consistent with its proposed biological function in energy homeostasis and insulin sensitivity.




3.11. Independent Associations Between Serum Adiponectin and Metabolic Risk Factors


Receiver operating characteristic (ROC) curve for adiponectin in relation to metabolic syndrome. The analysis showed an area under the curve (AUC) of 0.69, indicating moderate discriminatory ability. The optimal cutoff point determined by the Youden index was 6.9 µg/mL, yielding a sensitivity of 50% and a specificity of 80%.



Multiple linear regression analysis was performed to identify independent predictors of serum adiponectin levels, and the model was statistically significant (R2 = 0.224; p < 0.0001) (Supplementary Table S2). Adiponectin levels were positively associated with age and HDL cholesterol, and inversely associated with triglycerides, visceral fat, and diabetes, even after adjustment for multiple demographic and metabolic covariates. These findings confirm that adiponectin is independently related to markers of insulin resistance and dyslipidemia key components of metabolic syndrome. The magnitude and direction of these associations are consistent with previous studies in other populations, reinforcing the protective role of adiponectin against metabolic deterioration. Although no significant associations were observed with glucose, HbA1c, or LDL cholesterol, the overall pattern suggests that adiponectin could serve as a complementary biomarker for assessing metabolic risk, particularly when interpreted alongside other clinical and biochemical parameters.





4. Discussion


This study reinforces the clinical relevance of adiponectin as a central metabolic biomarker in individuals with metabolic syndrome (MetS). Our findings demonstrate that participants diagnosed with MetS exhibited significantly lower circulating adiponectin levels compared to metabolically healthy controls. These results are consistent with previous research reporting an inverse association between adiponectin levels and several cardiometabolic risk factors, including body mass index (BMI), hypertriglyceridemia, insulin resistance, and visceral adiposity [1,2,30].



The diagnostic accuracy analysis provided additional insight into adiponectin’s clinical relevance. The receiver operating characteristic (ROC) curve showed an area under the curve (AUC) of 0.69, with a sensitivity of 50% and specificity of 80%, indicating a limited yet measurable ability to discriminate between participants with and without MetS. The optimal cutoff point, determined by the Youden index, was 6.9 µg/mL. These results suggest that adiponectin alone has moderate discriminative performance and should not be considered a stand-alone screening biomarker. However, when evaluated in combination with other metabolic indicators, such as HDL cholesterol, triglycerides, and waist circumference, adiponectin may contribute to improving early risk stratification for metabolic dysfunction, consistent with its biological role in energy balance and insulin sensitivity.



The negative correlation between adiponectin and visceral fat supports the concept of adipose tissue dysfunction in obesity. In this pathological state, hypertrophied adipocytes reduce the secretion of adiponectin while increasing the production of proinflammatory adipokines such as TNF-α and IL-6 [21]. These inflammatory mediators activate transcription factors such as NF-κB, which downregulate adiponectin gene expression and contribute to a state of low-grade chronic inflammation and metabolic impairment [18].



Serum adiponectin concentrations vary considerably across populations due to differences in analytical methods, body composition, ethnicity, and environmental factors. Most studies agree that women exhibit higher adiponectin levels than men, and that concentrations decline with increasing adiposity and insulin resistance [31,32]. In Europe, Langkamp et al. established reference intervals in 520 healthy adults using a Mediagnost ELISA, reporting median values of 7.2 µg/mL in men and 9.0 µg/mL in women [33]. In Asia, Kim et al. found comparable values—8.4 µg/mL in men and 11.9 µg/mL in women—among Korean adults without metabolic syndrome [34]. Wu et al., in a large Chinese cohort (>11,000 adults), proposed defining hypoadiponectinemia as <4 µg/mL in men and <5 µg/mL in women [35]. Clinical reviews from the Cleveland Clinic and StatPearls report a broad reference range of 3–30 µg/mL, emphasizing the influence of sex and BMI [36].



In Latin America, Aguilar-Salinas et al. described median adiponectin levels of 8.07 µg/mL in men and 12.49 µg/mL in women among Mexican adults with normal BMI [37]. Brazilian data from population-based studies, including the ERICA survey, indicate median values around 9–14 µg/mL in healthy adults and 4–7 µg/mL in individuals with obesity or metabolic syndrome [38]. Although regional data are limited, these findings align with international trends, confirming higher concentrations in women and in metabolically healthy individuals.



Overall, serum adiponectin levels in healthy adults typically range between 5 and 15 µg/mL, with median values around 7–10 µg/mL in men and 9–13 µg/mL in women. The consistency across regions suggests a conserved physiological pattern, though population-specific cutoffs remain necessary to improve diagnostic accuracy in diverse settings such as Latin America and the Caribbean.



In agreement with its established function in lipid metabolism, the inverse association between adiponectin and triglyceride levels observed in our cohort highlights its role in promoting fatty acid oxidation and suppressing hepatic lipogenesis, primarily via activation of AMP-activated protein kinase (AMPK) [39,40]. Conversely, the positive correlation with HDL cholesterol underscores its cardioprotective properties, as adiponectin facilitates reverse cholesterol transport and reduces foam cell formation [17,20,41]. Together, these findings underscore the multifaceted role of adiponectin in lipid homeostasis and atheroprotection.



Participants with elevated glycated hemoglobin (HbA1c ≥ 6.5%) presented significantly lower adiponectin concentrations, supporting its role in glucose metabolism. Adiponectin enhances insulin sensitivity by stimulating glucose uptake in skeletal muscle and inhibiting hepatic gluconeogenesis [16,42,43]. These mechanisms are often impaired in type 2 diabetes mellitus (T2DM), further reinforcing the overlapping pathophysiology between T2DM and MetS [13,44,45]. However, when the analysis was adjusted for potential confounding variables using multiple linear regression, HbA1c was no longer an independent predictor of adiponectin levels. This attenuation suggests that the association between adiponectin and glycemic control is largely mediated by other interrelated metabolic factors—particularly visceral fat, triglycerides, and diabetes status—that share common pathophysiological pathways in insulin resistance and adipokine regulation. Thus, HbA1c may reflect overall metabolic dysfunction rather than directly influencing adiponectin concentrations. These findings highlight the metabolic interdependence between glycemic, lipid, and adiposity markers within the pathophysiological spectrum of metabolic syndrome.



Sex-related differences were also evident, with women exhibiting higher adiponectin levels than men. This is consistent with the influence of sex hormones, as estrogens upregulate adiponectin expression while androgens exert a suppressive effect [8]. These observations emphasize the need to consider sex-specific reference values when evaluating adiponectin in clinical practice.



Interestingly, no significant difference was observed between hypertensive and normotensive participants. This finding may be partially explained by the use of antihypertensive medications such as angiotensin receptor blockers (ARBs) [46].



Strengths of this study include the application of ALAD criteria validated for Latin American populations and the use of standardized chemiluminescence immunoassay (CLIA) for biomarker quantification. Nevertheless, limitations must be acknowledged, such as the cross-sectional design, which precludes causal inference, and the lack of adjustment for potential confounders, including diet, physical activity, sleep patterns, and circadian rhythms.



In summary, this study demonstrates that adiponectin is significantly associated with several key metabolic components and may play a relevant role as a biomarker of risk within the metabolic syndrome continuum. Although adiponectin should not be used as a standalone diagnostic marker, its integration with variables such as triglycerides, HDL cholesterol, and visceral fat could enhance the identification and stratification of individuals at higher cardiometabolic risk. Future longitudinal studies are warranted to confirm adiponectin’s predictive value in the development and progression of metabolic syndrome and its related complications. Moreover, interventional studies assessing the effects of lifestyle modification or pharmacological modulation of adiponectin could help establish its therapeutic potential. In the context of Panama’s high prevalence of obesity and metabolic disorders, incorporating adiponectin into clinical screening and risk stratification protocols may provide a valuable tool for early detection and prevention strategies at the population level.
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Figure 1. Comparison of Adiponectin Levels in Individuals With and Without Metabolic. Syndrome Comparison of serum adiponectin levels between participants with metabolic syndrome and healthy controls. Individuals with metabolic syndrome show significantly lower adiponectin concentrations, underscoring the role of this adipokine as a potential biomarker of metabolic dysfunction. 
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Figure 2. Serum adiponectin levels and their association with metabolic parameters. (A) Comparison of adiponectin concentrations by sex, showing significantly higher values in women. (B) Association between adiponectin and visceral fat: lower levels observed in participants with high visceral fat (≥10) and a significant negative correlation. (C) Relationship between adiponectin and triglycerides: reduced adiponectin in individuals with triglycerides > 190 mg/dL and a negative correlation. (D) Association between adiponectin and HbA1c: lower levels in participants with HbA1c ≥ 6.5% and a weak negative correlation. (E) Relationship with insulin levels: lower adiponectin in hyperinsulinemic individuals (≥15 μU/mL) and a significant negative correlation. (F) Association with HDL cholesterol: higher adiponectin in participants with HDL ≥ 40 mg/dL and a positive correlation. (G) Comparison of adiponectin levels in subjects with and without metabolic syndrome: significantly lower concentrations in the MetS group. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 3. Receiver operating characteristic (ROC) curve for adiponectin in relation to metabolic syndrome. The curve illustrates the diagnostic performance of serum adiponectin for identifying metabolic syndrome. The area under the curve (AUC) was 0.69, indicating moderate discriminatory ability. The diagonal line represents the reference line of no discrimination. All essential elements of the figure are complete, and no missing content affects the scientific interpretation. 
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Table 1. Comparison of biochemical and anthropometric parameters between subjects with and without metabolic syndrome.
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	No MetS (233 Control)
	MetS (77 Cases)
	p Value





	Participants (n, %)
	233 (75%)
	77 (25%)
	



	Male
	100
	34
	



	Female
	133
	43
	



	Age (years)
	37.08 ± 11.53
	46.86 ± 9.73
	<0.0001



	Adiponectin (µg/mL)
	9.53 ± 3.31
	7.75 ± 2.58
	<0.0001



	Insulin (µU/mL)
	14.28 ± 7.16
	22.24 ± 11.06
	<0.0001



	Glucose (mg/dL)
	89.57 ± 9.31
	135.2 ± 75.84
	<0.0001



	HbA1c (%)
	5.55 ± 0.48
	7.22 ± 2.29
	<0.0001



	Triglycerides (mg/dL)
	99.87 ± 58.66
	194.14 ± 166.15
	0.0294



	Total Cholesterol (mg/dL)
	193.68 ± 42.89
	205.01 ± 42.43
	0.0449



	Visceral Fat (%)
	7.57 ± 4.23
	12.96 ± 6.06
	<0.0001



	Waist circumference (cm)
	90.24 ± 14.29
	108.22 ± 15.09
	0.01
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