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[bookmark: _GoBack]Abstract
Background: Obesity is a major driver of metabolic dysfunction and is strongly associated with the development of metabolic dysfunction-associated steatotic liver disease (MASLD). However, early identification of individuals at increased metabolic and hepatic risk remains challenging. Composite lifestyle scoring provides a practical and integrative approach to capturing multiple modifiable health behaviors simultaneously. This study aimed to examine the association between a Composite Healthy Lifestyle Score (CHLS) and metabolic and hepatic biomarkers among obese adults with MASLD. Methods: This cross-sectional study included 340 obese adults aged 18–65 years with MASLD who were recruited from gastroenterology and obesity outpatient clinics. The CHLS was constructed based on four modifiable lifestyle factors: diet quality (Healthy Eating Index-2020), physical activity, smoking status, and body weight status. Participants were categorized into four CHLS quartiles. Anthropometric measurements, biochemical markers (fasting blood glucose, HbA1c, lipid profile, insulin concentrations, and liver enzymes), and blood pressure were assessed. Associations between CHLS and metabolic outcomes were evaluated using multivariable-adjusted models.  Results: Higher CHLS was significantly associated with lower fasting blood glucose (adjusted P = 0.039). HbA1c levels also differed significantly across CHLS quartiles after multivariable adjustment (adjusted P = 0.012), although the pattern was non-linear, with the lowest mean HbA1c observed in the second CHLS quartile rather than the highest. Significant inverse associations were also observed between CHLS and alanine aminotransferase (ALT) and gamma-glutamyl transferase (GGT) concentrations, indicating a more favorable hepatic biomarker profile among participants with greater adherence to healthy lifestyle behaviors. After adjustment for potential confounders, no significant differences were observed in lipid profile parameters or blood pressure across CHLS quartiles. Binary logistic regression analysis demonstrated a significant overall association between CHLS and metabolic syndrome (overall P = 0.013). Compared with the lowest CHLS category, participants in the second and third CHLS categories had significantly lower odds of metabolic syndrome, whereas the association for the highest CHLS category was not statistically significant. Conclusion: Greater adherence to healthy lifestyle behaviors, as reflected by a higher CHLS, was associated with lower fasting blood glucose levels and a more favorable hepatic biomarker profile among obese adults with MASLD. Although HbA1c differed significantly across CHLS categories, its relationship with CHLS was non-linear. No significant associations were observed for lipid profile parameters or blood pressure. Overall, CHLS may represent a practical tool for identifying individuals with less favorable metabolic and hepatic profiles and may support targeted preventive strategies in clinical practice and public health. Keywords: Obesity; Metabolic dysfunction-associated steatotic liver disease; Healthy lifestyle; Glycemic control; Liver enzymes.
1. Introduction 
Obesity has emerged as one of the most pressing global health challenges of the 21st  century [1]. According to the World Health Organization (WHO), the worldwide prevalence of obesity has nearly tripled since 1975, with more than 650 million adults classified as obese in 2016 [2, 3]. The condition is associated with a wide range of adverse health outcomes, including cardiovascular disease, type 2 diabetes, certain cancers, and premature mortality. The etiology of obesity is multifactorial, involving complex interactions between genetic, environmental, behavioral, and socioeconomic factors. However, unhealthy lifestyle behaviors—such as poor dietary habits, physical inactivity, inadequate sleep, smoking, and excessive alcohol consumption—are widely recognized as the primary modifiable contributors. Addressing these behaviors through comprehensive lifestyle modification strategies has become a cornerstone of obesity prevention and management efforts worldwide [4].
Dietary patterns and alcohol consumption play important roles in the development and progression of hepatic steatosis, with excessive intake of energy-dense foods, saturated fats, and alcohol contributing to hepatic fat accumulation and metabolic dysfunction. Conversely, adherence to a healthy dietary pattern characterized by nutrient-dense foods, adequate fiber, and reduced intake of unhealthy fats and refined carbohydrates may help prevent hepatic steatosis and support its management by improving metabolic health and reducing liver fat accumulation [5].
Overnutrition can disrupt cellular redox homeostasis by increasing the production of reactive species and overwhelming antioxidant defenses. Persistent oxidative stress may promote lipid peroxidation, mitochondrial dysfunction, and inflammation, thereby impairing hepatic lipid metabolism and contributing to hepatic steatosis [6].
In addition to its well-established association with cardiometabolic disorders, obesity is considered one of the strongest risk factors for metabolic dysfunction-associated steatotic liver disease (MASLD), the most common chronic liver disease worldwide [7]. MASLD is characterized by excessive hepatic fat accumulation in the presence of at least one cardiometabolic risk factor and encompasses a spectrum ranging from simple steatosis to steatohepatitis, fibrosis, cirrhosis, and hepatocellular carcinoma [8]. Recent evidence indicates that the prevalence of MASLD has increased substantially in parallel with the global obesity epidemic, with obesity playing a central role in its pathogenesis through insulin resistance, chronic low-grade inflammation, and altered lipid metabolism [9, 10].
In recent years, the use of composite indicators such as the composite healthy lifestyle score (CHLS) has gained increasing attention in epidemiological and public health research. This multidimensional score integrates several modifiable lifestyle factors—typically including healthy diet, regular physical activity, non-smoking status, healthy weight—into a single, cumulative measure of health-related behavior [11]. Unlike disease-specific risk scores or clinical indices that focus on a single biomarker or outcome, the combined healthy lifestyle score captures a broader picture of behavioral health and provides a practical tool for evaluating prevention strategies. 
Lifestyle modification remains the cornerstone of MASLD management, as no universally approved pharmacological therapy is currently available for most patients [12]. Weight reduction, dietary improvement, smoking cessation, and increased physical activity have been consistently associated with improvements in hepatic steatosis, liver enzyme concentrations, insulin sensitivity, and overall metabolic health [12, 13]. Consequently, evaluating lifestyle as a composite construct rather than as isolated behaviors may provide a more comprehensive understanding of factors influencing disease severity and metabolic abnormalities in individuals with MASLD [14].
Several studies underscore the significant association between adherence to different healthy lifestyle scores and reduced risks of numerous chronic diseases and mortality. A meta-analysis encompassing over 1 million participants demonstrated that individuals adhering to the highest number of healthy lifestyle factors exhibited a 63% lower risk of cardiovascular disease (CVD) compared to those with the fewest healthy behaviors [15]. Similarly, a multi-cohort study involving populations from China, the United Kingdom, and the United States found that participants with the healthiest lifestyle factors had significantly reduced risks of type 2 diabetes, CVD, cancer, and all-cause mortality [16]. 
These findings collectively highlight the profound impact of combined healthy lifestyle behaviors on a wide spectrum of cardiometabolic outcomes. Given the close pathophysiological links between obesity, metabolic dysfunction, and hepatic steatosis, these lifestyle factors may also play a crucial role in the progression and clinical manifestations of MASLD.
Although the protective role of combined healthy lifestyle scores (CHLS) against chronic diseases has been extensively investigated, limited evidence is available regarding their association with metabolic and hepatic biomarkers among individuals with MASLD. Most previous studies have focused on clinical outcomes such as metabolic syndrome (MetS), cardiovascular disease, or diabetes incidence [4, 11, 16], while relatively few have evaluated liver-related biomarkers and metabolic characteristics in populations already affected by MASLD. 
Given the substantial heterogeneity in metabolic profiles among individuals with obesity and MASLD, the present study aimed to investigate the association between the CHLS and metabolic and hepatic health indicators in this high-risk population. The primary objective was to examine the associations of CHLS with glycemic indices and liver enzymes, including fasting blood sugar (FBS), glycated hemoglobin (HbA1c), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and gamma-glutamyl transferase (GGT). Secondary objectives were to evaluate the associations of CHLS with demographic characteristics, anthropometric measures, metabolic risk factors, blood pressure, and lipid profile.
2. Methods
This cross-sectional study was conducted among adults with MASLD who attended gastroenterology and obesity outpatient clinics between August 2024 and March 2025 from Kateb University affiliated health clinics, Kabul city, Afghanistan. A total of 418 individuals attending the gastroenterology and obesity outpatient clinics were screened for eligibility during the study period. After excluding participants who did not meet the eligibility criteria, declined participation, or had incomplete dietary or laboratory data, 340 participants with complete anthropometric, biochemical, and dietary assessments were included in the final statistical analyses (Figure 1).
Eligible participants were men and women aged 18–65 years with obesity (BMI ≥30 kg/m²) and a confirmed diagnosis of MASLD. MASLD was diagnosed by a gastroenterologist based on the presence of hepatic steatosis in individuals with at least one cardiometabolic risk factor and in the absence of other specific causes of steatotic liver disease, such as significant alcohol consumption, viral hepatitis, drug-induced liver injury, or other chronic liver diseases [7]. The severity of hepatic steatosis was assessed by an experienced radiologist using abdominal ultrasonography and classified as Grade I (mild), Grade II (moderate), or Grade III (severe) according to standard sonographic criteria. Participants with a history of viral hepatitis, autoimmune liver disease, Wilson’s disease, hemochromatosis, liver cirrhosis, hepatocellular carcinoma, severe renal disease, thyroid disorders, cardiovascular disease, active malignancy, or other chronic inflammatory diseases were excluded. Individuals with significant alcohol consumption (>20 g/day for women and >30 g/day for men) were also excluded. In addition, participants receiving medications known to affect hepatic steatosis, glucose metabolism, lipid metabolism, or body weight, including corticosteroids, insulin therapy, glucagon-like peptide-1 receptor agonists, and lipid-lowering agents, were not eligible for inclusion. Pregnant and lactating women were also excluded. Written informed consent was obtained from all participants before enrollment. The study protocol was approved by the Institutional Review Board of the Vice Chancellor Office (Academic and Educational Affairs), Scientific Research Center, Kateb University (Ethics Code: MRC-KU-2025-029). 
2.1. Demographic, anthropometric and physical activity assessments 
Demographic information, including age, sex, marital status, educational level, and employment status, smoking status was collected. Anthropometric measurements were taken by trained personnel using standardized protocols. Body weight was measured to the nearest 0.1 kg using a calibrated digital scale, with participants wearing light clothing and no shoes. Height was measured to the nearest 0.1 cm using a stadiometer, with participants standing upright without shoes. Body mass index (BMI) was calculated as weight in kilograms divided by the square of height in meters (kg/m²). Waist circumference was measured at the midpoint between the lower margin of the last palpable rib and the top of the iliac crest using a non-stretchable measuring tape, and recorded to the nearest 0.1 cm. Hip circumference was measured at the widest portion of the buttocks. The waist-to-hip ratio (WHR) was calculated by dividing waist circumference by hip circumference. Physical activity levels were assessed using the validated short form of the International Physical Activity Questionnaire (IPAQ-SF). Total physical activity was calculated and expressed as metabolic equivalent task minutes per week (MET-min/week) according to the IPAQ scoring protocol [17].
2.2. Dietary assessments and HEI-2020 calculation 
Habitual dietary intake was assessed using a population-specific, semi-quantitative food frequency questionnaire (FFQ) [18].The questionnaire was specifically designed following the Willett food frequency questionnaire framework and includes 103 commonly consumed food items and mixed dishes, organized into eight major food groups. Participants were asked to report the frequency of consumption and usual portion size of each food item over the previous year. Standard portion sizes were based on commonly consumed household measures, and reported intakes were converted into average daily food and nutrient intakes using food composition tables appropriate for the study population. Daily energy and nutrient intakes were subsequently calculated using Nutritionist IV software (First Databank Inc., San Bruno, CA, USA). The Healthy Eating Index-2020 (HEI-2020) was used to evaluate diet quality. The HEI-2020 consists of 13 components: 9 adequacy components (total fruits, whole fruits, total vegetables, greens and beans, whole grains, dairy, total protein foods, seafood and plant proteins, and fatty acids) and 4 moderation components (refined grains, sodium, added sugars, and saturated fats). Each component was scored on a density basis per 1000 kcal, and the total HEI-2020 score ranged from 0 to 100, with higher scores indicating better adherence to the Dietary Guidelines for Americans.
HEI-2020 scores were computed using the scoring algorithm provided by the U.S. Department of Agriculture and the National Cancer Institute. Participants were then categorized into quartiles of diet quality based on their HEI-2020 total scores [19]. 
2.3. Composite healthy lifestyle definition 
To better capture inter-individual variability in overall lifestyle profiles, a Composite Healthy Lifestyle Score (CHLS) was developed based on four lifestyle-related components, including diet quality, physical activity, body mass index (BMI), and smoking status. For diet quality, participants were categorized into quartiles according to their Healthy Eating Index-2020 (HEI-2020) scores and assigned scores ranging from 1 to 4, with higher quartiles receiving higher scores. Similarly, physical activity levels were categorized into quartiles based on MET-minute per week and assigned scores from 1 to 4. BMI was also categorized into quartiles; however, reverse scoring was applied so that participants in the lowest BMI quartile received 4 points and those in the highest BMI quartile received 1 point. Smoking status was scored as 1 for non-smokers and 0 for current smokers. The CHLS was calculated by summing the scores of all four components, resulting in a total score ranging from 3 to 13, with higher scores indicating greater adherence to an overall healthy lifestyle profile (Figure 2) [11]. 
2.4. Biochemical assessments and blood pressure 
Following an overnight fast of 8–12 hours, 10 mL of venous blood was collected from each participant by trained laboratory personnel. Blood samples were centrifuged at 3000 rpm for 10 minutes, and the obtained serum was aliquoted and stored at −80°C until biochemical analyses were performed. Serum FBS, total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), ALT, AST, GGT, and HbA1c concentrations were measured using a Hitachi 902 automated analyzer (Roche Diagnostics, Mannheim, Germany) and commercially available diagnostic reagents according to the manufacturer’s instructions. All biochemical analyses were performed in a certified clinical laboratory under standardized quality-control procedures. Serum insulin concentrations were determined using a commercially available enzyme-linked immunosorbent assay (ELISA) kit (Monobind Inc., Lake Forest, CA, USA) according to the manufacturer’s protocol. Resting systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured using a calibrated mercury sphygmomanometer (ALPK2, Tokyo, Japan). Measurements were obtained after participants had rested in a seated position for at least 5 minutes in a quiet environment. Two measurements were taken from the right arm at 5-minute intervals using an appropriately sized cuff, and the average of the two readings was used for statistical analyses. MetS was defined according to the revised National Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III) criteria [20]. 
2.5. Statistical Analysis 
Statistical analyses were performed using SPSS software (version 23.0; IBM Corp., Armonk, NY, USA) and Stata Statistical Software (Release 18; StataCorp LLC, College Station, TX, USA). The normality of continuous variables was assessed using the Kolmogorov–Smirnov test and visual inspection of histograms and normal Q-Q plots. Continuous variables are presented as mean ± standard deviation (SD), whereas categorical variables are expressed as frequencies and percentages. Participants were categorized into quartiles according to the distribution of CHLS values in the study population. Quartile cut-off points were determined using the 25th, 50th, and 75th percentiles of the CHLS distribution, resulting in four groups of approximately equal size (n = 85 per quartile). 
Differences in continuous variables across CHLS quartiles were assessed using one-way analysis of variance (ANOVA). When overall differences were statistically significant, Bonferroni post-hoc tests were applied for pairwise comparisons. Homogeneity of variance was assessed using Levene’s test, and potential influential outliers were examined using boxplots before the comparative analyses. When the homogeneity assumption was violated, Welch’s ANOVA was used instead of the conventional one-way ANOVA. Analysis of covariance (ANCOVA) was performed to evaluate adjusted differences across CHLS quartiles after controlling for age, sex, educational level, marital status, employment status, total energy intake, disease grade and dyslipidemia. To assess the robustness of the primary findings and address the potential influence of including BMI as a component of the CHLS, a sensitivity analysis was conducted using a modified CHLS excluding the BMI component. Participants were reclassified into quartiles according to the modified score, and all primary statistical analyses, including one-way ANOVA and multivariable ANCOVA, were repeated using the same adjustment variables as in the primary analysis.
To further examine the association between the CHLS and MetS, binary logistic regression analysis was performed. MetS status (yes/no) was considered the dependent variable, whereas CHLS categories were entered as the independent variable using the lowest CHLS category (Q1) as the reference group. The regression model was adjusted for age, sex, educational level, marital status, employment status, total energy intake, disease grade and dyslipidemia, and the results are presented as odds ratios (ORs) with corresponding 95% confidence intervals (95% CIs). A priori sample size calculation was based on a one-way ANOVA model, consistent with the primary analytical approach of the study using G*Power software (version 3.1.9.7)[21]. Based on the study design comparing biochemical outcomes across four quartiles of the CHLS, a fixed-effects one-way ANOVA was selected [22]. A medium effect size (f = 0.20) was assumed according to previous lifestyle-related studies in individuals with metabolic disorders and MASLD [22], with a two-sided significance level of 0.05 and a statistical power of 90%. Under these assumptions, the minimum required sample size was estimated to be approximately 309 participants. To compensate for an anticipated 10% dropout or incomplete data, the target sample size was increased to 340 participants, all of whom were included in the final analysis. Categorical variables were compared using the chi-square test. All statistical tests were two-sided, and a P-value < 0.05 was considered statistically significant.
3. Results
The demographic, anthropometric, and clinical characteristics of the participants according to quartiles of the CHLS are presented in Table 1. A total of 340 adults with obesity and MASLD were included in the analysis, with 85 participants in each quartile. No significant differences were observed across CHLS quartiles regarding age, sex distribution, WC, BMI, WHR, employment status, or marital status (all P > 0.05). Similarly, the distribution of hepatic steatosis grades (Grade I–III) did not differ significantly across CHLS quartiles (P = 0.731). Participants in the higher CHLS quartiles were significantly more likely to have completed more than 12 years of education. The prevalence of higher educational attainment increased progressively (P < 0.001). Likewise, the proportion of non-smokers increased markedly across increasing CHLS quartiles (P < 0.001). Physical activity levels showed a positive trend across quartiles of CHLS (P < 0.001). Regarding metabolic comorbidities, no significant differences were observed in the prevalence of diabetes (P = 0.482) or hypertension (P = 0.617) across CHLS quartiles. However, the prevalence of dyslipidemia decreased significantly with increasing adherence to a healthy lifestyle pattern, declining from 68.2% in T1 to 36.5% in T4 (P = 0.037). Table 2 summarizes biochemical parameters across quartiles of CHLS. No significant differences were observed in SBP, DBP, TC, TG, HDL-cholesterol, LDL-C, or fasting insulin concentrations across CHLS quartiles in either crude or adjusted analyses (all P > 0.05). In contrast, FBS levels differed significantly among CHLS quartiles. Participants in the highest CHLS quartile exhibited lower glucose concentrations compared with those in the lowest quartile (94.05 ± 32.67 vs. 105.31 ± 13.23 mg/dL). This association remained significant after adjustment for potential confounders (P = 0.039). 
Similarly, HbA1c levels differed significantly across CHLS quartiles (crude P = 0.036), and this association remained significant after multivariable adjustment (P = 0.012). However, the pattern was non-linear, with the lowest mean HbA1c observed in the second CHLS quartile rather than the highest, indicating that the association between CHLS and long-term glycemic status was not progressive across increasing CHLS categories. Liver-related biochemical markers also showed favorable trends across increasing CHLS quartiles. ALT concentrations decreased progressively from 47.8 ± 21.4 U/L in T1 to 35.4 ± 15.7 U/L in T4 and remained significantly associated with CHLS after adjustment for confounding variables (P = 0.018). Likewise, GGT levels declined significantly across quartiles, from 52.4 ± 29.7 U/L in T1 to 37.5 ± 19.6 U/L in T4, with the association remaining significant in the adjusted model (P = 0.027). Although AST levels decreased across increasing CHLS quartiles (35.6 ± 13.2 U/L in T1 vs. 30.7 ± 9.8 U/L in T4), the association lost statistical significance after adjustment for confounders (P = 0.089). 
Sensitivity analysis using a modified CHLS excluding the BMI component yielded results largely consistent with the primary analysis (Supplementary Table S1). Significant inverse associations between the modified CHLS and fasting blood glucose (adjusted P = 0.049), ALT (adjusted P = 0.029), and GGT (adjusted P = 0.041) remained evident. In contrast, the association with HbA1c was attenuated and was no longer statistically significant after multivariable adjustment (adjusted P = 0.071). No significant associations were observed for blood pressure, lipid profile, insulin, or AST, indicating that the principal findings were robust to exclusion of the BMI component from the lifestyle score. Binary logistic regression analysis demonstrated a significant overall association between CHLS categories and the odds of MetS (overall Wald χ² = 10.826, P = 0.013) (Figure 3). Using the lowest CHLS category (Q1) as the reference, participants in Q2 and Q3 had significantly lower odds of MetS (Q2: OR = 0.247, 95% CI: 0.064–0.949, P = 0.042; Q3: OR = 0.164, 95% CI: 0.042–0.636, P = 0.009). Although participants in the highest CHLS category (Q4) also exhibited lower odds of MetS (OR = 0.319, 95% CI: 0.078–1.312), this association did not reach statistical significance (P = 0.113).
4. Discussion
 The present study investigated the association between the CHLS and metabolic, glycemic, and hepatic biomarkers among adults with obesity and MASLD. Higher CHLS was associated with lower FBS levels after adjustment for potential confounders, whereas the association with HbA1c showed a non-linear pattern across CHLS quartiles and was not statistically significant in the sensitivity analysis excluding BMI. We also observed inverse associations between CHLS and liver enzymes, particularly ALT and GGT, which are commonly used biomarkers of hepatocellular injury in MASLD. In contrast, no significant associations were observed between CHLS and lipid profile or blood pressure after adjustment, suggesting that the observed relationships of CHLS may be more evident for selected glycemic and hepatic biomarkers in this population.
A notable finding of this study was the inverse association between CHLS and fasting blood glucose levels, which is particularly relevant in the context of MASLD given the central role of insulin resistance in hepatic steatosis progression [23]. Participants with higher lifestyle scores had significantly lower FBS levels after adjustment for confounding variables. This result aligns with findings from Zhang et al. [16], who reported that adherence to a combination of healthy behaviors was associated with reduced risk of type 2 diabetes and improved glycemic regulation. Similarly, a cross-sectional study conducted among patients with type 2 diabetes mellitus (T2DM) in Guangzhou, China, found that higher healthy lifestyle scores were significantly associated with better glycemic control, as evidenced by lower fasting plasma glucose levels [24]. Furthermore, a study from the Tehran Lipid and Glucose Study demonstrated that individuals adhering to a healthy lifestyle had a lower risk of developing T2DM over a six-year follow-up period [25]. Mechanistically, adherence to a healthy diet, regular physical activity, and non-smoking status may collectively enhance insulin sensitivity and glucose metabolism in MASLD, thereby contributing to lower blood glucose levels. In MASLD, improved glycemic control may also reduce hepatic de novo lipogenesis and limit further liver fat accumulation [26]. Moreover, our use of CHLS provides a composite view of behavioral risk rather than examining individual lifestyle factors in isolation, supporting the notion that an integrative approach may better capture the complexities of metabolic health.
Similarly, we observed a significant association between CHLS and HbA1c levels, which may have important implications for MASLD, given the role of chronic hyperglycemia in hepatic fat accumulation and disease progression [27]. However, unlike FBS, the relationship between CHLS and HbA1c was non-linear, with the lowest mean HbA1c observed in the second CHLS quartile rather than the highest and the association was no longer statistically significant in the sensitivity analysis excluding BMI. This finding suggests that the association between overall lifestyle adherence and long-term glycemic status may be more complex than a simple dose–response relationship. Nevertheless, our findings are generally consistent with previous research demonstrating that healthy lifestyle behaviors, including adherence to a high-quality diet, regular physical activity, and non-smoking status, are associated with improved glycemic outcomes [4, 15]. For example, a meta-analysis by Schlesinger et al. [4] reported that adherence to healthy lifestyle behaviors was associated with significantly lower HbA1c levels and reduced diabetes-related mortality. Similarly, a cross-sectional study conducted in Guangzhou, China, found that patients with type 2 diabetes mellitus (T2DM) who adhered to a healthy lifestyle score exhibited better glycemic control, as reflected by lower HbA1c levels [24]. In addition, the Look AHEAD (Action for Health in Diabetes) randomized controlled trial demonstrated that an intensive lifestyle intervention emphasizing weight loss through caloric restriction and increased physical activity significantly reduced HbA1c levels among overweight or obese individuals with T2DM [28]. Likewise, a systematic review and meta-analysis showed that lifestyle interventions promoting physical activity resulted in a mean reduction of 0.71% in HbA1c among patients with T2DM [29]. Nevertheless, in our sensitivity analysis excluding the BMI component from the CHLS, the association with HbA1c was attenuated and was no longer statistically significant, whereas the associations with fasting blood glucose and hepatic biomarkers remained largely unchanged. This finding suggests that the observed relationship between CHLS and HbA1c should be interpreted with caution and may partly reflect the contribution of BMI within the composite score or residual confounding. Overall, our results indicate that although healthy lifestyle adherence is consistently associated with fasting glycemia, its relationship with long-term glycemic control in adults with MASLD appears to be more modest and not strictly linear.
A particularly important finding of the present study was the significant inverse association between CHLS and liver enzyme levels, especially ALT and GGT. These enzymes are widely recognized as surrogate biomarkers of hepatocellular injury and are commonly elevated in MASLD. The observed reductions in ALT and GGT across increasing CHLS categories suggest that adherence to a healthier lifestyle pattern may be associated with reduced hepatic stress and improved liver function in individuals with obesity and MASLD. These findings are in line with previous evidence demonstrating that lifestyle modification, including increased physical activity, improved dietary quality, and smoking cessation, can significantly reduce liver fat content and improve aminotransferase levels in MASLD populations. A randomized controlled trial and multiple meta-analyses have shown that lifestyle-based interventions are associated with reductions in ALT levels and improvement in hepatic steatosis, independent of pharmacological treatment. This supports the concept that combined behavioral factors, rather than single lifestyle components, may exert synergistic effects on liver health [27, 30]. A systematic review and meta-analysis of exercise interventions in NAFLD showed a significant reduction in ALT levels (mean difference −4.17 U/L) following structured exercise programs, supporting the hepatoprotective role of lifestyle modification [31].
Although we observed favorable trends in lipid profiles and blood pressure across CHLS groups, these differences were not statistically significant after adjustment. These null findings may reflect the relatively homogeneous metabolic risk profile of the study population, all of whom had obesity and MASLD, which could limit between-group variability in cardiovascular risk factors [32]. Alternatively, longer duration of sustained lifestyle adherence may be required to observe measurable improvements in lipid and hemodynamic parameters, which often respond more slowly than glycemic and hepatic biomarkers. Importantly, lipid metabolism may also be influenced by unmeasured factors such as genetic predisposition, baseline hepatic insulin resistance, or prior pharmacological exposure, although individuals using lipid-lowering or antihypertensive medications were excluded. Nevertheless, the significant associations observed with FBS and hepatic biomarkers suggest that CHLS may be a useful tool for identifying early metabolic and liver-related alterations in individuals with MASLD beyond traditional cardiovascular risk indicators.
In the present study, higher CHLS categories were associated with lower odds of metabolic syndrome. Compared with participants in the lowest CHLS category (Q1), those in Q2 and Q3 had significantly lower odds of metabolic syndrome, suggesting that greater adherence to a healthier lifestyle pattern may be associated with a more favorable metabolic profile. Interestingly, although the odds of metabolic syndrome were also lower among participants in Q4, this association did not reach statistical significance. Thus, the observed pattern across CHLS categories was not strictly monotonic, as the statistically significant associations were observed in Q2 and Q3 but not in the highest category (Q4). These findings suggest a potential inverse association between healthy lifestyle adherence and metabolic syndrome, although a clear linear or dose–response relationship cannot be inferred from the present data.
It is important to note that BMI was included in the CHLS as a lifestyle-related anthropometric indicator rather than a behavioral factor. Although BMI is not a lifestyle behavior per se, it reflects the cumulative effects of long-term energy balance and health behaviors, particularly dietary habits and physical activity. Accordingly, several previously developed healthy lifestyle indices have incorporated BMI as a component of overall lifestyle adherence alongside behavioral factors such as diet quality, physical activity, and smoking; examples are healthy lifestyle index [33], the American Cancer Society (ACS) guidelines score [34], lifestyle inflammation score (LIS) [35] and chronic disease risk index (CDRI) [36]. Nevertheless, because the present study was restricted to adults with obesity, the variability of BMI was inherently narrower than in the general population, which may have reduced the discriminatory contribution of this component within the composite score. Despite the restricted BMI range, categorizing BMI into study-specific quartiles allowed the CHLS to capture relative differences in adiposity within this obese cohort rather than absolute BMI categories. Furthermore, a sensitivity analysis using a modified CHLS that excluded the BMI component demonstrated that the overall pattern of associations remained largely unchanged (Supplementary Table S1). In particular, the associations with fasting blood glucose and liver enzymes (ALT and GGT) persisted after multivariable adjustment, whereas the association with HbA1c was attenuated and no longer reached statistical significance. These findings indicate that the principal associations observed in the present study were generally robust and were not solely driven by the inclusion of BMI in the composite score, while also suggesting that BMI may contribute to the association between CHLS and long-term glycemic status.
Strengths and limitations
This study has several strengths, including the use of a comprehensive lifestyle score integrating multiple lifestyle-related factors, the evaluation of individual metabolic and hepatic biomarkers, adjustment for important confounders, and standardized data collection procedures. Nevertheless, several limitations should be acknowledged. First, the cross-sectional design precludes causal inference, and prospective studies are needed to confirm temporal relationships. Second, lifestyle behaviors, including dietary intake and physical activity, were self-reported and therefore may be subject to recall and reporting bias. Finally, since participants were recruited exclusively from gastroenterology and obesity outpatient clinics, the study population may represent individuals with greater disease awareness, healthcare utilization, or metabolic impairment than the general population with MASLD. Therefore, caution should be exercised when extrapolating these findings to community-based populations or individuals with milder disease. Also, multiple biochemical outcomes were examined without adjustment for multiple comparisons; therefore, the borderline significant findings should be interpreted cautiously. Future multicenter, population-based studies involving more diverse populations are warranted to confirm the generalizability of our findings. Also, although the FFQ was not specifically validated in individuals with obesity or MASLD, it was developed and validated for the general population and is suitable for assessing habitual long-term dietary intake in epidemiological studies.
Conclusion
In conclusion, greater adherence to a healthy lifestyle pattern, as assessed by the Composite Healthy Lifestyle Score, was associated with more favorable fasting glucose and liver enzyme profiles among adults with obesity and MASLD. Although the associations with HbA1c and metabolic syndrome were not consistently observed across all CHLS categories, the overall findings support the potential utility of a multidimensional lifestyle score for identifying individuals with less favorable metabolic and hepatic profiles. Future prospective and multicenter studies are warranted to validate these findings and to determine the clinical value of CHLS for risk stratification and lifestyle-based management of MASLD. Also, future research should focus on prospective intervention studies evaluating personalized lifestyle strategies that integrate dietary quality, physical activity, and other modifiable health behaviors for the prevention and management of obesity and MASLD. Such studies could also explore whether lifestyle interventions may provide additional benefits when combined with appropriate pharmacological therapies, particularly in individuals who require more intensive metabolic management.
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Figure legends 
Figure 1. Study flowchart 
Figure 2. Combined Healthy Lifestyle Score (CHLS) components  
Figure 3. Forest plot illustrating the association between CHLS categories and the odds of metabolic syndrome (MetS). Odds ratios (ORs) and 95% confidence intervals (95% CIs) were estimated using binary logistic regression adjusted for confounders. Q1 served as the reference category (OR = 1.00). The vertical dashed line indicates the null value (OR = 1.0).
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