Contribution of habitual and meal-specific dietary inflammatory index and its associations with obesity and metabolic risk indicators in women
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Abstract 
[bookmark: _Hlk213669240]Background
Inflammatory diets are associated with obesity and cardiometabolic dysfunction, nevertheless, it remains unclear whether overall dietary inflammation or the timing of pro-inflammatory meals yields a greater metabolic impact. This study utilizes the energy-adjusted dietary inflammatory index (EDII) to examine associations of both habitual/meal-specific with metabolic risk among women.
Methods
In this cross-sectional study, 562 Iranian women (aged 20–60) from Tehran were assessed. Habitual and four meal-specific EDII scores (breakfast, lunch, afternoon snacks, dinner) were calculated from three non-consecutive 24-hour dietary recalls using 29 pro- and anti-inflammatory parameters. Anthropometric variables, fasting blood assays, body mass index (BMI), Visceral Adiposity Index (VAI), Cardiometabolic Index (CMI), and Atherogenic Profile Index (API) were measured. Multivariable linear and logistic regression models, adjusted for potential confounders, were used to estimate associations. 
Results
Habitual-EDII showed the strongest association with afternoon snack-EDII (R² = 0.36), followed by Dinner (0.29), Lunch (0.25), and Breakfast (0.20). Habitual-EDII in T (tertile) 3 vs. T1 was associated with increased odds of overweight/obesity BMI [OR 2.38, 95% CI (1.51 – 3.81)], CMI [1.95 (1.23 – 3.04)], VAI [1.92 (1.21 – 3.03)], and API [2.53 (1.57 – 4.08)]. Afternoon snack-EDII was associated with higher odds of overweight/obesity [OR 1.93 (1.21 – 3.11)]. Finally, dinner-EDII was associated with an elevated risk of VAI [OR 1.85 (1.17 – 2.92)] and CMI [OR 1.77 (1.12 – 2.80)]. 
Conclusion:
Pro-inflammatory diets, especially during afternoon and dinner, are strongly associated with cardiometabolic risk, highlighting a meal-specific inflammation relationship. Accordingly, prospective cohort studies and interventions studies are required to confirm the veracity of these findings.
Keyword: Dietary inflammatory index, diet, meal timing, obesity, meals, cardiometabolic risk factors.



















Introduction 
Unhealthy dietary patterns are widely acknowledged as major contributors to chronic noncommunicable diseases (NCDs) such as obesity, type 2 diabetes, and cardiovascular disease1. A central mechanism linking poor dietary quality to these conditions is the chronic low-grade inflammation it induces, both at the intestinal level and systemically2.  To quantify this inflammatory potential, the Dietary Inflammatory Index (DII) was developed as a standardized, literature-based tool supported by experimental and epidemiological evidence3,4.                                                                                                                                                    
[bookmark: _Hlk200099664]Higher DII scores, reflecting more pro-inflammatory dietary patterns, have consistently been associated to adverse anthropometric and metabolic outcomes5-8. Beyond overall dietary intake, emerging research indicates that the timing of food consumption - chrono-nutrition - may also influence metabolic health independently of diet composition9-11. Meal timing is closely connected to an individual’s chronotype12, a biologically driven preference for daily patterns of activity and alertness13,which shapes physiological responses to food intake and may therefore modulate metabolic regulation. However, despite the growing interest in chrono-nutrition, the inflammatory potential of meals consumed at different times of day remains largely unexplored. Investigating whether meal-specific inflammatory profiles differ across eating occasions may help clarify timing-specific mechanisms contributing to metabolic disturbances. The recent development of the meal-specific DII provides a means to assess the inflammatory potential of individual meals rather than relying solely on aggregated 24-hour intake. offering greater resolution to detect patterns that might otherwise be overlooked11. Additionally, women may exhibit distinct inflammatory responses due to differences in hormonal profiles, fat distribution, and metabolic regulation11,14, yet they remain underrepresented in studies examining dietary inflammation, meal timing, and metabolic health.                                                                                        To address these gaps, this study aims to examine the associations between habitual and meal-specific energy-adjusted DII (E-DII) and a comprehensive set of obesity indices and cardiometabolic markers in Iranian women. A second objective is to determine whether meal timing modifies the inflammatory potential of the diet, an aspect that remains largely unexplored in Middle Eastern populations undergoing rapid nutritional and lifestyle transitions. Although causal inference cannot be established due to the cross-sectional design, this study represents one of the first efforts to integrate chrono-nutritional perspectives with inflammatory dietary profiling in women. The findings may help inform future research and guide the development of targeted dietary strategies to prevent or mitigate metabolic disorders in this underrepresented group.
Methods
Study design
This cross-sectional study was conducted between November 2024 and January 2025 among adult Iranian women who attended three primary healthcare centers located in the southern region of Tehran. Participants were recruited using a proportion-to-size convenience sampling approach. The inclusion criteria were women aged 20–60 years with a body mass index (BMI) between 18.5 and 39.9 kg/m². Exclusion criteria included pregnancy, lactation, shift work, the presence of any acute or chronic medical condition, and implausible reports of total energy intake, defined as under- or over-reporting. A total of 560 participants were required, with the sample size calculated based on the primary outcome of abdominal obesity (see Supplementary Material [SM1] for details).
Ethical Approval
The study protocol was reviewed and approved by the Research Ethics Committee of Islamic Azad University, Tehran Medical Sciences—Pharmacy and Pharmaceutical Sciences Faculty (IR.IAU.REC.1403.487), and was carried out in accordance with the Declaration of Helsinki and relevant institutional guidelines. All participants provided written informed consent prior to participation. The research adhered to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline. The current data analysis was performed between July 7, 2025, and July 20, 2025.
Procedures
Data were collected by trained examiners through face‒to-face interviews. Sociodemographic characteristics, including age, marriage status, education level, smoking status, menopausal status, and sleep duration were recorded. Women aged 20–60 years were included to capture premenopausal, perimenopausal, and postmenopausal stages, and menopausal status was adjusted for in all analyses to account for hormonal differences that could affect metabolic outcomes. Total sleep duration was calculated based on formula: [(2 × weekend sleep duration ) + ( 5 × weekday sleep duration)]/7 (see Figure S1 in the Supplementary Material).
Socioeconomic status (SES)
Socioeconomic status was assessed using principal component analysis (PCA) based on household income and ownership of assets such as cars, housing, and electronic devices. Participants were categorized into three SES groups, low, medium, and high, according to the PCA-derived scores.
Anthropometric assessment
[bookmark: _Hlk176524923]Body weight was measured using a Seca digital scale (Seca & Co. KG, Hamburg, Germany; Model: 874 1321009), with participants wearing light clothing and unshod. Standing height was measured to the nearest 0.1 cm using a wall-mounted stadiometer, also unshod. BMI was then calculated as weight (kg) divided by height squared (m²). Waist circumference (WC) 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 fiberglass measuring tape, in accordance with the World Health Organization (WHO) protocol18. Hip circumference was also measured, and the waist–hip ratio (WHR) was computed by dividing WC (cm) by hip circumference (cm), serving as an indicator of body fat distribution and associated health risks. Also, waist-to-height ratio (WHtR), a reliable indicator of central adiposity, was calculated by dividing WC (cm) by height (cm)19.
Physical activity
Physical activity was assessed using the short form of the validated International Physical Activity Questionnaire (IPAQ)23. Participants reported time spent walking or engaging in moderate and/or vigorous physical activities over the previous seven days. Physical activity levels were calculated as metabolic equivalent minutes per week (MET-min/week) and categorized as follows 1-  low: <600 MET-min/week, 2-  moderate: 600–3000 MET-min/week, and 3- High: >3000 MET-min/week24.
Chronotype
Chronotype was evaluated using the Morningness–Eveningness Questionnaire (MEQ), a 19-item scale developed by Horne and Östberg25. The MEQ asks respondents about sleep–wake patterns and preferred timing for physical and mental activities. Items have different response options and scoring weights, based on the original developers’ analysis. The total score ranges from 16 to 86, with higher scores indicating a morning preference. We applied a Persian-language validated version of the MEQ26. 
Dietary intake assessment, eating occasion, and eating window
[bookmark: _Hlk213671663][bookmark: _Hlk216376577]Dietary intake data were collected using three non-consecutive 24-hour dietary recalls, conducted by trained dietitians during private interviews. The first recall was administered in person during the participants’ initial visit to the healthcare center, while the remaining two recalls were conducted by telephone on randomly selected days. The habitual intake was defined as the average of the three recalls to capture usual dietary patterns. Participants were asked to report all eating occasions with time of intake, categorized as breakfast, lunch, dinner, or snacks. Eating occasions were defined based on the timing of food intake as follows: breakfast as the main meal consumed between 5:00 a.m. and 11:00 a.m.; lunch was considered between 11:00 a.m. and 4:00 p.m.; afternoon snacks was any eating occasion occurring between 4:00 p.m. and 6:00 p.m.; and dinner was known as what was consumed after 6:00 p.m. and extended into the early morning 27. Meals were standardized to contain no more than one breakfast, lunch, and dinner, but allowing for multiple snacks. An eating occasion (EO) was defined as any event during which at least 50 kilocalories were consumed within a 15-minute interval33. Food intake from all reported meals and snacks across the three recalls was converted to grams per day using standard portion sizes and household measurement tools28. Energy and nutrient intakes were analyzed using Nutritionist IV software (First Databank, San Bruno, CA, USA), which was adapted for Iranian foods. A total of 435 food items were derived from 24-hour dietary recalls and were classified into 28 food groups, Table Supplementary 1 (Table S1, list of food groups at the level of day and meal-specific intake), based on the similarity of nutrient content in each food item and a literature search 29-32. 
Cardiometabolic Biomarker 
[bookmark: _Hlk213672877]A 10 mL fasting venous blood sample was collected from each participant between 7:00 and 10:00 a.m. following a 12-hour overnight fast, to ensure consistency in metabolic assessments. Blood was drawn into acid-washed tubes without anticoagulants. After allowing the blood to clot at room temperature for 30 minutes, samples were centrifuged at 1500 × g for 20 minutes. The resulting serum was then aliquoted and stored at –80 °C until laboratory analysis
Total cholesterol (TC) and high-density lipoprotein cholesterol (HDL-C) concentrations were determined using the cholesterol oxidase–phenol–aminoantipyrine enzymatic method. Triglycerides (TG) were measured using the glycerol-3-phosphate oxidase–phenol–aminoantipyrine enzymatic method, (Pars Azmun, Tehran, Iran).
[bookmark: _Hlk181256392]Assessment energy adjusted Dietary Inflammatory Index (EDII)
[bookmark: _Hlk214804438]Dietary intake data obtained from the three non-consecutive 24-hour dietary recalls were used to calculate the energy-adjusted Dietary Inflammatory Index (EDII) for all participants. The EDII, developed by Shivappa et al.1537, quantifies the inflammatory potential of the diet by scoring dietary components according to their documented effects on circulating inflammatory biomarkers. Although the original index includes 45 food parameters, the EDII in the present study was computed using 29 parameters due to the limited composition database, as well as the infrequent consumption of certain foods in the Iranian diet 5,8,16. Pro-inflammatory parameters included energy, carbohydrate, total fat, protein, cholesterol, saturated fat, trans fat, vitamin B12, and iron. Anti-inflammatory parameters included monounsaturated and polyunsaturated fatty acids, dietary fiber, vitamins B6, folic acid, niacin, riboflavin, thiamin, and vitamins A, C, D, E, β-carotene, as well as zinc, selenium, magnesium, caffeine, pepper, onion, and tea 38. Prior to EDII calculation, the intake of each nutrient was adjusted for total energy intake using the residual method17. Then, to compute the EDII score for each participant, we first calculated a z-score for each dietary parameter by subtracting the corresponding “global mean” from the participant’s energy-adjusted intake and dividing the result by the “global standard deviation.” The global means and standard deviations for each food parameter were obtained from the study by Shivappa et al15. The z-scores were then converted to centered percentile scores to minimize the impact of skewed distributions. Each centered percentile was multiplied by the respective inflammatory effect score. The overall EDII score was obtained by summing the weighted values across all 29 components, with higher (more positive) scores indicating a pro-inflammatory diet and lower (more negative) scores reflecting an anti-inflammatory dietary pattern.
[bookmark: _Hlk216376757]EDII scores were computed for habitual daily intake (Habitual-EDII) and for individual eating occasions (breakfast, lunch, afternoon snack, and dinner) to examine the inflammatory potential of the diet across the day. Supplementary Material (SM2) offers further methodological information on the computation of the Energy-Adjusted Dietary Inflammatory Index (EDII). Table S2 summarizes the distribution of nutrient intake, including pro- and anti-inflammatory components, across individual meals as well as daily intake.
Outcomes
Metabolic and atherogenic risk assessments
The visceral adiposity index (VAI) was used as an estimate of visceral fat, incorporating WC, BMI, triglycerides (TG), and high-density lipoprotein cholesterol (HDL-C), with sex-specific equations applied20, VAI =   WC (cm) /39.58 × 1.89 × BMI (kg/m2) × TG (mmol/dl) / 1.03 × 1.31 / HDL (mmol/dl). 
The Atherogenic lipid indices were calculated as follows: 
Cardiometabolic index (CMI) = WHRt × TG (mmol/dl) / HDL-C (mmol/dl)21.
Atherogenic index of plasma (AIP) = log TG (mmol/dl) / HDL-C (mg/dl)22. 
Statistical analysis
Descriptive statistics were reported as means ± standard deviations (SDs) for continuous variables and as frequencies (percentages) for categorical variables. To compare general characteristics and cardiometabolic parameters across Habitual-EDII, one-way analysis of variance (ANOVA) was used for continuous variables, and the chi-square (χ²) test was applied for categorical variables. A p-value of less than 0.05 was considered statistically significant.
[bookmark: _Hlk213673202]To select covariates for adjustment, we applied Directed Acyclic Graph (DAG) theory to identify the minimally sufficient adjustment set 34. Figure S3 shows the potential confounders in the model as defined by the DAC theory. Based on this approach, the models were adjusted for age, total energy intake (TEI), physical activity level, marital status, SES, smoking status, education level, menopausal status, Chronotype, sleep duration, number of EOs, supplement use, and BMI, except in models where BMI was the outcome.
To examine differences in the mean of dietary intake and temporal eating patterns across categories of Habitual-EDII, we conducted an analysis of covariance (ANCOVA). The models were adjusted for potential confounders.
Linear regression was used to assess the association between Habitual-EDII and food groups, meal-specific EDII, dependent variables, and tertiles of Habitual-EDII (independent variable), as well as to evaluate the association of Habitual-EDII (per 10-point increase) to each meal-specific EDII score, model was adjusted for possible confounders. The R² statistic was used to indicate the proportion of variance in each meal-specific EDII score explained by Habitual-EDII. 
Generalized linear  regression (GLR) was conducted to assess the associations between Habitual- and meal-specific EDII and dichotomized outcomes: BMI (≥ 25 vs. < 25), VAI (≥ 4.28 vs. < 4.28)35, CMI (≥ 0.55 vs. < 0.55), and API (≥ 0.11 vs. < 0.11)21. Models were adjusted for the set of potential confounders identified through the DAG. Additionally, multicollinearity was assessed, and all variance inflation factor (VIF) values were below 5, indicating no significant multicollinearity concerns. 
To control for false positives from multiple tests, we applied the false discovery rate (FDR) method with a 5% threshold. This approach ensures that no more than 5% of the statistically significant results are expected to be false positives, maintaining the integrity of the findings 36.
To assess the plausibility of self-reported dietary intake, the ratio of energy intake (EI) to basal metabolic rate (BMR) was calculated. BMR was estimated using the Harris–Benedict equation. Underreporting was defined as EI:BMR < 1.35 and overreporting as EI:BMR > 2.40, based on established cutoffs37. Participants classified as underreporters (n = 8) or overreporters (n = 17) were excluded from the analysis. All primary analyses were conducted in the remaining sample (n = 562).
Sensitivity analyses examined potential interactions by age (<40 vs ≥40 years, median = 40) across all associations. All statistical analyses were performed using IBM SPSS Statistics version 26.0 (IBM Corp., Armonk, NY, USA). Two-sided P values <0.05 were considered statistically significant.
Results
Participants characteristic
This cross-sectional study included 562 healthy Iranian women (mean age: 42.02 ± 10.88y). A flow diagram illustrating participant selection and inclusion is provided in Figure S2. The mean (95% CI) of Habitual-EDII across its tertiles was -9.08 (-9.77, -8.51) in Tertile 1 (T1), 1.74 (1.32 – 2.11) in (T2), and 12.43 (11.26, 13.25) in (T3), with a significant (p-trend < 0.001). The demographic and cardiometabolic characteristics of participants across tertiles of Habitual-EDII are shown in Table 1. Age, physical activity level, SES, sleep duration, and chronotype (MEQ score) were comparable across Habitual-EDII tertiles. However, BMI and cardiometabolic indices (including VAI, CMI, and API) were higher in the T3 vs. T1, indicating a less favourable metabolic profile. 
Dietary characteristics 
[bookmark: _Hlk214826972][bookmark: _Hlk213675046]Table 2 presents the linear regression analyses, adjusted for potential confounders, to assess the variation in food group consumption across habitual-EDII tertiles. The analysis revealed that participants in the highest Habitual-EDII tertile consumed significantly greater amounts of refined grains (p-trend < 0.001), potatoes (p-trend < 0.001), legumes and seeds (p-trend = 0.04), processed meat (p-trend = 0.04), red meat (p-trend = 0.01), dairy products (p-trend < 0.001), sweets and desserts (p-trend = 0.03), fast foods (p-trend = 0.04), soft drinks (p-trend = 0.02), and mayonnaise (p-trend = 0.04). Conversely, intakes of vegetables (p-trend < 0.001), vegetable oil (p-trend = 0.04), and olive oil (p-trend = 0.03) were lower. Whole grain consumption showed a non-significant decreasing trend (p-trend = 0.32), while intakes of eggs, poultry, fish, and hydrogenated oil did not vary across tertiles. These results indicate that more pro-inflammatory diets are characterized by higher consumption of processed and energy-dense foods and lower intake of anti-inflammatory sources, such as vegetables and healthy fats (Table 2).
[bookmark: _Hlk214827005]Analysis of covariance (ANCOVA), adjusting for confounders, to examine differences in macronutrients and fiber across habitual-EDII tertiles are shown in Table 3. The results showed that higher Habitual-EDII tertiles were marginally associated with greater total energy intake (p = 0.05), higher carbohydrate percentage (p = 0.01), increased cholesterol intake (p = 0.03), and lower fiber intake (p = 0.04), along with a decrease in monounsaturated fatty acids (MUFA) (p = 0.04) (Table 3). No significant differences were observed for protein, total fat, saturated or polyunsaturated fatty acids, meal-level energy intake, or number of eating occasions (all p > 0.05).
Habitual- and meal-specific EDII contribution
The mean of Breakfast-EDII in the tertiles of Habitual-EDII was -1.42 in (T1), 0.08 in (T2), and, 1.93 with (p-trend < 0.001). The mean of Lunch-EDII in the tertiles of Habitual-EDII was -1.72 in (T1), -1.09 in (T2), and 1.46 in (T3), with (p-trend < 0.001). Afternoon snack-EDII in the tertiles of Habitual-EDII was -2.36 in (T1), 2.02 in (T2), and 4.21 in (T3), with (p-trend < 0.001). Dinner-EDII in the tertiles of Habitual-EDII was -1.54 in (T1), 0.90 in (T2), and 2.89 in (T3), with (p-trend < 0.001). The mean (95% CI) values were 0.28 (0.04, 0.65) for Breakfast-EDII, 0.29 (–0.14, 0.69) for Lunch-EDII, 0.64 (0.21, 1.20) for Afternoon snack-EDII, and 0.39 (–0.03, 0.78) for Dinner-EDII.
Meal-specific analyses demonstrated that higher breakfast-EDII tertiles were associated with lower protein (p = 0.03), fiber (p = 0.03), and energy intake at breakfast (p = 0.01) and lunch (p = 0.02). Lunch-EDII tertiles were linked to higher saturated fat (p = 0.04) and MUFA intake (p = 0.03), lower fiber (p = 0.03), and greater lunch energy intake (p = 0.03). For afternoon snack-EDII, energy (p = 0.01), total fat (p = 0.04), cholesterol (p = 0.04), and dinner energy (p = 0.02) increased across tertiles, whereas MUFA decreased (p = 0.04). Higher dinner-EDII scores were associated with lower fiber (p = 0.06) and MUFA (p = 0.03), and increased cholesterol (p = 0.04) and dinner energy intake (p = 0.02) (Table 3). Overall, these findings suggest that more pro-inflammatory dietary patterns, particularly at specific meals, are associated with less favorable nutrient profiles and altered energy distribution throughout the day.
The linear regression beta coefficients (95% CI) for meal-specific EDII and Habitual- EDII are detailed in Table 4. In Model 2 (full adjusted), Afternoon Snack-EDII demonstrated the strongest association with Habitual-EDII, yielding the highest R² (0.36) and the largest beta across tertiles in all models. This was followed by Dinner-EDII (R² = 0.29), Lunch-EDII (R² = 0.25), and Breakfast-EDII (R² = 0.20). Participants in the T3 of Habitual-EDII had higher mean EDII values for all meals. The beta coefficient for meal-specific EDII increased most for Afternoon Snack [β (95%CI), 4.78 (3.66 – 5.89)], followed by Dinner [4.43 (4.40 – 5.45)], Lunch [4.86 (3.94 – 5.79)], and Breakfast [2.41 (0.66 – 4.15)] in Model 2. While Breakfast-EDII was significantly associated with Habitual-EDII only in T3 compared to T1, other meals showed significant associations across all tertiles in all models. 
Habitual- and meal-specific EDII in associations with cardiometabolic health
The associations between meal-specific EDII and each 10-point increase in Habitual-EDII are detailed in Table 5. The results indicated that meal-specific EDII values significantly increased with higher Habitual-EDII scores. Among meals, afternoon snack-EDII exhibited the strongest relationship, followed by dinner-, lunch-, and breakfast-EDII. Both crude and fully adjusted models showed significant and increasing beta coefficients. Afternoon Snack-EDII showed the strongest association with each 10-point increase in Habitual-EDII [β (95% CI); 3.77 (3.34–4.20)], followed by Dinner-EDII [2.37 (1.97–2.76)], Lunch-EDII [2.13 (1.77–2.50)], and Breakfast-EDII [1.76 (1.36–2.09)], respectively.
[bookmark: _Hlk213564738]Table 6 presents the associations between Habitual EDII tertiles and cardiometabolic health indicators, with odds ratios [ORs (95% CIs)] estimated via logistic regression. In the fully adjusted model, compared with participants in T1 (reference), those in T3 exhibited significantly greater odds of overweight/obesity (BMI ≥ 25 kg/m²) [2.38 (1.51 – 3.81); pFDR  0.006]. Habitual-EDII was significantly related to VAI [1.92 (1.21 – 3.03); pFDR  0.01]. Habitual-EDII were linked to an increased risk of CMI in T3 vs. T1 [1.95 (1.23 – 3.04), pFDR = 0.008], and API in T3 vs. T1 [2.53 (1.57 – 4.08), pFDR = 0.006]. Every 10-point increase of Habitual-EDII was related to an increased BMI [1.42 (1.17 – 1.72)], VAI [1.28 (1.06 – 1.54)], CMI [1.27 (1.06 -1.54)], and API [1.40 (1.15 – 1.71)] in the adjusted model, supporting a positive association between pro-inflammatory diets and poorer metabolic health.
Afternoon snack-EDII was significantly associated with an elevated BMI [1.93 (1.21 – 3.11), pFDR = 0.02] and each 10-point increase in Afternoon snack-EDII was associated with a greater BMI [1.54 (1.12 – 2.11)] in adjusted models. Furthermore, Dinner-EDII was associated with greater VAI in T3 vs. T1 [1.85 (1.17 – 2.92), pFDR = 0.01] and CMI, T3 vs. T1 [1.77 (1.12 – 2.80), pFDR = 0.03]. Whilst every 10-point increase in Dinner-EDII was associated to elevated VAI [1.94 (1.31 – 2.87)] and CMI [1.81 (1.22 – 2.68)] in the adjusted model (Table 7).
Sensitivity analysing 
[bookmark: _Hlk216377031]Interaction by age (<40 vs. ≥40 years) was examined for all associations. Accordingly, no significant interaction was detected (Table S3 presents the interaction by age in the association between EDII and cardiometabolic health)
Discussion
In this study, we found that greater overall dietary inflammatory potential, as indicated by higher Habitual-E-DII scores, was significantly associated with greater obesity (BMI) and atherogenic indices (CMI and API). Among individual meals, afternoon snacks and dinner contributed most strongly to the Habitual-E-DII, followed by lunch and breakfast. In meal-specific analyses, a higher inflammatory potential of afternoon snacks was associated with increased obesity risk, while dinner E-DII was linked to elevated VAI and CMI. These findings suggest that consuming pro-inflammatory foods overall, especially later in the day, may disproportionately contribute to increased adiposity and adverse cardiometabolic risk profiles.
Regarding dietary patterns, our data align with previous research in Iran 5,7,38 and internationally6,39. Indeed, we showed that pro-inflammatory diets are typically characterized by higher intake of refined grains, sugars, red and processed meats, and lower consumption of fiber-rich foods such as vegetables, legumes, and healthy oils. Similarly, Meneguelli et al., in a cross-sectional study of Brazilian adults and the elderly participating in a cardiovascular health program, examined the association between DII scores, cardiometabolic risk factors, and dietary patterns. The authors indicated that a pro-inflammatory diet was associated with higher obesity risk and poorer overall dietary quality39. In our analysis, individuals in the highest tertile of day- or meal-specific E-DII consumed less fiber and MUFA, and more saturated fats, reflecting a suboptimal nutrient profile. Notably, those with the highest dinner E-DII scores also had significantly higher energy intake at dinner, suggesting a possible link between pro-inflammatory evening eating patterns and energy overconsumption. Additionally, we found that participants in the highest E-DII tertile in the afternoon and at dinner had significantly higher contributions to Habitual-EDII.  Previously, dinner has been reported to elicit the greatest contribution to habitual dietary patterns in both German 31and Iranian 27adults, followed by lunch. However, in Japanese adults, breakfast showed the highest contribution, followed by lunch and dinner40. These differences in meal contributions may be explained by cultural and behavioral variations in dietary habits, such as meal timing, composition, and portion sizes. For example, the traditional Japanese diet emphasizes nutrient-dense breakfasts, while Western and Middle Eastern diets tend to concentrate energy and pro-inflammatory components later in the day.
Consistent with the results of the present study regarding the associations between Habitual-EDII, CMI, and AIP, some previous studies have also reported significant associations between higher DII scores and increased cardiometabolic risk. However, the specific composite biomarkers utilised in the present study, CMI and AIP, were not assessed in earlier studies. Higher DII scores have been consistently associated with increased cardiometabolic risk41. For instance, Mazidi et al. demonstrated that higher energy-adjusted DII scores were significantly related to greater odds of metabolic syndrome (MetS), obesity, and elevated lipid profile in a large U.S. population. Supporting these results, a study conducted among 90 overweight, sedentary adults in Bogotá, Colombia, showed that a lower DII score was associated with better cardiometabolic health, including higher HDL-C levels, enhanced endothelial function, lower triglycerides, and reduced arterial stiffness42. Moreover, a systematic review and dose–response meta-analysis of observational studies confirmed that a higher DII score, indicating a more pro-inflammatory diet, was significantly associated with increased risk of cardiometabolic diseases (CMDs), CMD-related mortality, MetS, and hypertension43. Notably, individuals in the highest DII category had a 29% greater risk of CMD-related mortality compared to those in the lowest category 43. While most studies support these associations, some discrepancies exist5,8. For instance, a previous cross-sectional study of 404 Iranian adults did not find a significant association between DII and MetS; however, the authors did report that higher DII scores were significantly associated with lower levels of HDL-C5. In contrast, Haji-Hosseini-Gazestani et al. found no significant association between DII and BMI among Iranian women44, while Shahinfar et al. (2021) reported an inverse association in unadjusted analyses that lost significance after adjustment45. Collectively, these findings underscore the detrimental effects of pro-inflammatory diets and highlight the potential protective role of anti-inflammatory dietary patterns in cardiometabolic health. 
Despite the novelty of our findings linking afternoon and dinner-specific EDII scores to obesity and cardiometabolic markers, only a limited number of studies have explored the association between meal-specific dietary inflammation and health outcomes. One Iranian study reported no significant association between Food groups-DII scores and waist-related indices after adjustment 8. In contrast, analyses of U.S. NHANES data showed that pro-inflammatory diets and breakfast skipping were positively associated with obesity, with dietary inflammation partially mediating this relationship, especially in people with diabetes 46. Evidence also supports the assertion that irregular meal timing and higher evening energy intake lead to an increased cardiometabolic burden47,48. Pot et al. found that inconsistent energy intake, particularly during breakfast and between meals, was associated with a higher risk of metabolic syndrome 47. Furthermore, consumption of a large portion of daily calories in the evening has been associated with an increased risk of obesity, MetS, and non-alcoholic fatty liver disease 49. 
[bookmark: _Hlk200142319]Mechanistically, diets high in vegetables, legumes, seeds, and healthy oils have been associated with lower inflammation and improved metabolic health due to their abundant content of fiber, flavonoids, and unsaturated fats, which foster a favorable gut microbiota, regulate appetite hormones and suppress pro-inflammatory pathways 50-52. In contrast, red and processed meats, which are rich in saturated fats and pro-oxidants, are known to increase systemic inflammation and metabolic dysregulation 53,54. Timing may further modulate these effects; indeed, evening consumption has been associated with obesity55 and metabolic dysfunction, partly due to lower nocturnal energy expenditure and impaired glucose tolerance 56,57. Moreover, obesity, particularly visceral adiposity, is closely related to insulin resistance, disrupted glucose homeostasis58, and greater inflammatory responses, likely mediated by circadian misalignment and disrupted expression of core clock proteins like PER2 59,60. Thus, late eating may disrupt PER2, increasing obesity risk and metabolic disturbances61. Such misalignment may amplify the metabolic consequences of poor dietary quality in the evening.
[bookmark: _Hlk214814562] Overall, our findings underscore the combined influence of pro-inflammatory dietary patterns and meal timing in shaping cardiometabolic risk. Although the results provide important insight into meal-specific dietary inflammation, their generalisability is limited by the fact that the study was conducted among adult women from a specific urban region in southern Tehran. Longitudinal and interventional studies are warranted to confirm these associations and to further elucidate the physiological mechanisms linking dietary inflammation, chrono-nutrition, and metabolic health.
Strength and limitations
This study has several limitations that warrant consideration. First, its cross-sectional design precludes causal inferences being drawn; although reverse causality cannot be entirely ruled out, it is more plausible that pro-inflammatory dietary patterns contribute to adverse cardiometabolic outcomes rather than the reverse. Second, dietary intake was assessed using 24-hour dietary recalls, a short-term method subject to self-reporting bias and measurement error. However, compared to food frequency questionnaires, 24-hour recalls offer more precise information on food types, timing and quantities 62 and are well suited for meal-specific analyses 63. Finally, although the results provide valuable insight into meal-specific dietary inflammation, their generalisability is limited by the fact that the study sample consisted solely of adult women from a specific urban area in southern Tehran, which may not reflect dietary patterns or metabolic characteristics in other populations. Despite these limitations, this study has notable strengths. Indeed, to our knowledge, it is the first to evaluate both daily and meal-specific E-DII in relation to cardiometabolic indices among Iranian women. Furthermore, the analyses accounted for chronotype and diurnal preference, which are important confounding factors often overlooked in similar research. Finally, we utilised a robust DAG-based approach to model selection, thereby reducing the likelihood of erroneous retention of variables.
Conclusion
In summary, this study demonstrates that higher dietary inflammatory potential, both at the daily level and in afternoon snacks and dinner, is significantly associated with increased obesity and adverse cardiometabolic indices among Iranian women. These findings highlight the importance of not only the quality of dietary intake, but also the timing of pro-inflammatory food consumption in association with metabolic health. The present results support the growing evidence that dietary inflammation and circadian misalignment may interact to exacerbate cardiometabolic risk. Promoting anti-inflammatory, plant-based dietary patterns and mindful timing of eating may offer a practical strategy to reduce inflammation and improve cardiometabolic outcomes. Further research is warranted to clarify causal pathways and the role of meal timing in metabolic risk reduction. 
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