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ABSTRACT
Aims:To assess the association between omega-3 (n-3) polyunsaturated fatty acid (PUFA) intake and the risk factors of metabolic syndrome (MetS) among urban and rural populations of Punjab, North India.
Study design: Cross-sectional comparative study.
Place of the Study: Urban and rural areas of Punjab, India, among individuals aged 25–65 years. 
Methodology: The study included 101 adults (54 men and 46 women) aged 25–65 years. Metabolic syndrome was diagnosed using the NCEP ATP-III (2001) criteria. Dietary intake was assessed to estimate the consumption of omega-3 and omega-6 fatty acids. Key health parameters such as blood pressure, fasting blood glucose, lipid profile, and body measurements were recorded. In addition, the fatty acid composition of plasma red blood cells, including DHA and EPA, was analyzed. Correlation analysis was carried out to explore the relationship between n-3 PUFA intake and metabolic risk factors.
Results: The findings revealed that rural participants had a higher prevalence of elevated blood pressure and fasting blood glucose (34% men and 26% women) compared to urban participants (7% men and 10% women). Dietary analysis showed almost negligible intake of DHA and EPA among all participants, while the intake of linoleic acid (LA) and alpha-linolenic acid (ALA) was also below recommended levels. Despite this, urban participants had significantly higher levels of DHA and EPA in their red blood cells than rural individuals. Importantly, higher consumption of n-3 PUFA–rich foods was associated with better health outcomes—it was linked to lower BMI, waist circumference, blood pressure, LDL cholesterol, and cholesterol:HDL ratio, and higher levels of protective HDL cholesterol.
Conclusion: The study suggests that low intake of n-3 PUFAs may be an important contributor to the rising risk of metabolic syndrome, especially in rural populations. Encouraging the inclusion of n-3 rich foods in daily diets could be an effective strategy to reduce this risk. However, further research is needed to confirm and expand upon these findings.
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1. INTRODUCTION
In recent decades, the global burden of disease has shifted markedly, with non-communicable diseases (NCDs) emerging as the leading cause of morbidity and mortality, while communicable diseases have declined (Boutayeb, 2006). This transition is clearly evident in India, where NCDs accounted for 62.7% of all deaths in 2016, a large proportion of which are linked to Metabolic Syndrome (MetS) (GBD, 2019). MetS represents a cluster of interrelated metabolic abnormalities, including central obesity, hypertension, insulin resistance, and atherogenic dyslipidemia, all of which significantly increase the risk of cardiovascular diseases and stroke (Krishnamoorthy et al., 2020; Brant et al., 2012; Carpentier et al., 2006 and Turner-McGrievy and Harris, 2014). Its rising prevalence has been attributed to factors such as ageing, physical inactivity, genetic predisposition, ethnicity, dietary habits, and rapid economic growth in low- and middle-income countries (Gupta et al., 2004 and Ranasinghe et al., 2017). In India, dietary factors play a particularly dominant role, as traditional eating patterns are increasingly being replaced due to westernization and urbanization. This transition has resulted in greater consumption of processed foods and a decline in nutrient-rich traditional diets, especially those providing essential omega (n)-3 polyunsaturated fatty acids (PUFA) (Shetty, 2002 and Barik et al., 2017).
Essential fatty acids play an important physiological role, including prostaglandin production, cell membrane regulation, organ protection, and brain function (Bodur et al., 2025). Linoleic acid (LA), an n-6 PUFA, and alpha-linolenic acid (ALA), an n-3 PUFA, are the two essential fatty acids that must be consumed in diet to make respective longer chain PUFA essential for maintaining metabolic functions (Simopolous 2002). In Western diets, n-6 PUFA are abundant, while the intake of n-3 PUFA has declined, disrupting the ideal balance of n-3 to n-6 PUFAs that is critical in maintaining metabolic homeostasis (Mariamenatu and Abdu 2021). Historically, the ratio of n-3 to n-6 fatty acids was nearly 1:1 in human diets due to higher consumption of marine foods (Simopolous, 2016). However, recent increases in the consumption of n-6 PUFA rich oils in Indian diets have led to a disturbance in n-3 to n-6 intake ratio to approximately 1:30-70. This ratio significantly exceeds the recommended n-3 to n-6 PUFA ratio of 1:5-10 for optimal health benefits (Dwarkanath et al., 2009). Top of Form

In a typical Indian diet, fats mainly come from vegetable oils, dairy, and clarified butter (ghee) (Mani and Kurpad, 2016). Notably, there has been an increase in the consumption of refined oils at the expense of healthier options, raising concerns about the quality of fats in Indian diets (Jha et al. 2012). The intake of n-3 PUFA levels in a typical Indian diet is around 20-50 mg per day, which is significantly short of recommended levels. Flaxseed is a rich source of ALA, and used to be consumed in a traditional diet in Punjab, India. However, the consumption of flaxseed has gone down significantly due to globalization and modernization. Factors such as increased access to new technologies, the influence of modern supermarkets, and aggressive food marketing play a role in these shifts. Thus, the increasing prevalence of MetS in India is likely linked to dietary shifts (Prasad Bidhu et al., 2025; Selvaraj and Muthunarayanan, 2019; Zafar et al., 2017). Moreover, the dietary habits of rural and urban populations in Punjab differ considerably, potentially influencing their metabolic health outcomes. However, there is a clear lack of region-specific evidence examining the n-3 PUFA status of these populations and its relationship with MetS.
Therefore, the present study was undertaken to assess and compare the dietary intake and blood levels of n-3 polyunsaturated fatty acids among rural and urban adults in Punjab, and to examine their association with metabolic syndrome and its risk factors.
MATERIALS AND METHODS
2.1 Selection of participants
The study was conducted in urban wards and rural blocks of Ludhiana district, Punjab, India, with a total sample of 101 participants (54 men and 46 women) aged 25–65 years, maintaining an urban-to-rural ratio of 50:50. The data for basic information, anthropometry, and fasting blood glucose was collected in the period from July, 2021 to October, 2021. A well-structured interview schedule was prepared to elicit general information such as religion, age, caste, type and size of family, education, monthly income and occupation of the family. Dietary pattern of the participants was collected using 24-hour diet recall method for three consecutive days.
2.2 Measurement of MetS risk factors prevalence
 	To identify the participants with MetS, National Cholesterol Education Program Adult Treatment Panel III guidelines (NCEP ATP III 2001) were used. The three risk factors used to identify participants with MetS were: high fasting blood glucose (FBG) ≥100 mg/dl, Systolic (SBP)/Diastolic Blood Pressure (DBP) ≥130/85 mmHg, and Waist Circumference (WC)>102cm (men)/88cm (women).One hundred participants with MetS (54 men and 46 women) were selected for the study.
2.3 Dietary Survey
The daily food intake of selected participants with MetS was assessed during winter season (December, 2021–January, 2022) because nuts and oilseeds such as flaxseed and walnuts are generally not consumed in the summer months. The daily food intake was assessed by 24 Hour Recall method for three consecutive days. The food intake was compared with the suggested intakes. The nutrient intake was determined using Diet Cal software (Kaur 2017). The consumption frequency pattern of various foods including fats and oils, nuts and oilseeds, green leafy vegetables and pickles was also recorded using a food frequency questionnaire (FFQ). The Consumption Frequency Scores (CFS) was calculated by the formula: Consumption days per week x consumption weeks / 365 x 100. The per cent adequacy of nutrients was calculated by comparing their intake with Estimated Average Requirements (EAR) /Recommended Dietary Allowances (RDA) given by ICMR, 2020.
2.4 Anthropometric profile
Basic anthropometric parameters such as weight, height, hip circumference and waist circumference were taken using standard methods (Jelliffe, 1966). The derived indicators of general and abdominal obesity viz Body Mass Index (BMI) (WHO, 2004); waist and Hip circumference (WHO, 2008); waist and hip ratio (WHR)(ICMR, 2010); and waist and height ratio (WHtR) (Browning et al., 2010); conicity Index (Pintanga and Lessa, 2005), and Abdominal Volume Index (Wang et al., 2017) were calculated using the standard formulas.
2.5 Systolic and diastolic blood pressure
	Diastolic and systolic blood pressure of the participants was measured using electronic blood pressure monitor (Dr Morepen BP ONE BP02 Automatic Blood Pressure Monitor). The cut off value of 130 mm Hg as systolic blood pressure and 85 mmHg as diastolic blood pressure was taken to assess hypertension in the participants.
2.6 Biochemical analysis 
A qualified clinical technician took blood samples for biochemical analysis. Before the blood was drawn, the participants’ names were recorded.  Venous blood (10 ml) was collected using plain gel and EDTA vaccutainer dried tubes.  Subsequently, 5 ml of the blood was transferred into a separate vial containing a film of anticoagulation agent. Fasting blood glucose (FBG) (Oser 1976) and triglycerides (TG) were analyzed using autopack reagent kit (Fossati and Principe, 1982). Total cholesterol was analyzed by Biotron BTR 820 Auto Blood Analyzer (via enzymatic technique) (Richmond 1973). Low-density lipoproteins-cholesterol (LDL-C) and very low-density lipoprotein-cholesterol (VLDL) were computed based on the Friedwald’s equation (Friedwald et al. 1972), while high-density lipoproteins-cholesterol (HDL-C) was measured using Phosphotungstate method with Biotron BTR 820 (Lopes-virella et al. 1977). 
2.7 Red blood cells (RBC) fatty acids profile
	RBCs for fatty acid profile were done. RBCs were separated from the blood samples and kept at -20°C till further analysis. Total lipids were extracted from RBCs (Peuchant et al. 1989) and fatty acid analysis was performed using Gas Liquid Chromatograph with Flame Ionization Detector (GC-FID-Shimadzu, 2010 Plus AF model) at New Delhi-based Lipomic Healthcare Pvt. Ltd.
	The Omega-3 Index was calculated as the sum of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) expressed as a percentage of total fatty acids in red blood cells.  The activity of Δ-5 desaturase (D5D) and Δ-6 desaturase (D6D) were calculated indirectly by measuring the precursor-to-product ratios of fatty acids. The activity of D5D was estimated as the ratio of arachidonic acid (AA) to dihomo-gamma-linolenic acid (DGLA), while the activity of D6D was calculated as the ratio of gamma-linolenic acid (GLA) to linoleic acid (LA).
2.8 Statistical analysis
	One-way ANOVA was used to determine significant differences in the tested parameters. The mean and standard deviations for the different parameters were calculated using Microsoft Excel-2010 version. Student’s t-test (un-paired) was utilized to compare the MetS of men and women from urban and rural areas for anthropometric parameters, dietary intake, nutrient intake, lipid profile, and fasting blood glucose. The Pearson correlation coefficients I were calculated to ascertain the associations between different parameters.
2. RESULTS AND DISCUSSION
The prevalence of risk factors for MetS was conducted from a random survey of one hundred and one urban and rural participants (54 men and 46 women). The average age of all the participants, both urban and rural ranged from 43.36 to 47.56 years. The NCEP-ATP III (2001) criteria based on three metabolic risk factors was used to select random population of 100 participants (54 men and 46 women) with MetS from urban and rural areas of Ludhiana district.
3.1 Overweight/Obesity
The respective waist circumferences for both urban (102.14±1.74 cm) and rural men (102.02±1.85 cm) surpassed the reference value of 94 cm (WHO 2008). Both rural (94.19±2.46 cm) and urban (92.83±1.77 cm) women also exceeded the WHO 80 cm cutoff. Urban men had significantly higher hip circumferences (104.0±1.69 cm) than rural men (99.1±1.76 cm), but no significant difference was observed in hip circumferences between urban (101.6±1.71 cm) and rural women (102.34±1.37 cm) (Table 1). The average waist-hip ratio (WHR) for both rural and urban men (1.03±0.01 and 0.98±0.01 cm, respectively) exceeded the reference value of 0.90 cm. Corresponding WHR values for urban and rural women (0.91±0.009 and 0.92±0.017 cm) were also higher than 0.80 cm cutoff (ICMR 2010). Similarly, weight-height ratios for both sexes (0.59±0.01 and 0.60±0.013 cm, respectively) were higher than the 0.50 cm cutoff (Browning et al. 2010). The average BMI for men and women was 27.25 kg/m², notably exceeding the normal BMI category (23 kg/m², WHO 2004). While urban and rural men showed similar BMI values (27.37±0.54 vs. 27.12±0.738 kg/m²), rural women exhibited a higher BMI compared to urban women (28.18±0.88 vs. 26.24±0.81 kg/m²) (Table 1).
The Conicity Index (CI) and Abdominal Volume Index (AVI) for both men and women (CI: 1.36±0.009 and 1.32±0.014, AVI: 20.51±0.49 and 17.61±0.56, respectively) exceeded reference values (CI: 1.21 and 1.18, AVI: 14.25 and 13.03, respectively) (Table 1). Notably, no significant differences were observed in anthropometric parameters between urban and rural participants, except for men’s height. 
Table 1 Overweight/obesity among selected urban and rural Metabolic Syndrome men and women 
            
	
Parameter
	Men
	Women
	
p value

	
	Urban
(n=28)
	Rural
(n=26)
	p value
	Urban
(n=22)
	Rural
(n=24)
	

	General Obesity
	
	
	
	
	

	Height (m)
	1.73a±1.12
	1.69b±0.016
	0.077
	1.57a±0.009
	1.53b± 0.012
	0.006

	Weight (Kg)
	81.78 a±1.90
	77.34a±1.90
	0.114
	64.96a±1.87
	65.93a± 2.10
	0.734

	BMI (kg/m2)
	27.37a ± 0.54
	27.12a±0.738
	0.787
	26.24a±0.81
	28.18a± 0.88
	0.113

	Abdominal Obesity

	Waist Circumference (cm)
	102.14a±1.74
	102.02a±1.849
	0.227
	92.83a±1.77
	94.19a± 2.46
	0.655

	Hip Circumference (cm)
	104.0a ± 1.69
	99.1 b ±1.763
	0.052
	101.6a±1.71
	102.34a±1.37
	0.737

	Waist-Hip Ratio (cm)
	0.98a ± 0.01
	1.03a ±0.015
	0.329
	0.91a±0.009
	0.92a ± 0.017
	0.818

	Waist- Height Ratio (cm)
	0.59 a ± 0.01
	0.60a ±0.013
	0.795
	0.59a±0.013
	0.62a ± 0.016
	0.224

	Conicity Index
	1.36 a ± 0.01
	1.35a ±0.014
	0.427
	1.32a±0.018
	1.32a ± 0.019
	0.927

	Abdominal Volume Index
	21.05a ± 0.71
	19.93a±0.680
	0.258
	17.06a±0.57
	18.11a ± 0.93
	0.340


Values are presented as Mean ± SE; values with different alphabets in superscripts differ significantly with level of significance P<0.05.
Cut-off values: Weight: men 65kg and women 55kg (ICMR (2010); Body mass index (BMI) 23kg/m2 (WHO 2004); Waist circumference: men ≥102cm and women ≥88 cm (NCEP-ATP III, 2001); Waist/hip ratio: men 0.90 and women 0.80 (ICMR 2010); Waist to height ratio  0.5 (Browning et al  2010), Conicity index: men 1.21 and women 1.18 (Pintanga and Lessa (2005); Abdominal volume index: men 14.25 and women 13.03 (Wang et al  2017)

3.2 Hyperglycemia, hypertension and hyperlipidemia
	Among MetS participants, mean fasting blood glucose (FBG) (Table 2) was higher in rural men (135.65 ± 14.75 mg/dL) and rural women (128.23 ± 15.76 mg/dL) compared to their urban counterparts (men: 114.18 ± 7.62 mg/dL; women: 107.75 ± 5.64 mg/dL), though the differences were not statistically significant. In contrast, both systolic and diastolic blood pressures were significantly elevated (p ≤ 0.001) in rural participants of both sexes. Rural men had mean SBP and DBP values of 145.92 ± 3.33 and 100.50 ± 2.66 mmHg, respectively, compared to 124.46 ± 2.21 and 82.32 ± 1.44 mmHg in urban men. Similarly, rural women recorded SBP and DBP of 147.13 ± 4.41 and 96.83 ± 2.54 mmHg, versus 121.50 ± 2.84 and 84.32 ± 1.64 mmHg in urban women.
For lipid profile, urban men had significantly higher total cholesterol (194.60 ± 5.93 mg/dL vs 165.53 ± 7.38 mg/dL; p = 0.004), HDL-C (48.91 ± 1.48 mg/dL vs 42.89 ± 1.51 mg/dL; p = 0.008), and LDL-C (112.08 ± 6.12 mg/dL vs 92.60 ± 6.44 mg/dL; p = 0.033) than rural men, while other lipid parameters showed no significant differences (Table 2). Among women, urban participants had slightly higher total cholesterol (205.90 ± 0.88 mg/dL vs 198.86 ± 6.85 mg/dL) and HDL-C (48.54 ± 2.43 mg/dL vs 44.51 ± 1.91 mg/dL), whereas rural women had higher triglycerides (160.67 ± 15.39 mg/dL vs 183.21 ± 18.49 mg/dL in urban) — though none of these differences reached statistical significance. LDL-C was comparable between urban and rural women (120.72 ± 8.87 vs 122.23 ± 6.20 mg/dL), and VLDL-C and CH:HDL-C ratio also did not differ significantly (Table 2).
3.3 Prevalence of Metabolic syndrome 
In accordance with the NCEP ATP III (2001), utilizing three key risk factors: high fasting blood glucose (FBG) ≥100 mg/dl, Systolic (SBP)/Diastolic Blood Pressure (DBP) ≥130/85 mmHg, and Waist Circumference (WC) >102cm for men and >88cm for women, the 








Table 2 Hyperglycemia, hypertension and hyperlipidemia assessment among urban and rural Metabolic Syndrome men and women 
 							
	Parameter
	Men
	Women

	
	Urban
(n=28)
	Rural
(n=26)
	p value
	Urban
(n=22)
	Rural
(n=24)
	p value

	Hyperglycemia
	
	
	
	
	

	Fasting Blood Glucose (mg/dl)
	114.18 a ± 7.62
	135.65a±14.75
	0.203
	107.75a±5.64
	128.23a±15.76
	0.231

	Hypertension
	
	
	
	
	

	Systolic Blood Pressure (mmHg)
	124.46 a ±2.21
	145.92b± 3.33
	≤0.001
	121.5a ± 2.84
	147.13 b± 4.41
	≤0.001

	Diastolic Blood Pressure (mmHg)
	82.32 a ± 1.44
	100.5 b ± 2.66
	≤0.001
	84.32a ± 1.64
	96.83 b ± 2.54
	≤0.001

	Hyperlipidemia
	
	
	
	
	

	Total Cholesterol (mg/dl)
	194.6 a ± 5.93
	165.53b± 7.38
	0.004
	205.90a±0.88
	198.86 a ±6.85
	0.587

	Triglyceride (mg/dl)
	168.02a±14.82
	156.47 a ±9.05
	0.507
	183.21a±18.49
	160.67 a 15.39
	0.354

	HDL-C (mg/dl)
	48.91 a ± 1.48
	42.89 b ± 1.51
	0.008
	48.54 a ±2.43
	44.51 a ± 1.91
	0.200

	LDL-C (mg/dl)
	112.08a ± 6.12
	92.6 b ± 6.44
	0.033
	120.72a ± 8.87
	122.23 a ±6.20
	0.890

	VLDL-C (mg/dl)
	32.43 a ±3.05
	30.69 a ±1.89
	0.629
	36.65 a ±3.69
	32.13 a ±3.08
	0.353

	CH:HDL ratio
	4.05 a ± 0.149
	3.89 a ± 0.152
	0.464
	4.33 a ± 0.190
	4.57 a ± 0.175
	0.356


Values are presented as Mean ± SE; values with different superscripts differ significantly (P<0.05). 
Cut-off values: Fasting blood glucose:>100 mg/dL; Systolic blood pressure:≤130 mmHg; Diastolic blood pressure:≤85 mmHg; Total Cholesterol:<150 mg/dL; HDL-C:men >40 mg/dL, women>50mg/dL; LDL-C:<100mg/dL; Triglycerides:<150mg/dL; VLDL:30mg/dL (NCEP-ATP III, 2001)




prevalence of MetS was found higher in rural population with 34% and 26% among rural men and women, while 7% and 10% among urban men and women (Fig 1).
3.4 Dietary pattern of MetS participants	
Fig. 2 displays the percent adequacy of macronutrients in relation to the EAR/RDA of the ICMR (2020). Both rural and urban population consumed diets providing less energy with a percent adequacy of 67 to 77% and 76 to 88%, and protein intake was found to have the percent adequacy of 87 to 98%, and 86 and 99%.
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Fig. 1 Prevalence of Metabolic Syndrome among urban and rural men and women on the basis of elevated waist circumference, fasting blood glucose, and systolic and diastolic blood pressure (NCEP-ATP III 2001) 




Fig 2. Percent adequacy of macronutrients intake among the selected Metabolic Syndrome Men and Women during winter months.     

[bookmark: _Hlk170833093]3.5 Dietary intake of n-3 PUFA of MetS participants
	Consumption Frequency Scores (CFS) of n-3 PUFA rich foods by selected Metabolic Syndrome men and women are given in Table 3. Uban men and women tend to favour desi ghee more (74.98±6.57 for men, 77.05±7.26 for women) and showed less preference for mustard oil (rapeseed) (29.32±8.03 for men, 32.03±9.24 for women), compared to their rural counterparts. Rural residents, on the other hand, consume less desi ghee (56.17±6.83 for men, 39.41±6.87 for women) and favour mustard oil (53.09±7.68 for men, 54.32±7.42 for women), indicating a difference in cooking oil preferences between urban and rural populations (Table 3). Top of FormThe consumption of soybean oil was higher in rural individuals (4.12±4.00 for men, 15.63±6.57 for women), while groundnut oil, sunflower oil, and rice bran oil was comparable and minimal in rural areas. Other sources of n-3 PUFA such as flaxseeds and walnuts were negligibly consumed by the surveyed population. A notable proportion of surveyed individuals, particularly rural participants, reported not incorporating walnuts and flaxseeds into their diets. 
Among green leafy vegetables (GLV), rich in vital minerals, vitamins, and n-3 PUFA, mustard leaves had the highest CFS, with rural men showing significantly higher intake (7.27±0.81, p=0.011) compared to urban men (4.58±0.66). Similarly, rural women exhibited significantly (p≤0.001) higher CFS for spinach than urban women. Rural participants demonstrated higher overall consumption of GLVs, potentially influenced by increased accessibility and a larger proportion of women staying at home in rural areas. 
Table 3. Consumption Frequency Scores (CFS) of n-3 PUFA rich foods by selected Metabolic Syndrome men and women
	
Food
	Men (54)
	Women (46)

	
	Urban
 (n=28)
	Rural
(n=26)
	P value
	Urban 
(n=22)
	Rural
(n=24)
	P value

	Fats and Oils

	Desi ghee	
	     74.98a±6.57 
	56.17b±6.83
	0.048
	77.05 a ±7.26
	39.41b ±6.87
	0.001

	Mustard oil
	29.32a±8.03
	53.09 b±7.68
	0.034
	32.03 a ±9.24
	54.32b ±7.42
	0.071

	Groundnut oil
	14.63±6.71
	0
	-
	   23.04   ±9.11
	0
	-

	Sunflower oil
	8.59 a ±4.98
	 0.80 a ±0.71
	0.133
	9.64 a ±6.24
	2.19 a ±1.46
	0.258

	Soybean oil
	7.65 a ±4.93
	4.12 a ±4.00
	0.575
	4.95a ±4.53
	15.63a ±6.57
	0.201

	Rice Bran oil
	     7.44±4.94
	0
	-
	6.34 a ±4.53
	0
	-

	Hydrogenated oil
	5.40 a ±2.98
	4.80 a ±5.75
	0.142
	4.26 a ±2.89
	5.61 a ±3.60
	0.776

	Nuts and oilseeds

	Walnuts
	3.76 a ±1.66
	0.53 b ±0.51
	0.072
	5.08 a ±1.98
	0.57 b ±0.55
	0.039

	Almonds
	14.05a ±3.47
	10.03a±1.37 
	0.289
	19.08 a ±3.97
	9.73 b ±1.59
	0.037

	Sesame seeds
	4.77 a ±1.45
	7.79 a ±1.47
	0.150
	4.78 a ±1.68
	4.25 a ±1.41
	0.808

	Flaxseeds
	2.66 a ±1.26
	2.87 a ±1.20
	0.906
	3.39 a ±1.57
	4.47 a ±1.64
	0.634

	Peanuts
	4.69 a ±0.88
	6.49 a ±1.09
	0.207
	5.33 a ±1.01
	4.75 a ±0.87
	0.666

	Green leafy vegetables

	Mustard Leaves
	4.58 a ±0.66
	7.27 b ±0.81
	0.011
	6.03 a ±1.02
	6.39 a ±0.78
	0.782

	Spinach
	1.31 a ±0.26
	5.24 b ±0.76
	≤0.001
	1.76 a ±0.36
	4.65 b ±0.61
	≤0.001

	Fenugreek leaves
	4.11 a ±0.49
	7.86 b ±0.65
	≤0.001
	4.88 a ±0.51
	6.07 a ±0.64
	0.165

	Amaranth Leaves 
	0.03 a ±0.03
	0.19 b ±0.08
	0.05
	0.13 a ±0.06
	0.06 a ±0.04
	0.331

	Pickles

	Mango Pickle
	5.32 a ±1.69
	4.17 a ±2.04
	0.66
	6.77 a ±1.92
	1.87 b ±1.27
	0.042

	Mixed Vegetable Pickle
	3.36 a ±1.04
	0.38 b ±0.22
	0.009
	4.88 a ±1.25
	0.14 b ±0.13
	0.002

	Amla Pickle
	2.04 a ±0.88
	0.59 a ±0.29
	0.126
	3.24 a ±1.15
	0.27 b ±0.18
	0.019


*Consumption frequency scores: consumption days per week x consumption weeks / 365 x 100. Pickles were considered due to the type of oil used for pickling.
Values are Mean ± SE; values with different alphabets in superscripts differ significantly at p<0.05

3.6 Fatty acid intake of selected Metabolic syndrome participants based on dietary intake
The fatty acid intake based on dietary intake is given in Table 4. Desi ghee served as a source of saturated fatty acids, while mustard oil contributed both n-6 and n-3 PUFA. Interestingly, the ratio of saturated (SFA): monounsaturated (MUFA): PUFA for all the participants was very high against the ideal ratio of 1:1:1 (Hayes 2002). The ratio of SFA: MUFA: PUFA for urban men was 3.01:1.64:1 against the values of 2.64:1.55:1 for rural men, with a corresponding ratio of 3.08:1.82:1 and 2.79:1.61:1 among urban and rural women. 
The fatty acid intake results revealed that intake of SFA and MUFA was significantly higher among urban men and women as compared to rural men and women (Table 4). The values for SFA were 23.2±1.29 vs 18.2±1.03 g (p=0.004) for urban and rural men, and 23.7±1.65 vs 16.99±0.62g for urban and rural women (p≤0.001). Similarly, for MUFA, it was 12.61±0.976 vs 10.66±0.604 g for urban and rural men (p=0.096), with corresponding values for women as 14.02±1.119 vs 9.8±055 g (p=0.002). The PUFA intake among participants were 7.70±0.738 vs 6.89±0.333 g for urban men and rural men (p=0.053), and 7.68±0.750 vs 6.08±0.37 g for urban and rural women (p=0.065).
The intake of LA and ALA for the rural and urban men was 5.88±0.331 vs 5.65±0.506g, and 0.94±0.056 vs 1.07±0.119 g, respectively. The intake of LA and ALA for the rural and urban women was 5.12±0.35 vs 5.75±0.499 g and 0.88±0.040 vs 1.09±0.109 g respectively. It was found that intakes of arachidonic acid (AA) were negligible in all participants with 0.044±0.003 vs 0.066±0.005 g in rural and urban men with corresponding values of 0.049±0.002 vs 0.070±0.005 g for rural and urban women. 
3.7 RBC fatty acids profile of select MetS participants
The RBC fatty acid composition of select MetS participants is given in Table 5. Myristic acid (C14:0) was significantly higher in rural participants (1.82 ± 1.25%) compared to urban participants (0.96 ± 0.21%; P = 0.002), while palmitic acid (C16:0) and stearic acid (C18:0) showed no significant urban–rural differences, with values of 31.21 ± 1.56% vs. 31.74 ± 2.83% and 20.67 ± 1.20% vs. 21.11 ± 1.75%, respectively. Among MUFAs, palmitoleic acid (C16:1) was markedly higher in rural participants (1.74 ± 0.77%) compared to urban (0.83 ± 0.25%; P ≤ 0.001), whereas oleic acid (C18:1) was higher in rural participants (14.56 ± 1.67%) than urban (13.60 ± 0.65%; P = 0.011). Within n-6 PUFAs, linoleic acid (C18:2) was significantly greater in rural (12.88 ± 1.04%) compared to urban (11.74 ± 1.52%; P = 0.003), while gamma-linolenic acid (C18:3n-6) was higher in urban participants (0.68 ± 0.28%) than rural (0.21 ± 0.27%; P ≤ 0.001). Dihomo-gamma-linolenic acid (C20:3n-6) and arachidonic acid (C20:4n-6) showed no significant differences, with urban values at 1.97 ± 0.55% and 11.87 ± 2.72% compared to rural values of 1.91 ± 0.22% and 10.98 ± 2.57%, respectively.






Table 4 Fatty acid intake of selected Metabolic syndrome participants based on dietary intake 
	Fatty acids
	Men
	Women

	
	Urban 
(n=28)
	Rural 
(n=26)
	EAR⸸
/RDA⸸⸸
	Urban 
(n=22)
	Rural 
(n=24)
	EAR⸸
/RDA⸸⸸

	SFA, g
	23.2aA ±1.29
	18.2bA ±1.03
	<10%E⸸⸸
	23.7aA ±1.65
	16.99bA ±0.62
	<10%E⸸⸸

	MUFA, g
	12.61aA ±0.976
	10.66bA ±0.604
	20%E⸸⸸
	14.02aA ±1.119
	9.8bA ±0.55
	20%E⸸⸸

	PUFA, g
	7.70aA ±0.738
	6.89aA ±0.333
	6-11%E⸸⸸
	7.68aA ±0.750
	6.08bA ±0.37
	6-11%E⸸⸸

	LA, g
	5.65aA ±0.506
	5.88aA ±0.331
	17⸸
	5.75aA ±0.499
	5.12aA ±0.35
	12⸸

	ALA, g
	1.07aA ±0.119
	0.937aA ±0.056
	1.6⸸
	1.09aA ±0.109
	0.88bA ±0.040
	1.1⸸

	AA, g
	0.066aA ±0.005
	0.044b ±0.003
	14-17⸸
	0.070aA ±0.005
	0.049bA ±0.002
	11-12⸸

	SFA:MUFA:PUFA
	3.01:1.64:1
	2.64:1.55:1
	1:1:1
	3.08:1.82:1
	2.79:1.61:1
	1:1:1


A total of 100 men and women with metabolic syndrome were randomly selected. SFA: Saturated fatty acids; MUFA: Monounsaturated fatty acids; PUFA: Polyunsaturated fatty acids; LA: Linoleic acid; ALA: α-linolenic acid; AA: Arachidonic acid
Values are Mean ± SE; ⸸EAR: Estimated Average Requirements for Indians, ICMR (2020); ⸸⸸RDA: WHO (2010); 
Urban vs Rural: Values with different alphabets (lower case) in superscripts differ significantly (p<0.05)






Table 5 Red blood cell fatty acid profile of the selected Metabolic Syndrome participants
	Fatty Acids
	Urban 
(n = 26)
	Rural 
(n = 25)
	P value
	Overall
(n = 51)

	Saturated Fatty Acids (SFA)

	Myristic acid (C14:0)
	
	0.96a ± 0.21
	1.82b ± 1.25
	0.002
	1.38 ± 0.97

	Palmitic acid (C16:0)
	
	31.74a ± 2.83
	31.21a ± 1.56
	0.406
	31.48 ± 2.27

	Stearic acid (C18:0)
	
	21.11a ± 1.75
	20.67a ± 1.20
	0.301
	20.89 ± 1.49

	Monounsaturated Fatty Acids (MUFA)

	Palmitoleic acid (C16:1)
	
	0.83a ± 0.25
	1.74a ± 0.77
	≤ 0.001
	1.28 ± 0.72

	Oleic acid (C18:1)
	
	13.60a ± 0.65
	14.56b ± 1.67
	0.011
	14.07 ± 1.32

	Polyunsaturated Fatty Acids (PUFA) - Omega 6

	Linoleic acid (C18:2)
	
	11.74a ± 1.52
	12.88b ± 1.04
	0.003
	12.30 ± 1.40

	Gamma-linolenic acid (C18:3)
	
	0.68a ± 0.28
	0.21b ± 0.27
	≤ 0.001
	0.45 ± 0.36

	Dihomo-gamma-linolenic acid (C20:3)
	
	1.97a ± 0.55
	1.91a ± 0.22
	0.615
	1.94 ± 0.41

	Arachidonic acid (C20:4)
	
	11.87a ± 2.72
	10.98a ± 2.57
	0.236
	11.44 ± 2.64

	Polyunsaturated Fatty Acids (PUFA) - Omega 3

	Alpha-linolenic acid (C18:3)
	
	0.17a ± 0.05
	0.21b ± 0.08
	0.014
	0.19 ± 0.07

	Eicosapentaenoic acid (C20:5)
	
	0.36a ± 0.12
	0.10b ± 0.05
	≤ 0.001
	0.23 ± 0.16

	Docosapentaenoic acid (C22:5)
	
	1.76a ± 0.55
	1.39b ± 0.22
	0.003
	1.58 ± 0.45

	Docosahexaenoic acid (C22: 6)
	
	1.98a ± 0.58
	1.59b ± 0.18
	0.003
	1.79 ± 0.47

	Omega-3 Index (EPA+DHA)
	
	2.34a±0.125
	1.68b±0.03
	≤0.001
	2.01±0.09

	D5D (C20:4/C20:3)
	
	6.34a±0.39
	5.97a±0.26
	0.262
	6.16±0.31

	D6D (C20:3/C18:2)
	
	0.17a±0.010
	0.15b±0.003
	0.055
	0.16±0.006


Values are Mean ± SD
Values with different superscripts differ significantly (P<0.05).



For n-3 PUFAs, alpha-linolenic acid (C18:3n-3) was higher in rural participants (0.21 ± 0.08%) than urban (0.17 ± 0.05%; P = 0.014), whereas long-chain n-3 PUFAs were consistently higher in urban participants, with eicosapentaenoic acid (C20:5n-3) at 0.36 ± 0.12% vs. 0.10 
± 0.05% (P ≤ 0.001), docosapentaenoic acid (C22:5n-3) at 1.76 ± 0.55% vs. 1.39 ± 0.22% (P = 0.003), and docosahexaenoic acid (C22:6n-3) at 1.98 ± 0.58% vs. 1.59 ± 0.18% (P = 0.003) compared to rural participants. The Omega-3 Index (EPA + DHA) was significantly higher in urban participants (2.34 ± 0.125%) than rural (1.68 ± 0.03%; P ≤ 0.001). Desaturase activity, assessed by the D5D ratio (C20:4/C20:3), showed no significant differences (6.34 ± 0.39 vs. 5.97 ± 0.26), while the D6D ratio (C20:3/C18:2) tended to be higher in urban participants (0.17 ± 0.010) compared to rural (0.15 ± 0.003; P = 0.055).
3.8 Correlation between n-3 PUFA and MetS  
There was a significant correlation between the intake of n-3 PUFA and various factors associated with MetS (Table 6). Higher consumption of n-3 PUFA rich green leafy vegetables, particularly mustard (p≤0.10), spinach (p≤0.05), fenugreek (p≤0.05), and amaranth (p≤0.10) leaves, was linked to a reduced prevalence of MetS, as evidenced by lower total serum cholesterol and LDL-C levels. Additionally, there was a notable protective effect associated with increased walnut consumption (p≤0.01). Participants with higher walnut intake exhibited lower SBP (r=-0.292) and higher HDL-C levels (r=0.365). The three obesity indicators, BW, WC, and WHR demonstrated an inverse relationship with n-3 PUFA intake. Further analyses indicated positive and significant correlations (p≤0.10) between increased systolic blood pressure, serum triglycerides, and VLDL-C with fat intake. Likewise, LDL-C exhibited a positive correlation with carbohydrate intake. WC and BMI showed positive correlations with ALA intake.
MetS is widely prevalent due to socio-economic factors and lifestyle choices, such as a high-fat diet and low physical activity. To our knowledge, this is the first study comparing MetS among men and women residing in urban and rural areas in Northern India, and its association with dietary intake and red blood cells fatty acids profile. Our findings underscore the urgent need for targeted interventions to address the escalating prevalence of MetS-related risk indicators in both rural and urban settings. We report that women have a higher incidence of MetS, compared to men, and the prevalence is higher in rural areas compared to urban areas. The systolic and diastolic blood pressures, as well as HDL-C levels were similar between men and women. However, men have lower triglycerides, a slightly larger WC, and higher fasting blood glucose than women. These variations may be due to differences in 








Table 6 Correlation coefficients (r) of the levels of polyunsaturated fatty acids with Metabolic Syndrome factors among MetS participants 
	Correlation coefficients (r)

	Urban (n = 50)
	Rural (n = 50)

	Consumption frequency score (CFS) of n-3 PUFA rich foods and Metabolic syndrome risk factors

	HDL-C (spinach (r = 0.303**)
SBP and mustard leaves (r = - 0.298**)
DBP and soybean oil (r = - 0.284**)
	BMI and flaxseeds (r = - 0.416***); mustard leaves (r = - 0.294**); fenugreek leaves (r = - 0.325**)
WC and flaxseeds (r = - 0.627***); fenugreek leaves (r = - 0.324**)
HDL-C and walnuts (r = 0.365***)
LDL-C (r = - 0.388***); mustard leaves (r = - 0.445***); spinach (r = - 0.331**); amaranth leaves (r = - 0.316**)
SBP and walnuts (r = - 0.292**); fenugreek leaves (r = - 0.569***)

	Food intake and MetS

	BMI and sugars (r = 0.345**)
WC and sugars (r = 0.270**)
Cholesterol and fats and oils (r =0.253**)
DBP and pulses (r = -0.357***)
	BMI and GLV (r= - 0.327**)
WC and pulses (r = 0.263*)
HDL-C and GLV (r = 0.276**)

	Nutrient intake and MetS
	

	BMI and total fat (r = 0.231*)
WC and total fat (r = 0.260*); energy (r =0.257*)
SBP and ALA (r = - 0.258*) 
DBP and ALA (r = -0.273**)
	BMI and ALA (r = - 0.242*)
LDL-C and CHO (r = 0.244*)

	n- 3 and n-6 PUFA with MetS

	LA and FBG (r = - 0.487)
DGLA and VLDL (r = - 0.332)
EPA and BW (r = - 0.469)
EPA and WC (r = - 0.414)
	DGLA and HDL (r = - 0.386)
ALA and CH:HDL (r = - 0.393)




SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; BMI: Body Mass Index; WC: Waist Circumference; LA: Linoleic acid; FBG: Fasting Blood Glucose; DGLA: Dihomo-gamma-linolenic acid; EPA: Eicosapentaenoic acid; ALA: Alpha linolenic acid; LDL-C: Low Density Lipoprotein- Cholesterol; HDL-C: High Density Lipoprotein – Cholesterol; PUFA: polyunsaturated fatty acids

metabolism, body composition, and hormonal profiles (Ciarambino et al., 2023)Top of Form
. Consistent with our study, others have also shown that women with MetS are more likely to experience abdominal obesity and dyslipidemia, which increases their risk of cardiovascular disease, whereas men with the same diagnosis are more likely to experience diabetes mellitus and hypertension (Ford 2005). 
	MetS participants living in rural areas are largely ignorant about their hypertensive and hyperglycemic conditions. Our findings reveal increased levels of triglycerides, LDL-C, and total cholesterol in the rural MetS population. Existing literature also consistently confirms the positive correlation of these factors with central obesity, high BMI, hypertension, and elevated blood glucose levels in MetS patients (Deedwania et al., 2014; Krauss, 2004; Sawant et al., 2011). Thus, there is an urgent need to educate the rural population about critical health parameters, particularly blood pressure, to prevent future occurrences of metabolic disorders. 
The study highlights striking urban–rural differences in dietary patterns, especially with respect to n-3 PUFA intake and its relationship with MetS parameters. Although the population appears to maintain a favourable n-6/n-3 ratio, both n-6 and n-3 PUFA intakes remain well below WHO-recommended levels (LA: 17 g; ALA: 1.6 g), revealing a significant mismatch between dietary guidelines and actual consumption. Urban participants typically consume walnut- and mustard oil–based pickles but show low intake of flaxseed, an economical and rich source of ALA. In contrast, rural diets include more mustard oil, spinach, and fenugreek—foods naturally richer in n-3 fatty acids—reflecting traditional food practices and agricultural availability. These dietary contrasts underscore how cultural preferences, economic constraints (e.g., high cost of walnuts), and limited awareness of locally available n-3 rich foods such as flaxseed may hinder adequate PUFA consumption, potentially influencing metabolic health outcomes in both settings.
 Supporting evidence underscores that diets rich in cereals, fruits, and vegetables are linked to improved metabolic outcomes (Weickert et al., 2006; Gherasim et al., 2020; Grundy et al., 2005; Jezewska-Zychowicz et al., 2019). In the present study, urban participants with higher body weight and abdominal volume index also had greater energy and macronutrient intake. Notably, ALA showed a protective association with blood pressure regulation among urban individuals. Conversely, rural participants displayed a positive correlation between BMI and ALA intake, and between LDL-C and carbohydrate intake, indicating potentially adverse effects on lipid metabolism. Despite frequent consumption of green leafy vegetables in both groups, fatty acid profiles remained suboptimal, suggesting these foods alone may not offer sufficient protection against MetS. These findings highlight the need for a more targeted dietary strategy incorporating affordable, n-3 PUFA-rich sources like flaxseeds and walnuts to improve metabolic health in diverse populations.
The disparity observed between dietary intake and red blood cell levels of AA, EPA, DHA, and DPA suggests an imbalance in PUFA metabolism among MetS individuals. Despite a higher consumption of n-6 PUFA-rich oils like mustard oil and soybean oil (AA: 11.44%), the RBC levels of AA remained relatively low. Conversely, limited intake of n-3 PUFA-rich foods such as walnuts and flaxseeds (EPA: 0.05%, DHA: 0.10%, DPA: 0.15%) corresponded to lower levels of EPA, DHA, and DPA. This discrepancy emphasizes the importance of achieving a balanced dietary intake for optimal metabolic health. A meta-analysis involving 36,542 individuals revealed a 26% reduction in MetS risk among Asians with higher n-3 PUFA levels. However, this protective association was not observed in the American/European population, indicating potential genetic influences (Jang and Park, 2020). These findings are supported by a multinational study across various countries, including the US, Canada, the UK, Ireland, Italy, Turkey, and India, which reported strikingly low levels of n-3 PUFA, particularly EPA and DHA (<4% of total Fas in RBC equivalents). Additionally, LA levels ranged from 11 to 13%, AA from 14 to 17%, and ALA from 0.10 to 0.39%. Elevated ALA levels were associated with high consumption of ALA-rich linseed and canola oil (Schuchardt et al., 2022), underscoring the insufficient intake of n-3 PUFA, particularly ALA, among individuals with MetS. These findings, combined with our study results, highlight the global concern of inadequate n-3 PUFA intake among MetS individuals and emphasize the need for targeted interventions to address dietary imbalances and enhance metabolic health.
Our study underscores significant urban–rural disparities in dietary patterns and fatty acid metabolism among individuals with MetS. While urban participants had access to a relatively wider variety of n-3 PUFA-rich foods, including walnuts and mustard oil-based preparations, actual intake remained suboptimal across both groups. These findings are consistent with earlier research by Smith et al. (2023) and Johnson et al. (2022), which reported regional differences in n-3 PUFA intake and associated desaturase activities in Western populations. Rural participants, with notably lower arachidonic acid intake, may experience limited substrate availability for delta-5 and delta-6 desaturase enzymes, possibly impairing endogenous PUFA synthesis. Schuchardt et al. (2022), in a multicentric analysis of red blood cell fatty acid profiles across seven countries, reported considerable inter-country variability in Omega-3 Index values, reflecting differences in long-term omega-3 status. Notably, populations in Japan and Italy exhibited significantly higher Omega-3 Index levels, suggestive of enhanced cardiovascular protection, whereas lower values were observed in several Western populations with reduced dietary intake of n-3 fatty acids. In comparison, the low intake of both marine- and plant-based omega-3 sources observed in the present study cohort appears to parallel the fatty acid profiles of these low-index populations. This dietary insufficiency may contribute to an elevated cardiometabolic risk profile among the studied participants. These findings underscore the importance of implementing context-specific nutritional strategies aimed at increasing n-3 PUFA intake to improve fatty acid status and associated metabolic health outcomes.
3. CONCLUSION
[bookmark: _GoBack]The study shows that the blood PUFA profile of Punjabi men and women with metabolic syndrome is not satisfactory. Urban participants had higher levels of DPA, EPA, and DHA, while rural participants showed higher levels of ALA in red blood cells. Overall, the intake of PUFAs—especially n-3 fatty acids—was found to be inadequate in this population.
These findings highlight the urgent need to increase awareness about the importance of n-3 fatty acids and to promote locally available, culturally acceptable food sources. Early detection of metabolic abnormalities and timely intervention are essential. Therefore, community-based health programs should focus on improving diet and lifestyle practices, with special attention to rural populations and women with limited education.
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ABBRIVIATIONS
  MetS – Metabolic Syndrome 
  PUFA – Polyunsaturated Fatty Acids 
  DHA – Docosahexaenoic Acid 
  EPA – Eicosapentaenoic Acid 
  LA – Linoleic Acid 
  ALA – Alpha-Linolenic Acid 
  RBC – Red Blood Cells 
· LDL-C – Low-Density Lipoprotein Cholesterol 
  HDL-C – High-Density Lipoprotein Cholesterol 
  VLDL-C – Very Low-Density Lipoprotein Cholesterol 
  ICMR – Indian Council of Medical Research 
  WHO – World Health Organization
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