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Abstract
Background
No study has investigated the association between ultra-processed food (UPF) and pre-diabetes development. Furthermore, prior investigations on the association between UPF and the risk of type 2 diabetes (T2D) were primarily conducted in Europe and America, and studies in other regions are lacking. We investigated the association between ultra-processed foods and the risk of pre-diabetes and T2D in a cohort of Iranians.

Methods
This prospective study, with a sample size of 1954 for pre-diabetes and 2457 for T2D, was conducted among adults’ participants (aged ≥ 18 years) from the Tehran Lipid and Glucose Study (TLGS). We defined UPF intake using NOVA calcification as a proportion of total energy, and calculated its average intake during the follow-ups. The hazard ratios (HR) and 95% confidence intervals (95% CI) for pre-diabetes/T2D across tertiles of total UPF and per 10% of its increment were examined using Cox proportional hazards models. We also investigated the possibility of non-linear association using a restricted cubic spline regression.

Results
We identified 766 and 256 cases of pre-diabetes and T2D, respectively, during a median follow-up of 7 years for pre-diabetes and 8.6 years for T2D. In the multivariable adjusted model, a 10% increase in total UPF intake was associated with a 12% higher risk of pre-diabetes (HR = 1.12; 95% 1.02, 1.23). The incidence of pre-diabetes was also higher in those in tertile 3 than those in tertile 1 (HR = 1.28; 95% CI = 1.07, 1.52). Following additional adjustment for diet quality, the results remained unchanged. Spline regression demonstrated a J-shaped association between UPF and the risk of pre-diabetes; the risk of pre-diabetes did not increase until UPF consumption exceeded about 24% of total energy intake. Of the individual UPF, hydrogenated fat/mayonnaise/ margarine group was related to an increased risk of pre-diabetes. The total UPF and its individual items were not associated with T2D.

Conclusions
This study found a positive, non-linear relationship between total UPF and the risk of pre-diabetes in Iranian adults. Our data could not show any significant association between UPF and T2D risk.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12986-024-00854-4.
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Introduction
Worldwide food consumption habits have altered dramatically, with fresh and minimally processed food being steadily replaced by ultra-processed food (UPF). This transition, which originated in high-income nations, is presently taking place in low- and middle-income countries as well [1]. Worldwide estimates range from 10% to more than 50% of daily energy intake from UPF, with the United States and the United Kingdom reporting the highest contribution [2, 3]. The increased availability of highly processed food products is causing an increase in the consumption of UPFs in Iran. In a cohort of Iranian adults, the median proportion of UPF consumption was 12.7% of total energy intake for overweight or obese individuals and 14.1% for normal-weight individuals [4]. UPFs undergo different industrial processing, which can alter the characteristics of the foods and potentially produce contamination. Moreover, substances added to foods as flavor enhancers, preservatives, colorings, or emulsifiers, as well as materials used for packaging, may have adverse effects on health [5]. The nutritional composition of UPFs is generally poor, and therefore, their high consumption may lower the quality of the diet [6]. The health consequences of UPF consumption are currently of interest and have been investigated in numerous studies.
High UPF consumption adversely related to cardiometabolic health variables [7, 8] and increased cardiovascular and all-cause mortality [9, 10], according to prospective cohort studies. In terms of type 2 diabetes (T2D) risk, prospective studies from western countries consistently demonstrated a positive association between UPF and T2D occurrence [11–15]. However, in some studies, the increased risk of T2D was significant between the extreme groups of total UPF consumption, and results for moderate UPF intakes were null [12–14]. With regards to specific subgroups of UPF, research on the populations of the Netherlands and the United States revealed contradictory associations between types of UPF and T2D [14, 15]. On the other hand, the British and French cohorts demonstrated a potential link between all types of UPF products and the increase in T2D incidence [11, 12]. We could find only one prospective study that examined the UPF-diabetes association in a non-western population [16]. The study’s findings showed 18–32% higher risk of T2D from quartiles 2–4 UPF consumption in middle-aged Korean adults. Furthermore, the study demonstrated the presence of variability in results according to UPF subgroups [16].
In addition to the limited number of studies investigating the association between UPF and T2D in other regions, such as the Middle East, no study has investigated the association between UPF and pre-diabetes incidence. Therefore, the current prospective study aimed to examine the association between UPF consumption and the risk of pre-diabetes and T2D in Iranian adults using the data from the Tehran Lipid and Glucose Study (TLGS).

Methods
Study population
We conducted the present prospective investigation using data from the TLGS. In 1999, the TLGS began as a population-based prospective cohort study, sampling individuals aged 3 to 69 who resided in district 13 of Tehran [17]. The objective of the TLGS was to ascertain the risk factors and associated outcomes of non-communicable diseases. At 3-year intervals, follow-up examinations were conducted to ensure that the information of the participants remained updated. The present study defined the third examination cycle (2005–2008) as the baseline because the Food Frequency Questionnaire (FFQ) was first administered at this time. Participants were followed to the sixth examination (2016–2018). Figure 1 illustrates the process of participants’ selection for the current study. Out of the 3687 participants who provided dietary data during the third examination cycle, 2644 were chosen as follows: they were all at least 18 years old, did not have T2D, were not pregnant, and had follow-up information.
[image: ]
Fig. 1Selection of the participants


We excluded those with pre-diabetes at baseline (n = 310), missing information to define pre-diabetes at baseline (n = 154) or follow-up (n = 57), incident diabetes during follow-up (n = 71), missing covariates (n = 60), and energy intake outside of sex-specific percentiles 1 and 99 (n = 38) from the 2644 participants, leaving 1954 participants to be analyzed for the pre-diabetes outcome.
We also investigated the outcome of T2D in 2457 individuals who remained after excluding those who lacked sufficient information to establish their diabetes status at follow-up (n = 33), had missing covariates (n = 106), or reported energy consumption outside of sex-specific percentiles 1 and 99 (n = 48).
The TLGS received approval from the Human Research Review Committee of the Endocrine Research Center at Shahid Beheshti University. All participants were given written, informed consent prior to recruitment. The research ethics committees of the Research Institute for Endocrine Sciences at Shahid Beheshti University of Medical Sciences also granted approval for the current study (IR.SBMU.ENDOCRINE.REC.1403.023).

Dietary assessment
We determined the participants’ regular dietary consumption through FFQ and an in-person interview. The participants were asked regarding the frequency and amount of consumption of 168 prevalent food and beverage items that were ingested within the previous year. Based on the daily intake of each item and the food composition tables, energy and nutrient intake were estimated. The nutrient composition of food products not included in the Iranian food composition table, such as cooked legumes or white or red meat, was determined using the United States Department of Agriculture’s (USDA) food composition table. The validity and reliability of the questionnaire for assessing food consumption have been confirmed [18, 19].
We determined the UPF consumption by taking into account the following food items classified by NOVA: cakes, biscuits, crackers, ham/sausage, burgers, creamy cheese, ice creams, chocolate milk, pizza, candies, chocolates, mayonnaise, margarine, hydrogenated fats, carbonated soft drinks, potato chips, and pufak [20, 21]. We determined the total intake of UPF as a proportion of the total daily energy intake (% of energy). Moreover, to investigate the individual categories of UPF, the above-mentioned food items were grouped into five categories: 1- hydrogenated fat/ mayonnaise/ margarine; 2- packaged snacks and confectioneries (including cakes, biscuits, crackers, candies, chocolates, potato chips, and pufak); 3- ready-to-eat/heat dishes (including ham/sausage, burgers, and pizza); 4- dairy products (including ice cream, creamy cheese, and chocolate milk); and 5- soft drinks. We preferred the energy ratio to the weight ratio because all UPF items had energy content.
We calculated the average intake of energy, UPF, and other dietary variables using the dietary data from the third examination up to the last FFQ completed before the onset of pre-diabetes/T2D or the last follow-up for those without the outcomes to quantify long-term intake and reduce inter-individual variation.

Non-dietary assessment
Socio-demographic and medical information of the participants, including birth date, smoking, education, occupation, marital status, family history of diabetes, and medications, was recorded using a questionnaire. Participants were categorized into current smokers, ex-smokers, and non-smokers based on smoking status; low (< 6 years), middle (6–12 years), and high (> 12 years) based on educational level; having a full-time job (yes or no) based on occupation; married and living alone (never married, widowed, or divorced) based on marital status. Physical activity during leisure, job, and household activities was assessed using a Persian translation of the Modifiable Activity Questionnaire (MAQ) and determined as the metabolic equivalent of task (MET) minutes per week [22]. For statistical analysis, we classified participants into two groups: less than 600 and equal to or more than 600 Met-min/week.
Anthropometric variables, including weight, height, and waist circumference, were measured using a standard protocol. The body mass index (BMI) was computed by dividing the weight (in kilograms) by the square of the height (in square meters).Waist circumference adjusted for BMI was determined using the residual method [23].
After 15 min of rest, a standardized mercury sphygmomanometer (Riester, Jungingen, Germany) was employed to measure systolic and diastolic blood pressure in the right arm in a seated position. A 30-second interval was used to measure blood pressure twice, and the participant’s blood pressure was determined as the average of the two measurements. Hypertension was defined as systolic blood pressure ≥ 140 mmHg, diastolic blood pressure ≥ 90 mmHg, and/or taking anti-hypertensive medications based on the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure [24].
Participants’ biochemical characteristics, such as fasting serum glucose, triglycerides, and high-density lipoprotein cholesterol (HDL-C), were assessed from a serum sample taken following a 12- to 14-hour overnight fast. 2-hour serum glucose levels were also tested 2 h after consuming 75 g of oral glucose. The biochemical measurements have been done on the day of blood collection with the enzymatic colorimetric method using commercial kits (Pars Azmun commercial kits, Tehran, Iran). Intra- and inter-coefficients of variation were 2.2% for fasting glucose, 0.6 and 1.6% for triglycerides, and 0.5 and 2% for HDL-C.

Outcome definition
Pre-diabetes and T2D diagnoses were performed based on the criteria of the American Diabetes Association [25]. Pre-diabetes was defined as impaired fasting glucose (fasting serum glucose 100–125 mg/dl) or /and impaired glucose tolerance (2-hour serum glucose 140–199 mg/dL). T2D was diagnosed as fasting serum glucose being ≥ 126 mg/dL, 2-h serum glucose being ≥ 200 mg/dL, or glucose-lowering medication.

Statistical analysis
Participants’ characteristics across tertile categories of UPF were determined and compared using the analysis of variance (ANOVA) for normal-distributed continuous variables, the Kruskal-Wallis test for non-normal-distributed continuous variables, and the chi-squared test for categorical variables. Results were reported as mean ± standard deviation for normally distributed continuous variables, median (percentiles 25, 75) for skewed variables, and number (percentage) for categorical variables. Hazard ratios (HR) and 95% confidence intervals (CI) for pre-diabetes and T2D were estimated using Cox proportional hazards regression across tertiles of UPF. The person-years for each participant were estimated from the baseline to the date of the pre-diabetes/ T2D incidence, the date of the last follow-up, or the end date of the study. The event date of the occurrence of pre-diabetes/ T2D was defined as the midpoint between the data of the follow-up examination during which the events were found for the first time and the most recent follow-up examination prior to diagnosis. The test for trends through tertiles of UPF was determined with the median for each tertile category assigned to each participant in that category and then treating the variable as continuous. Considering UPF as a continuous variable, HR (95% CI) was also estimated per 10% increment in the proportion of energy intake from UPF consumption. We reported the results in unadjusted, sex- and BMI-adjusted, and multivariable adjusted models. We also created an additional model by including the Healthy Eating Index (HEI)-2015 [26] (continuous score) in the multivariable adjusted model to control the confounding potential of overall diet quality. We derived the HEI-2015 score, which ranges from 0 to 100 (higher values indicating better food quality), by combining the 13 dietary component scores [26, 27]. The variables included in the multivariable adjusted model were: sex (female/male), BMI (continuous), waist circumference adjusted for BMI (continuous), family history of diabetes (yes/no), education (low, middle, and high), energy intake (continuous), fasting glucose (continuous), triglycerides-to-HDL-C ratio (continuous), and hypertension (yes/no). We initially selected the covariates based on prior studies [16, 28, 29]. Variables that showed a univariate association with outcomes at a p-value less than 0.2 were then included in the statistical models. Age was defined as the time scale. We tested the proportional-hazard assumption using the Schoenfeld residual test, which confirmed the assumption’s validity.
In the multivariable-adjusted model, we also examined the risk of pre-diabetes/T2D per 10% increment in UPF consumption in subgroups of sex, smoking (smokers and non-smokers (never-smoker and ex-smoker)), BMI status (< 25 and ≥ 25 kg/m2), abdominal obesity (yes/no), family history of diabetes (yes/no), and fiber intakes (≤ 9.1 and > 9.1 g/1000 kcal). Abdominal obesity was defined as waist circumference ≥ 89 cm in males and ≥ 91 cm in females [30]. Fiber intake was categorized based on the median intake of the study population. The P-value for the implicative interaction between each subgroup and UPF consumption on pre-diabetes/T2D was obtained with the inclusion of the interaction term in the unadjusted model.
The potential of non-linear associations between UPF and pre-diabetes/T2D was examined using restricted cubic spline regression in the multivariable adjusted model. We defined three knots at the 5th, 50th, and 90th percentiles of UPF, and we set the median of the lowest tertile of UPF as a reference.
Finally, the HR (95% CI) for pre-diabetes/T2D were separately estimated per one standard deviation increase in energy percentage from UPF components (the five categories) in the multivariable-adjusted model. Statistical analyses were performed using STATA 14 (StataCorp, College Station, Texas, USA).


Results
Ultra-processed food and pre-diabetes incidence
The mean baseline age of participants included in the pre-diabetes investigation was 37.9 years, and 53.7% were female. The median (25th, 75th percentiles) for UPF consumption was 91.2 g/day (54, 150) and 13.4% of energy (8.78, 19.0). The relative contributions of each component to total energy intake from UPF were as follows: hydrogenated fat, mayonnaise, and margarine (38.2%), packaged snacks and confectioneries (32.1%), dairy products (13.9%), ready-to-eat/heat dishes (12.4%), and soft drinks (3.3%).
Table 1 displays the demographic and clinical characteristics of participants at baseline, as well as their dietary intakes in the total population and across tertiles of UPF. Participants in the highest tertile of proportion UPF were younger, more likely to be female and living alone, and had lower BMI, waist circumference, fasting serum glucose, triglycerides-to-HDL-C ratio, and systolic and diastolic blood pressure compared to those in the lowest tertile. Energy and the proportion of dietary fat increased, while the proportion of dietary carbohydrates, protein, and HEI decreased from tertile 1 into tertile 3.
Table 1Characteristics of participants for the pre-diabetes database in total and according to tertile categories of ultra-processed food consumption (% of daily energy intake) *


	Characteristics
	Total population
	Tertile 1
	Tertile 2
	Tertile 3
	P-value †

	Number
	1954
	651
	652
	651
	-

	Median intakes, % kcal
	13.4
	6.83
	13.4
	21.4
	-

	Baseline characteristics
	 	 	 	 	 
	Age, year
	37.9 ± 12.7
	42.6 ± 13.2
	36.7 ± 12.0
	34.3 ± 11.4
	< 0.001

	Female, n (%)
	1049 (53.7)
	343 (52.7)
	332 (50.9)
	374 (57.5)
	0.050

	Smoking status, n (%)
	 	 	 	 	0.208

	Never
	1537 (78.7)
	512 (79.2)
	511 (78.5)
	514 (78.6)
	 
	Current
	167 (8.5)
	67 (10.3)
	50 (7.7)
	50 (7.7)
	 
	Former
	250 (12.8)
	72 (11.1)
	91 (14.0)
	87 (13.4)
	 
	Education, n (%)
	 	 	 	 	0.001

	Low
	235 (12.0)
	103 (15.8)
	66 (10.1)
	66 (10.1)
	 
	Middle
	1181 (60.4)
	358 (55.0)
	406 (62.3)
	417 (64.1)
	 
	High
	538 (27.5)
	190 (29.2)
	180 (27.6)
	168 (25.8)
	 
	Full time job, n (%)
	962 (49.2)
	306 (47.0)
	352 (54.0)
	304 (46.7)
	0.012

	Marital status
	 	 	 	 	< 0.001

	Married
	1446 (74.0)
	514 (79.0)
	488 (74.8)
	444 (68.2)
	 
	Living alone
	508 (26.0)
	137 (21.0)
	164 (25.2)
	207 (31.8)
	 
	Low Physical activity level ‡, n (%)
	740 (37.9)
	242 (37.2)
	246 (37.7)
	252 (38.7)
	0.846

	Family history type 2 diabetes, %
	618 (31.6)
	228 (35.0)
	183 (28.1)
	207 (31.8)
	0.026

	Body mass index, kg/m2
	26.5 ± 4.58
	27.1 ± 4.40
	26.2 ± 4.53
	26.3 ± 4.74
	0.001

	Waist circumference, Cm
	88.1 ± 12.7
	89.9 ± 11.6
	87.4 ± 12.9
	87.1 ± 13.4
	< 0.001

	Fasting blood glucose, mg/dL
	85.1 ± 6.26
	85.8 ± 6.06
	84.8 ± 6.35
	84.8 ± 6.32
	0.004

	Triglycerides-to-HDL-C ratio
	1.16 (0.76, 1.86)
	1.26 (0.81, 1.91)
	1.09 (0.76, 1.82)
	1.13 (0.70, 1.83)
	< 0.001

	Systolic blood pressure, mmHg
	110 ± 15.2
	112 ± 16.60
	109 ± 14.87
	108 ± 13.7
	< 0.001

	Diastolic blood pressure, mmHg
	72.6 ± 10.3
	74.2 ± 10.2
	72.1 ± 10.4
	71.6 ± 10.2
	< 0.001

	Anti-hypertensive mediation, n (%)
	39 (2.0)
	19 (2.9)
	12 (1.8)
	8 (1.2)
	0.088

	Dietary characteristics§
	 	 	 	 	 
	Total energy intake, Kcal
	2421 ± 786
	2325 ± 750
	2415 ± 748
	2524 ± 845
	< 0.001

	Carbohydrate intake, % of energy
	58.0 ± 6.31
	61.2 ± 6.12
	58.3 ± 5.29
	54.7 ± 5.72
	< 0.001

	Fat intake, % of energy
	30.8 ± 6.05
	27.2 ± 5.13
	30.4 ± 4.74
	34.8 ± 5.65
	< 0.001

	Protein intake, % of energy
	14.0 ± 2.25
	14.9 ± 2.26
	14.1 ± 2.00
	13.2 ± 2.17
	< 0.001

	Ultra-processed food intake, % of energy
	13.4 (8.78, 19.1)
	6.83 (4.69, 8.78)
	13.4 (11.9, 15.0)
	21.4 (19.0, 25.4)
	< 0.001

	Healthy Eating Index-2015 score
	63.8 ± 7.88
	64.7 ± 8.70
	63.7 ± 7.52
	63.1 ± 7.27
	< 0.001


* Results are reported as mean ± standard deviation, median (percentiles 25, 75), and number (percentage). † P-values show differences across tertiles based on ANOVA (normally distributed variables), the Kruskal-Wallis test (non-normally distributed variables), and the Chi-squared test (categorical variables). ‡ Less than 600 Met-min/week. § Cumulative average intake



During a median (25th, 75th percentile) follow-up of 7 years (3.8, 8.9), pre-diabetes developed in 766 individuals. Table 2 shows the association between UPF consumption and the risk of pre-diabetes. In the unadjusted model, those within tertile 3 showed a 24% higher risk of pre-diabetes compared to those within tertile 1 (HR = 1.24; 95% CI = 1.04, 1.49). The increased risk remained significant in the sex- and BMI-adjusted model, as well as the multivariable-adjusted model. The HR for pre-diabetes was 1.28 (95% CI = 1.07, 1.52) in tertile 3 compared to tertile 1 in the multivariable-adjusted model. When UPF was treated as a continuous variable, each 10% increase in UPF consumption was related to a 12% higher risk of pre-diabetes in the multivariable-adjusted model (HR = 1.12; 95% CI = 1.02, 1.23). Results did not change after the inclusion of HEI-2015 in the model.
Table 2Hazard ratios (95% confidence intervals) for pre-diabetes incidence according to proportion of ultra-process food consumption


	 	Tertile 1
	Tertile 2
	Tertile 3
	p-trend
	Continuous
(per 10% increment)
	p-value

	Ultra-processed food, % of energy

	Cases/populations
	286/651
	231/652
	249/651
	-
	766/1954
	-

	Median intakes, % kcal
	6.83
	13.4
	21.4
	-
	13.4
	-

	Unadjusted
	1
	0.95 (0.80,1.14)
	1.24 (1.04,1.49)
	0.014
	1.11 (1.01,1.22)
	0.028

	Sex and BMI-adjusted
	1
	0.95 (0.79,1.13)
	1.25 (1.05,1.49)
	0.013
	1.11 (1.01,1.21)
	0.031

	Multivariable adjusted *
	1
	0.99 (0.83,1.19)
	1.28 (1.07,1.52)
	0.007
	1.12 (1.02,1.23)
	0.014

	Multivariable adjusted + diet quality †
	1
	0.99 (0.83, 1.18)
	1.27 (1.06, 1.52)
	0.009
	1.12 (1.02, 1.23)
	0.018


* Adjusted for sex, BMI (continuous), waist circumference adjusted for BMI (continuous), family history diabetes (yes/no), education (< 6, 6–12, and ≥ 12 years of education), physical activity (< 600 and ≥ 600 metabolic equivalent task minutes/week), energy intake (continuous), fasting serum glucose (continuous), triglycerides to HDL-C ratio, and hypertension (yes/no). Age is considered as the time scale. † Adjusted for all variables included in multivariable adjusted model plus Healthy Eating Index (HEI)-2015 (continuous)



Figure 2A demonstrates results for associations between UPF and pre-diabetes in different subgroups of participants. The HRs for pre-diabetes were more than 1 per 10% increase in UPF consumption in all subgroups, but the positive associations became significant in females (HR = 1.14; 95% CI = 1.00, 1.30), non-smokers (HR = 1.14; 95% CI = 1.03, 1.26), individuals with a BMI ≥ 25 kg/m2 (HR = 1.13; 95 CI = 1.01, 1.25), and those without a family history of diabetes (HR = 1.16; 95% CI = 1.03, 1.30). However, no significant interaction was observed between each subgroup and UPF consumption on the risk of pre-diabetes.
[image: ]
Fig. 2Subgroup analysis of the association between ultra-processed food (per 10% increase as a percentage of daily energy intake) and risk of pre-diabetes (A) and type 2 diabetes (B). Adjusted for sex, BMI (continuous), waist circumference adjusted for BMI (continuous), family history diabetes (yes/no), education (< 6, 6–12, and ≥ 12 years of education), physical activity (< 600 and ≥ 600 metabolic equivalent task minutes/week), energy intake (continuous), fasting serum glucose (continuous), triglycerides to HDL-C ratio, and hypertension (yes/no). Age is considered as the time scale


Figure 3A demonstrates the spline curve for the association between UPF and pre-diabetes. This curve indicates a non-linear relationship between UPF and pre-diabetes, exhibiting a J-shaped pattern. Compared to the reference group for UPF consumption, the HR for pre-diabetes did not increase until consumption of UPF constituted about 24% of total energy intake.
[image: ]
Fig. 3Multivariable adjusted spline curve for association between ultra-processed foods and risk of pre-diabetes (A) and type 2 diabetes (B). Hazard ratio showed by solid line and 95% confidence interval by dash lines. Adjusted for sex, BMI (continuous), waist circumference adjusted for BMI (continuous), family history diabetes (yes/no), education (< 6, 6–12, and ≥ 12 years of education), physical activity (< 600 and ≥ 600 metabolic equivalent task minutes/week), energy intake (continuous), fasting serum glucose (continuous), triglycerides to HDL-C ratio, and hypertension (yes/no). Age is considered as the time scale. The median of ultra-processed food in the first tertile was used as the reference value


Looking at individual UPF components (Supplementary Table), we found a 13% higher risk of pre-diabetes associated with one standard deviation increase in the proportion of energy intake from hydrogenated fat, mayonnaise, and margarine subgroups (HR = 1.13; 95% CI = 1.05, 1.22).

Ultra-processed food and type 2 diabetes incidence
The mean baseline age of 2457 individuals included in the diabetes investigation was 38.5 years, and 54.1% were female. The median (25th, 75th percentiles) for UPF consumption was 91.3 g/day (54.7, 151) and 13.1% of energy (8.7, 18.5). UPF components made comparable contributions to those in the pre-diabetes database.
Compared to the lowest tertile of UPF, participants in the highest tertile were younger, more likely to be female, less likely to be current smokers, and had a lower BMI, waist circumference, fasting serum glucose and triglycerides-to-HDL-C ratio, and systolic and diastolic blood pressure. From tertile 1 to 3, there was a significant increase in energy intake and the proportion of fat to total energy, while the proportion of carbohydrates and protein decreased. The overall quality of diet assessed as HEI was also decreased from tertile 1 to 3 of UPF consumption (Table 3).
Table 3Characteristics of participants for the type 2 diabetes database in total and according to tertile categories of ultra-processed food consumption (% of daily energy intake) *


	Characteristics
	Total population
	Tertile 1
	Tertile 2
	Tertile 3
	P-value †

	Number
	2457
	818
	820
	819
	-

	Median intakes, % kcal
	13.1
	6.69
	13.1
	21.1
	-

	Baseline characteristics
	 	 	 	 
	Age, year
	38.5 ± 13.6
	43.6 ± 13.8
	37.4 ± 12.7
	34.5 ± 12.6
	< 0.001

	Female, n (%)
	1329 (54.1)
	429 (52.4)
	422 (51.5)
	478 (58.4)
	0.010

	Smoking status, n (%)
	 	 	 	 	0.045

	Never
	1936 (78.8)
	648 (79.2)
	644 (78.5)
	644 (78.6)
	 
	Current
	208 (8.5)
	83 (10.1)
	68 (8.3)
	57 (7.0)
	 
	Former
	313 (12.7)
	87 (10.6)
	108 (13.2)
	118 (14.4)
	 
	Education, n (%)
	 	 	 	 	< 0.001

	Low
	633 (25.8)
	155 (18.9)
	100 (12.2)
	78 (9.5)
	 
	Middle
	1491 (60.7)
	431 (52.7)
	521 (63.5)
	539 (65.8)
	 
	High
	333 (13.6)
	232 (28.4)
	199 (24.3)
	202 (24.7)
	 
	Full time job, n (%)
	1161 (47.3)
	376 (46.0)
	421 (51.3)
	364 (44.4)
	0.013

	Marital status
	 	 	 	 	< 0.001

	Married
	1792 (72.9)
	653 (79.8)
	607 (74.0)
	532 (65.0)
	 
	Living alone
	665 (27.1)
	165 (20.2)
	213 (26.0)
	287 (35.0)
	 
	Low Physical activity level ‡, n (%)
	957 (38.9)
	316 (38.6)
	313 (38.2)
	328 (40.0)
	0.719

	Family history type 2 diabetes, n (%)
	819 (33.3)
	296 (36.2)
	252 (30.7)
	271 (33.1)
	0.063

	Body mass index, kg/m2
	26.8 ± 4.82
	27.4 ± 4.52
	26.7 ± 4.86
	26.4 ± 5.03
	< 0.001

	Waist circumference, Cm
	89.0 ± 13.3
	90.9 ± 11.8
	88.7 ± 13.5
	87.3 ± 14.1
	< 0.001

	Fasting blood glucose, mg/dL
	87.0 ± 8.62
	88.2 ± 8.99
	86.5 ± 8.29
	86.2 ± 8.46
	< 0.001

	Triglycerides-to-HDL-C ratio
	1.21 (0.77, 1.94)
	1.34 (0.86, 2.07)
	1.14 (0.77, 1.86)
	1.14 (0.71, 1.88)
	0.004

	Systolic blood pressure, mmHg
	111 ± 15.8
	114 ± 16.8
	110 ± 15.1
	109 ± 15.1
	< 0.001

	Diastolic blood pressure, mmHg
	73.2 ± 10.5
	74.8 ± 10.1
	72.7 ± 10.5
	72.0 ± 10.7
	< 0.001

	Anti-hypertensive mediation, n (%)
	61 (2.5)
	29 (3.5)
	17 (2.1)
	15 (1.8)
	0.055

	Dietary characteristics§
	 	 	 	 	 
	Total energy intake, Kcal
	2424 ± 777
	2322 ± 735
	2449 ± 768
	2502 ± 816
	< 0.001

	Carbohydrate intake, % of energy
	58.1 ± 6.20
	61.3 ± 6.16
	58.3 ± 5.25
	54.9 ± 5.47
	< 0.001

	Fat intake, % of energy
	30.6 ± 5.86
	26.9 ± 4.98
	30.3 ± 4.61
	34.5 ± 5.33
	< 0.001

	Protein intake, % of energy
	14.1 ± 2.36
	15.0 ± 2.47
	14.3 ± 2.20
	13.2 ± 2.06
	< 0.001

	Ultra-processed food intake, % of energy
	13.1 (8.67, 18.5)
	6.69 (4.73, 8.67)
	13.1 (11.7, 14.7)
	21.1 (18.5, 24.6)
	< 0.001

	Healthy Eating Index-2015 score
	63.6 ± 7.97
	64.4 ± 8.73
	63.3 ± 7.78
	63.1 ± 7.29
	0.004


* Results are reported as mean ± standard deviation, median (percentiles 25, 75), and number (percentage). † P-values show differences across tertiles based on ANOVA (normally distributed variables), the Kruskal-Wallis test (non-normally distributed variables), and the Chi-squared test (categorical variables). ‡ Less than 600 Met-min/week. § Cumulative average intake



We identified 258 new cases of T2D during a median (25th, 75th percentiles) follow-up of 8.6 years (6.5, 9.5). No significant association between UPF consumption and the risk of diabetes across the tertile categories of UPF and UPF as a continuous variable was observed (Table 4). Furthermore, the associations between UPF and T2D were not significant in any subgroups (Fig. 2B).
Table 4Hazard ratio (95% confidence interval) for type 2 diabetes incidence according to ultra-process food consumption


	 	Tertile 1
	Tertile 2
	Tertile 3
	p-trend
	Continuous
(per 10% increment)
	p-value

	Ultra-processed food, % of energy

	Cases/populations
	111/818
	73/820
	74/819
	-
	258/2457
	-

	Median intakes, % kcal
	6.69
	13.1
	21.1
	-
	13.1
	-

	Unadjusted
	1
	0.82 (0.60,1.10)
	1.01 (0.75,1.37)
	0.984
	0.97 (0.81,1.16)
	0.728

	Sex and BMI-adjusted
	1
	0.77 (0.57,1.04)
	0.94 (0.70,1.27)
	0.661
	0.93 (0.79,1.11)
	0.448

	Multivariable adjusted *
	1
	0.81 (0.60,1.10)
	0.93 (0.68,1.26)
	0.601
	0.94 (0.79,1.12)
	0.507

	Multivariable adjusted + diet quality †
	1
	0.81 (0.60, 1.10)
	0.94 (0.69, 1.28)
	0.657
	0.95 (0.79, 1.13)
	0.556


* Adjusted for sex, BMI (continuous), waist circumference adjusted for BMI (continuous), family history diabetes (yes/no), education (< 6, 6–12, and ≥ 12 years of education), physical activity (< 600 and ≥ 600 metabolic equivalent task minutes/week), energy intake (continuous), fasting serum glucose (continuous), triglycerides to HDL-C ratio, and hypertension (yes/no). Age is considered as the time scale
† Adjusted for all variables included in multivariable adjusted model plus Healthy Eating Index (HEI)-2015 (continuous)



The spline curve suggested a non-linear risk pattern for T2D with UPF (J-shaped), but the T2D risk was not significantly higher compared to reference groups at any levels of UPF consumption (Fig. 3B).
None of the individual categories of UPF showed a significant association with the risk of T2D (Supplementary Table).


Discussion
In this prospective investigation, a higher intake of UPF significantly increased the risk of pre-diabetes. However, dose-response analysis revealed a J-shaped association between UPF and the risk of pre-diabetes, where the risk of pre-diabetes did not increase until UPF consumption exceeded about 24% of total energy intake. Of the individual UPF, hydrogenated fat/mayonnaise/ margarine showed a significant positive association with the risk of pre-diabetes. This study found no significant association between UPF consumption and T2D risk.
Pre-diabetes is a highly prevalent condition with a substantial burden on human health [31]. Pre-diabetes can develop in one out of two individuals with normoglycemia. During their lifetime, 70–75% of individuals with pre-diabetes will develop T2D [32, 33]. In addition to T2D, the risk of diabetes-related complications, cardiovascular disease, cancer, and mortality increases in individuals with pre-diabetes [34–37]. The current study’s findings, which show that UPF consumption increases the risk of pre-diabetes, are clinically significant, given the global increase in both UPF consumption and pre-diabetes prevalence. Although we could not find a significant association between UPF and T2D, the increased risk of pre-diabetes attributed to UPF may increase the risk of T2D in the future. The positive association was observed independent of energy and the overall quality of the diet, suggesting other characteristics of UPF may be involved in the association. Non-nutritive substances produced during industrial processing, such as advanced glycation end products and acrylamide, may increase insulin resistance. The endocrine-disrupting effects of substances added as emulsifiers, preservatives, flavoring, and coloring, as well as food-packaged substances such as bisphenols and phthalates, may also lead to glucose hemostasis impairment [5, 16]. Moreover, of the individual UPF items, hydrogenated fats/margarine/mayonnaise was related to an increased risk of pre-diabetes in our study, which partly may be due to their high content of saturated fatty acids and trans-fatty acids. Hydrogenated fats are the primary source of industrially produced trans fats [38, 39]. They are commonly utilized to produce other foods such as margarine, shortening, and bakery products. Industrial trans fatty acids, by altering lipid profiles and causing inflammation, may promote insulin resistance and reduce glucose tolerance [38].
Different subgroups had similar risk estimates for pre-diabetes for every 10% increase in UPF in the present study. However, the positive association was statistically significant in females, nonsmokers, individuals with a BMI of 25 kg/m2 or more, and people who did not have a family history of diabetes. Subgroup analyses revealed no significant interaction, suggesting the association between UPF and pre-diabetes may not vary based on sex, smoking status, BMI status, abdominal obesity, family history of diabetes, and dietary fiber intake.
Multiple studies, predominantly conducted among western populations, have reported the association between UPF and the risk of T2D. Prospective studies from the United Kingdom, Spain, the Netherlands, and the United States reported, respectively, a 44%, 53%, 56%, and 46% increased risk of T2D in the highest vs. lowest categories of UPF consumption [12–15]. A recent meta-analysis of 7 observational studies from western populations suggested a 37% higher risk of T2D in the highest vs. lowest categories of UPF intake (HR = 1.37, 95% CI = 1.20 to 1.56). However, there was moderate heterogeneity across the studies (I2 = 52%) [8]. A Korean study indicates a lower magnitude of association between UPF and T2D, with a risk 32% higher in quartile 4 vs. 1 (HR = 1.32; 95% CI = 1.11, 1.56) [16]. Despite the overall positive association between extreme UPF consumption and the risk of T2D, some studies demonstrated no significant association in the middle UPF categories compared to the lowest category. For instance, the UK Biobank study found no association between the risk of T2D in the second and third quartiles of UPF, with respective mean contributions of 15.4% and 23.6%, and the increased risk of T2D compared to the first quartile [12]. In terms of weight ratio, the mean UPF consumption in our study was 5.4%, which was lower than France (17.3%), the United Kingdom (22.1%), Spain (9.5%), the Netherlands (35.9%), and the United States (36.1%). Therefore, the lower contribution of UPF in our study may lead to null findings for T2D. On the other hand, the Korean study, with a similar contribution to ours (4.9%), also reported an increased risk of T2D [16]. The Korean study’s mean follow-up time was 12.9 years, which was higher than ours (mean: 7.8 years). This may indicate that our study’s follow-up period may not be sufficient to observe the increased risk of T2D attributed to UPF consumption. Consistent with this hypothesis, a meta-analysis found that the risk of T2D for both moderate and high consumption of UPF was higher in studies lasting more than 10 years [40]. Differences in the contributions of food items to the total intake of UPF in our investigation compared to the other studies may also result in different findings. In the western population, sugary beverages, breads, and cereals have contributed most to the overall intake of UPF [12, 14, 15]. Moreover, sugary beverages in the western population include artificially sweetened beverages, but we have no data on artificially sweetened beverages. In the Korean study, sugar-sweetened beverages were the most commonly consumed UPF items, followed by ready-to-eat or heat-mixed dishes, including instant noodles and pizza/hamburgers [16]. Furthermore, despite using the NOVA definition to classify the foods as UPF in these studies, the definition of UPF is not uniform across the studies because the evaluation of some country-specific industrial products needs researchers’ interpretation. Therefore, inconsistent findings may result from differences in the definition of overall UPF consumption among the studies [41].
The results of the current study provide some perspective about the association between UPF and T2D in the Middle East region, with benefits from a population-based study of the TLGS. The association between UPF and T2D may vary in different regions because of differences in the amount of UPF, the contribution of their components, the degree of processing, and the composition of UPF across countries [5]. Therefore, this study offers a more comprehensive understanding of the associations between UPF and T2D compared to previous studies, most of which focused on western populations. Repeated assessments of dietary intakes during the follow-up and using the average intake are among the strengths of this study, which can reduce within-person variability and better capture the long-term dietary intake. Furthermore, we conducted various subgroup analyses to explore the potential influence of these variables on the relationship between UPF and pre-diabetes/T2D. Investigating the possibility of non-linear associations, which is a complement of the more general statistical methods of categorization and linearization, is another strength of the study. This study also provides evidence on the association between UPF and pre-diabetes that has not been previously examined.
The investigation is, however, subject to certain limitations. First, the FFQ did not include all varieties of UPF items due to its lack of a specific design to evaluate UPF intake. Additionally, the FFQ lacked detailed information about the distinction between industrial and non-industrial types of certain food items. Therefore, there is a likelihood of underestimating UPF consumption and misclassifying food items. Nevertheless, the absence of dietary assessment methods that are specifically designed to assess food processing is a common limitation of the existing studies on the association between UPF and diabetes. Indeed, only a few questionnaires exist at present that specifically designed to evaluate food processing using NOVA classification. However, the generalizability of these questionnaires to other populations is restricted [41]. Second, despite the FFQ’s demonstrated reliability and validity for measuring food intakes [18], the data collected by this questionnaire are susceptible to self-reporting bias [42]. Third, the study’s participants were adults living in a district of Tehran, which is not a nationally representative sample. Therefore, the findings of the study have limited generalizability. Finally, despite controlling for most potential covariates, residual or unmeasured (i.e., alcoholic drinks) confounders may still exist.

Conclusion
In conclusion, we observed a positive, non-linear association between total UPF consumption and the risk of pre-diabetes. Total UPF was not significantly related to the risk of T2D. More research is required in the Middle East regions to determine whether the UPFs should be regarded as a potential dietary risk factor for pre-diabetes/T2D.
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