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Editorial on the Research Topic
 Dietary and nutritional indices and chronic diseases





Introduction

Regular or disease-specific diets are composed of different components, each of which has different properties such as high and low inflammatory, oxidative, acidogenic, glycemic and insulin load, etc. Therefore, the cumulative health effects of the food items may significantly differ on the body. Each of these food properties can be used as a specific index that can be linked to proper health outcomes. To measure each index, the attribute is calculated for all food components and then summed up to constitute the general characteristics of a diet in that aspect. In this regard, we established our Research Topic on March 28, 2022, and invited researchers interested in the benefits, concerns, or harms associated with diets of different characteristics with the greatest emphasis on prevention, control, and management of chronic diseases.

Frontiers in Nutrition published 20 articles that evaluated the association of dietary indices (n = 8), nutritional indices (n = 2), dietary patterns (n = 2), and specific nutrients or food groups (n = 8) with various health outcomes. Most of the studies were prospective cohorts or derived from cohort studies with large sample sizes.



Dietary indices and health outcomes

Valle-Hita et al. in a prospective cohort study on 9,513 older adults with metabolic syndrome found that higher dietary acid load was associated with lower kidney function after 1 year of follow-up.

Nie et al., in a cohort study on 23,109 adult people, reported that individuals with the highest Healthy Eating Index 2015 (HEI-2015) score had a 12.2% reduced risk of gout and a 2.2% reduced risk of hyperuricemia than individuals with the lowest HEI-2015 score.

Moludi et al., in a study derived from the RaNCD cohort survey involving 9,824 individuals, reported that a high intake of a pro-inflammatory diet was related to a higher incidence of chronic kidney disease.



Nutritional indices and health outcomes

Wang J. et al., in a study on 13,871 adults, found a positive association between visceral adiposity index with urolithiasis and the prevalence of kidney stones.

Han et al., in a retrospective cohort study on 4,411 patients with heart failure, showed that a high triglyceride glucose index was significantly correlated with the risk of in-hospital mortality in the patients, independent of type 2 diabetes mellitus and coronary artery disease.



Dietary patterns and health outcomes

Llaha et al., in a prospective cohort study on 450,000 individuals from nine European countries, concluded that high adherence to the Mediterranean diet was not strongly associated with differentiated thyroid cancer risk after 14.1 years of follow-up. The authors found that low meat and moderate alcohol intake were associated with lower differentiated thyroid cancer risk.

Wang Y. B. et al., in a cross-sectional study on 1,792 community-dwelling adults, showed that a plant-sourced nutrient pattern was strongly and independently related to lower systemic inflammation, particularly in men and obese individuals.



Specific nutrients or food groups and health outcomes

Tao et al., in a Mendelian randomization study on 5,575 participants, found a causal relationship between n-3 PUFAs, n-6 PUFAs, the ratio of n-3 PUFAs to total fatty acids, the ratio of n-6 PUFAs to n-3 PUFAs with estimated bone mineral density. The authors also showed an association between n-3 PUFAs with forearm and lumbar spine with bone mineral density and fracture.

Li Q.-H. et al., in a study on 655 gout patients, determined the high intake of sugar-sweetened beverages as the main dietary risk factor for gout in early-onset patients and found a direct association between sugar-sweetened beverages with serum urate level and obesity.

Peng et al., in a study of 7,725 participants, concluded that intake of a diet with a low percentage of energy from fat appears to be beneficial in the prevention of osteoarthritis risk.

Huang et al., in a study on 2,533 normotensive individuals, reported that serum vitamin C was adversely associated with both systolic and diastolic blood pressure.

All the investigations, except one, comprised in this Research Topic reinforced a link between healthy diet/nutrition status and improvement of health consequences. Overall, the findings of the articles published in this Research Topic may be beneficial in understanding that the dietary/nutritional indices could be effectively used as predictive biomarkers of health outcomes, particularly in patients with chronic diseases. Further, the evaluation of the indices would be beneficial in providing the necessary recommendations for the promotion of dietary status and in the consequent improvement of the health status of people, either at the clinical or community level.

Definitely, the number of 20 studies included in the present Research Topic is not able to fully cover all aspects of the Research Topic. The areas that were less addressed in the current Research Topic are:

- Interventional studies confirming the causal relationship between dietary/nutritional indices-health outcomes,

- Mechanistic pathways linking dietary/nutritional indices and chronic diseases,

- Studies linking dietary/nutritional indices with metabolic status, acid-base balance, inflammatory and oxidative stress conditions in the body, circulating biomarkers, and risk factors.
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Background: Early onset gout has received increasing interest from researchers. Previous studies have reported that serum urate (sUA) levels and prevalence of obesity are higher in early onset gout patients than in later-onset gout patients. We explored the dietary habits of early onset and later-onset gout patients and their association with clinical features.

Materials and Methods: Gout patients completed a 10-item food frequency questionnaire. Early onset gout patients were defined as gout onset before the age of 40, and onset after age 40 was classified as later-onset. Associations between dietary factors, obesity, and sUA level of ≥600 μmol/L were assessed using logistic regression.

Results: Among the 655 gout patients, 94.6% were males, and 59.1% presented with early onset gout. All early onset patients were males. sUA level was significantly higher in the early onset group than in the later-onset group (550.7 vs. 513.4 μmol/L). The proportion of patients with a sUA level of ≥ 600 μmol/L (40.3 vs. 26.2%) and obesity (27.6 vs. 10.7%) was higher in the early onset group than in the later-onset group (all p < 0.05). The early onset group consumed more red meat (101–200 g/day: 43.6 vs. 26.0%), sugar-sweetened beverages (>4 times/week: 27.9 vs. 7.7%), and milk and milk products (1–2 times/week: 28.5 vs. 16.6%), but less alcohol (>84 g/day: 8.5 vs. 21.5%) and tea (>4 times/week: 35.7 vs. 52.4%; all p < 0.05). Sugar-sweetened beverage intake was positively correlated with sUA level of ≥600 μmol/L (compared with <once/week [reference], >4 times/week: adjusted odds ratio = 2.2, 95% confidence interval: 1.4, 3.7) and obesity (compared with <once/week [reference], >4 times/week: adjusted odds ratio = 2.2, 95% confidence interval: 1.2, 3.7). These correlations remained significant for early onset gout patients.

Conclusion: Sugar-sweetened beverage intake replaced alcohol as the main dietary risk factor for gout in early onset patients, and this change was associated with a greater prevalence of obesity and higher sUA level. Clinicians should provide specific dietary education for different generations of gout patients. The epidemic of sugar-sweetened beverage consumption should be considered for the development of public health policies for the prevention of gout.

Keywords: early onset gout, food frequency questionnaire, sugar-sweeten beverages, obesity, serum urate


INTRODUCTION

Gout is a chronic disease caused by long-term hyperuricemia, which leads to the deposition of monosodium urate crystals in the joints, adjacent structures, and other tissues. Genetic and environmental factors are involved in the development of hyperuricemia. Genetic analysis has identified approximately 30 loci associated with hyperuricemia (1). A recent meta-analysis found that single nucleotide polymorphisms contribute to nearly one-quarter of the variance of serum urate (sUA) level (2). Dietary factors, such as alcohol, red meat, and seafood consumption, are well-established risk factors of hyperuricemia and gout flares (3). Moreover, fructose intake is strongly positively correlated with sUA level (4) and gout risk (5, 6). Fructose is also an important risk factor for obesity and type 2 diabetes mellitus (T2DM), which are common comorbidities in gout patients (7).

The prevalence of gout has continued to rise globally (8). Approximately 40 years ago, gout was considered a rare disease in China; no gout was reported in a survey on health screening across four large cities in 1980 (9). However, a recent meta-analysis has shown that the prevalence of gout has increased to 1.4% between 2011 and 2014 in China (10), and a recent cross-sectional study found that nearly one-third of all college students are diagnosed with hyperuricemia in China (11). Several studies to date have focused on early onset gout (11–15). Nearly 60% of Chinese gout patients at a tertiary hospital in Beijing experienced an initial gout flare before the age of 40 between 2008 and 2014 (13). Younger gout patients are characterized by a higher sUA level and body mass index (BMI) than those of older patients (13, 15).

Genetic variants contribute to higher sUA levels in early onset gout patients. Among the genetic variants that are related to heightened sUA levels, the ABCG2 rs2231142 T-allele is associated with gout onset before the age of 40 (16). Although dietary factors are well-established risk factors for gout, differences in dietary habits between early onset and later-onset gout patients have not been reported. Furthermore, the influence of dietary factors on the clinical features of early onset gout patients has also yet to be ascertained. Therefore, we conducted a questionnaire survey on food intake frequency in Chinese gout patients to evaluate dietary habits and clinical features in gout patients.



MATERIALS AND METHODS


Patients and Grouping

Consecutive patients who met the 2015 gout classification criteria (17) were recruited from August 2017 to July 2021 from the Department of Rheumatology, Sun Yat-sen Memorial Hospital. Exclusion criteria were as follows: patients had already received urate-lowering therapy, pyrazinamide, azathioprine, or cyclosporine within the 1 month before study enrolment; gout onset before the age of 16, and gout secondary to single gene disorders, malignancy, and hematological proliferative diseases. Patients who experienced an initial gout attack before the age of 40 were classified as early onset patients (16), and all other patients were classified as later-onset. This study was conducted in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of Sun Yat-sen Memorial Hospital (SYSEC-KY-KS-022). All patients provided written informed consent before participating in the study.



Clinical and Laboratory Assessments

Demographic and disease assessment data were collected from all patients. Gout assessment included age of onset, disease duration, counts of ever-involved joints, tophi, and nephrolithiasis, gout attack times during the preceding year, and family history of gout. Subjects were categorized by BMI as obese (BMI ≥ 28 kg/m2), overweight (24 kg/m2 ≤ BMI < 28 kg/m2), normal weight (18.5 kg/m2 ≤ BMI < 24 kg/m2), and underweight (BMI < 18.5 kg/m2) (18). Central obesity was defined as a waist circumstance of ≥90 cm for men and ≥85 cm for women (18).

Overnight fasting blood samples were collected from basilic vein to measure sUA level, serum creatinine (SCr), plasma glucose (FPG), and lipid profiles using the Hitachi 7600-110 Chemistry Autoanalyzer. Ultrasonography was used to evaluate fatty liver disease and nephrolithiasis. Comorbidities of the gout patients were recorded, which included obesity, hypertension, T2DM, dyslipidemia, metabolic syndrome, coronary heart disease, chronic kidney disease (CKD), urolithiasis, and fatty liver disease. Diagnoses of hypertension, T2DM, dyslipidemia, and metabolic syndrome were made according to the latest local guidelines (19–21). Estimated glomerular filtration rate (eGFR) was calculated using the following equation: eGFR (ml/min/1.73 m2) = 175×SCr (mg/dl)−1.234×age−0.179×0.79 (if female) (22). CKD was defined as an eGFR of <60 ml/min/1.73 m2.



Food Frequency Questionnaire and Judgment Criteria

A simplified food frequency questionnaire was adapted from the food frequency questionnaire of the China National Nutrition and Health Survey (23). Foods and food groups were selected according to the 2012 American College of Rheumatology guidelines for the management of gout (24) and included animal offal, red meat, seafood, alcohol, sugar-sweetened beverages (SSB), coffee, and milk and milk products. SSB included soda, fruit juice, fruit-flavored drink, cordials, sport drinks and herbal tea which were sweetened by high fructose corn syrup or sucrose. Hotpot, slow-cooking soup, and tea were also included because these popular Chinese foods may influence sUA level. The final questionnaire comprised 10 items. All patients completed the questionnaire in approximately 10–15 min.

Trained investigators administered the questionnaire to outpatients in the clinical room and inpatients at their bedside. Each item was explained to the patients. Patients completed the questionnaire on their own. After the patient completed the questionnaire, the investigator reviewed the questionnaire and confirmed the item’s answer with the patient. Because patients are prone to change their dietary habits after being diagnosed with gout, participants were informed to report their average intake frequency during the 1 year before the first gout flare. Questionnaires with a minimum of eight answered items were regarded as valid for statistical analysis.

For alcohol intake, patients were asked about the frequency, categories (beer, wine, or spirits), ethanol concentration, and volume consumed. A standard drink was used to evaluate alcohol intake. A standard drink contains approximately 14 g of alcohol, which is equivalent to 497 ml of 3.5% beer, 145 ml of 12% wine, or 44 ml of 40% spirits (25). Alcohol intake was calculated by multiplying the consumption of alcoholic drinks by the corresponding ethanol content. Alcohol intake in this study was divided into three categories: 0–28 g/day, 29–84 g/day, and >84 g/day. Daily consumption of red meat was categorized as less than 100 g/day, 101–200 g/day, and >200 g/day. Consumption of animal offal, seafood, hotpot, slow-cooking soup, SSB, tea, coffee, and milk and milk products was assessed by weekly frequency without portion sizes. Intake of these eight items was categorized as <once/week), 1–2 times/week, 3–4 times/week, and >4 times/week.



Statistical Analysis

Data were analyzed using SPSS Statistics for Windows 20.0 (IBM, Armonk, NY, United States). Categorical variables are presented as frequencies and percentages. Continuous variables are presented as means and standard deviations (SD) for normal distributed data or medians and interquartile ranges (IQRs) for data with a skewed distribution. The normal distribution of continuous variables was evaluated by Kolmogorov–Smirnov test. Differences in continuous variables between the two groups were tested using two-samples t-tests for the normally distributed variables and the Mann–Whitney test for non-normally distributed variables. A chi-square test was used for categorical variables. Missing data were addressed using pairwise deletion.

Correlations between dietary factors and obesity and sUA level of ≥600 μmol/L were evaluated using univariate logistic regression analyses. Further multivariate logistic regression analyses were applied to confirm the correlation between dietary factors and obesity after adjusting for potential confounding factors, which included duration of gout, family history, eGFR, comorbidities (i.e., hypertension, T2DM, dyslipidemia, metabolic syndrome, fatty liver disease, and coronary heart disease, and other dietary factors that were significant at p < 0.05 in the univariate logistic regression analysis. The correlation between dietary factors and sUA level ≥600 μmol/L was adjusted by the above confounding factors, obesity, and current medications (i.e., aspirin, diuretics, and lipid-lowering medication including atorvastatin and fenofibrate). The above correlations were performed both in male gout patients and early onset gout patients. All tests were conducted using a two-tailed 5% significance level.




RESULTS


Demographic Characteristics of Gout Patients

A total of 666 patients were recruited. Eleven patients were excluded, which included seven patients who answered fewer than eight items of the questionnaire and four patients who were re-diagnosed with monogenic gout (Figure 1). This resulted in 655 patients being valid for statistical analysis. Among these, 620 (94.6%) were males with a mean age of 42.7 ± 14.2 years and a mean age of gout onset of 37.5 ± 13.3 years. There were 35 (5.3%) females with gout, with a mean age of 63.2 ± 12.4 years and a mean age of gout onset of 58.5 ± 12.1 years. There were 161 (24.6%) patients who presented with tophi. The median gout duration (follow-up time) was 4 (2, 7) years. The mean sUA level was 537.1 ± 133.7 μmol/L, and 231 (35.3%) patients had an sUA level of over 600 μmol/L. Detailed demographic characteristics are shown in Table 1.
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FIGURE 1. Flow diagram showing the number of included and excluded gout patients.



TABLE 1. Demographic and clinical characteristics of 655 gout patients.
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The highest proportion of patients had an onset age of 30–39 years (28.9%), followed by 20–29 years (28.1%) and 40–49 years (18.8%; Figure 2). There were 387 (59.1%) patients in the early onset group, with a mean onset age of 28.8 ± 6.0 years. Because all patients with early onset gout were males, subsequent statistical analyses included only the male patients.
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FIGURE 2. Distribution of age (A) and onset age (B) in male gout patients.




Clinical Characteristics of Early Onset Gout Patients

Compared with later-onset male patients, early onset male gout patients presented with significantly higher sUA level (550.7 ± 135.2 μmol/L vs. 513.4 ± 129.0 μmol/L, p < 0.05), and had a higher proportion of patients who had an sUA level of ≥600 μmol/L (40.3 vs. 26.2%, p < 0.05). However, eGFR was significantly higher in the early onset group than that in the later-onset group (86.9 ± 16.6 ml/min/1.73 m2 vs. 77.7 ± 32.3 ml/min/1.73 m2, p < 0.05; Table 2). Compared with later-onset male patients, early onset male gout patients presented with a higher BMI (26.0 ± 3.9 kg/m2 vs. 24.6 ± 2.8 kg/m2; p < 0.001) and a higher prevalence of obesity (27.6 vs. 10.7%, p < 0.001; Table 2). Male gout patients with a later onset showed more hypertension (57.1 vs. 31.8%, p < 0.05), had higher rates of metabolic syndrome (51.5 vs. 41.9%, p < 0.05), T2DM (17.2 vs. 6.7%, p < 0.05), and coronary heart disease (5.6 vs. 0.3%, p < 0.05), and a higher count of ever-involved joints (4 vs. 3, p < 0.05) than those of early onset patients.


TABLE 2. Comparison of demographic and clinical characteristics between male gout patients with early onset and later-onset.
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Food Intake Frequency in Early Onset Male Gout Patients

The frequency of consumption of each food is shown in Table 3. Among the male gout patients, 13.4% consumed >84 g/day of alcohol, 23.4% ate >200 g/day of red meat, 41.9% drank tea, 20.3% consumed SSB, and 10.2% consumed slow-cooking soup >4 times/week. Less than 10% of patients consumed animal offal, seafood, hotpot, coffee, or milk and milk products >4 times/week.


TABLE 3. Comparison of food intake frequency in male gout patients with early onset and later-onset.
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Compared with the later-onset gout patients, early onset male gout patients consumed more red meat (101–200 g/day: 43.6 vs. 26.0%, p < 0.05), SSB (>4 times/week: 27.9 vs. 7.7%, p < 0.05), and milk and milk products (1–2 times/week: 28.5 vs. 16.6%, p < 0.05), but less alcohol (>84 g/day: 8.5 vs. 21.5%, p < 0.05) and tea (>4 times/week: 35.7 vs. 52.4%, p < 0.05). There were no significant differences in intake of the other five foods between groups.



Correlation Between Food Intake Frequency and Serum Urate Level Over 600 μmol/L

For all male gout patients, the risk factors for sUA level over 600 μmol/L included red meat (compared with <100 g/day [reference], >200 g/day: odds ratio [OR] = 2.0, 95% confidence interval [CI]: 1.3, 3.0), animal offal (compared with <once/week [reference], >4 times/week: OR = 3.0, 95% CI: 1.3, 6.8), and SSB consumption (compared with <once/week [reference], >4 times/week: OR = 3.0, 95% CI: 2.0, 4.6; Table 4). For early onset gout patients, the risk factors for sUA level over 600 μmol/L were red meat (compared with <100 g/day [reference], >200 g/day: OR = 1.9, 95% CI: 1.1, 3.4) and SSB consumption (compared with <once/week [reference], >4 times/week: OR = 2.5, 95% CI: 1.5, 4.1). For later-onset gout patients, the correlation between food intake frequency and sUA level over 600 μmol/L weren’t significant (p > 0.05). There was a marginal positive correlation between SSB consumption and sUA level over 600 μmol/L (p = 0.056).


TABLE 4. Univariate correlation between food intake frequency and sUA ≥600 μmol/L in male gout patients.
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After adjusting for potential confounding variables, the multivariate logistic regression analysis showed that the risk factors for sUA level over 600 μmol/L were animal offal (compared with <once/week [reference], >4 times/week: adjusted OR = 2.7, 95% CI: 1.1, 6.9) and SSB consumption (compared with <once/week [reference], >4 times/week: adjusted OR = 2.2, 95% CI: 1.4, 3.7). The correlation between SSB consumption and sUA level over 600 μmol/L was significant in early onset gout patients (compared with <once/week [reference], >4 times/week: adjusted OR = 2.1, 95% CI: 1.2, 3.7; Figure 3). The correlation between SSB consumption and sUA level over 600 μmol/L was marginal (p = 0.062, Figure 3).
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FIGURE 3. Correlation between food intake frequency with sUA ≥600 μmol/L in male gout patients after adjusting for potential confounders. Confounders included age, duration of gout, family history, BMI, eGFR, tophi, comorbidities (i.e., hypertension, T2DM, dyslipidemia, and coronary heart disease, current medication) (i.e., aspirin, diuretics, and lipid-lowering medication), and other dietary factors that were significant in the univariate analysis.




Correlation Between Food Intake Frequency and Obesity

Similarly, the univariate logistic regression analysis for all male gout patients showed that red meat (compared with <100 g/day [reference], >200 g/day: OR = 2.0, 95% CI: 1.2, 3.3) and SSB consumption (compared with <once/week [reference], 1–2 times/week: OR = 2.5, 95% CI: 1.4, 4.4; 3–4 times/week: OR = 2.6, 95% CI: 1.4, 4.6; >4 times/week: OR = 2.9, 95% CI: 1.8, 4.7; Table 5) were positively correlated with obesity. In early onset gout patients, both red meat (compared with <100 g/day [reference], >200 g/day: OR = 2.0, 95% CI: 1.0, 3.5) and SSB consumption (compared with <once/week [reference], 1–2 times/week: OR = 2.5, 95% CI: 1.3, 4.8; 3–4 times/week: OR = 2.2, 95% CI: 1.1, 4.2; >4 times/week: OR = 2.4, 95% CI: 1.3, 4.2; Table 5) were positively correlated with obesity. For later-onset gout patients, the correlation between food intake frequency and obesity weren’t significant (p > 0.05).


TABLE 5. Univariate correlation between food intake frequency and obesity in male gout patients.
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After adjusting for potential confounding variables, the multivariate logistic regression analysis demonstrated that the risk factors for obesity were red meat (compared with <100 g/day [reference], >200 g/day: adjusted OR = 2.0, 95% CI: 1.1, 3.3) and SSB consumption (compared with <once/week [reference], 1–2 times/week: adjusted OR = 2.1, 95% CI: 1.1, 4.0; 3–4 times/week: adjusted OR = 1.8, 95% CI: 1.0, 3.5; >4 times/week: adjusted OR = 2.2, 95% CI: 1.2, 3.7). The correlation between SSB consumption and obesity was significant in early onset gout patients (compared with <once/week [reference], 1–2 times/week: adjusted OR = 2.4, 95% CI: 1.2, 4.9; 3–4 times/week: adjusted OR = 2.0, 95% CI: 1.0, 4.2; >4 times/week: adjusted OR = 2.5, 95% CI: 1.3, 4.7; Figure 4).
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FIGURE 4. Correlation between food intake frequency with obesity in male gout patients after adjusting for potential confounders. Confounders included age, duration of gout, tophi, eGFR, comorbidities (i.e., hypertension, T2DM, dyslipidemia, and coronary heart disease, and other dietary factors that were significant in the univariate analysis.





DISCUSSION

Our study showed that male gout patients with an early onset were characterized by a higher sUA level and a higher prevalence of obesity. For dietary habits before the onset of gout, early onset male gout patients consumed more SSB, red meat, and milk and milk product, but less alcohol and tea. In addition, a higher intake of SSB was associated with a higher sUA level and prevalence of obesity. Our results suggested that a higher sUA level and prevalence of obesity in male gout patients with an early onset is attributed to high SSB intake rather than other common gout-related dietary risk factors.

Both the prevalence of obesity and sUA level in the general population increase with age (26). Therefore, a higher prevalence of obesity and a higher sUA level in early onset than in later-onset male gout patients seems counter-intuitive. Obesity in youth has a detrimental effect on morbidity and mortality (26). Higher concentrations of sUA make it difficult to achieve a target sUA level. What’s more, sUA is a risk factor for hypertension, coronary heart disease, and atrial stiffness (1, 27, 28). Thus, higher blood uric acid levels and a greater prevalence of obesity negatively impact young gout patients. Therefore, these issues must be addressed and managed appropriately during the management of these gout patients.

Worldwide, there are significant differences in eating habits between generations. The China National Nutrition and Health Survey showed a trend of increased SSB consumption and decreased alcohol and tea consumption in youth (29, 30). In Norway, Australia, Netherlands, and the United States, young people consume more SSB but less wine and tea than older people (31–33). Dietary factors that contribute to the development of gout have shifted from excessive alcohol consumption in later-onset gout patients to excessive intake of SSB and red meat in early onset gout patients.

SSB can increase the sUA level by depleting adenosine triphosphate during fructose metabolism, which, in turn, leads to the accumulation of adenosine monophosphate (AMP). The lack of free phosphate results in the conversion of AMP to the uric acid precursor inosine monophosphate (34). In prospective cohort studies, consumption of one serving per day of sugar-sweetened soft drinks led to a 45 and 74% higher gout risk in men (6) and women, respectively, than those who consumed less than one serving per month (5). In European ancestor gout patients, early onset gout patients consumed more SSB than later-onset gout patients (16). Similarly, our data revealed that early onset gout patients consumed more SSB and had a significantly higher sUA level than later-onset gout patients. Moreover, SSB consumption in male patients was positively correlated with sUA level over 600 μmol/L. Thus, higher SSB consumption may contribute to a paradoxically higher sUA level in younger gout patients with a higher eGFR.

A meta-analysis showed that intake of SSB increased the risk of being overweight or obese by 55% among groups with the highest intake compared with those with the lowest intake (35). Obesity increased sUA level and risk of developing gout. The United States National Health and Nutrition Examination Surveys conducted from 1988 to 1994 and 2007 to 2010 revealed that each unit increase in BMI was associated with a 5% higher prevalence of gout, even after adjustment for sUA level (36). Furthermore, patients with obesity are 2.24 times more likely to develop gout (37), and a prospective cohort study showed that obesity is associated with earlier onset of gout (38). Our study showed that SSB intake was positively correlated with obesity in male gout patients and early onset gout patients. Therefore, greater SSB intake likely contributes to a higher rate of obesity in early onset gout patients.

The correlation between intergenerational changes in dietary habits and intergenerational changes in clinical features of gout has been overlooked in previous studies (11–16). To our knowledge, the present study firstly demonstrated that of the many dietary factors, only SSB is associated with elevated sUA level and higher obesity rate in patients with early onset gout. In patients with early onset gout, attention should be paid to finding unfavorable dietary habits, with particular attention to SSB intake and advice to reduce added sugar intake. Dietary and exercise advice should be given to obese patients with early onset gout. However, reducing SSB intake cannot be left only to clinicians. The sugar industry has driven the growth of the SSB trend via pervasive marketing, which has influenced government policy, scientific research, and the diets of the general population (39). Thus, reducing the intake of SSB requires public health measures. The impact of introducing a sugar tax on the incidence of gout in the United States has been modeled, which showed that it could prevent almost 85,000 gout cases over 15 years, save more than 25,000 quality-adjusted life-years, and $3 billion (40).

There are several limitations to this study. First, this was a single-center study, which may have selection bias. Thus, our data from a university-affiliated hospital requires further confirmation using data from other centers. However, the patient characteristics of our study are similar to those of a study conducted at another university-affiliated hospital in China (13). Second, we investigated food intake frequency before the first gout attack. In the present study, patients had difficulty recalling the ingredients of the SSB and therefore could not calculate amount of fructose intake in detail. What’s more, recall bias may be present in some patients, especially those with long disease duration. However, previous studies have suggested that past diets of up to 10 years prior are recalled with acceptable accuracy (41, 42). In this study, the median duration of gout was 3 years, and most patients had had gout for less than 10 years. Third, our study didn’t include healthy population. Therefore, we couldn’t explore the difference of gout related dietary habits between gout patients and healthy population. Fourth, total energy intake and physical activity of participants which were unavailable in the present study might be act as potential confounders. Differences in total energy intake and physical activity between early onset group and later-onset group is an interesting issue in future research. Lastly, our study assessed the relationship between dietary habits during the 1 year prior to an initial gout attack, current blood uric acid level, and obesity. A multicenter prospective study of a dynamic dietary survey on a representative community population should be conducted in the future which can assess whether dietary habits contribute to gout earlier onset, correlate with different gout clusters (43) and increase healthcare and economic burden of gout.

In conclusion, our study showed that the dietary factors that contribute to the development of gout have shifted from excessive alcohol consumption in later-onset gout patients to excessive SSB intake in early onset gout patients. This change was associated with a higher prevalence of obesity and higher sUA level in early onset gout patients. Thus, clinicians should provide specific dietary education for early onset and later-onset gout patients. The epidemic of excessive SSB consumption should be considered for the development of public health policies for the prevention of gout.
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Gout, the most prevalent inflammatory arthritis, is becoming increasingly prevalent in the United States and across the world, and it adversely impacts people’s quality of life and their health. Few studies have focused on the relationship between daily dietary quality and gout, so the topic requires further exploration. Data were derived from the National Health and Nutrition Examination Survey 2007–2016, and the inclusion criteria of the analytic sample were (1) adults, age ≥20 years, with complete information about HEI-2015, gout, and uric acid; (2) complete information of demographics, lifestyle (BMI, smoking, drinking), and disease history [hypertension, chronic kidney disease (CKD), diabetes]. The quality of the daily diet was reflected using the Healthy Eating Index 2015 (HEI-2015). The baseline features of different groups were examined using the Scott-Rao chi-square tests, and the association between the HEI-2015 score and the risk of gout/hyperuricemia (HUA) was investigated using weighted logistic regression models. The effects of different dietary components in the HEI-2015 on reducing the risk of gout/HUA were evaluated by weighted quantile sum (WQS) regression models. After adjusting for demographic characteristics, behavioral covariates, and disease history, higher HEI-2015 scores were associated with a significantly lower risk of gout (OR: 0.878, 95% CI: 0.876–0.880) and HUA (OR: 0.978, 95% CI: 0.976–0.979) in weighted logistic regression. Dairy, whole grains, plant proteins, and added sugar contributed greatly in HEI-2015 to reducing gout risk (weights of WQS index: 42, 17.18, 16.13, and 7.93%, respectively). Dairy, total fruits, greens and beans, and plant proteins contributed greatly in HEI-2015 to reducing HUA risk (weights of WQS index: 28.9, 17.13, 16.84, and 11.39%, respectively). As the result, adherence to the American Dietary Guidelines may assist to decrease the risk of gout/HUA in American adults, and greater emphasis should be placed on dairy products, whole grains, fruits, legumes, and added sugars.

KEYWORDS
healthy eating index, gout, hyperuricemia, daily diet, weighted quantile sum (WQS) regression, NHANES


Introduction

Gout is inflammatory arthritis due to hyperuricemia (HUA), the most important pathological feature of which is the presence of sodium urate crystals in the joints. Gout episodes are frequently accompanied by excruciating joint pain and are closely linked to long-term conditions including obesity and hypertension (1–3), which impair the quality of life (4) and raise medical and care expenditures (5). There were 41.2 million prevalent cases of gout globally, with 7.4 million incident cases per year and almost 1.3 million years lived with disability (YLD) due to gout in 2017 (6, 7). Gout has become a global public health problem.

Recent research has revealed a strong link between diet and gout. According to a 26-year prospective cohort trial in the Health Professionals Follow-up Study (HPFS), the Dietary Approaches to Stop Hypertension (DASH) diet was beneficial in decreasing the incidence of gout and lowering serum uric acid concentrations in adult males, in comparison with a Western diet (8). Additionally, a clinical trial in Israel found that adherence to a Mediterranean diet can significantly lower serum uric acid and reduce the risk of gout in severely obese patients (9). Numerous studies have also evaluated the connection between particular foods or nutrients and gout, including dairy products (10), whole grains, fruits (8, 11, 12), added sugars (13, 14), and vitamins (12, 13). For instance, dairy products were shown to be beneficial in lowering serum uric acid and reducing the frequency of gout episodes in a randomized controlled study of gout patients (15). Moreover, a prospective cohort study showed that vegetables and fruits exhibited similar impacts to dairy products (11), and a cross-sectional analysis of the Brazilian Longitudinal Study of Adult Health (ELSA-Brazil) revealed that increased consumption of soft drinks and fructose was positively correlated with the risk of HUA (14).

The Healthy Eating Index (HEI) is a dietary quality indicator based on the Dietary Guidelines for Americans (DGA), and the HEI-2015 was the most recent version of the HEI. Multiple studies have discovered that the HEI score is related to health status, including physiological indicators (16), biochemical indicators (17), and disease risk (18, 19). The daily diet proposed by DGA is more adaptable in terms of food choices and is suited for a wider spectrum of people than the DASH diet and the Mediterranean diet (20). Furthermore, the adoption of the HEI-2015 also renders it possible to apply numerical values to represent how healthy a person’s daily diet is, allowing for a comparison of diet quality.

To the best of our knowledge, no studies have investigated the relationship between HEI-2015 and gout or HUA. Therefore, this study intends to employ the HEI-2015 to estimate the overall health impact of various dietary components, in addition to analyzing the risk of developing gout or HUA in terms of adhering to DGA.



Materials and methods


Study sample

The National Health and Nutrition Examination Survey (NHANES) is a large open database developed to better understand the nutrition and diet of the American population. The database utilized a unique and complex multistage probabilistic design, so that sample weights could be used to reflect the non-institutionalized population of the United States. All subjects received a dietary survey and examination by a professional at mobile exam centers (MECs). The examination includes medical, dental, and physiological measurements, as well as laboratory tests, which were supervised by trained medical personnel. In addition, a variety of modern equipment enables NHANES to collect reliable, high-quality data.

We selected five consecutive survey cycles of NHANES (i.e., 2007–2008, 2009–2010, 2011–2012, 2013–2014, 2015–2016), and the overall sample size of adults (age ≥ 20) with no missing data for any variables is 23,109. The sample was weighted to represent a non-institutionalized adult population of 190 million Americans. Additional details of the study design, sampling, and exclusion criteria were illustrated in Figure 1. Only public data were used in the analysis, and ethical approval was not required for this study.
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FIGURE 1
Flowchart of the study population.




Measurements and covariation assessment


Diet quality

HEI-2015 is utilized to assess the degree of adherence to DGA, which consists of 13 kinds of components (21). These 13 components were grouped into two forms, namely, the adequacy components (total vegetables, greens and beans, total fruits, whole fruits, whole grains, dairy, total protein foods, seafood and plant proteins, fatty acids) and the moderation components (sodium, refined grains, saturated fats, added sugars). Different maximum scores and weights were assigned to each component, and the overall 13 component scores (HEI-2015 scores) ranged from 0 to 100, with higher HEI scores reflecting better diet quality. Participants who had both two 24-h dietary recalls were included, and their dietary recall status was restricted to be reliable or had satisfied the minimum criteria for each day, which can reduce the bias of the HEI-2015. The 24-h dietary recall data were collected for 2 days, which were conducted by a trained interviewer face-to-face in the MEC on the first day and a follow-up interview 3-10 days later via phone. More details on dietary surveys and quality control can be found in the survey manual.1 The HEI-2015 total and component scores were calculated by the simple HEI scoring algorithm using publicly available SAS macros. For weighted Scott–Rao chi-square tests and weighted logistic regressions, quartiles were used to categorize the HEI-2015 score into four groups, recorded as Q1 (lowest diet quality, reference group), Q2, Q3, and Q4 (highest diet quality), respectively (22).



Gout

All subjects were asked “Has a doctor or other health professional ever told you that you had gout?” and then categorized into non-gout subjects (reference group) and gout subjects according to the answers (23).



Hyperuricemia (HUA)

The level of uric acid in blood, plasma, and urine was determined using a timed endpoint approach. Uric acid is oxidized by uricase to produce allatoin and hydrogen peroxide. The hydrogen peroxide reacts with 4-aminoantipyrine (4-AAP) and 3,5-dichloro-2-hydroxybenzene sulfonate (DCHBS) in a reaction catalyzed by peroxidase to produce a colored product. The system monitors the change in absorbance at 520 nm at a fixed time interval. More quality control details can be found in the documentation (24). The uric acid values were recorded in mg/dl and then converted to μmol/L by multiplying 59.48. A serum urate level of >7.0 mg/dl in men and >5.7 mg/dl in women was considered HUA (23).




Covariates


Sex

Sex was classified as female (reference group) and male.



Age

Age was categorized into four groups, namely, 20–39 years group (reference group), 40–59 years group, 60–79 years group, and 80 years and above group (23).



Race

Race, according to NHANES classification, was categorized into non-Hispanic white (reference group), Mexican American group, non-Hispanic black, and other races (25).



Education

Education level was categorized as less than high school (reference group), high school graduate/GED, some college/AA degree, and college graduate or more (26).



Family income

Family income was categorized as ≤130% (reference group), >130–350%, and >350% by the ratio of family income to poverty (FPL) (27).



BMI status

Body mass index was calculated from measured height and weight as weight/height2 (kg/m2), then categorized into underweight (<18.5), normal (reference group, ≥18.5–24.9), overweight (≥25–29.9), and obese (≥30) (28).



Smoking status

Smoking behavior was measured by the “Smoking: Cigarette Use” questionnaire. The respondent was asked whether he/she had smoked at least 100 cigarettes in his/her life. If the respondent answered “no,” he/she was classified as a never smoker (reference group). If the respondent had smoked at least 100 cigarettes in his/her life and still smokes when he/she answers the questionnaire, he/she is classified as a current smoker. The respondent was classified as a former smoker who has smoked 100 cigarettes in his life and had quit smoking when answering the questionnaire (29).



Drinking status

Drinking behavior was measured in the “alcohol use” questionnaire. In the “alcohol use” questionnaire, each respondent was asked how often he/she had drunk alcoholic drinks in the past 12 months and the average drinks on those days that he/she drank alcoholic beverages. According to these questions, the average number of alcoholic drinks consumed per week in the past 12 months could be calculated. A “drink” was defined as a 12-ounce beer, a 5-ounce glass of wine, or one-and-half ounces of liquor. Then, it was categorized into four strata (0, <1, 1–8, and ≥8 drinks per week) and defined as none (reference group), light, moderate, and heavy alcohol consumption, respectively (30).



Hypertension

All subjects were asked, “Ever been told by a doctor or other health professional that you had hypertension?,” and then categorized into non-hypertension subjects (reference group) and hypertension subjects (31).



Chronic kidney disease

All subjects were asked, “Ever been told by a doctor or other health professional that you had weak or failing kidneys?,” and then categorized into non-CKD subjects (reference group) and chronic kidney disease (CKD) subjects (32).



Diabetes

During the NHANES home interviews, all subjects were asked, “Ever been told by a doctor or other health professional that you had diabetes or sugar diabetes?,” and then categorized into non-diabetic subjects (reference group) and diabetic subjects (33).




Statistical analysis

Analyses were conducted according to the Centers for Disease Control and Prevention (CDC) guidelines for analysis of NHANES data. A full sample 2-year mobile examination centers (MEC) weight was used to calculate the US non-institutionalized population.

Linear regression models were adopted to analyze the trends in the prevalence of gout and HUA in the five consecutive cycles. The baseline features of different groups were examined using the Scott-Rao chi-square tests, and the association between the HEI-2015 score and the risk of gout/HUA was investigated using weighted logistic regression models.

The weighted quartile sum (WQS) (34–37) regression model was used to assess the effects of mixed exposure to thirteen dietary components of HEI-2015. The WQS regression model calculates a weighted regression index that represents the overall dietary health effect for all thirteen dietary components of HEI-2015. The WQS model functions as follows:
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where β0 is the intercept; z′ and Φ represent the matrix of covariates and the coefficients of the covariates. c is the number of dietary components considered in the analysis, and 13 dietary components were included in the current analysis. The whole sum of weighted indices (ωi) is equal to 1, with the value of each component varying from 0 to 1[image: image] is the regression coefficient of the WQS index. qj represents the quartiles of a dietary component score (= 0, 1, 2, or 3 for the first, second, third, or fourth quartile, respectively). g(μ) is a logit link function, when the outcome of interest is binary (gout or not, HUA or not). The corresponding weight of each dietary component showed how much a specific dietary component contributed to the WQS index. The data were randomly split into two data sets (40% as training set and 60% as validation set).

The corresponding weight of each dietary component showed how much a specific dietary component contributed to the WQS index. The data were randomly split into two data sets (40% as the training set and 60% as the validation set).

For all measures, we calculated 95% confidence intervals (CIs). The receiver operating characteristic curve (ROC) was used to validate the degree of WQS model fit.

All statistical tests were two-sided, and significance was considered at P < 0.05. WQS and ROC were performed with the R (version 4.1.0). RCS was implemented with the R package “rms” (version 6.3-0). WQS was implemented with the R package “gWQS” (version 3.0.4). Additional statistical analyses were performed using the SPSS statistical package (version 23.0; SPSS Inc., Chicago, IL, United States).




Results


Population characteristics between groups

Over the period of a total of five cycles from 2007 to 2016, the prevalence of gout (3.9% in 2007–2008 to 3.8% in 2015–2016, P = 0.519) and HUA (21.6% in 2007–2008 to 20.4% in 2015–2016, P = 0.161) among United States adults remained steady (Table 1).


TABLE 1    The prevalence of gout and HUA among United States adults from 2007 to 2016.
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The baseline characteristics of two groups (adults with/without gout) revealed that adults with gout were more likely to be male, over 60 years old, non-Hispanic black, have less than high school education, have low family income, obese, alcoholic, former smokers and suffer from CKD, hypertension, diabetes, HUA, and have lower HEI scores (Table 2).


TABLE 2    Characteristics among adults aged 20 years or older by gout.
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Adults with HUA were more likely to be female, over 60 years old, non-Hispanic black, have a middle level of education, originate from low-income families, obese, alcoholics, or former smokers. They were also more likely to have CKD, hypertension, and diabetes, as well as lower HEI scores (Supplementary Table 1).



Higher healthy eating index score is associated with a lower risk of gout

After stepwise adjusting for covariates, a binary logistic regression model revealed that decreased gout risk was related to higher HEI-2015 scores (Table 3). In the model adjusted for age, sex, race/ethnicity, family income, and education, higher diet quality was linked to significantly decreased risks of gout [odds ratio (OR) 0.832 95% confidence intervals (CI): 0.830–0.834 for Q4 compared with Q1, P < 0.001]. Additional adjustments for BMI, smoking, and alcohol consumption did not significantly weaken this connection (OR: 0.886, 95%CI: 0.884–0.888 for Q4 compared with Q1, P < 0.001). The connection between HEI-2015 and gout risk remained significant (OR: 0.878, 95% CI: 0.876–0.880 for Q4 compared with Q1, P < 0.001) after further adjustments for chronic disease characteristics, including hypertension, diabetes, CKD, and HUA.


TABLE 3    Relationship between HEI-2015 and gout among adults aged 20 years or older.
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By applying the same analytical technique, we also discovered that higher HEI-2015 scores were related to a decreased risk of HUA (Q4 OR: 0.978, 95% CI: 0.976–0.979 for Q4 compared with Q1, P < 0.001, see Supplementary Table 2).

Figure 2 demonstrated the dose-response relationship between gout/HUA and HEI-2015 (as a continuous variable) by applying the restricted cubic splines (RCS) approach. Higher HEI-2015 scores did not demonstrate a protective effect of gout (OR: 0.988, 95% CI: 0.973–1.003, P = 0.1223) and instead showed a declining trend in OR (Figure 2A). Additionally, higher HEI-2015 scores revealed a declining OR trend (OR: 0.992, 95% CI: 0.985–0.999, P = 0.0386) and the preventive effects of HUA (Figure 2B).
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FIGURE 2
Dose-response association between HEI (it continues) and gout/HUA using restricted cubic splines (RCS). The models of gout (A) were adjusted for sex, age group, race, education, family income, BMI, smoking, drinking status, hypertension, CKD, diabetes, and hyperuricemia. The models of HUA (B) were adjusted for sex, age group, race, education, family income, BMI, smoking, drinking status, hypertension, CKD, and diabetes.




Mixed effects of 13 dietary components on gout

The WQS regression was used to evaluate the health contributions of various dietary components to explore the health implications of dietary components in the total diet.

The WQS indices were statistically associated with gout. After adjusting for demographic variables, including age, sex, race, household income, and education level, the WQS index was significantly associated with progressively lower odds of gout (OR: 0.955, 95% CI, 0.930–0.982, P = 0.0009). The WQS index was significantly correlated with decreased risks of gout after further adjustments for BMI, smoking, and alcohol use (OR: 0.957, 95% CI, 0.933–0.983, P = 0.0011). These correlations were not significantly weakened by further adjustments for chronic disease characteristics (hypertension, diabetes, CKD, HUA) (OR: 0.963, 95% CI: 0.937–0.990, P = 0.0067).

Additionally, we discovered that the WQS indices significantly correlated with HUA (Supplementary Table 3). The WQS index was significantly linked with progressively decreased odds of HUA after multiple adjustments (OR: 0.934, 95% CI: 0.919–0.950, P < 0.0001).

The weight of each dietary component in the WQS regression model represented the contributions of the overall dietary health effects. Dairy, whole grains, and plant proteins were the highest weighted dietary components in the model of gout (42, 17.18, and 16.13%, respectively). Added sugar as a moderation component was also the highest weighted dietary component in the model of gout (7.93%) (Figure 3A). Similarly, dairy, total fruits, greens, beans, and plant proteins were the highest weighted dietary components in the model of HUA (Figure 4A) (28.9, 17.13, 16.84, and 11.39%, respectively). The evaluation of the WQS models showed that the area under the ROC curves (AUCs) was 0.834 in gout (Figure 3B) and 0.710 in HUA (Figure 4B).
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FIGURE 3
WQS model regression index weights for gout (A) and the AUCs of the WQS models (B). Models were adjusted for sex, age group, race, education, family income, BMI, smoking, drinking status, hypertension, CKD, diabetes, and hyperuricemia.
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FIGURE 4
WQS model regression index weights for HUA (A) and the AUCs of the WQS models (B). Models were adjusted for sex, age group, race, education, family income, BMI, smoking, drinking status, hypertension, CKD, and diabetes.





Discussion

In agreement with the American College of Rheumatology report (23), this study discovered that the prevalence of both gout and HUA remained steady from 2007 to 2016. Our stepwise logistic regression models demonstrated that higher HEI-2015 scores were independently related to a decreased risk of gout/HUA. The findings supported the concept of HEI-2015’s recommendations for a healthy diet (20, 21), which noted that a high-quality diet improved the quality of life.

Patients with HUA who followed a Mediterranean diet showed a decrease in blood uric acid concentration of 119 μmol/L over 6 months in a randomized controlled study (P for within-group comparison < 0.001)[9]. The quality of the Mediterranean diet, however, was not measured in this study. After quantifying the quality of the Mediterranean diet, MD Kontogianni et al. found a 70% reduction in the risk of HUA in those scoring in the Q4 of the Mediterranean diet compared with those scoring in the Q1 (OR: 0.30, 95%CI: 0.11–0.82) (38). According to a prospective cohort study of adult men conducted by Rai et al., higher DASH dietary scores were linked to a decreased incidence of gout (OR: 0.68, 95% CI: 0.57–0.80, P< 0.001, Q5 vs. Q1) (8). However, certain studies, such as those on the Mediterranean diet (39, 40) and the DASH diet (41, 42), estimated dietary quality scores based on the frequency of meals. In our study, we determined the consumption of each dietary component and then estimated the HEI-2015 score in the form of nutritional density (43). The HEI-2015 has 13 dietary components, compared with the 11 components of the Mediterranean diet score and the 8 components of the DASH diet, which improves the validity of our findings.

The HEI-2015 score calculation was based on the DGA, which included daily dietary recommendations for the US population and sought to improve dietary quality (20, 44). We concentrated on the contributions of different components to identify the component that contributed the most to offering better dietary guidance to individuals with gout/HUA and at risk of gout/HUA. The results indicated that added sugars, dairy products, whole grains, seafood, and plant proteins contributed the most to lowering the risk of gout in the HEI-2015, implying that increasing dietary intake of dairy products, whole grains, vegetables, and legumes, as well as lowering added sugar intake within the recommended range, may decrease the risk of gout. Additionally, the diet’s ability to protect against HUA was most strongly influenced by dairy products, total fruits, greens and beans, seafood and vegetable protein, whole grains, and whole fruits. It was shown that consuming more dairy products, whole grains, fruits, vegetables, and legumes while consuming added sugars less frequently and within the recommended range can lower the risk of HUA.

Dairy products provide a lot of high-quality protein, and it has been shown that casein and whey protein from milk can lower blood uric acid levels in healthy people (45). Dairy products are also low in purines and contribute less to the purine load associated with other high-quality protein sources, such as meat and seafood (10). Proteins and lipids from dairy products were also found to inhibit inflammatory responses associated with monosodium urate monohydrate (MSU) crystals in vivo/in vitro experiments (46). A study based on NHANES data revealed that a higher ratio of refined grains to whole grains was associated with a greater risk of CKD, and a high intake of whole grains was associated with low serum uric acid levels (47). Whole grains are a rich source of fiber, minerals, vitamins, phenolic compounds, phytoestrogens, and related antioxidants (48). These ingredients are beneficial for disease prevention and management (49–52). The association between fruit and uric acid/gout is disputed, since fructose metabolism generated urates, and fresh fruit is high in fructose (53, 54). Some studies have also found that fruit intake reduces the risk of gout because fruits contribute to urine alkalization and promote uric acid excretion (55). Fruits are rich in various nutrients, such as vitamin C (56, 57), potassium (58, 59), fiber (60), epicatechin, and flavonols (61, 62), which may alter the effects of fructose and urate. Studies on added sugars and gout have also indicated that reducing added sugar intake helps to decrease uric acid and prevent gout.

According to the Dietary Guidelines for Americans 2020–2025 (20), adults in the United States should consume 8 ounces of seafood per week; however, in our study, 79% of participants did not reach this recommended standard. However, we found that the seafood and plant protein components have a healthy contribution to gout/HUA. We assumed that the protective effects exhibited by the seafood and plant protein were due to seafood intake within reasonable limits (63) and the protective effects of plant protein (64, 65). The impact of low-dose seafood consumption and uric acid in healthy individuals required more exploration. Encouragement of greater consumption of dairy products, whole grains, low-fructose fruits, and high-quality protein from plant sources, particularly legumes, is crucial for preventing gout and decreasing blood uric acid.

We discovered additional risk variables for gout/HUA, including male gender, advanced age, non-Hispanic black race, middle education level, low income, obesity, alcohol intake, hypertension, and CKD. Due to estrogen’s stimulation of uric acid excretion, women have always had low rates of HUA and gout (3). Poor education and income levels are risk factors for gout because they are directly associated with socioeconomic position, which affects access to healthcare and treatment compliance (66). Drinking promotes uric acid metabolism, raises blood uric acid levels, and increases the risk of gout/HUA, which was consistent with our results (67). Aging, obesity, hypertension, and CKD are all common gout risk factors, raising the incidence of gout by affecting uric acid metabolism or excretion (3). Interestingly, we found that smoking was a protective factor for HUA, as smoking may lower blood uric acid levels by metabolically interacting with superoxide (68). Another rationale is that since there was only one blood uric acid test implemented in this study, it cannot accurately represent long-term uric acid levels. However, the damage of long-term smoking to overall health also increases the risk of gout (69).

Diabetes was found to be a protective factor for HUA in this investigation, according to the logistic regression results of the HUA model. Diabetes, as a complication of HUA, has a very close relationship with HUA. Our study discovered that the added sugar scores in diabetes patients were substantially higher than those in non-diabetic subjects, indicating a decreased intake of added sugar in diabetic people. Research indicated that added sugar intake may raise serum uric acid levels (70, 71) and raise the risk of developing gout (72). In the liver, the metabolism of fructose, a major source of added sugar in the daily diet, stimulates adenosine monophosphate deaminase which promotes the degradation of adenosine monophosphate to inosine monophosphate. This process could induce insulin resistance (73–75) and promote the production of uric acid in the liver (43), thereby increasing the risk of HUA. Therefore, we assumed that diabetes showed as a protective factor for HUA in the results due to the significantly lower intake of added sugars in diabetic subjects than in non-diabetic subjects. Then, we proposed that restricting added sugar consumption might significantly lower the risk of HUA, including the diabetic population.

The article had several limitations due to the nature of the study. As with any observational study, our estimates were still subject to residual and unmeasured confounders, and no causal relationship can be inferred. Second, self-reported data about disease were subject to recall bias, and lack of adjustment for medication history for disease would affect results. Finally, only one serum uric acid test did not reflect the long-term uric acid level of the subject and thus caused possible erroneous results.

Nonetheless, our study also has some strengths. A major strength is the use of a large, nationally representative database. All dietary interviewers were required to complete professional courses and training and regularly reinforce training annually. Data from two 24-h dietary survey were used to reduce recall bias from the food frequency questionnaire. The HEI was developed and validated using HNANES dietary data, and dietary data were collected in the same manner as the HEI-2015 score. Effective and reasonable quantification of dietary quality is also a strength of this article. Second, the WQS model had been used in fewer nutrition-related studies. We used the WQS model to identify the highest contributing dietary components, and this study was a new application of the WQS model. Through this article, we hope to make the public aware of the benefits of a healthier daily diet for gout and HUA.



Conclusion

We found that people with the highest HEI-2015 score had a reduced risk of gout and HUA by 12.2 and 2.2% compared to people with the lowest HEI-2015 score. Dairy products, whole grains, fruits, and plant protein-related foods contributed the most to the health effects of the daily diet represented by HEI-2015. Therefore, people at high risk of gout or gout sufferers should pay more attention to maintaining a healthy diet and follow the DGA, especially increasing the intake of dairy products, whole grains, fruits, and legumes and reducing the intake of added sugars.
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Background: Periodontal disease is very common worldwide and is one of the main causes of tooth loss in adults. Periodontal disease is characterized by chronic inflammation that can destroy adjacent alveolar bone and lead to a loss of periodontal ligaments. Although previous studies have found that a daily diet can influence the development of periodontal disease (e.g., a diet low in carbohydrates and rich in vitamins C and D and fiber can have a protective effect). Periodontal disease may present as gingivitis or periodontitis. However, studies on the role of healthy eating index in periodontitis are lacking. The purpose of this study was to assess the association between healthy eating index and periodontitis.

Methods: We analyzed data collected from participants in the National Health and Nutrition Examination Survey (NHANES), a nationally representative survey conducted in 2-year cycles from 2013 to 2014. As part of our analysis, we developed multivariate logistic regression models to examine the independent association between the healthy eating index and periodontitis. We evaluated the significance of association using odds ratios (OR) with 95% confidence intervals (95%CI).

Results: Individuals with a lower total healthy eating index had a higher prevalence of periodontitis. Adjusted multivariate regression models showed that a higher healthy diet index was associated with a lower prevalence of periodontitis (OR = 0.69, 95% CI: 0.55–0.86, P < 0.05).

Conclusion: The results of the study showed that dietary structure was associated with the prevalence of periodontitis. Patients with a higher healthy eating index had a lower prevalence of periodontitis. These findings will need to be confirmed by longitudinal, prospective studies in the future.

KEYWORDS
  periodontal disease, healthy eating index, periodontitis, dietary structure, HEI


Introduction

Periodontal disease is a complex inflammatory disease caused by pathogenic plaque biofilm that affects not only the gums and bone but also the alveolar bone, resulting in bleeding gums, periodontal pocket formation, and loss of attachment, which can lead to loosening and loss of teeth in the long run (1). According to statistics from the United States, 47% of adults older than 30 years have chronic periodontitis, 30% have moderate periodontal disease and 8.5% have severe periodontal disease (2, 3). Previous studies have suggested that several factors such as lifestyle, obesity and metabolic syndrome and genetic factors increase the risk of periodontitis (4). Healthy eating habits promote health, while unhealthy eating habits are associated with a variety of chronic diseases (5). Based on dietary guidelines for Americans (DGA) recommendations, Healthy Eating Index (HEI) indicates how closely a diet adheres to the DGA, with a higher score indicating better compliance (6, 7). The HEI-2015 consists of 13 dietary components. Nine adequate components: including total fruit, all fruit, all vegetables, greens and legumes, whole grains, dairy products, all protein foods, seafood and vegetable proteins, and fatty acids. Four moderate components: including refined grains, sodium, added sugars and saturated fats. Each element has a maximum score of 5 or 10 points. The total score is 100, and the higher the score means the closer to the recommended range or number (8). HEI is a valid and reliable measure of dietary quality for different population subgroups and interventions related to nutrition (8). However, there are limited studies on the role of HEI in periodontitis. The purpose of this study was to assess the prevalence of periodontitis between those participants with a lower HEI and those with a higher HEI.



Methods


Study population

Data were drawn from the 2013–2014 NHANES. All adults aged 30 or older who had a permanent tooth were eligible for full-mouth periodontal examinations (9). Participants in NHANES completed a questionnaire at home, followed by a physical examination and interviews at a mobile exam center (MEC). Data collected at the clinical examinations were standardized with minimal site-specific bias. Because only a subset of NHANES participants underwent MEC examinations, we included only those who reported a complete dental examination. Dietary quality was obtained from 24 h dietary recalls and was assessed by HEI (2015) scores. We also included other demographic variables (including age, gender, race, educational attainment, smoking status, and alcohol use status) and BMI (Body Mass Index). Ultimately, we included 3.001 participants for the next step of analysis.



Study variables
 
Socio-demographic characteristics

Socio-demographic characteristics were set as age, gender (male/female), race (Mexican American; white; black and other), education level (less than high school; high school and college or above), smoking status (former smoker; never smoker and now smoker), diabetes (DM; no), drinking status (never; former; mild; moderate and heavy) and poverty income ratio (PIR).

The classification of smoking status is based on the following criteria (10): A never smoker is defined as an adult who has never smoked or smoked <100 cigarettes in their lifetime; Smokers who reported smoking ≥100 cigarettes in their lifetime and were currently non-smokers were identified as former smokers; whereas current smokers were defined as those who smoked ≥100 cigarettes on some days or every day in their lifetime. Never drinkers were defined as those who reported drinking <12 drinks; ever drinkers were defined as those who had more than 12 drinks in their lifetime but not in the past year; current drinkers were further classified as light, moderate and heavy current drinkers. Heavy current drinkers were defined as ≥3 drinks per day for women and ≥4 drinks per day for men, with five or more binge drinking days per month; moderate drinkers were defined as ≥2 drinks per day for women and ≥3 drinks per day for men, with ≥2 binge drinking days per month. Light drinkers: did not meet the above criteria (11, 12). In the US, PIR is defined as the ratio between a household's self-reported income and the poverty line. According to the PIR, we categorize family income into three levels: low (PIR <1.35), medium (1.35 ≤ PIR <3.0) and high (PIR ≥3.0) (13). BMI was divided into four categories (14): underweight (BMI <18.5), normal weight (BMI = 18.5–24.9), overweight (BMI = 25–29.9) and obese (BMI >30.0). An individual who reports themselves to have diabetes mellitus or who uses antidiabetic medication is considered to have diabetes.



Periodontitis

The full-mouth periodontal examination was performed by a calibrated dentist who assessed the periodontal status of the participants. Periodontal examinations comprised probing depths (PD) and clinical attachment levels (AL) at the MEC. Supplementary Table 1 shows the criteria for classification according to periodontal status (15).



HEI

Using an automated multiple-pass method, the NHANES dietary data include 24-h dietary recalls collected by computer-assisted dietary interview software. According to the United States Department of Agriculture (USDA) Food and Nutrient Database for Dietary Studies, the nutrient values for each food were assigned (16). Food components, with the exception of fatty acids, are scored on a density basis (per 1,000 kcal or as a percentage of energy). Fatty acids are expressed as a ratio of unsaturated to saturated fatty acids (17). Dietary components and standards for scoring are shown in Supplementary Table 2. For the adequacy components, better quality is reflected in higher scores. For the moderation components, a lower intake will result in a higher score.




Statistical analysis

For descriptive analyses, continuous variables were described by means and standard deviations; categorical variables were described by frequencies and percentages. HEI-2015 classification according to quartiles (quartile 1: <25th percentile, quartile 2: ≥25 to 50th percentile, quartile 3: ≥50 to 75th percentile, quartile 4: ≥75th percentile) (18). We used Fisher's exact test to assess the difference in distributions of categorical variables (19). We then presented descriptive statistics comparing the prevalence of periodontitis by HEI. We examined the association between HEI and periodontitis using invariable and multivariable logistic regression model while adjusting for age, sex, race, smoking, drinking, education level and BMI.




Results


Population characteristics

Figure 1 describes study recruitment and inclusion/exclusion criteria. Multiple socio-demographic groups had statistically significant higher rates of periodontitis (Table 1). The average age of participants with periodontitis was 55 years, higher than those who did not have periodontitis (49 years). In the four HEI groups, the prevalence of severe periodontitis was 32.7, 25.9, 25.5, and 15.9% in that order. The prevalence of periodontitis is highest in non-Hispanic white, followed by non-Hispanic black. At the same time, the prevalence of periodontitis was significantly higher among participants with low PIR and among those with high school or less education. Periodontitis is most prevalent in light drinkers and least prevalent in never drinkers. Finally, the incidence of periodontitis is higher in those with a history of smoking compared to non-smokers. The prevalence of periodontitis was higher in participants with DM than in those without DM (58.6 vs. 40.2%). In terms of BMI, obese participants had the highest number of people with periodontitis, but the prevalence was not statistically different.


[image: Figure 1]
FIGURE 1
 Flowchart of the study population. (ID:PORYR171ff).



TABLE 1 Characteristics of the overall target population according to periodontitis.
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Outcome and exposure factors

According to the total scores, participants were divided into four quartiles and periodontitis ever accounted for 27.1% in Q1, 26.4% in Q2, 25.5% in Q3, and 21% in Q4. Participants with HEI scores in the highest quartile had a lower prevalence of periodontitis than those in the lowest quartile (21.0 vs. 27.1%). At the same time, our results suggest a gradual decrease in the prevalence of periodontitis as the HEI rises. Also, in terms of the severity of periodontitis, participants in the top quartile of HEI scores had a lower proportion (15.9 %) of severe periodontitis than participants in the other groups. Supplementary Table 3 showed the distributions of HEI-2015 components by categories of HEI.



Multivariate regression analysis

All four models showed a negative correlation between HEI and the prevalence of periodontitis in 2015, based on the quartiles of HEI (Table 2). That is, logistic regression analysis demonstrated that higher quartiles of 2015 HEI were associated with a lower prevalence of periodontitis. Compared to the lowest quartile of the HEI-2015 population, the fourth quartile had a lower prevalence of periodontitis in model 1 (OR = 0.53; 95%CI 0.43–0.66), model 2 (OR = 0.75; 95%CI 0.59–0.95) and model 3 (OR = 0.69; 95%CI 0.55–0.86). P for trend was <0.05 in all models. The results of the multivariate regression analysis of the 2015 HEI components showed that that scores of fatty acids, seafood and plant proteins, whole grains; total fruit and total vegetables were all significantly associated with periodontitis (Table 3). Table 4 shows the actual effect of smoking, age and gender, with the results suggesting that the absence of a smoking history has a protective effect against periodontitis.


TABLE 2 Association of HEI-2015 with periodontitis.
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TABLE 3 Association of HEI-2015 components with periodontitis.
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TABLE 4 The actual effect of smoking, age and gender.
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Spline smoothing

After adjusting for potential confounders, smooth curve fitting indicated a non-linear relationship between 2015 HEI and periodontitis. It is evident from this curve that there is linear relationship between the 2015 HEI and the prevalence of periodontitis (Figure 2). HEI is negatively correlated with periodontitis, i.e., higher HEI is associated with less periodontitis. The middle of the line has a greater slope than the ends of the line.


[image: Figure 2]
FIGURE 2
 Smooth curve fitting of periodontitis and HEI-2015.




Subgroup analyses

To identify potential effect modifiers, we also performed a subgroup analysis (Supplementary Table 4). The results showed that the effect sizes differed significantly across drinking status and DM. For mild drinkers, HEI above 50 (HEI_Q3, HEI_Q4) is protective against periodontitis. Similarly, for participants without diabetes, higher HEI helped to reduce the prevalence of periodontitis. In contrast, among participants with diabetes, the difference was not statistically significant. It is suggested that the promotional effect of diabetes on periodontitis is greater than the protective effect of HEI.




Discussion

In the cohort we analyzed, 42.9% of the participants had periodontitis, with 8.4% of them having severe periodontitis. Our analysis showed that a higher HEI score was significantly associated with a lower prevalence of periodontitis. People with a better diet quality intake had a lower risk of periodontitis. Of the 13 components of the HEI, fatty acids, seafood and plant proteins, whole grains; total fruit and total vegetables were most associated with periodontitis.

There is an association between periodontitis and diet (20). Previous studies have found that eating naturally fibrous foods reduces plaque build-up and that eating soft foods over a long period of time increases plaque build-up, leading to periodontal disease. In addition, the consumption of a highly inflammatory diet by patients with periodontitis can not only exacerbate clinical symptoms but also increase the risk of other associated systemic diseases (20).

The HEI is a valid and rapid method of assessing the quality of the diet and is made up of the following components: adequacy components (total fruits, whole fruits, total vegetables, greens and beans, whole grains, dairy, total protein foods, seafood and plant proteins, fatty acids) and moderation components (sodium, refined grains, added sugars, saturated fats) (18). Our findings suggest that fatty acids, seafood and plant proteins, whole grains; total fruit and total vegetables are all associated with a lower prevalence of periodontitis. Consumption of potassium-rich foods, such as green vegetables and fruits, has been reported to be effective in reducing the incidence of periodontitis (21). Free fatty acids play a role in the development of periodontitis and omega-3 fatty acids appear to have a positive effect on periodontal wound healing and may reduce periodontitis (22, 23). There are fewer studies on the link between seafood, plant proteins and periodontitis, but previous studies have concluded that a daily intake of ~1 gram of calcium is beneficial for periodontal health and that there is a strong relationship between calcium intake and the development of periodontitis, with lower dietary calcium intake contributing to the incidence of periodontitis (24). Thus, this indirect evidence also suggests that better diet quality is associated with a lower prevalence of periodontitis, which is consistent with our results.

Previous clinical studies have shown that smokers have a higher prevalence of chronic periodontitis, more severe alveolar bone resorption and deeper periodontal pockets, and that smoking is an important contributing factor to chronic periodontitis (25). The analysis showed that the prevalence of periodontitis was higher in participants who were current and former smokers. Non-smoking had a protective effect on periodontitis. The mechanism by which smoking contributes to the development of periodontitis is not yet clear. It has been suggested that smoking inhibits the antimicrobial action of the periodontal gingival sulcus fluid. Smoking can cause changes in inflammatory factors in the gingival sulcus fluid, resulting in an inflammatory response and structural damage to periodontal tissues (26, 27). The negative association between HEI and the risk of periodontitis was more pronounced in those who did not have DM and in those who consumed alcohol lightly. The results suggest that for participants with light alcohol consumption and no DM, obtaining a higher HEI by adjusting their diet may reduce the prevalence of periodontitis.

Previous studies have analyzed the relationship between single nutrients and periodontitis, but the present study is a large population-based cross-sectional study exploring HEI and periodontitis. HEI is a more comprehensive method of nutritional assessment and is more representative of an individual's comprehensive nutritional intake. Therefore, analyzing the relationship between HEI and periodontitis can provide a more comprehensive picture of the relationship between dietary intake and periodontitis. Furthermore, we conclude that the prevalence of periodontitis can be reduced by adjusting dietary intake. Based on a multiple regression analysis of the 13 components of the HEI, we were able to further investigate the relationship between different types of diet and periodontitis.

However, there remain several limitations. Because cross-sectional observational studies cannot indicate causation and directionality, our findings should be interpreted with care. Although confounding has been extensively adjusted for, residual confounding still cannot be fully ruled out. Because of the retrospective nature of the questionnaire, there was a possibility of recall bias on the part of patients.



Conclusion

Our study found that a lower HEI was associated with a higher incidence of periodontitis, suggesting that a comprehensive health promotion including dietary modification is needed to reduce the burden of periodontal disease in society. Because the findings from this study were cross-sectional, prospective studies are needed to clarify the causal relationship between HEI and periodontitis.
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Purpose: Evidence investigating associations between dietary and nutrient patterns and inflammatory biomarkers is inconsistent and scarce. Therefore, we aimed to determine the association of dietary and nutrient patterns with inflammation.

Methods: Overall, 1,792 participants from the North-West Adelaide Health Study were included in this cross-sectional study. We derived dietary and nutrient patterns from food frequency questionnaire data using principal component analysis. Multivariable ordinal logistic regression determined the association between dietary and nutrient patterns and the grade of inflammation (normal, moderate, and severe) based on C-reactive protein (CRP) values. Subgroup analyses were stratified by gender, obesity and metabolic health status.

Results: In the fully adjusted model, a plant-sourced nutrient pattern (NP) was strongly associated with a lower grade of inflammation in men (ORQ5vsQ1 = 0.59, 95% CI: 0.38–0.93, p-trend = 0.08), obesity (ORQ5vsQ1 = 0.43; 95% CI: 0.24–0.77, p-trend = 0.03) and metabolically unhealthy obesity (ORQ5vsQ1 = 0.24; 95% CI: 0.11–0.52, p-trend = 0.01). A mixed NP was positively associated with higher grade of inflammation (ORQ5vsQ1 = 1.35; 95% CI: 0.99–1.84, p-trend = 0.03) in all participants. A prudent dietary pattern was inversely associated with a lower grade of inflammation (ORQ5vsQ1 = 0.72, 95% CI: 0.52–1.01, p-trend = 0.14). In contrast, a western dietary pattern and animal-sourced NP were associated with a higher grade of inflammation in the all participants although BMI attenuated the magnitude of association (ORQ5vsQ1 = 0.83, 95% CI: 0.55–1.25; and ORQ5vsQ1 = 0.94, 95% CI: 0.63–1.39, respectively) in the fully adjusted model.

Conclusion: A plant-sourced NP was independently associated with lower inflammation. The association was stronger in men, and those classified as obese and metabolically unhealthy obese. Increasing consumption of plant-based foods may mitigate obesity-induced inflammation and its consequences.

KEYWORDS
  nutrient pattern, dietary pattern, inflammation, C-reactive protein, obesity


Introduction

Low grade systemic inflammation is a risk factor for many chronic illnesses, including cardiovascular diseases, diabetes, non-alcoholic fatty liver diseases, depression, and cancers, which all contribute to global morbidity and mortality (1–4). Inflammation is also known as a hallmark criterion in obesity, a precursor to metabolic syndromes and related diseases (5). Many risk factors can influence systemic inflammation, such as genetics, environmental and behavioral conditions (6), as well as diet; a key modifiable factor in prevention and treatment strategies for obesity and chronic diseases.

Adherence to a healthy diet is associated with a reduced risk of developing chronic diseases (7). A possible mechanism underlying this protective effect is through reducing inflammation. Previous studies examining the association between diet and systemic inflammation were focused on specific food items or nutrient components rather than diet as a whole (8) and do not take into account the overall interactions between different dietary components, given foods are generally consumed in combination.

Studies, then, have shifted to using a dietary pattern approach to capture the diet-inflammation relationship. According to a recent systematic review, many have explored the association between food group-based dietary patterns (DP) and systemic inflammation in European countries and the United States but the results are inconsistent, particularly for data-driven DP (9). Evidence in the Australian context are also scarce (9). Another method, a nutrient group-based dietary patterns (NP), has also been used to determine the diet-inflammation relationship. However, the association remains unclear. Only one study has examined the association between NPs and systemic inflammation markers to date, suggesting an inverse association between plant-sourced NP and systemic inflammation in men (10). DP and NP are different, given the former is constructed based on food groups and the latter is based on nutrient groups of the dietary data. The use of food groups and DP reflect dietary habits of the population. On the other hand, NP and the nutrient groups can portray the physiological roles of dietary components in the association and provide an easier comparison between populations as they are less diverse compared to food groups (11). Nevertheless, no studies have compared DP and NP to examine diet-inflammation relationship.

Therefore, in this study, we aimed (1) to explore the association between DPs and NPs with a clinical marker of systemic inflammation, namely C-reactive protein (CRP) (12), in the Australian population; and (2) to determine whether the association affected by gender, obesity and metabolic health status.



Methods


Study design and population

We used data from the North-West Adelaide Health Study (NWAHS) cohort whose characteristics and recruitment have been described in detail previously (13, 14). In brief, the NWAHS represented, at the time of recruitment, ~1 third of the South Australian population and half of the metropolitan area. Participants (age ≥18 years old) were randomly selected from the electronic White Page® from the northern and western suburbs of Adelaide, South Australia. The recruitment was conducted by telephone. Data collection was conducted three times using a computer-assisted telephone interview (CATI), self-administered questionnaire and clinic examination in 1999–2003 (stage 1), 2004–2006 (stage 2) and 2008–2010 (stage 3). A follow up study using a self-completed online or postal survey was conducted in 2015. The dietary intake data was only collected at stage 3. Data for ethnicity were not available for this cohort.

For this study, we used data from Stage 3 (2008–2010). We included 1,792 participants with complete dietary intake and CRP data (Figure 1). We excluded participants with (1) implausible energy intake value (i.e., <800 kcal for men, <600 kcal for women and >4,000 kcal for both men and women); (2) CRP value >10 mg/L which indicates acute inflammation (15); (3) participants who had been diagnosed with cancer after 2010; and (4) participants with a missing value for covariates (Figure 1). Ethics approval was obtained from The Human Ethics Research Committee, Queen Elizabeth Hospital, South Australia. All participants provided written informed consent.


[image: Figure 1]
FIGURE 1
 Flowchart of participants included in the study design. CRP C-reactive protein, PAL physical activity level, BMI body mass index MHO metabolically healthy obesity, MUHO metabolically unhealthy obesity, DP dietary patterns, NP nutrient patterns.




Dietary intake assessment and analysis

Dietary intake data were obtained at Stage 3 using a validated Cancer Council Victoria Dietary Questionnaire for Epidemiological Studies (DQES-V3.1) (16). This is a 167-item food frequency questionnaire (FFQ) that assessed dietary habit of participants in the previous 12 months. Nutrient intake was computed from the dietary data based on the NUTTAB95 database (17).

The construction of DPs and NPs using principal component analysis (PCA) have been described previously (18, 19). In brief, “healthy” (prudent) and “unhealthy” (Western) DP were identified. Thirty-nine DPs were derived from the food groups. Two retained factors were determined using a scree plot, an eigenvalue (>1) and interpretability. We applied varimax rotation to increase factor interpretability. Daily intake of individual food items was used to standardize the sum of factor loading coefficients. Factor scores for each participant per the retained factors were calculated using the standardized coefficients. Sample adequacy was checked using a Kaiser-Meyer-Olkin test. A measure of “diet quality” was developed by subtracting western from prudent DP scores (20). The same steps were performed to identify the NPs. Plant-sourced, animal-sourced, and mixed-sourced NPs were identified based on thirty-one nutrient groups from the overall measured nutrients. Additionally, the Pearson's correlation coefficient between each NP and thirty-nine food groups was determined.



CRP measurement and categories

A fasting blood sample was obtained, and high-sensitivity CRP levels was measured using an automated chemistry analyzer Olympus AU5400 (Beckman Coulter, USA). The grade of inflammation were determined based on CRP values (low, <1 mg/L; moderate, 1–3 mg/L; and high, >3 mg/L) (15).



Measurement of covariates

We included potential confounders including anthropometric, behavioral, sociodemographic and chronic conditions that are associated with diet and inflammation in this study. Measurement of these covariates has been described in a previous study (13).

Anthropometric measurements (i.e., height, weight, waist circumference and blood pressure) were obtained following standard protocols in the clinic examination. For each participant, height and weight were used to compute BMI [weight (kg)/height (m)2] (21). Waist circumference was measured three times and the calculated mean value was used. Blood pressure was measured twice and the average of two recorded measures was used. Measurement of total cholesterol, high density lipoprotein, low density lipoprotein and fasting blood glucose were obtained from a fasting blood sample from each participant taken during the clinic examination.

For smoking status, participants were grouped into non-smoker, ex-smoker and current smoker. The 1989 National Heart Foundation Risk Factor Prevalence study classification formula was used to classify alcohol risk into non-drinkers and no-risk, low risk, intermediate risk, and high to very high risk drinkers (22). The Active Australia Survey was utilized to assess physical activity levels (PAL) with results classified into no activity, insufficient activity and sufficient activity (23).

Information regarding sex and age were obtained using the CATI. Participant socioeconomic status (i.e., income per year, education and marital status) and chronic conditions [i.e., cardiovascular diseases (CVD), diabetes, and arthritis] were obtained from a self-administered questionnaire. Depression was measured using the Center for Epidemiologic Studies Depression scale (CES-D) (24). Linked data from the South Australia Cancer Registry (SA Health), organized through the South Australia and Northern Territory datalink, was used to obtain participants cancer information until 2015. Participants in Stage 3 provided consent to access data from the administrative data sets.



Statistical analyses

DPs and NPs [scores] were categorized into quintiles. Descriptive analysis of other covariates was conducted across quintiles. Mean and standard deviation were calculated for continuous and normally distributed variables while proportions were used for categorical variables. ANOVA and Chi-square test were used to determine significant differences across DP and NP quintiles.

Multivariable ordinal logistic regression was used to estimate the odds ratio to determine the association of DP and NP with the grade of inflammation. In addition, we performed linear regression analysis to examine the association between dietary and nutrient patterns with CRP as a continuous variable. The CRP data was log transformed prior to the analysis due to skewed distribution. We developed four models. Model one was adjusted for energy intake and sociodemographic factor (i.e., sex, age, income per year, education and marital status). Model two was additionally adjusted for behavioral factor (i.e., smoking status, PAL and alcohol risk). Model three was additionally adjusted for chronic conditions (CVD, diabetes, depression, arthritis, and cancer) and related markers (blood pressure and total cholesterol). Model four was additionally adjusted for BMI. We did not include medications (e.g., for glucose-, lipid-, and blood pressure-lowering) as confounders given that they do not affect diet as an exposure variable.

Subgroup analysis by gender, obesity status and metabolic health status were performed using the same statistical analysis method as the overall participants. Stratification for obesity status was based on the WHO definition of obesity by BMI. Participants with a BMI <30 kg/m2 were categorized as non-obese while participants with a BMI ≥30 kg/m2 were categorized as obese. Stratification based on metabolic health phenotype of the obese participants were determined based on the National Cholesterol Education Program adult treatment program III (NCEP-ATP III) criteria of metabolic syndromes: (1) abdominal obesity, waist circumference >102 cm for men and >88 cm for women, (2) triglycerides ≥150 mg/dL, (3) HDL cholesterol <40 mg/dL for men and <50 mg/dL for women, (4) blood pressure ≥130/≥85 mmHg, and (5) fasting glucose ≥100 mg/dL (25). Participants were categorized into metabolically unhealthy obesity (MUHO) if having ≥2 criteria (waist circumference was excluded) (26).

Sensitivity analyses to account for waist circumference (WC) and waist-to-hip ratio (WHR) were also performed separately to assess the potential effect of fat distribution in the association (27). For the analysis of the overall participants and subgroup analysis by gender, WC and WHR were accounted as a continuous variable. For subgroup analysis by obesity and metabolic health status, WC and WHR were used as determinants of obesity based on the WHO cut-off (28). Participants with WC >102 cm or WHR ≥0.90 for men and WC >88 cm or WHR ≥0.85 for women were categorized to have abdominal obesity.

The p-value for trend was determined using quintiles as continuous variable. All analyses were performed using STATA/SE version 16 (Stata, StataCorp LP, College Station, TX, USA).




Results

Characteristics of sample population based on quintiles of DPs and NPs are presented in Table 1 and Supplementary Tables S1, S2. We observed no difference in CRP categories across quintiles of identified DPs and NPs, except for the plant-sourced NP. Participants in higher quintiles of the prudent pattern, diet quality and plant-sourced NP were older, married or living with a partner, had a higher proportion of women, higher levels of education, more physically active and non-/ex-smoker. In contrast, participants with a high score of western pattern were likely to be men, younger, and had BMI ≥30 kg/m2.


TABLE 1 Characteristics of all participants by extreme quintiles of DPs and NPs (Stage 3, 2008–2010; n = 1,792).

[image: Table 1]

The odds ratio for the association of quintiles of DPs and NPs with grade of inflammation in all study participants are presented in Table 2. In the fully adjusted model, the highest quintile of plant-sourced NP was associated with a 43% odds reduction of inflammation compared to the first quintile (ORQ5vsQ1 = 0.57, 95% CI = 0.42–0.78, p-trend = 0.01). Likewise, non-significant, inverse association was observed for prudent DP and overall diet quality with inflammation, and the effect was moderate for diet quality (7% reduction). In contrast, mixed-sourced NP was associated with a 35% increase in inflammation (ORQ5vsQ1 = 1.35, 95% CI = 0.99–1.84, p-trend = 0.03). Non-significant, positive association was observed for both western DP and animal-sourced NP with grade of inflammation after adjusting for sociodemographic, behavioral factors, blood pressure, total cholesterol, and chronic diseases (Model 1–3). However, the association was reversed when BMI was included in the model (Model 4).


TABLE 2 Association of DPs and NPs with grade of inflammation in all participants in the NWAHS (Stage 3, 2008–2010; n = 1,792).
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Subgroup analysis by gender and obesity status showed a similar pattern of association (Figure 2; Supplementary Tables S3–S5). The prudent pattern was inversely associated with inflammation in all subgroups. For the western pattern, inclusion of BMI into the model attenuated the association in both males and females (Supplementary Table S3). There was no association between western DP and CRP in participants with a BMI <30 kg/m2. However, the association was positive in the obesity group (ORQ5vsQ1 = 1.62, 95% CI: 0.78–3.38). We also observed a greater association between diet quality and grade of inflammation in obesity compared to the overall population, where the highest quintile was associated with a 30% reduction in inflammation (ORQ5vsQ1 = 0.70, 95% CI: 0.39–1.24, p = 0.24) (Supplementary Table S4).
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FIGURE 2
 Subgroup analyses of the association between DPs and grade of inflammation in the fully adjusted model. BMI, body mass index; CI, confidence interval; AllPar, All Participants. Q1 (quintile 1) was a reference.


Furthermore, the inverse association between plant-sourced NP and the grade of inflammation remained strong in subgroup analysis (Figure 3; Supplementary Tables S3–S5). The effect size in the highest quintile of plant-sourced NP was greater in males compared to females (41 vs. 37% reduction), greater for participants with obesity compared to participants without obesity (57 vs. 40% reduction). The plant-sourced NP was also associated with a 76% reduction in inflammation (ORQ5vsQ1 = 0.24, 95% CI: 0.11–0.52; p-trend = 0.01) in MUHO. We found an interaction between the highest quintile of plant-sourced nutrient pattern and MUHO (p-interaction = 0.023). No interactions were observed for the other dietary or nutrient patterns with sex, obesity status and metabolic health status (data not shown).
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FIGURE 3
 Subgroup analyses of the association between NPs and grade of inflammation in the fully adjusted model. BMI, body mass index; CI, confidence interval; AllPar, All Participants. Q1 (quintile 1) was a reference.


For the mixed-sourced NP, the magnitude of association was 2-fold greater with the grade of inflammation in the obesity group and the trends were significant (ORQ5vsQ1 = 2.36, 95% CI: 1.32–4.23; p-trend = 0.002). In this study, we also performed subgroup analyses for MHO and MUHO (Supplementary Table 5). BMI remained to attenuate the association of western DP or animal-sourced NP with the grade of inflammation in males and females (Supplementary Table S3).

In the sensitivity analysis adjusted for WC or WHR, the inverse association between plant-sourced NP and systemic inflammation remained strong in overall participants and subgroup analyses (Supplementary Tables S6, S7). Minimal differences in the estimates were observed in the association between other dietary and nutrient patterns with systemic inflammation compared to the models adjusted for BMI.

When we examined the association with CRP as a continuous variable, we found that plant-sourced NP showed significant negative association with log-transformed CRP levels in the overall participants (βQ5vsQ1 = −0.21, 95% CI: −0.34 to −0.07) (Supplementary Table S8). The highest quintile of plant-sourced NP was also associated with a significant decrease of log-transformed CRP values in subgroup analysis for male (βQ5vsQ1 = −0.20, 95% CI: −0.39 to −0.02), non-obese (βQ5vsQ1 = −0.19, 95% CI: −0.37 to −0.02), obese (βQ5vsQ1 = −0.34, 95% CI: −0.56 to −0.11) and MUHO (βQ5vsQ1 = −0.51, 95% CI: −0.81 to −0.21).



Discussion

We found an independent association of dietary and nutrient patterns with inflammation. Prudent and plant-sourced NPs were associated with lower levels of inflammation. Furthermore, a plant-sourced NP was strongly associated with lower inflammation, particularly among males, people with obesity and MUHO. In contrast, mixed-sourced NPs were associated with higher levels of inflammation. BMI attenuated the association between western DP and animal-sourced NP with higher inflammation.


Comparison with other studies

We found that adherence to a prudent/healthy diet was inversely associated with inflammation. This is consistent with earlier studies reporting the association between empirically derived healthy DPs and CRP levels in different populations (29, 30). In contrast, the western DP was associated with increased inflammation. However, BMI strongly attenuated the effect size in the overall population and subgroup analysis by gender. Some evidence reported that the association between western/unhealthy DPs and CRP levels remained positive after adjustment for BMI (29, 31). However, consistent with the current study, other studies (32, 33) have shown that the association between unhealthy DPs and CRP levels was inversed after adjustment for BMI. As an indicator of increased adiposity (34), BMI may confound or mediate the association between diet, inflammation and obesity (35). It has been suggested that high adiposity influences the effect magnitude of diet on CRP (36). This may explain the effect of BMI in the association between western DP and CRP in this population.

Furthermore, we observed that adherence to a higher diet quality was associated with lower inflammation in the overall population and people with obesity. This is consistent with results from studies using index-based diet quality measures [e.g., the Healthy Eating Index (37) and the Dietary Approaches to Stop Hypertension (38)] and supports the notion that adherence to a higher diet quality, or healthier dietary habits, may reduce inflammation.

Studies investigating the association between NP and systemic inflammation are scant. A previous study in Men Androgen Inflammation Lifestyle Environment and Stress (MAILES) cohort in Australia reported an inverse association between plant-sourced NP and CRP levels and a positive association between animal-sourced NP and CRP levels (10). Our findings are consistent with this study, and our plant- and animal-sourced NP also shared similarities in characteristics of nutrient groups that compose those two nutrient patterns, namely beta-carotene, lutein and zeaxanthin for plant-sourced NP, and cholesterol and omega-6 for animal-sourced NP. Nevertheless, evidence examining the association between NP and diseases associated with systemic inflammation suggests that plant-sourced nutrients may lower systemic inflammation. A study in the same population has shown an inverse association between plant-sourced NP and depressive symptoms, a condition associated with systemic inflammation (19, 39). A few cross-sectional studies have also reported that NP, generally characterized by high loadings of plant-based nutrients, including vitamins, micronutrients and MUFA, was associated with reduced risk of weight gain (16), metabolic syndromes (40), non-alcoholic fatty liver disease (41), colorectal cancer (42) and hypertension (43); conditions associated with elevated inflammation. On the other hand, NP characterized by animal-sourced nutrients, has been associated with increased odds of metabolic syndromes (40, 44). A prospective study in the EPIC cohort also showed that NP with similar characteristics to our mixed-sourced NP (i.e., protein, vitamin B2, phosphorus and calcium) was associated with greater risk of weight gain (16). This evidence supports our findings on the association between NP and systemic inflammation.

In addition, other studies have used the Dietary Inflammatory Index (DIIⓇ) to examine the association between diet and systemic inflammation, inflammatory biomarkers (e.g., CRP) (45, 46), or chronic conditions. Higher scores of DII, indicating a more pro-inflammatory diet, have been associated with detrimental conditions related to pro-inflammatory state in the body, such as increased inflammatory biomarkers (47), risks of all-cause and CVD mortality (48), lower muscle mass and strength (49) and increased adiposity (50). The DII scores are based on 45 dietary components that include foods and nutrients which were associated with modulation of six inflammatory biomarkers (IL-1β, IL-4, IL-6, IL-10, TNF-α and CRP) (51). The majority of our identified nutrient groups in the NPs are in accordance with the components of DII. Using a posteriori method, the derived DP and NP in this study can depict dietary habit and interaction between food and nutrient groups to elicit the inflammatory effect in the population. This interaction may not be reflected, in a priori index-based measure, such as the DII.



Potential mechanisms

Modulation of inflammation by diet is related to oxidative stress levels. It is partly facilitated by anti-inflammatory components through their antioxidant capacity, reducing oxidative stress and preventing oxidative damage (52, 53) and pro-inflammatory components that can induce oxidative stress and promote release of inflammatory cytokines triggering inflammation (54). In this study, the identified prudent DP is characterized by a high intake of fruit and vegetables, nuts, fish and legumes (18), which have been associated with lower CRP concentrations in observational and clinical studies (55–58). We found adherence to the plant-sourced NP was associated with lower inflammation. Characterized by a high intake of –β-carotene, vitamin C, potassium, lutein, zeaxanthin and dietary fiber (19)– commonly found as anti-inflammatory components in fruit and vegetables (e.g., leafy greens) (59, 60), this suggests these antioxidant components may mediate the effect of a healthy DP to reduce inflammation in this population.

The plant-sourced NP also showed the most consistent association compared to other identified dietary and NPs in the subgroup analyses, even after the adjustment for BMI, WC and WHR. In support of Cao et al. (10), we observed that a plant-sourced NP was associated with reduced inflammation in men, and the effect was greater compared to women. Men are more prone to weight gain and chronic diseases. This could be due to their: (1) tendency to consume a unhealthy diet (61); and (2) differences in response to oestradiol on body weight regulation (62), compared to women. Furthermore, a marked reduction of inflammation was observed in people with obesity and MUHO who adhered to the plant-sourced NP. Intervention using antioxidants, such as vitamin C, has been demonstrated to reduce CRP, interleukin-6 and fasting blood glucose levels in hypertensive or diabetic obese participants (63). Altogether, this suggests adherence to an antioxidant rich diet may be beneficial to reduce inflammation, particularly for men and people with obesity and metabolic syndromes.

Conversely, adherence to an animal-sourced NP was associated with a very moderate increase in inflammation in the overall population. This finding is not unexpected, given the animal-sourced NP in this study is characterized by a combination of anti- and pro-inflammatory components, with polyunsaturated fatty acids or PUFA (omega-3 and omega-6), monounsaturated fats (MUFA), vitamin E, saturated fats (SFA) and cholesterol scored among the highest in loading factors (19). Omega-3 and MUFA (8), as well as vitamin E have antioxidant properties and have been associated with a reduction in inflammatory biomarker levels, including CRP. On the other hand, omega-6 (64), SFA and cholesterol, predominantly found in oils and processed foods, have pro-inflammatory properties. In combination, it is possible they may cancel each other effect, resulting in a small magnitude of effect size in the association. In addition, the effect of PUFA metabolism by desaturase activity may modify the availability of PUFA and its bioactive derivatives in the tissue (65). Omega-3 and omega-6 are both substrates of desaturase enzyme which conversion results in eicosapentanoic acid and arachidonic acid, respectively (66). The former and its derivates are generally more anti-inflammatory compared to the latter (65). Subsequently, competing amount of omega-3 and omega-6 in the diet may alter the ratio of pro- and anti-inflammatory derivatives from PUFA metabolism and their inflammatory effect. This may also explain a moderate increase observed in the association between animal-sourced NP and systemic inflammation in this study. Interestingly, the animal-sourced NP was inversely associated with the grade of inflammation in obesity but not the non-obese group. This indicates the anti-inflammatory components of an animal-sourced NP may provide a beneficial effect by reducing inflammation in people with obesity. However, further studies are required to confirm this hypothesis.

This study also revealed a significant association between the higher adherence to a mixed-sourced NP and the higher inflammation that was stronger in obese participants. A mixed-sourced NP was characterized by phosphorus, protein, vitamin B2, B3 and B12, iodine, zinc, saturated fats, calcium, sodium, retinol, iron, and cholesterol (19). These nutrients are primarily found in meat, dairy products and processed foods, and typical to a western DP. Consistent with our findings, studies have reported an association between protein (67), iron (68), saturated fats (69) and cholesterols (70) with increased inflammatory biomarkers. Interestingly, similar to the plant-sourced NP, the association between mixed-sourced NP and CRP was not affected by BMI. The NP approach may provide improved precision in predicting the association between diet and inflammation, further studies are needed to confirm these findings.



Strength and limitations

We included a large sample size and provided comprehensive analysis on the interaction between DP and NPs with the grade of CRP in the general adult population, stratified by gender, obesity and metabolic health. The results of this study should be considered in the context of several limitations. As this is a cross sectional study, we cannot infer the causal relationship between diet and inflammation. Given the nature of observational studies, there are likely to be residual confounders which have not been included in the analysis that may affect the association. There is also potential misreporting of the dietary intake data collected using a self-reported FFQ. However, the FFQ has been widely used to generate DP (18) and NP (10) data in cohort studies, validating the reliability of FFQ to assess overall dietary intake. Furthermore, we determined inflammation based on a single inflammatory biomarker, CRP. Nonetheless, CRP is a widely used clinical marker and a strong predictor of many inflammatory-related diseases (12). In addition, consideration should be taken in interpreting results given the wide confidence intervals, which could be due to a sample size limitation.




Conclusion

This study is the first to combine DP and NP to explore the association between dietary patterns and systemic inflammation. The study revealed independent associations of DP and NPs with inflammation. A plant-sourced NP, characterized by antioxidants and fibers, was inversely associated with inflammation; an association stronger in men, obesity and MUHO. In combination with prudent DP, this suggests a possible biological pathway underlying the protective effect of a healthy diet against chronic diseases by reducing inflammation through the anti-inflammatory properties derived from fruit and vegetables. This finding supports current dietary recommendations to increase intake of fruit and vegetables and highlights the need to improve the clinical and public health message, particularly for men and people with obesity. Future studies are required to confirm the association of DP and NPs with inflammation in the longitudinal setting, and to include other inflammatory biomarkers, health outcomes and different populations.
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Background: The Mediterranean diet (MD) has been proposed as a healthy diet with a potential to lower the incidence of several types of cancer, but there is no data regarding thyroid cancer (TC). We investigated the association between MD adherence, and its components, and the differentiated TC risk within the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort.

Methods: Over 450,000 men and women from nine European countries were followed up for a mean of 14.1 years, during which 712 differentiated TC cases were identified. Adherence to MD was estimated using the relative MD (rMED) score, an 18-point scale including alcohol, and the adapted rMED (arMED) score, a 16-point scale excluding alcohol. Hazard ratios (HRs) and 95% confidence intervals (CIs) were estimated using Cox regression models adjusted for potential confounding factors.

Results: Adherence to the arMED score was not associated with the risk of differentiated TC (HRhigh vs. low adherence = 0.94, 95% CI: 0.70–1.25; p-trend 0.27), while a suggestive, but non-statistically significant inverse relationship was observed with rMED (HRhigh vs. low adherence = 0.88, 95% CI: 0.68–1.14; p-trend 0.17). Low meat (HRlow vs. high meat intake = 0.81, 95% CI: 0.67–0.99; p-trend = 0.04) and moderate alcohol (HRmoderate vs. non−moderate intake = 0.88, 95% CI: 0.75–1.03) intake were related with lower differentiated TC risk.

Conclusions: Our study shows that a high adherence to MD is not strongly related to differentiated TC risk, although further research is required to confirm the impact of MD and, especially, meat intake in TC risk.
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  thyroid cancer (TC), Mediterranean diet (MD), meat, intake, EPIC study, cohort


Introduction

Thyroid cancer (TC) represents the most common endocrine malignancy worldwide (1). Lastly, the TC incidence has gradually increased, in part driven by overdiagnosis due to the use of ultrasound examinations and increased medical surveillance, leading to higher TC prevalence in high-income countries (2). The transformation of thyroid follicular cells may result in differentiated or undifferentiated TC. Differentiated TC, including papillary and follicular carcinoma, represents more than 90% of all TC cases (3). Poorly differentiated and anaplastic thyroid carcinomas are rare but more aggressive tumor types (3). Exposure to ionizing radiation, particularly during childhood (4), previous history of benign thyroid hyperplasia (5), and overweight/obesity (6, 7) are the mostwell-established risk factors for TC.

The Mediterranean diet (MD) is characterized by a high consumption of fruits, vegetables, complex carbohydrates and fish, a low amount of meat and dairy products and a daily glass of wine (8). In this dietary pattern, olive oil is the main source of fats (9). There is evidence that relates high adherence to MD with lower risk of cancer incidence and mortality (e.g., breast, colorectal, head and neck, respiratory, gastric, liver and bladder) (10, 11), obesity (12), and type 2 diabetes (13). Convincing evidence is consistently showing a positive moderate association for overweight and obesity (6, 7), and type 2 diabetes (14, 15) with TC incidence. MD is rich in polyphenols, fibers, phytosterols, monounsaturated and polyunsaturated fatty acids, which are probably the main drivers of the protection of MD against cancer (16). The potential underlying mechanisms of action involve anti-oxidative and anti-inflammatory effects, reduction of tumor cell growth, increase of chemoprotective effects, and inhibition of tumor development (16). Several dietary factors of MD have been suggested to play a role in TC etiology, but the results are inconclusive (17, 18). Previous studies investigating TC have mainly focused on separate food items and only few on dietary patterns (17, 18). Dietary pattern analysis examines the overall effects of diet and could be a better approach to investigate the role of diet in chronic diseases (19).

To our knowledge, there are no studies on the relationship between MD adherence and TC risk. Therefore, in the current study we aimed to investigate the association between MD adherence and the risk of differentiated TC within the European Prospective Investigation into Cancer and Nutrition (EPIC) study.



Materials and methods


Subjects and study design

EPIC is a large prospective cohort study designed to investigate the relationship between diet, lifestyle, environmental factors, and cancer. The full methods and study design have been described previously (20). In brief, 521,324 participants, mostly aged between 35 and 70 years, were recruited between 1992 and 2000 in 23 centers from 10 Western European countries. All participants provided written informed consent, and the study was approved by the local ethics committees in the participating countries and the ethical review board of the International Agency for Research on Cancer (IARC). We excluded participants with prevalent cancer other than non-melanoma skin cancer at baseline or with missing information on date of diagnosis or censoring data, missing dietary and lifestyle information (did not complete the questionnaires), had extreme energy intake and/or expenditure (participants in the top or bottom 1% of the distribution of the ratio of total energy intake to energy requirement) and participants from Greece (data not provided for the current study) (Supplementary Figure 1).



Dietary and lifestyle ascertainment

Dietary information was collected at enrollment, using country-specific dietary questionnaires (20). Total energy intake was estimated by using the standardized EPIC Nutrient Database (21). At baseline, information on socio-demographic characteristics, tobacco consumption, physical activity, reproductive history, use of oral contraceptives and hormone replacement therapy, and medical history were self-reported using standardized lifestyle questionnaires (20). Anthropometry (weight and height) was measured at recruitment by trained personnel, except for Oxford (United Kingdom), Norway, and France, where measurements were self-reported.

The adherence to MD was measured using the adapted relative MD score (arMED), a version of the relative MD (rMED) (22) based on the original MD score by Trichopoulou et al. (23), excluding alcohol. The arMED incorporates 8 selected components of MD and is a 16-point scale. Each component was calculated as a function of energy density (g/2,000 kcal per day) and then divided into cohort-wide tertiles of intakes (except for olive oil). For five of the six components that positively reflect MD: fruits (including nuts and seeds), vegetables (excluding potatoes), legumes, fish (including seafood), and cereal products, a score of 0-1-2 was assigned to the lowest to highest intake tertiles, respectively. The score was inverted (2-1-0 assigned to the intake tertiles) for the two components that negatively reflect MD: total meat (red meat, processed meat, poultry, game, and offal) and dairy products. The score for olive oil was adapted for non-Mediterranean countries owing to their low consumption, by assigning 0 to non-consumers, 1 for subjects below the median intake and 2 for subjects equal to or above this median. The arMED score was further classified into low (0–5 points), medium (6–9 points) or high (10–16 points) adherence levels, as previously categorized in the EPIC study (10).

In a previous EPIC study, moderate alcohol intake was inversely associated with differentiated TC risk (24). Therefore, the rMED score (22), including alcohol, was also computed. The rMED incorporates the same previous 8 components plus alcohol and is an 18-point scale. Alcohol in the rMED score was scored dichotomously assigning 2 points for moderate consumption (sex-specific cut off points: 5–25 g per day for women and 10–50 g per day for men) and 0 points for intakes outside this range. The rMED score was further classified into low (0–6 points), medium (7–10 points) or high (11–18 points) adherence levels, as previously categorized in the EPIC study (22, 25).



Follow-up and case assessment

Incident cancer cases were identified through population cancer registries in all countries except France Germany, and Naples (Italy) where cases were identified through active follow-up, directly from the participants and confirmed by a combination of methods, including health insurance records, and cancer and pathology registries. Vital status was obtained from mortality registries at the regional or national level. Complete follow-up censoring dates ranged from December 2010 to December 2014, depending on the study center. In this TC study (code C73 according to the International Classification of Diseases, 10th Revision), only first primary differentiated TC cases were included, and therefore, 52 undifferentiated TC (such as medullary, anaplastic, lymphoma, and other morphologies) were excluded (Supplementary Figure 1). Finally, 712 first primary incident differentiated TC cases were considered: 573 papillary TCs, 108 follicular TCs, and 31 not otherwise specified (NOS) TCs, most likely to be papillary TCs. Data on the stage of differentiated TC at diagnosis were collected from each center where possible. A total of 468 cases (65.7%) had tumor-node-metastasis staging score information, of which 371 were classified as low-risk tumors (T1–T2) and 97 were classified as high-risk tumors (T3–T4).



Statistical analysis

Cox proportional hazard models were used to estimate hazard ratios (HR) and 95% confidence intervals (CI) between adherence to the MD measured by arMED and rMED score, its individual components and differentiated TC risk. Age was the primary time variable in all models. Entry time was age at recruitment and exit time was age at first diagnosis (cases), death, or censoring date (loss or end of follow-up), whichever occurred first. Both arMED and rMED scores were computed as categorical variables (low, medium, and high) and as continuous variables (per 1-unit). Trend tests were obtained by scoring the arMED or rMED categories in a continuous scale from 1 to 3. The basic model for the association between arMED and differentiated TC was stratified by sex, age at recruitment (1-year interval), study center, and adjusted for total energy intake (kcal/day). Variables associated with TC in previous EPIC studies (24, 26–28) were a-priori selected as potential confounders. Thus, the most-adjusted model was additionally adjusted for body mass index (BMI, kg/m2), smoking status, alcohol (g/day), education level and physical activity (according to the Cambridge Physical Activity Index) (29). In women the model was also adjusted for menopausal status and type, ever use of oral contraceptives, and history of infertility problems. Results from the two models were almost identical, therefore, the most-adjusted model was selected for presentation. Similar models were applied for the rMED score, without alcohol consumption (g/day) as adjustment variable. All models met the proportional hazard assumption, tested using the Schoenfeld goodness-of-fit test. In addition, we estimated the associations between individual components of MD and TC risk. Each component was evaluated as a categorical variable (tertile points assigned for the arMED/rMED score calculation), except for alcohol (moderate vs. non-moderate consumption). Interactions on the multiplicative scale with sex, smoking status (never, former, and current smokers), alcohol (low, moderate, and high), BMI (<25 and ≥25 kg/m2), were examined using the likelihood ratio test.

Separate analyses were performed for differentiated TC subtypes: follicular and papillary tumors, and disease stage: low-risk (T1–T2) and high-risk (T3–T4) tumors. Heterogeneity of risk between TC subtypes was assessed with the Wald test. Separate models were also computed to check the variability between countries with a high and low TC incidence. EPIC countries with TC incidence rates of >5/10,000 in women (i.e., France, Germany, Italy, and Spain) were considered to have a high TC incidence. Moreover, separate models were conducted only in women, because of the small proportion of men with TC (10.4%). Finally, we conducted separate analyses by geographical regions: South (Spain, Italy, France), Central (UK, Germany, and the Netherlands) and North Europe (Denmark, Norway, and Sweden) because dietary habits can differ between European regions (30). Sensitivity analyses were performed by repeating the models after the exclusion of differentiated TC cases diagnosed during the first 2 years of follow-up, since participants may have changed their diets in the pre-diagnostic period. For all analyses, p-values < 0.05 were considered statistically significant. Statistical analyses were conducted using R 3.2.1 software.




Results

In the current analysis of 450,064 EPIC participants (70.8% women), 712 were diagnosed with differentiated TC (89.6% women) (Supplementary Figure 1). The mean arMED score was 7.8 (3.0) ranging between 4.6 (in Sweden) and 10.7 points (in Spain) (Table 1). Participants with high arMED score were more likely to be women, younger, never smoker, physically inactive/moderate inactive, and to consume less alcohol and slightly less total energy at recruitment, compared to those with a lower arMED score (Table 2). Women with high arMED score compared to those with low, tended to be premenopausal.


TABLE 1 Description of the EPIC study by country and by adapted relative Mediterranean diet score (arMED).

[image: Table 1]


TABLE 2 Baseline characteristics of included participants from the EPIC study according to the adapted relative Mediterranean diet score (arMED).

[image: Table 2]

We found no association between arMED score (excluding the alcohol component) and the risk of overall differentiated TC in the fully-adjusted model (HRhigh vs. low adherence = 0.94, 95% CI: 0.70–1.25; p-trend = 0.27) (Table 3). No differences were observed in associations by TC subtype (p-value for heterogeneity = 0.82). No interactions were found for sex, smoking status, BMI, and alcohol intake. No statistically significant differences were observed in the associations between arMED score and differentiated TC risk by tumor stage, country-incidence rate, and European region (Supplementary Table 1). Similar non-statistically significant results were observed in women only and in the sensitivity analysis excluding the TC cases diagnosed within the first 2-years of follow-up (Supplementary Table 1).


TABLE 3 Hazard ratios (95% Confidence Intervals) for the associations between relative Mediterranean diet score (rMED), adapted rMED (arMED) and differentiated thyroid cancer (TC) risk in the EPIC study.

[image: Table 3]

A non-statistically significant inverse relationship between rMED score (including the alcohol component) and overall differentiated TC (HRhigh vs. low adherence = 0.88, 95% CI: 0.68–1.14; p-trend = 0.17), especially against papillary TC risk (HRhigh vs. low adherence = 0.87, 95% CI: 0.65–1.17; p-trend = 0.14) was observed (Table 3). In the analysis of each component of MD, we found an inverse association between low meat intake and differentiated TC risk (HRlow vs. high adherence = 0.81, 95% CI: 0.67–0.99) (Table 4). The HR for moderate vs. non-moderate alcohol intake was 0.88 (95% CI 0.72–1.03). The other components were not related to differentiated TC risk.


TABLE 4 Hazard ratios (95% Confidence Intervals) of the association between each component of Mediterranean diet (MD) and differentiated thyroid cancer risk in the EPIC study.
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Discussion

Adherence to MD, measured by arMED score (without the alcohol component) was not associated with the risk of differentiated TC in this large European prospective cohort study (n = 450,064) with a long follow-up (mean = 14.1 years), and a relatively high number of cases (n = 712). The results were also non-statistically significant in all sub-analyses. However, there was a statistically non-significant inverse relationship with rMED (including the alcohol component), probably driven by the inverse trend with alcohol intake and the positive association with meat intake.

In our longitudinal study, we did not find a clear association of differentiated TC risk with MD adherence. Whereas, in an US population-based case-control study, a tendency for an inverse association between a dietary pattern high in fruits and vegetables and risks of both overall and papillary TC were observed (31). Similarly, a traditional Polynesian dietary pattern characterized by a high consumption of fish, seafood and fruits, and low consumption of meat was inversely related, but was not statistically significant, with overall and papillary TC risk (32). In a Greek case-control study, inverse associations were found between the risk of overall and papillary TC and three dietary patterns rich in fresh fruit, raw vegetables, and mixed raw vegetables and fruits. Contrarily, a dietary pattern rich in fish and cooked vegetables, which is a dietary habit of Mediterranean populations, showed a higher risk of follicular TC (33). In a cross-sectional study, a high adherence to MD correlated with lower circulating levels of triiodothyronine (T3) and thyroxine (T4), but not with thyroid-stimulating hormone (TSH) (34). However, associations of TC with hypo- or hyperthyroidism and thyrotoxicosis are weaker and less consistent. High concentrations of free T4, TSH and the T4/T3 ratio were related to a higher differentiated TC risk in a small Canadian case-control study (35). Nevertheless, in a previous EPIC analysis, only low levels of TSH and high levels of thyroglobulin were associated with a higher differentiated TC risk, but not plasma concentrations of either T3 or T4 (36).

Except meat and a suggestive association for alcohol, none of the other components presumed to fit MD were related to differentiated TC risk in our analysis. In previous EPIC analyses, similar null results were observed with the consumption of fruit and vegetables (37). Likewise, a meta-analysis using 19 case-control studies found no association with the intake of fruit and vegetables including cruciferous vegetables, which have been studied in more detail due to their content of goitrogens (38). Fish is a rich natural source of iodine which is essential for thyroid function. A meta-analysis of six case-control studies suggested that consumption of fish may decrease the risk of TC in iodine deficient areas, but not in iodine-rich areas (38). No association with fish intake was reported in a previous EPIC analysis, where very low or very high iodine intakes are rare (39). Intake of grains was not related to TC risk in a meta-analysis of three case-control studies (38). Although anti-cancer effects of olive oil and its compounds are proposed (11), neither olive oil or its compounds were associated with differentiated TC risk in previous EPIC analyses (28, 40). Similar to our findings, the incidence of TC was not related to either dairy products or calcium intake in the NIH-AARP Diet and Health Study, a large US cohort (41). Finally, our results on alcohol are broadly in agreement with a previous EPIC analysis (24) and a meta-analysis of observational studies (42), where moderate alcohol intake was associated with lower risk of TC.

In the current study, low consumption of meat was associated with a 19% lower risk of differentiated TC compared with high consumption. Only a few studies have assessed the direct role of meat intake in TC risk (17). Some classes of meat such as poultry, lamb and pork were positively associated with TC risk in case-control studies conducted in Kuwait (43), Greece (33), and the US (44), but not in Sweden and Norway (45). Potential underlying mechanisms may be related to the concentrations of haem iron and the formation of N-nitroso compounds in meats, especially in red and processed meats (46). Indeed, nitrate can inhibit iodine uptake by the thyroid (17), dysregulate thyroid hormone production and result in thyroid tumor onset (47). Another potential mechanism of action could be the formation of heterocyclic amines and polycyclic aromatic hydrocarbons, which are well-known human mutagens/carcinogens (48). Therefore, the role of meat consumption in thyroid carcinogenesis merits further investigation.

Several limitations of this study should be considered. Dietary data derived from self-reported information relying on participants' memory is prone to measurement error. Dietary data were measured only at recruitment and do not reflect longitudinal changes in dietary intake. Nevertheless, an influence of dietary changes during the pre-diagnostic period of TC is unlikely, since sensitivity analyses excluding incident cases diagnosed within the first 2 years of follow-up were similar to the entire follow-up. Both arMED and rMED scores also have limitations, as a similar weight is given to each component and the foods within them, but not all may have equivalent effects on health or TC risk. Our risk estimates were adjusted for several confounding factors; however, we cannot rule out the possibility of residual confounding by other unmeasured factors. For instance, medical history of benign thyroid diseases, a well-established risk factor for TC was not available in EPIC. The strengths of our study are its prospective design, the relatively large number of TC cases (except for follicular TC subtype), and the wide variation in MD adherence, allowing sufficient statistical power for subgroup analyses. We also minimized any potential bias due to overdiagnosis by stratifying the analysis into countries with high or low incidence rates and into associations with low- or high-risk TC at diagnosis.



Conclusions

In summary, our study showed no association between adherence to arMED score and differentiated TC risk. However, a potential inverse trend with rMED was suggested, potentially driven by the consumption of a low amount of meat and a moderate amount of alcohol. Future research is required to confirm this potential association with meat intake and to evaluate which type of meat (i.e., red meat, processed meat, poultry, etc.) is responsible for these suggested harmful effects. Lastly, replication and meta-analysis of our findings with other prospective studies is required to further elucidate a possible association with MD adherence.
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Background: Celiac disease (CD) was considered a rare disease before and was perceivably only limited to children but now affects almost 1–2% of the global population. This abrupt increase in prevalence is due to advancements in diagnostic criteria and medical facilities but still many countries lack the basic data that can assess the severity of this health issue. The present study was conducted with the aim to assess the common but rarely diagnosed condition with the identification of its underlying secondary ailments.

Materials and methods: Patients visiting public sector hospitals were recruited and tested for clinical symptoms secondary to gluten-containing foods (wheat and barley, etc.), followed by serological testing for immunoglobulin A, tissue transglutaminase A, and anti-endomysial antibodies. Only seropositive candidates were included in the endoscopic and biopsy examination for the features of villous atrophy and intestinal cell damage. The secondary ailments including anemia, growth retardation, and gastrointestinal symptoms were also documented for the tested positive patients. The modified European Society of Pediatric Gastroenterology, Hepatology, and Nutrition (ESPGHAN) criterion was followed throughout the study.

Results: From 647 suspected cases from March 2018 to July 2019, 113 were confirmed with CD while 58% were female children and 42% were male children. The majority of them were from a lower class (75%) and 26% of them had a positive family history of CD. A total of 67% of patients with CD were underweight while wasting was observed in 38%, and 80% were stunted as well. Of the positively tested patients with CD, 49% had moderate anemia with 15% having severe anemia. Approximately 33% had hypoalbuminemia as well. The majority of them had a mild to severe range of gastrointestinal symptoms, such as abdominal pain, diarrhea, flatus, eructation, diarrhea, and steatorrhea.

Conclusion: The study finding indicates an increased number of patients diagnosed with CD with an excessive sum of secondary ailments, such as anemia, growth failure, growth retardation, malnutrition, and gastrointestinal symptoms.

KEYWORDS
  celiac disease, anemia, wasting, hypoalbuminemia, gastrointestinal discomforts


Introduction

Celiac disease (CD) is an autoimmune systemic enteropathy that can be triggered by the ingestion of gluten proteins (mainly from wheat, rye, and barley) with manifestation in the small intestine and extra interstitial organs prevalent in almost all age groups (1, 2). Earlier CD was considered a rare disease that only occurred in children. According to John Walker-Smith and Gee, CD was some kind of chronic indigestion affecting children between the ages of 1–5 with symptoms of foul-smelling feces, pale in color, and bulk in nature. These concepts were altered by the findings of Dicke, reporting gluten as the causative agent for CD, and it can be caused by all cereals, especially wheat flour. Later on, mucosal lesions, i.e., villous atrophy and crypt hyperplasia were identified as diagnostic features in CD (3). The onset of the disease was perceived to be gradual with loss of muscle and fat (cachexia), failure to thrive, and mal-absorption syndrome (4). The advances in diagnostic criteria and true understanding of the nature of disease made the scientists realize and calculate the true prevalence of CD (5). For more than 2 decades, CD has emerged as a major public health concern with an initial prevalence of 1% reported by various European countries (6).

Patients with CD may also present with adjacent underlying complications, i.e., failure to thrive, short stature, delayed puberty, tiredness, loss of weight, muscle mass, and fat mass but 10% of the patients with CD can be obese, and therefore they should not be overlooked. CD may also present with various gastrointestinal complaints, i.e., diarrhea, cramping, bloating, flatulence, nausea, and electrolyte imbalance (7, 8). There are certain non-classical symptoms of CD, such as iron deficiency anemia, increased transaminases, constipation, ataxia, lethargy, osteoporosis, and dyspepsia (9). Currently, the diagnostic criterion of CD is based on the guidelines described in the European Society of Pediatric Gastroenterology, Hepatology, and Nutrition (ESPGHAN). The criterion includes documentation of history, serology, and histology. Marsh measures are used in the ESPGHAN for histology interpretation and CD confirmation including attenuation of duodenal folds with crypt hyperplasia and excessive aggregation of intraepithelial lymphocytes (10).

The prevalence of CD has been increasing with the passage of time (0.6% from 1991 to 2000 and 0.8% from 2000 to 2016) but still missing data from developing countries, such as Pakistan. A systemic review and meta-analysis conducted to assess the global prevalence of CD suggested various readings including a 1.4% seroprevalence of CD based on 275,818 individuals (95% CI; confidence interval, 1.1–1.7%) but Asia was among the highest CD prevalent region (1.8%) from the whole. The seroprevalence was based on the quantification of anti-tissue transglutaminase and anti-endomysial antibodies. Based on 138,792 individuals, it was reduced up to 0.7% (95% CI, 0.5–0.9%) based on the biopsy confirmation having clear indications of villous atrophy and crypts hyperplasia. European countries were found to have the highest CD prevalence with 0.8% along with Asia (0.6%). CD prevalence was 0.5% in North America and Africa. The least prevalence of 0.4% was found in South America. The overall proportion of CD was more among female children compared with male children (female children 0.6%, male children 0.4%, p < 0.01) with a ratio of 1:3 (male:female) (11) and children were the most affected age group compared with adults (children 0.9%, adults 0.5%, p < 0.01) (12). A province (Asia) based study reported 1.6% of seroprevalence of CD and 0.5% based on biopsy parameters (13). The Human Leukocyte Antigen on alleles DQ2 and DQ8 (heterodimeric; surface receptors) have great significance in the CD diagnosis. The prevalence also varies based on these high-risk populations (1.2–55% CD) and low-risk populations (0.14–5.7%).

Due to the multisystem nature of the disease with a lot of expensive and invasive diagnostic procedures, the majority of cases go undiagnosed, and the chances of having a false positive also increase because of the high level of doubt (9). Among the top 10 most populated countries around the globe, only 4 of them (US, India, Brazil, and Russia) had population-based data on the prevalence of CD. Pakistan, China, Indonesia, Nigeria, Bangladesh, and Japan lack the data, although CD has been reported in all these countries except Nigeria (12). Various studies conducted to assess the prevalence of CD along with existing medical conditions, such as anemia and short stature, are available in the literature. A longitudinal study conducted to assess the CD among the children with the study duration of years reported a 60.03% prevalence. Approximately 26% of them were anemic, 90.7% were underweight, 83.9% had short stature, and 40–50% reported diarrhea, abdominal pain, and distension (14). A cross-sectional study conducted in the public sector hospital in Lahore reported a 12.1% prevalence of CD with 80.3% having iron deficiency anemia (IDA) (15) in another study prevalence was 28.2% with 53.8% having macrocytic anemia and 38.46% having microcytic anemia (16, 17).

All these studies either had a low sample size or were carried out with reference to an existing underlying clinical manifestation. In some of the studies, only seroprevalence was measured and ESPGHAN criteria were not followed. The prevalence of all typical and atypical symptoms was not considered in these studies also. Therefore, the present study was conducted to assess the prevailing gastrointestinal symptoms, signs of growth failure, anemia, and cachexia in patients presenting in a public and private sector hospital in Lahore city-Pakistan.



Materials and methods

The present study was a descriptive cross-sectional survey conducted to identify the patients with CD or person along with prevailing gastrointestinal complaints, signs of growth failure, and malnutrition.


Consent and ethical considerations

The study protocol was approved by the Ethical board for biomedical research, the University of Veterinary and Animal Sciences, Lahore, Pakistan. (No.029/IRC/BMR) Written informed consent was obtained from the parents of children or the legal guardian before enrolling any participant in the study.



Study participants

Patients with celiac disease/gluten sensitivity were recruited according to the modified ESPGHAN criteria (Figure 1) (18). A total of 647 participants suspected of CD were enrolled for further assessment. A gluten-free diet was recommended for the confirmed CD cases immediately.


[image: Figure 1]
FIGURE 1
 Diagnosis and screening of celiac patients according to ESPGHAN criteria.




Nutritional and clinical assessment

Screening of the patients was done through symptoms ranging from classic signs of a mal-absorption syndrome, such as diarrhea (increase in liquidity and frequency than normal for >2 weeks), weight loss (weight for age below 5th percentile), growth failure (linear height below the 5th percentile for age), and anemia (pallor) to non-specific symptoms, such as chronic constipation or abdominal pain.



Anthropometry

Body weight was measured using a weighing scale with standardization done after every 20 readings. Height was measured (without shoes) in the position, back and hips touching the wall by using wall-mounted stedio-meter. The mid-upper arm circumference (MUAC) was measured by MUAC measuring tape from the midpoint between the acromion process of the scapula and the tip of the elbow. The body mass index (BMI) was calculated as weight in kilograms divided by height in meter square (19). The WHO standard growth charts, designed separately for boys and girls were used as a research tool to assess their nutritional status. A patient adherent to a gluten-free diet and its duration without positive serologic test results for CD or diagnosed by the physician were identified by age and sex also.



Serology

Celiac disease was defined as having either double-positive serologic test results on IgA, tissue trans-glutaminase through ELISA, or a reported diagnosis by a healthcare professional coupled with gluten-free diet consumption. On the basis of symptoms, in the case of suspected CD, serum levels of IgA autoantibodies to tissue trans-glutaminase IgA (tTG-IgA) were determined (20).



Endoscopy

Those individuals who were found to be positive for ELISA were contacted for further tests as per protocol. A detailed clinical and hematological evaluation, complete blood count (CBC), and biochemical tests of liver enzymes were conducted. Upper gastrointestinal and duodenal endoscopic examinations were done to check villous atrophy by using a video endoscope (21).



Statistical analysis

Data obtained from the study were analyzed using a statistical package for social sciences (SPSS) and expressed as mean ± standard deviation (SD), frequencies, and percentages. A descriptive analysis was performed to obtain the before-mentioned data.




Results

The present study was conducted to find the symptoms of gluten insensitivity/CD in both genders. Data related to demographics, anthropometry, diagnostic tests related to blood, and endoscopy were performed alongside the frequency of gastrointestinal complaints.

From the collected data, 58% were female children and 42% were male children. The majority of the participants were from the age group of 2–5 years and 6–9 years and only 2% were from the age group of >15 years with a mean age of 7.27 years. Almost three-fourths of the study participants had their own houses and 27% were living in rental houses. The majority of the study participant's fathers were either laborers (39%) or had private jobs (34%), and 11% were government servants. Almost half of the participant's family income was between 20,000 and 50,000 PKR and only 17% had a family income of more than 50,000 PKR in the collected data. All the participants either belonged to the lower or middle socioeconomic class with 75% from the lower socioeconomic class (Table 1).


TABLE 1 Demographic profile of patients with celiac disease (CD).

[image: Table 1]

The majority of the study participants were undernourished, as their weight for age (percentile) was from <1st and 3rd percentiles, indicating under-nutrition, from which 38% were severely undernourished (<1st percentile) and 29% were from 3rd percentile. The same trend was observed in the height for age parameter, with 70% of the participants having <5th percentile in height for age and 8% were severely stunted (<1st percentile). Approximately 79% of the participants were of short stature (Table 2).


TABLE 2 Anthropometric measurements of patients with celiac disease.

[image: Table 2]

Of the total study population, 95% had positive levels of IgG and all of them had positive IgA levels for CD. Almost 15% of the participants had severe anemia and 50% had moderate level anemia while 70% of the participants had lower hematocrit levels. Approximately, 33% of the participants had hypoalbuminemia. Liver enzymes were increased in almost 34–36% of the participants (Table 3).


TABLE 3 Blood chemistry of patients with celiac disease.

[image: Table 3]

Almost 46% of the participants had moderate abdominal pain, and 22% had severe abdominal pain. About 36% were having moderate heartburn and 5.5% had severe heartburn. Almost 33% had moderate regurgitation and 4% had severe regurgitation. About 38% were facing moderate nausea and 46% had no nausea. Approximately, 24% of the participants had moderate borborygmus and 63% of them had severe episodes. From the collected data, 67 and 53% of the participants had no Eructation and Flatus, respectively. Hard stool, urgency, and incomplete evacuation were absent in approximately 93–99% of the participants. Approximately 12% had severe episodes of steatorrhea (Table 4).


TABLE 4 Gastrointestinal complaints of patients with celiac disease.

[image: Table 4]

The majority of the participants were diagnosed with CD for more than 1 year presenting with clinical symptoms (39.4%) and approximately 16% were diagnosed for 1 month while 44% were newly diagnosed patients (Figure 2). Only 26% had a positive family history of CD. From the collected data, 20% of the participants showed Marsh I/II and 35% had Marsh III on endoscopic findings, which are clear indications of CD (Table 5). A total of 45% of participants did not undergo endoscopic examination due to strong clinical suspicion and responsiveness to a gluten-free diet.


[image: Figure 2]
FIGURE 2
 Distribution of patients with celiac disease (CD) according to the duration of diagnosis.



TABLE 5 Disease history and endoscopic findings of patients with celiac disease.
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Discussion

The present study was conducted with the objective to assess the prevailing symptoms of CD with a special focus on the underlying conditions, such as anemia, malnutrition, and gastrointestinal symptoms. CD, also known as heterogeneous autoimmune disease, Is triggered when gluten is ingested. It was considered rare in early times, but now it is one of the common public health concerns. The global prevalence of gluten allergy is increasing rapidly now. Studies have shown the prevalence is higher in infants and children. Some studies highlighted that it may be due to the early introduction of gluten-related products (22) but some denied this fact. One Norwegian study concludes that gluten must be introduced to infants over 6 months of age (23). In Italy, one study is done with school-going children having CD and the results showed that prevalence in Italy is increased by 1.5% in the last 25 years (24). The present study showed that majorly children, 113 out of 647, affected due to this autoimmune disease belonged to low-income status. Of all of the participants, 113 had 10 times greater tTG-IgA levels (> 7 U/ml). Male children were 41.6% and female children were 58.4% with an M:F ratio of 1:1.4. Similar trend was observed in the study in which out of 350, 126 patients fulfilled the criteria including 54 male children and 71 female children with an M:F ratio of 1:1.3 (25).

This disease is responsible for a broad spectrum of symptoms and problems. Starting from malnutrition to failure to thrive, CD children are prone to many other underlying issues, such as gastrointestinal problems, anemia, liver problems, and many others (7). Most studies done in this context are proof of malnutrition in relation to CD. Mal-absorption contributes the most important role in causing malnutrition and growth problems in patients with CD (26). As a result of malabsorption, a lesser amount of substrate is available due to which the “energy compensation” mechanism in the body is activated. In this mechanism, the body stores fats (in adipose tissues), and proteins (in muscles) start to deplete. This whole process results in severe weight loss and retardation in the growth process. If it continues for 3–4 months, the weight loss will result in stunting (27, 28). All the infants and children are considered short-statured when compared with growth charts (24). Delayed puberty in CD adolescent girls is also of primary concern. Delayed bone aging and amenorrhea accompanied by infertility can be caused if the patient is not treated well-according to the condition (29). In our study, this fact was proved as more than 79% of participants were short stature and 88% were severely wasted as <5th percentile when growth charts were plotted. The mean BMI of the study participants was 15.43 ± 4.35.

Some common manifestations of the gastro-intestinal tract in celiac patients are abdominal distension accompanied by diarrhea, abdominal pain, anorexia, vomiting, and in some cases ulcers and binge eating (30). Overweight or children with excessive appetite get usually masked due to the presence of some other diseases with CD. The current study reported severe abdominal pain in 22% of cases while nausea was present in 9.2 and 70% of patients with CD were suffering from different degrees of diarrhea (mild, moderate, and severe). When reviewed in the literature, it is noted that abdominal distension is one of the most common symptoms faced by patients with CD (31, 32). Similarly, in (33) study, diarrhea is observed in more than 70% of patients with CD. Comparing facts with our present study, it was clear that such symptoms were also present in our targeted population in clear significant percentages.

The blood chemistry of patients with CD is also altered in a visible manner. Most of the patients with CD (65%) suffer from anemia as the main issue as well. Along with anemia, some other problems, such as major changes in the endocrine system of the patients are also seen (28). A significant inverse relationship between the exposure to gluten and insulin-like growth hormone 1 (IGF-1) has been studied. It is noticed that the secretion of this particular hormone is only affected when the gluten is exposed for a very long time. These changes lead to a decrease in the growth velocity. When the condition is worsened, it is studied that the growth hormone released from the hypothalamus is also affected (28, 34, 35). Due to malabsorption, anemia is very prevalent in patients with CD. Our study showed clear results of anemia in patients with CD. Some were highly anemic and a major population was moderately anemic. Along with lower hemoglobin levels, hematocrit levels were also lesser in patients with CD when the values were compared with normal people. With low hemoglobin levels, albumin levels are also affected in patients with CD. Due to malabsorption, despite of high protein diet, the patients do not respond to a protein diet hence leading to hypo-albuminemia in patients who are not treated properly. In addition, our study showed hypo-albuminemia in patients with CD.

For screening, some very reliable and sensitive tests are performed. These tests are specific screening tests; IgA anti-tissue Transglutaminase (IgA tTG antibodies) are prescribed for checking and confirming CD (36). These antibodies are generated when gluten is exposed to the small intestine and the auto-immune system gets triggered. The mucosal lining of the intestine is damaged due to immune-mediated response as the result of gluten intolerance (37). Our study showed that all the targeted patients were positive for this test showing the occurrence of CD. IgG immunoglobulin tests were also done and the majority of them showed positive results for these immune globulins. The liver is also affected by CD. Many researchers have found a relationship between CD and autoimmune liver injuries (38). More than 30% of participants in our study showed increased liver enzymes level. For diagnosis, endoscopic findings are considered. About 18–36% of the study participants had moderate to severe villous atrophy upon endoscopic and biopsy examination. The endoscopic examination is considered the gold standard invasive method for the diagnosis of CD (39). Compared with our findings, all 75 of the patients found positive with serological screening had prominent histological and endoscopic changes in the intestines in terms of villous atrophy (40).



Conclusion

Population-based data on CD are missing for various underdeveloped/developing countries including Pakistan. It is not uncommon in our population. The present study found that a large number of celiac children aged between 2 and 9 years presented with anemia, diarrhea, growth failure, mal-digestion, and malabsorption. A total of 28% cases were reported with non-diarrheal CD. Disturbed serological titers and biopsy findings are hallmarks of the disease.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Institutional Review Committee For Biomedical Research Uvas, Lahore, Pakistan. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Acknowledgments

The authors are thankful to the study participants and their guardians/next of kins for providing valuable information.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Lauret E, Rodrigo L. Celiac disease and autoimmune-associated conditions. BioMed Res Int. (2013) 2013:7589. doi: 10.1155/2013/127589

 2. Nardecchia S, Auricchio R, Discepolo V, Troncone R. Extra-intestinal manifestations of coeliac disease in children: clinical features and mechanisms. Front Pediat. (2019) 7:56. doi: 10.3389/fped.2019.00056

 3. Ascher H, Holm K, Kristiansson B, Mäki M. Different features of coeliac disease in two neighbouring countries. Arch Dis Child. (1993) 69:375–80. doi: 10.1136/adc.69.3.375

 4. Dowd B, Walker-Smith J. Samuel Gee, Aretaeus, and the coeliac affection. Br Med J. (1974) 2:45. doi: 10.1136/bmj.2.5909.45

 5. Lionetti E, Catassi C. New clues in celiac disease epidemiology, pathogenesis, clinical manifestations, and treatment. Int Rev Immunol. (2011) 30:219–31. doi: 10.3109/08830185.2011.602443

 6. Johnston S, Watson R, McMillan S, Sloan J, Love A. Coeliac disease detected by screening is not silent–simply unrecognized. QJM: J Assoc Physic. (1998) 91:853–60. doi: 10.1093/qjmed/91.12.853

 7. Jamma S, Rubio–Tapia A, Kelly CP, Murray J, Najarian R, Sheth S, et al. Celiac crisis is a rare but serious complication of celiac disease in adults. Clin Gastroenterol Hepatol. (2010) 8:587–90. doi: 10.1016/j.cgh.2010.04.009

 8. Murray JA, Watson T, Clearman B, Mitros F. Effect of a gluten-free diet on gastrointestinal symptoms in celiac disease. Am J Clin Nutr. (2004) 79:669–73. doi: 10.1093/ajcn/79.4.669

 9. Oxentenko AS, Rubio-Tapia A editors. Celiac Disease. Mayo Clinic Proceedings. Rochester: Elsevier (2019). doi: 10.1016/j.mayocp.2019.02.019

 10. Freeman HJ. Adult celiac disease in the elderly. World Journal of Gastroenterology: WJG. (2008) 14:6911. doi: 10.3748/wjg.14.6911

 11. Tortora R, Zingone F, Rispo A, Bucci C, Capone P, Imperatore N, et al. Coeliac disease in the elderly in a tertiary centre. Scand J Gastroenterol. (2016) 51:1179–83. doi: 10.1080/00365521.2016.1186222

 12. Singh P, Arora A, Strand TA, Leffler DA, Catassi C, Green PH, et al. Global prevalence of celiac disease: systematic review and meta-analysis. Clin Gastroenterol Hepatol. (2018) 16:823–36. doi: 10.1016/j.cgh.2017.06.037

 13. Singh P, Arora S, Singh A, Strand TA, Makharia GK. Prevalence of celiac disease in Asia: A systematic review and meta-analysis. J Gastroenterol Hepatol. (2016) 31:1095–101. doi: 10.1111/jgh.13270

 14. Javed F, Sattar F, Gill AA, Lodhi Y, Iqbal K, Nazir A. Clinical spectrum of celiac disease in children: experience from a public hospital in Pakistan. Annals of Punjab Medical College (APMC). (2019) 13:192–6. doi: 10.29054/apmc/2019.145 

 15. Asghar A, Zafar MH, Munir S. Frequency of celiac disease in patients presenting with nutritional anemia. Annals Punjab Med College (APMC). (2018) 12:151–3. doi: 10.29054/apmc/2018.135

 16. Qureshi SH, Qureshi SH, Shah FU, Shah SF, Qureshi AH. Frequency of Celiac Disease in anemic patients presenting at Federal Government Poly Clinic Hospital, Islamabad, Pakistan. Rawal Med J. (2020) 45:51–3. 

 17. Talpur MTH, Rehman S, Haider S, Sheikh QH, Jafri SM, Maheshwary N. Prevalence of celiac disease among patients presenting with iron deficiency anemia. Med Channel. (2017) 23:45. 

 18. Husby S, Koletzko S, Korponay-Szabó I, Mearin M, Phillips A, Shamir R, et al. European Society for Pediatric Gastroenterology, Hepatology, and Nutrition guidelines for the diagnosis of coeliac disease. J Pediatr Gastroenterol Nutr. (2012) 54:136–60. doi: 10.1097/MPG.0b013e31821a23d0

 19. Brambilla P, Picca M, Dilillo D, Meneghin F, Cravidi C, Tischer M, et al. Changes of body mass index in celiac children on a gluten-free diet. Nutrition Metabol Cardiovasc Dis. (2013) 23:177–82. doi: 10.1016/j.numecd.2011.10.002

 20. Smarrazzo A, Misak Z, Costa S, Mičetić-Turk D, Abu-Zekry M, Kansu A, et al. Diagnosis of celiac disease and applicability of ESPGHAN guidelines in Mediterranean countries: a real life prospective study. BMC Gastroenterol. (2017) 17:1–8. doi: 10.1186/s12876-017-0577-x

 21. Makharia GK, Verma AK, Amarchand R, Bhatnagar S, Das P, Goswami A, et al. Prevalence of celiac disease in the northern part of India: a community based study. J Gastroenterol Hepatol. (2011) 26:894–900. doi: 10.1111/j.1440-1746.2010.06606.x

 22. Welander A, Tjernberg AR, Montgomery SM, Ludvigsson J, Ludvigsson JF. Infectious disease and risk of later celiac disease in childhood. Pediatrics. (2010) 125:e530–e6. doi: 10.1542/peds.2009-1200

 23. Størdal K, White RA, Eggesbø M. Early feeding and risk of celiac disease in a prospective birth cohort. Pediatrics. (2013) 132:e1202–9. doi: 10.1542/peds.2013-1752

 24. Gatti S, Lionetti E, Balanzoni L, Verma AK, Galeazzi T, Gesuita R, et al. Increased prevalence of celiac disease in school-age children in Italy. Clin Gastroenterol Hepatol. (2020) 18:596–603. doi: 10.1016/j.cgh.2019.06.013

 25. Waheed N, Cheema HA, Suleman H, Fayyaz Z, Mushtaq I, Hashmi MA. Celiac crisis: a rare or rarely recognized disease. J Ayub Medical Coll Abbottabad. (2016) 28:672–5.

 26. Catassi C, Fasano A. Celiac disease as a cause of growth retardation in childhood. Curr Opin Pediatr. (2004) 16:445–9. doi: 10.1097/01.mop.0000133637.64414.20

 27. Boersma B, Houwen R, Blum W, Van Doorn J, Wit J. Catch-up growth and endocrine changes in childhood celiac disease. Hormone Res Paediat. (2002) 58(Suppl. 1):57–65. doi: 10.1159/000064771

 28. Cornean RE, Gheban D, Simionescu B, Margescu M. Celiac disease among adolescents. Poor growth and delayed puberty. Int J Celiac Dis. (2018) 2:52–7. doi: 10.12691/ijcd-6-2-1 

 29. Bona G, Marinello D, Oderda G. Mechanisms of abnormal puberty in coeliac disease. Hormone Res Pædiat. (2002) 57(Suppl. 2):63–5. doi: 10.1159/000058103

 30. Beniwal N, Ameta G, Chahar CK. Celiac disease in children with severe acute malnutrition (SAM): a hospital based study. Indian J Pediat. (2017) 84:339–43. doi: 10.1007/s12098-017-2300-x

 31. Mohindra S, Yachha S, Srivastava A, Krishnani N, Aggarwal R, Ghoshal U, et al. Coeliac disease in Indian children: assessment of clinical, nutritional and pathologic characteristics. J Health Popul Nutri. (2001) 204:8. Available online at: https://www.jstor.org/stable/23498861

 32. Kumar P, Mishra K, Singh P, Rai K. Should we screen children with severe acute malnutrition for celiac disease. Indian Pediatr. (2012) 49:330–1.

 33. Thapa B. Celiac disease: Indian experience. In: Nutrition in Children in Developing Countries. New Delhi: B.I Publications Pvt Ltd (2004). p. 355. 

 34. Argente J, Pozo J, Hernández M. The growth hormone axis in malnutrition. An Esp Pediatr. (1993) 39:173–80. 

 35. Maes M, Underwood L. Growth failure in chronic disease: pathophysiology and treatment. Int Semin Paediatr Gastroent Nutr. (1997) 6:3–7. 

 36. Fasano A, Catassi C. Current approaches to diagnosis and treatment of celiac disease: an evolving spectrum. Gastroenterology. (2001) 120:636–51. doi: 10.1053/gast.2001.22123

 37. Newton KP, Singer SA. Celiac disease in children and adolescents: Special considerations. In: Seminars in Immunopathology. Berlin; Heidelberg: Springer (2012). doi: 10.1007/s00281-012-0313-0

 38. Anania C, De Luca E, De Castro G, Chiesa C, Pacifico L. Liver involvement in pediatric celiac disease. World J Gastroenterol: WJG. (2015) 21:5813. doi: 10.3748/wjg.v21.i19.5813

 39. Buchanan R, Dennis S, Gendel S, Acheson D, Assimon SA, Beru N, et al. Approaches to establish thresholds for major food allergens and for gluten in food. J Food Prot. (2008) 71:1043–88. doi: 10.4315/0362-028X-71.5.1043

 40. Paul SP, Sandhu BK, Spray CH, Basude D, Ramani P. Evidence supporting serology-based pathway for diagnosing celiac disease in asymptomatic children from high-risk groups. J Pediatr Gastroenterol Nutr. (2018) 66:641–4. doi: 10.1097/MPG.0000000000001757













	 
	

	TYPE Original Research
PUBLISHED 08 September 2022
DOI 10.3389/fnut.2022.950338





Triglyceride glucose index and its combination with the Get with the Guidelines-Heart Failure score in predicting the prognosis in patients with heart failure

Su Han, Chuanhe Wang, Fei Tong, Ying Li, Zhichao Li, Zhaoqing Sun and Zhijun Sun*

Department of Cardiovascular Medicine, Shengjing Hospital of China Medical University, Shenyang, Liaoning, China

[image: image]

OPEN ACCESS

EDITED BY
Mohammad Alizadeh, Tabriz University of Medical Sciences, Iran

REVIEWED BY
Jun Gu, Shanghai Jiao Tong University School of Medicine, China
Süleyman Özbiçer, Adana City Training and Research Hospital, Turkey

*CORRESPONDENCE
Zhijun Sun, sunzj_99@163.com

SPECIALTY SECTION
This article was submitted to Nutritional Epidemiology, a section of the journal Frontiers in Nutrition

RECEIVED 01 June 2022
ACCEPTED 12 August 2022
PUBLISHED 08 September 2022

CITATION
Han S, Wang C, Tong F, Li Y, Li Z, Sun Z and Sun Z (2022) Triglyceride glucose index and its combination with the Get with the Guidelines-Heart Failure score in predicting the prognosis in patients with heart failure.
Front. Nutr. 9:950338.
doi: 10.3389/fnut.2022.950338

COPYRIGHT
© 2022 Han, Wang, Tong, Li, Li, Sun and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Background: Heart failure (HF) is associated with generalized insulin resistance (IR). Recent studies demonstrated that triglyceride glucose (TyG) is an effective alternative index of IR. However, the relationship between the TyG index and in-hospital mortality in patients with HF is unclear. In the present study, we aimed to clarify the association between the TyG index and in-hospital mortality in patients with HF.

Methods: A retrospective study consisting of 4,411 patients diagnosed with HF from 2015 to 2018 was conducted. All-cause mortality during hospitalization was the primary endpoint. The association between the TyG index and in-hospital mortality was assessed using the logistic regression analysis.

Results: The risk of in-hospital mortality was significantly associated with increased TyG index (OR: 1.886, 95% CI: 1.421–2.501, p < 0.001) under logistic regression with multivariable adjustment. When divided into three groups based on the TyG index, Tertile 3 demonstrated significantly higher in-hospital mortality than the other two Tertiles (OR: 2.076, 95% CI: 1.284–3.354, p = 0.001). Moreover, the TyG index improved the prediction efficiency of the Get with the Guidelines-Heart Failure (GWTG-HF) score (absolute integrated discrimination improvement = 0.006, p < 0.001; category-free net reclassification improvement = 0.075, p = 0.005). In subgroup analysis, the TyG index exhibited similar predictive performance of in-hospital mortality when groups were stratified based on type 2 diabetes mellitus (T2DM) and coronary artery disease (CAD).

Conclusion: TyG is a potential index for predicting in-hospital mortality in patients with HF, independent of T2DM or CAD status. The TyG index may be combined with the GWTG-HF score to further improve its predictive efficacy.
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heart failure, triglyceride glucose index, type 2 diabetes, prognosis, GWTG-HF risk score


Introduction

Heart failure (HF) is the end stage of many cardiovascular diseases, with high morbidity and mortality (1, 2). Due to the continuous development of oral drugs, the poor prognosis of HF has improved to some extent in recent years. However, poor prognosis remains the main cause of mortality in cardiovascular disease (3). Therefore, early risk stratification and accurate identification of high-risk patients with HF are essential for their effective management and treatment.

Insulin resistance (IR) is common in cardiovascular disease and has been established as a predictor of outcomes independent of type 2 diabetes mellitus (T2DM) status (4–7). As research has progressed, IR has been found to play a crucial role in the development of HF because of associated reductions in cardiac insulin metabolic signaling (8–10). To date, the closest approach to the gold diagnostic standard in IR is hyperinsulinemic–euglycemic clamp (11). However, the complexity of the test process limits its clinical applications. Based on the features of IR, hyperglycemia, and dyslipidemia, the triglyceride glucose (TyG) index was developed. TyG is calculated using fasting plasma glucose (FPG) and triglycerides, which are easily obtained by blood tests (12, 13). Numerous clinical studies indicated that TyG is significantly associated with IR obtained by the hyperinsulinemic–euglycemic clamp and even shows a better performance than the homeostasis model assessment of IR (HOMA-IR) in patients with and without diabetes (12, 13).

Previous studies primarily focused on the correlation between the TyG index and coronary artery disease (CAD; 6, 7). However, no study analyzed the predictive value of TyG for adverse events in HF patients with or without T2DM. Therefore, in this study, we aimed to explore the relationship between TyG levels and in-hospital mortality in patients with HF. Furthermore, we evaluated whether TyG could enhance the prediction efficiency of the Get with the Guidelines-Heart Failure (GWTG-HF) score.



Materials and methods


Study population and design

The current study population was based on a retrospective observational cohort study, which enrolled 5,126 consecutive patients with HF at the Shengjing Hospital of China Medical University (from January 2015 to December 2018). The diagnosis of HF was confirmed by symptoms (such as breathlessness, ankle swelling, and fatigue), signs (such as elevated jugular venous pressure, pulmonary crackles, and peripheral edema), echocardiography, and the results of laboratory tests as recommended by the modified Framingham criteria (14), including de novo HF or decompensation of chronic HF. HF with reduced ejection fraction was defined as left ventricular ejection fraction (LVEF) ≤ 40%, HF with mildly reduced ejection fraction as 41% ≤ LVEF ≤ 49%, and HF with preserved ejection fraction (HFpEF) as LVEF ≥ 50% (15). Patient data were recorded in a database set up specifically for this study. The TyG index was calculated according to the formula:

[image: image]

The GWTG-HF risk score was calculated based on seven previously reported indicators: systolic blood pressure, heart rate, age, sodium, blood urea nitrogen (BUN), history of chronic obstructive pulmonary disease, and race (16). Within 24 h of admission, fasting venous blood samples were collected from all the patients. FPG and triglyceride levels were measured by an enhanced immunonephelometric assay using an automated analyzer (AU5800; Beckman Coulter, Inc., Carlsbad, CA, United States) in the Shengjing Hospital core laboratory. All-cause in-hospital mortality was the primary endpoint.

The exclusion criteria were as follows: no availability of fasting triglyceride or FPG data, cardiogenic shock, chronic kidney failure with dialysis on admission and/or diagnosed liver disease, and hormone therapy before admission. The present study included 4411 patients with HF.

Patient selection is shown in the flow diagram in Figure 1. The participants were divided into two groups according to their in-hospital mortality. This study complied with the Helsinki Declaration and was approved by the Research Ethics Committee of Shengjing Hospital of China Medical University (IRB number: 2019PS594K).


[image: image]

FIGURE 1
Flowchart of participant selection.




Statistical analysis

All patients were divided into two groups according to in-hospital mortality. Continuous variables are expressed as mean ± standard deviation, or median and interquartile range, depending on whether or not they were normally distributed. The differences in continuous variables between groups were analyzed using Student’s t-test or the Kruskal–Wallis H test. Categorical variables are expressed as numbers and percentages (%). The differences in categorical variables between the groups were analyzed using the chi-square test or Fisher’s exact test. Predictors associated with the primary endpoint were analyzed using univariate and multivariate logistic regression analyses. TyG levels were considered to be a continuous variable. To further explore the association between TyG and in-hospital mortality, TyG was also analyzed as a categorical variable, with Tertile 1 as the reference group. The relationship between the TyG index and primary endpoint was given as an odds ratio (OR) with associated 95% confidence intervals (CIs). The predictive potential of the TyG index and TyG + GWTG-HF score was analyzed. In brief, the area under the curve associated with the primary endpoint through the receiver operating characteristic curve was calculated by the statistical software MedCalc (version 18.1.1; MedCalc Software, Ostend, Belgium; 17). Absolute integrated discrimination improvement (IDI) and category-free net reclassification improvement (NRI) were used to evaluate the improvement in predictive efficiency of the TyG + GWTG-HF score compared to the GWTG-HF score (18). The interaction was tested with a likelihood ratio test, and the ORs with associated 95% CIs were represented by a forest plot. Statistical analyses were performed using SAS (version 9.4; Statistical Analysis Software Institute, Inc., Cary, NC, United States), and statistical significance was set at a p-value < 0.05.




Results


General characteristics

A total of 4,411 patients with HF (mean age: 70.6 ± 12.6) were enrolled in our study, and 48.4% of patients were men. The mean length of hospitalization was 10.0 ± 6.2 days, and 187 (4.2%) patients died during hospitalization. The proportions of patients with HF with reduced ejection fraction, HF with mildly reduced ejection fraction, and HFpEF were 18.9, 40.1, and 41%, respectively. The baseline characteristics of the patients are summarized in Table 1. Patients with in-hospital mortality were likely to have a poor New York Heart Association (NYHA) grade, older age, high systolic blood pressure on admission, higher TyG index, higher GWTG-HF score, and a history of CAD. The patients who met in-hospital mortality also had higher creatinine, BUN, uric acid, N-terminal brain natriuretic peptide and cardiac troponin I levels, and lower hemoglobin, serum sodium, and albumin levels on admission than surviving patients. In terms of medications, the in-hospital mortality group had lower treatment rates with angiotensin-converting enzyme inhibitors (ACEI)/angiotensin receptor blockers (ARB)/angiotensin receptor-neprilysin inhibitor (ARNI), diuretics, and aldosterone antagonists (Table 1).


TABLE 1    Characteristics of subjects divided by in-hospital mortality, median (IQR), or N (%), or means ± SD.
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Ability of triglyceride glucose index to predict prognosis

Indicators of the primary endpoint identified by univariate analysis were also analyzed using multivariate analysis. Supplementary File 1 shows the univariate logistic analysis and the indicators related to in-hospital mortality: TyG index, age, sex, NYHA grade, systolic blood pressure, albumin, total bilirubin, BUN, creatinine, uric acid, hemoglobin, serum sodium, N-terminal brain natriuretic peptide, cardiac troponin I, LVEF, history of CAD, atrial fibrillation, smoking, and the use of ACEI/ARB/ARNI, beta-blockers, diuretics, or aldosterone antagonists.

Moreover, the logistic univariate analysis demonstrated that TyG, as a continuous variable, was associated with in-hospital mortality (OR: 1.266, 95% CI: 1.031–1.551, p = 0.024). Multiple adjustments for confounders did not attenuate this prediction (OR: 1.886, 95% CI: 1.421–2.501, p < 0.001) (Table 2). When patients were divided into three groups based on their TyG index, TyG remained a strong predictor of the primary endpoint. Using Tertile 1 (TyG index < 8.25) as a reference, multivariate analysis revealed that the TyG index in Tertiles 2 (8.25 ≤ TyG index < 8.78) and 3 (TyG index ≥ 8.78) increased the OR for in-hospital mortality in patients with HF (Tertile 2: OR 1.536, 95% CI 1.002–2.354, p = 0.049; Tertile 3: OR 2.076, 95% CI 1.284–3.354, p = 0.003) (Table 2) (The details of the multivariate analysis are shown in Supplementary Files 2, 3).


TABLE 2    Effects of multiple variables on clinical outcomes in univariate and multivariate analyses.
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Prognostic accuracy of triglyceride glucose and comparison of different parameters

Combining the TyG index and GWTG-HF score enhanced the predictive efficiency of the new model compared to that with the GWTG-HF score only (IDI = 0.006, p < 0.001; NRI = 0.075, p = 0.005) (Table 3).


TABLE 3    Comparisons of the predictive performance of GWTG-HF and TYG+GWTG-HF for the prognosis prediction.
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Relevant clinical indicators for in-hospital mortality such as age (< 65 vs. ≥ 65 years), ejection fraction (< 50% vs. ≥ 50%), sex (men vs. women), CAD (yes vs. no), and T2DM (yes vs. no) were evaluated using post hoc subgroup analysis. In subgroup analysis, we observed that a higher TyG index was significantly associated with an increased risk of in-hospital mortality after stratification by age, sex, CAD, and T2DM. However, the TyG index was less effective for predicting the endpoint in patients with HFpEF (Figure 2).
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FIGURE 2
Post hoc subgroup analysis of TyG index for the primary endpoint.





Discussion

The TyG level was found to be a potential independent index for predicting in-hospital mortality. Furthermore, when combined with the GWTG-HF score, the TyG index produced better prognostic efficiency than the GWTG-HF score alone. Additionally, a similar predictive performance was found when patients were stratified by CAD and T2DM, which indicates that the TyG index plays an important role in prediction, independent of T2DM or CAD status. Therefore, our study reveals a relationship between TyG and HF in the general population for the first time.

Insulin resistance is classically defined as the failure of insulin to promote its metabolic activity in organs and tissues, such as the liver, the skeletal muscle, and the adipose tissue (8, 9). In 2005, Ingelsson et al. reported that IR could predict HF incidence even when adjusted for established risk factors for HF (19). In their study, insulin sensitivity was measured using the euglycemic insulin clamp (20). Despite the improvements in accuracy from euglycemic insulin and hyperinsulinemic–euglycemic clamps, these complex procedures remain difficult to use in the clinic. In the ARIC study, Vardeny et al. utilized HOMA-IR, which was calculated using FPG and fasting insulin, to explore the relationship between IR and HF. They observed that lower levels of HOMA-IR (1.0–2.0) than previously considered were associated with an increased risk of HF (21). Other than FPG and insulin, the symptoms of IR may manifest as dyslipidemia due to its influence on the liver (5, 22). Based on glucotoxicity and lipotoxicity, TyG was developed as a potential index to represent IR. In previous studies, TyG has shown a good correlation with IR, better than HOMA-IR (12, 13). Wenqin et al. studied 546 HF patients with T2DM and demonstrated a positive correlation between the TyG index and prognosis (23). However, the predictive effect of the TyG index in patients with HF who are non-diabetic remains unclear. To the best of our knowledge, our study is the first to explore the prognostic value of the TyG index in patients with HF, independent of T2DM status. We observed that TyG is a potential independent index for predicting in-hospital mortality in patients with HF. Moreover, the TyG index showed good performance in patients who are non-diabetic with HF (interaction p = 0.283, Figure 2). This observation suggests that IR affects the prognosis of patients with HF independent of diabetes. To further explore the clinical conditions of patients, we performed a subgroup analysis. A similar predictive performance was found for the TyG index under CAD stratification (interaction p = 0.055, Figure 2). This result was supported by the ARIC study, indicating that the relationship between IR and HF is not mediated by an increased risk of CAD (21). Notably, the results of our subgroup analysis of LVEF differ from those of previous studies (24, 25). In a prospective study of HF patients with LVEF > 40%, Tamariz et al. reported that patients with metabolic syndrome had a worse prognosis at 2.6 years of follow-up than those without metabolic syndrome (26). In contrast, Zhou et al. studied 1,548 patients with HFpEF and found no differences in cardiovascular and all-cause mortality between groups with and without metabolic syndrome. This is consistent with the results of our subgroup analyses. The predictive efficiency of the TyG index was impaired in patients with HFpEF (Figure 2). This result may be related to the heterogeneous nature of HFpEF (27). Age, female sex, diabetes, hypertension, obesity, metabolic syndrome, and atrial fibrillation have been identified as classical risk factors for the development of HFpEF (28). Thus, interactions between these comorbidities may make it challenging to evaluate specific indicators of in-hospital mortality. In addition, the 95% CI for the TyG index in HFpEF was wide and included a potentially important effect size; therefore, further understanding of the pathophysiology of HFpEF and long-term follow-up studies may be required to assess the TyG index for patients with HFpEF.

In 2010, Peterson et al. set up the GWTG-HF score to predict adverse events in hospitals, and the points-scoring system has been widely utilized since the publishing of studies by Peterson et al., Suzuki et al., and Shiraishi et al. (16, 29, 30). We further explored whether TyG can enhance the predictive efficiency of the GWTG-HF score. Because the receiver operating characteristic analysis could not provide pertinent information about whether a combination of GWTG-HF score with a new index would enhance the accuracy of the model for predicting the risk of in-hospital mortality, we also conducted IDI and NRI to measure the incremental value (31, 32). In our study, both IDI and NRI demonstrated a significant improvement in the reclassification of in-hospital mortality by TyG + GWTG-HF vs. GWTG-HF alone (IDI = 0.006, p < 0.001; NRI = 0.075, p = 0.005) (Table 3).

Although the pathophysiology of IR in HF requires further research, the effect of the TyG index on patient prognosis may be related to known mechanisms. In conditions of IR, the myocardium utilizes free fatty acids and decreases glucose uptake and oxidation (33). Because glucose is a more efficient substrate than fatty acids, converting cardiac metabolism from glucose metabolism to fatty acid oxidation reduces cardiac efficiency. This metabolic disorder increases the predisposition to stress overload and ischemia. In addition to glucotoxicity and lipotoxicity, the dysregulation of neurohumoral factors, cytokines, and oxidative stress is the main cause of cardiac IR and impaired cardiac function (34). Furthermore, IR can lead to hyperinsulinemia, which is recognized as a factor that accelerates cardiac remodeling (35, 36). Hyperinsulinemia can also lead to the retention of sodium and the activation of the sympathetic nervous system, which contributes to HF (37, 38). Consequently, IR influences glucose and lipid metabolism, leading to a mismatch in energy needs, affecting neurohumoral factors, and causing HF progression.

The TyG index is simple to calculate and easy to obtain at the bedside. Therefore, it improves upon other IR prediction indicators and must be popularized. Monitoring the TyG index can better identify patients with a high risk of in-hospital mortality from HF, independent of T2DM and CAD status. Additionally, a new model consisting of the TyG index and GWTG-HF score can further enhance the predictive efficacy of GWTG-HF, potentially benefiting clinical practice.

The present study has some limitations. First, this was a retrospective study, and the causal relationship of the association between the TyG index and in-hospital mortality requires further confirmation through prospective studies. Second, because the TyG index was assessed only at admission without dynamic monitoring, we could not assess whether lowering the TyG index might improve patient prognosis. Finally, although we included as many clinically relevant variables as possible in the multivariate analysis, potential confounders likely remained.

In summary, TyG was a potential independent index for predicting in-hospital mortality in patients with HF, independent of T2DM or CAD status. The TyG index can further improve the predictive efficacy of the GWTG-HF score.
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Background: Inflammatory-related chronic diseases are increasing in Iran with high consumption of a diet containing pro-inflammatory potential and a sedentary lifestyle. The empirical dietary inflammatory index (EDII) was developed as a tool to assess dietary effects on systemic inflammation. We examined the hypothesis that specific dietary patterns reflecting systemic inflammation are associated with cardiorespiratory fitness (CRF) in Tehranian adults.

Methods: This cross-sectional study was carried out on 270 adults who are residents of Tehran. Dietary intake was assessed using a 168-item valid and reliable food frequency questionnaire. The EDII score was developed according to participant dietary intakes of 21-item pre-defined food groups. CRF was assessed by using a graded exercise treadmill test. Anthropometric measurements were assessed using standard methods. To discover the association between CRF and EDII, we used multivariable logistic regression analysis.

Results: Those who were in the third tertile of the EDII had 57% lower odds of having better VO2Max (ml/kg/min) than those in the first tertile (OR: 0.43; 95% CI: 0.16, 1.12, p = 0.01). There were no significant differences between tertiles of the EDII score in terms of VO2 (L·min) and VO2 (LBM) before and after adjusting for confounders. There was a significant decrease in VO2Max (ml/kg/min) across tertiles of the EDII after controlling for covariates (p-value = 0.04). There was a significant inverse association between the EDII score and VO2Max (ml/kg/min) (β = −0.35, p = 0.001).

Conclusions: Our finding demonstrated that a higher EDII might be associated with lower CRF in Tehranian adults. Prospective studies are needed to shed light on the causal link between the EDII and CRF.
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 empirically dietary inflammatory index, inflammation, cardiorespiratory fitness, VO2max, food-based dietary inflammatory index


Introduction

Chronic inflammation is a process in which inflammation develops slowly and lasts for a long period, ranging from months to years (1). An increase in inflammatory mediators such as C-reactive protein (CRP), tumor necrosis factor alpha (TNF-α), and interleukin 6 (IL6) is supposed to be associated with inflammation (2–4). Inflammation is a risk factor for chronic diseases such as cardiovascular diseases (CVDs), diabetes, and various cancers (5–7). Some research shows that cardiovascular diseases are one of the leading causes of mortality in adults older than 45 years (8). Also, there are numerous clinical investigations indicating that a strong association exists between low cardiorespiratory fitness (CRF) and the risk of mortality from cardiovascular disease (8–10).

CRF refers to the maximum capacity of the cardiovascular and respiratory systems to supply oxygen to skeletal muscles during activities such as exercise (10, 11). There are several studies available today which have examined the association between exercise and physical activity with inflammation, and their reports suggested that exercise has an anti-inflammatory role (12–14). Also, biological plausibility in the general population suggests that exercise has the potential to develop an acute and long-term anti-inflammatory phenotype (12, 14). The results of the study by Church et al. indicated that the level of CRF was inversely related to CRP levels in men (13).

According to studies, diet is one of the main determinants of inflammation (4, 15). Because of the interactions between food and micronutrients, the assessment of food intake is comprehensive when different food groups are examined together in the form of dietary patterns or food indexes. Dietary patterns or dietary indexes provide a more comprehensive assessment of an individual's diet than the approach of using single foods or nutrients to determine diet–disease associations (16, 17). It seems that the use of two different indicators (EDII and DII) to assess the inflammatory potential of the diet can cause differences in the results of different studies.

The two main indicators to describe the inflammatory potential of the diet include a literature-derived dietary inflammatory index (DII) and an empirical dietary inflammatory index (EDII) (15–18). The DII is essentially an a priori index focusing on the inflammatory potential of dietary nutrients (2), while the EDII is an a posteriori index focusing on the inflammatory potential of food groups, and this index appears to provide a new dimension of the inflammatory potential of the whole diet of individuals (15–17). According to the results of a meta-analysis of 17 related studies published in 2018, a higher DII increased the risk of CVD by about 35% and also showed a higher risk for all-cause CVD and cancer death (19). Recently, data from three large prospective cohort studies in the United States using the EDII showed that a higher incidence of CVD, CHD, and stroke was significantly associated with dietary patterns with higher inflammatory potential (20). On the other hand, Tabung et al. indicated that in contrast to the EDII, which is based on the food groups, the DII is a nutrient-based indicator and is strongly influenced by the consumption of nutritional supplements by individuals (15).

Given that Iran is a country with an increasing rate of several inflammatory diseases, we designed this cross-sectional study to investigate whether the inflammatory potential of diet (using the EDII to achieve a new dimension of results in the inflammation of food groups) is related to cardiorespiratory readiness in Tehranian adults.



Methods


Study population

This is a cross-sectional study in which 270 apparently healthy (118 males and 152 female) adults aged between 18 and 45 years living in Tehran from February 2017 to December 2018 with a mean age of 36.77 ± 13.19 years and an average BMI of 62.25 Kg/m2 were recruited by using the convenience sampling method. Based on the previously calculated correlation coefficient between the dietary pattern and cardiorespiratory fitness (21), our target number of subjects was 256 [([image: image] /r) = 256, where α = 0.05, 1–β = 0.95, and r = 0.34]. To compensate for the potential exclusion of participants due to under- and overreporting of total energy intake, or attrition due to other reasons, the final sample size of 270 participants was selected for inclusion. The inclusion criteria were age range of 18–45 years, being healthy, desire to participate in the study, and being residents of Tehran. Some people were excluded from the study who had a dietary intake of less than 800 kcal/d or more than 4200 kcal/d, infectious conditions, and active inflammatory diseases; who were pregnant and lactating; or who used drugs such as hormonal drugs or sedatives, as well as people who used any supplements for weight loss such as caffeine and green tea supplements and conjugated linoleic acid (CLA).



Ethical considerations

In this study, written consent was obtained from all participants to participate in the study. Also, all methods were based on the Helsinki guideline and ethical standards of the Tehran University of Medical Sciences (TUMS.VCR.REC.1396.4085), which approved the protocol and the form of informed consent.



Data collection

Participants' lifestyle information including age, gender, cardiovascular disease (yes or no), respiratory disease (yes or no), and smoking (yes or no) was collected through a self-administered questionnaire. Participants' physical activity was also evaluated using the Iranian version of the International Physical Activity Questionnaire (IPAQ) (22). Then, the participants were grouped into three categories: very low (< 600 MET-minute/week), low (600–3000 MET-minute/week), and moderate and high (> 3000 MET-minute/week) (23).



Anthropometric measures and body composition

Body weight was measured in the participants while wearing light clothes to the nearest 0.1 kg by using a Seca scale. Participants' height was first measured by using a stadiometer (Seca, Germany), and their waist circumference (WC) was measured by placing a non-stretch tape measure in the middle of the last rib to just above the hipbones, and hip circumference (HC) was measured around the widest portion of the buttocks. By dividing the WC (cm) by the HC (cm), the waist-to-hip ratio (WHR) was obtained, and by dividing the weight (kg) by height (square meter), the body mass index (BMI) was calculated. The participants' body composition was assessed using InBody 720 (Biospace, Seoul, Korea). The participants were required to follow the following conditions before the measurements: not consume any foods for at least 4 hours, at least 2 liters of water consumption the day before, at least 8 h without physical activity, and at least 12 h without coffee or alcoholic beverages and also at least 24 h without using diuretics before the assessment.



Cardiorespiratory fitness

CRF is an important test of physical fitness measurements which is related to the maximum oxygen consumption (VO2Max). According to the gold standard, VO2Max is the best indicator of CRF and is measured by graded treadmill exercise tests. The participants were asked to accomplish a graded exercise protocol until exhaustion while they could breathe through a respiratory gas analyzer mask. The graded exercise test constitutes of seven steps with different treadmill settings, starting from 1.7 mph speed with 10% gradient. The speed and gradient of the treadmill are elevated every 3 minutes and the next step begins. The test was terminated when the subject was not able to keep exercising because of tiredness, pain, or any other medical symptom. Respiratory gases were analyzed by MetaLyzer3B during the test. Criteria used were as follows: (1) the respiratory exchange ratio and maximum heart rate reached 1.1 and (220_age) respectively. (2) The participant not to able to continue requested test interruption. CRF was measured with L/min, ml/min/kg body weight units. The resting metabolic rate (RMR) was measured by MetaLyzer3B and bioelectrical impedance analysis.



Dietary assessment

Participants' dietary intakes were evaluated by trained nutritionists through face-to-face interviews using a valid, reliable, semi-quantitative 168-item food frequency questionnaire (FFQ) (24). This questionnaire reported the consumption of each food item on a daily, weekly, or monthly basis during the last year, and then these data were converted into daily consumption. Finally, all foods were analyzed in terms of their energy content using modified Nutritionist IV software prepared for Iranian food (version 7.0; N-Squared Computing, Salem, OR, USA).

We used the method introduced by Tubong et al. to calculate empirically derived daily and meal-based DII (EDII) (25). For this purpose, we used our dataset including 522 Tehranian people aged 18–70 years, in which foods and food groups contributing to systemic inflammation were explored. In that study, low-grade systemic inflammation was evaluated by measuring circulating high-sensitive C-reactive protein (hs-CRP) concentrations. Dietary intake was evaluated by using a food frequency questionnaire, and then foods were classified into 24 food groups. Major dietary patterns were identified through factor analysis, and accordingly, three major dietary patterns including Western, healthy, and traditional dietary patterns were identified. By applying multiple linear regression analysis, a positive association between the Western dietary pattern and levels of hs-CRP, as well as a negative association between healthy and traditional dietary patterns and hs-CRP concentrations was identified (data not shown). Thus, eight food groups contributing to the Western dietary patterns including eggs, snacks, nuts, mayonnaise, salt, processed meat, and fried potato were considered pro-inflammatory, and 16 food groups contributing to healthy and traditional dietary patterns including vegetables, canned fish, grains, olive, fruits, fishes, bread, high-fat dairy, low-fat dairy, legumes and soy, organ meat, boiled potato, oil and butter, coffee, pickles, and sweets and dessert were considered anti-inflammatory. Then, the average daily intakes of pro- and anti-inflammatory food groups for each participant were multiplied by their given factor loadings. The overall EDII score for each participant was computed by summing up the score of each 24 pro- and anti-inflammatory food groups. Finally, the EDII score was divided by 100 to reduce the magnitude of the score. A higher EDII score (more positive) indicates a more pro-inflammatory diet, and a lower EDII score (more negative) indicates a less pro-inflammatory diet.



Statistical analysis

All the participants were grouped based on tertiles of the EDII. We used one-way ANOVA for quantitative data and chi-square tests for qualitative data, to compare general characteristics across EDII tertiles. The analysis of covariance (ANCOVA) was performed to assess the association between the EDII score with dietary intakes of the study participants after adjusting for potential confounders. The first tertile was considered the reference group. To evaluate the association between VO2Max, VO2 (L·min), and VO2 (LBM) across tertiles of the EDII, we used multiple linear regression analysis after adjustment for covariates such as age, sex, smoking, physical activity, body mass index, and energy intake. To find the association between the EDII with high/low CRF, we used multivariable logistic regression analysis. In the first model, we adjusted for energy intake, age, and sex. In the second model, we controlled for the confounding impact of more confounders such as age, sex, smoking, physical activity, cardiovascular disease, respiratory disease, and energy intake. In the last model, we adjusted all the variables adjusted in the second model along with the body mass index. The overall trend of odds ratios across tertiles of the EDII was calculated by considering the median of the EDII in each tertile as a continuous variable. All statistical analyses were performed with the Statistical Package for Social Sciences (SPSS) for Windows 25.0 software package (SPSS, Chicago, IL). The level of statistical significance was defined at p < 0.05.




Results

General characteristics of the participants based on tertiles of the EDII are shown in Table 1. The participants' mean age was 36.7 ± 13.1 years, and their mean BMI was 25.6 ± 4.67. A total of 270 apparently healthy (117 male and 153 female) participants were included in our study. There was no significant difference among the mean of systolic blood pressure, smoking status, physical activity, CVD, and respiratory disease across the tertiles of the EDII. The mean of diastolic blood pressure, WC, weight, BMI, fat-free mass (F00FM), and fat mass (FM) showed a significant increase from the first tertile to the third tertile of EDII (p < 0.001 for all).


Table 1. General characteristic of participant according to the tertile of EDII.
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Table 2 shows the dietary intakes of the study participants according to tertiles of the EDII. The intake of refined grains, vegetables, soft drinks, mayonnaise, eggs, and pickles was higher in the top tertile of the EDII than in the first tertile. By contrast, the participants consumed fewer dairy products (high-fat and low-fat dairy), fish, fruits, and juices in the top tertile of the EDII than in the first tertile.


Table 2. Dietary intakes of the study participants according to the tertile of EDII.
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Table 3 indicates the multivariate-adjusted means of CRF across tertiles of the EDII. In the crude model, we observed that there was a significant reduction in VO2Max (ml/kg/min) across tertiles of the EDII. After adjusting for potential confounders (age, sex, smoking, physical activity, cardiovascular disease, respiratory disease, BMI, and energy), the relationship remained unchanged (p-value = 0.04). There was no significant difference in terms of VO2Max (L·min) and VO2Max (LBM) among tertiles of the EDII. After controlling for covariates, these associations remained non-significant.


Table 3. Multivariate adjusted means for CRF across tertiles of EDII.
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Multivariate adjusted odds ratios and 95% confidence intervals for having better CRF across tertiles of the EDII are presented in Table 4. In the crude model, although those who were in the third tertile of the EDII were less likely to have better VO2Max (ml/kg/min) [OR= 0.81; CI95%: 0.39, 1.68] than those in the first tertile, there was no association between a higher EDII and VO2Max (ml/kg/min) (p = 0.07) after adjusting for age, sex, smoking, physical activity, cardiovascular disease, respiratory disease, and energy intake; also, this result remained non-significant.


Table 4. Odds ratios (ORs) and 95% confidence intervals (95% CIs) for CRF according to tertiles of EDII.
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The linear associations between the EDII score and CRF are shown in Table 5. VO2Max (ml/kg/min) had no significant linear association with EDII (β = −0.11, p = 0.33). Moreover, after controlling for covariates, these associations changed to significant (β = −0.35, p = 0.001).


Table 5. Multiple regression analysis models exploring the association of EDII with CRF.
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Discussion

Overall, we found that higher adherence to a diet containing higher pro-inflammatory potential may be associated with less Vo2Max (ml/kg/min), and there is an inverse association between the EDII and Vo2Max (ml/kg/min).

Cardiorespiratory fitness reflects the ability of cardiovascular and respiratory systems to transport oxygen to skeletal muscle mitochondria for energy production needed during physical activity (26). CRF is an important criterion for our mental and physical health and is affected by various factors such as age, genetics, body composition, gender, lifestyle, and the inflammatory potential of the diet (8, 26, 27). Recently, researchers have been using the EDII, instead of the DII, to measure the inflammatory potential of diet (20). The EDII is based on food groups, while the DII focuses on dietary nutrients (15).

Most available studies have used the nutrient-based DII score to assess the inflammatory potential of the diet, and they assessed the association of the DII score with various diseases, including cardiovascular disease (CVD), cancer, metabolic syndrome (Mets), and respiratory disease (2, 4, 28–30). According to the results of a prospective study, there was a positive association between the EDII and the risk of Mets in adults (16). They showed that a lower level of HDL-C and a higher level of FBG and WC were associated with a higher EDII score (16). They also indicated that there is no association between the EDII with hypertriglyceridemia and hypertension (16), while Camargo-Ramos et al. demonstrated that an increased inflammatory potential of the diet was inversely associated with an improved cardiometabolic profile, higher HDL-C, and lower Hb1Ac (31). In a 2017 study, Tabung et al. evaluated the validity of the EDII in two independent groups of men and women and found that the EDII significantly predicted the concentration of inflammatory markers (15). Also, the study of Li et al. showed that the EDII in large sample size has a positive relationship with inflammatory markers such as CRP, interleukin 6, and TNFα-R2 (20).

In a study by Wood et al., it was suggested that the Western diet may lead to systemic inflammation and subsequent inflammation of the airways and respiratory problems (32). By contrast, components of anti-inflammatory diets can have protective effects on the respiratory system in both adults and children (29, 33). Another case–control study by Wood et al. in 2015 on the adult population showed that the DII score was correlated with a systemic inflammation increase and less lung function. Each unit increase in the DII score can increase the risk of asthma by 70%. It also can reduce forced expiratory volume in 1 s by 3.44% (30).

On the contrary, some studies reported no association between the DII score and metabolic syndrome in young adults (34, 35). The results of a study by Christensen et al. in 2019 also showed a significant negative correlation among cardiorespiratory fitness, visceral fat, body fat, dietary fat, polyunsaturated and saturated fat, and CRP level (36). However, there was no association between the dietary inflammatory index and the CRP level in cancer survivors (36). Also, in a study by Asadi et al. on a middle-aged Iranian population, it was shown that there was no significant relationship between the DII and total cardiovascular disease, myocardial infarction, stable angina, or unstable angina (28).

The possible mechanisms by which an anti-inflammatory diet can reduce chronic disease or improve cardiorespiratory fitness are unclear. Despite this, it has been hypothesized that unhealthy dietary patterns with pro-inflammatory effects are associated with an innate immune response (increased production of pro-inflammatory cytokines and decreased production of anti-inflammatory cytokines). This eventually causes chronic inflammation and ultimately increases the risk of endothelial dysfunction, metabolic syndrome, cardiovascular disease, and cancer (27, 31).

Contradictory results of studies on the factors affecting CRF include different demographic characteristics of participants, other aspects of diet such as acidity and carcinogenic potential of the diet, different study design, different confounding factors, and the use of two different indicators to assess the inflammatory potential of the diet.

There are strengths in our study. The present study is the first Iranian study that examined the more complete EDII to evaluate the inflammatory potential of diet and its relationship with CRF and its components. We have used the valid 168-item FFQ that have been prepared to estimate the Iranian eating habits. In addition, we adjusted several important confounders, which could affect our results. Finally, using the EDII, instead of the DII, refers to the inflammatory potential of foods in the participants' diet. In addition, the use of an inflammatory index based on dietary groups can facilitate the recommendations of the anti-inflammatory diet by nutritionists. Also, unlike the DII, the EDII is not affected by the use of dietary supplements, which is a good advantage in clinical trials. However, the cross-sectional study we conducted has some limitations, which should be addressed in future studies. First, the study design was cross-sectional, which makes the conclusion of causality difficult. Second, we used the FFQ as a standard instrument to assess long-term dietary intake; however, estimates of food consumption from the FFQ are not precise, and there is always a probability of measurement error, although our FFQ was validated to have reasonably high validity (37). Third, the limited number of participants may have caused diminished statistical power in multivariable analyses.

Eventually, cardiorespiratory fitness appears to be affected by a variety of diet-related factors, including carcinogenicity of the diet and high acidity of the food (38–40). Although other dietary indicators, such as the alternate healthy eating index (AHEI), Dietary Approaches to Stop Hypertension (DASH), and Alternate Mediterranean Diet Score (AMED), assess the overall quality of the diet (41), the EDII specifically focuses on the potential of the diet to aid in chronic inflammation (15, 20). In this study, we only assessed the inflammatory aspect of the diet, but in future, more comprehensive studies with more detailed designs are needed.



Conclusion

In summary, we found that a higher empirical DII is associated with increased VO2Max after adjusting for confounding variables. The importance of following a healthy diet with a lower inflammatory index and having higher CRF should be considered as part of a healthy lifestyle approach, and longitudinal studies are needed to confirm our findings.
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Objective: To explore the association between Visceral Adiposity Index (VAI) and kidney stones in an American adult population.

Materials and methods: National Health and Nutrition Examination Survey (NHANES) datasets from 2007 to 2018 were used. Participants aged ≥20 years who reported kidney stone history and VAI were included. Weighted proportions, multivariable analysis, generalized additive model (GAM), and spline smoothing were used to evaluate the associations between VAI and kidney stones by adjusting gender, age, race, education, marital status, poverty income ratio, smoking, alcohol, high blood pressure, diabetes, congestive heart failure, cancer, vigorous activity, moderate activity, HEI2015 total score, and energy.

Results: Totally 13,871 American adults were included. All the participants were divided by the VAI into four groups according to the quartile: Q1 (11.96–42.89), Q2 (42.90–74.45), Q3 (74.45–131.43), and Q4 (131.45–611.34). The mean ± standard deviation of the VAI in the four groups were Q1 (29.07 ± 8.22), Q2 (57.53 ± 8.81), Q3 (99.52 ± 16.25), and Q4 (225.92 ± 95.83). In the fully adjusted multivariable model, VAI was positively correlated with urolithiasis [odds ratio (OR) = 1.001; 95% confidence interval (CI) 1.000–1.001]. Compared with the first quartile of VAI, the population in the fourth quartile of VAI had a higher prevalence of kidney stones (OR = 1.329; 95% CI 1.104–1.600). Subgroup analysis detected no significant interaction effect after adjusting for covariates.

Conclusion: The value of VAI is positively correlated with the prevalence of kidney stones, which suggest VAI can be used to assess the potential risk of the prevalence of kidney stones.

KEYWORDS
VAI, NHANES, kidney stones, association, cross-sectional analysis


Introduction

Urinary calculi are relatively common in urinary system–related diseases. The incidence of urinary calculi is about 1–20% and increases year by year (1). Survey data from eight countries show that the annual incidence of kidney stones is about 114/100,000–720/100,000, and the prevalence is about 1.7–14.8% (2). Unfortunately, the causes for the high incidence and recurrence rates of urinary calculi are not clear yet, which indirectly leads to difficulties in the prevention and treatment of urinary calculi. The kidney as an important organ in the body retains or excretes most of the body’s metabolites through the filtration and reabsorption function of renal tubular epithelial cells. Disorders of metabolic balance in the body and damages to renal tubular epithelial cells caused by local accumulation of metabolites may be important causes for the formation of urinary calculi (3).

With the changes in dietary structure and daily lifestyle, obesity has gradually become a major problem that plagues human health. Obesity not only brings about body fat accumulation and affects body appearance but also can cause visceral fat accumulation and affect the functions of the corresponding organs. Obesity is related to most of the chronic diseases in the body and is a risk factor for hyperuricemia (4). In addition to relevant cardiovascular diseases caused by obesity, excessive body fat accumulation may increase uric acid production in the serum and inhibit its excretion, eventually leading to uric acid metabolism disorder and affecting kidney function (5). The obesity-caused changes in body mass index (BMI) and waist circumference are positively associated with the risk of kidney stone hospitalization, and the enlarged waist circumference is an independent risk factor for increased risk of kidney stone hospitalization (2).

Visceral Adiposity Index (VAI), a new index used to assess the visceral fat level, is used clinically to assess organ fat. VAI evaluates visceral fat levels by combining waist circumference, BMI, triglycerides, and high-density lipoprotein (6). VAI is closely related to hyperuricemia regardless of the type of metabolic obesity (5). In patients with type 2 diabetes, VAI is also connected with urinary albumin. Compared with the triglyceride/high-density lipoprotein-cholesterol (TG/HDL-c) ratio, VAI has a similar predictive power for the risk of albuminuria (7). VAI is a fast and reliable indicator for evaluating early kidney injury in patients with type 2 diabetes (8). Studies have reported that VAI is also strongly associated with CKD and BPH (9, 10).

The calculation of VAI includes TG, WC, HDL, and BMI. These components are closely related to metabolism, and these components or metabolism are closely related to kidney stones (2, 11). As a comprehensive index containing these components, VAI is closely related to metabolism. Nevertheless, there is limited evidence about the relationship between VAI and kidney stones. Therefore, we investigated the association between VAI and nephrolithiasis by analyzing National Health and Nutrition Examination Survey (NHANES) cross-sectional data. We hypothesize that lower VAI is associated with a lower prevalence of kidney stones.



Materials and methods


Study design and participants

The NHANES conducted by the Centers for Disease Control and Prevention (CDC) is a research project that evaluates the health and nutritional status of Americans participating in the survey through interviews, examinations, and laboratory research. The design, data collection procedures, sample weights, and informed consents are elaborated at the National Center for Health Statistics (NCHS), from which related data are publicly available (12).

We extracted data from the NHANES database at 6 consecutive periods from 2007 to 2018 (the period from 1999 to 2006 that did not include issues such as urinary stones or visceral fat assessment was excluded). We initially selected 59,842 participants and included 34,770 participants over the age of 20 years. First, after pregnant participants (n = 372) and participants with incomplete kidney stone questionnaires (n = 91) were excluded, there were 34,307 participants left. Then by removing those with empty VAI (n = 20,155), 14,152 participants were left. Finally, 13,871 participants were included for analysis after removing outliers (less than 1% and more than 99% of data were treated as outliers). All six consecutive periods of NHANES research projects included were approved by the Research Ethics Review Committee of NCHS.



Outcome and exposure factor

The main outcome indicator was whether the participant had urinary calculi. By limiting the research time between 2007 and 2018, we screened out the questionnaires related to urinary calculi in the NHANES system that had answer “Yes” to the question “Have you/Has sample person (SP) ever had kidney stones.”

The major exposure factor was the VAI, and its value was used as the primary variable. VAI was calculated based on the sex-specific mathematical model: VAI = [image: image] for women, and VAI = [image: image] for men (13). The values of VAI calculated thereby are listed in Table 1. The VAI mainly reflects the visceral fat content of the body. A higher VAI means a larger visceral fat content and predicts a higher incidence of cardiovascular diseases.


TABLE 1    Characteristics of participants divided by quartile of VAI: NHANES 2007–2018.*†
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Covariates

To make the association between kidney stones and VAI robust, we adjusted the following covariates: age, gender, race, marital status, education, poverty income ratio (PIR), smoking, alcohol; vigorous activity, moderate activity, HEI2015 total score, energy, and some self-reported medical conditions (all classified as yes/no). Age was categorized as 20–34, 35–49, 50–64, and >65 years. Races included Mexican American, other Hispanic, non-Hispanic white, non-Hispanic black, and other races. PIR was set at ≤1.3, >1.3 and ≤3.5, >3.5. Smoking was classified as <100 or ≥100 cigarettes in life. Alcohol drinking was defined as <12 or ≥12 alcohol drinks per year. Marital status was divided into married, widowed, divorced, separated, never married, and living with a partner. Education level included less than 9th grade, 9th–11th grade, high school graduate, some college, and college graduate or above. The medical conditions included diabetes, high blood pressure (HBP), congestive heart failure (CHF), and cancer. Dummy variables were used to indicate missing covariate values for variables with more than 2% missing data.



Statistical analyses

In NHANES, sampling weights are often used to account for more complex study designs. The interview and test weights recommended by the CDC guidelines1 were used (12, 14–16). Continuous variables were presented as mean ± standard deviation (SD), while categorical variables were expressed as proportions. Analytical comparisons were performed using a weighted t-test and Chi-square test.

The association of VAI with nephrolithiasis was analyzed using logistic regression models with or without adjustment for various potential confounders. Model 1 was not adjusted. Model 2 was adjusted for age, gender, and race. Model 3 was adjusted for gender, age, race, education, marital, PIR, smoking, alcohol, HBP, diabetes, CHF, cancer, HEI2015 total score, energy, vigorous activity, and moderate activity. To better explore the association between VAI and kidney stones, we conducted multivariable logistic regression with VAI as a continuous and categorical variable (divided into quarters). The trends were estimated by treating VAI quartiles as a continuous variable. We treated less than 1% and more than 99% of data as outliers and excluded. Then, we further analyzed whether there was a nonlinear association between VAI and the risk of kidney stones by using generalized additive model (GAM) and curve fitting. If yes, a two-piecewise linear regression model was conducted to calculate the threshold effect of the VAI on kidney stones in terms of the smoothing plot and used a recursive method to automatically calculate the infection point, where the maximum model likelihood was used. Finally, subgroup analyses were performed using hierarchical logistic regression models for all potential confounders listed in the baseline table.

We used the statistical software packages R2 (the R Foundation) and EmpowerStats3 (X&Y Solutions Inc.) in all analyses. Two-tailed p values <0.05 were considered significant.




Results


Baseline characteristics

A total of 13,871 American adults were included, and divided into four quartiles according to VAI: Q1 (11.96–42.89), Q2 (42.90–74.45), Q3 (74.45–131.43), and Q4 (131.45–611.34). The mean ± SD of the VAI in the four groups are Q1 (29.07 ± 8.22), Q2 (57.53 ± 8.81), Q3 (99.52 ± 16.25), and Q4 (225.92 ± 95.83). Table 1 shows the baseline characteristics of different VAI groups. According to the VAI categories, kidney stones ever accounted for 6.78, 9.21, 11.29, and 12.61% in groups Q1, Q2, Q3, and Q4, respectively.



Multivariate regression analysis

The multivariate regression analyses with different adjustments for the effect of confounders on the correlation showed that VAI was positively correlated with kidney stones in model 1 [OR (95%CI) = 1.002 (1.001–1.003)], model 2 [1.002 (1.001–1.002)], and model 3 [1.001 (1.000–1.001)]. Besides, compared to Q1, the participants in group Q4 (131.45–611.34) had a significantly increased risk of developing kidney stones in model 1 [1.879 (1.589–2.222)], model 2 [1.1.644 (1.384–1.953)], and model 3 [1.329 (1.104–1.600)]. P for trend in all three models was less than.05 (Table 2).


TABLE 2    Association of VAI with kidney stones.
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Nonlinear analysis

The association between VAI and kidney stones was investigated by using GAM, smooth curve fitting, and piecewise linear regression (Table 3 and Figure 1). Figure 1 demonstrated the results of the fully adjusted model. We treated less than 1% and more than 99% of data as outliers and excluded. The plotting revealed that VAI and kidney stone incidence were under a curve relationship. With the increase of VAI, the risk of developing nephrolithiasis increased parabolically and leveled off gradually after VAI reached a certain value. Then, we further conducted piecewise linear regression to find the point of infection (Table 3). When VAI was <75.130, each unit increase in VAI increased 5‰ risk of developing kidney stones [1.005 (1.001–1.009)]. When VAI was >75.130, the risk of kidney stones was steady [1.000 (1.000–1.001)]. P for likelihood-ratio test was less than 0.05. These results indicate that the association between VAI and kidney stones is nonlinear.


TABLE 3    Results of binary logistic regression and piecewise linear regression.*
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FIGURE 1
Smooth curve fitting of kidney stones and VAI Smooth curve fitting was performed using GAM to explore the association between kidney stones and VAI.




Subgroup or interaction analyses

According to the piecewise linear regression analysis, when VAI was <75.130, VAI was positively correlated with the risk of kidney stones (p = 0.0084) and the relationship was approximately linear. We performed subgroup and interaction analyses with VAI as a categorical variable (divided into quarters), for the part of VAI < 75.130, with model 3. The plotting uncovered that in subgroup analysis, compared Q4 with Q1, no significant interaction effect was detected after adjusting for covariates (Figure 2). Same results were found in models 1 and 2 (Supplementary Figures 1, 2).


[image: image]

FIGURE 2
Stratified logistic regression analysis to identify variables that modify the correlation between VAI and kidney stones A subgroup and interaction analyses with VAI as a categorical variable (divided into quarters), for the part of VAI <75.130, compared Q4 with Q1. Adjusted for gender, age, race, poverty income ratio, education, marital status, smoking, alcohol, vigorous activity, moderate activity, diabetes, HBP, CHF, cancer, energy, and HEI2015 total score. The model is not adjusted for the variable itself in each stratification.





Discussion

We investigated the association between VAI and the risk of developing kidney stones by analyzing large population data in NHANES. Results demonstrate that kidney stones are closely related to VAI, showing a positive correlation. In other words, higher VAI was associated with a higher prevalence of kidney stones. For those with VAI <75.130, each unit increase in VAI is associated with a 5‰ increase in the risk of kidney stones. For those with VAI >75.130, however, increasing VAI shows a trend toward an increased risk of kidney stones, although not significant. Therefore, we present a close relationship between the increase in VAI and the higher risk of kidney stones. VAI may be a practical indicator for clinical assessment of the risk of kidney stones.

As an indicator of the visceral fat level in the body, VAI can more accurately assess the visceral fat content, which is closely related to the health status of most human bodies. Visceral fat accumulation indirectly reflects the abnormality of matter and energy metabolism in the body. Compared with indicators such as BMI and WC, VAI has a stronger predictive ability for metabolic disorders (5). Reportedly, VAI has the potential value of identifying metabolic disorder syndromes (17). VAI even plays an important role in assessing ED, lung function, cardiovascular diseases, diabetes, chronic kidney disease (CKD), and the degree of hepatic steatosis (10, 13, 18–21).

Kidney stones are a multifactorial disease. Reportedly, disturbance of Ca2+ level in the body caused by abnormal parathyroid function can exacerbate the formation of kidney stones (22, 23). In addition to the above factors, metabolism plays an important role in the formation of kidney stones. Some scholars believe that diet structure and diet type are inseparable from the formation of kidney stones. Adhering to normal BMI, drinking enough water, eating more fruits and vegetables, eating more low-fat dairy products and adequate calcium intake, avoiding regular sugar-sweetened beverages, and maintaining a healthy lifestyle all can help reduce the incidence of kidney stones rate over 50% (24). Metabolic syndrome, characterized by various metabolic disorders in the body, can increase urinary calcium, uric acid, and oxalate excretion, and reduce urinary citrate excretion, leading to the formation of calcium oxalate and uric acid stones (25–27). Obesity is often a manifestation of abnormal lipid metabolism in the body, and a higher proportion of fat is positively associated with a higher risk of kidney stones in both men and women (28, 29). At the same time, different lipoprotein levels in the body affect different stone types, such as the significant prevalence of uric acid stones caused by high-density lipoprotein and triglyceride levels (11). Animal experiments show that peritubular fat accumulation can increase the accumulation of local pro-inflammatory adipocytokines and macrophages, thereby increasing the formation of kidney stones (30). In addition, the formation of kidney stones was significantly increased in a mouse model after the lipid metabolism-related protein fatty acid binding protein 4 (FABP4) was knocked out (31).

Due to the high prevalence and recurrence rates, kidney stones have brought enormous economic pressure to the health prevention and treatment system. Problems such as renal colic and renal function damage that accompany kidney stones have greatly challenged human health. Therefore, the prevention of kidney stones is an indispensable part of the current health prevention and treatment system. This study is based on a large population-based analysis of the association between VAI and kidney stone prevalence. Results show a certain relationship between VAI and the prevalence of kidney stones, which theoretically supports the use of VAI to assess the potential risk of developing kidney stones in the body. However, the study still has certain limitations. First, due to the cross-sectional study design, we cannot draw a causal relationship between VAI and kidney stone prevalence. Furthermore, despite the adjustment for some potential confounders, we still cannot completely rule out the confounding caused by some unknown variables.



Conclusion

Visceral Adiposity Index is inversely associated with the prevalence of kidney stones, suggesting that maintaining a lower VAI is related to a lower risk of kidney stones. VAI may be a practical indicator for clinical assessment of the risk of kidney stones. Nevertheless, more high-quality prospective studies are needed to clarify the underlying mechanism between VAI and nephrolithiasis.
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SUPPLEMENTARY FIGURE 1
Stratified logistic regression analysis to identify variables that modify the correlation between VAI and kidney stones. A subgroup and interaction analyses with VAI as a categorical variable (divided into quarters), for the part of VAI <75.130, compared Q4 with Q1. Not adjusted.

SUPPLEMENTARY FIGURE 2
Stratified logistic regression analysis to identify variables that modify the correlation between VAI and kidney stones. A subgroup and interaction analyses with VAI as a categorical variable (divided into quarters), for the part of VAI <75.130, compared Q4 with Q1. Adjusted for gender; age and race. The model is not adjusted for the variable itself in each stratification.


Footnotes

1     https://wwwn.cdc.gov/nchs/nhanes/tutorials/default.aspx

2     http://www.R-project.org

3     http://www.empowerstats.com
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Background: Diets high in acid load may contribute to kidney function impairment. This study aimed to investigate the association between dietary acid load and 1-year changes in glomerular filtration rate (eGFR) and urine albumin/creatinine ratio (UACR).

Methods: Older adults with overweight/obesity and metabolic syndrome (mean age 65 ± 5 years, 48% women) from the PREDIMED-Plus study who had available data on eGFR (n = 5,874) or UACR (n = 3,639) at baseline and after 1 year of follow-up were included in this prospective analysis. Dietary acid load was estimated as potential renal acid load (PRAL) and net endogenous acid production (NEAP) at baseline from a food frequency questionnaire. Linear and logistic regression models were fitted to evaluate the associations between baseline tertiles of dietary acid load and kidney function outcomes. One year-changes in eGFR and UACR were set as the primary outcomes. We secondarily assessed ≥ 10% eGFR decline or ≥10% UACR increase.

Results: After multiple adjustments, individuals in the highest tertile of PRAL or NEAP showed higher one-year changes in eGFR (PRAL, β: –0.64 ml/min/1.73 m2; 95% CI: –1.21 to –0.08 and NEAP, β: –0.56 ml/min/1.73 m2; 95% CI: –1.13 to 0.01) compared to those in the lowest category. No associations with changes in UACR were found. Participants with higher levels of PRAL and NEAP had significantly higher odds of developing ≥10% eGFR decline (PRAL, OR: 1.28; 95% CI: 1.07–1.54 and NEAP, OR: 1.24; 95% CI: 1.03–1.50) and ≥10 % UACR increase (PRAL, OR: 1.23; 95% CI: 1.04–1.46) compared to individuals with lower dietary acid load.

Conclusions: Higher PRAL and NEAP were associated with worse kidney function after 1 year of follow-up as measured by eGFR and UACR markers in an older Spanish population with overweight/obesity and metabolic syndrome.
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Introduction

Impaired renal function is a common condition in older individuals with comorbidities as diabetes, hypertension or obesity that usually predicts the onset of Chronic Kidney Disease (CKD) (1). In the last few years, there has been a growing concern about this disease since it has a huge impact worldwide affecting around 700 million people (2). In addition, CKD is linked to several complications, such as cardiovascular events, hospitalization and/or premature death (2, 3). Consequently, appropriate and affordable prevention measures are required to preserve renal function, especially in high-risk populations (1). Prevention measures could also reduce the severe impact of CKD on the wellbeing of individuals and health systems (3–5).

Dietary habits appear to be one of the major modifiable risk factors markedly influencing renal impartment and its progression to CKD (5, 6). Additionally, the role of diet in preserving the acid-base balance of the body has recently become more relevant, given the emerging evidence linking dietary acid load with the development of different chronic diseases (7, 8), including CKD (9). It has been previously documented that healthy dietary patterns provide an alkaline environment in the body (10, 11) since plant-based food such as vegetables, fruit and some nuts or legumes have the capacity of inducing a basic environment (12). However, red and processed meats as well as ultra-processed foods are acid-producing (9, 12). Thus, these foods might be implied in the onset of a low-grade metabolic acidosis state, thereby, resulting in faster progression of kidney disease (11, 13). Overall, potential renal acid load (PRAL) and net endogenous acid production (NEAP) are the most common and suitable indexes used to estimate the acid load of the diet (9, 11). Considering the aforementioned evidence, following a healthy diet characterized by a low acid load may be a useful preventive strategy against kidney dysfunction.

To date, results from epidemiological studies focused on dietary acid load and kidney function or CKD development are inconsistent (9) and this relationship needs to be further explored. In some studies, an association between higher levels of PRAL and/or NEAP indexes and an estimated-glomerular filtration rate (eGFR) decline or higher risk of incident CKD (14–18) has been reported, but others have observed no such associations (19, 20). Also, the quality of evidence is moderate as most of the studies were mainly cross-sectional (14–17, 21, 22), and only a few were longitudinal studies (18–20). Furthermore, since most research has been conducted in healthy young or middle-aged individuals or in patients with advanced CKD, little is known about the potentially harmful association between dietary acid load and kidney function of older populations with underlying comorbid conditions. In addition, analyses assessing dietary acid load on kidney function have rarely been conducted in Mediterranean populations at high cardiovascular risk. Hence, as more scientific evidence and longitudinal studies in this field are required, we prospectively investigated the association between PRAL and NEAP and 1-year changes in two markers of kidney function decline, eGFR and Urine Albumin/Creatinine Ratio (UACR), in a large Spanish cohort of older adults with overweight/obesity and metabolic syndrome (MetS).



Materials and methods


Study population and design

The present study is a prospective analysis of baseline and 1-year data within the framework of the PREvención con DIeta MEDiterránea (PREDIMED)-Plus trial. Briefly, the PREDIMED-Plus is an ongoing, parallel-group, randomized and controlled clinical trial aiming to assess the effect of an intensive weight loss intervention on cardiovascular disease (CVD) morbidity and mortality. An energy-restricted Mediterranean diet (MedDiet), physical activity promotion and behavioral support are compared to usual care advice in 6,874 older adults enrolled between 2013 and 2016 by 23 Spanish recruitment centers. Eligible participants were men aged 55–75 years and women aged 60–75 years with overweight or obesity [Body Mass Index (BMI) 27–40 kg/m2], who satisfied at least 3 criteria for the MetS (23). Further details of the inclusion and exclusion criteria and the study design have been described elsewhere (24). A detailed explanation of the protocol is also available at https://www.predimedplus.com. This trial was registered on the International Standard Randomized Controlled Trial registry (https://www.isrctn.com/ISRCTN89898870) with number 89898870 in July of 2014. The final study protocol and procedures were approved following the standards of the Declaration of Helsinki by the Institutional Review Boards of participating centers and all participants provided written informed consent.

For the current study, participants without completed food frequency questionnaire (FFQ) information and reporting implausible total energy intake (men < 800 and >4,000 kcal/day and women < 500 and >3,500 kcal/day) at baseline were excluded (n = 227) from the analyses (25). We also excluded participants who died (n = 11) or were lost to follow-up (n = 16) during the first year. Moreover, participants with missing data on eGFR (n = 746) or UACR (n = 2,981) at baseline and/or at the 1-year assessment were excluded when eGFR or UACR were the outcomes, respectively. Therefore, a final sample of 5,874 participants for eGFR and 3,639 participants for UACR were analyzed (Supplementary Figure 1).



Assessment of dietary intake and dietary acid load

To evaluate dietary intake, trained dieticians administered a 143-item FFQ, based on a previously validated one for the Spanish population (26), in face-to-face interviews at baseline. Each participant was asked about their frequency of consumption during the preceding year of each specific item, which had nine possible answers ranging from never to more than 6 times per day. The typical portion size of each item was subsequently transformed into grams or milliliters per day, as appropriate. Two Spanish food composition databases were referenced to calculate total daily energy and nutrient intake (27, 28).

Dietary acid load was estimated at baseline using individual nutritional data obtained from the FFQ. Previously published methods proposed by Remer and Manz (29) and Frassetto et al. (8) were applied for the calculation of PRAL and NEAP scores, respectively. PRAL (mEq/day) = 0.4888 × protein intake (g/day) + 0.0366 × phosphorus (mg/day) – 0.0205 × potassium (mg/day) – 0.0125 × calcium (mg/day) – 0.0263 × magnesium (mg/day). NEAP (mEq/day) = 54.5 × protein (g/day)/potassium (mEq/day) – 10.2.



Ascertainment of the outcome

Serum creatinine (SCr) levels and urinary creatinine and albumin concentrations were determined using routine laboratory methods from blood and spot morning urine samples collected at baseline and 1-year following overnight fasting. For the current study, 1-year changes in eGFR and UACR were considered our primary outcomes. We indirectly determined eGFR from SCr using the Chronic Kidney Disease Epidemiology Collaboration equation for Caucasian individuals (CKD-EPI) (30) and the UACR was calculated by dividing urine albumin (mg/l) by urine creatinine concentrations (mg/l). UACR values were truncated at 500 mg/g to minimize the influence of outliers. There were 21 observations > 500 mg/g at baseline and 24 at 1 year that were >500 mg/g and subsequently set to 500 mg/g. One-year changes in both eGFR and UACR were calculated by subtracting values at 1 year minus values at baseline. Secondary outcomes were ≥10% eGFR decline and ≥10% UACR increase following a 1-year follow-up. These were estimated by applying the formula: [(1-year eGFR or UACR – baseline eGFR or UACR)/baseline eGFR or UACR]*100. Participants were categorized as those with a ≥10% or <10% eGFR decline (31) or with a ≥10% or <10% increase in UACR.



Covariate assessment

At baseline, trained PREDIMED-Plus staff collected socio-demographic and lifestyle information including age, sex, educational level, physical activity, smoking status, as well as medication use and history of disease using several questionnaires or reviewing medical records. Moreover, adherence to the energy-reduced MedDiet was evaluated using a validated 17-item MedDiet questionnaire (32). Compliance with each item of the MedDiet questionnaire was scored with one point and non-compliance with 0. Thereafter, a cut-off point based on the median of the score was determined by dividing individuals into those with high adherence to a MedDiet (≥9 points) or a low adherence (<9 points). Moreover, other cut-off points were tested arbitrarily and defined as the highest tertiles or quartiles (in both cases high adherence was observed to be ≥12 points). Total daily energy intake and sodium intake were estimated according to data from the FFQ. Anthropometric variables were measured in duplicate and resting blood pressure was measured in triplicate using an automated digital device (Omron-HEM297705C). BMI was calculated as weight in kilograms divided by the square of height in meters. In our analysis, white blood cell count was used to assess inflammation (leucocytes > 10 × 109/L).



Statistical analyses

For the present report, we used the PREDIMED-Plus database generated in December 2020. Participants were categorized into tertiles of PRAL and NEAP. One-way ANOVA and chi-square tests were used to evaluate differences among tertiles of PRAL and NEAP for the baseline characteristics of the study population. Descriptive data were expressed as means ± SD for continuous variables and percentages (%) and numbers for categorical variables.

Multivariate linear regression models were performed to examine the associations between tertiles of PRAL and NEAP at baseline and 1-year changes in eGFR (ml/min/1.73 m2) and UACR (mg/g). For these associations, PRAL and NEAP were also analyzed as continuous variables (both for each 1-SD increase). β-coefficients and 95% confidence intervals (CIs) were assessed using two different models: Model 1 was adjusted for sex and age; and Model 2 was further adjusted for study center (categorized into quartiles by number of participants), intervention group (treatment/control), BMI (kg/m2), smoking status (never/current/former smoker), educational level (primary education/secondary education/graduate), leisure-time physical activity (METs/min/week, tertiles), diabetes prevalence (yes/no), hypertension prevalence (yes/no), hypercholesterolemia prevalence (yes/no), angiotensin-converting enzyme inhibitors (ACEis) (yes/no), angiotensin II receptor blockers (ARBs) (yes/no), MedDiet adherence (high/low adherence), energy intake (kcal/day, tertiles), sodium intake (mg/day, tertiles) and high leukocyte levels (yes/no). Moreover, odds ratios (OR) and their 95% CIs were calculated for the association between tertiles of NEAP and PRAL and ≥10% eGFR decline and ≥10% UACR increase at 1-year of follow-up adjusting for the same confounders as mentioned in model 2. The first tertile was used as a reference category in all regression models. Additionally, linear regression models were further adjusted for baseline eGFR (ml/min/1.73 m2) or baseline UACR (mg/g) depending on the main outcome. Variance inflation factors (VIFs) were used to assess collinearity for the multivariable models and, as VIFs were <2.5, none of the covariates needed to be removed. All analyses were conducted with robust estimates of the variance to correct for possible intra-cluster correlation. Intra-cluster was defined as the participants who shared the same household. To assess the linear trend, the median value of each tertile of PRAL and NEAP were modeled as continuous variables.

We also conducted subgroup analyses for the 1-year changes in eGFR and UACR stratifying by baseline categories of eGFR (≥90; 60–90; <60 ml/min/1.73 m2) and UACR (<30; ≥30 mg/g). Interaction between tertiles of PRAL and NEAP with categories of eGFR, UACR, and energy-reduced MedDiet adherence (high/low), as well as the intervention/control group were checked in the fullest multivariable model using likelihood ratio tests and non-significant results were observed. In a sensitivity analysis, we repeated our main analysis investigating the association between PRAL and NEAP with 1-year changes in eGFR and UACR after excluding individuals with eGFR < 60 ml/min/1.73 m2 or with UACR > 300 mg/g at baseline. In addition, as a supplementary analysis, we evaluated the association between dietary acid load and ≥5% eGFR decline and ≥5% UACR increase following the same procedure mentioned previously. Statistical analyses were conducted using Stata/SE software, version 14.0 (StataCorp, College Station, TX) and significance level was set at a 2-tailed p < 0.05.




Results

Table 1 shows the baseline characteristics of the study population according to tertiles of PRAL and NEAP. In general, participants with higher values of PRAL and NEAP at baseline were more likely to be younger, men, have a higher BMI, smoke, have a higher educational level, and were less likely to exercise. Participants in the highest tertiles of PRAL and NEAP also had higher levels of creatinine and eGFR than those in the lowest tertile. In terms of mediations, participants in the highest tertiles of PRAL and NEAP were more likely to have used insulin, ACEis treatment, and took less antihypertensive and ARB drugs. Furthermore, individuals in the highest tertile of NEAP were more likely to have type 2 diabetes. However, no significant differences were observed between tertiles of PRAL nor NEAP regarding the UACR or CKD. Concerning dietary assessment, adherence to an energy-reduced MedDiet was lower in individuals with higher dietary acid load levels than those in the lowest tertile of PRAL and NEAP. Moreover, participants in the highest tertile of PRAL and NEAP had a lower intake of vegetable/animal protein ratio, carbohydrates and fiber while they had a higher energy, protein and fat consumption than those with low values of both dietary acid load indexes. Similar trends were observed when baseline consumption of food groups across tertiles of PRAL and NEAP were analyzed (Supplementary Table 1). Supplementary Table 2 presents further information regarding macronutrient and micronutrient intake, especially those related to dietary acid load, at 1-year of follow-up. Baseline characteristics according to included and excluded participants from the eGFR or UACR analyses are described in Supplementary Table 3.


TABLE 1 Baseline characteristics of the study population with data on eGFR at 1-year follow-up by tertiles of PRAL and NEAP (n = 5,874).
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The association (β-coefficient; 95% CI) between tertiles of PRAL and NEAP and 1-year changes in eGFR and UACR are displayed in Table 2. In the most adjusted model, PRAL showed a significant inverse association with 1-year changes in eGFR (β: −0.17 ml/min/1.73 m2; 95% CI: −0.71 to 0.36 for T2 vs. T1, β: −0.64 ml/min/1.73 m2; 95% CI: −1.21 to −0.08 for T3 vs. T1). We found similar results when PRAL and NEAP were analyzed as continuous variables (PRAL: β: −0.25 ml/min/1.73 m2; 95% CI: −0.47 to −0.03 for each 1-SD increment. NEAP: β: −0.28 ml/min/1.73 m2; 95% CI: −0.51 to −0.05 for each 1-SD increment). Results remained essentially the same after adding 1-year BMI change to the most adjusted model (data not shown). PRAL and NEAP were not significantly associated with UACR changes after 1-year of follow-up after modeling them as tertiles, nor as continuous variables. In the sensitivity analyses, excluding individuals with <60 ml/min/1.73 m2 of eGFR or with >300 mg/g of UACR did not modify the main findings for both outcomes (data not shown). When we repeated the principal analyses, stratifying by baseline categories of eGFR (≥90; 60–90; < 60 ml/min/1.73 m2) and UACR (<30; ≥30 mg/g), the results presented a similar tendency (Supplementary Table 4). In participants with eGFR ≥ 90 ml/min/1.73 m2, significant associations were observed with eGFR changes when both dietary acid load indexes were modeled as continuous variables (PRAL: β: −0.28 ml/min/1.73 m2; 95% CI: −0.56 to −0.01 for each 1-SD increment. NEAP: β: −0.31 ml/min/1.73 m2; 95% CI: −0.58 to −0.03 for each 1-SD increment). The main analysis was repeated using other cut-offs points for the MedDiet score confounding factor (i.e., ≥12 points for high adherence) and similar results were found (Supplementary Table 5). We also explored the interactions between tertiles of PRAL and NEAP and the adherence to energy-reduced MedDiet, categories of eGFR and UACR, as well as intervention/control group, and no statistically significant findings were observed (all interactions, p > 0.05).


TABLE 2 Multivariable-adjusted β-coefficients and 95% CI of 1-year changes in eGFR (ml/min/1.73 m2) or in UACR (mg/g) across tertiles and per 1-SD increment of baseline PRAL and NEAP.
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Figure 1 depicts the OR and 95% CI for ≥10% eGFR decline and ≥10% UACR increase according to tertiles of PRAL and NEAP. After multiple adjustments, participants in the highest tertile of PRAL and NEAP were significantly more likely to have a ≥10% eGFR decline after 1 year of follow up compared to those in the lowest tertile, with ORs of 1.28 (95% CI: 1.07–1.54) for PRAL and 1.24 (95% CI: 1.03–1.0) for NEAP. When PRAL and NEAP were modeled as continuous variables (per each 1-SD increment) higher ORs were also observed. Compared to participants with low PRAL values at baseline, participants with the highest levels had a 23% (95% CI: 1.04–1.46) higher odds of ≥10% UACR increase after 1 year of follow-up after adjusting for potential confounders. No significant associations were found between NEAP and the odds of ≥10% UACR increase or for 1-SD increment of PRAL and NEAP. When a ≥5% eGFR decline and a ≥5% UACR increase were assessed, the same results were found (Supplementary Table 6).
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FIGURE 1
 (A) Multivariable-adjusted OR (95% CIs) for ≥10% eGFR decline by tertiles of baseline PRAL and NEAP and per 1-SD increment. (B) Multivariable-adjusted OR (95% CIs) for ≥10% UACR increase by tertiles of baseline PRAL and NEAP and per 1-SD increment. eGFR, Estimated glomerular filtration rate; NEAP, Net Endogenous Acid Production; T, tertile; PRAL, Potential Renal Acid Load; UACR, Urine albumin/creatinine ratio. Percentage of participants with eGFR decline (>10%): tertile 1 of PRAL (n = 296; % = 15.1), tertile 2 of PRAL (n = 304; % = 15.5), tertile 3 of PRAL (n = 346; % = 17.7); tertile 1 of NEAP (n = 297; % = 15.2), tertile 2 of NEAP (n = 312; % = 15.9). tertile 3 of NEAP (n = 337; % = 17.2). Percentage of participants with UACR increase (>10%): tertile 1 of PRAL (n = 539; % = 44.4), tertile 2 of PRAL (n = 547; % = 45.1), tertile 3 of PRAL (n = 597; % = 49.2); tertile 1 of NEAP (n = 550; % = 45.3), tertile 2 of NEAP (n = 539; % = 44.4), tertile 3 of NEAP (n = 594; % = 49.0). All models were adjusted for age (years), sex, participating center (categorized into quartiles by number of participants), intervention group (treatment/control), body mass index (kg/m2), smoking habits (never, current or former smoker), educational level (primary, secondary education or graduate), leisure-time physical activity (METS/min/week in tertiles), diabetes prevalence (yes/no), hypertension prevalence (yes/no) and hypercholesterolemia prevalence (yes/no), ARBs (yes/no), ACEis (yes/no), Mediterranean diet adherence (high/low adherence), energy intake (kcal/day in tertiles), sodium intake (mg/g in tertiles), and high leukocytes levels (yes/no). **one SD = 15.6 mEq/d in PRAL and 8.1 mEq/d in NEAP.




Discussion

The results of this prospective study conducted in older Spanish adults at high cardiovascular disease risk suggest that PRAL and NEAP are inversely associated with 1-year changes in eGFR, but not with 1-year UACR changes. Furthermore, participants with higher levels of both estimates of dietary acid load had higher odds of a ≥10% eGFR decline, and those in the highest tertile of PRAL had 23% higher odds of a ≥10% UACR increase. GFR and albuminuria are the main complementary biomarkers used in epidemiological studies to assess kidney function (3). As far as we know, this is the first study to prospectively evaluate the association between dietary acid load and kidney function concurrently assessing eGFR and UACR in a population of older adults with underlying comorbidities.

A large body of evidence has linked dietary acid load with kidney outcomes in several studies (9). However, to the best of our knowledge, there are only four cross-sectional studies and one longitudinal study investigating the potential relationship of dietary acid load with renal function defined by eGFR and/or CKD in older adults without CKD. These cross-sectional studies conducted in different cohorts of adults reported that higher dietary acid load was associated with higher odds of CKD and/or impaired kidney function as indicated by low eGFR after adjusting for multiple confounders (14, 16, 17, 33). Our observations are in accordance with these cross-sectional studies since we observed a greater eGFR decline at 1 year with higher PRAL and NEAP scores, even after adjusting for baseline eGFR and other essential confounding factors. Interestingly, our supplementary stratified analyses according to categories of eGFR, which have seldom been performed in previous studies, revealed a similar non-significant tendency to worsen kidney function with increased dietary acid load. Consistent with our findings, the prospective analysis from the cohort of the Atherosclerosis Risk in Communities (ARIC) study of 15,055 apparently healthy middle-aged participants with preserved kidney function showed that higher levels of PRAL were associated with a 13% higher risk of CKD incidence over 21 years of follow-up (18).

Regarding albuminuria, which is considered a reliable marker of kidney damage (3), preceding studies have assessed its cross-sectional association with dietary acid load obtaining inconclusive findings. In The Jackson Heart Study, there was no association between estimated Net Acid Excretion (NAEes) and albuminuria (16). In contrast, the NHANES study reported a positive association between dietary acid load and albuminuria in 12,293 healthy American adults (17). Additionally, the researchers from The Uonuma CKD Cohort Study also found that higher NEAP was associated with a higher UACR and risk of albuminuria among 6,684 middle-aged Japanese adults (21). To date, no large prospective cohort study has focused on the relationship between dietary acid load and albuminuria in vulnerable older adults. In the current study, we report no association between PRAL and NEAP scores and 1-year changes in UACR. This could suggest that high dietary acid load may promote tubule-interstitial injury rather than glomerular damage. Nevertheless, we were not able to check this tubular damage hypothesis since spot/24 h total proteinuria data were not available in our dataset (34). However, it is worthwhile to mention that when UACR was also assessed as an increase ≥10% after 1 year of follow-up, which is a more clinical approach, we found a significant association with PRAL. Consequently, future longitudinal studies and clinical trials would be helpful to clarify these observations related to albuminuria and dietary acid load.

Overall, our findings in conjunction with the evidence available to date, suggests that following a diet with a low acid load could be an appropriate measure to improve renal function and, accordingly, decrease the risk of CKD development and progression among older individuals from middle-aged to elderly with underlying comorbid conditions.

The potential mechanisms by which high dietary acid load may induce kidney dysfunction are unclear, though possible mechanisms have been proposed for consideration. Acid retention has been proposed to activate the intracellular renin-angiotensin system, through the previous stimulation of aldosterone production, which might be implicated in the onset or progression of kidney damage (35, 36). Moreover, metabolic acidosis appears to contribute to endothelin-1 production, which in turn could be related to tubulointerstitial injury (37–39). Besides, high dietary acid load would also induce tubular toxicity activating the complement pathway and increasing renal medullary ammonia concentrations (40–42). There is also a high probability that acid retention increases the production of oxygen-free radicals and oxidative stress (43, 44). Consequently, it is crucial for kidney health to maintain appropriate levels of acid load, and diet may play an important role in this respect (11). It should be noted that in our study individuals with high levels of dietary acid load reported higher intakes of some food groups which have been directly or indirectly implicated in kidney function damage, such as total and animal protein intake (33, 45) or sugar and sweetened products (46). By contrast, as dietary acid load increased there was a lower consumption of fiber-rich foods, including fruits, vegetables, whole-grain cereals, and nuts. Thus, the potential beneficial effects of fiber on the kidney (47) could be lacking in those individuals with high dietary acid load.

This study has some limitations that deserve to be mentioned. First, the population consisted of older Spanish individuals at high cardiovascular risk, meaning the findings may not be generalizable to other populations. Furthermore, the Mediterranean lifestyle could imply healthier habits which, at the same time, may result in different macro- and micronutrients intake related to kidney function, such as potassium-rich or low-sodium dietary intakes. Second, as PREDIMED-Plus is a randomized controlled trial, though, all the analyses were adjusted for the intervention group, the lifestyle advice that participants received could be affecting our findings. Third, dietary acid load was calculated using PRAL and NEAP from dietary nutrient intake information obtained from FFQ data. Although this questionnaire was validated and carefully administered by trained dietitians, potential measurement errors and reporting bias could be present. Fourth, while SCr-based eGFR was used as a biomarker of kidney function, as is common in most epidemiologic studies, there are other more optimal markers such as inulin, iothalamate or 24-h urinary creatinine clearance. Nevertheless, these procedures are expensive, time-consuming, and difficult measure in large populations. Finally, as in any observational study, although a substantial number of confounding factors were considered, confounding bias could not be completely ruled out and direct causality cannot be inferred. However, our study also has several strengths. Analyses were conducted using data from a large cohort, which has a wide selection of different variables to adjust the models for kidney function related-potential confounders. Moreover, it is important to highlight the prospective design that we performed and the joint assessment of two commonly used biomarkers of renal function. Another novel aspect of this study is the sensitivity and supplementary analyses conducted which gave robustness to the main results.



Conclusion

In conclusion, the current study conducted in a population of older Spanish adults with overweight/obesity and MetS shows that higher dietary acid load is associated with changes toward a worse eGFR and higher odds of ≥10% eGFR decline and ≥10% UACR increase. Nevertheless, further longitudinal and interventional studies are needed to clarify and confirm the consistency of these associations before considering a reduction in dietary acid load as part of strategies for preventing kidney function decline.
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Although numerous studies have explored the relationship between selenium intake and thyroid diseases, few epidemiological studies have investigated the association between selenium intake and thyroid hormones. Therefore, we conducted this analysis to investigate the association between dietary selenium intake and thyroid hormones. Our sample included 5,575 adults (age ≥ 20) years from the National Health and Nutrition Examination Survey (NHANES) 2007–2012. Thyroid hormones, including total triiodothyronine (T3), total thyroxine (T4), free T3 (FT3), free T4 (FT4), and thyroid-stimulating hormone (TSH), were detected. Multivariable linear regression models showed that log10-transformed selenium intake (LogSe) was negatively correlated with TT4 (β = −0.383, 95% CI: −0.695, −0.070) and TT4/TT3 (β = −0.003, 95% CI: −0.006, −0.0004) in U.S. adults. Besides, additional stratified analyses by sex demonstrated that LogSe was negatively associated with TT4 (β = −0.007, 95% CI: −0.013, −0.001) and TT4/TT3 (β = −0.664, 95% CI: −1.182, −0.146) and positively associated with FT4/TT4 (β = 0.031, 95% CI: 0.004, 0.059) in male adults. Meanwhile, subgroup analysis by iodine status showed that LogSe was negatively associated with TT4 (β = −0.006, 95% CI: −0.011, −0.002), FT4/FT3 (β = −0.011, 95% CI: −0.023, −0.00002) and TT4/TT3 (β = −0.456, 95% CI: −0.886, −0.026) in iodine sufficiency but not in iodine deficiency adults. Our results demonstrated that the increased dietary selenium intake was negatively correlated with TT4 and TT4/TT3 in U.S. adults. Furthermore, the association between dietary selenium intake and thyroid hormones was more pronounced in males and iodine sufficiency adults.

KEYWORDS
 selenium, thyroid hormones, NHANES, sex, iodine status


Introduction

Thyroid hormones, mainly including triiodothyronine (T3) and thyroxine (T4), are present in numerous tissues and play important roles in maintaining the normal development of the brain, heart, and other organs by controlling energy expenditure and thermogenesis, modulating lipid profiles, and maintaining the normal reproductive function, etc (1). The biosynthesis and secretion of thyroxine (T4) and triiodothyronine (T3) in the thyroid are regulated by thyroid-stimulating hormone (TSH). In turn, the synthesis and release of TSH from the pituitary could also be regulated by T4 and T3 via a negative feedback loop. T4 and T3 exist in free and binding forms in peripheral blood, and the former enters target cells to exert their biological functions. In addition, T4 can be converted to T3 under the action of type 1 and 2 iodothyronine deiodinases (DIO1, DIO2) (2). Studies have shown that both thyroid hormone deficiency and excess lead to serious diseases. Thyroid hormone deficiency is associated with hypertension, dyslipidemia, and coronary heart disease (CHD) (3, 4), while thyroid hormone excess is associated with atrial fibrillation (AF) and heart failure (HF) (5).

Selenium, an essential micronutrient, enters the human food chain through plants, seafood, and animal products (6). According to a recent study, the individual dietary selenium intake ranged from 7 to 4,990 μg/day due to varying selenium content in the soil in which crops were grown (7). Schwarz and Foltz demonstrated that a low concentration of selenium could help prevent hepatic necrosis as early as 1957, which was the first study to demonstrate the nutritional value of selenium (8). In recent years, some studies started to study the relationship between selenium and thyroid function because of selenium's anti-inflammatory and antioxidant roles (9). Given that increased inflammation is believed to play an important role in thyroid dysfunction, selenium as an anti-inflammatory substance mediated by selenoproteins could improve thyroid function, which might be propitious to regulate the synthesis and secretion of thyroid hormones (10). Besides that, in the process of thyroid hormone synthesis, the excessive production of H2O2 by thyroid follicular epithelial cells might damage the normal function of thyroid function (11), and selenium or antioxidant selenoproteins are acknowledged to scavenge H2O2 (12), which suggests selenium might be beneficial to ameliorating thyroid dysfunction induced by excessive H2O2 and ultimately influence the synthesis and secretion of thyroid hormones. Also, some previous studies found that selenium was the nucleophilic atom in the DIO1 active site, which further highlights the important role of selenium in thyroid hormones (13).

The current studies mainly explored the relationship between selenium intake and thyroid diseases. In a prospective randomized placebo-controlled clinical trial of 70 female patients with autoimmune thyroid disease who received 200 mcg sodium selenite or placebo daily for 3 months, adjuvant sodium selenite treatment reduced serum thyroid peroxidase antibodies levels by 36% (14). A cross-sectional study conducted in China found that low selenium status was associated with an increased risk of autoimmune thyroiditis, subclinical hypothyroidism, hypothyroidism, and enlarged thyroid (15). A longitudinal study conducted in Brazil also reported that dietary selenium intake was inversely associated with subclinical hypothyroidism (16). However, fewer studies have examined the association between selenium and thyroid hormones, and current findings are inconsistent. A cross-sectional study in coastal fishermen and inland subjects from Latvia found higher plasma selenium level was associated with lower TSH, but not T3 and T4 (17). In a randomized controlled trial among 491 Danes, Kristian et al. found that selenium supplementation could affect thyroid function by reducing serum TSH and FT4 concentrations (18). In contrast, two other studies, one in the UK, and the other in New Zealand, found no association between selenium intervention and thyroid hormone concentrations (19, 20).

Based on the above background, this study aimed to evaluate the cross-sectional association between dietary selenium intake and serum thyroid hormone with data from the National Health and Nutrition Examination Survey (NHANES).



Materials and methods


Study population

The National Health and Nutrition Examination Surveys (NHANES) was a nationwide and ongoing cross-sectional survey conducted among the non-institutionalized US population. To assemble a sample of participants who were representative of the civilian non-institutionalized U.S. population, a repeated 2-year cycle survey with a complex multistage probability sampling design was used. Detailed information about the survey design and methods has been described elsewhere (21). The NHANES protocol was approved by the National Center for Health Statistics (NCHS) Research Ethics Review Board.

Two thousand seven to two thousand eight, 2009–2010, and 2011–2012 NHANES cycles were selected, and a total of 10,548 participants with complete thyroid function data constituted the study sample. We excluded participants under the minimum criteria on dietary recall status (n = 1,758), at the age of 19 years or below (n = 1,528), with the missing value of covariates [education levels, household income, body mass index (BMI), urine iodine concentration (UIC), serum cotinine, and drinking (n = 1,135)]. Also, pregnant women (n = 49) and participants with thyroid disease or thyroid cancer (n = 503) were excluded. Finally, a total of 5,575 participants were included in the present study. These participants represented a weighted population of 73.5 million non-institutionalized US adults. The flowchart of sample selection was presented in Figure 1.
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FIGURE 1
 Flowchart of the study population.




Determination of serum thyroid hormones

During the physical examinations, whole blood specimens were collected into a red-top 15-mL vacutainer tube and then centrifuged, after which approximately 1 mL serum was collected for further biochemical examinations. Serum total T4 (TT4), total T3 (TT3), and free T3 (FT3) were determined using a competitive binding immunoenzymatic assay. Serum free T4 (FT4) was determined using a two-step enzyme immunoassay. Serum thyroid-stimulating hormone (TSH) was determined using a 3rd generation, two-site immunoenzymatic (“sandwich”) assay. Meanwhile, the ratios of FT4/FT3 and TT4/TT3 were calculated to reflect the metabolic level of peripheral T4, while the ratios of FT4/TT4 and FT3/TT3 were acquired to reveal the binding level of thyroid hormones with thyroid hormone-binding proteins (22).



Dietary selenium intake assessment

In NHANES, dietary intake information was assessed by two reliable 24-h dietary recall interviews. The first dietary recall interview was conducted in the mobile examination center (MEC) and the second interview was conducted by telephone 3–10 days later. The intakes of dietary selenium during the 24-h period prior to the interview were calculated based on the University of Texas Food Intake Analysis System and U.S. Department of Agriculture (USDA) Survey Nutrients Database. Then, the mean value of selenium intake from the two 24-h dietary recall interviews was adopted as the final dietary selenium intake.



Covariates

Potential covariates included age (20–39, 40–64, and ≥ 65) (23), sex (male, female), race (non-Hispanic White, non-Hispanic Black, Mexican American, and other races) (24), education level (less than a high school diploma, high school graduate/GED, some college/AA degree, and college graduate or more) (25), household income (family income to poverty (FPL) ≤ 1.3, 1, 3–3.5, and ≥ 3.5) (26), marital status (never married, married or living with a partner, and the other) (27), BMI (≤ 24.9, 25–29.9, and ≥ 30 kg/m2) (28), serum cotinine (< 1, 1–9.9, and ≥ 10 ng/mL) (1, 29), drinking (< 12, ≥ 12 times/year) (30), urine iodine concentration (≤ 100 and > 100 ug/L) (31), and fasting time (≤ 10 and > 10 h) (1).

Demographic data such as age, sex, race, education level, household income, and marital status were collected in an in-home interview. The body weight (kg) and height (m) were measured during mobile physical examination, and the BMI was calculated as BMI = weight/height2. Serum cotinine was measured using isotope dilution-high performance liquid chromatography/atmospheric pressure chemical ionization tandem mass spectrometry (ID HPLC-APCI MS/MS). Drinking status was ascertained via questionnaires. Urine iodine concentration was detected using inductively coupled plasma dynamic reaction cell mass spectroscopy (ICP-DRC-MS). In addition, fasting time was acquired by questionnaires before blood collection.



Statistical analysis

In order to generate nationally representative estimates, SDMVPSU, and SDMVSTRA procedures were used to interpret NHANES's complex survey design, and WTMEC2YR was used to provide weight for all data.

The continuous variables were shown as means ± standard deviations, and the categorical variables were presented as counts (percentages). Initially, the Scott–Rao chi-square test was used to compare dietary selenium intake levels of different groups. Then, the one-way analysis of variance (ANOVA) was used to assess FT4, TT4, FT3, TT3, TSH, and ratios of thyroid hormones (FT4/FT3, TT4/TT3, FT4/TT4, and FT3/TT3) differences among different dietary selenium intake groups. Whereafter, two multivariable linear regression models were used to explore the association of dietary selenium intake with levels of FT4, TT4, FT3, TT3, TSH, FT4/FT3, TT4/TT3, FT4/TT4, and FT3/TT3. Due to right skewness, we log10-transformed dietary selenium intake to approximate normality assumptions. Model 1 (unadjusted) did not include any covariates. Model 2 was adjusted for sex, age, race, education level, household income, marital status, BMI, serum cotinine level, drinking, urine iodine concentration, and fasting time. Considering the effects of sex and urine iodine condition on thyroid function indices, we performed subgroup analyses to explore whether the association between dietary selenium intake and thyroid hormones was modified by sex and urine iodine condition. In addition, we carried out several restricted cubic spline (RCS) analyses to explore the non-linear dose-response relationship between dietary selenium intake and thyroid hormones in the whole and subgroup adults, and five knots were placed at the 5th, 25th, 50th, 75th, and 95th percentiles.

All statistical analyses were performed using STATA software (version 16.0), and R software (version 4.1.0, R Foundation for Statistical Computing). P-values and confidence intervals (CI) were reported two-sided without adjustment for multiple testing. The p < 0.05 was the significance criterion in the Scott–Rao chi-square test, ANOVA, and RCS analyses. Confidence intervals that do not contain 0 were considered to indicate statistical significance in multivariable linear regression models.




Results

As shown in Table 1, participants were categorized according to their dietary selenium intake status. The chi-squared tests revealed dietary selenium intake was associated with sex, age, education level, marital status, household income, serum cotinine, drinking, and urine iodine concentration. The ANOVA analysis revealed that participants in the fourth quartile had significantly lower TT4, FT4/FT3, TT4/TT3, and higher FT3, TT3, FT4/TT4, and FT3/TT3 when compared to other groups.


TABLE 1 Characteristics of study participants.
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In the unadjusted model (Table 2), dietary selenium intake, described as LogSe, negatively correlated with TT4 (β = −0.746, 95% CI: −1.019, −0.472), FT4/FT3 (β = −0.292, 95% CI: −0.401, −0.182), and TT4/TT3 (β = −0.009, 95% CI: −0.011, −0.007), while positively correlated with FT3 (β = 0.227, 95% CI: 0.178, 0.275), FT4/TT4 (β = 0.105, 95% CI: 0.067, 0.143), and FT3/TT3 (β = 0.001, 95% CI: 0.0004, 0.002). When the models were further adjusted for potential confounders, the associations with TT4 (β = −0.383, 95% CI: −0.695, −0.070) and TT4/TT3 (β = −0.003, 95% CI: −0.006, −0.0004) remained, but the association with FT3 (β = −0.129, 95% CI: −0.064, 0.039), FT4/FT3 (β = −0.111, 95% CI: −0.235, 0.012), FT4/TT4 (β= 0.021, 95% CI: −0.023, 0.065), and FT3/TT3 (β = 0.000, 95% CI: −0.001, 0.001) were no longer present.


TABLE 2 Association between dietary selenium intake and serum thyroid hormones in U.S. adults in NHANES 2007–2012.
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Subgroup analyses by sex (Table 3) showed that the negative association between LogSe and TT4 (β = −0.007, 95% CI: −0.013, −0.001) and TT4/TT3 (β = −0.664, 95% CI: −1.182, −0.146) tended to be stronger in male adults compared to female adults. In addition, there was also a positive correlation between LogSe and FT4/TT4 (β = 0.031, 95% CI: 0.004, 0.059) in male adults.


TABLE 3 Association between dietary selenium intake and thyroid hormones in U.S. adults after subgroup analysis by sex.
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Moreover, subgroup analysis by iodine status (Table 4) showed that LogSe was negatively associated with TT4 (β = −0.006, 95% CI: −0.011, −0.002), FT4/FT3 (β = −0.011, 95% CI: −0.023, −0.00002), and TT4/TT3 (β = −0.456, 95% CI: −0.886, −0.026) in iodine sufficiency but not in iodine deficiency adults.


TABLE 4 Association between dietary selenium intake and thyroid hormones in U.S. adults after subgroup analysis by urine iodine concentration.
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In addition, we further used the restricted cubic splines to estimate the dose-response relationship between LogSe and thyroid hormones (Figure 2). Overall, there was not any departure from linearity in TT4 (P for non-linearity = 0.708) and TT4/TT3 (P for non-linearity = 0.670) of whole adults, TT4 (P for non-linearity = 0.203), TT4/TT3 (P for non-linearity = 0.796), and FT4/TT4 (P for non-linearity = 0.072) of male adults, and TT4 (P for non-linearity = 0.715), FT4/FT3 (P for non-linearity = 0.095), and TT4/TT3 (P for non-linearity =0.663) of iodine-sufficient adults.


[image: Figure 2]
FIGURE 2
 The dose-response relationship between dietary selenium intake and thyroid hormones in the whole and subgroup adults from NHANES 2007–2012. (A) TT4 of whole adults; (B) TT4/TT3 of whole adults; (C) TT4 of male adults; (D) TT4/TT3 of male adults; (E) FT4/TT4 of male adults; (F) TT4 of iodine-sufficient adults; (G) FT4/FT3 of iodine-sufficient adults; and (H) TT4/TT3 of iodine-sufficient adults. Point estimates (solid line) and 95% confidence intervals (blue area) were estimated by restricted cubic splines analysis with knots placed at the 5th, 25th, 50th, 75th, and 95th percentile. Models were adjusted for sex, age, race, education level, household income, marital status, BMI, serum cotinine level, drinking, urine iodine concentration, and fasting time.




Discussion

Based on a nationally representative survey of non-institutionalized US adults, we found inverse correlations between LogSe and TT4 and TT4/TT3 in U.S. adults. LogSe was also negatively associated with FT4/FT3 and positively associated with FT3, FT4/TT4, and FT3/TT3 in U.S. adults. However, these correlations were no longer significant when the model was further adjusted for potential confounders. When the subgroup analysis was performed according to sex, we found that LogSe was negatively correlated with TT4 and TT4/TT3 while positively correlated with FT4/TT4 within male adults. When subgroup analysis was carried out according to urine iodine concentration, we found that LogSe was negatively associated with TT4, FT4/FT3, and TT4/TT3 within iodine sufficiency adults.

Previous research showed that low selenium status was associated with an increased risk of thyroid disease (32, 33). However, the association between selenium and thyroid hormones remains unknown. Contempré et al. found that selenium supplementation caused a decrease in serum T4 concentrations without a concomitant increase in serum TSH in healthy children (34). Consistent with the above findings, our results showed that LogSe was negatively correlated with serum TT4 but not with TSH in U.S. adults. The biological mechanism of the negative correlation between dietary selenium intake and TT4 has not been fully clarified. That may be because dietary selenium intake could increase type I deiodinase activity, which eventually reduces the concentration of T4 in the serum (35). Meanwhile, we also identified that LogSe negatively correlated with TT4/TT3, which further reflected that dietary selenium intake could contribute to the metabolism of peripheral T4. To fully understand the potential mechanism, further experiments in vivo and in vitro are needed in future studies.

Furthermore, the present study also found sex differences in the relationship between dietary selenium intake and thyroid hormone levels. For male adults, LogSe was negatively associated with TT4 and TT4/TT3 while positively correlated with FT4/TT4. Previous studies have demonstrated that estrogens could increase iodine uptake, thyroperoxidase activity, thyroglobulin expression, and modulate TSH levels (36–38). Moreover, estrogens also influence thyroid gland redox status by regulating nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4) and dual oxidase 2 (DUOX2) activity and expression (37). Selenium might have a much weaker effect on thyroid hormones than estrogens, suggesting that the effect of dietary selenium intake on thyroid hormones may be more significant in male adults. However, the sex differences between dietary selenium intake and thyroid hormone remain elusive, and further studies are needed to explore possible mechanisms.

Iodine is also an essential micronutrient for the thyroid gland to synthesize thyroid hormones (39). Previous studies have identified that both iodine deficiency and iodine excess may lead to thyroid dysfunction (40, 41). Thus, we carried out subgroup analyses stratified by urine iodine concentration. The results showed that LogSe was negatively associated with TT4, FT4/FT3, and TT4/TT3 in iodine sufficiency adults. Nevertheless, these connections were not observed in iodine-deficient adults. The major reason for explaining this result is that iodine deficiency results in reduced circulating TT3 and TT4 and increased TSH, which weakens the effect of dietary selenium intake on thyroid hormones (42).

Selenium is an essential nutrient element, which is rich in organ meats and seafood, followed by grain, cereals, and dairy products (43). However, it is worth noting that although selenium possesses various biological actions, such as anti-inflammatory and anti-oxidant properties, excessive selenium intake may also lead to harmful consequences. Multiple reports showed that high exposure to selenium was associated with increased risks of type 2 diabetes and non-alcoholic fatty liver disease (44, 45). Our results showed that LogSe was negatively correlated with serum TT4. Meanwhile, both thyroid hormone deficiency and excess may lead to a number of deleterious consequences including hyperthyroidism, hypothyroidism, thyroid inflammation, thyroid nodules, and thyroid cancer (46, 47). Furthermore, a diet intervention study showed that the high selenium diet could induce a subclinical hypothyroid response, while the low selenium diet could cause a subclinical hyperthyroid response (48). Therefore, to avoid excess risk, it is recommended that selenium-rich foods should be consumed carefully, considering individual dietary requirements.

The strength of the present study was that this was the first large population-based study to date to reveal the relationship between dietary selenium intake and thyroid hormones in U.S. adults to the best of our knowledge, and our findings might be a complement to the literature regarding the association between selenium and thyroid health. However, the study also had some limitations. First, as with any cross-sectional study, we cannot ascertain causality between dietary selenium and thyroid hormone. Second, dietary data were collected using two days of 24-h dietary recall survey, which might cause an underestimation or overestimation of diet selenium consumption. Third, the data on dietary selenium supplementation was not assessed due to substantial missing data. Lastly, we excluded 4,973 participants due to missing values for covariates, complete information about dietary selenium intake, or were under the minimum criteria on dietary recall status, which might decrease the generalizability of our results.

In conclusion, this study demonstrated that the increased dietary selenium intake was negatively correlated with TT4 and TT4/TT3 in U.S. adults. Furthermore, the association between dietary selenium intake and thyroid hormones was more pronounced in males and iodine sufficiency adults. However, further large-scale prospective studies are needed to confirm these findings in different populations.
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Chronic inflammation plays a central role in the pathogenesis of chronic kidney disease (CKD). The association of dietary inflammatory index (DII) with CKD remains underexplored. Thus, the present study aimed to determine the association between the DII, risk of CKD, and kidney stone formation using the data from the Ravansar non-communicable diseases (RaNCD) cohort study conducted in Kermanshah, Iran. The cross-sectional study was conducted using the recruitment phase data of the RaNCD cohort study comprising 9,824 individuals with an age range of 35–65 years. Food frequency questionnaires (FFQ) were used to evaluate the association between diet and DII scores. Renal function was assessed using estimated glomerular filtration rate (eGFR), blood urea nitrogen (BUN), and serum creatinine (Cr) level. CKD was defined based on eGFR. The prevalence of kidney stones was evaluated by participants’ self-report. A total of 1,791 participants (18.24%) had kidney stones, while a majority were in the first quartile (27.69%). Out of 9,824 subjects, 1,747 subjects (eGFR: 18.50 ml/min per 1.73 m2; 95% CI: 17.72–19.30) had CKD. A significant trend for eGFR across all quartiles (Qs) of DII was observed. The odds ratio of CKD in the fourth quartile (pro-inflammatory diet) was 4.38-times higher than in the first quartile (anti-inflammatory diet) of DII (95% CI = 3.58–5.36). Women were found to be more likely to have less eGFR than men in the DII Qs. Collectively, the findings indicated that consumption of a pro-inflammatory diet was associated with a high occurrence of CKD. As a matter of interest, the results also revealed that a pro-inflammatory diet had no significant correlation with kidney stone development.
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dietary inflammatory index, chronic kidney disease, glomerular filtration rate, kidney stones, cohort study


Introduction

Chronic kidney disease (CKD) is pre-epidemic on a global scale (1). Pooled estimates indicate that the prevalence of CKD ranges from 8 to 13% globally (2). Typically, since CKD affects the structure of the kidney, it progressively leads to renal dysfunction (2). The estimated glomerular filtration rate (eGFR) is direct evidence and a general measure of kidney function which lowers with CKD (3). CKD is divided into five stages by kidney disease outcomes quality initiative (KDOQI) (4) using eGFR per ml/min per 1⋅73 m2 as follows: stage 1 (normal or increased GFR ≥ 90), stage 2 (mildly decreased GFR 60–89), stage 3 (moderately decreased GFR 30–59), stage 4 (severely decreased GFR 15–29), and stage 5 (kidney failure, GFR < 15) (3–5).

The pathophysiological process of CKD is defined by an underlying chronic pro-inflammatory state (6, 7). Since chronic inflammation could be reflective of dietary quantity and quality, the dietary intakes in CKD patients and the regulation of chronic inflammation have been demonstrated by previous studies (8). A healthy diet rich in fibers, omega 3 fatty acids, vitamins, nuts, and fish, and containing low amounts of sodium and saturated fatty acids has been associated with improved renal function and lower hazard of albuminuria and CKD (9–11). On the contrary, the intake of simple carbohydrates, saturated fats, and trans-fats, which are in general thought to have pro-inflammatory effects, are often associated with higher rates of age-adjusted mortality in individuals with CKD (8).

The Dietary Inflammatory Index (DII) is a relatively new index that is built upon the association between diet and inflammation, appraises the overall inflammatory potentials of the dietary components, and is standardized for assessing the average dietary intake globally (12). The DII has been successfully used for several conditions including chronic systemic inflammation, obesity, diabetes, cancer, cardiovascular diseases (CVD), and fatty liver disease (12, 13).

Despite the success of DII in associating diet and inflammation with multiple diseases, research activities in related dietary habits and kidney health remain critically undertaken. Thus, understanding the role of inflammation in CKD in relation to diet can foster the development of effective prophylactic and therapeutic strategies against the underlying inflammation in CKD patients. While the inflammatory pathophysiology may not be similar in patients with chronic renal failure, persistent low-grade inflammation has been hypothesized as a risk factor for CKD (14). Dietary intake may contribute to the development of an inflammatory condition and trigger the risk of CKD (5, 9, 10). Chronic inflammation also plays an important role in the pathogenesis of kidney stone formation (15, 16). Several inflammatory biomarkers [e.g., c-reactive protein (CRP), P-selectin] usually increase in the urine of individuals with kidney stones. Furthermore, it is well-established that kidney stone formation is attributed to unhealthy dietary patterns (17) and an anti-inflammatory diet may be associated with improved kidney function (18). However, no studies have investigated the relationship between DII and kidney stone formation.

Since the onset and progression of CKD are associated with a chronic pro-inflammatory state, we hypothesized that higher DII scores, indicating a more pro-inflammatory food intake, were associated with an incidence of increased CKD and poorer clinical outcomes. Therefore, in the current study, we aimed to determine the association between DII and renal function and kidney stone formation in Ravansar non-communicable diseases (RaNCD) cohort study, Kermanshah, Iran.



Materials and methods


Study design

This cross-sectional study was conducted using data from the recruitment phase of a prospective study called the RaNCD cohort study. The RaNCD study is a dimension of the prospective epidemiological study in Iran (PERSIAN), which was conducted on different ethnic groups of the Iranian population in collaboration with the Ministry of Health and Medical Education, Iran. Ravansar, with a population of about 50,000, is one of the Kurdish provinces in the northwestern region of Kermanshah, Iran. The preliminary phase of the RaNCD began in November 2014 and ended in February 2017, during which 10,047 people participated in the study after informed consent. Further details and protocol of the RaNCD cohort study have been proactively published elsewhere (19, 20).

Patients with a background of cancer, thyroid disease, fatty liver, stroke, and end-stage renal disease (ESRD) were excluded due to the possibility of altered dietary patterns. In addition, subjects taking medications such as herbs, corticosteroids, and multivitamin supplements were not included in the study, as these supplements could affect nutritional outcomes for chronic renal failure. Patients with questionable total daily energy intake (less than 500 kcal/day and more than 4,200 kcal/d) were excluded from the study.



Data collection and measurement

Information about participants in the RaNCD cohort study was gathered by a trained master at the cohort center (Ravansar cohort center).



Assessment of renal function

CKD was characterized by renal abnormalities or a GFR < 60 ml/min/1.73 m2 (1.0 mL/s/1.73 m2) for more than 90-d. Kidney irregularities were diagnosed by pathological problems or markers of dysfunction, including abnormalities in blood or urine tests (21). Diet modification equation in kidney disease 4 (MDRD4) was used to measure eGFR using serum creatinine (Cr), age, gender, and ethnicity as follows (22):

eGFR (mL/min per 1.73 m2) = 175 × serum creatinine (μmol/L)–1.154 × age (years)–0.203 × 0.742 (if female) × 1.213 (if black). Abnormal stages of CKD were classified as follows: stage 3 (30 eGFR ≤ 59 mL/min/1.73 m2); stage 4 (15 eGFR 29 ml/min/1.73 m2); stage 5 (eGFR < 15 mL/min/1.73 m2) (23, 24).


Kidney stone

All the cases with kidney stones in the RaNCD cohort study by self-report were confirmed by clinical records.



Dietary assessment

The standardized 118-item 1-y FFQ used in a national cohort study—PERSIAN—was used to assess the dietary patterns (19). Updated nutritional databases were used to assess the amount of nutrient intake (19). The FFQ was used to determine the DII and was presented as part of the previous study (12). The DII was formulated by studying articles that were published between 1950 and 2010 and which were centered around the link between a series of food parameters and 6 inflammatory markers viz. IL (interleukin)-1β, IL-4, IL-6, IL-10, CRP, and tumor necrosis factor-α (TNF-α). Similarly, 45 nutritional parameters were recognized including macronutrients, micronutrients, flavonoids, and other foods, which can influence the outcomes of inflammation. The inflammatory potential of each parameter was evaluated based on their impact on the expansion, reduction, or elimination of various inflammatory markers. Foods having pro-inflammatory potentials were rated + 1, anti-inflammatory foods were rated −1, and foods with no effects on inflammation were given a score of zero. The DII values can range from −8.87 (highest anti-inflammatory score) to + 7.98 (highest pro-inflammatory score). Based on the mean admission and global SD, z-score and percentage were determined for each parameter. The inflammatory score for each of the nutritional parameters was determined and the total DII score was obtained from the set of inflammatory scores. A more negative DII score indicates the most potent pro-inflammatory diet, and a more positive DII score indicates the most impressive pro-inflammatory diet (7–12).

The nature of the diet was examined using the 2015 health eating index (HEI), which evaluates 13 food groups, including 9 adequate components and 4 moderate components. Using principal component analysis (PCA), subjects were economically categorized as poorest, middle class, richest, and rich (25).




Clinical measurements

Diagnosis of diabetes included fasting blood glucose (FBS) levels of at least 126 mg/dL or cases treated with hypoglycemic drugs. People with a systolic blood pressure of at least 140 mmHg and diastolic blood pressure of at least 90 mmHg or who were being treated with medication for high blood pressure (BPH) were considered to have BPH. In this study, dyslipidemia was also considered a problem in serum lipid profile indices, including one or more of the following: low-density lipoprotein (LDL) > 130 mg/dL, high-density lipoprotein (HDL) < 45 mg/dL, triglycerides (TG) > 150 mg/dL, total cholesterol > 200 mg/dL, or taking lipid-lowering drugs such as amlodipine, atorvastatin, clofibrate, fenofibrate, gemfibrozil, lovastatin, and simvastatin. Blood urea nitrogen (BUN) and serum creatinine (Cr) concentrations were measured using enzymatic techniques. The one-to-one questionnaire was used to assess participants’ physical activity. The questionnaire consisted of 22 questions that assessed individual activity on an hourly or minute-per-day basis. At last, information from the questionnaire was extracted and used on the basis of metabolic equivalents (METS)/hour per day.



Statistical analysis

Data were presented using mean ± S.D for quantitative variables and frequency and percentage for qualitative variables. Raw ORs with 95% CIs were used to analyze the relationship between DII and CKD. The relationship between the factors was assessed using univariate and multivariate logistic regression models. Variables with P < 0.3 in the univariate analysis were included in the multivariate model. Then, the variables with P > 0.05 were removed using the forward or reverse method. The fractional polynomial method was performed to quantitatively associate the effect of DII with the odds ratio of CKD. To estimate the effect of DII on CKD and kidney stones, we entered confounding and then adjusted variables for diabetes and hypertension, age, gender, smoking status, body mass index (BMI), education level, and physical activity. The effect of the DII was then evaluated. The fractional polynomial is a regular polynomial alternative method that provides flexible parameterization for continuous variables. All analyzes were performed using Stata software version 14.1 (Stata Corp., College Station, TX, United States) with a 95% confidence interval.


Ethical approval

The convention of this study was supported by the ethics committee of the Kermanshah University of Medical Science (IR. KUMS.REC.1394. 318).





Results

In the present study, of the 10,047 individuals enrolled in the RaNCD cohort, the status of CKD and other related markers was recorded for 9,824 (97%) participants. Out of these, 5,214 (53.07%) were female participants. The mean ± SD age of women and men was 48.2 ± 8.3 and 47.7 ± 8.1 years, respectively. Of the participants, 2,683 (27.52%) had a normal BMI and 26.1% had low-physical activity (36 > −MET/h per day) (Table 1).


TABLE 1    Characteristics of the participants according to the quartiles of dietary inflammatory index.
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The average DII score In this study was −0.84 ± 1.6, ranging from −5.00 (diet with the lowest pro-inflammatory potential) to + 4.64 (diet with the highest pro-inflammatory potential). Table 1 summarizes the general characteristics of subjects with CKD in the DII Qs. There was no significant difference in the prevalence of diabetes (p = 0.98) between the DII Qs.

According to the participants’ self-reported data, 18.24% of them had kidney stones, and most of them (27.69%) were in the first quarter. In addition, as the inflammation of the diet increased, a decreasing trend in the incidence of kidney stones was observed among the study participants. However, no significant differences were found in the incidence of kidney stones between the quartiles (P = 0.01) (Table 1).

In this study, out of 9,824 subjects 1,747 subjects [eGFR: 18.50 mL/min per 1.73 m2; 95% confidence interval (CI): 17.72–19.30] had CKD. The prevalence of kidney stones was evaluated by participants’ self-report. A total of 1,791 participants (18.24%) had kidney stones, and most of them were in the first quartile (27.69%).

The highest prevalence of kidney stones was observed in the first quartile (diet with the highest anti-inflammatory potential). No significant differences were found in creatinine and urea concentrations across the Qs or DII score (Table 1).

The average eGFR in men (80.2 ± 13.1) was higher than in women (72.6 ± 13.5) in the study population. Figure 1 shows the mean of eGFR over Qs of DII. A significant decreasing trend was observed for eGFR across Qs of DII in men and women. Subjects with a higher DII had lower eGFR and the trend was similar in both genders.


[image: image]

FIGURE 1
Association of glomerular filtration rate and dietary inflammatory index.


It is likely that a pro-inflammatory diet increases the risk of developing CKD. According to our findings, which can be seen in the crude model, the risk of CKD in quartile 4 was 4.38 times higher than that in quartile 1 (OR = 4.38, 95% CI: 3.58–5.36). Although the odds ratio decreased compared to the crude model after controlling for confounding factors, the association between DII and CKD remained significant. Moreover, after adjusting for all major confounding factors, the probability of chronic renal failure in subjects in the fourth quartile (pro-inflammatory) was 1.92 (95% CI: 1.52–2.42) times higher than Q1 (anti-inflammatory) (Table 2).


TABLE 2    Bivariate and the multivariate association between DII and CKD.

[image: Table 2]

As shown in Figure 2, an increased risk of being in the higher stage of CKD was found among those in the top Qs of DII (P for trend = 0.03). The results also revealed that women were more likely to get CKD than men.


[image: image]

FIGURE 2
Odds of chronic kidney disease and dietary inflammatory index.




Discussion

The present study was conducted in an Iranian Kurdish population to assess the relationship between DII and the likelihood of CKD progression in a large general population in Iran. We have shown that DII scores are directly related to CKD risk. The odds ratio of CKD in the fourth quarter was 4.38 times higher than in the first quarter of DII. These findings remain in accordance with prior studies (11, 15, 26). Mihai et al. indicated that in patients with CDK, consuming a diet with pro-inflammatory potential may trigger disease progression (15). Another observational study examining the likelihood of harmful effects of pro-inflammatory diets on kidney health suggested that the anti-inflammatory properties of the diet are crucial for preventing kidney failure in American adults (27). A cohort study recommended that a pro-inflammatory diet, as assessed by the DII, was associated with systemic inflammation and impaired renal function in older Swedish populations (11). The significant mediating role of serum CRP in the association between the DII and kidney function proposes that inflammation is a likely mechanism through which diet may prompt kidney dysfunction (11). Therefore, an anti-inflammatory diet appears to be a reasonable prophylactic strategy for limiting the risk of CKD. Overall, previous evidence has shown that diet quality can develop outcomes in patients with chronic renal failure (28). A pro-inflammatory diet is not only effective in reducing the burden of disease in patients with chronic kidney failure but also in preventing kidney cancer. Shivappa et al. showed that higher DII scores for pro-inflammatory diets were associated with a higher risk of kidney cancer in the American population (29). An anti-inflammatory diet high in fruits and whole grains was associated with lower urinary albumin to creatinine ratio (ACR) (30), whereas a pro-inflammatory diet such as animal-based foods was associated with higher ACR across all quartiles (31). Furthermore, a greater intake of animal fats and sodium is associated with the onset of micro albuminuria, while a greater intake of carotenoids, which have an anti-inflammatory effect, is associated with an increase in GFR (32). One of the potential mechanisms adding to the relationship between DII and the risk of renal disease is the impact of diet-related chronic inflammation in the upregulation of various pro-inflammatory mediators like TGF-β, TNF-α, IL-6, and CRP (14). In contrast, others have shown that the DII score is unrelated to serum hs-CRP and biomarkers of kidney function in elderly patients (26). Nevertheless, previous reports suggest that dietary habits are associated with CRF according to major community registries (9). The DII has a good overall ability to assess nutritional and inflammatory status to reduce morbidity and mortality in patients with chronic renal failure (33).

In the present study, we also observed significantly fewer kidney stones in subjects in Q1 of the DII compared to the later Qs. It has been suggested that the formation of kidney stones could be attributed to poor dietary habits (16, 17). An earlier study showed that adherence to an unhealthy dietary pattern that is rich in red meats and high-fat dairy products is related to kidney stone formation (17). Moreover, adherence to the Mediterranean dietary pattern (18) and DASH (dietary approaches to stop hypertension) diet (16) with a low DII, which includes a high intake of fruits, vegetables, and low-fat dairy products and a low intake of total fat, are associated with decreased kidney stone formation. Earlier studies likewise propose that individuals with kidney stones are inclined to CKD at later stages of life (34, 35).

Our study showed that there was no significant difference in the prevalence of diabetes between the Qs of the DII. In contrast to this study, Nikniaz et al. showed that the DII score was related to total metabolic syndrome (MetS) and FBS after adjusting for all covariates in Iranian adults (36). In a cross-sectional study, the upper DII quartile (Q4) was positively associated with the prevalence of MetS in men and in postmenopausal women (37). Another study showed that an increased pro-inflammatory diet is associated with poor glucose homeostasis (38).

Despite the fact that hypertension and CKD coexist frequently (39), findings of our study demonstrated that patients with HBP as the highest consumer of an anti-inflammatory diet. This finding does not corroborate any previous study. Phillips et al. proposed that expanded admission to a pro-inflammatory diet is related to higher blood pressure among an Irish population (38). Ramallal et al. likewise showed a significant association between DII and hypertension in a Spanish population (40). Our results also showed that women had a higher risk of CKD progression than men consistent with a previous study (41). It has been proposed that the distinction in sexual orientation in CKD can be largely attributed to differences in predictors of renal function due to urinary tract infection, especially in women (42).

At last, our study consists of certain limitations. First, we calculated the DII using 29 diet items, and data on 16 diet items were not available in this study. Second, due to the cross-sectional design of the present study, it was not possible to investigate the causal relationship between DII and the progression of CKD. Nevertheless, the greatest strength of the present study was that it aimed to determine the relationship between DII and CKD among the Kurdish population in Iran with large sample size. Other strengths of this study are the high quality of data collection, population-based study design, and adjustment for all known confounders such as age, sex, smoking status, BMI, location, level of education, and physical activity. Using DII instead of inflammatory markers to assess the effect of inflammation may help directly measure the impact of diet on clinical outcomes through inflammation and reduce the overall cost of the study. The calculation of the DII by an inexpensive and non-invasive method (FFQ) makes it possible to evaluate the inflammatory properties of the dietary components.



Conclusion

In conclusion, the lowest quartiles of DII were at a reduced risk of being in the highest stage of CKD and improved renal function in a large general population. Considering the role of diet through its antioxidant properties in the occurrence of diseases such as CKD, it is recommended that the DII should be taken into account to help prevent, control, and treat CKD, with an emphasis on the use of antioxidant diets as part of prophylactic dietary strategies.
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Background: Phytochemicals have been recently studied as adjuvants for the treatment of obesity. No study has investigated the association of phytochemical-rich foods with metabolically unhealthy overweight/obesity phenotype (MUOW/O). This study aimed to determine the association of dietary phytochemical index (DPI) with MUOW/O based on Karelis criteria among Iranian female adults.

Methods: In this cross-sectional study, a total of 228 overweight and obese women aged 18–48 years were included. Anthropometric measurements were evaluated for all participants. A validated 147-item Food Frequency Questionnaire (FFQ) was used for dietary assessment. DPI was calculated as [dietary energy derived from phytochemical-rich foods (kcal)/total daily energy intake (kcal)] × 100. Participants’ body composition and biochemical parameters of Karelis criteria [triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), insulin, and high-sensitivity C-reactive protein (hs-CRP)] were determined.

Results: The mean age of the study participants was 36.69 ± 9.20, and the mean DPI score was 26.23 ± 9.48 among participants with MUOW/O phenotype. After controlling for potential confounders, women in the highest tertile of DPI had lower odds for MUOW/O phenotype [odds ratio (OR): 0.23, 95% confidence interval (CI): 0.07–0.68, P = 0.008] compared to the lowest tertile. Among the components of Karelis criteria, homeostatic model assessment for insulin resistance (HOMA-IR) was significantly associated with MUOW/O phenotype in the fully adjusted model (OR: 0.29, 95% CI: 0.10–0.79, P = 0.01).

Conclusion: We found a significant association between DPI and MUOW/O phenotype in Iranian women. Prospective studies are needed to confirm these findings.
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Background

Obesity is a prevalent disease that is described as an epidemic with its globally increasing high rate (1). It is estimated that almost 2.1 billion people are either overweight or obese around the world (2). Obesity is caused by a constant positive energy balance, which may stem from various genetic, social, and personal factors (2, 3). Obesity is strongly linked to multiple metabolic disorders, including diabetes mellitus (DM), cardiovascular diseases (CVDs), hypertension, dyslipidemia, and inflammation-related conditions (4, 5).

Despite these facts, not all obese people develop metabolic dysfunction (6). It has been recognized that some obese individuals have a favorable metabolic profile, including blood pressure, lipid and hormonal profile, insulin sensitivity, and a lower risk of CVDs (7, 8). This subcategory of obesity is defined as metabolically healthy obesity (MHO) phenotype (7). The prevalence of MHO is controversial; however, based on different criteria and populations, it is estimated to be 6–75% (9, 10). This phenotype results from a complex interaction of multiple factors, e.g., genetics, environment, lifestyle, and diet (6, 11, 12). On the contrary, the metabolically unhealthy obesity (MUO) phenotype is connected with at least two or more metabolic disorders and more susceptibility to CVDs (13). A 10-year follow-up demonstrated that almost half the people with MHO phenotype would develop one or more metabolic abnormalities (14). Thus, MHO is a rather transient phenotype (10, 14, 15). Several criteria have been suggested to define MHO phenotypes (16, 17). Karelis criteria (18) measure triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), high-sensitivity C-reactive protein (hs-CRP), and homeostatic model assessment for insulin resistance (HOMA-IR) to determine MHO. In the current study, Karelis criteria have been used since it considers both insulin resistance and inflammation as practical measurements of health evaluation in the obese population (18) and demands at least four of the proposed criteria to introduce an individual as having MHO phenotype (19).

A significant factor that affects the metabolic health of obese individuals is diet (20). Among dietary factors, foods rich in phytochemical compounds such as fruits, vegetables, and whole grains are associated with weight control and the prevention of chronic and metabolic diseases, e.g., CVDs, type 2 DM, and metabolic syndrome (21). Phytochemicals, also called natural secondary plant metabolites, include a large group of compounds, such as phenolic compounds, organosulfur compounds, flavonoids, carotenoids, and alkaloids (22–24). It has been shown that phytochemicals regulate carbohydrate and lipid metabolism and have anti-inflammatory and anti-oxidative characteristics (25). Since it is quite troublesome to determine the amount of phytochemical intake in large populations (26), McCarty (27) proposed a practical tool, the phytochemical index (PI), which is defined as the percentage of calorie intake derived from phytochemical-rich foods. Previous studies have assessed the association between PI and metabolic syndrome, overweight/obesity, insulin resistance, lipid profile, and hypertension (25, 26, 28–30). These studies reported that PI was inversely related to hypertension, dyslipidemia, obesity, insulin resistance development, and prevalence of metabolic syndrome. However, we are not aware of any study examining PI in metabolically healthy and unhealthy individuals according to Karelis criteria. Therefore, this study aimed to evaluate the association of PI with MHO and MUO phenotypes among Iranian women.



Materials and methods


Study subjects

This cross-sectional study is conducted on 228 overweight/obese women from Tehran, Iran, referred to health centers affiliated to the Tehran University of Medical Sciences (TUMS) during 2017–1019. A multistage cluster sampling method was used to recruit the study population. Participants were selected based on the following inclusion criteria: age 18–48 years, body mass index (BMI) ≥25 kg/m2, and no ongoing weight loss program or taking weight loss supplements. Participants with CVDs, diabetes, cancer, kidney disease, thyroid disease, acute and chronic diseases, currently menopause, pregnant/lactating, or taking antidiabetic, antihypertensive, lipid-lowering medications, and weight loss supplements were excluded. Subjects who had a daily energy intake lower than 800 or higher than 4,200 kcal were also excluded. All participants signed informed written consent before their entrance to the study. The study protocol was approved by the Ethics Committee of TUMS with the following identification: IR.TUMS.MEDICINE.REC.1399.636.



Measurement of biochemical parameters

After 10–12 h of fasting, all blood samples were collected into tubes containing 0.1% EDTA. Samples were immediately centrifuged for 10 min at 3,000 rpm, aliquoted, and stored at a temperature of −80°C until analysis. An AutoAnalyzer BT1500 (Selectra 2; Vital Scientific, Spankeren, Netherlands) was used to analyze all the samples. Plasma glucose was measured by the glucose oxidase phenol 4-aminoantipyrine peroxidase (GOD/PAP) method. The glycerol-3-phosphate oxidase phenol 4-aminoantipyrine peroxidase (GPO-PAP) method was used to assess serum TG. Total cholesterol was measured by an endpoint enzymatic method. LDL-C and HDL-C were assayed by the direct method and immunoinhibition. An immunoturbidimetric assay measured the level of hs-CRP as a marker of inflammation. All kits were purchased from Pars Azmoon (Pars Azmoon Inc., Tehran, Iran). Also, the enzyme-linked immunosorbent assay (ELISA) method (Human Insulin ELISA Kit, DRG Pharmaceuticals, GmbH, USA) was used for serum insulin measurement.



Definition of metabolic health and its components

According to Karelis criteria, metabolic health status was defined as follows: TG ≤1.7 mmol/L, HDL ≥1.3 mmol/L and no treatment, LDL ≤2.6 mmol/L and no treatment, hs-CRP ≤3.0 mg/L, and HOMA-IR ≤2.7. The presence of four or more of the features is a diagnosis of metabolic health. Thus, according to metabolic health, participants are classified into two groups, namely, MHO and MUO (18).



HOMA-IR calculation

We calculated insulin resistance using HOMA-IR as the following formula: fasting insulin (mUI/L) × fasting glucose (mmol/L)/22.5 (31).



Assessment of dietary intake and phytochemical index calculation

Dietary intake was examined using a validated 147-item semi-quantitative Food Frequency Questionnaire (FFQ) (32). The FFQ contains a list of foods commonly consumed by Iranians in standard serving sizes. In face-to-face interviews, participants were asked to report their average frequency of food intakes. Finally, we converted the daily intake of all food items to grams per day using household measures.

Phytochemical index was calculated based on the method developed by McCarty {PI = [daily energy derived from phytochemical-rich foods (kcal)/total daily energy intake (kcal)] × 100} (27). This index included phytochemical-rich foods such as whole grains, fruits and vegetables, nuts and seeds, legumes, soy products, and olive and olive oil. The potato was not included due to its low phytochemical content, and it is often consumed as a starch component rather than a vegetable. Natural fruit and vegetable juices and tomato sauce were considered in PI due to their high phytochemical content. We also added tea and coffee as rich sources of phytochemicals. Phenolic compounds, including flavonoids, phenolic acids, hydroxycinnamic acids, lignans, tyrosol esters, stilbenoids, isoprenoids, and organosulfur compounds (allyl sulfurs, isothiocyanate) are taken into account in PI.



Body composition analysis

A multi-frequency bioelectrical impedance analyzer (BIA), InBody 770 Scanner (Inbody Co., Seoul, South Korea), was used for body composition assessment. Fat-free mass (FFM), fat mass (FM), and waist-to-hip ratio (WHR) were recorded by this analyzer. As the manufacturer’s instructions required, participants had to take their shoes, coats, and sweaters off, stand on the balance scale, and hold the handles of the machine. In addition, subjects were required to abstain from intense exercise and intake of a meal or excessive fluid before the analysis. Body composition analysis was conducted in a fasting condition in the morning after emptying the bladder (33).



Assessment of other variables

Information on age, education (primary/secondary/university), marriage (single/married), smoking status (smoker/non-smoker), family history of obesity (yes/no), and occupation (employed/unemployed) was obtained.

In terms of anthropometric measurements, weight was measured to the nearest 100 g using digital scales with minimal clothes, and height was measured to the nearest 0.5 cm by a tape meter mounted on the wall while the subject was standing in a normal position without shoes. BMI was calculated by dividing weight (kg) by height squared (m2). Waist circumference (WC) was measured by a tape at the level midway between the lower rib margin and the iliac crest at the end of normal expiration to the nearest 0.5 cm when subjects were standing.

The level of physical activity (PA) was assessed using the International Physical Activity Questionnaire (IPAQ). Participants reported the frequency and duration of severe, moderate, jogging, and sedentary PA during the past 7 days, and the level of PA was expressed as metabolic equivalent hours per week (METs/h/week). METs were classified as low (<600 MET-min/week), moderate (600–3,500 MET-min/week), and vigorous (>3,500 MET-min/week).



Statistical analysis

Kolmogorov–Smirnov’s test was used to evaluate the normal distribution of the data. One-way analysis of variance (ANOVA) was used to determine differences in continuous variables across tertiles of dietary phytochemical index (DPI). The Chi-square test was applied to examine the distribution of participants in terms of categorical variables across tertiles of DPI. Data on quantitative characteristics were reported as the mean ± SD and data on qualitative characteristics were expressed as a percentage. The differences between the dietary intakes of participants based on the obesity phenotypes were assessed by one-way ANOVA. For evaluating these differences after adjustment of age (continuous), BMI (continuous), PA (low, moderate, and high), and total energy intake (continuous), the analysis of covariance (ANCOVA) test was used. Binary logistic regression was applied to examine the associations of the DPI (independent variable) with the MUO (dependent variable) and components of Karelis criteria (dependent variable). DPI was categorized as tertiles, and MUO and the five components of Karelis Criteria were categorized as binary variables in the models. SPSS software was used (version 24; SPSS Inc., Chicago, IL, USA) for all statistical analyses. P-value < 0.05 was considered statistically significant.




Results

The general characteristics of the 228 study participants across tertiles of DPI are shown in Table 1. Compared to the participants in the lowest tertile, participants in the highest tertile were older (P < 0.001), more likely to have lower weight (P = 0.03) and height (P = 0.004), lower FM (P = 0.03), FFM (P = 0.02), and more likely to be non-smokers (P = 0.01).


TABLE 1    General characteristics of study participants by tertiles of DPI.
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The dietary intakes of participants according to obesity phenotypes are presented in Table 2. Only cholesterol intake was significantly higher among subjects with MUH status (P = 0.02) even after adjusting for total energy intake (P = 0.04).


TABLE 2    Dietary intake of MHO and MUO participants.
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Crude and multivariable-adjusted odd ratios (ORs) with 95% confidence intervals (CIs) for MUH phenotype across tertiles of DPI are provided in Table 3. No significant association was found between MUH phenotype and DPI in the crude model. After adjusting for age, BMI, total energy intake, and PA, those in the highest tertile had lower odds for MUH phenotype (OR: 0.29, 95% CI: 0.11–0.76, P = 0.01). After further adjustments for marital status, occupation, education, socioeconomic status, weight loss history, and family size, individuals in the highest tertile of DPI still had 77% lower odds for MUH phenotype compared to the lowest tertile (OR: 0.23, 95% CI: 0.07–0.68, P = 0.008).


TABLE 3    Multivariate adjusted odds ratios (OR) and 95% confidence intervals (CI) for MUO phenotypes across tertiles of DPI.
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Table 4 shows multivariate-adjusted models with 95% CIs for components of Karelis criteria among tertiles of DPI. Compared with the subjects in the lowest tertile of DPI, those in the highest tertile had 58% lower odds of having HOMA-IR (OR: 0.42, 95% CI: 0.18–0.97, P = 0.04). This association remained significant after additionally controlling for marital status, occupation, education, socioeconomic status, weight loss history, and family size (OR: 0.29, 95% CI: 0.10–0.79, P = 0.01). For TG level, in the fully adjusted model, the participants in the highest tertile of DPI had marginally lower odds for TG concentrations above 1.7 mmol/L (OR: 0.35, 95% CI: 0.12–1.03, P = 0.05). No significant association was detected between DPI and other components of Karelis criteria.


TABLE 4    Multivariate adjusted odds ratios (OR) and 95% confidence intervals (CI) for Karelis criteria components across tertiles of DPI.
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Discussion

Little has been understood about the association of DPI, a dietary index that is a simple and practical method for assessing dietary phytochemical intake, with metabolic health status in overweight/obese individuals. Although prior investigations have found an inverse association between DPI and metabolic disorders, including hypertension, dyslipidemia, obesity, insulin resistance, and metabolic syndrome, there is no study investigating the DPI in overweight/obese metabolically healthy and unhealthy individuals according to Karelis criteria. As far as we know, this is the first research project evaluating the relationship between DPI and MHO and MUO phenotypes among overweight/obese Iranian females. Based on our findings, DPI was found to be inversely correlated with MUO phenotype, HOMA-IR, and TG levels even after adjustment for potential confounders, while no association was observed between DPI and serum concentrations of HDL, LDL, and hs-CRP.

In accordance with the obtained results, a longitudinal study performed by Mirmiran et al. (34) concluded that the highest quartile category of DPI was inversely associated with 3-year changes in weight, WC, and body adiposity index among 1,983 Tehranian adults. A recent research project evaluated the relationship between DPI and metabolic syndrome components in the Korean population and proposed that the highest DPI quintile was significantly related to a lower prevalence of metabolic syndrome and its components, including abdominal obesity, hyperglycemia, hypertriglyceridemia, and high blood pressure, although WC and the concentrations of HDL did not alter significantly among DPI quintiles (30). Also, a cross-sectional study by Bahadoran et al. (35) disclosed that higher intakes of phytochemical-rich foods are correlated with 66 and 36% reduced risk of abdominal obesity and hypertriglyceridemia as the main cardiometabolic risk factors in 2,567 Iranian adults aged 19–70 years. In the same study, the mean serum HDL level had increasing trends across the increase of phytochemical intake categories, and also participants in the upper quartile of DPI had a lower weight and WC (35). Furthermore, another cross-sectional study examining the association between DPI and serum concentrations of hs-CRP, a marker of low-grade systemic inflammation released by adipose tissue, found no association between hs-CRP and DPI among 170 premenopausal women, while there were significant associations between hs-CRP and several central obesity indices (36). Moreover, Golzarand et al. (25) reported an inverse association between DPI and TG, TC, and non-HDL cholesterol levels among the Iranian population aged 19–70 years in a Tehran Lipid and Glucose prospective study. In addition, DPI was found to be negatively associated with FBS levels and the 2-h oral glucose tolerance test (OGTT) even after controlling for confounders, including BMI, PA, and dietary intake of energy, fiber, carbohydrate, fat, and protein in a case-control study conducted on 300 Iranian adults (37). The discrepancies between the findings of the mentioned studies may be caused by different nationalities, physiological status, lifestyles, and age groups of participants.

The mechanisms of action of phytochemicals, non-toxic and cost-effective bioactive compounds compared to synthetic alternatives, on obesity and its related indices have been studied by several in vitro and in vivo models (38). Phytochemicals exert anti-obesogenic activities by targeting various obesity-related pathways and regulatory functions, including inhibition of dietary lipid digestion through attenuating pancreatic lipase activities, which are considered as main enzymes responsible for the digestion and absorption of lipids, inhibition of adipogenesis and differentiation of preadipocytes, stimulation of existing adipocytes apoptosis (38–43). Also, phytochemicals are shown to exert weight-lowering effects by elevating energy expenditure through activating brown adipogenesis, browning of white adipose tissue, and upregulating the expression of thermogenic genes, induction of lipolytic pathways, and appetite modulation through regulating various satiety-related hormonal and neurological signals such as the sympathetic nervous system, dopamine, histamine, and serotonin receptors, and adrenalin, leptin, and ghrelin levels in human bodies (38–43).

Despite several remarkable strengths of the present study, including relatively appropriate sample size, adjustment for numerous probable confounders that could potentially affect the results, and examining the relationship between DPI and metabolic phenotypes of obesity among overweight/obese Iranian females for the first time, our findings should be interpreted in the context of some weaknesses. First, as the most significant limitation, the current study cannot exhibit the causal association between DPI, MHO, and MUO phenotypes based on its cross-sectional nature. Second, there was no information about the duration of obesity that has been suggested to affect participants’ metabolic health status. Third, DPI was computed using calories from consumed food items, and thereby food items containing zero calories, such as spices, which are good sources of phytochemicals, could not be considered. Fourth, we used retrospective dietary data by FFQ, which may cause errors in calculating DPI due to the participants’ recall bias. Finally, racial homogeneity was also a limitation of the current research.



Conclusion

Dietary phytochemical index was found to be inversely correlated with MUO phenotype, HOMA-IR, and TG levels even after adjustment for potential confounders. Further prospective cohort studies with larger sample sizes are proposed to elucidate the association between DPI and metabolic phenotypes of obesity among overweight/obese subjects.
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Background: This study was conducted to evaluate possible associations between Dietary Total Antioxidant Capacity (DTAC) and odds of non-alcoholic fatty liver disease (NAFLD) in people with type-2 diabetes mellitus (T2DM).

Materials and methods: We recruited two hundred people with T2DM, and evaluated their liver steatosis using Fibroscan. Dietary intakes of participants were assessed using a validated food frequency questionnaire. DTAC was computed via ferric reducing antioxidant power (FRAP).

Results: In the crude model, no statistically significant association was found between DTAC and the odds of NAFLD in people with diabetes. However, after adjustment for potential confounders including age, gender, diabetes duration, smoking status, physical activity, BMI, waist circumference, and energy, the most reduced adjusted OR was indicated for the third tertile vs. the first one (OR: 0.28, 95% CI: 0.09–0.81, P = 0.02), meaning that diabetic patients in the third tertile of DTAC had 72% decreased risk of NAFLD in comparison to those in the first one. The relationship was remained significant after additional adjustment for HOMA-IR, HbA1c, serum Triglyceride (TG), and low-density lipoprotein-cholesterol (LDL) levels (OR: 0.29, 95% CI: 0.09–0.93, P = 0.03). Importantly, a dose-response pattern was demonstrated for DTAC and risk of NAFLD (P = 0.04).

Conclusion: Higher DTAC was related with a decreased risk of NAFLD in individuals with diabetes.
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NAFLD, diabetes, diet, DTAC, antioxidant


Introduction

Non-alcoholic fatty liver disease (NAFLD), an obesity complication commonly overlooked, is defined by the deposition of more than 5% fat in the liver not resulting from other identifiable factors such as alcohol consumption or viral hepatitis, ranging from hepatic steatosis to fibrosis and related cirrhosis (1, 2). Non-alcoholic steatohepatitis (NASH) is a more severe form of NAFLD featured by inflammation, hepatocyte necrosis, and regularly fibrosis (3). As a major cause of liver disease globally, NAFLD and NASH give rise to a substantial burden (4). A recent meta-analysis of 86 studies in 2016, estimated the prevalence of NAFLD in general population worldwide at 25.24%, whereas several meta-analyses demonstrated that in 2017 the prevalence was twofold (54–59.67%) in people with type 2 diabetes mellitus (T2DM) (2, 5, 6). The link between NAFLD and T2DM has been clearly identified, and can be described by IR and hyperinsulinemia resulting in defective lipid metabolism and the accumulation of fatty acids in the liver (7). Moreover, in people suffering from T2DM and NASH, the process of oxidative stress is increased, compared to T2DM patients without NAFLD (8, 9). T2DM furthermore enhances the susceptibility to advanced NAFLD including NASH, liver fibrosis, and hepatocellular carcinoma (4). Therefore, it seems vital to identify and monitor these high-risk patients.

The gold standard procedure for distinguishing NAFLD is liver biopsy, however, is impossible to apply an invasive and expensive technique in such a great number of T2DM patients (10). Consequently, it is of benefit in identifying people suffering from NAFLD using simple methods, in order to detect those likely to progress to NASH or advanced liver disease (10). Nutrition is known as a main modifiable environmental factor in the development and management of NAFLD (11). A few researchers have clarified that antioxidant intake plays a crucial role in protecting against oxidative damage and relevant inflammatory complications in people with NAFLD (12). Currently, dietary total antioxidant capacity (DTAC) is regarded as a useful index to investigate the whole antioxidant capacity of foods (13). In comparison to a simple sum of certain dietary antioxidants, DTAC provides the cumulative capability of the total dietary antioxidants (13). Accumulating evidence suggests that DTAC is inversely associated with adverse health consequences such as cardiovascular diseases, T2DM, cancer deaths, and obesity (14–17). A recent case-control study declared that high DTAC is significantly related to decreased risk of NAFLD (12). Additionally, patients with greater DTAC indicated lower odds of NAFLD in comparison to lower amounts of DTAC (18).

Overall, the present study focused on the changes in blood glucose, lipid profile, transaminases, and IR among T2DM patients with and without NAFLD in order to present potential prognostic markers for identifying diabetic patients being at high risk of NAFLD. Furthermore, people with T2DM need to specifically be considered in the assessment of potential dietary prevention strategies for NAFLD. Nevertheless, to the best of the authors’ knowledge, the association between DTAC and the development of NAFLD in T2DM patients has not yet been investigated. Thus, the present study was conducted to evaluate probable association between DTAC and odds of NAFLD in T2DM patients.



Materials and methods


Study population

This cross-sectional study was conducted between April 2021 and February 2022 and was approved by the Ethics Committee of the Shahid Beheshti University of Medical Sciences (NO: IR.SBMU.NNFTRI.REC.1399.061). Eligible volunteers were selected by the use of consecutive-sampling method and provided with informed written consent, prior to study commencement.



Inclusion criteria

The study population was recruited from people with T2DM referred to the diabetes clinic affiliated with the Institute of Diabetes and Metabolism, Iran University of Medical Sciences, Tehran, Iran. Participants in the NAFLD group (n = 133) were individuals aged between 18 and 70 years old with confirmed T2DM for over 2 years and CAP (Controlled attenuation parameter) score > 270 dB/m. The non-NAFLD group (n = 67) included individuals with 18–70 years of age and diagnosis of T2DM for over 2 years, as well as CAP score ≤ 270 dB/m. In addition, no participants in the NAFLD or non-NAFLD group was on insulin therapy. Body mass index (BMI) ≥ 23 kg/m2 was another inclusion criterion for participants in the both study groups. NAFLD was diagnosed using the findings of Fibroscan performed by an expert physician.



Exclusion criteria

People with a history of any type of pathologically confirmed cancer, under chemotherapy or radiotherapy (due to cancer), drug use, chronic inflammatory disease, heart failure, myocardial infarction, and kidney disease were not included in the study. Moreover, Participants were excluded for recently weight-loss diet, taking weight-loss medications, pregnancy, lactation, more than 10% weight reduction during the last 6 months, history of hepatic diseases such as hepatitis, autoimmune disease, biliary disease, hereditary disorders of the liver including Wilson’s disease and hemochromatosis, and using toxins or drugs affecting the liver such as NSAIDs, anti-inflammatory drugs, etc. Participants with a clear drinking history (≥ 21 units/week in men and ≥ 14 units/week in women) were not included in the research. All of the studied patients reported that they do no drink alcohol at all. The flowchart of participants selection is shown in Figure 1.
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FIGURE 1
Flowchart of the study’s participants.




Overall, anthropometric, and physical activity evaluations

Required information about age, sex, smoking status, duration of diabetes, and use of supplements were collected via a standard questionnaire. In order to measure CAP score, transient elastography (TE) equipped with M and XL probes (Fibroscan®) was used. A digital scale (Seca, Germany) was used to evaluate individuals’ weight (kg), unshod and to the nearest 100 g. Height was measured using a tape measure and in a standing position to the nearest 0.5 cm. Finally, BMI was calculated by dividing weight (kg) by the square of height (meters). In order to determine the level of physical activity during the last 7 days, the International Physical Activity Questionnaire (IPAQ) short form was applied, and it was expressed as metabolic equivalent task (MET)-min/week (19). The validity and reliability of this questionnaire have been already examined in Iranian adult women. Blood pressure was measured on the basis of standard protocols using an automatic sphygmomanometer (OMRON, Mannheim, Germany).



Laboratory tests

Venous blood samples were collected after 10–12 h of overnight fasting. Enzymatic colorimetric method was used to measure the levels of fasting blood glucose. Serum levels of Triglyceride (TG), Total Cholesterol (TC), and high-density lipoprotein (HDL) were calculated by the use of enzymatic assays and standard biochemical kits (Pars Azmun Co., Iran). Between- and within-run coefficient of variations were less than 6.2%. Low-density lipoprotein (LDL) was calculated by modified version of Friedewald equation (20). ECLIA method and Roche Diagnostics kits (Roche Cobas 6000 analyzer) were used to measure serum insulin. HOMA-IR (Homeostatic Model Assessment for Insulin Resistance) was calculated by the following equation: [fastinginsulin(μU/mL)×fastingglucose(mmol/L)]/22.5 (21). QUICKI (Quantitative Insulin Sensitivity Check Index) was computed as 1/[log(fastinginsulin[cpsbreak]inμU/mL)+log (fastingglucoseinmg/dL)] (22). TyG (Triglyceride and glucose) index was determined as Ln[TG(mg/dL)×fasting[cpsbreak]glucose(mg/dL)/2] (23).



Dietary assessment and calculation of dietary total antioxidant capacity

Dietary intakes of participants during the last year were examined using a semi-quantitative food frequency questionnaire (FFQ) with 147 item which its reliability and validity in Iranian population have been previously evaluated (24). An expert dietitian, being totally unaware of the participants’ situation (regarding having NAFLD), administered the FFQ via face-to-face interviews. Subjects reported how often they consumed each food item during the last year and household measures were used to convert usual intakes to grams per day (25). Subsequently, Nutritionist 4 software (First Databank Inc., Hearst Corp., San Bruno, CA, USA) modified for Iranian foods determined the amount of total energy and dietary nutrients consumed every day. In the present study, DTAC was calculated via ferric reducing antioxidant power (FRAP). In order to obtain the total antioxidant capacity (TAC) (in mmol) of each food, published databases with antioxidant capacity of foods measured by the use of FRAP, were applied. When TAC of food items was unavailable, the amount of the closest comparable food was allocated (26). In order to calculate DTAC (in mmol), the daily intake of each food item over all products and units of antioxidant content (derived from an antioxidant index database) were summed (27).



Statistical analysis

The normality of data was assessed using the Kolmogorov–Smirnov test and the histogram chart. By the use of the independent Student’s t-test and Mann–Whitney test, general characteristics with normal and abnormal distributions were compared between the study groups, respectively, and for qualitative variables, X2 test was applied. Next, subjects were categorized into tertiles of DTAC. General characteristics, biochemical parameters, and dietary intakes across tertiles of DTAC were evaluated by the use of Kruskal–Wallis test and analysis of covariance (ANCOVA) for continuous variables and X2 test for categorical variables.

Quantitative and qualitative variables were reported as mean ± SD (standard deviation) and percentages, respectively. To assess the association between biochemical factors and NAFLD in diabetic patients, binary logistic regression in different models was used. In addition, multiple logistic regression models were applied to determine unadjusted and adjusted ORs for DTAC. In all analyses, the first tertile of biochemical factors or DTAC was regarded as the reference category. A broad range of confounders was controlled to examine whether the association was independent of them. All the statistical analyses were conducted using SPSS (SPSS Inc., version 25). P values less than 0.05 were considered as significant.




Results

Overall characteristics of individuals across the study groups are presented in Table 1. No statistically significant difference was found in age between the NAFLD and non-NAFLD groups. Among the diabetic patients with NAFLD and without NAFLD, 58.64 and 44.77 % were women, respectively. In terms of BMI, subjects in the NAFLD group significantly presented greater BMI compared with those in the non-NAFLD group. Besides, diabetic patients with NAFLD (NAFLD group) higher levels of TC, TG, LDL, transaminases, HbA1c, and TyG index, in comparison to those without NAFLD. Moreover, IR was more prevalent among them. The two groups, however, showed no significant differences in current smoking, diabetes duration, blood pressure, physical activity, FBS, HDL, and DTAC.


TABLE 1    Baseline characteristics of type 2 diabetic patients with or without non-alcoholic fatty liver disease (NAFLD)†.
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Among categories of DTAC, a significant difference was found in terms of age, diastolic blood pressure (DBP), and insulin levels. However, BMI, physical activity, blood pressure, diabetes duration, and biochemical parameters did not differ significantly across categories of DTAC. We found that individuals in the top tertile had significantly higher intakes of monounsaturated fatty acid (MUFA), polyunsaturated fatty acid (PUFA), dietary fiber, fruits, vegetables, low-fat dairy products, and poultry. Additionally, the intake of whole grains, legumes, nuts, seeds, green/black tea, and coffee was significantly higher in them (Table 2).


TABLE 2    Characteristics, biochemical parameters, and dietary intakes of study participants across tertiles of dietary total antioxidant capacity†.
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Multiple logistic regression analysis was applied to examine whether certain biochemical factors were independently and significantly associated with the presence of NAFLD in people with diabetes (Table 3). For all T2DM patients, LDL-C, HbA1c, HOMA-IR, and TyG index were significantly associated with greater odds of having NAFLD, according to the fully adjusted model. On the other hand, the analysis showed that high QUICKI was a protective factor for NAFLD. Specifically, those with LDL (OR = 3.08, 95% CI: 1.16–8.16, P = 0.02) levels in tertile 3 had significantly increased odds for NAFLD, independently of age, gender, diabetes duration, smoking status, physical activity, BMI, waist circumference, HOMA-IR, HbA1c, and energy. Additionally, compared to tertile 1, HbA1c levels in tertile 3 were independently associated with a significantly increased odd for NAFLD (OR = 2.92, 95% CI: 1.14–7.45, P = 0.02). Similarly, T2DM patients with higher amounts of HOMA-IR (> 2.7) had significantly 5.33 times the odds (OR = 5.33, 95% CI: 1.83–15.5, P = 0.002) of NAFLD compared to T2DM patients with lower amounts (< 1.62) after controlling for the potential confounders. Also, diabetic patients with higher levels of QUICKI had reduced OR in NAFLD than those with lower levels (OR = 0.18, 95% CI: 0.06–0.54, P = 0.002). Another parameter independently associated with an increased odds of having NAFLD was TyG index (OR: 2.99, 95% CI: 1.22–7.32; P = 0.01).


TABLE 3    Crude and multivariable-adjusted odds ratios (ORs) and 95% confidence intervals (95% CIs) for non-alcoholic fatty liver disease (NAFLD) in participants with type 2 diabetes across tertiles of biochemical parameters.
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Multivariable-adjusted odds ratios and 95% CIs for NAFLD by tertiles of DTAC are indicated in Table 4. In the crude model, DTAC was not significantly associated with the odds of NAFLD in people with diabetes. However, after adjustment for potential confounders including age, gender, diabetes duration, smoking status, physical activity, BMI, waist circumference, and energy, the lowest adjusted OR was observed for the last tertile vs. the first one (OR: 0.28, 95% CI: 0.09–0.81, P = 0.02), meaning that diabetic patients in the highest tertile of DTAC had 72 % decreased risk of NAFLD compared with those in the lowest tertile. The association remained significant after additional adjustment for HOMA-IR, HbA1c, TG, and LDL levels (OR: 0.29, 95% CI: 0.09–0.93, P = 0.03). Importantly, a dose-response pattern was demonstrated for DTAC and risk of NAFLD (P = 0.04).


TABLE 4    Crude and multivariable-adjusted odds ratios (ORs) and 95% confidence intervals (95% CIs) for non-alcoholic fatty liver disease (NAFLD) in type 2 diabetes patients across tertiles of dietary total antioxidant capacity.
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Discussion

The present cross-sectional study investigated the associations between DTAC and NAFLD in people with diabetes. According to our results, patients in the NAFLD group (diabetes with NAFLD) had a higher BMI and serum levels of TC, TG, LDL, transaminases and HbA1C than the non-NAFLD group (diabetes without NAFLD). These patients also showed higher degrees of IR. The risk of NAFLD was significantly higher in the third tertile of LDL and HbA1c compared to the first tertile. The risk of NAFLD also increased significantly with increasing IR and decreasing insulin sensitivity. After fully adjustment for age, sex, physical activity, diabetes duration, current smoking, BMI, waist circumference, energy intake, Triglycerides, LDL, HbA1c, and HOMA-IR, risk of NAFLD was significantly lower in patients with higher DTAC. However, no significant difference was observed in DTAC score between the study groups. To the best of our knowledge, this is the first study reporting the inverse associations between DTAC and odds of NAFLD in people with diabetes.

Dietary total antioxidant capacity (DTAC) is a measure of the antioxidant capacity of the diet and is considered a good indicator of diet quality (28). An inverse association has been reported between DTAC and numerous chronic diseases including cardiovascular diseases (29), diabetes (16, 30), metabolic syndrome (31) and NAFLD (32, 33). Similar metabolic abnormalities are common among these disorders, which are exacerbated by combination of diabetes and NAFLD. Previously, an inverse association of antioxidant-rich dietary patterns, including the Dietary Approaches to Stop Hypertension (DASH) diet (34–36), plant-based diet (37, 38), with the risk of NAFLD and diabetes has been reported separately. All of these diets are rich in antioxidant compounds and therefore have antioxidant effects.

Oxidative stress is involved in the pathogenesis of NAFLD by promoting IR, dyslipidemia (39). Antioxidant-rich foods/diets might be effective in reinforcing antioxidant defense by reducing lipid peroxidation, cellular and organ damage, and insulin sensitivity (40). Increasing the antioxidant capacity of cells improves glucose and lipid metabolism and reduces the risk of NAFLD (39, 40).

The findings of this study showed that the risk of NAFLD in people with diabetes increased significantly with increasing IR. Study groups were significantly different in terms of insulin resistance and sensitivity, although this difference was not found among DTAC tertiles. IR is a mediator in the effect of oxidative stress on lipid profile (41). Another factor that may play a role in DTAC and NAFLD risk reduction is fiber, which contributes to weight loss, improved insulin sensitivity, dyslipidemia, and glycemic control (42).

Although dietary antioxidants play a role in reducing obesity and related disorders by inhibiting fat absorption, stimulating adipose tissue catabolism, inhibiting the proliferation and differentiation of adipocytes (43), no significant difference in weight was observed between the three tertiles of DTAC. However, it has been suggested that the association of DTAC with cardiovascular risk factors is independent of weight (44).

In this study, no difference was observed between DTAC between NAFLD and non-NAFLD groups, which is contrary to previous findings in diabetic patients (45) and NAFLD patients (33). However, in these studies, the comparisons were made between patients and healthy individuals, while in our study, diabetic people with and without NAFLD were compared. Oxidative stress reduces insulin secretion by damaging the mitochondria of pancreatic beta cells and causes diabetes (46, 47).

The present study has several limitations. First, due to the cross-sectional nature of the study design, cause and effect relationships could not be confirmed. The use of United States Department of Agriculture (USDA) food composition table was another limitation of the study due to incomplete database for the content of Iranian food antioxidant. The validity of DTAC obtained from the FFQ in the Iranian diet has not been examined previously. Also, the use of FFQ is associated with recall bias.

In conclusion, higher DTAC was associated with a decreased odds of having NAFLD in people with diabetes.
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Aim: Hypertension is among the most prevalent chronic diseases with diverse etiology, affecting over 1 billion people globally. In numerous studies, vitamin C inversely correlated with blood pressure and was suspected to have antihypertensive properties. Currently, there is conflicting evidence regarding the relationship between vitamin C and blood pressure, with most studies being conducted on hypertensive subjects. The principal objective of this project was to investigate the relationship between vitamin C and blood pressure in normotensive adult subjects.

Methods: A total of 2,533 individuals aged 20 years and above were enrolled in the present study from the National Health and Nutrition Examination Survey (NHANES) 2017-2018. Outcome variables were systolic blood pressure (SBP) and diastolic blood pressure (DBP). Serum vitamin C was regarded as an independent variable. EmpowerStats software and R (version 3.4.3) were used to examine the association between vitamin C and SBP or DBP.

Results: Vitamin C was reversely correlated with both SBP (β = −0.02, 95% CI: −0.03 to −0.00, p = 0.0306) and DBP (β = −0.02, 95% CI: −0.04 to −0.01, p = <0.0011) after adjusting all covariates. This reverse relationship may be affected by a number of factors, including a person’s gender, age, race, and ethnicity. A U-shaped association between vitamin C and SBP in females and an inverted one between vitamin C and DBP in males were detected, respectively. We further calculated the inflection points at 90.3 μmol/L for females and 40 μmol/L for males. It is somewhat surprising that a reverse U-shaped distribution between vitamin C and SBP and DBP in people over 50 was detected, and the point of inflection of vitamin C were all located at 40 μmol/L.

Conclusion: Vitamin C was negatively correlated with both SBP and DBP in this cross-sectional analysis. However, a U-shaped relationship and an inverted one were also observed in certain people, which implied that, though vitamin C is considered a vital antioxidant, maintaining vitamin C at appropriate levels may be beneficial according to different populations.
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vitamin C, blood pressure, hypertension, U-shaped relationship, normotensive


Introduction

Hypertension is among the most prevalent chronic diseases, affecting over 1 billion people globally (1). Concomitantly, the rapidly increasing morbidity of hypertension, which can progress to other cardiovascular diseases and cerebrovascular conditions, severely impairs quality of life around the world (2–4). With advancements in medicine and socioeconomics, recent decades have witnessed a significant improvement in the treatment and control rate of hypertension, especially in developed countries. However, multiple studies are still urgently needed to develop novel and alternative therapeutics and interventions, thus reducing the prevalence of hypertension to a large degree.

The etiology of hypertension is complex and multifactorial, arising from the interplay of lifestyles, physical activities, living environment, and genetic factors. Moreover, numerous population-based epidemiological studies have recognized that multiple dietary factors were associated with hypertension in recent years (5). For instance, extensive evidence has demonstrated that inappropriate consumption of calcium (6, 7), phosphorus (8, 9), sodium (7, 10, 11), potassium (11, 12), magnesium (13, 14) was intricately related with blood pressure. Additionally, various clinical and animal experimental studies have repeatedly revealed that dietary vitamin C and serum vitamin C were associated with blood pressure (15–19). A meta-analysis that included 18 studies found that serum vitamin C was negatively correlated with systolic blood pressure (SBP) and diastolic blood pressure (DBP) (15). Ashor et al. (18) found that vitamin C supplementation can decrease peripheral pulse wave velocity, SBP, and mean arterial pressure in the elderly. Consistent with these conclusions, numerous relevant studies have detected this inverse relationship (16, 17).

The benefit of vitamin C is attributed partly to antioxidative stress response and anti-inflammatory cytokines, thus reducing endothelial cells oxidative damage following arterioles injury in the progression of hypertension (20–22). Therefore, some researchers believe that vitamin C supplementation may contribute significantly to preventing hypertension (18, 23). Nevertheless, some studies have reached a diametrically opposite conclusion (24, 25). A Mendelian randomized study showed that vitamin C supplementation might not aid in preventing any cardiovascular diseases (24). Similar to this study, observational research suggested that although supplementation of fruits and vegetables can increase the concentrations of serum vitamin C and other beneficial substances, it has no anti-oxidative stress effect in 12 weeks (25). In addition, the current research on the relationship between vitamin C and blood pressure was mainly carried out in hypertensive subjects, which may be affected by the use of antihypertensive drugs and the cause of hypertension. Therefore, we use NHANES for the first time to discuss the potential relationship between serum vitamin C and blood pressure in normotensive cases and to develop a promising strategy to prevent hypertension in the pre-clinical stage.



Materials and methods


Study population

The dataset in the present study was received from the National Health and Nutrition Examination Survey (NHANES) collected from 2017 to 2018, which contained cross-sectional socio-demographic, dietary, and medical records obtained by questionnaires, standard physical examinations, and laboratory tests conducted in authoritative laboratories. The NHANES database, a population-based survey conducted by the National Center for Health Statistics (NCHS), is a publicly used data set used to record the health status and related personal and lifestyle characteristics of all civilians in the United States. A multi-stage, complex clusters, probabilistic sample design is used for data acquisition and analysis to achieve nationally representative, rather than a simple random sample from the general US population. In particular, the Centers for Disease Control and Prevention (CDC) is responsible for preparing and disseminating data files to provide full access to the data (26–28).

In the 2017-2018 cycle, there were 9,254 subjects, of which 6,717 cases had valid blood pressure records, and 6,740 individuals were tested for serum vitamin C. We excluded certain participants as follows:(1) individuals with missing serum Vitamin C or blood pressure;(2) those who were diagnosed with hypertension in the past or take antihypertensive medications now;(3) those with SBP ≥ 140 mmHg or/and DBP ≥ 90mmHg. A total of 2,533 subjects were enrolled in the final study. The flow chart of study subjects is shown in Figure 1. NCHS Ethics Review Board supported the research. Furthermore, written informed consent was received from each subject (29).


[image: image]

FIGURE 1
Flow chart of participants selection in the present study.




Variables

The dependent variable and independent variable of the present study were blood pressure, including SBP and DBP, and serum vitamin C, respectively. Vitamin C was tested and recorded in authoritative laboratories using standard procedures (Details of the test method can be found in Supplementary material 1).

For blood pressure measurement: After 5 min of resting quietly in the seat, once the participant’s maximum inflation level (MIL) is determined, three consecutive blood pressure readings will be obtained. If the blood pressure measurement is interrupted or incomplete, a fourth attempt would be made. All blood pressure measurements were conducted in the Mobile Inspection Center (MEC). The absolute blood pressure is the average of three valid measurements.

Besides, the following variables were included in the present study: age, race/ethnicity, sex, marital status, education level, ratio of family income to poverty, alcohol consumption, smoking, body mass index (BMI), waist circumference, pulse, alanine aminotransferase (ALT), alkaline phosphatase (ALP), aspartate aminotransferase (AST), blood urea nitrogen (BUN), creatinine (Cr), globulin, glycohemoglobin, calcium, triglyceride (TG), total cholesterol (TC), LDL-cholesterol (LDL), HDL-cholesterol (HDL), fasting blood glucose (FBG), gamma-glutamyl transferase (γGT), total protein (TP) and serum uric acid (sUA).

We excluded subjects with missing independent or dependent variables. For missing continuous variables, we use the median to fill in. For missing categorical variables, we separate the missing group as a group. All the covariate acquisition processes and any detailed information can be found at www.cdc.gov/nchs/nhanes/.



Statistical analyses

R statistical programming language (version 3.4.3)1 and EmpowerStats software2 were applied to perform statistical analysis. A two-sided p < 0.05 was considered to be statistically significant. We used the weighted analysis as recommended by the NCHS Analysis Guide to maintain national representation. The continuous variables were characterized by mean ± standard deviation, or as median and interquartile range, as appropriate. The categorical variables were presented as a percentage. The P-value was calculated using a weighted chi-squared test for categorical variables and a weighted linear regression model for continuous variables.

The association between vitamin C and SBP or DBP was evaluated by multivariable linear regression analysis. To further analyze the relationship between vitamin C and SBP or DBP, we used the following three models: Model 1: No adjustment for variables; Model 2: Adjusted for sex, age, and race/ethnicity; Model 3: Adjusted for sex, age, race/ethnicity, marital status, education level, ratio of family income to poverty, BMI, smoking states, pulse, ALT, ALP, AST, BUN, globulin, Cr, TG, TC, LDL, HDL, glycohemoglobin, TP, FBG, γGT, and sUA.

For further analyses, we performed subgroup analysis stratified by sex and age subsequently. A weighted generalized additive model and a smooth curve fitting were performed to address non-linearity between vitamin C and SBP or DBP. When non-linearity was discovered, we first calculated the vital inflection point using a recursive algorithm and then performed a weighted two-piecewise linear regression model on both sides of the inflection point.




Results

Table 1 shows the general description of weighed characteristics of all 2533 subjects enrolled in the study based on the quartiles of vitamin C (Q1:1.87-32.1, Q2: 32.1-51.6, Q3:51.6-68.1, Q4:68.1-191). Of all these participants, the average age was 42.11 ± 15.39 years old,46.76% were males, 53.24% were females, 10.94% were Mexican Americans,61.74% were Non-Hispanic Whites, 9.19% were Non-Hispanic Blacks, and 18.13% were other race/ethnicity. Among the four groups stratified by quartile of vitamin C, ALT, ALP, AST, Cr, globulin, GGT, calcium, TP, UA, BMI, waist circumference, pulse, SBP, DBP, AGE, ratio of family income to poverty, glycohemoglobin, FBG, HDL_C, TG were all of great statistical significance (p < 0.05). Moreover, alcohol consumption, smoking states, education levels, marital status, diabetes rate were comparable among the quartile groups.


TABLE 1    Description of the participants included in the study.
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Vitamin C and SBP were reversely correlated in the fully adjusted model (β = −0.02, 95% CI: −0.03 to -0.00, p = 0.0306). The test for trend among the vitamin C quartile groups was statistically significant (p = 0.037). In sub-analysis stratified by age, sex, race/ethnicity, this negative association was observed only in non-Hispanic White [β = −0.03, 95% CI: −0.06 to −0.01, p = 0.0088] (Table 2 and Figure 2).


TABLE 2    Association between serum vitamin C (umol/L) and SBP (mmHg).
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FIGURE 2
Relationship between vitamin C and SBP. (A) Each black point represents a sample. (B) The red line represents the smooth curve fit between variables. In comparison, blue bands represent the 95% CI. Sex, age, race/ethnicity, marital status, education level, ratio of family income to poverty, BMI, smoking states, pulse, ALT, ALP, AST, BUN, globulin, Cr, TG, TC, LDL, HDL, glycohemoglobin, TP, FBG, γGT and sUA were adjusted.


Moreover, a reverse association between vitamin C and DBP in the fully-adjusted model was observed (β = −0.02, 95% CI: −0.04 to −0.01, p<0.0011). The trend remained to be of statistical significance among the vitamin C quartile groups as well (p < 0.001). Additional sub-analysis stratified by age, sex, race/ethnicity showed this negative relationship existed in both male (β = −0.02,95% CI: −0.04 to −0.00, p = 0.0231) and female (β = −0.02,95% CI: −0.04 to −0.04, p = 0.0024), and in those older than 50 years old (β = −0.04,95% CI: −0.06 to −0.02, p<0.0011) as well as in non-Hispanic White (β = −0.03,95% CI: −0.05 to −0.01, p = 0.0020) (Table 3 and Figure 3).


TABLE 3    Association between serum vitamin C (umol/L) and DBP (mmHg).
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FIGURE 3
Relationship between vitamin C and DBP. (A) Each black point represents a sample. (B) The red line represents the smooth curve fit between variables. In comparison, blue bands represent the 95% CI. Sex, age, race/ethnicity, marital status, education level, ratio of family income to poverty, BMI, smoking states, pulse, ALT, ALP, AST, BUN, globulin, Cr, TG, TC, LDL, HDL, glycohemoglobin, TP, FBG, γGT, and sUA were adjusted.


Additionally, we also performed a weighted generalized additive model and a smooth curve fitting stratified by age and sex to detect the non-linear association between vitamin C and SBP as well as DBP and further confirm the results. A U-shaped association and a reverse one were detected between vitamin C and SBP in females and those older than 50years, respectively. We further calculated the inflection points at 90.3μmol/L for females and 40μmol/L for age ≥ 50 years (Table 4 and Figures 4, 5).


TABLE 4    Threshold effect analysis of vitamin C and SBP using two-precise linear regression.
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FIGURE 4
The relationship between vitamin C and SBP, stratified by sex. Age, race/ethnicity, marital status, education level, ratio of family income to poverty, BMI, smoking states, pulse, ALT, ALP, AST, BUN, globulin, Cr, TG, TC, LDL, HDL, glycohemoglobin, TP, FBG, γGT, and sUA were adjusted.
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FIGURE 5
The relationship between vitamin C and SBP, stratified by age. Sex, race/ethnicity, marital status, education level, ratio of family income to poverty, BMI, smoking states, pulse, ALT, ALP, AST, BUN, globulin, Cr, TG, TC, LDL, HDL, glycohemoglobin, TP, FBG, γGT, and sUA were adjusted.


Furthermore, we have also observed an inverted U-shaped distribution between vitamin C and DBP in males and those older than 50years. The inflection point calculated by a recursive algorithm of vitamin C in these groups was all 40 μmol/L (Table 5 and Figures 6, 7).


TABLE 5    Threshold effect analysis of vitamin C and DBP using two-precise linear regression.
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FIGURE 6
The association between vitamin C and DBP, stratified by sex. Age, race/ethnicity, marital status, education level, ratio of family income to poverty, BMI, smoking states, pulse, ALT, ALP, AST, BUN, globulin, Cr, TG, TC, LDL, HDL, glycohemoglobin, TP, FBG, γGT, and sUA were adjusted.
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FIGURE 7
The association between vitamin C and DBP, stratified by age. Sex, race/ethnicity, marital status, education level, ratio of family income to poverty, BMI, smoking states, pulse, ALT, ALP, AST, BUN, globulin, Cr, TG, TC, LDL, HDL, glycohemoglobin, TP, FBG, γGT, and sUA were adjusted.


Finally, according to the smoothing plot, we applied a two-piecewise linear regression model to examine vitamin C’s threshold effect on SBP and DBP (Tables 4, 5).



Discussion

To our knowledge, this is the first analysis to examine the relationship between vitamin C and blood pressure in NHANES. Several significant findings were uncovered in this cross-sectional study. The most prominent finding to emerge from the present study is that vitamin C was negatively associated with SBP and DBP. Sex, age, race/ethnicity might be major contributors affecting this reverse relationship. By quartile of serum vitamin C, we found that those in the highest quartile had 1.84 and 2.08 mmHg lower systolic and diastolic blood pressure, respectively, than those in the lowest quartile. A U-shaped association between vitamin C and SBP in females and an inverted one between vitamin C and DBP in males were detected, respectively. We further calculated the inflection points at 90.3 μmol/L for females and 40 μmol/L for males. It is somewhat surprising that a reverse U-shaped distribution between vitamin C and SBP and DBP in people over 50 was detected, and the point of inflection of vitamin C were all located at 40 μmol/L.

Hypertension or high blood pressure, a primary cause of disability and mortality and a leading risk factor for cardiovascular diseases globally, is a complex human disorder with diverse etiology (1, 30, 31). Continually improving and standardized management and monitoring of blood pressure are extraordinary to humans. The early detection and treatment of prehypertensive or hypertensive populations has a major role to play in reducing hypertension incidence. It is the first study to demonstrate that serum vitamin C concentration is associated with elevated blood pressure in healthy populations, as well as a non-curve relationship for specific populations, which implies that lifestyle interventions may have implications for reducing hypertension prevalence. Several observational and interventional studies have demonstrated that multiple dietary factors were associated with an increased risk of developing hypertension and might be served as a potential antihypertensive therapeutic target (5, 32–34). A Chinese longitudinal national study indicated that lower or higher calcium intake during adolescence could increase the risk of hypertension in adulthood (34). Besides, a few scholars believe that vitamin C supplementation may significantly reduce the risk of major cardiovascular events and hypertension (18, 23, 35, 36). A meta-analysis also reported that the administration of vitamin C improved the systolic left ventricular function in heart failure patients (37).

Previous studies have confirmed that vitamin C is a common antioxidant with potential tissue protection and antihypertensive effects (15, 18, 23, 38). The blood pressure lowing potential of vitamin C supplementation has been frequently reported recently in various studies (15, 17, 19, 39). In a meta-analysis conducted by Ran et al. (15), the research staff reported that serum vitamin C concentrations in hypertensive subjects were 15.13 μmol/L, much lower than in normotensive individuals.

The current studies on the relationship between vitamin C and blood pressure with contradictory results were mainly carried out in participants including both normotensive and hypertensive subjects or in patients only with hypertension (17, 40, 41). Besides, as is known, antihypertensive medication used by some participants may have impacted on the relationship between serum vitamin C and blood pressure (42). On the other hand, relatively few studies have focused primarily on those with normal blood pressure. Consistent with previous studies, we also detected for the first time that serum vitamin C is reversely correlated with both SBP and DBP in normotensive subjects, which may have significant implications in the general population to reduce hypertension prevalence in the early stage by external interventions such as vitamin C supplementation.

Several mechanisms by which vitamin C may exert blood pressure lowing effect may be by downregulating antioxidative stress response and anti-inflammatory cytokines, as confirmed in a number of studies (20–22). Moreover, vitamin C may possess cardioprotective effects by ameliorating the cardiac autonomic nerve imbalance and restoring vagal and sympathetic tone to normal range. In an experimental study conducted by Fabiyi-Edebor TD (43), researchers indicated that vitamin C administration restored normal-tension in diabetic rats via ameliorating cardiac autonomic neuropathy. Furthermore, an animal study confirmed that dietary supplementation of vitamin C might play a hypotensive effect by enriching the diversity of gut microbes and reshaping their functions. To our knowledge, gut microbes and their metabolites perform important functions in cardiovascular diseases such as hypertension, myocardial fibrosis, arrhythmia, and atherosclerosis via various routes (44–46). Vitamin C as an antioxidant may counteract the effects of trimethylamine N-oxide, a metabolite derived from intestinal microbes, and exert a pharmacological effect of antihypertensive. In addition, studies have indicated that endothelial dysfunction was an underlying cause of hypertension, and vitamin C supplements restored endothelial function and corrected vascular NO deficiency that could account for its antihypertensive effect (47, 48). Alternatively, vitamin C has been reported to act as a vasodilator, possibly by increasing nitric oxide bioavailability, thereby affecting blood pressure (49). Vitamin C appears to be associated with a reduction in vascular sensitivity to noradrenaline and an increase in endothelium-dependent relaxation due to increased nitric oxide bioavailability, according to a study (50).

The present analyses indicate that the association between vitamin C and blood pressure remains controversial (51), and we speculate that the reason for this paradoxical phenomenon may be related to population differences. Therefore, we performed a stratified analysis and found that different concentrations of vitamin C had different effects on blood pressure in different populations, which may shed light on the current conflicting results. We found an inverted U-shape association between vitamin C and blood pressure for people over 50 years old. Specifically, it is better to maintain the concentrations of vitamin C above 40 μmol/L, for higher levels of vitamin C are associated with lower blood pressure. Lower serum vitamin C concentrations (less than 40 μmol/L) are related to increased blood pressure, which may be related to weak antioxidant effects, but studies are needed to confirm further. Another significant finding is that for females, vitamin C has a U-shaped relationship with SBP, while for males, maintaining serum vitamin C concentrations higher than 40 μmol/L is related to lower DBP. It is the first time revealing a gender difference in the relationship between vitamin C and blood pressure. The reason for this gender difference, according to our speculation, may be related to the interaction between a variety of sex hormones and maybe also associated with an insufficient research sample size. However, more prospective research is needed in the future to explore the underlying causes.

We thought that different serum vitamin C levels should be controlled or intervened to better manage blood pressure in different populations. Unfortunately, there are no studies or guidelines that discuss the optimal level of vitamin C in humans. The results of the present study will serve as a reference for future clinical management of blood pressure in various populations.

In short, our research has important clinical implications for hypertension management, especially for early interventions for those at high risk of developing hypertension. Nevertheless, there are still some shortcomings of the present study: Firstly, since this was a cross-sectional study, the individuals were not followed up, and the relationship between vitamin C and adverse outcomes and causality could not be effectively evaluated. Furthermore, this study did not exclude patients with other diseases that may interfere with blood pressure. Scholars still need to be cautious when facing the results of the study. Finally, additional potential confounding factors, such as dietary factors or physical activities were not taken into consideration.



Conclusion

Vitamin C was reversely correlated with both SBP and DBP in this cross-sectional analysis. However, a U-shaped relationship and an inverted one were also observed in certain people, which implied that, though vitamin C is considered a vital antioxidant, maintaining vitamin C at appropriate levels may be beneficial according to different populations.
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Background: Polyunsaturated fatty acids (PUFAs) are closely related to osteoporosis. To test their causal relationship, we conducted a Mendelian randomization (MR) analysis.

Methods: We analyzed the causal relationship between four PUFAs measures, n-3 PUFAs (n-3), n-6 PUFAs (n-6), the ratio of n-3 PUFAs to total fatty acids (n-3 pct), and the ratio of n-6 PUFAs to n-3 PUFAs (n-6 to n-3), and five measures of osteoporosis, including estimated bone mineral density (eBMD), forearm (FA) BMD, femoral neck (FN) BMD, lumbar spine (LS) BMD, and fracture, using two-sample MR analysis. In order to verify the direct effect between PUFAs and BMD, we chose interleukin-6 (IL-6), tumor necrosis factor-β (TNF-β), and bone morphogenetic proteins 7 (BMP-7), three markers or cytokines strongly related to BMD, as possible confounding factors, and analyzed the possible causal relationships between them and PUFAs or BMD by MR. Inverse variance weighting (IVW), MR-Egger, weighted and weighted median were conducted. MR Pleiotropy RESidual Sum and Outlier (MR-PRESSO) and MR-Egger regression methods were used to evaluate the potential pleiotropy of instrumental variables (IVs) and outliers were identified by MR-PRESSO. Cochran’s Q statistic was used to detect the heterogeneity among IVs. Leave-one-out sensitivity analysis was used to find SNPs that have a significant impact on the results. All results were corrected by the Bonferroni correction.

Results: The IVW results showed that n-3 PUFAs (OR = 1.030, 95% CI: 1.013, 1.047, P = 0.001) and n-6 PUFAs (OR = 1.053, 95% CI: 1.034, 1.072, P < 0.001) were positively correlated with eBMD, while n-6 to n-3 (OR = 0.947, 95% CI: 0.924, 0.970, P < 0.001) were negatively correlated with eBMD. These casual relationships still existed after Bonferroni correction. There were positive effects of n-3 PUFAs on FA BMD (OR = 1.090, 95% CI: 1.011, 1.176, P = 0.025) and LS BMD (OR = 1.056, 95% CI: 1.011, 1.104, P = 0.014), n-3 pct on eBMD (OR = 1.028, 95% CI: 1.002, 1.055, P = 0.035) and FA BMD (OR = 1.090, 95% CI: 1.011, 1.174, P = 0.025), n-6 to n-3 on LS BMD (OR = 1.071, 95% CI: 1.021, 1.124, P = 0.005); negative effects of n-3 pct on fracture (OR = 0.953, 95% CI: 0.918, 0.988, P = 0.009) and n-6 to n-3 on FA BMD (OR = 0.910, 95% CI: 0.837, 0.988, P = 0.025). However, these causal effects all disappeared after Bonferroni correction (all P > 0.0025). None of IL-6, TNF-β, and BMP-7 had a causal effect on PUFA and BMD simultaneously (all P > 0.05).

Conclusion: Evidence from this MR study supports the genetically predicted causal effects of n-3, n-6, n-3 pct, and n-6 to n-3 on eBMD. In addition, n-3 not only associate with FA BMD and LS BMD through its own level and n-6 to n-3, but also link to fracture through n-3 pct.
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polyunsaturated fatty acids, osteoporosis, bone mineral density, genetic association, causal relationship, Mendelian randomization


Introduction

Osteoporosis is one of the most common systemic bone diseases in clinic, which is mainly manifested with the degradation of bone tissue microenvironment, the reduction of bone mineral density (BMD), the increase of bone fragility, and the high risk of fracture (1, 2). Osteoporosis mostly occurs in the postmenopausal women. Worldwide, fractures caused by osteoporosis can be as high as 9 million times a year (3). With the increased life expectancy of the global population and the improvement of medical and health conditions, the prevention and treatment of osteoporosis and fractures is still a common public health challenge and health care problem in the world today (4–7). It has been suggested that 20–40% of the risk of osteoporosis is caused by environmental factors such as nutrition (8).

Polyunsaturated fatty acids (PUFAs) are important immune nutrients, which play a role in nutritional treatment of a variety of diseases, including cancers, inflammatory diseases and osteoporosis (9–20). PUFAs are straight chain fatty acids with two or more double bonds, and the length of carbon chain is 18–22 carbon atoms. In PUFAs, the first unsaturated double bond is located between the 3rd and 4th carbon atoms starting from the methyl end, which is called omega-3 (n-3) PUFAs, and between the 6th and 7th carbon atoms, which is called omega-6 (n-6) PUFAs (15). Mounting evidence has suggested that PUFAs are involved in osteolysis, bone formation, bone development, bone metabolism, and metabolic bone diseases including osteoporosis and may be beneficial for skeletal health (21–29).

Recently, the relationship between PUFAs and osteoporosis has attracted a lot of attention. PUFAs intake and the ratio of n-6 to n-3 PUFAs are reported to be associated with BMD in humans (27, 30–32). Some studies found that total PUFAs, n-3 PUFAs, n-6 PUFAs intake can increase BMD, decrease the risk of fractures and beneficial for osteoporosis (30–34). A low n-6 to n-3 PUFAs ratio was proposed to be beneficial for the bone quality of rats (35). However, conclusions about the relationship between n-3 PUFAs, n-6 PUFAs, and osteoporosis are inconsistent. It was also observed that the intake of n-3 PUFAs or the ratio of n-6 to n-3 PUFAs are not associated with osteoporotic fractures, while the intake of n-6 PUFAs is positively associated with an elevated risk of fracture (32). Other study also indicated that increased intake of PUFAs is associated with greater perimenopausal femoral neck (FN) BMD loss (36). In postmenopausal women, the lower intake of marine n-3 PUFAs and the higher intake of n-6 PUFAs were observed that can decrease the risk of total fracture (33).

Clarifying the relationship between various PUFAs levels and BMD can not only further study the prevention, health care and treatment strategies of osteoporosis patients, but also can estimate the fracture risk of osteoporosis patients. It is imperative to evaluate the causal relationship between PUFAs level and BMD. However, from the above evidence, conclusions from observational studies and randomized controlled trials (RCT) about the relationship between PUFAs and osteoporosis are inconsistent, as well as the causal relationship between PUFAs and osteoporosis remains obscure.

Genome wide association study (GWAS) shows that BMD is a trait controlled by multiple genes, and is easy to be affected by environmental factors and has the tendency of family aggregation. Some genetic determinants of fractures are regulated by lower BMD (37–40). Mendelian randomization (MR) is an advanced research using the law of free combination, which uses genetic variation as instrumental variable (IVs) (41). The free combination of alleles can reduce the confounding effect of environmental factors; the one-way relationship that genes affect traits but diseases do not change genotypes can effectively avoid reverse causal bias (42). Compared with RCT, MR can extract useful information from the existing GWAS database on a large scale, with stronger statistical ability and wider coverage (43).



Materials and methods


Study design

In this study, we used two-sample MR studies to assess the causal relationships between PUFAs and osteoporosis. We selected four measures of PUFAs, including the circulating level of n-3 PUFAs (n-3), the circulating level of n-6 PUFAs (n-6), the ratio of n-3 fatty acids to total fatty acids (n-3 pct), and the ratio of n-6 PUFAs to n-3 PUFAs (n-6 to n-3). For osteoporosis, estimated BMD (eBMD), forearm (FA) BMD, femoral neck (FN) BMD, lumbar (LS) BMD, and fracture were selected as measures.

In order to verify the direct effect between PUFAs and BMD, we chose interleukin-6 (IL-6) (44), tumor necrosis factor-β (TNF-β) (45) and bone morphogenetic proteins 7 (BMP-7) (46), three markers or cytokines strongly related to BMD, as possible confounding factors, and analyzed the possible causal relationships between them and PUFAs or BMD by MR.



Data sources and single-nucleotide polymorphism selection


Genome wide association study of polyunsaturated fatty acids

The GWAS data on PUFAs came from the latest and largest public GWAS analysis by Borges MC et al. (47). In the study, the GWAS data of n-3, n-6, n-3 pct, and n-6 to n-3 were generated from 114,999 UK Biobank participants of European ancestry using BOLT-LMM (v2.3) (Supplementary Table 1) (48).



Genome wide association studyof osteoporosis

Genetic associations of eBMD and fracture were obtained from the largest public GWAS of Morris et al. (1), in which eBMD GWAS data were retrieved from 426,824 individuals of European ancestry in the UK Biobank and fracture GWAS data were retrieved from 416,795 UK Biobank European ancestry participants (ncases = 53,184 and ncontrols = 373,611) (Supplementary Table 1).

The research by Zheng et al. (49) provided GWAS data about FA BMD, FN BMD, and LS BMD. In the research, the GWAS data for the three BMDs were obtained from 10,805, 49,988, and 44,731 individuals of European ancestry, respectively (Supplementary Table 1).



Genome wide association study of possible confounding factors

Genetic associations of IL-6 and TNF-β were obtained from the public GWAS of Ahola-Olli et al. (50), and the GWAS data for both were retrieved from 8,293 individuals of European ancestry. The GWAS data of BMP-7 was obtained from 3,301 individuals of European ancestry (51) (Supplementary Table 1).



Single-nucleotide polymorphism selection

We screened single-nucleotide polymorphisms (SNPs) strongly related to exposure factors (P < 5 × 10–8) from the exposure GWAS, used clustering process (R2 < 0.001 and clumping distance = 10,000 kb) to eliminate linkage disequilibrium (LD) between SNPs, and excluded SNPs with minor allele frequency (MAF < 0.01), which ensured that the end result was undisturbed and feasible. The selected SNPs were matched with the outcome GWAS, and if SNP can not be found in outcome GWAS, its proxy SNP with high LD (r2 > 0.8) was used instead. Finally, other SNPs were selected as IVs after the palindrome SNPs were removed.




Statistical analyses

We used four complementary and mutually corroborative methods to analyze the causal relationship between PUFAs and osteoporosis, including inverse variance weighting (IVW), MR-Egger, weighted and weighted median, among which IVW is the main analysis method. The weighted median estimator serves as an unbiased causal effect estimate when up to 50% of the instruments are invalid, by estimating the causal effect as the median of the weighted ratio estimates (52). At the same time, we used MR Pleiotropy RESidual Sum and Outlier (MR-PRESSO) and MR-Egger regression methods to evaluate the potential level pleiotropy of IVs (53, 54). Meanwhile, MR-PRESSO can also find abnormal values in IVs. After removing the abnormal values, MR-PRESSO and MR-Egger tests were performed again until there was no horizontal pleiotropic SNP in all IVs. Then, we applied Cochran’s Q statistic to detect and quantify the heterogeneity among IVs (55). Leave-one-out sensitivity analysis was used to find and eliminate SNPs that have a significant impact on the results, so as to ensure the robustness of causal relationship estimation. There were four exposures (n-3, n-6, n-3pct, and n-6 to n-3) and five outcomes (eBMD, FA, FN, LS, and fracture) in this study, therefore the Bonferroni method was conducted to correct for multiple comparisons and the P-value was less than 0.0025 (0.05 was divided by 4 × 5) (56, 57). All statistical analyses were performed using the packages “TwoSampleMR” and “MRPRESSO” in R version 4.1.1.




Results


Instrumental variables selection


Instrumental variables of polyunsaturated fatty acids selection

After clumping process, there were 52 SNPs, 63 SNPs, 41 SNPs, and 41 SNPs strongly associated (P < 5 × 10–8) with the circulating level of n-3 PUFAs, the circulating level of n-6 PUFAs, n-3 pct, n-6 to n-3, respectively and no LD was screened out. MAF of all above SNPs were not less than 0.01. The main information of SNPs is listed in Supplementary Tables 2–5.



Instrumental variables of possible confounding factors selection

After clumping process, there were 2 SNPs and 2 SNPs strongly associated (P < 5 × 10–8) with TNF-β and BMP-7, respectively. There was no SNPs available at the genome wide significance threshold (P < 5 × 10–8) of IL-6, so we relaxed the significance threshold to P < 5 × 10–7, and 2 SNPs were strongly associated (P < 5 × 10–7) with IL-6. Among the above selected SNPs, no LD was found, and MAF of these SNPs were not less than 0.01. The main information of SNPs is provided in Supplementary Tables 6, 7.




Causal relationship between polyunsaturated fatty acids and osteoporosis


n-3 polyunsaturated fatty acids on osteoporosis

From the IVW results, n-3 PUFAs had positive effects on eBMD (OR = 1.030, 95% CI: 1.013, 1.047, P = 0.001), FA BMD (OR = 1.090, 95% CI: 1.011, 1.176, P = 0.025), and LS BMD (OR = 1.056, 95% CI: 1.011, 1.104, P = 0.014), however, after further Bonferroni correction, only the effect on eBMD remained. No causal effects of n-3 PUFAs on FN BMD (OR = 0.988, 95% CI: 0.950, 1.028, P = 0.557) and fracture (OR = 0.982, 95% CI: 0.938, 1.028, P = 0.433) were observed (Figure 1 and Supplementary Table 8).
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FIGURE 1
Mendelian randomization (MR) estimate results of polyunsaturated fatty acids (PUFAs) on outcomes. n-3 pct, the ratio of n-3 fatty acids to total fatty acids; n-6 to n-3, the ratio of n-6 PUFAs to n-3 PUFAs; BMD, bone mineral density; eBMD, estimated BMD; FA, forearm; FN, femoral neck; LS, lumbar.




n-6 polyunsaturated fatty acids on osteoporosis

The results of IVW showed a positive effect of n-6 PUFAs on eBMD (OR = 1.053, 95% CI: 1.034, 1.072, P < 0.001), which still persisted after Bonferroni correction. However, no causal associations were found between n-6 PUFAs and FA BMD (OR = 1.022, 95% CI: 0.925, 1.128, P = 0.673), FN BMD (OR = 1.015, 95% CI: 0.962, 1.071, P = 0.584), LS BMD (OR = 1.013, 95% CI: 0.951, 1.078, P = 0.688), and fracture (OR = 1.014, 95% CI: 0.970, 1.059, P = 0.545) (Figure 1 and Supplementary Table 9).



n-3 pct on osteoporosis

The results of IVW revealed that n-3 pct had positive causal relationships with eBMD (OR = 1.028, 95% CI: 1.002, 1.055, P = 0.035) and FA BMD (OR = 1.090, 95% CI: 1.011, 1.174, P = 0.025) as well as a negative causal relationship with fracture (OR = 0.953, 95% CI: 0.918, 0.988, P = 0.009). However, these causal effects all disappeared after Bonferroni correction. There were no causal effects of n-3 pct on FN BMD (OR = 0.992, 95% CI: 0.951, 1.036, P = 0.732) and LS BMD (OR = 1.025, 95% CI: 0.969, 1.085, P = 0.384) (Figure 1 and Supplementary Table 10).



n-6 to n-3 on osteoporosis

The results of IVW indicated that n-6 to n-3 had a negative effect on eBMD (OR = 0.947, 95% CI: 0.924, 0.970, P < 0.001), which remain persisted after Bonferroni correction and had a negative relationship with FA BMD (OR = 0.910, 95% CI: 0.837, 0.988, P = 0.025) while a positive relationship with LS BMD (OR = 1.071, 95% CI: 1.021, 1.124, P = 0.005), which both disappeared after Bonferroni correction. No causal effects of n-6 to n-3 on FN BMD (OR = 1.002, 95% CI: 0.959, 1.046, P = 0.945) and fracture (OR = 1.035, 95% CI: 0.979, 1.095, P = 0.225) were observed (Figure 1 and Supplementary Table 11).




Causal relationship between possible confounding factors and polyunsaturated fatty acids

From the IVW results, BMP-7 had a negative effect on n-3 pct (OR = 0.967, 95% CI: 0.937, 0.998, P = 0.038) and a positive effect on n-6 to n-3 (OR = 1.035, 95% CI: 1.002, 1.069, P = 0.036). However, no causal effect was observed of BMP-7 on n-3 PUFAs and n-6 PUFAs (all P > 0.05). Moreover, no causal relationship was found between IL-6, TNF-β and all four outcomes (all P > 0.05) (Figure 2 and Supplementary Table 12).
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FIGURE 2
Mendelian randomization (MR) estimate results of possible confounding factors on polyunsaturated fatty acids (PUFAs). n-3 pct, the ratio of n-3 fatty acids to total fatty acids; n-6 to n-3, the ratio of n-6 PUFAs to n-3 PUFAs; IL, interleukin; TNF, tumor necrosis factor; BMP, bone morphogenetic protein.




Causal relationship between possible confounding factors and osteoporosis

From the IVW results, no causal relationship was found between IL-6, TNF-β, BMP-7 and eBMD, FA, FN, LS as well as fracture (all P > 0.05) (Figure 3 and Supplementary Table 13).
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FIGURE 3
Mendelian randomization (MR) estimate results of possible confounding factors on BMD. BMD, bone mineral density; eBMD, estimated BMD; FA, forearm; FN, femoral neck; LS, lumbar; IL, interleukin; TNF, tumor necrosis factor; BMP, bone morphogenetic protein.




Pleiotropy and sensitivity analysis

The heterogeneity test did not find any heterogeneity between selected IVs of n-3 PUFAs and n-6 PUFAs. Heterogeneity was not observed between the IVs of n-3 pct on eBMD and on FA BMD, while was found among IVs of n-3 pct on FN BMD, on fractrue and on LS BMD. No heterogeneities were found between IVs of n-6 to n-3, except for IVs of n-6 to n-3 on FN BMD (Q = 50.008, P = 0.022). No heterogeneity was found between the IVs of IL-6, TNF-β and BMP-7.

MR Pleiotropy RESidual Sum and Outlier global test defined SNPs with horizontal pleiotropy as outliers which were listed in Supplementary Tables 2–7. After removing the outliers, MR-Egger regression and MR-PRESSO global test were used to verify that there was no horizontal pleiotropy between IVs and results. Leave-one-out analysis suggested that the outcomes were not caused by any SNPs. Supplementary Tables 8–13 and Supplementary Figures 1–16 show the results of pleiotropy and sensitivity analysis.




Discussion

As the IVW results shown, after Bonferroni correction n-3 PUFAs and n-6 PUFAs were still positively correlated with eBMD, while n-6 to n-3 were negatively correlated with eBMD, which provides new evidence to support the relationship between PUFAs and osteoporosis.

In this study, no causal effect was observed of IL-6 and TNF-β on four measures of PUFAs and five measures of osteoporosis, suggesting that the causal effect of four measures of PUFAs on BMD was not affected by IL-6 and TNF-β, moreover IL-6 and TNF-β could not affect BMD by affecting PUFAs. As we all know, only in situations where the total effect, direct effect and indirect effect all act in the same direction, the exposure having indirect effect can be identified as a mediator (58). BMP-7 has a causal effect on-3 pct and n-6 to n-3, but has no causal effect on BMD, suggesting that BMP-7 can not affect BMD through PUFAs and is also not a mediator in the causal effect of PUFAs on BMD.

Recently, the relationship between PUFAs and osteoporosis has attracted a lot of attention. Some studies have found that intake of total PUFA, n-3 PUFAs, n-6 PUFAs can increase BMD and be beneficial to osteoporosis (30–34), which is mutually confirmed with our results.

These may attribute to the profitable role of PUFAs in bone formation, absorption, development and metabolism, and n-3 PUFAs can also regulate bone health by increasing osteoblast activity and decreasing osteoclast activity, promoting intestinal calcium absorption and mineral deposition during bone development (25). The intake of n-3 PUFAs has also been observed to be associated with increased bone regeneration, improved bone microstructure and strength (59–61). Osteoporosis increases the apoptosis, adipogenic differentiation, and levels of RANKL and sclerostin of bone marrow mesenchymal stem cells and osteoblasts (62). Bone mineral loss is the result of an imbalance between osteoblastic bone formation and osteoclast bone resorption. As an important n-3 PUFAs, DHA is a lipid component specific to the osteoblast membrane, which induces extensive lipid remodeling in mesenchymal stem cells, resulting in more stable membrane microdomains and thus enhanced osteogenic differentiation (63). It has been reported that dietary n-3 can reduce osteoclast formation and bone loss in ovariectomized mice (64). In rats, taking fish oil can also inhibit alveolar bone absorption and osteoclast activity (65).

In this study, n-6 to n-3 was observed to be negatively related to eBMD, which was consistent with previous studies. In previous study, a low n-6 to n-3 PUFAs ratio has also been proposed to be beneficial for the bone quality of rats (35). It has been widely documented that reducing the n-6 to n-3 PUFAs ratio can prevent bone mineral loss and prostaglandin(PG) E2 production in animal and in vitro cell culture experiments (66). Kelly et al. (67) also proposed that the high proportion of n-6 to n-3 PUFAs may be one of the important reasons for the increased risk of obesity and osteoporosis. According to the IVW results, the relationship between n-3 PUFAs, n-6 PUFAs, or the ratio of n-6 to n-3 PUFAs and fractures was not observed, while n-3 pct was negatively related to fractures, which suggests that it may not be the level of PUFAs who affected the fracture, but n-3 pct. These results, together with the n-6 to n-3 results, suggest that n-3 may influence BMD not only by itself or by its ratio to n-6, but also by its ratio to total fatty acids. The single item has little significance, but its proportion has important diagnostic value, which is not uncommon in clinical practice. For example, neutrophils to lymphocytes ratio (NLR) is an inflammatory index, which plays a role in the prognosis evaluation of sepsis and various diseases. A higher NLR may indicate more serious infection and worse prognosis (68, 69). The ratio of soluble fms-like tyrosine kinase 1 (sFlt-1) to placental growth factor (PlGF) can be used as a monitoring indicator of preeclampsia (PE), which is a kind of hypertensive disorder complicating pregnancy and seriously endangers the health of mothers and infants, with unpredictable outcomes (70).

Moreover, the IVW results showed that FA BMD and LS BMD, which were less affected by weight bearing, were more susceptible to n-3 and n-6 to n-3 than FN BMD which was more affected by weight bearing. Fat is digested, decomposed and metabolized into glycerin and PUFAs (71). Like vitamins and minerals, PUFAs are closely related to bone health through various ways. The distribution and accumulation of adipose tissue is extremely important for bone health. At the same time, adipose tissue secretions such as leptin, adiponectin, estrogen and osteocalcin can also act on bones. Multiple studies have shown that BMI is positively correlated with BMD, with lower BMI being thought to increase the risk of osteoporosis, while higher body weight (even obesity) protects bones (72–75). However, in recent years, this “obesity paradox” has been challenged like never before. Fat-rich bone marrow may be the cause of osteoporosis, especially in postmenopausal women (76). In 2011, the UK Fracture Liaison Service first reported that the incidence of obesity in postmenopausal women with fragility fractures can be as high as 27% (77). Two other studies were also pointed out that visceral fat was significantly associated with bone loss (78, 79). Excessive body fat, especially abdominal fat, produces inflammatory cytokines that stimulate increased bone marrow lipogenesis, increased bone resorption, decreased bone strength, and decreased bone mass (80).



Advantages and disadvantages

This study has several advantages. First of all, as a MR study, this study investigated the causal associations between different types of PUFAs and BMD in different parts, with detailed classification and comprehensive research. Secondly, we not only studied the level of PUFAs, but also the proportion of PUFAs, and all the results verified each other, and the conclusions were unified. Third, we used a strict Bonferroni correction, thus the conclusions are robust.

At the same time, this study also has some limitations. First, all GWAS data in this study were from European populations, and the representativeness of the results to the entire population remains to be determined. Second, the relationship between different doses of PUFAs and BMD has not been studied, and more detailed quantitative experiments are needed. In addition, the mediating effects of obesity, BMD and other factors still need further research.



Conclusion

This MR study establishes that n-3, n-6, n-3 pct, and n-6 to n-3 are causally associated with eBMD. In addition, n-3 not only associated with FA BMD and LS BMD through its own level and n-6 to n-3, but also associated with fracture through n-3 pct. Our findings provide new clue to further reveal the pathogenic role and therapeutic potential of PUFAs in osteoporosis.
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Background: Fructose consumption is a potential risk factor for hyperuricemia because uric acid (UA) is a byproduct of fructose metabolism caused by the rapid consumption of adenosine triphosphate and accumulation of adenosine monophosphate (AMP) and other purine nucleotides. Additionally, a clinical experiment with four gout patients demonstrated that intravenous infusion of fructose increased the purine de novo synthesis rate, which implied fructose-induced hyperuricemia might be related to purine nucleotide synthesis. Moreover, the mechanistic (mammalian) target of rapamycin (mTOR) is a key protein both involved in fructose metabolism and purine de novo synthesis. The present study was conducted to elucidate how fructose influences mTOR and purine de novo synthesis in a hepatic cell line and livers of mice.

Materials and methods: RNA-sequencing in NCTC 1469 cells treated with 0- and 25-mM fructose for 24 h and metabolomics analysis on the livers of mice fed with 0- and 30-g/kg fructose for 2 weeks were assessed. Gene and protein expression of phosphoribosyl pyrophosphate synthase (PRPSAP1), Glutamine PRPP aminotransferase (PPAT), adenyl succinate lyase (ADSL), adenyl succinate synthetase isozyme-1 (Adss1), inosine-5’-monophosphate dehydrogenase (IMPDH), and guanine monophosphate synthetase (GMPS) was measured. The location of PRPSAP1 and PPAT in the liver was assessed by an immunofluorescence assay.

Results: Metabolite profiling showed that the level of AMP, adenine, adenosine, hypoxanthine, and guanine was increased significantly. RNA-sequencing showed that gene expression of phosphoribosyl pyrophosphate synthase (PRPS2), phosphoribosyl glycinamide formyl transferase (GART), AICAR transformylase (ATIC), ADSL, Adss1, and IMPDH were raised, and gene expression of adenosine monophosphate deaminase 3 (AMPD3), adenosine deaminase (ADA), 5’,3’-nucleotidase, cytosolic (NT5C), and xanthine oxidoreductase (XOR) was also increased significantly. Fructose increased the gene expression, protein expression, and fluorescence intensity of PRPSAP1 and PPAT in mice livers by increasing mTOR expression. Fructose increased the expression and activity of XOR, decreased the expression of uricase, and increased the serum level of UA.

Conclusion: This study demonstrated that the increased purine de novo synthesis may be a crucial mechanism for fructose-induced hyperuricemia.
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purine de novo synthesis, fructose, hyperuricemia, metabolomic analysis, RNA-seq analysis


Introduction

Hyperuricemia is an excessively increased uric acid (UA) level in blood. The upper limit of normal is 6.8 mg/dL (> 7 mg/dL can lead to symptoms). A high blood level of UA is associated with gout, renal dysfunction, diabetes mellitus, hypertension, and atherosclerosis (1–3). In general, hyperuricemia is caused by urate overproduction, typically due to consumption of a purine-rich diet (e.g., beer, meat, seafood), high cell turnover, or urate excretion disorders (4). However, fructose and alcohol can also increase the serum UA level, and have gained more and more attention as a potential risk factor for hyperuricemia (especially fructose) (5).

Fructose is a primary sweetener used in various industrial food products, and is also present in fresh fruits and corn syrup (6). Fructose intake has increased markedly over recent years, and consumption has exceeded physiological needs (7). In liver, fructose can be metabolized more readily than glucose because of a specific enzyme (fructokinase), which catalyzes the conversion of fructose to fructose-1-phosphate using adenosine triphosphate (ATP) as a phosphate donor (8). Fructokinase is not regulated and phosphorylates fructose as rapidly as it can, leading to depletion of intracellular ATP to generate adenosine monophosphate (AMP). AMP accumulation stimulates AMP deaminase, which results in degradation of purine nucleotide (PNs) to UA, and increases the serum UA level (9, 10): this is a well-known mechanism of fructose-induced hyperuricemia. If so, more rapid depletion of ATP induced by fructose intake only provides the precursors (PNs) for UA synthesis, which would be terminated due to fructose depletion. However, consumption of 8% fructose drinking for 8 weeks has been shown to induce stable and persistent hyperuricemia in animal models, suggesting a long-time chronic effect of fructose upon hyperuricemia (4).

Fructose intake also stimulates UA biosynthesis from amino acid precursors (1, 11). Furthermore, a clinical experiment with four gout patients demonstrated that intravenous infusion of fructose increased the rate of purine de novo synthesis, which implied that the mechanism of fructose-induced hyperuricemia might be related to purine nucleotide synthesis (12).

Mammalian target of rapamycin (mTOR) is a key protein involved in the metabolic effect of fructose (13). Moreover, mTOR has been reported to promote expression of the genes related to the biosynthesis of phosphoribosyl pyrophosphate (the substrate for the first reaction in the purine de novo synthesis) (14). Thus, understanding the regulatory effect of mTOR on purine de novo synthesis may provide new ideas for the rational intake of fructose as well as the prevention and treatment of metabolic diseases induced by excessive intake of fructose.

We postulated that the mechanism of fructose-induced hyperuricemia was related to the purine nucleotide synthesis and purine degradation in the liver. The present study investigated the effect of giving fructose (20, 30, and 40 g/kg, p.o.) for 2 weeks to induce a high serum-level of UA. Then, RNA-sequencing analysis and metabolomics analysis were used to ascertain the effect of fructose upon the de novo synthesis of purine on hepatocytes and the liver of mice. The results showed that fructose intake increased the activity of phosphoribosyl pyrophosphate synthase (PRPSAP1) and glutamine PRPP aminotransferase (PPAT) to accelerate the de novo synthesis of purine to inosine 5’-monophosphate (IMP), and drove IMP to synthesize AMP, thereby accelerating its catabolism to UA by increasing the activity of xanthine oxidoreductase (XOR). This study demonstrated increased purine de novo synthesis as a crucial mechanism for fructose-induced hyperuricemia.



Materials and methods


Cell culture and fructose treatment

NCTC 1469 cells (catalog number: CL-0407; Procell Life Science and Technology, Wuhan, China) were cultured in glucose (4.5 g/L)-containing Dulbecco’s modified Eagle’s medium with 10% (v/v) fetal bovine serum, and 1% penicillin/streptomycin solution (100 units/mL penicillin and 100 μg/mL streptomycin) in an atmosphere of 5% CO2 and 95% humidified air at 37°C.

For fructose (purity = 99%; F0127; MilliporeSigma, Burlington, MA, USA) treatment, cells were seeded on six-well plates (6 × 105 cells per well). After reaching 80% confluence, cells were treated with medium containing fructose (0 and 25 mM) for 24 h. Then, cells were harvested for messenger (m)RNA extraction and RNA-sequencing. For the protein expression determination by western blotting, cells were seeded on six-well plates (6 × 105 cells per well) and treated with medium containing fructose (0, 1.25, 2.5, 5.0, 10, and 20 mM) for 24 h. For the mechanism detection, cells were treated with medium containing fructose (10 and 20 mM) in the presence or absence of Rapamycin at 200 nM.



RNA-sequencing

Cells in six-well plates were harvested after 24 h of treatment for extraction of total RNA using TRIzol® Reagent (254712; Ambion Life Technologies, Carlsbad, CA, USA). mRNA was enriched with poly-A selection, and 50 base pair paired-end RNA-sequencing was completed on the BGISEQ platform at Shenzhen SunV Biotech (Shenzhen, China). Raw reads were filtered using SOAP and SOAPnuke (15), Clean reads were mapped to the transcriptome of the RefSeq database using Bowtie2 (16). Gene expression was counted by RSEM (17) and normalized as transcripts per kilobase of exon model per million mapped reads. DESeq2 was employed to evaluate differential expression. Differentially expressed genes (DEGs) were identified by Benjamini Hochberg-adjusted P value (< 0.05) (18). Analyses of enrichment of function and metabolic pathways were undertaken based on Gene Ontology (GO1) and Kyoto Encyclopedia of Genes and Genomes Kyoto Encyclopedia of Genes and Genomes (KEGG2) databases using Database for Annotation, Visualization and Integrated Discovery3 DAVID (19).



Animals and treatments

This study protocol was approved by the Animal Care and Use Committee of Guangdong Medical University (Zhanjiang. China).

Male C57BL/6 wild-type mice (6 weeks, 20–25 g, specific pathogen-free) were obtained from the Experimental Animal Center of Guangdong Medical University [production license: SCXK (Yue) 2018-0008] and allowed to acclimatize to the animal facility environment for 1 week before experimentation. Mice were maintained in a specific pathogen-free, temperature (24 ± 2°C)-and humidity (50 ± 5%)-controlled environment, with a standard 12 h light/dark cycle. A total of twenty-four mice were divided randomly into 4 treatment groups, including one control (mice were given distilled water) and three fructose groups (20, 30, 40 g/kg bodyweight). Each of these groups consisted of 6 mice. Fructose was prepared as a solution at 1, 1.5, and 2 g/mL concentrations. The solution was given via oral route twice daily at the volume of 0.5 mL (0.25 mL each time at 9:00 a.m. and 3:00 p.m.). Mice feed and water were provided ad libitum throughout the experiment. Additionally, the samples were collected 48 h after experiment cessation.



Uric acid level in blood

Approximately 1 mL of blood samples were collected from the angular vein of mice under anesthesia. Serum samples were obtained by centrifugation at 1,790 × g for 10 min at room temperature and stored in microtubes at −80°C. The UA level was determined using a commercially available kit purchased from Solarbio Life Science (Beijing, China), following the manufacturer’s instructions.



Liver collection and metabolomics analysis

Each mouse’s liver was harvested and washed with ice-cold, sterile 0.9% saline solution to remove blood contamination. Then, it was placed in a cryogenic vial. Liquid chromatography-mass spectrometry (LC-MS) was conducted at BioNovoGene (Suzhou, China). In brief, ∼20 mg of liver from both the control group and the 30 g/kg fructose group, respectively, was collected and placed in a centrifuge tube containing magnetic beads and ground to a homogenate using 1 mL of homogenate medium (80% methanol). Then, the homogenate was placed in liquid nitrogen for 30 s and ice for 5 min (three times). The extract was obtained by centrifugation at 12,000 × g for 10 min at 4°C and subjected to LC-MS with an ACQUITY UPLC® HSS T3 column (1.8 μm, 2.1 × 150 mm, Ethylene Bridged Hybrid, Waters, Milford, MA, USA) (20). Samples were randomized, data acquisitions were done in one batch to eliminate system errors, and the metabolites were identified based on their molecular weight, mass spectra, and retention time. Original LC-MS data were processed and analyzed using Bio-deep Online software4 with optimized settings. Annotation of metabolite using LC-MS data was done with the Compound Discover 3.3 (Thermo Scientific, Waltham, MA, USA) and referenced to the mzCloud database.5 Discrimination metabolites between two classes of samples was done using a statistically significant threshold of Variable Importance in Projection (VIP) value (VIP > 1) and validated further by Student’s t-test analysis (P ≤ 0.05). Principal components analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were carried out with SIMCA-P software. Heatmaps were constructed using Euclidian distances and complete linkage grouping with the “heatmap” package in R language (R Institute for Statistical Computing, Vienna, Austria). Relative quantitative values of metabolites were normalized, transformed, and clustered through hierarchical clustering. Metabolite correction was assessed using Pearson’s correction coefficient and constructed Cytoscape 3.2.7.6 To further identify alternative metabolic pathways, differential metabolites were subjected to grouping and enrichment of metabolic pathways using MetaboAnalyst 4.07 and the KEGG database. Univariate analysis of Variance (ANOVA) was used to determine the significance of differences in contents between different groups.



Quantitative real-time PCR

mRNA expression of PRPSAP1, PPAT, and XOR was determined with the SYBR Green II Real-Time PCR kit (Thermo Fisher Scientific). Total RNA was extracted from NCTC 1469 cells and mouse livers using the RNAiso Plus kit (TaKaRa Biotechnology, Dalian, China) following manufacturer instruction. RNA integrity was checked via agarose gel electrophoresis with ethidium bromide. The concentration and purity of RNA were determined using an automatic microplate reader (Synergy H4, BioTek, Tokyo, Japan) at an OD 260/280 reading ratio of 1.8–2.1. After determination of the RNA concentration, total RNA (1 μg) was reverse-transcribed into complementary DNA (cDNA) using the Prime Script RT Reagent Kit (TaKaRa Biotechnology). Real-time PCR was carried out with an ABI StepOnePlus real-time PCR system (Applied Biosystems, Grand Island, Foster City, CA, USA) using the SYBR Premix Ex Taq II Reagent Kit (TaKaRa Biotechnology) under manufacturer instructions but with modification (21). The volume of the reaction system was 20 μL [10 μL of SYBR Premix Ex Taq∐, 0.4 μL of PCR forward primer (10 μM), 0.4 μL of PCR reverse primer (10 μM), 2 μL of cDNA, and 7.2 μL of RNase-free H2O]. The primer sequences of target genes and reference genes were obtained from GenBank and are shown in Table 1. Relative level of mRNA expression was calculated using the 2–ΔΔCT method after normalization against the reference gene (glyceraldehyde 3-phosphate dehydrogenase; GAPDH) (22).


TABLE 1    Primer sequences used for real-time RT-qPCR.
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Western blotting

Primary antibodies against PRPSAP1 (catalog number: bs-19409R) and PPAT (bs-6359R) were purchased from Beijing Biosynthesis Biotechnology (Beijing, China). Antibody against phosphorylated (P) P-mTOR (Ser 2448, 5536S) was obtained from Cell Signaling Technology (Danvers, MA, USA). Antibodies against adenyl succinate synthetase isozyme 1 (AdSS1; sc-166401), adenyl succinate lyase (ADSL; sc-365623), guanine monophosphate synthetase (GMPS; sc-376163), and inosine-5’-monophosphate dehydrogenase (IMPDH; sc-166551) were sourced from Santa Cruz Biotechnology (Houston, TX, USA).

Liver samples were frozen in liquid nitrogen, ground into powder in a mortar, and lysed by addition of RIPA lysis buffer (Beyotime Biotechnology, Jiangsu, China). The NCTC 1469 cell lysates were prepared by harvesting cells in RIPA lysis buffer. The supernatant was centrifuged at 12,000 × g for 15 min at 4°C after samples had been lysed fully. Supernatants containing total proteins were quantified with a Bicinchoninic Acid Protein Kit (Meilun Biotechnology, Dalian, China); 50 μg of whole protein samples were resolved with 8, 10, or 15% polyacrylamide gel (depending on the molecular size of the proteins to be analyzed). Thereafter, immunoblotting was done by transferring resolved proteins onto polyvinylidene difluoride (PVDF) membranes in trans-buffer at 100 V for 1 or 2 h, depending on the molecular size of the protein. PVDF membranes were blocked with 5% skimmed milk or 5% bovine serum albumin (for phosphorylated protein) in TBST buffer [Tris–HCl (20 mM), pH 7.5; sodium chloride (150 mM); 0.05% Tween 20] for 2 h, washed thrice with TBST buffer for 5-min each time, and incubated overnight with primary antibodies (1:1000 dilution) at 4°C. Afterward, PVDF membranes were washed thrice with TBST buffer for 5-min each time and incubated with anti-rabbit (or anti-mouse) secondary antibodies conjugated to horseradish peroxidase (1:2000 dilution) for 2 h at room temperature. Blots were developed in the dark using an electrochemiluminescence detection kit. Developed blots were subjected to densitometric analysis using ImageJ 1.45 (US National Institutes of Health, Bethesda, MD, USA) and expression normalized to that of GAPDH (D16H11; Cell Signaling Technology) as the internal control.



Immunohistochemistry

Paraffin-embedded liver tissues were used to measure expression of PRPSAP1 and PPAT. After deparaffinization, slides were heated in an autoclave with sodium citrate (for antigen repair), followed by 1% hydrogen peroxide (to abolish endogenous peroxidase activity), and blocked with 2% goat serum. Then, slides were incubated with primary antibodies PRPSAP1 and PPAT at 1:200 dilution overnight at 4°C, followed by incubation with fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobin G (1:500 dilution; Beyotime Biotechnology) for 2 h at room temperature. Slides were counterstained with 4’,6-diamidino-2-phenylindole for 5 min to stain nuclei. Coverslips were mounted on slides followed by visualization under a confocal laser scanning microscope (LSM 800, Carl Zeiss, Wetzlar Germany) using laser set at 405 and 488 nm.



Hepatic xanthine oxidoreductase activity

Approximately 0.5 g of liver tissue was used to prepare homogenates. Minced tissue was homogenized in an ice-cold phosphate buffer solution (w/v, 1:9) using a glass homogenate tube. The tube centrifuged at 8,000 × g for 10 min at 4°C. The supernatant was collected and stored at −80°C until further analyses. XOR activity was estimated using a kit (Solarbio Life Science), as reported previously (23). The protein concentration in tissue homogenates was determined using the Bicinchoninic Acid Protein Kit (24).



Statistical analysis

Quantitative data are presented as the mean ± SD of three independent experiments. Results were evaluated via one-way ANOVA followed by Tukey’s multiple-comparison test using Prism 6 (GraphPad, San Diego, CA, USA). P < 0.05 was considered significant.




Results


Fructose consumption increases hepatic purine synthesis

Twelve samples (six samples from the control group and six samples from the 30-g/kg fructose group) were analyzed. Untargeted metabolomics analysis was done by LC-MS; 12 valid samples were identified and measured. Plots for PLS-DA score between the control group and fructose group were clearly different (Figure 1A), which suggested that metabolic biomarkers could be selected. Analysis of enrichment of metabolic pathway was conducted: enrichment was observed in “purine metabolism,” “tryptophan metabolism,” “phenylalanine, tyrosine, and tryptophan biosynthesis,” and “biosynthesis of amino acids” (Figure 1B). Twenty-two metabolites related to purine synthesis were identified as having differential expression in the fructose group compared with the control group (Figure 1C). Fifteen metabolites were upregulated (including AMP, adenine, and adenosine) and seven metabolites were downregulated (including fructose-6-phosphate, glycylglycine, and L-glutamic acid). Correlation analysis of these metabolites showed no correlation between fructose-1-phosphate and the PNs (AMP, adenine, and adenosine) (Figure 1D). However, a negative correlation between glycylglycine and AMP, and a positive correlation between 5-Aminoimidazole-4-carboxamide1-β-D-ribofuranoside (AICAR) and adenosine, were found (Figure 1D). We explored potential diagnostic biomarkers for purine synthesis. The significantly increased metabolites of AMP, adenine, adenosine, AICAR, hypoxanthine, and guanine indicated upregulation of purine de novo synthesis (Figure 1E). Based on metabolites profiling and model evaluation, fructose intake appeared to upregulate the purine synthesis.
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FIGURE 1
Fructose consumption increases hepatic purine synthesis (A) partial least squares discriminant analysis (PLS-DA) score plots for the samples remarkably separated the fructose group from the control groups. (B) Pathway enrichment analysis showed the pathways most significantly altered in the fructose compared with the control group (the significantly altered metabolic pathways were marked with the red line, P < 0.05). (C) Heat map of the differentially expressed metabolites related to de novo purine synthesis between fructose group and control group. (D) Thermogram of metabolite association analysis, the orange-red points represent a positive correlation between two metabolites (P < 0.05), and the blue-green points represent a negative correlation between two metabolites (P < 0.05). (E) The normalized intensity of 9 metabolites of purine synthesis and decomposition. The metabolite profiling was performed in mouse liver. Data are expressed as mean ± SD (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 (*represents 30 g/kg fructose groups compared with the control group).




Differentially expressed genes and differentially expressed pathways between fructose and the control group determined by transcriptomic analysis

Six samples (three samples in each group) of NCTC1469 cells were used for transcriptomic analysis. Transcriptomic data were downloaded from BGI with the corresponding BGISEQ platform. A total of 6,459 genes were selected as DEGs between fructose group and control group (Figure 2A). The top-25 enriched pathways according to the KEGG database included “purine metabolism,” “carbon metabolism,” and “pyrimidine metabolism” (Figure 2B): these pathways are associated with purine de novo synthesis. To further identify the role of fructose on purine synthesis, thirteen genes (purine synthesis) and eight genes (purine catabolism) were chosen for analysis. Expression of the genes involved in purine de novo synthesis [e.g., PRPS, phosphoribosyl glycinamide formyl transferase (GART), AICAR transfomylase (ATIC), ADSL, Adss1, and IMPDH (Figure 2C)] and purine catabolism [e.g., adenosine monophosphate deaminase 3 (AMPD3), adenosine deaminase (ADA), 5’, 3’-nucleotidase, cytosolic (NT5C), and XOR] was upregulated significantly (Figure 2D). RT-qPCR showed that fructose (25 mM) consumption increased the gene expression of PRPSAP1 (Figure 2E) and PPAT (Figure 2F) significantly, but had no impact on the gene expression of hypoxanthine-guanine phosphoribosyl transferase (HPRT) (Figure 2G) or adenine phosphoribosyl transferase (APRT) (Figure 2H). These results suggested that fructose accelerated the de novo synthesis of purine, while promoting the catabolism of purine into UA.


[image: image]

FIGURE 2
Differentially expressed genes (DEGs) and differentially expressed pathways between fructose and the control group determined by transcriptomic analysis. (A) Volcano plot showed the DEGs were screened between the fructose group and the control group in accordance with the corresponding BGISEQ platform. The threshold was set to log2| FC| > 1 and P < 0.05. (B) Pathway enrichment analysis showed the top 25 metabolism pathways most significantly altered in the fructose compared with the control group. (C,D) Heat map revealed gene expression differences related to purine biosynthesis and catabolism (*P < 0.05 represents the fructose group compared with the control group). (E–G) And (H) qPCR validation results of phosphoribosyl pyrophosphate synthase (PRPSAP1), Glutamine PRPP aminotransferase (PPAT), hypoxanthine-guanine phosphoribosyl transferase (HPRT), and adenine phosphoribosyl transferase (APRT). The RNA sequential analysis was performed in the NCTC1469 cells. Data are expressed as mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 (*represents 25 mM fructose groups compared with the control group).




Fructose increases hepatic expression of phosphoribosyl pyrophosphate synthase and Glutamine PP aminotransferase

Liquid chromatography-mass spectrometry (LC-MS) and RNA-sequencing data suggested that fructose could accelerate the purine de novo synthesis. To confirm this finding, expression of PRPSAP1 and PPAT (Figure 3A) was determined in the livers of fructose-fed mice. Gene expression of PRPSAP1 and PPAT was upregulated significantly by treatment with fructose (20, 40 g/kg) (P < 0.05, Figures 3B,C). With respect to hepatic protein expression, treatment with fructose (30, 40 g/kg) stimulated PRPSAP1 expression significantly (P < 0.05, Figures 3D,E), and PPAT expression in all three fructose groups was higher than that in the control group (P < 0.05) (Figures 3D,F). With an increase in the fructose concentration, the fluorescence intensity of PRPSAP1 and PPAT in liver slices increased gradually (Figure 3G). Taken together, these results demonstrated the promoting effect of fructose on the purine de novo synthesis.
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FIGURE 3
Fructose increases hepatic expression of phosphoribosyl pyrophosphate synthase (PRPSAP1) and Glutamine PRPP aminotransferase (PPAT). (A) The key enzymes control the de novo synthesis. (B,C) Gene expression of PRPSAP1, PPAT in reference to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (D) Immunoblot analysis for PRPSAP1 and PPAT in reference to GAPDH. (E,F) The relative protein expression of PRPSAP1 and PPAT in regard to GAPDH. (G) Immunofluorescence analysis for PRPSAP1 and PPAT in the liver. Scale bars: 100 μm. Data are expressed as mean ± SD (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 (*represents the fructose group compared with the control group).




Fructose accelerates purine de novo synthesis by increasing Mammalian target of rapamycin expression

An in vitro experiment was conducted to investigate how fructose treatment increases expression of PRPSAP1 and PPAT. Fructose treatment increased protein expression of P-mTOR, PRPSAP1, and PPAT in a dose-dependent manner, and significant effects were observed at concentrations of 5, 10, and 20 mM (P < 0.05) (Figures 4A,B). The presence of rapamycin inhibited P-mTOR expression significantly, and protein expression of PRPSAP1 and PPAT was reduced compared with that in the control group (P < 0.05) (Figures 4C,D). Fructose treatment did not affect protein expression of PRPSAP1 or PPAT in the presence of rapamycin (P > 0.05) (Figures 4C,D). Fructose treatment increased the UA level in cell supernatants significantly at concentrations of 10 and 20 mM (P < 0.05) (Figure 4E), but the UA level was not affected by fructose in the presence of rapamycin (P > 0.05) (Figure 4E). Taken together, these results suggested that fructose accelerated purine de novo synthesis by increasing P-mTOR expression.
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FIGURE 4
Fructose accelerates purine de novo synthesis by increasing mammalian target of rapamycin (mTOR) expression. (A,B) Immunoblot analysis for P-mTOR, phosphoribosyl pyrophosphate synthase (PRPSAP1), and Glutamine PRPP aminotransferase (PPAT) in fructose-treated NCTC1469 cells. (C,D) Immunoblot analysis for P-mTOR, PRPSAP1, and PPAT in the presence of rapamycin. (E) The uric acid changes in the supernatant of fructose-treated NCTC 1469 cells. Data are expressed as mean ± SD (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 (*represents the fructose group compared with the control group).




Fructose promoted inosine 5’-monophosphate to adenosine monophosphate conversion and the catabolism of adenosine monophosphate to uric acid

Fructose appeared to increase IMP synthesis by promoting de novo synthesis of purine, but the effect of fructose on the synthesis of IMP to AMP, or guanine nucleotide (GMP) (Figure 5A) is not known. All three concentrations of fructose enhanced the expression of ADSS (P < 0.05) (Figures 5B,C), but did not affect the expression of ADSL. However, fructose decreased expression of IMPDH and GMPS in the liver (P < 0.05) (Figures 5B,C). These findings suggested that fructose drives IMP to synthesize AMP, not GMP. The final product of AMP decomposition is UA, and XOR is the crucial enzyme controlling this process (Figure 5A). Fructose increased the gene expression (Figure 5D) and the activity (Figure 5E) of XOR in the liver as compared with that in the control group (P < 0.05). Otherwise, fructose intake decreased the gene expression (Figure 6A) and protein expression (Figures 6B,C) of uricase significantly. Taken together, these data suggested that fructose consumption increased the serum UA level (P < 0.05) (Figure 5F) and that fructose drives IMP to synthesize AMP and accelerates its catabolism to UA by increasing XOR activity.
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FIGURE 5
Fructose promoted inosine 5’-monophosphate (IMP) to adenosine monophosphate (AMP) conversion and the catabolism of AMP to uric acid (UA). (A) The processes of synthesis and catabolism of AMP and guanine monophosphate (GMP). (B) Immunoblot analysis for adenyl succinate synthetase isozyme (ADSS), adenyl succinate lyase (ADSL), guanine monophosphate synthetase (GMPS), inosine-5’-monophosphate dehydrogenase 1 (IMPDH) in reference to GAPDH. (C) The relative protein expression of adenyl succinate lyase (ADSL), adenyl succinate synthetase (ADSS), inosine-5’-monophosphate dehydrogenase (IMPDH), and guanine monophosphate synthetase (GMPS) in regard to lyceraldehyde 3-phosphate dehydrogenase (GAPDH). (D) The gene expression of hepatic xanthine oxidoreductase (XOR) in reference to GAPDH. (E) The activity of xanthine oxidoreductase in the liver. (F) Changes in serum uric acid level in fructose-fed mice. Data are expressed as mean ± SD (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 (*represents the fructose group compared with the control group).
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FIGURE 6
Fructose inhibited the gene and protein expression of uricase. (A) The gene expression of uricase (UOX) in liver. (B) Immunoblot analysis of UOX. (C) The relative protein expression of UOX in reference to GAPDH. Data are expressed as mean ± SD (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 (*represents the fructose group compared with the control group).





Discussion

Conventional thinking dictates that rapid metabolism of fructose can induce ATP consumption to generate AMP, and that AMP accumulation stimulates AMP deaminase, thereby resulting in PNs degradation to UA (9, 10). Furthermore, the possible mechanism related to purine metabolism is: (i) increased synthesis of (de novo and salvage) of PNs, (ii) increased breakdown of preformed PNs and PN derivatives, (iii) a combination of (i) and (ii).

Metabolite profiling in mice livers showed an increase in levels of PNs and their derivatives, (AMP, adenine, adenosine, guanine, xanthosine, xanthine, hypoxanthine) (Figure 1E) induced by fructose intake, which suggested that increased breakdown of PNs and their derivatives was operative after fructose administration. Fructose intake can result in stimulation of de novo synthesis of purine, so the change in ribose-5-phosphate (R5P) level must be determined first (25). However, the metabolic results failed to show an increase in R5P level in the mice livers during fructose administration. In addition, metabolic intermediates can also serve to control metabolism. AICAR is a critical signaling intermediate within purine de novo synthesis pathway, and its expression is increased significantly by fructose intake. Increased AICAR level can promote the ATIC activity, which accelerates the last final two steps in the pathway to convert AICAR to IMP (14).

The non-essential amino acid glycine contributes carbon and nitrogen atoms at positions of C4, C5, and N6 in purine ring at the beginning of purine synthesis (25). Our metabolic data showed a significant decrease in glycine level induced by fructose consumption, so glycine was used rapidly as a supplier of carbon atoms. Combination of metabolic data suggested that fructose administration accelerated purine synthesis as well as the breakdown of preformed PNs and their derivatives in the livers of fructose-fed mice.

Under normal physiological conditions, the cellular “purine pool” is derived primarily from recycling of degraded bases via the salvage pathway. Nevertheless, the pathway related to purine de novo synthesis will be upregulated to meet demand if cells require higher levels of purine (26). Purine de novo synthesis occurs in 10 steps, generating IMP from PRPP by sequential orchestration of six enzymes. Transcriptomics analysis in the present study showed that gene expression of PRPS2, PPAT, GART, and ATIC was upregulated upon fructose intake, which can accelerate the pathway for purine de novo synthesis. For salvage synthesis, gene expression of APRT and HPRT was not affected significantly by fructose intake. This finding suggested that fructose administration increased purine de novo synthesis instead of salvage synthesis in the livers of mice. The significantly increased gene expression of AMPD3, ADA, NT5C, and XOR suggested increased purine catabolism to PNs and their derivatives upon fructose treatment.

To confirm the results of LC-MS and RNA-sequencing, PRPSAP1 and PPAT (rate-limiting enzymes from the first reaction in the pathway purine de novo synthesis) were chosen to identify gene and protein expression. Fructose administration increased the gene and protein expression of PRPSAP1 and PPAT in the livers of mice, and the increased fluorescence intensity of PRPSAP1 and PPAT confirmed this finding. Inconsistent mRNA and protein expression of PRPSAP1 and PPAT were observed, but this may have been due to differences between post-translational regulation and modification. With regard to how fructose accelerates purine de novo synthesis, mTOR has been shown to promote expression of the genes associated with PRPP synthesis and to regulate co-localization between purinosomes and mitochondria (14). We showed that fructose increased protein expression of P-mTOR, PRPSAP1, and PPAT significantly. In the presence of rapamycin (mTOR inhibitor), fructose did not affect the protein expression of PRPSAP1 or PPAT or the UA level in cell supernatants. The previous study also suggested that inhibition of mTOR expression could reduce fractional co-localization between purinosomes and mitochondria, thereby leading to a marked decrease in the metabolic flux through the purine de novo synthesis (14). Thus, fructose appears to accelerate the purine de novo synthesis by increasing mTOR expression. Besides, UA is a risk factor that can activate mTOR by inducing phosphorylation of protein kinase B (AKT) and proline-rich AKT substrate-40 (27). We suggest that the increased UA level caused by fructose intake may have a positive feedback effect on mTOR activation and purine de novo synthesis.

Furthermore, the effect of fructose intake on synthesis of AMP or GMP from IMP is not known. We found that fructose increased protein expression of Adss1 but decreased expression of IMPDH and GMPS significantly. These findings suggested that fructose intake mainly drives IMP to synthesize AMP, not GMP, which could be attributed to rapid depletion of ATP by fructose consumption (28). Fructose intake increased purine de novo synthesis as well as the PNs and their derivatives (adenine, xanthine, hypoxanthine). The increased gene expression and activity of XOR in the liver expedited the PNs degradation to UA. Normally, increased UA level can stimulate the expression of uricase, but reduced gene and protein expression of uricase caused by fructose intake was observed (Figure 6) in the present study. This phenomenon may be explained by uricase blockage increasing the metabolic rate of fructose and enhancing the ability of fructose to generate fat (29). Taken together, these results implied that fructose could inhibit the oxidation of UA to allantoic acid and increase the serum UA level.



Conclusion

We demonstrated that fructose promoted purine de novo synthesis to generate IMP and drive conversion of IMP to AMP to maintain the rapid depletion of ATP. Fructose increased the breakdown of preformed PNs and their derivatives (adenine, xanthine, and hypoxanthine), accelerated their degradation to UA, and increased the serum UA level. This work revealed that increased purine de novo synthesis may be a crucial mechanism in fructose-induced hyperuricemia.
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Background: This study investigated the association between dietary quality indices and recurrent chronic kidney disease (rCKD) in Taiwanese post-renal transplant recipients (RTRs).

Methods: This prospective study recruited RTRs aged >18 years with a functioning allograft and without any acute rejection in the past 3 months from September 2016 to June 2018. Dietary quality indices included the Alternative Healthy Eating Index (AHEI) and AHEI-2010, and the Taiwanese version of the AHEI (AHEI-Taiwan) was calculated using 3-day dietary records, and calculated scores were divided into quartiles. Laboratory data were collected from medical records. rCKD was defined as an estimated glomerular filtration rate (eGFR) of <60 mL/min/1.73 m2. Logistic regression analysis was performed to analyze the associations.

Results: This study included 102 RTRs. The RTRs with higher AHEI, AHEI-Taiwan, and AHEI-2010 scores were older and had higher eGFRs and lower odds of rCKD. As compared with the lowest quartile, patients with the highest quartiles of the AHEI [odds ratio (OR), 0.10; 95% confidence interval (95% CI): 0.02, 0.49; p-trend = 0.004), AHEI-2010 (OR, 0.17; 95% CI: 0.04, 0.72; p-trend = 0.016], and AHEI-Taiwan (OR, 0.13; 95% CI: 0.03–0.59; p-trend = 0.008) had lower odds of rCKD, respectively. As compared with the lowest quartile, patients who consumed the highest quartiles of red and processed meat had 11.43 times higher odds of rCKD (OR, 11.43; 95% CI: 2.30–56.85; p for trend <0.01).

Conclusion: Higher dietary quality indices are associated with lower odds of rCKD in Taiwanese RTRs. Particularly, a positive association between a higher intake of red meat and processed meat and higher odds of rCKD remained exists after transplantation in Taiwanese RTRs. Further dietary guidelines and individualized dietary education were necessary for RTRs to prevent graft function deterioration.

KEYWORDS
dietary quality, kidney function, chronic kidney disease, renal transplant recipients, Taiwan


1. Introduction

Chronic kidney disease (CKD) was a major global public health problem, and its prevalence is 10–15% worldwide (1) and 11.3% in Taiwan (2). Among renal replacement therapies, renal transplantation was around 2,000 cases in Taiwan (2), which was more favorable compared with dialysis for patients with end-stage renal disease and those requiring dialysis because it had lower medical costs and results in better quality of life and higher survival rates (3). However, the elimination of dietary restrictions and conflict dietary recommendation and habits from dialysis to transplantation may also result in graft function deterioration and cause recurrent chronic kidney disease (rCKD) in renal transplant recipients (RTRs) (4).

Evidence indicates that lifestyle modifications including improved dietary quality can prevent metabolic abnormalities and reduce the risk of CKD (5, 6) and chronic diseases (7). In a previous study, we observed that RTRs had poor adherence to dietary recommendations and the intake of most nutrients was inadequate (8). The National Kidney Foundation (NKF) and National Health and Research Institutes in Taiwan (2, 9) published healthy guideline recommendations as a balance diet for RTRs includes foods from food guides, such as a variety of fresh fruits and vegetables, wholegrains, lean meats, low-fat dairy, and also low salt and high in fiber intake.

The Alternative Healthy Eating Index (AHEI) (10) includes food and nutrient components, such as trans fatty acid, the ratio of polyunsaturated fatty acid and saturated fatty acid (PSR), fruit, vegetables, wholegrains, the ratio of white and red meat, nut and soybean, and vitamin used and alcohol intake and is commonly used for the assessment of dietary quality. Both the AHEI and its updated version, AHEI-2010 (11), are based on the American Dietary Guidelines. AHEI-2010 was according to AHEI and was modified PSR to polyunsaturated fatty acid (PUFA) and n-3 PUFA, meanwhile focusing on red meat, sodium, and sugar intake. The previous study demonstrated that adherence to the AHEI and AHEI-2010 was associated with a lower risk of chronic diseases (12–14). However, Mccullough and Willett (15) reported that the dietary index can be modified according to the national dietary recommendations to be more approached to dietary culture in each country. The Taiwanese version of the AHEI-Taiwan (16) was composed as the original AHEI and modified the cutoff based on Taiwan’s dietary recommendations to adapt to Taiwanese dietary pattern.

In addition, several studies had reported that the adherence to the AHEI and AHEI-2010 was associated with decreased kidney function deterioration in CKD populations (6, 17, 18). However, the association between these indices, especially the AHEI-Taiwan, and graft function prevention had not been examined for Taiwanese RTRs. This study aimed to investigate the association between dietary quality indices and graft dysfunction in Taiwanese RTRs. We hypothesized that RTRs with higher AHEI, AHEI-Taiwan, and AHEI-2010 scores would have a lower risk of rCKD. Moreover, we explored the association between the dietary indices food component and the rCKD risk for further analysis.



2. Materials and methods


2.1. Study design and participants

This prospective cross-sectional study was conducted between September 2016 and June 2018 at Linkou Chang Gung Memorial Hospital. Inclusion criteria included that RTRs aged >18 years with a functioning allograft and without any acute rejection reaction in the past 3 months were recruited in this study. Excluded criteria included Patients with an estimated glomerular filtration rate (eGFR) variation of >25% in the past 3 months and other systemic inflammatory diseases.

A total of 106 eligible RTRs were enrolled and referred to qualified registered dietitians in the hospital for face-to-face interviews. Informed consent was obtained from each participant before the interview. The RTRs with considerably low-calorie or high-calorie intake (≤800 or ≥3,000 kcal) were excluded (n = 4). Hence, 102 RTRs were included in the final analysis. The study procedures complied with ethical standards for research with human participants, and the study protocol was reviewed and approved by the Institutional Review Board of Chang Gung Medical Foundation (IRB No. 201600954B0).



2.2. Characteristics, laboratory data, and rCKD definition

We collected the following patient characteristics and laboratory data from medical records: age, sex, dialysis history, transplant history, years after dialysis or transplantation, body height (without shoes), body weight (two times, tenth of a point taken, no shoes, and wear light clothing), performance of handgrip (measure three times for maximum values), blood pressure (average of three times), fasting plasma glucose, homeostatic model assessment of insulin resistance (HOMA-IR), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), triglyceride (TG), serum albumin, serum creatinine (Cr), estimated glomerular filtration rate, and high sensitive C-reactive protein. rCKD was defined as the deterioration of kidney function to end-stage renal disease (ESRD) after transplantation and was at risk for reverting to ESRD, which eGFR of <60 mL/min/1.73 m2 based on the Kidney Disease Outcomes Quality Initiative (KDOQI) guidelines (9).



3.3. Dietary intake

Dietary intake was determined using self-reported 3-day dietary records (including 2 weekdays and 1 day on the weekend) and evaluated by the qualified registered dietitian one time during the latest clinical follow-up in the study period. Dietary food and nutrient intakes were calculated using nutrition analysis software (CofitPro version 1.0.0. Cofit HealthCare Inc., Taipei, Taiwan), according to Taiwan’s Ministry of Health and Welfare Food and Drug Administration database as described previously (19).



3.4. Scoring of dietary quality

A total of three dietary indices based on food and nutrients were used to evaluate dietary quality: the AHEI (10), AHEI-2010 (11), and AHEI-Taiwan (16). The AHEI is based on the 2015–2020 Dietary Guidelines for Americans and includes nine components; the total AHEI score ranges from 0 (unhealthy eating quality) to 87.5 (healthy eating quality). Intermediate intake was proportionally calculated between the range of 0 and 10 points. The AHEI scores are based on the consumption of trans fat, the polyunsaturated-to-saturated fatty acid ratio (PSR) vegetables, fruits, nuts, and soybean, white and red meat, wholegrain fiber, daily multivitamins, and alcohol.

The AHEI-2010 is an updated version of the AHEI and includes 11 components; its total score ranges from 0 (unhealthy eating quality) to 110 (healthy eating quality). Compared with the AHEI, the AHEI-2010 considers the low consumption of sodium (10 points for the lowest decile) and sugar-rich beverages (10 points for <1 serving/day), the ratio of white meat to red/processed meat (10 points for 0 serving/day and 0 points for ≥1.5 servings/day), PUFA (10 points for ≥10% PUFA consumption), and n-3 PUFA (10 points for 250 mg). Moreover, in the AHEI-2010, the cutoff values were revised for the high consumption of wholegrain fiber (10 points for ≥90 g in men and ≥75 g in women) and the moderate consumption of alcohol (10 points for 0.5–3.5 equivalent in men and 0.5–2.5 equivalent in women).

The AHEI-Taiwan was developed from the AHEI according to Taiwan’s dietary recommendations for the convenience of a clinical study and better adaption to the Taiwanese population. Similar to the AHEI, the AHEI-Taiwan includes nine components, and its scores ranged from 0 (unhealthy eating quality) to 87.5 (unhealthy eating quality). In the AHEI-Taiwan, the consumption of trans fat is calculated in grams (10 points for ≥1 g and 0 points for ≤8 g); the measures for the high consumption of vegetables and fruits are revised from 5 and 4 servings/day to 3 and 2 servings/day, respectively; and the consumption of wholegrain cereal was calculated as the total recommended percent intake of cereals in Taiwan. These calculations differ from those in the AHEI.



3.5. Statistical analyses

The characteristics of the RTRs are summarized by the quartile of each dietary index score. Statistical analyses were performed using SAS (version 9.4, SAS Institute, Cary, NC, USA). Descriptive data are presented as the mean, standard deviation, interquartile range, and percentage as appropriate. Logistic regression analysis was performed to analyze associations between dietary quality and rCKD risk. The possible affecting factors of kidney function, such as age, sex, calorie intake, Charlson comorbidity index (CCI), body mass index, geriatric nutrition risk index, handgrip, transplantation time, and dialysis time, were adjusted based on KDOQI guidelines (9). Study data are presented as odds ratio (OR) with 95% confidence interval (95% CI). The significance was set at P < 0.05.




4. Results


4.1. Comparison of characteristics between those in the lowest and the highest quartile

The mean scores of AHEI, AHEI-Taiwan, and AHEI-2010 were 43.6 ± 8.8, 44.6 ± 9.0, and 62.1 ± 10.2, respectively. The RTRs in the highest quartile of both the AHEI and AHEI-Taiwan were older (53.1 ± 14.3 vs. 40.8 ± 11.5, p < 0.001; 51.7 ± 14.6 vs. 42.1 ± 10.7, p < 0.05, respectively), had higher eGFRs (64.9 ± 10.3 vs. 48.7 ± 15.9, p < 0.01; 64.6 ± 19.7 vs. 48.5 ± 14.8, p < 0.01, respectively), and had lower body height (158.7 ± 7.6 vs. 165.5 ± 8.6, p < 0.01; 159.1 ± 8.1 vs. 166.7 ± 8.4, p < 0.01, respectively), TC (196.7 ± 42.0 vs. 221.2 ± 40.8, p < 0.05; 195.6 ± 41.4 vs. 217.5 ± 38.2, p < 0.05, respectively), LDL-C (111.3 ± 38.7 vs. 135.2 ± 34.3, p < 0.05; 108.8 ± 38.6 vs. 134.0 ± 32.9, p < 0.05, respectively), and Cr (1.1 ± 0.4 vs. 1.7 ± 1.0, p < 0.001; 1.2 ± 0.4 vs. 1.7 ± 1.0, p < 0.01, respectively) levels. A greater proportion of patients in the highest quartile of the AHEI-2010 were women and older (52.8 ± 13.7 vs. 41.0 ± 10.4, p < 0.001) and had higher eGFRs (61.4 ± 23.6 vs. 50.9 ± 18.4, p < 0.05), longer transplant time (10.4 ± 5.5 vs. 7.1 ± 4.4, p < 0.05), and lower body height (160.0 ± 8.6 vs. 166.4 ± 9.0, p < 0.05) and Cr (1.3 ± 0.7 vs. 1.8 ± 1.4, p < 0.01) levels. The albumin level was normal in both the lowest and highest quartiles of the AHEI-2010 group (4.2 ± 0.3 vs. 4.4 ± 0.3, p < 0.01), but the higher albumin level was significant higher in the highest quartiles of the AHEI-2010 (Table 1).


TABLE 1    Comparison of the components and scores of the AHEI and AHEI-Taiwan between the lowest and highest quartiles of dietary scores (n = 102)1.

[image: Table 1]



4.2. Comparison of dietary quality between the lowest and highest quartiles

The RTRs with the highest AHEI and AHEI-Taiwan scores had higher scores for the consumption of fruits (4.7 ± 2.7 vs. 1.1 ± 1.6; 7.9 ± 2.4 vs. 1.6 ± 3.0, p < 0.001, respectively), vegetables (6.4 ± 2.9 vs. 4.2 ± 1.7, p < 0.05; 8.9 ± 1.7 vs. 6.0 ± 2.1, p < 0.001, respectively), wholegrain (8.4 ± 3.6 vs. 0.8 ± 2.7, p < 0.001; 5.2 ± 5.1 vs. 0.5 ± 1.1, p < 0.001, respectively), white and red meat (4.8 ± 3.6 vs. 2.0 ± 1.7, p < 0.05; 4.9 ± 3.5 vs. 1.7 ± 1.6, p < 0.001, respectively), and nuts and soybean (9.1 ± 2.4 vs. 3.3 ± 4.2, p < 0.001; 7.8 ± 3.4 vs. 2.5 ± 3.5, p < 0.001, respectively) as well as higher total dietary scores (Table 2). The RTRs with the highest AHEI-2010 scores had higher scores for the consumption of fruits (4.9 ± 2.5 vs. 1.1 ± 1.6, p < 0.001), vegetables (6.3 ± 3.1 vs. 4.0 ± 1.7, p < 0.01), wholegrain (4.9 ± 4.2 vs. 0.6 ± 1.4, p < 0.001), and nuts and soybean (9.1 ± 2.4 vs. 4.0 ± 4.5, p < 0.01) and lower scores for the consumption of red or processed meat (2.4 ± 3.1 vs. 0.0 ± 0.0, p < 0.001), sodium (7.9 ± 2. vs. 3.7 ± 3.5, p < 0.001), and sugar (9.7 ± 0.4 vs. 9.4 ± 0.7, p < 0.05; Table 3).


TABLE 2    Comparison of the components and scores between the lowest and the highest quartiles of AHEI and AHEI-Taiwan dietary scores1.
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TABLE 3    Comparison of components and scores between the lowest and the highest quartiles of AHEI-2010 dietary scores1.
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4.3. Association among dietary quality, component, and rCKD

A total of 65 RTRs (64%) were diagnosed as having rCKD. All the dietary quality scores were associated with lower odds of rCKD. Compared with the lowest quartile, the highest quartile of the AHEI, AHEI-Taiwan, and AHEI-2010 had 88% (OR, 0.12; 95% CI: 0.03–0.46; p-trend <0.01), 87% (OR, 0.13; 95% CI: 0.03–0.48; p-trend <0.01), and 82% (OR, 0.18; 95% CI: 0.05–0.61; p-trend <0.01) lower odds of rCKD, respectively, in the crude model. In model 1, after adjustment for age and sex, the highest quartile of the AHEI, AHEI-Taiwan, and AHEI-2010 had 90% (OR, 0.09; 95% CI: 0.02–0.40; p-trend <0.01), 89% (OR, 0.11; 95% CI: 0.03–0.45; p-trend <0.01), and 85% (OR, 0.15; 95% CI: 0.04–0.59; p-trend <0.01) lower odds of rCKD, respectively. After additional adjustment for calorie intake and CCI, the RTRs in the highest quartile of the AHEI, AHEI-Taiwan, and AHEI-2010 had 90% (OR, 0.09; 95% CI: 0.02–0.39; p-trend <0.01), 90% (OR, 0.10; 95% CI: 0.03–0.43; p-trend <0.01), and 85% (OR, 0.15; 95% CI: 0.04–0.57; p-trend <0.05) lower odds of rCKD, respectively. In model 3, after further adjustment for body mass index (BMI), geriatric nutrition risk index (GNRI), handgrip, transplant time, and dialysis time, the RTRs in the highest quartile of the AHEI, AHEI-Taiwan, and AHEI-2010 had 91% (OR, 0.09; 95% CI: 0.02–0.46; p-trend <0.01), 88% (OR, 0.12; 95% CI: 0.03–0.59; p-trend <0.01), and 83% (OR, 0.17; 95% CI: 0.04–0.73; p-trend = 0.02) lower odds of rCKD, respectively (Table 4). Further analysis revealed that RTRs who consumed high amounts of red/processed meat had 11.43 times higher odds of rCKD (OR, 11.43; 95% CI: 2.30–56.85; p-trend <0.01; Table 5).


TABLE 4    Risk of incident chronic kidney disease by the AHEI, AHEI-Taiwan, and AHEI-2010 in the renal transplant recipients1.
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TABLE 5    Risk of incident chronic kidney disease by dietary indices in the renal transplant recipients.
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5. Discussion

The results of this cohort study revealed that the RTRs in the highest quartiles of the AHEI, AHEI-Taiwan, and AHEI-2010 had 91, 88, and 83% lower odds of rCKD, respectively, compared with the RTRs in the lowest quartiles of these indices after adjustment for age, sex, calorie intake, CCI, BMI, GNRI, handgrip, transplant time, and dialysis time. In addition, higher consumption of red/processed meat was associated with 11.4 times higher odds of rCKD.

The results of the present study are consistent with those of a prospective cohort study (20) with a follow-up period of 14.3 years that recruited 4,848 participants and examined their dietary quality by using the Health Eating Index (HEI), AHEI-2010, Dietary Approaches to Stop Hypertension (DASH) diet, and alternate Mediterranean diet (aMED) and indicated that high dietary quality was associated with CKD prevention. Hu et al. (6) included 3,980 patients with CKD with a follow-up period of 24 years and indicated that high HEI, AHEI-2010, and aMED scores were associated with a 13–20% lower risk of incident CKD. Osté et al. (21) reported that the high scores of the DASH diet were associated with lower renal dysfunction and mortality in RTRs. In addition, some studies have demonstrated that the DASH diet and aMED were inversely associated with the risk of CKD and prevented a decrease in the eGFR and an increase in Cr and micro-albuminuria levels (22–25). These findings suggest that high dietary quality is associated with CKD prevention. Notably, the prevention of rCKD is more important for RTRs due to the elimination of dietary restrictions and incorrect dietary habits after transplantation (4). On the contrary, Song et al. (26) demonstrated that a revised version, the DASH-Japan Ube Modified diet Program (DASH-JUMP) and Korean DASH diet (K-DASH) were modified according to Japanese and Korean dietary recommendation, which is consistent with the present study of AHEI-Taiwan to adapt Taiwanese dietary recommendations.

Regarding the component of dietary indices, vegetable and fruit consumption were not associated with preserving the eGFR in the present study; this finding is in agreement with that of a previous study that enrolled Dutch (27) and American (28) participants. However, Jhee et al. (29) demonstrated that the high consumption of vegetables and fruits was associated with decreased albuminuria and kidney injury. A reason for this finding is that the consumption of vegetables and fruits rich in potassium is associated with lower blood pressure, which possibly prevents kidney function deterioration (30). Another reason for the positive association between vegetable and fruit consumption and lower risk of CKD may be the effect of decreased acid load. The high dietary acid load may increase metabolic acidosis and lead to kidney injury through an increase in the levels of endothelin-1, which stimulates aldosterone production by activating the renin–angiotensin–aldosterone system pathway, increasing the ammonium concentration, and leading to kidney tubular injury, endothelial dysfunction, and inflammation (31–33). Future studies should investigate the effect of vegetable and fruit consumption on rCKD in RTRs.

Previous studies (34) have examined the association between different protein sources such as red/processed meat, nuts, and soybean, and CKD prevalence. Red/processed meat can lead to inflammation, increase sodium load and iron’s pro-oxidative effects, and cause DNA damage, thus directly or indirectly affecting kidney function. In addition, animal protein sources increase the acid load, whereas plant protein sources increase alkalosis load; the association between acid load and CKD progression has also been demonstrated (35). No associations between white-to-red meat ratio, nut and soybean consumption, and rCKD were noted. However, O’Keefe et al. (36) demonstrated that the high consumption of soybean was associated with decreased phosphate intake and urinary protein excretion, thus preventing CKD progression. Haring et al. (37) and Mirmiran et al. (38) have reported that replacing one serving of total red/processed meat with one serving of legumes, nuts, wholegrain cereal, low-fat dairy, and fish and seafood was associated with 18–31% and 16–21% lower risk of CKD, respectively. Future studies should evaluate the association between replacing protein sources and rCKD risk in RTRs.

This study has some strengths and limitations. To date, this is the first study to investigate the association between dietary quality and rCKD in Taiwanese RTRs. However, the causality could not be interpreted because of the cross-sectional design of this study. Although the findings of the current study limit the evidence of randomized controlled trials, the results were obtained using 3-day dietary records including 2 weekdays and 1 day on the weekend, and 24-h recall was used to determine dietary quality based on food composition data provided by Taiwan’s Ministry of Health and Welfare. Furthermore, a composite definition was used to define rCKD. These methods helped us assess the dietary intake of the RTRs, evaluate nutrition-related problems, and enhance awareness regarding dietary quality and the rCKD in Taiwanese RTRs. The small sample size of this study may reduce the statistical power (β = 0.7) to detect significant associations. Finally, although many potential confounders were adjusted, the possibility of imperfectly measured or unknown confounders (such as non-immunological and immunological factors) was not excluded in this observational study.



6. Conclusion

This prospective study examined food and nutrient intake, which reflect dietary quality in patients receiving renal transplantation. Overall, higher AHEI, AHEI-Taiwan, and AHEI-2010 scores were associated with lower odds of rCKD in Taiwanese RTRs. Notably, AHEI-Taiwan is based on Taiwan’s dietary recommendation, which may be more adaptive to Taiwanese populations. Moreover, further analysis for the dietary component as red/processed meat was positively associated with rCKD. Additional longitudinal and randomized controlled studies are required to verify the association between dietary quality and rCKD.
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The association between dietary macronutrient distribution and the risk of OA remains unknown. We aimed to evaluate how dietary macronutrient distribution was correlated with the risk of OA in US adults. We performed a cross-sectional study consisting of 7,725 participants from National Health and Nutrition Examination Survey (NHANES) 2013–2016. Dietary macronutrient intake and OA status were assessed by using dietary recall method and self-reported questionnaire, respectively. We evaluated the association between dietary macronutrient distribution and the risk of OA using multivariate regression models. We conducted the isocaloric substitution analysis using the multivariate nutrient density method. Higher percentage of energy intake from fat was associated with higher risk of OA [OR = 1.05 (95% CI, 1.00, 1.09); P = 0.034]. No significant correlation was observed between the percentage of energy intake from carbohydrate or protein and risk of OA. Isocaloric substitution analysis revealed that only the substitution between fat and carbohydrate was significantly associated with the risk of OA [OR = 1.05 (95% CI, 1.003 to 1.09); P = 0.037]. Our findings suggested that a diet with low percentage of energy intake from fat may be beneficial in the prevention of OA. Further prospective cohort studies are needed to assess our results.
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Introduction

Osteoarthritis (OA) is a high incidence joint disease characterized by degeneration in joint tissue structure, which often causes chronic pain and joint dysfunction among the patients (1). Globally, more than 360 million people are currently suffering from this disease, and the prevalence of OA keeps increasing yearly (2). Approximately 27 million US adults have clinical OA in 2005, an increase from 21 million in 1995 (3). OA has a huge impact economically, in addition to its effect on health. In the United States, the annual cost of joint replacement for OA was estimated at $22.6 billion, and the job-related OA cost was approximately $13.2 billion (4, 5).

The pathogenesis of OA is multifactorial, involving inflammatory, mechanical, and metabolic factors, which can ultimately lead to synovial inflammation and structural destruction of the joint (6). Accumulating evidence has shown that nutrition intake is involved in the development or progression of OA (7–9). Dietary patterns has also been studied in the occurrence and prevention of OA. A large prospective study with 2,842 participants found that higher adherence to western dietary pattern was associated with higher risk of knee OA (10). A cross-sectional study revealed that healthy dietary patterns were related to reduced joint symptoms but dietary patterns were not related to joint structural change in OA patients (11). In a 4-years longitudinal follow-up cohort study, researchers demonstrated that participants with a higher adherence to Mediterranean diet had a lower risk of pain worsening and symptomatic knee OA (12).

Recently, the importance of the proportions of macronutrients intake is also emphasized in the development of chronic diseases (13–15). However, there are limited data on the association between the proportions of macronutrient intake with the risk of OA. High intake of total fat and saturated fatty acids (SFA) may be related to increased progression of structural knee OA, whereas higher intake of mono- and poly-unsaturated fatty may be related to reduced radiographic progression (16). However, only fat intake in macronutrient was analyzed, and other nutrients (carbohydrate and protein) were not adjusted into the model, which would make the interpretation of the results become difficult because the estimated effect of fat may depend on other nutrients (carbohydrate and protein) it replaces. More studies are needed to better investigate the relationship between dietary macronutrient distribution and risk of OA.

To fill the aforementioned knowledge gaps, we aimed to explore the association between dietary macronutrient distribution and risk of OA in US adults using data from the National Health and Nutrition Examination Survey (NHANES) database.



Materials and methods


Study population

The NHANES database is an ongoing population-based national survey focusing on the nutrition and health of the American population. The NHANES database is available publicly at www.cdc.gov/nchs/nhanes. Data from 2013 to 2016 in NHANES were combined in this study. We investigated the links between macronutrient distribution with risk of OA in adult participants, including 12,105 participants aged over 20 years. Participants with missing value for arthritis status information (n = 2,309), dietary recall and other covariates (n = 1,882), were excluded. After the exclusion of 189 participants with unusually low or high total energy intake (< 500 kcal/day or > 5,000 kcal/day), 7,725 participants were enrolled, including 1,039 OA patients (Figure 1).
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FIGURE 1
Flowchart of the participants selection.




Assessment of OA status

Osteoarthritis (OA) status was determined by a questionnaire survey (17). Participants were asked: “Has a doctor or other health professional ever told you that you have arthritis?” Those who answered “no” were defined as without OA. If the answer is “yes,” the patients will be further to answer a follow-up question, “Which type of arthritis was it?” Those who self-reported “osteoarthritis” were defined as with OA.



Assessment of macronutrients intake distribution

Nutrient intake information was collected through two non-consecutive 24-h dietary recalls (18). The “automated multiple pass method” was used to improve the precision of food recall, the steps of this methods are as follows: finishing a self-reported food list, probing for forgotten foods, collecting details of foods, and final probing for any other foods. To avoid the difference in dietary intake between weekdays and weekends, only recalls of weekdays were chosen. If both recalls were recorded on weekdays, the first recall would be chosen. A standardized measuring guide was also used to quantify the amount of food items. Total consumption of protein, carbohydrate, and fat were calculated according to the recorded food items. Daily total energy intake was generated by summing the calories from protein, carbohydrate, and fat (1 g protein = 4 kcal, 1 g carbohydrate = 4 kcal, 1 g fat = 9 kcal) (19). Macronutrients distribution was further calculated as follows:
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Covariates

To assess physical activity, weekly metabolic equivalent (MET) minute aggregated scores were calculated for each participant (20). Referring to the recommended method of NHANES, weekly MET-minutes were calculated as follows: [4.0 MET scores × (weekly minutes of moderate work-related activity + weekly minutes walking or bicycling for transportation) + weekly minutes of moderate leisure-time physical activity] + [8.0 MET scores × (weekly minutes of vigorous work-related activity + weekly minutes of vigorous leisure-time physical activity)]. Using the calculated MET-minutes, participants were categorized into inactive (< 600 MET-minute/week), moderately active (600–3,000 MET-minute/week), and highly active (> 3,000 MET-minute/week). Dietary fiber intake were collected based on dietary recall and supplement use recall. Diabetes status was determined based on a questionnaire, in which the patient answers the question “Have you ever been told by a doctor or health professional that you have diabetes or sugar diabetes?” Those who answered “yes” were defined as with self-report diabetes status. Those who answered “no” or “borderline” were defined as without self-report diabetes status. The other covariates included age, race/ethnicity, education, body mass index, total protein, total cholesterol, serum calcium, and serum 25-hydroxyvitamin D. The examination parts related to clinical and laboratory evaluations were all carried out by well-trained medical experts. Information on each variable and acquisition process are publicly available at www.cdc.gov/nchs/nhanes.



Statistical analysis

Continuous variables were presented as medians and inter quartile ranges and categorical variables as percentages. We used the Kruskal-Wallis test for continuous variables and the χ2 test for categorical variables to assess the characteristics of the participants by self-reported OA status. Multivariate logistic regression analyses were performed to evaluate the relationship between macronutrient distribution with OA risk with odds ratio (OR) and corresponding 95% confidence interval (CI). Three models were constructed, as follows: crude model, no adjustment for covariates; model 1, adjusted for age, gender, and race/ethnicity; model 2, additionally adjusted for education, self-reported diabetes, body mass index, total protein, total cholesterol, serum calcium, serum 25-hydroxyvitamin D, metabolic equivalent task minutes, dietary fiber intake and total energy intake. Sensitivity analysis was conducted by stratifying participants according to different intake levels of macronutrients with reference to the acceptable macronutrient distribution ranges (21). The trend test was calculated by treating the intake of each category of macronutrients as a continuous variable in multivariable models.

We performed isocaloric substitution analysis to assess whether substituting certain type of macronutrient (as 5% of energy) with another is associated with OA risk using multivariate nutrient density method (e.g., replacing 5% of the energy intake of carbohydrate with fat intake while leaving protein intake unchanged) (22). Subgroup analyses were also conducted stratified by different age, gender, BMI, self-reported diabetes, total cholesterol, and physical activity level. A two-sided P-value < 0.05 was considered statistically significant. Statistical analyses were done with the EmpowerStats (1 X&Y Solutions, Inc., Boston, MA, USA) and statistical software packages R (2 The R Foundation).




Results


Characteristics of participants

The characteristics of participants were presented in Table 1. Among the 7,725 participants, 1,039 were diagnosed with OA. Compared with the non-OA group, the OA group was older, and had a higher proportion of women than men (64.58 versus 49.28%). Participants with OA or non-OA were similar in education level and serum calcium, while race/ethnicity, self-reported diabetic status, BMI, total protein, serum total cholesterol, serum 25-hydroxyvitamin D, and MET minutes were significantly different between these two groups. For dietary intake, total energy, protein, carbohydrate, and dietary fiber intake were all similar between OA and non-OA groups. The percentage of energy intake from fat was significantly higher in the OA group.


TABLE 1    Characteristics of participants stratified by self-reported osteoarthritis (OA) status (N = 7,725).
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Macronutrients distribution and OA risk

Table 2 showed the association between macronutrients intake distribution and risk of OA. A negative association between fat intake with risk of OA was found in the crude model [OR = 0.95 (95% CI, 0.92, 0.99); P = 0.010]. However, higher fat intake was associated with higher risk of OA [OR = 1.05 (95% CI, 1.00, 1.09); P = 0.034] after full adjustment. Fat intake level above reference range (> 35% energy) was highly correlated with higher risk of OA [OR = 1.36 (0.96, 1.92); P = 0.042]. Linear trend was shown across the intake levels of fat. Intake of carbohydrate was not significantly associated with OA risk [OR = 0.98 (0.95, 1.02); P = 0.261]. Meanwhile, no significant association was observed between protein intake and the risk of OA [OR = 1.03 (0.95, 1.011); P = 0.489].


TABLE 2    Association between macronutrients distribution and the risk of osteoarthritis (OA) among 7,725 participants from 2013 to 2016 National Health and Nutrition Examination Survey (NHANES).
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Isocaloric substitution analysis

Table 3 presented the analysis of isocaloric substitution of macronutrients. Isocaloric substitution of carbohydrate by fat was associated with higher risk of OA [OR = 1.05 (95% CI, 1.003 to 1.09); P = 0.037], whereas replacement of protein with fat was not significantly associated with risk of OA [OR = 1.06 (95% CI, 1.00 to 1.12); P = 0.062]. No significant association between carbohydrate and protein substitution with OA risk was detected.


TABLE 3    Association between isocaloric substitution of macronutrients and the risk of osteoarthritis (OA) among 7,725 participants from 2013 to 2016 National Health and Nutrition Examination Survey (NHANES).
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Subgroup analysis was conducted to examine whether the association between isocaloric fat-carbohydrate substitution and the risk of OA were consistent among different population groups (Figure 2). When stratified by age, gender, BMI, diabetes, total cholesterol, or physical activity level, no statistically significant difference was observed.
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FIGURE 2
Association between isocaloric substitution of fat for carbohydrate intake with osteoarthritis (OA) risk in different subgroups. BMI, body mass index; MET, metabolic equivalent task. Age, gender, race/ethnicity, education, diabetes, body mass index, total protein, total cholesterol, serum calcium, serum 25-hydroxyvitamin D, metabolic equivalent task minutes, dietary fiber intake, total energy intake, and protein intake were adjusted (the stratified variable was omitted from the model).





Discussion

In the current study, we found that higher percentage of energy intake from fat was associated with higher risk of OA. No significant correlation was observed between the percentage of energy intake from carbohydrate or protein and the risk of OA. Isocaloric substitution analysis indicated that only the substitution between fat and carbohydrate was significantly correlated with the incidence of OA. The replacement of carbohydrate with fat for every 5% of energy intake was correlated with 5% higher risk of OA. The association between fat-carbohydrate isocaloric substitution and the risk of OA remained consistent in subgroup analysis, indicating the correlation was not modified by age, gender, BMI, diabetes, total cholesterol, and physical activity levels.

Osteoarthritis (OA) is recognized as a multifactorial inflammatory disease, including obesity, synovitis, and systemic inflammatory mediators (10). Numerous studies have suggested that diet nutrients could related to inflammation markers (23–25), which may lead to OA progression. Western dietary pattern has been demonstrated to be associated with chronic inflammatory process that was involved in many chronic degenerative diseases (26). A systematic review reported that adherence to a western dietary pattern was associated with higher levels of pro-inflammatory biomarkers such as interleukin (IL)-6, c-reactive protein (CRP), and tumor necrosis factor-alpha (TNF-α) (27). Western diet can induced gut-derived inflammation, which disrupts mechanisms for maintaining energy homeostasis and lead to obesity and subsequent metabolic disease (28). In addition, two studies investigated the data from the Osteoarthritis Initiative (OAI) suggested that adopting western dietary pattern was associated with increased risk and radiographic progression of knee OA (10, 29). In general, western dietary pattern is correlated with higher risk of OA.

Western dietary pattern is characterized by high-fat dairy products, refined grains, and large consumption of red meat. Some findings revealed that lipids can interact with chondrocytes and articular cartilage, leading to inflammation and cartilage degradation (30). With diet influencing systemic lipid levels (31), dietary fat may play a role in the development and progression of OA. A Multicenter Osteoarthritis Study (MOST) detected a positive association between the n-6 polyunsaturated fatty acid (PUFA) with synovitis in OA but an inverse relationship between total plasma n-3 PUFA (32). Western dietary pattern contain a higher levels of n-6 PUFAs than n-3 PUFAs, which predisposes to inflammation (33). A prospective cohort study reported that higher intake of total fat and saturated fatty acids (SFA) may be related to increased progression of structural knee OA (16), which is consistent with our findings.

Based on our results and previous studies, higher fat consumption may contribute to the development of OA. Several animal studies have shown a high link between dietary fat intake and OA. In rabbit model, increased dietary fat was associated with changes in cartilage and appears to be a risk factor for the development of OA (34). A high fat diet seems to induce or exacerbate the progression of OA in mice by causing metabolic changes and systemic inflammation (35). In another mice study, a very high fat diet increased knee OA scores and the levels of serum leptin, adiponectin, IL-8, and IL-1α (36).

Limited study available regarding the association between carbohydrate and protein intake with the prevalence of OA. In our study, no significant correlation was observed between the percentage of energy intake from carbohydrate or protein with the risk of OA. Interestingly, we found that isocaloric replacement of carbohydrate with fat was associated with the incidence of OA, which may indicated that diet with high percentage of carbohydrate intake coupled with low percentage of fat intake would be beneficial in the prevention of OA. More clinical and basic experiments are needed to prove it.

The strength of this study is that the NHANES database contains representative samples of the multi-ethnic population. In addition, the large sample size allows us to better conduct subgroup analyses. In terms of limitations, first, the nature of the cross-sectional design makes it difficult to determine the causal link between macronutrients intake and risk of OA. Second, the intake of each macronutrient was obtained according to one weekday 24 h dietary recall, which may bias the estimation of usual dietary intake. Third, we used self-reported disease status, making our data susceptible to recall and information biases. In addition, the association of specific types of nutrients with OA has not been studied in the current study. For example, we did not assess the percentage intake of saturated fat or unsaturated fat, because individual types of fat were calculated different from total consumption and the sum of all types of fat was not equal to total consumption. Finally, though we adjusted for several potential confounding variables associated with dietary intake and OA, residual confounding is possible.



Conclusion

In summary, we found that higher percentage of energy intake from fat was associated with higher risk of OA, while the consumption of carbohydrates and protein were not significantly associated with OA. Isocaloric substitution analysis further indicated that only the substitution between fat and carbohydrate was significantly associated with OA risk. Our findings suggested that a diet with low percentage of energy intake from fat may be beneficial in the prevention of OA. Further prospective cohort studies are needed to assess our results.



Data availability statement

Publicly available datasets were analyzed in this study. This data can be found here: www.cdc.gov/nchs/nhanes.



Ethics statement

The studies involving human participants were reviewed and approved by board of the National Center for Health Statistics. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

PP and SG conceived the idea of this study. PP and FX wrote the manuscript. WF and MH collected the data and performed the statistical analysis. YZ and QW reviewed the data and revised the manuscript. All authors contributed toward data analysis, drafting and critically revising the manuscript, agreed to be accountable for all aspects of the work, read, and approved the final manuscript.



Funding

This study was supported by the National Natural Science Foundation of China (Grant Numbers: 81873327, 82004392, 82274544, and 81573996), the Double First-class Discipline Construction Project of Guangzhou University of Chinese Medicine (Grant Number: Z2015002), the Major Project of “Double First-class” and High-level University Discipline Collaborative Innovation Team of Guangzhou University of Chinese Medicine (Grant Number: 2021XK05), the Cultivated Project of “Double First-class” and High-level University Discipline Collaborative Innovation Team of Guangzhou University of Chinese Medicine (Grant Numbers: 2021XK41 and 2021XK46), and the Foundation of Guangdong Educational Committee for Youth Scientists (Grant Number: 2019KQNCX017).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Footnotes

1     http://www.empowerstats.com

2     http://www.R-project.org


References

1. Mandl L. Osteoarthritis year in review 2018: clinical. Osteoarthritis Cartilage. (2019) 27:359–64. doi: 10.1016/j.joca.2018.11.001

2. Gu Y, Chen J, Meng Z, Ge W, Bian Y, Cheng S, et al. Research progress on osteoarthritis treatment mechanisms. Biomed Pharmacother. (2017) 93:1246–52. doi: 10.1016/j.biopha.2017.07.034

3. Lawrence R, Felson D, Helmick C, Arnold L, Choi H, Deyo R, et al. Estimates of the prevalence of arthritis and other rheumatic conditions in the United States. Part II. Arthritis Rheum. (2008) 58:26–35. doi: 10.1002/art.23176

4. Chen A, Gupte C, Akhtar K, Smith P, Cobb J. The global economic cost of osteoarthritis: how the UK compares. Arthritis. (2012) 2012:698709. doi: 10.1155/2012/698709

5. Buckwalter J, Saltzman C, Brown T. The impact of osteoarthritis: implications for research. Clin Orthop Relat Res. (2004) 427:S6–15. doi: 10.1097/01.blo.0000143938.30681.9d

6. Hunter D, Bierma-Zeinstra S. Osteoarthritis. Lancet. (2019) 393:1745–59. doi: 10.1016/S0140-6736(19)30417-9

7. Maly M, Marriott K, Chopp-Hurley J. Osteoarthritis year in review 2019: rehabilitation and outcomes. Osteoarthritis Cartilage. (2020) 28:249–66. doi: 10.1016/j.joca.2019.11.008

8. Joseph G, McCulloch C, Nevitt M, Neumann J, Lynch J, Lane N, et al. Associations between vitamins c and d intake and cartilage composition and knee joint morphology over 4 years: data from the osteoarthritis initiative. Arthritis Care Res. (2020) 72:1239–47. doi: 10.1002/acr.24021

9. Dai Z, Niu J, Zhang Y, Jacques P, Felson D. Dietary intake of fibre and risk of knee osteoarthritis in two US prospective cohorts. Ann Rheum Dis. (2017) 76:1411–9. doi: 10.1136/annrheumdis-2016-210810

10. Xu C, Liu T, Driban J, McAlindon T, Eaton C, Lu B. Dietary patterns and risk of developing knee osteoarthritis: data from the osteoarthritis initiative. Osteoarthritis Cartilage. (2021) 29:834–40. doi: 10.1016/j.joca.2021.02.571

11. Zheng S, Wu F, Winzenberg T, Cicuttini F, Wluka A, Antony B, et al. The cross-sectional and longitudinal associations of dietary patterns with knee symptoms and MRI detected structure in patients with knee osteoarthritis. Osteoarthritis Cartilage. (2021) 29:527–35. doi: 10.1016/j.joca.2020.12.023

12. Veronese N, Koyanagi A, Stubbs B, Cooper C, Guglielmi G, Rizzoli R, et al. Mediterranean diet and knee osteoarthritis outcomes: a longitudinal cohort study. Clin Nutr. (2019) 38:2735–9. doi: 10.1016/j.clnu.2018.11.032

13. Blanck H, Gillespie C, Serdula M, Khan L, Galusk D, Ainsworth B. Use of low-carbohydrate, high-protein diets among Americans: correlates, duration, and weight loss. MedGenMed. (2006) 8:5.

14. Larsen T, Dalskov S, van Baak M, Jebb S, Papadaki A, Pfeiffer A, et al. Diets with high or low protein content and glycemic index for weight-loss maintenance. N Engl J Med. (2010) 363:2102–13. doi: 10.1056/NEJMoa1007137

15. de Koning L, Fung T, Liao X, Chiuve S, Rimm E, Willett W, et al. Low-carbohydrate diet scores and risk of type 2 diabetes in men. Am J Clin Nutr. (2011) 93:844–50. doi: 10.3945/ajcn.110.004333

16. Lu B, Driban J, Xu C, Lapane K, McAlindon T, Eaton C. Dietary fat intake and radiographic progression of knee osteoarthritis: data from the osteoarthritis initiative. Arthritis Care Res. (2017) 69:368–75. doi: 10.1002/acr.22952

17. Li Y, Zhu J, Fan J, Cai S, Fan C, Zhong Y, et al. Associations of urinary levels of phenols and parabens with osteoarthritis among US adults in NHANES 2005-2014. Ecotoxicol Environ Saf. (2020) 192:110293. doi: 10.1016/j.ecoenv.2020.110293

18. Beaton G, Milner J, Corey P, McGuire V, Cousins M, Stewart E, et al. Sources of variance in 24-hour dietary recall data: implications for nutrition study design and interpretation. Am J Clin Nutr. (1979) 32:2546–59. doi: 10.1093/ajcn/32.12.2546

19. Kwon Y, Lee H, Park J, Lee J. Associating intake proportion of carbohydrate, fat, and protein with all-cause mortality in Korean adults. Nutrients. (2020) 12:3208. doi: 10.3390/nu12103208

20. Kyu H, Bachman V, Alexander L, Mumford J, Afshin A, Estep K, et al. Physical activity and risk of breast cancer, colon cancer, diabetes, ischemic heart disease, and ischemic stroke events: systematic review and dose-response meta-analysis for the Global Burden of Disease Study 2013. BMJ. (2016) 354:i3857. doi: 10.1136/bmj.i3857

21. Institute of Medicine. Dietary reference intakes for energy, carbohydrate, fiber, fat, fatty acids, protein and amino acids. Washington, DC: The National Academies Press (2005).

22. Dehghan M, Mente A, Zhang X, Swaminathan S, Li W, Mohan V, et al. Associations of fats and carbohydrate intake with cardiovascular disease and mortality in 18 countries from five continents (PURE): a prospective cohort study. Lancet. (2017) 390:2050–62. doi: 10.1016/S0140-6736(17)32252-3

23. Telle-Hansen V, Holven K, Ulven S. Impact of a healthy dietary pattern on gut microbiota and systemic inflammation in humans. Nutrients. (2018) 10:1783. doi: 10.3390/nu10111783

24. Bonaccio M, Pounis G, Cerletti C, Donati M, Iacoviello L, de Gaetano G, et al. Mediterranean diet, dietary polyphenols and low grade inflammation: results from the MOLI-SANI study. Br J Clin Pharmacol. (2017) 83:107–13. doi: 10.1111/bcp.12924

25. Shivappa N, Bonaccio M, Hebert J, Di Castelnuovo A, Costanzo S, Ruggiero E, et al. Association of proinflammatory diet with low-grade inflammation: results from the Moli-sani study. Nutrition. (2018) 54:182–8. doi: 10.1016/j.nut.2018.04.004

26. Barbaresko J, Koch M, Schulze M, Nöthlings U. Dietary pattern analysis and biomarkers of low-grade inflammation: a systematic literature review. Nutr Rev. (2013) 71:511–27. doi: 10.1111/nure.12035

27. Bujtor M, Turner A, Torres S, Esteban-Gonzalo L, Pariante C, Borsini A. Associations of dietary intake on biological markers of inflammation in children and adolescents: a systematic review. Nutrients. (2021) 13:356. doi: 10.3390/nu13020356

28. Zinöcker M, Lindseth I. The western diet-microbiome-host interaction and its role in metabolic disease. Nutrients. (2018) 10:365. doi: 10.3390/nu10030365

29. Xu C, Marchand N, Driban J, McAlindon T, Eaton C, Lu B. Dietary patterns and progression of knee osteoarthritis: data from the osteoarthritis initiative. Am J Clin Nutr. (2020) 111:667–76. doi: 10.1093/ajcn/nqz333

30. Masuko K, Murata M, Suematsu N, Okamoto K, Yudoh K, Nakamura H, et al. A metabolic aspect of osteoarthritis: lipid as a possible contributor to the pathogenesis of cartilage degradation. Clin Exp Rheumatol. (2009) 27:347–53.

31. Clifton P. Diet, exercise and weight loss and dyslipidaemia. Pathology. (2019) 51:222–6. doi: 10.1016/j.pathol.2018.10.013

32. Baker K, Matthan N, Lichtenstein A, Niu J, Guermazi A, Roemer F, et al. Association of plasma n-6 and n-3 polyunsaturated fatty acids with synovitis in the knee: the MOST study. Osteoarthritis Cartilage. (2012) 20:382–7. doi: 10.1016/j.joca.2012.01.021

33. Simopoulos A. The importance of the omega-6/omega-3 fatty acid ratio in cardiovascular disease and other chronic diseases. Exp Biol Med. (2008) 233:674–88. doi: 10.3181/0711-MR-311

34. Brunner A, Henn C, Drewniak E, Lesieur-Brooks A, Machan J, Crisco J, et al. High dietary fat and the development of osteoarthritis in a rabbit model. Osteoarthritis Cartilage. (2012) 20:584–92. doi: 10.1016/j.joca.2012.02.007

35. Sansone V, Applefield R, De Luca P, Pecoraro V, Gianola S, Pascale W, et al. Does a high-fat diet affect the development and progression of osteoarthritis in mice?: a systematic review. Bone Joint Res. (2020) 8:582–92. doi: 10.1302/2046-3758.812.BJR-2019-0038.R1

36. Griffin T, Huebner J, Kraus V, Yan Z, Guilak F. Induction of osteoarthritis and metabolic inflammation by a very high-fat diet in mice: effects of short-term exercise. Arthritis Rheum. (2012) 64:443–53. doi: 10.1002/art.33332




[image: image]


OPS/images/fnut-09-955562/fnut-09-955562-g002.jpg
; P 13 14

Odds

11

—

Female Male

—

-4

1 1

-2 0
dietary inflammation index

N

-





OPS/images/fnut-09-955562/fnut-09-955562-t001.jpg
Variable

Total (%)
Mean (min, max)

Gender

Age group

Education
level

Place of
residence

Physical
Activity
(MET-hours
per day)

Smoking
status

BMI (kg/m?)

HEL

Kidney stone

Type2
diabetes

Hypertension

eGFR

Creatinine
(mg/dL)

Urea

Male
Female
35-45
46-55
56-65

Tlliterate

1-5 years
6-9 years
1012 years
>13yeapo
City

Village
24-36.5

36.6-44.9
=45
No

Current
Former
<18.9
19-249
25-299
30-349
235

15t quintile
(poorest)

2nd quintile
3rd quintile

4th quintile

Mean £ SD
Mean = SD

Mean = SD

Total

9,824 (100)

084 (~5.00,4.64)

4,610 (46.93)
5214 (53.07)
4,298 (43.75)
3,284 (33.43)
2,242 (22.82)
2435 (24.79)

3,762 (38.29)
1,629 (1658)
1,224 (12.46)
774(7.88)
5,806 (59.10)

4,018 (4090)
2,724 (24.74)

5073 (51.66)
2,023 (20.60)
7,866 (80.27)

1,130 (1153)
804 (8.20)
164(1.68)

2,683 (27.52)

4241 (43.51)

2,087 (21.41)
573 (5.88)

2,071 (21.09)

1,890 (19.24)
2,115 (21.54)
1,845 (18.79)
1,900 (19.35)

8,025 (81.74)
1,791 (18.24)
8,964 (91.79)

802(8.21)
8,251 (84.18)
1,551 (15.82)
76.1 £ 14.1
0.99£0.18

13.56 £4.2

*p-value < 0,05 were considered statistically significant.

Q1 (anti-
inflammatory)

2456 (25.0)
-2.82(-5.00,-2.02)
1,518 (3293)
938 (17.99)
1,172 (27.27)
850 (25.88)
434(25.00)
389 (15.98)

844 (22.43)
502 (30.82)
425 (34.72)
296 (38.24)
1,912(32.93)

544(13.54)
694 (25.48)

1,188 (23.42)
573(28.32)
1,897 (24.12)

311(27.52)
239(29.73)
21(12.80)
594 (22.14)
1,078 (25.42)

574 (27.50)
167 (29.14)
143 (6.90)

287 (15.19)
497(23.5)
634 (34.36)
895 (47.11)

1,958 (24.40)
498 (27.69)
2,239(24.98)

200 (24.94)
2,111 (2558)
341 (21.99)
80.0£134
0.98£0.17

1391 +4.1

Q2

2,456/(25.0)
~1.51 (-2.08, -1.02)
1,389 (30.13)
1,067 (20.46)
1,198 (27.87)
779 (23.72)
479 (21.36)
452 (18.56)

937 (24.91)
468 (28.73)
363 (29.66)
236 (30.49)
1,610 (27.73)

846 (21.06)
699 (25.66)

1,209 (23.83)
547 (27.04)
1,910 (24.25)

324(28.67)
216 (26.87)
34(2073)
638 (23.78)
1,115 (26.29)
519 (24.87)
135 (23.56)
342(16.51)

481 (25.45)
579 (27.38)
5,499 (29.76)
505 (26.58)

2,030 (25.30)
424 (23.67)
2,243 (25.02)

198 (24.69)
2,126 2577)
328 (21.15)
7834143
099019

137£41

Q3

2456 (25.0)
045 (-1.02,025)
1,049 (2275)
1407 (26.99)
1,074 (24.99)
479 (21.36)
548 (24.44)
602 (24.72)

989 (26.29)
4,069 (24.92)
293 (23.94)
166 (21.45)
1,344 (23.15)

1,112 (27.68)
6,849 (25.11)

1,285 (25.33)
485 (23.97)
2,002 (25.45)

273 (24.16)
177 (22.01)
52(31.71)
676 (25.20)
1,052 (24.81)
509 (24.39)
143 (24.96)
585 (28.25)

537 (28.41)
582 (27.52)
414 (22.44)
337 (17.74)

2,001 (24.93)
418 (23.34)
2,236 (25.06)

205 (25.56)
2,043 (24.76)
405 (26.11)
7554137
098017

133439

Q4 (pro-
inflammatory)

2456 (25.0)
1.40 (0.25, 4.64)
654 (14.19)
1,802 (34.56)
854 (19.87)
821 (25.00)
781 (34.83)
992 (40.74)

992 (26.37)
253 (15.53)
143 (11.68)
76 (9.82)
940 (16.19)

15,169 (37.73)
647 (23.75)

1391 (27.42)
418 (20.66)
2,057 (26.15)

222(19.65)
172 (21.39)
57 (34.76)
775 (28.89)
996 (23.49)
485 (23.24)
128 (2234)
1,001 (48.330

585 (30.95)
457 (21.61)
248 (13.44)
163 (858)

2,036 (2537)
418 (23.34)
2,246 (25.06)

199 (24.81)
1971 (23.89)
477(30.75)
707+134
0.99+0.17

132423

P-value*

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

001

098

<0.001

<0.001
09

04
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Variable Mean (min-max)
DIl Q! (anti-inflammatory)
Q
Q3

Q4 (pro-inflammatory)

Crude
OR (CI95%)

1
139 (1.10-1.75)
2.31(1.86-2.86)
438 (3.58-536)

Model 1*
OR (CI 95%)

1
1.25 (0.98-1.59)
1.75 (1.40-2.19)
249 (2.01-3.08)

“Model 1: Adjusted for baseline age, gender, smoking status, BMI, place, education level, and physical activty.

T Model 2: In addition, adjusted for HEL

*Model 3: In addition, adjusted for kidney stone, diabetes, and high blood pressure.

Model 2"
OR (CI 95%)

1
1.13 (0.98-1.44)
148 (1.17-1.87)
1.95 (1.54-2.46)

Model3*
OR (CI 95%)

1
1.14 (0.89-1.45)
144 (1.14-1.82)
1.92 (1.52-2.42)
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Outcomes Male Female

B (95% CI) p-value B (95% CI) p-value

~0.002 (~0.006, 0.002) 0346 —0.005 (~0.011,0.001) 0.106

-0.007 (-0.013, -0.001) 0.032 —0.003 (—0.008, 0.002) 0242
FT3 ~0.000 (—0. 021, 0.020) 0975 —0.006 (~0.022,0.011) 0.481
TT3 ~0.000 (~0.000, 0.000) 0756 —0.000 (0001, 0.000) 0472
TSH —0.002 (~0.007, 0.003) 0.404 ~0.002 (~0.007, 0.003) 0375
FT4/FT3 —0.007 (~0.018, 0.004) 0205 —0.009 (~0.026,0.007) 0262
TT4/TT3 -0.664 (-1.182, -0.146) 0.013 —0.091 (~0.627, 0.444) 0734
FT4/TT4 0.031(0.004, 0.059) 0.027 —0.015 (~0.052,0.022) 0.409
FT3/TT3 0.196 (~1.513, 1.904) 0819 0.060 (~1.331, 1.452) 0931

; FI
BMI, ser
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Outcomes >100 ug/L <100 ug/L

B (95% CI) p-value B (95% CI) p-value
FT4 —0.004 (~0.008, 0.000) 0052 —0.002 (~0.008, 0.004) 0.436
TT4 -0.006 (-0.011, -0.002) 0.009 —0.004 (0012, 0.004) 0319
T3 0.000 (—0.009, 0.009) 0963 —0.010 (~0.041, 0.020) 0.495
TT3 ~0.000 (~0.001, 0.000) 0302 0,000 (~0.000, 0.000) 0.909
TSH —0.001 (0004, 0.003) 0.698 —0.004 (0010, 0.002) 0217
FT4/FT3 ~0.011 (-0.023, -0.00002) 0.050 —0.005 (~0.023,0.013) 0.606
TT4/TT3 -0.456 (-0.886, ~0.026) 0.038 —0.434 (~0.962,0.093) 0.104
FT4/TT4 0,012 (~0.015,0.039) 0382 0.013 (~0.030, 0.056) 0.548
FT3/TT3 0.496 (~0.657, 1.649) 0392 —0.541 (~3.326,2.243) 0.698

FT4, free thyrox
chold

SH, thyroid-stimu
and fasting t

'g hormone. Model ws
The bold values indicats

level, hou

, urine iodine concentratior
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Characteristics Dietary selenium intake (mcg/day) p-value

Q1 Q2 Q3 Q4
(0.000-77.950) (77.950-105.550)  (105.550-140.100) ~ (140.100-523.450)

No. weighted % 1,560 (25.000) 1,411 (25.020) 1,362 (25.010) 1,242 (24.970)
Sex <0.001
Male 498 (27.200) 644 (41.100) 856 (61.200) 1,007 (82.600)
Female 1,062 (72.800) 767 (58.900) 506 (38.300) 235(17.400)
Age <0.001
20-39 416(31.000) 450 (36.200) 169 (37.800) 516 (42.900)
40-64 656 (47.300) 567 (43.400) 614 (48.400) 569 (49.400)
265 488 (21.700) 394 (20.400) 279 (13.800) 157 (7.700)
Race 0.063
Non-Hispanic white 731 (70.900) 700 (71.900) 674 (72.100) 598 (71.800)
Non-Hispanic black 369 (12.800) 276 (9.900) 257(9.500) 237 (9.500)
Mexican American 234/(7.300) 211 (7.400) 208 (7.500) 196 (8.600)
Other races 226 (8.900) 224/(10.800) 223 (10.800) 211 (10.100)
Education level <0.001
<High school 532 (23.600) 368 (16.500) 317 (15.600) 280 (15.800)
High school graduate/GED 381 (25.800) 339 (24.100) 316 (23.000) 269 (22.400)
Some college/AA degree 391 (28.900) 405 (30.800) 397 (30.600) 357 (29.200)
College graduate or more 256 (21.700) 299 (28.600) 332 (30.800) 336 (32.600)
Marital status <0.001
Never married 249 (16.400) 231(17.700) 221(16.200) 251 (20.600)
Married or living with a partner 881 (60.400) $33 (61.600) 885 (68.500) 812 (68.100)
Others 430 (23.300) 347 (20.700) 256 (15.200) 179 (11.300)
Household income <0.001
<L3FPL 567 (25.000) 450 (22.200) 361 (16.100) 340 (18.200)
13-35 FPL 610 (38.800) 533 (35.000) 515(33.800) 447 (32.300)
>3.5FPL 383 (36.200) 428 (42.800) 486 (50.100) 455 (49.500)
BMI status 0224
<249 428 (32.100) 404 (31.900) 345 (26.500) 363 (28.300)
25-299 537 (33.500) 493 (34.300) 503 (37.200) 404 (35.300)
>30 595 (34.400) 514 (33.900) 514/(36.300) 475 (36.400)
Serum cotinine 0.037
<Ing/mL 1,106 (69.500) 1,006 (71.700) 980 (73.300) 816 (66.300)
1-9.9ng/mL 68 (4.000) 59 (3.700) 53(4.000) 66(5.800)
386 (26.500) 346 (24.700) 329 (22.700) 360 (27.900)
<0.001
<12 times/year 570 (31.300) 405 (23.700) 285 (17.600) 224(14.600)
12 times/year 990 (68.700) 1,006 (76.300) 1,077 (82.400) 1,018 (85.400)
Urine iodine concentration 0025
>100 ug/LL 1,038 (63.100) 962 (66.700) 917 (68.200) $76 (70.500)
<100 ug/L. 522 (36.900) 449 (33.300) 445 (31.800) 366 (29.500)
Fasting time 0855
<10h 1,003 (64.800) 930 (66.800) 879 (66.000) 819 (65.600)
>10h 557 (35.200) 481(33.200) 483 (34.000) 423 (34.400)
FT4 (pmol/L) 10.150 0043 10246 + 0,052 10.100 + 0047 10.118 0051 0.138
TT4 (ug/dL) 792240041 7.920 0040 7.650 4 0.040 7.559 40043 <0.001
FT3 (pg/mL) 31370010 3.161 0,010 3186 £ 0017 32700010 <0.001
TT3 (ng/dL) 113,606  0.609 114748  0.630 112.279 £ 0581 115.228 0626 0.003
TSH (mlU/1) 20450053 1.945 £ 0,059 20150052 1870 0,034 0.069
FT4/FT3 32760017 327340017 321040017 31250018 <0.001
TT4/TT3 0,072 0,000 0,071 0000 0,070 0.000 0,067 0000 <0.001
FT4/TT4 1,308 £ 0.006 1318 £ 0.006 1349 £ 0.007 1.365 0,007 <0.001
FI3/TT3 0,028 0,000 0,028 0.000 0,029 0000 0,029 0000 <0.001

Q, Quartile 1; Q2, Quarti
T'T3, total triiodothyronir

2;Q3, Quartile 3; Q4, Quartile 4. FPL, fay
imulating hormor

income to poverty; BMI, bod,

mass index; FT4, free thyroxine; TT4, total thyroxine; T3, free triiodothyronine;
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FT4

TT4

FT3

—
TSH
FT4/FT3
TT4/TT3
FT4/TT4
FT3/TT3

,free thyrosis

"4, total thyroxs

Model 1
B (95% CI)

~0.146 (~0.469, 0.176)
-0.746 (-1.019, -0.472)
0227 (0.178,0.275)
1595 (~2.353,5.543)
—0.384 (=0.851,0.084)
-0.292 (-0.401, -0.182)
~0.009 (-0.011, -0.007)
0.105 (0.067, 0.143)
0.001 (0.0004, 0.002)

3, free trifodothyroni

3, total trifodothyronine;

Model 2
p-value B (95% CI)

0.366 ~0.347 (=0.707, 0.013)
<0.001 -0.383 (-0.695, -0.070)
<0.001 —0.129 (~0.064, 0.039)
0421 —1.807 (~6.464, 2.849)
0.105 —0.232 (0,679, 0215)
<0.001 —0.111(~0.235,0.012)
<0.001 ~0.003 (~0.006, ~0.0004)
<0.001 0.021 (=0.023,0.065)
0.005 0.000 (~0.001, 0.001)

H, thyroi

p-value

0059
0017
0616
0.439
0303
0077
0024
0348
0707

timulating hormone. Model 1 (unadjusted) did not include any covariates.
ttration, and fasting time.

e bold
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Variables NAFLD group Non-NAFLD  P-value'
(n=133) group (n=67)

Age (y) 52.19 £ 9.06 5224 £9.75 0.84
Gender (female) (%) 58.64 44.77 0.07
Current smokers (%) 18.04 1641 0.84
Diabetes duration (y) 8+5.26 10 £ 6.77 0.27
Weight (kg) 81.4 4 15.08 72.7 £10.91 <0.001
BMI (kg/m2) 30.07 £ 4.06 2617 £3.42 <0.001
SBP (mmHg) 123 41455 125 + 16.03 0.58
DBP (mmHg) 78 4+ 10.42 754 9.02 0.11
Physical activity 950.83 £+ 1757.85 738.06 £ 683.27 0.37
(MET-min/week)

FBS (mg/dL) 150.53 £ 59.22 148.79 £+ 60.81 0.36
TC (mg/dL) 153.68 £ 51.75 132.52 £+ 35.69 0.002
TG (mg/dL) 179.98 +173.01 141.69 £ 128.45 0.005
HDL (mg/dL) 49.53 +12.51 49.31 £13.53 0.6
(n=197)

LDL (mg/dL) 77.54 +£27.77 66.37 £ 23.6 0.005
(n=197)

SGPT (IU/L) 20.05 £+ 10.62 1649 +£7.28 0.02
SGOT (IU/L) 21.38 +£9.05 18.82 +8.53 0.04
HbAILc (%) (1= 198) 7.92+£1.85 733 +£1.64 0.01
Insulin (WU/mL) 8.77 £ 6.56 573+3.36 < 0.001
(n=197)

QUICKI (1 = 197) 0.33 £0.03 035 £ 0.02 <0.001
HOMA-IR (n=197) 3234+279 1.89 +£0.94 < 0.001
TyG index 4.02 £0.31 391+£0.3 0.02
DTAC (mmol) 16.1 +10.48 1511 £5.77 0.4

TValues are mean + SD, unless indicated. +p_values were obtained from Mann Whitney
U test or chi-square test, where appropriate unless QUICKI and TyG index for which
they were obtained from independent sample test. BMI, Body mass index; SBP, systolic
blood pressure; DBP, diastolic blood pressure; MET, metabolic equivalents; FBS, fasting
blood glucose; TC, total cholesterol; TG, triglyceride; HDL, high-density lipoprotein-
cholesterol; LDL, low-density lipoprotein-cholesterol; SGPT, serum glutamate pyruvate
transaminase; SGOT, serum glutamic-oxaloacetic transaminase; HbAlc, hemoglobin
Alg QUICKI, quantitative insulin-sensitivity check index; HOMA-IR, Homeostatic
Model Assessment of Insulin Resistance; TyG index, Triglyceride-glucose index; DTAC,
dietary total antioxidant capacity.
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Variables Dietary total antioxidant capacity* P-value®

T1 T2 T3
Subjects, n 66 67 67
Age (y) 52.05:18.52 50.09 £ 10.05 54.48 +8.77 0.02
Gender (female) 63.63 49.25 49.25 0.15
(%)
Current smokers 12.12 26.86 13.43 0.04
(%)
Diabetes 9:£:543 8+578 9.64 £6.17 0.13
duration (y)
SBP (mmHg) 125+ 16.39 121 £ 11.66 124 +16.48 0.4
DBP (mmHg) 80 +£10.7 75+ 8.75 76 £9.86 0.0
Weight (kg) 76.72 £13.06  80.87 £17.29 77.86 £12.2 0.5
BMI (kg/mz) 28.71£3.88 29.29+£493 28.29+39 0.63
Physical activity 591.51 & 497.34 1194.74 848.11 £1091.26  0.64
(MET-min/ 2249.06
week)
FBS (mg/dL) 153.58 £68.04 142.75+52.05 153.58 £58.03 0.44
SGOT (IU/L) 20.7 £9.08 21.7 £10.05 19.16 £7.43 0.34
SGPT (IU/L) 19.7 £12.64 19.22 £8.61 1766 £7.3 0.66
TC (mg/dL) 154.82 £62.17 140.85 £ 36.65 144.24 £40.94 0.32

TG (mg/dL) 171.67 £ 206.59 159.45 4 100.46 170.42 & 158.55 0.93
HDL (mg/dL) 50.29 £10.18 47 £13.45 51.09 £ 14.28 0.14
LDL (mg/dL) 78.41 £ 28.07 70 £ 26.56 72.89 £25.74 0.31
HbAlc (%) 7.77 £1.72 7.63 £1.81 7.76 £1.87 0.67
Insulin 6.74 £ 4.18 9.81£8.13 6.63£3.6 0.01
(nU/mL)

HOMA-IR 2.54+228 3.36 £ 3.05 242%1.6 0.05
TyG index 3.99 £0.32 3.97£0.28 3.99+£0.33 0.87
QUICKI 0.34 £0.03 0.33£0.03 0.34 £ 0.03 0.07
Dietary intakes

Carbohydrate 57.2 +8.61 56.73 £+ 9.04 58.95 + 10.44 0.26
(% of energy)

Fat (% of energy) 31.95+7.92 3235+ 11.16 31.15+£11.75 0.54
Protein (% of 14.1 £2.56 18.67 £32.63  18.68 &= 34.99 0.25
energy)

SFA (% of 10.25 £ 4.01 10.77 £ 6.64 9.7 £583 0.37
energy)

MUFA (g/d) 22.97 £10.54 30.03 £10.9 3475+ 18.88 < 0.001
PUFA (g/d) 14.3 £8.02 19.12 £7.26 22.66 £ 15.07 < 0.001
Dietary fiber 31.53+£16.12 4576 £21.82  48.77 £20.74 < 0.001

(g/d)
Whole grains 98.39 £91.84 180.55 4 154.94 173.9 £167.63 0.004
(g/d)

Low-fat dairy 158.27 £139.5 211.54204.88 278.33 +262.1 0.01
products (g/d)

High-fat dairy 5245+ 11143 67.62 £109.17 56.62 & 104.96 0.07
products (g/d)

Fish (g/d) 5.16 £8.41 5.87 £6.58 6.74+9 0.24
Fruits (g/d) 355.78 +2209.1 508.85 &+ 302.39 773.31 &560.78 < 0.001
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Vegetables (g/d) 349.63 £ 215.55 403.91 4=225.24 489.04 £ 2385.82 0.005
Green/black tea 400.47 & 247.29 724.41 £ 324.88 1449.62 & 1159.82 < 0.001

(g/d)
Nuts (g/d) 6.23+797 7.51 £9.12

Legumes (g/d)  21.29424.28 31.22+23.53
Red meats (g/d) 14.27 £18.51 21.824+19.18

Organ meats 1.85+£2.87 4.32 +8.58
(g/d)

Poultry (g/d) 242 £19.01 37.2 £46.17
Coffee (g/d) 16.73 £27.26 2822 £63.4
Sweets (g/d) 2.15+£3.58 2414333

Oil and olive 0il ~ 3.87 £ 6.15 3.71+5.96
(g/d)
Seeds (g/d) 3.8+£8.04 6.29+£12.2
Salt (g/d) 7524+ 7,25 4.12£5.32
Sugar-sweetened 17.36 +54.15  23.37 £63.5

beverages (g/d)

Values are mean + SD, unless indicated. Hndividual
had DTAC score less than 11.55; second tertile: betwe

obtained from one-way ANOVA. SBP, systolic blood

transaminase; TC, total cholesterol; TG, triglyceride; H

10.83 £ 11.78 0.002
33.25447.27 0.003
19.85 £ 28.89 0.001

3.924+8.94 0.16

49.2 £ 55.78 < 0.001
100.59 £ 218.5 0.02

3.12+7.27 0.09

6.79 £ 10.87 0.18

13.74 & 36.05 0.03
6.01£5.77 0.001
15.19 & 33.65 0.3

s in the first tertile of DTAC
en 11.55 and 16.68 and third

tertile: more than 16.68. ®P-values were obtained from Kruskal-Wallis test or chi-
square test, where appropriate unless QUICKI and TyG index for which they were

pressure; DBP, diastolic blood

pressure; BMI, Body mass index; MET, metabolic equivalents; FBS, fasting blood glucose;
SGOT, serum glutamic-oxaloacetic transaminase; SGPT, serum glutamate pyruvate

DL, high-density lipoprotein-

cholesterol; LDL, low-density lipoprotein-cholesterol; HbAlc, hemoglobin Alc; HOMA-
R, Homeostatic Model Assessment of Insulin Resistance; TyG index, Triglyceride-

glucose index; QUICKI, quantitative insulin-sensitivity check index; SFA, saturated fatty
acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid.
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MUO phenotype Tertiles of DPI

T1 (n="76) T2 (n=76)
OR (95% CI) P-value
Model 12 1 1.05 (0.48,2.28) 0.89
Model 2b 1 0.48 (0.11, 1.98) 0.31
Model 3¢ 1 0.36 (0.07, 1.81) 0.21

MUO, metabolically unhealthy obesity; DPI, dietary phytochemical index. Results are presented as OR and 95% CI.
2Unadjusted.
b Adjusted for age, BMI, total energy intake, and physical activity.

¢ Additionally adjusted for marital status, occupation, education, socioeconomic status, weight loss history, and family size.

T3 (n=76)
OR (95% CI) P-value
0.57 (0.29, 1.14) 0.11
0.29 (0.11, 0.76) 0.01
0.23 (0.07, 0.68) 0.008
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Tertiles of DPI

T1 (n = 76) T2 (n =76) T3 (n =76)
OR (95% CI) P-value OR (95% CI) P-value

HOMA-IR
Model 1* 0.69 (0.34, 1.40) 0.31 0.49 (0.25, 0.95) 0.03
Model 2° 0.72 (0.21, 2.50) 0.61 0.42 (0.18, 0.97) 0.04
Model 3¢ 0.43 (0.10, 1.83) 0.25 0.29 (0.10, 0.79) 0.01
hs-CRP (mg/L)
Model 1 1.70 (0.89, 3.24) 0.10 1.08 (0.57, 2.04) 0.79
Model 2 1.79 (0.54, 5.91) 0.33 0.89 (0.38, 2.06) 0.78
Model 3 3.00 (0.77, 11.56) 0.11 1.10 (0.42, 2.88) 0.84
LDL-C (mmol/L)
Model 1 0.70 (0.36, 1.35) 0.29 1.03 (0.56, 1.91) 0.90
Model 2 1.08 (0.34, 3.43) 0.89 1.12(0.49, 2.51) 0.78
Model 3 0.71 (0.19, 2.61) 0.61 0.95 (0.38, 2.36) 0.91
HDL-C (mmol/L)
Model 1 0.84 (0.42, 1.64) 0.61 0.66 (0.35, 1.26) 0.21
Model 2 0.53 (0.16, 1.70) 0.28 0.58 (0.25, 1.32) 0.20
Model 3 0.40 (0.10, 1.50) 0.17 0.43(0.17, 1.11) 0.08
TG (mmol/L)
Model 1 0.71 (0.34, 1.47) 0.36 0.64 (0.31, 1.31) 0.22
Model 2 0.68 (0.19, 2.43) 0.55 0.54 (0.21, 1.37) 0.19
Model 3 0.42 (0.10, 1.80) 0.24 0.35(0.12, 1.03) 0.05
DPJ, dietary phytochemical index; HOMA-IR, homeostatic model assessment for insulin resistance; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein

cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglyceride.

2Unadjusted.

b Adjusted for age, BMI, total energy intake, and physical activity.

€Additionally adjusted for marital status, occupation, education, socioeconomic status, weight loss history, and family size.
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18-70 years-old type-2 diabetic people screened

N =682

\ 4

Included 1n study

N =227

\ 4

v

Included in analysis

N =200

|

|

NAFLD group
N =133

Non-NAFLD group

N =67

Ineligible

Diabetes duration <2y

BMI < 23 kg/m’

Insulin therapy

History of hepatic diseases or other
diseases affecting liver function
Taking hepatotoxic or steatogenic
drugs

Recent weight-loss diet

Pregnancy or lactation

Significant weight reduction

Clear drinking history

Declining participation in study

Excluded

Incomplete dietary data (N =4)
Unwillingness to continue
participation (N = 23)
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Demographic variables
Age (years)

Weight (kg)

Height (cm)

Body composition
BMI (kg/mz)

EM (kg)

FFM (kg)

WC (cm)

WHR

Biochemical parameters
FBS (mmol/L)

TG (mmol/L)

LDL-C (mmol/L)
HDL-C (mmol/L)
Total-C (mmol/L)
HOMA
Inflammatory marker
hs-CRP (mg/L)
Qualitative variables
Marital status (%)
Married

Single

Family size (%)

<4

>4

Education (%)
<Primary

Secondary
University
Occupation (%)
Unemployed
Employed

Smoking (%)

Yes

No

Economic status (%)
Poor

Medium

High

Weight loss history (%)
Yes

No

Total (n =228)

36.69 £ 9.20
81.17 £ 12.26
161.15 £ 5.88

31.27 £4.30
3473 £8.74

46.50 £ 5.66
99.59 £ 10.07
0.93 £ 0.05

4.86 £ 0.53
1.38£0.79
2.45+£0.62
1.21£0.28
478 £0.93
3.34+£1.28

4.31 £4.65

72:2
27.8

4.6
40.6
54.8

59
41

6.9
93.1

22.9
48.5
28.6

54.5
45,5

Tertiles of DPI

T1 (n="76)

33,51 =827
83.24 £13.26

162.08 £ 5.56

31.84 £4.95
36.28 £9.93
47.32 £5.40

101.01 £10.72
0.93 £ 0.05

4.83£0.49
.33+£0.82
2.37 £0.61
19+£0.25
4.69 £ 0.99
323+1.18

4.61 £4.51

65.9
34.1

86.8
13.2

6.2
37.2
56.6

63.8
36.2

12.3
87.7

18.5
52.4
29

49.6
50.4

T2 (n =76)

37.61 £9.22
81.03+£11.74

161.57 £ 5.61

30.95 £ 3.66
34.27 £7.69
46.69 £ 5.99

99.47 £9.43
0.93 £ 0.05

4.86 £ 0.51
1.37£0.78
2.48 £ 0.60
1.22 £0.28
4.83£0.87
3.30+£1.35

4.18 £4.80

77.7
22.3

79
21

3.1
40.8
56.2

60.5
39.5

4.6
95.4

25.4
47.6
27

56.8
432

T3 (n =76)

39.97 £9.26
79.24 £11.48

159.80 £ 6.25

31.02 £ 4.16
33.63 £8.29
4548 £ 5.47

98.28 £9.91
0.93 £ 0.05

4.87 £0.58
1.42 £0.78
2.50 £ 0.65
1.20 £0.30
4.82£0.95
3.48£1.30

4.19 £+ 4.66

73.1
26.9

87.3
12.7

4.6
438
515

52.7
47.3

3.9
96.1

24.8
45.6
29.6

57
43

P-value?

<0.001
0.03
0.004

0.18
0.03
0.02
0.09
0.42
0.89
0.76
0.40
0.69
0.56

0.46

0.81

0.10

0.12

0.65

0.18

0.01

0.67

0.42
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Family history of obesity (%)

Yes Al 72.1 67.7 732 0.60
No 29 27.9 323 26.8

Physical activity (%)"

Low 50 56.0 429 512 0.14
Moderate 45.3 41.3 53.8 40.7

High 47 27 33 8.1

DP], dietary phytochemical index; BMI, body mass index; FM, fat mass; FFM, fat free mass; PBE, percent body fat; WC, waist circumference; WHR, waist to hip ratio; FBS, fasting blood
sugar; TG, triglyceride; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; Total-C, total cholesterol; HOMA, homeostatic model assessment; hs-
CRP, high-sensitivity C-reactive protein. P-value less than 0.05 was considered significant.

All values are mean == SD or reported percentage.
P-values result from ANOVA for quantitative variables and x? test for qualitative variables.
IJPhysical activity was classified as low <600 MET-h/week, moderate = 600-3,500 MET-h/week, and high > 3,500 MET-h/week.
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MHO (n =64) MUO (n =164) P-value? P-value®

Total energy (kcal/day) 2,516.37 + 725.67 2,636.87 +751.67 0.27 -

Carbohydrate (g/day) 363.26 + 124.21 37442 +£117.81 0.53 0.28
Protein (g/day) 83.29 4+ 25.78 90.13 +28.47 0.09 0.19
Fat (g/day) 89.77 4+ 27.81 95.35 + 33.56 0.24 0.62
Total fiber (g/day) 45.35 4+ 19.98 4449 +17.82 0.75 0.19
SFA (g/day) 26.23 +£9.78 28.56 £ 11.66 0.16 0.37
PUFA (g/day) 19.21 +7.04 20.27 £9.00 0.40 0.72
MUFA (g/day) 29.28 +8.82 31.65+11.62 0.14 0.32
Cholesterol (mg/day) 225.83 £ 82.04 259.32 £105.13 0.02 0.04
Vitamin A (RAE/day) 725.76 + 349.76 807.93 £ 435.35 0.18 0.34
Vitamin E (mg/day) 16.31+7.23 17.58 £9.22 0.32 0.50
Vitamin C (mg/day) 191.31+ 124.73 199.48 £ 134.42 0.67 0.88
Calcium (mg/day) 1,115.47 + 420.35 1,172.18 £ 416.70 0.36 0.81
Magnesium (mg/day) 443.31 4 143.05 469.90 + 150.17 0.22 0.58
Potassium (mg/day) 4,216.38 + 1, 632.89 4,416.48 £ 1, 546.65 039 0.96
Zinc (mg/day) 12.29 + 4.08 13.26 £4.31 0.12 0.25
Whole grains (g/day) 56.86 & 53.47 63.50 £ 62.17 0.45 0.63
Fruits (g/day) 557.51 4 398.24 565.57 +367.16 0.88 0.59
Vegetables (g/day) 425.25 4+ 243.12 455.95 +279.76 0.44 0.66
Nuts and seeds (g/day) 15.61 + 16.91 15.60 £ 17.86 0.99 0.64
Legumes (g/day) 48.81 £ 53.05 46.41 £ 31.25 0.67 0.55
Soy sources (g/day) 4,96 +8.14 6.06 £9.29 0.41 0.43
Olive and olive oil (g/day) 4.11+6.16 4.88 £7.58 0.47 0.53
Tea and coffee (g/day) 740.02 £ 575.90 776.88 £ 909.48 0.76 0.88
Phytochemical index 28.15+ 12.06 26.23 £9.48 0.21 0.49

MHO, metabolic healthy obesity; MUO, metabolic unhealthy obesity; SFA, saturated fatty acids; PUFA, poly unsaturated fatty acids; MUFA, mono unsaturated fatty acids. P-value less
than 0.05 was considered significant. All values are mean =+ SD.

2P-values result from ANOVA.

b P.values adjusted for energy intake.
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Characteristics Q1 (11.96-42.89) Q2 (42.90-74.45) Q3 (74.45-131.43) Q4 (131.45-611.34)

VAI (mean = SD) 29.07£822 5753 £8381 99.52 £ 16.25 2259249583
Age (years, mean £ SD) 45134 17.44 483241707 4872+ 16.50 49.81 £ 15.37
20-34 (%) 3508 25.88 2323 19.12
35-49 (%) 2457 27.06 2025 30.28
50-64 (%) 2351 27.10 27.52 3158
=65 (%) 16.84 19.96 20.00 19.02
Gender (%)

Male 49.43 50.69 4757 4726
Female 5057 4931 5243 5274
Race (%)

Mexican American 563 817 10.09 10.97
Other Hispanic 499 5.98 690 628
Non-Hispanic white 66.83 66.63 6520 69.51
Non-Hispanic black 1324 11.65 983 622
Other races 931 7.56 7.98 7.03
Poverty Income Ratio (mean % SD) 3184 164 3064 1.66 289+ 1.62 280 1.63
<13(%) 17.44 19.50 2051 2359
>1.3and <3.5 (%) 3119 3197 3675 3413
>3.5 (%) 44.08 4173 3551 3513
Missing (%) 728 679 7.23 7.15
Energy (keal) 2217.36 £ 97227 2153.39 4 93839 2135.70 4 1003.54 2153.53 £ 974.02
HEI2015_TOTAL_SCORE 52.96 + 14.23 5109 + 13.99 4923 +13.57 4873+ 12.84
Education (%)

Less than 9th grade 372 5.05 595 745
9-11th grade 798 1012 11.36 13.39
High school graduate 19.77 2201 2435 2551
Some college 2836 31.58 3201 3102
College graduate or above 40.16 3124 2633 2264
Marital Status (%)

Married 54.44 55.51 55.83 58.54
Widowed 428 527 538 680
Divorced 826 1114 1149 1140
Separated 165 247 272 236
Never married 2260 17.38 16.35 13.07
Living with partner 878 824 823 772
Smoking (%)

<100 cigarettes in life 59.87 57.20 5248 5086
=100 cigarettes in life 40.13 4280 4752 49.14
Alcohol (%)

<12 drinks/year 1445 17.78 17.11 2122
>12 drinks/year 58.17 60.37 60.09 58.40
Missing 27.38 21.85 2279 2038
High Blood Pressure (%)

No 79.79 68.72 64.15 5478
Yes 2021 3128 35.85 4522
Diabetes (%)

No 94.76 9123 86.50 7939
Yes 3.68 657 1138 17.03

Missing 1.57 220 212 358
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HR (95% CI)

P interaction
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Male
Female
Age (years,)
20-34
35-49
50-64
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Non-Hispanic black
Other races
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Less than 9th grade
9-11th grade
High school graduate
Some college

College graduate or above

Marital Status
Married
Widowed
Divorced
Separated
Never married
Living with partner
Smoking
<100 cigarettes in life
2100 cigarettes in life
Alcohol
<12 drinks/year
=212 drinks/year
Missing
High Blood Pressure
No
Yes
Diabetes
No
Yes
Missing
Congestive Heart Failure
No
Yes
Cancer
No
Yes
Moderate activity
No
Yes
Vigorous activity
No
Yes
Poverty Income Ratio
<1.3
>1.3 and <3.5
>3.5
Missing

1.348
1.055

0.813
1.168
1.083
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0.803
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Tertiles of EDIT

T1 (-1.32,4.23) T2 (4.24, 6.82) T3 (6.83,27.0) Py
VO, Max (ml/kg/min) 318+ 8.60 30.9£7.14 290£7.43 0.02
VO, (L/min) 225£070 2.10£0.65 235077 0.09
VO, (LBM) 47.1£38.99 468 +7.54 483 +8.39 049

p-value less than 0.05 was considered significant.
Values are based on mean  standard deviation.

Py derived from One-way analysis of variance.

P, derived from polynomial regression test.

Ps derived from analysis of covariance.

Subjects in the first tertile of DIT had DI score betws
EDI, ally dietary inflammatory index; CRE,
Pancova, Adjusted for age, sex, smoking, physical activity; CVD, respiratory di

 (~1.32, 4.23); second tertile: between (4.24, 6.82); third tertile: between (6.83, 27.0).

atory fitness.

¢, BMI and energy intake.

002
043
034

0.04
026
0381
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VO, Max (ml/kg/min)
Crude

Model 1*
Model 21
VO, (L/min)
Crude

Model 1
Model 2
VO (LBM)
Crude

Model 1
Model 2

Data are OR (95%CI).

“Adjusted for age, sex, smoking, physical actvi

tAdditionally adjusted for BMI.
EDII, Empis

T1
OR

al dietary inflammatory index; LBM, Lean body mass; CRF Cardiorespiratory Fitn

Tertiles of EDII

T2
OR (95%CI)

0.93(0.51, 1.68)
0.79(0.39, 1.60)
0.90(0.46,2.2)

0.68(0.37, 1.23)
0.66(0.36, 1.20)
0.64(035, 1.18)

0.93(0.52, 1.68)
0.88(0.48, 1.60)
0.88(0.48, 1.61)

Cardiovaseular disease, respiratory discase, energy.

T3
OR (95%CI)

0.91(0.50, 1.65)
0.42(0.18, 1.00)
0.43(0.16, 1.12)

0.95(0.53, 1.72)
0.82(0.41, 1.63)
0.87(043, 1.75)

1.00(0.55, 1.80)
082(0.41, 1.64)
085042, 1.72)

P trend
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Model 1 0.0940.12
Model 2 0.0340.16
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showed with'.
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PRAL (mEq/d) NEAP (mEq/d)

Total T1 T2 T3 T1 T2 T3
n=5874  n=1958 n=1958 n=1,958 p-value n=1,958 n=1958 n=1958 p-value

PRAL, mEq/day —54%156 - - - - —214£113 =50+ 54 10.1£87 <0.01
NEAP, mEg/day 369+8.1 290+3.8 364+28 45.6 £ 6.0 <0.01 - - - -
Age, years 65049 657 £4.7 65.1£5.0 642+4.9 <0.01 657 £4.7 653+£49 64.1£49 <0.01
Women, % () 48.0 (2,818) 527 (1,31) 49.1(961) 42.2(826) <0.01 56.0 (1,097) 48.9 (957) 39.0 (764) <0.01
Intervention group, % (1) 49.4 (2,901) 49.3 (966) 50.3 (984) 48.6(951) 0.57 500 (978) 49.9 (976) 48.4(947) 0.54
BMI, kg/m? 325+34 324+34 324+34 328+35 <0.01 323+34 325+34 327+£35 <0.01
PA, METS/min/week 2,528.0+2,3504  2,740.2 £2,483.6 2,5262£2,342.2 2,317.7 £2,198.8 <0.01 2,681.7 £2,434.1 2,547.4£2,3738 2,355.1+£2,228.2 <0.01
Smoking status, % (1) <0.01 <0.01
Never smoked 44.4 (2,605) 47.9 (939) 455 (891) 39.6 (775) 49.9 (976) 44.7 (875) 38.5 (754)
Former smoker 43.0(2,528) 40.3 (789) 42.3(828) 46.5(911) 38.6 (756) 43.0 (842) 47.5(930)
Current smoker 12.6 (741) 11.8 (230) 12.2(239) 13.9(272) 11.5 (226) 12.3 (241) 14.0 (274)
Education level, % () <0.01 <0.01
Primary education 49.22(2,891) 54.9 (1,075) 49.2(963) 43.6 (853) 54.0 (1,058) 50.0 (979) 44.6 (854)
Secondary education 29.18 (1,714) 25.2 (494) 28.9 (565) 33.4(655) 25.6 (501) 28.3 (555) 33.6 (658)
College/university 21.60 (1,269) 19.9 (374) 22,0 (430) 23.0 (450) 20.4 (399) 21.7 (424) 22.8 (446)
Creatinine 08+02 08£02 08402 0902 <0.01 0802 08+02 09£02 <0.01
€GFR, ml/min/1.73 m* 842+ 139 83.6£13.6 847+ 139 843+ 144 0.04 835+136 84.9+13.7 84.1+14.5 <0.01
UACR, mg/g 168+ 489 162 £450 16.8 £ 50.0 175 £ 515 078 164+ 464 159+47.0 1824531 042
CKD, % (n) 4437 6.5 (126) 6.5(128) 6.8 (133) 0.79 6.6 (129) 58(113) 7.6 (145) 0.10
Type 2 diabetes, % (n) 30.6 (1,797) 28.9 (567) 30.7 (601) 32.1(629) 0.10 28.8 (564) 30.4 (595) 32.6 (638) 0.04
Hypertension, % (1) 84.1(4,941) 85.1(1,666) 84.5 (1,654) 82.8 (1,621) 0.13 85.1(1,667) 84.4(1,653) 82.8 (1,621) 0.12
Hypercholesterolemia, % (1) 69.7 (4,096) 69.4(1,359) 69.2 (1,356) 70.5(1,381) 0.63 70.2 (1,375) 69.3 (1,356) 69.7 (1,365) 0.80
Hypertriglyceridemia, % (n)* 39.7(2,327) 40.7 (795) 39.1(763) 42,5 (831) 0.10 40.8 (795) 39.2 (765) 42.4(829) 0.13
Low HDL, % (n)* 40.8 (2,389) 38.5(751) 39.4(768) 41.3 (808) 0.18 39.1(763) 39.0 (760) 41.1 (804) 030
Medication use, % (1) 51.8(3,42) 52.6(1,30) 51.7(1,13) 51.0 (999) 0.66 52.8(1,35) 51.9(1,17) 50.6 (990) 0.35
Lipid-lowering drugs
Oral blood glucose-lowering drugs 26.0 (1,528) 25.2 (494) 263 (516) 265 (518) 0.62 25.3 (495) 25.7 (504) 27.0(529) 0.44
Insulin treatment 4.1(239) 3.5(68) 3.7(73) 5.0 (98) 0.03 3.2(64) 4.1(81) 4.8 (94) 0.05
Antihypertensive drugs 78.7 (4,625) 81.7 (1,599) 77.9 (1,525) 76.7 (1,501) <0.01 81.0(1,585) 79.1(1,549) 76.2 (1,491) <0.01
ARBs 36.3(2,131) 39.6 (776) 34.9 (683) 34.3(672) <0.01 39.5 (774) 352 (689) 34.1(668) <0.01
ACEis 30.2 (1,775) 28.6 (559) 31.2(611) 30.9 (605) 0.11 279 (546) 32.0 (624) 30.9 (605) 0.02
Dietary assessment 85+27 9226 84427 79+£25 <0.01 93+26 8.6£26 77£25 <0.01
erMedDiet score, 17-points.
Energy intake, keal/d 2,370.5 & 548.9 2,366.1 + 537.9 2,303.1 £ 531.8 24423 £ 567.8 <0.01 22775+ 531.2 22786 £ 533.1 2,455.7 £ 562.5 <0.01
Protein intake, % energy 16728 16.1£2.6 167 £2.7 174 £3.0 <0.01 16.1 £2.7 169£27 17.3£29 <0.01
Vegetal /animal protein ratio, g/d 0502 0.67 £0.27 056 £0.19 048 £0.17 <0.01 0.68+0.28 0.56 +0.19 049£0.17 <0.01
Fat intake, % energy 396+6.5 384£64 397+64 408£6.5 <0.01 385£65 39.5+63 40.9£65 <0.01
Carbohydrate intake, % energy 405+ 6.8 424+6.6 40465 387+68 <0.01 424+68 405+ 64 38.6+68 <0.01

iber intake, g/day 26.1£87 304£9.1 252+78 228+75 <0.01 299£95 264£79 22270 <0.01
Potassium intake, mg/day 4477.0 £ 1,079.6  5,108.6 % 1,124.3 4,313.1 £898.2 4,009.2 + 884.4 <0.01 4,953.4 £ 1,189.3 4,501.7 £ 924.5 3,975.8 & 866.0 <0.01
Calcium intake, mg/day 1,034.0 £ 347.0 1,062.8 & 353.6 999.2 £ 327.9 1,040.1 & 355.9 <0.01 1,030.0 % 350.5 1,049.6 £ 337.1 1,022.5 £ 352.7 0.04
Magne m intake, mg/day 4204 £ 108.2 457.7 £ 1125 407.6 £ 102.2 396.0 4993 <0.01 4462+ 117.8 42524102.5 389.8+£95.6 <0.01
Phosphorus intake, mg/day 1,759.1 £419.9 1,750.1 & 429.1 1,703.8 + 401.9 18235+ 419.7 <0.01 1713.1 £ 438.3 1,783.5 £ 403.4 1,780.8 £ 413.6 <0.01
Sodium intake, mg/day 2,430.0 £774.8 2,272.5+736.8 23,183.0 £ 679.8 2,699.4 + 828.6 <0.01 2,187.8 £ 712.4 2,412.4 £ 689.3 2,689.6 & 832.1 <0.01

Angiotensin-Convert zyme Inhibitors; ARBs, Angiotensin Il receptor blockers; éGFR, Estimated Glomerular Filtration Rate; erMedDiet, energy-restricted Mediterranean diet; HDL, High-Density Lipoprotein; NEAP, Net Endogenous Acid
* tertile; BMI, Body Mass Index; PRAL, Potential Renal Acid Load; PA, Physical activitys ¢GER, estimated Glomerular Filtration Rate; CKD, Chronic Kidney Disease (€GFR< 60 ml/min/1.73 m?); UACR,

. Values are presented as percentages (n) for categorical variables and means = standard deviations for continuous variables. P-value was calculated by chi-square or one-way analysis of variance test for categorical and

Production; M e ivalent of Task

e concentration 2150 mg/dL or specific treatment for I
YHDL concentration <40 mg/dL in men and <50 mg/dL i

abnormality.
t for lipid abnormality

women or specific treatme
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PRAL (mEq/d)

T T2 T3 pfortrend  Continuous (1 SD*)
n=1958 n=1958 n=1958 n="54874
Ain cGFR, mU/min/L.73m?  —069 (~1.07t0 ~031)  —0.86(~124t0~049)  —134(~1.72t0 ~0.95)
Model 1 0 (Ref) ~0.16 (=070 10 0.37) ~0.52 (~1.06 10 0.03) 0.062 —021 (~0.42100.01)
Model 2 0 (Ref) —017(=07110036)  —0.64(~121t0 —0.08)" 0.026 ~025 (047 to —0.03)*
n=1213 n=1213 n=1213 n=3,639
A in UACR, mg/g 4.37 (19610 6.78) 274 (0.60t0 4.88) 139 (~0.62 10 3.39)
Model 1 0 (Ref) —120 (—43210 1.93) ~231 (=528 10 0.66) 0128 ~0.88 (~2.00100.25)
Model 2 0 (Ref) —1.63 (—4.84 10 1.58) ~2.99 (~634100.37) 0.082 —122 (25110 0.08)
NEAP (mEq/d)
n=1958 n=1958 n=1,958 n=5874
Ain ¢GFR, mU/min/1.73m?*  —068 (~1.0610~0.30)  —0.97 (~135t0~0.60)  —124(~1.63to ~0.84)
Model 1 0 (Ref) —0.28 (=081 10 0.25) —0.44 (~099100.11) 0116 ~022 (=044 t0 —0.01)*
Model 2 0 (Ref) ~0.30 (~0.83 t0 0.24) ~0.56 (~1.13t0 0.01) 0.056 ~028 (=051 to —0.05)"
n=1213 n=1213 n=1213 n=3,639
A in UACR, mg/g 3.92 (14910 6.34) 3.09 (11410 5.03) 149 (=054 10 3.53)
Model 1 0 (Ref) —0.81 (~3.82102.20) —1.96 (=507 to 1.15) 0214 —093 (~2.13100.28)
Model 2 0 (Ref) —0.83 (~3.87 10 2.21) —2.42 (=579 10 0.95) 0.154 ~126 (~263100.10)
nated glomerular filtration rate; NEAP, Net Endogenous Acid Production; T, tertile; PRAL, Potential Renal Acid Load; UACR, Urine albumin/cr ne ratio. Model 1: adjusted

years), sex and basel; FR or baseline UACR (in cor in outcome). Model 2: additionally adjusted for participat ed into quartil
by number of participants), intervention group (treatment/control), body mass index (kg/m?), smoking habits (never, current or former smoker), educational level (primary, secondary
education or graduate), leisure-time physical activity (M jweek in tertles), diabetes prevalence (yes/no), hypertension prevalence (yes/no) and hypercholesterolemia prevalence
(yes/no), ARBs (yes/no), ACEis (yes/no), Mediterrancan dict adherence (high/low adherence), energy intake (eal/day in tertiles), sodium intake (mg/g in tertiles) and high leukocytes
levels (yes/no).

“pevalue < 0.05.

**One SD = 15.6 mEq/d in PRAL and 8.

center (categor

wous, depending on the m

mEq/d in NEAP.
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P for trend
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tModel 2: adjusted for gender; age; race.
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Model 1*

1.002 (1.001, 1.003) <0.00001

Ref
1.347 (1.129, 1.608) 0.00095
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moderate activity, energy, and HEI2015 total score.
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VAI < 75.130
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Log likelihood ratio test

Adjusted OR (95% CI)

1.001 (1.000, 1.001)

75.130
1.005 (1.001, 1.009)
1.000 (1.000, 1.001)
0.025

p value

0.0082

0.0084
0.3078

*All models were adjusted for: gender; age; race; education; marital; PIR; smoking;

alcohol; HBP; diabetes; CHF; cancer; vigorous activity; moderate activity, energy, and

HEI2015 total score.
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Dietary total antioxidant capacity P-trend’

T1 (n=66) T2 (n=67) T3 (n=67)
<11.55 11.55-16.68 16.68 <

OR OR (95 % CI) OR (95 % CI)
Model 1 1 (Ref) 0.66 (0.31-1.4)  0.51 (0.24-1.07) 0.07
Model 2 1 (Ref) 0.38(0.14-0.99)  0.28 (0.09-0.81) 0.02
Model 3 1 (Ref) 0.41(0.14-1.15)  0.29 (0.09-0.93) 0.04

Model 1: Crude. Model 2: Adjusted for age (continuous), sex (male/female), physical
activity (continuous), diabetes duration (continuous), current smoking (yes/no), BMI
(continuous), waist circumference (continuous), and energy intake (kcal/d). Model
3: Further adjustments were made for HOMA-IR (continuous), HbAlc (continuous),
triglycerides (continuous), and LDL (continuous) levels. TBinary logistic regression
models were employed to obtain odds ratios (ORs) and 95% CIs. The overall trend of
ORs was examined by the use of tertiles of the DTAC as an ordinal variable in the model.
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Model 1: Crude. Model 2: Adjusted for age (continuous), sex (male/female), physical

activity (continuous), diabetes duration (continuous), current smoking (yes/no),

BMI (continuous), waist circumference (continuous), and energy intake (kcal/d).
Model 3: This model was additionally adjusted for HOMA-IR (continuous) and
HbAlc (continuous). TBinary logistic regression models were employed to obtain odds
ratios (ORs) and 95% Cls. The overall trend of ORs was examined by the use of tertiles
of the biochemical parameters as an ordinal variable in the model.
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UOoxX
GAPDH

Forward 5'—3’

ACTTATCCCAGAAAATCGCTGAC
GCGAGGAATGTGGTGTGTTTG
CCGCCTTCAGAACAAGATCG
CTTCCTCCTCAGACCGCTTTT
CCCGGGATTGACGTGAGTTT
CAGATGAGAAACGGACCTCCC
CATCACTGCCACCCAGAAGACTG

Reverse 5’ —3'

CCACACCCACTTTGAACAATGTA
TTTAGGCACTGCACTCCCATC
CCTTCCACAGTTGTCACAGC
AGCAAGTCTTTCAGTCCTGTCC
GAGGGGCGAGATATCCCTGA
GCCGTAGGGATTGTCGAGAG
ATGCCAGTGAGCTTCCCGTTCAG
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Outcome Nsnp OR (95% CI) P value
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Outcome Nsnp OR (95% CI) P value
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TNF-b
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FA 50 ; - % 1.022(0.925,1.128) 0.673
FN 49 F—re— 1.015(0.962,1.071) 0.584
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n-6 to n-3
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DBP

Age > 50 years

Fitting by a standard linear model

Fitting by two precise linear model
Inflection point

Vitamin C < 40 umol/L

Vitamin C > 40 umol/L
Log-likelihood ratio

Male

Fitting by a standard linear model
Fitting by two precise linear model
Inflection point

Vitamin C < 40 umol/L

Vitamin C > 40 umol/L

Log-likelihood ratio

Adjusted B (95% CI), p

—0.03 (—0.04, —0.01) 0.0071

40

—0.06 (—0.12, —0.01) 0.0268

—0.01 (—0.04, 0.101) 0.0446
0.014

0.02 (—0.04, —0.00) 0.0351

40
0.05 (—0.00, 0.10) 0.0509
—0.06 (—0.09, —0.03) 0.0002
0.002

Sex, age, race/ethnicity, marital status, education level, ratio of family income to poverty,
BMI, smoking states, pulse, ALT, ALP, AST, BUN, globulin, Cr, TG, TC, LDL, HDL,
glycohemoglobin, TP, FBG, yGT, and sUA were adjusted.
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SBP

Female

Fitting by a standard linear model
Fitting by two precise linear model
Inflection point

Vitamin C < 90.3 umol/L

Vitamin C > 90.3 umol/L
Log-likelihood ratio

Age > 50 years

Fitting by a standard linear model
Fitting by two precise linear model
Inflection point

Vitamin C < 40 umol/L

Vitamin C > 40 umol/L

Log-likelihood ratio

Adjusted B (95% CI), p

—0.02 (—0.04, 0.00) 0.0706

90.3
—0.03 (—0.06, —0.01) 0.0052
0.06 (—0.11, —0.03) 0.0370
<0.001

—0.01 (—0.04, 0.02) 0.5457

40
0.09 (0.00, 0.18) 0.0407
—0.04 (—0.08, —0.00) 0.0361
0.019

Sex, age, race/ethnicity, marital status, education level, ratio of family income to poverty,
BMI, smoking states, pulse, ALT, ALP, AST, BUN, globulin, Cr, TG, TC, LDL, HDL,
glycohemoglobin, TP, FBG, yGT and sUA were adjusted.
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Outcome

DBP

Quartiles of vitamin C
Q1 (1.87-32.1)

Q2 (32.1-51.6)

Q3 (51.6-68.1)

Q4 (68.1-191)

P for trend

Stratified by age

Age < 50years

Age > 50 years
Stratified by sex

Male

Female

Stratified by race/ethnicity
Mexican American
Other Race/Ethnicity
Non-Hispanic White
Non-Hispanic Black

Model 1: No adjustment for variables.

Model 1, B (95% CI), p

—0.04 (—0.05, —0.03) < 0.0001

Reference
~0.14 (—0.99, 0.71) 0.7481
—0.90 (—1.71, —0.09) 0.0294
—3.07 (—3.88, —2.25) < 0.0001
<0.001

—0.04 (—0.05, —0.03) 0.0001
—0.04 (—0.05, —0.02) 0.0001

—0.03 (—0.04, —0.01) 0.0055
—0.03 (—0.04, —0.02) < 0.0001

—0.04 (—0.08, —0.01) 0.0221
—0.02 (—0.04, 0.00) 0.0529
—0.04 (—0.06, —0.02) < 0.0001
—0.04 (—0.08, —0.01) 0.0091

Model 2: Adjusted for sex, age, and race/ethnicity.
Model 3: Adjusted for sex, age, race/ethnicity, marital status, education level, ratio of family income to poverty, BMI, smoking states, pulse, ALT, ALP, AST, BUN, globulin, Cr, TG, TC,
LDL, HDL, glycohemoglobin, TP, FBG, yGT and sUA.

Model 2, B (95% CI), p

—0.03 (—0.04, —0.02) < 0.0001

Reference
0.04 (—0.80, 0.89) 0.9198
—0.81 (~1.61, —0.00) 0.0489
—2.58 (—3.40, —1.75) < 0.0001
<0.001

—0.03 (—0.04, —0.01) 0.0005
—0.03 (—0.05, —0.01) 0.0007

—0.03 (—0.05, —0.01) 0.0028
—0.03 (—0.05, —0.02) < 0.0001

—0.04 (—0.07, —0.00) 0.0338
—0.01 (—0.03, 0.01) 0.2740
—0.03 (—0.05, —0.01) 0.0007
—0.03 (—0.06, 0.00) 0.0658

Model 3, B (95% CI), p

—0.02 (—0.04, —0.01) < 0.0001

Reference
0.13 (—0.72, 0.98) 0.7642
~0.58 (—1.40, 0.24) 0.1663
~2.08 (—2.94, —1.22)<0.0001
<0.001

—0.01 (—0.02, 0.01) 0.2574
—0.04 (—0.06, —0.02) < 0.0001

—0.02 (—0.04, —0.00) 0.0231
—0.02 (—0.04, —0.01) 0.0024

—0.02 (—0.06, 0.01) 0.2127
—0.02 (—0.04, 0.01) 0.1600
—0.03 (—0.05, —0.01) 0.0020
—0.02 (—0.06, 0.01) 0.2060
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Outcome Model 1, B (95% CI), p
SBP —0.05 (—0.07, —0.03) < 0.0001
Quartiles of vitamin C

Q1 (1.87-32.1) Reference

Q2 (32.1-51.6) —0.09 (—1.35, 1.16) 0.8829
Q3 (51.6-68.1) —2.30 (—3.50, —1.10) 0.0002
Q4 (68.1-191) —3.56 (—4.77, —2.36) < 0.0001
P for trend <0.001

Stratified by age

Age < 50years —0.10 (—0.12, —0.08) < 0.0001
Age > 50 years —0.02 (—0.04, 0.01) 0.1592
Stratified by sex

Male —0.03 (—0.05, —0.00) 0.0385
Female —0.03 (—0.06, —0.01) 0.0024

Stratified by race/ethnicity

Mexican American —0.03 (—0.08, 0.02) 0.3053
~0.05 (—0.08, —0.01) 0.0075
~0.05 (—0.08, —0.03) 0.0001
~0.07 (—0.12, —0.03) 0.0012

Other Race/Ethnicity
Non-Hispanic White
Non-Hispanic Black

Model 1: No adjustment for variables.
Model 2: Adjusted for sex, age, and race/ethnicity.

Model 2, B (95% CI), p

—0.05 (—0.06, —0.03) < 0.0001

Reference
0.16 (—1.02, 1.35) 0.7876
228 (—3.41, —1.15) < 0.0001
—3.14 (—4.30, —1.98) < 0.0001
<0.001

—0.07 (—0.09, —0.05) < 0.0001
—0.01 (—0.04, 0.01) 0.4050

—0.04 (—0.07, —0.01) 0.0022
—0.05 (—0.07, —0.03) < 0.0001

—0.02 (—0.06, 0.03) 0.4547
—0.02 (—0.05,0.01) 0.2763
—0.06 (—0.08, —0.03) < 0.0001
—0.04 (—0.09, —0.00) 0.0473

Model 3, B (95% CI), p

—0.02 (—0.03, —0.00) 0.0306

Reference
1.17 (0.01, 2.33) 0.0489
—0.74 (—1.87, 0.38) 0.1936
~1.84 (—2.02, —0.34) 0.0149
0.037

—0.02 (—0.04, 0.00) 0.0788
—0.00 (—0.03, 0.02) 0.8273

—0.02 (—0.04, 0.01) 0.2281
—0.02 (—0.04, 0.00) 0.0827

—0.00 (—0.05, 0.05) 0.9753
—0.02 (—0.05, 0.02) 0.3313
—0.03 (—0.06, —0.01) 0.0088
—0.02 (—0.06, 0.03) 0.4844

Model 3: Adjusted for sex, age, race/ethnicity, marital status, education level, ratio of family income to poverty, BMI, smoking states, pulse, ALT, ALP, AST, BUN, globulin, Cr, TG, TC,

LDL, HDL, glycohemoglobin, TP, FBG, yGT, and sUA.
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Quartile of vitamin C Q1 (1.87-32.1) Q2 (32.1-51.6) Q3 (51.6-68.1) Q4 (68.1-191) ALL P-value

N =629 N =637 N =630 N =637 N =2533

Age (years old) 40.76 + 14.71 40.09 + 14.15 41.85 4 14.80 45.43 £17.04 42.11 +£15.39 <0.0001
Sex (%) <0.0001
Male 57.38 50.31 51.27 28.79 46.76

Female 42.62 49.69 48.73 71.21 53.24

Race/Ethnicity (%) <0.0001
Mexican American 9.06 1528 10.98 8.99 10.94

Other race 15.44 2220 19.95 15.38 18.13

Non-Hispanic Whites 67.73 48.86 60.16 68.60 61.74

Non-Hispanic Blacks 7.78 13.65 891 7.03 9.19

ALT (IU/L) 24.09 £19.87 22.01 + 14.96 21.31 +£12.04 19.68 +12.23 21.74 £15.15 <0.0001
ALP (IU/L) 80.87 £ 32.70 75.73.+£23.27 70.26 £ 20.81 70.72 4+ 22.46 74.28 +25.61 <0.0001
AST (IU/L) 22.11 £16.75 20.61 +£9.11 21.36 +8.41 20.58 +7.48 21.18 £ 11.09 0.0439
BUN (mmol/L) 4.90 + 1.57 4.99 +1.45 5.00 £+ 1.37 5.00 £+ 1.59 4.97 £ 1.50 0.5688
Cr (umol/L) 77.10 £ 18.02 76.45 + 17.54 73.79 +£16.92 70.87 + 15.97 74.46 +17.29 < 0.0001
Globulin (g/L) 30.16 £ 4.02 30.64 +3.99 29.65 +3.44 29.09 +3.83 29.85 +3.86 <0.0001
GGT (IU/L) 34.09 £ 56.40 28.33 +30.75 22.06 + 15.20 19.34 +16.38 25.79 4+ 34.35 <0.0001
Calcium (mmol/L) 2.31 £0.09 2.324+0.08 2.31+0.08 2.324+0.08 2.324+0.08 0.0400
TP (g/L) 70.82 £ 4.07 71.65 +3.99 70.96 + 3.66 70.55 +4.22 70.97 +4.01 <0.0001
UA (umol/L) 314.61 £79.31 320.20 £ 84.90 310.82 +78.74 280.60 + 67.52 306.02 +79.11 <0.0001
BMI (kg/mz) 30.62 £+ 8.32 29.62 +6.59 28.45 £+ 6.05 26.44 +5.62 28.74 +6.89 <0.0001
Waist circumference (cm) 102.39 +19.19 99.21 +14.89 96.61 + 15.79 91.56 + 14.74 97.34 +£16.76 <0.0001
Pulse (bpm) 73.38 £12.25 72.58 +11.41 70.59 £+ 9.80 71.05 + 11.49 71.86 £ 11.31 <0.0001
SBP (mmHg) 117.35 £ 11.01 117.26 +10.71 115.05 +11.14 113.79 £11.35 115.79 £ 11.17 <0.0001
DBP (mmHg) 5391 £7.43 53.77 +7.59 53.01 £7.35 50.84 &+ 7.55 52.85 4+ 7.58 <0.0001
Glycohemoglobin (%) 5.58 £ 0.88 5.57 +0.90 5.44 £0.67 5.39 +£0.49 5.49 £0.75 <0.0001
FBG (mmol/L) 6.09 £ 1.04 6.12:+1.37 5.92 +£0.79 5.97 +£0.59 6.02 +0.98 0.0004
HDL_C (mmol/L) 129 +£0.33 1.33+£0.38 1.42+0.38 1.56 £ 0.40 1.40 £0.39 <0.0001
TC (mmol/L) 4.89 £1.05 494 +£1.07 4.85+0.96 4.87 £ 1.00 4.88 +£1.02 0.4838
TG (mmol/L) 1.21 +£0.55 1.32+1.32 1.15 £ 0.60 1.14 £0.39 1.20 £0.78 0.0001
LDL_C (mmol/L) 2.86 £ 0.64 2.87 £0.67 2.79 +£0.63 2.81 +£0.57 2.83+0.63 0.0746
Ratio of family income to poverty 2.81+1.64 2934152 3.26 £1.55 3.16 £ 1.54 3.05 £ 1.57 <0.0001
Alcohol consumption (%) 0.0129
Yes 24.44 18.80 21192 26.27 22.99

No 75.56 81.20 78.08 7373 77.01

Education levels (%) <0.0001
Lower than high school 12.81 12.80 8.14 8.05 10.33

High school 65.60 5425 54.16 46.73 55.14

College or above 21.59 3295 37.70 45.16 3451

Missing 0.06 0.01

Marital status (%) 0.0103
Married/cohabiting/remarried 58.03 59.76 67.92 60.23 61.61
Unmarried/divorced/widowed 41.94 40.24 32.08 3971 38.37

Missing/Refused 0.03 0.06 0.02

Diabetes (%) 0.0003
Yes 6.84 6.14 2.80 3.05 4.63

No 93.16 93.86 97.20 96.95 95.37

Smoking (%) <0.0001
Yes 55.99 35.82 35.04 30.85 39.41

No 44.01 64.18 64.96 69.15 60.59
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IDENTIFICATION

SCREENING AND ELIGIBILITY

Total indiviuals from NHANES
2007-2016
(N=59,842)

Individuals Aged 20 or older
(n=34,718)

Age <20
(n=25,124)

Missing data on Gout
(n=5,587)

Age>20 individuals with complete
information on Gout and Hyperuricemia
questionaire
(n=29,131)

INCLUDED

No complete information about HEI-2015
(n=3,134)

Age>20 with complete information about
Gout and Hyperuricemia and HEI-2015
(n=25,997)

1) Age>20 with complete information about

Gout and Hyperuricemia questionaire
and HEI-2015

2) no missing data on any of the covariants

Final study sample
(n=23,109)

Missing data on demographics, BMI,
cigarettes smoking, alcohol consumption,
hypertension and diabetes
and chronic kidney disease
(n=2,888)
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Food intake frequency

All male gout patients

Early onset gout patients

Later-onset gout patients

OR (95% Cl) P OR (95% CI) P OR (95% CI) P
Alcohol
0-28 g/day 1 0.974 1 0.320 i 0.270
29-84 g/day 0.9 (0.6, 1.6) 1.4(0.8,2.8) 0.4(0.1,1.2)
>84 g/day 1.0 (0.6, 1.6) 1.5 (0.7, 3.1) 0.9(0.4,1.8)
Red meat
Less than 100 g/day 1 0.008 1 0.043 1 0.099
101-200 g/day 1.2(0.8,1.7) 1.0(0.6,1.7) 0.9(0.4,2.1)
>200 g/day 2.0(1.3,3.0) 1.9 (1.1, 3.4) 2.0(0.9,4.1)
Animal offal
Less than 1 time/week 1 0.028 1 0.202 1 0.094
1-2 times/week 0.8(0.5,1.2) 0.7 (0.4,1.2) 1.0(0.4, 2.1)
34 times/week 1.2(0.6,2.2) 1.1(0.5,2.3 0.8(0.1,3.7)
>4 times/week 3.0(1.3,6.8) 2.0(0.8, 5.5 6.0 (1.4,25.2)
Seafood
Less than 1 time/week 1 0.851 1 0.843 1 0.501
1-2 times/week 1.1(0.7,1.7) 0.8 (0.5, 1.5) 1.6 (0.7, 3.6)
3-4 times/week 0.9 (0.5, 1.9 1.2(0.5,2.9 0.8(0.2, 2.4)
>4 times/week 1.3(0.7,2.6) 1.2 (0.5, 2.6) 1.7(0.5,5.4)
Hotpot
Less than 1 time/week 1 0.276 1 0.393 1 0.362
1-2 times/week 1.1(0.6,1.9) 1.1(0.6,2.3 0.9(0.3, 2.6)
34 times/week 3.4(1.0, 11.6) 3.8 (0.7, 19.9) 2.9 (0.4, 21.4)
>4 times/week 1.4 (0.3,6.5) 0.5 (0.0, 4.9 5.9 (0.5, 66.2)
Slow-cooking soup
Less than 1 time/week 1 0.332 1 0.409 il 0.863
1-2 times/week 0.9 (0.6, 1.3 0.9 (0.5, 1.4) 0.9(0.4,1.7)
34 times/week 1.1(0.7,1.8) 1.1 (0.6, 2.0) 0.8(0.3,2.2)
>4 times/week 0.6 (0.3, 1.1) 0.5(0.3,1.2) 0.6(0.2,1.8)
Sugar-sweeten beverages
Less than 1 time/week 1 <0.001 1 0.002 1 0.056
1-2 times/week 1.4 (0.8,2.3) 1.8(0.7,24) 0.7 (0.2, 2.4)
34 times/week 1.4(0.8,2.3 0.9(0.4,1.6) 5.0 (1.0, 18.2)
>4 times/week 3.0 (2.0, 4.6) 2.5(1.5, 4.1) 2.6(0.9,7.1)
Tea
Less than 1 time/week 1 0.649 1 0.779 1 0.825
1-2 times/week 0.7 (0.4,1.3) 0.8 (0.4, 1.5 0.6 (0.2, 2.1)
34 times/week 0.8(0.4,1.7) 0.7 (0.3, 1.7) 1.2(0.3,4.5)
>4 times/week 0.9(0.6,1.2) 0.9 (0.6, 1.5) 1.0(0.5, 2.0
Coffee
Less than 1 time/week 1 0.429 1 0.310 1 0.193
1-2 times/week 0.7 (0.3, 1.4) 0.5(0.2,1.3 1.0(0.2, 5.1)
34 times/week 2505 11.1) 2.1(0.4,12.8) 3.0 (0.2, 49.1)
>4 times/week 1.3 (0.5, 3.5) 0.5 (0.1, 2.0 6.0 (1.0, 33.9)
Milk and milk product
Less than 1 time/week 1 0.895 1 0.812 1 0.918
1-2 times/week 1.1 (0.7, 1:7) 1.1 (0.7, 1:7) 0.9(0.4, 2.0
34 times/week 1.2(0.6,2.4) 1.3 (0.6, 3.0 1.1(0.3,3.6)
>4 times/week 1.0(0.5,1.9) 1.4 (0.6,3.2) 0.7 (0.2, 2.0)

Bold values mean the difference is statistically significant.
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Food intake frequency

All male gout patients

Early onset gout patients

Later-onset gout patients

OR (95% CI) P OR (95% CI) P OR (95% CI) P
Alcohol
0-28 g/day 1 0.137 1 0.136 1 0.606
29-84 g/day 0.8(0.4,1.5) 1.0(0.5,2.0) 0.6(0.1,2.9)
>84 g/day 0.5 (0.3, 1.0) 0.3 (0.1, 1.0) 1.4 (0.5, 3.6)
Red meat
Less than 100 g/day 1 0.008 1 0.016 il 0.117
101-200 g/day 1.1(0.7,1.7) 0.8 (0.5, 1.5) 0.9(0.3,3.1)
>200 g/day 2.0(1.2,3.3 2.0 (1.0, 3.5) 2.5(0.9,6.7)
Animal offal
Less than 1 time/week 1 0.251 1 0.284 | 0.493
1-2 times/week 1.0(0.6,1.6) 1.2(0.7,2.1) 0.3(0.7,1.9)
34 times/week 1.3(0.6, 2.6) 1.2(0.5,2.7) 0.7 (0.1,6.1)
>4 times/week 0.1(0.0, 1.1) 0.2(0.0,1.2) 0.0 (0.0, 0.0)
Seafood
Less than 1 time/week 1 0.315 1 0.370 1 0.944
1-2 times/week 1.6(1.0,2.5) 1.6 (0.9, 2.8) 0.8(0.2,2.9)
34 times/week 1.2(0.6, 2.5 1.2 (0.5,3.0 1.3(0.4,5.1)
>4 times/week 0.9 (0.4, 2.1) 1.1(0.5,2.9) 0.0 (0.0, 0.0)
Hotpot
Less than 1 time/week 1 0.900 0 1.0 1 1.0
1-2 times/week 0.8(0.4,1.6) 1.0(0.5,2.2) 0.0 (0.0, 0.0)
34 times/week 0.8(0.2,3.7) 1.0(0.2,5.4) 0.0(0.0,0.0)
>4 times/week 0.0(0.0,0.0) 0.0 (0.0, 0.0) 0.0(0.0,0.0
Slow-cooking soup
Less than 1 time/week 1 0.759 1 0.512 1 0.972
1-2 times/week 1.0(0.7,1.6) 0.9 (0.6, 1.6) 1.0(0.4,2.7)
34 times/week 0.7 (0.4,1.4) 0.6 (0.3,1.2) 1.0(0.2,3.7)
>4 times/week 0.9(0.5,1.8) 1.0(0.4,2.1) 0.7 (0.1,3.3)
Sugar-sweeten beverages
Less than 1 time/week 1 P < 0.001 1 0.009 1 0.870
1-2 times/week 2.5(1.4,4.4) 2.5(1.3,4.8) 0.9(0.2,4.2)
34 times/week 2.6 (1.4, 4.6) 2.2(1.1,4.2) 1.0(0.1, 8.0)
>4 times/week 2.9(1.8,4.7) 2.4 (1.3,4.2) 1.7 (0.5, 6.5)
Tea
Less than 1 time/week 1 0.430 1 0.189 | 0.709
1-2 times/week 0.7 (0.3, 1.4) 0.8(0.4,1.9 0.3(0.0,2.6)
34 times/week 1.6(0.7, 3.3 2.2(0.9,5.9 0.5(0.1,4.7)
>4 times/week 1.0(0.7,1.5) 1.4(0.8,2.3 0.8(0.3,1.9)
Coffee
Less than 1 time/week 1 0.489 1 0.260 1 0.547
1-2 times/week 0.8(0.3,2.0 0.8 (0.3, 2.0 0.0(0.0, 0.0
34 times/week 1.5(0.3,7.8 0.7 (0.1, 6.0) 8.0 (0.5, 132.7)
>4 times/week 2.0(0.7,5.7) 3.2(0.9,10.7) 0.0 (0.0, 0.0)
Milk and milk product
Less than 1 time/week 1 0.800 1 0.917 1 0.647
1-2 times/week 1.1(0.7,1.8) 1.0(0.6,1.7) 0.7 (0.2,2.6)
34 times/week 1.1(0.5,2.3 0.8 (0.3, 2.0 2.2(0.5,8.6)
>4 times/week 0.7 (0.3,1.6) 1.2(0.5,2.9 0.0 (0.0, 0.0)

Bold values mean the difference is statistically significant.
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Isocaloric OA OR (95% CI)
substitution (5%

energy)

Crude Model 1 Model 2
Protein substituting 1.05(0.99, 1.11) | 1.02(0.96,1.10) | 1.02 (0.95, 1.10)
carbohydrate
Fat substituting 0.95(0.92,0.99) | 1.001 (0.96, 1.04) | 1.05 (1.003, 1.09)
carbohydrate
Fat substituting protein 0.95(0.92,0.99) | 1.003 (0.95,1.06) | 1.06 (0.99, 1.12)

Crude model: No covariate was adjusted. Model 1: Age, gender, race/ethnicity were
adjusted. Macronutrient intakes also entered multivariate regression models apart from the
substituted one. Model 2: Additionally adjusted for education, self-reported diabetes, body
mass index, total protein, total cholesterol, serum calcium, serum 25-hydroxyvitamin D,
metabolic equivalent task minutes, dietary fiber intake, and total energy intake. CI, confidence
interval; OR, odds ratio.
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distribution

Crude

OA OR (95% ClI)

Model 1

Model 2

Carbohydrate intake (5%
increase)

0.99 (0.97, 1.02)

1.003 (0.97, 1.04)

0.98 (0.95, 1.02)

Carbohydrate intake levels

Below reference (<45%)

[Ref]

[Ref]

[Ref]

Reference intake
(45-65%)

0.98 (0.85, 1.12)

1.05 (0.90, 1.22)

0.98 (0.83,1.15)

Above reference (>65%)

0.92 (0.70, 1.21)

0.88 (0.65, 1.20)

0.81 (0.59, 1.12)

P for trend

0.579

0.934

0.366

Protein intake (5%

increase)

1.05 (0.99, 1.11)

1.02 (0.96, 1.10)

1.03 (0.95, 1.11)

Protein intake levels

Below reference (<10%)

[Ref]

[Ref]

[Ref]

Reference intake
(10-35%)

1.17 (0.95, 1.45)

1.33 (1.04, 1.68)

1.40 (1.08, 1.80)

Above reference (>35%)

1.20 (0.60, 2.41)

1.09 (0.50, 2.39)

1.11 (0.49, 2.48)

P for trend

0.150

0.042

0.024

Fat intake (5% increase)

0.95 (0.92, 0.99)

1.001 (0.96, 1.04)

1.05 (1.00, 1.09)

Fat intake levels

Below reference (<20%)

[Ref]

[Ref]

[Ref]

Reference intake
(20-35%)

0.90 (0.67, 1.21)

1.07 (0.77, 1.48)

1.15 (0.82, 1.61)

Above reference (>35%)

0.79 (0.59, 1.06)

1.09 (0.78, 1.51)

1.36 (0.96, 1.92)

P for trend

0.026

0.649

0.015

Crude model: No covariate was adjusted. Model 1: Age, gender, race/ethnicity were adjusted.

Model 2: Additionally adjusted for education, self-reported diabetes, body mass index,

total protein, total cholesterol, serum calcium, serum 25-hydroxyvitamin D, metabolic

equivalent task minutes, dietary fiber intake, and total energy intake. CI, confidence

interval; OR, odds ratio.
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Characteristics Total (O], Non-OA P-value
N 7:725 1,039 6,686

Age (years) 45 (32-61) 65 (55-73) 42 (31-57) <0.001
Gender, n (%) <0.001
Male 3759 (48.66) 368 (35.42) 3391 (50.72)

Female 3966 (51.34) 671 (64.58) 3295 (49.28)

Race/Ethnicity, n (%) <0.001
Non-hispanic White 3019 (39.08) 637 (61.31) 2382 (35.63)

Non-hispanic Black 1458 (18.87) 147 (14.15) 1311 (19.61)

Non-hispanic Asian 907 (11.74) 46 (4.43) 861 (12.88)

Mexican American 1224 (15.84) 94 (9.05) 1130 (16.90)

Other hispanic 860 (11.13) 77 (7.41) 783 (11.71)

Other 257 (3.33) 38 (3.66) 219 (3.28)

Education, n (%) 0.336
Lower than high school 1541 (26.97) 186 (17.9) 1355 (20.27)

High school or equivalent 1692 (21.90) 216 (20.79) 1476 (22.08)

More than high school 4492 (51.13) 637 (61.31) 3855 (57.65)

Self-reported diabetes, n (%) <0.001
Yes 933 (12.08) 249 (23.97) 684 (10.23)

No 6792 (87.92) 790 (76.03) 6002 (89.77)

BMI (kg/mz) 27.8 (24.2-32.4) 304 (25.9-35.6) 27.5(23.9-31.9)

Total protein (g/dL) 71 (68-74) 70 (67-73) 72 (69-75)

Total cholesterol (mg/dL)

186 (161-214)

190 (162-220)

186 (161-213)

Serum calcium (mg/dL)

9.4 (9.2-9.6)

9.37 (9.2-9.6)

9.4 (9.22-9.6)

Serum 25-hydroxyvitamin D (nmol/L)

61.6 (44.8-79.8)

75.3 (56.3-95.75)

59.85 (43.6-77.3)

MET minutes per week 400 (60-1,200) 180 (60-720) 480 (80-1,200) <0.001
Total energy intake (kcal/d) 1953 (1,463-2,568) 1767 (1,309-2,357.5) 1978 (1,484-2,602) <0.001
Protein intake (%) 15.2 (124-18.7) 15.15 (12.35-18.25) 15.25 (12.45-18.85) 0.212
Carbohydrate intake (%) 48.25 (41-55.5) 4825 (41.2-55.25) 48.3 (40.9-55.5) 0.987
Fat intake (%) 34.3 (28.2-40.1) 34.9 (29.2-40.55) 34.15 (28.05-40) 0.004
Dietary fiber intake (g/d) 15 (9.8-21.9) 14.70 (9.5-21.35) 15 (9.8-22) 0.066

Median (inter quartile range) for continuous variables and P-value was calculated by Kruskal-Wallis test. N (%) for categorical variables and P-value was calculated by weighted chi-square test.

BMI, body mass index; MET, metabolic equivalent task.
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All male gout patients =
Redmeat =

0-100g/d (reference) =
101-200g/d =

>200g/d =

Animal offal

<] time/w (reference) =
1-2 times/w =

3-4 times/w =

>4 times/w =
Sugar-sweeten beverages =
<] time/w (reference) =
1-2 times/w =

3-4 times/w =

>4 times/w =

Early-onset gout patients =
Redmeat =

0-100g/d (reference) =
101-200g/d =

>200g/d =

Animal offal =

<] time/w (reference) =
1-2 times/w =

3-4 times/w =

>4 times/w =
Sugar-sweeten beverages =
<1 time/w (reference) =
1-2 times/w =

3-4 times/w =

>4 times/w =

Later-onset gout patients =
Redmeat =

0-100g/d (reference) =
101-200g/d =

>200g/d =

Animal offal =

<] time/w (reference) =
1-2 times/w =

3-4 times/w ={ |

>4 times/w =
Sugar-sweeten beverages =
<] time/w (reference) =
1-2 times/w =

3-4 times/w =

>4 times/w =

1
1.1 (0.7,1.7)
1.6 (1.0,2.6)

1
0.6 (0.4,1.0)
1.0 (0.5,2.1)
2.7 (1.1,6.9)

1
1.2 (0.7,2.2)
1.0 (0.5,1.9)
2.2 (1.4,3.7)

1
1.3 (0.7,2.1)
1.7 (0.9,3.2)

1
0.6 (0.4,1.1)
1.1 (0.5,2.5)
2.0 (0.7,6.1)

1
1.3 (0.6,2.5)
0.7 (0.3,1.4)
211237

1
1.0 (0.4,2.5)
1.4 (0.6,3.4)

|
0.8 (0.3,1.9)
1.2 (0.2,7.8)

*—— 99 (1.4,70.7)

1
0.9 (0.3,3.3)
6.8 (1.5,30.3)
2.1 (0.6,7.5)

80

Adjusted OR (95% CI) P

0.164

0.041

0.010

0.267

0.238

0.008

0.650

0.113

0.067
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Gout patients recruited
(n=666)

‘| Seven patients answered less than eight items of the

guestionnaire

Patients answered 2 eight items
of the questionnaire
(n=659)

Patients eligible for
statistical analysis
(n=655)

Four patients were diagnosed as monogenic gout:
glycogen storage disease type |

maturity onset diabetes of the young 5

autosomal dominant polycystic kidney disease
autosomal dominant tubulointerstitial kidney disease
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Characteristics

Age, years, mean + SD

Onset age, years, mean £+ SD

Gout duration, years, median (IQR)
Count of ever involved joints, median (IQR)
Flare times in the last year, median (IQR)
Family history of gout, n (%)

Tophi, n (%)

sUA, pmol/L, mean + SD

sUA > 600 umol/L, n (%)

SCr, pmol/L, mean + SD

eGFR, ml-min~1-1.73 m~2, mean + SD
CKD, n (%)

Urolithiasis, n (%)

BMI, kg/m?, mean + SD

Obese, n (%)

Overweight, n (%)

Normal BMI, n (%)

Underweight, n (%)

Waist circumstance, cm, mean + SD
Central obesity, n (%)

Dyslipidemia, n (%)
Hypercholesterolemia, n (%)
Hypertriglyceridemia, n (%)

LDL-C hyperlipidemia, n (%)

HDL-C hypolipidemia, n (%)

Metabolic syndrome, n (%)

Fatty liver disease, n (%)

T2DM, n (%)

Hypertension, n (%)

Coronary heart disease, n (%)

Early onset group (n = 387)

339478
28.8 + 6.0
32,7)
3(2,6)
4(2,10)
143 (37.0)
81(20.9)
550.7 + 135.2
156 (40.3)
97.6 +20.7
86.9 + 16.6
18 (4.7)
80(20.7)
26.0 + 3.9
107 (27.6)
161 (41.6)
113 (29.2)
6(1.5)
912+ 105
222 (57.4)
238 (61.5)
83 (21.4)
123 (31.8)
82 (21.2)
97 (25.1)
162 (41.9)
198 (51.2)
26 (6.7)
123(31.8)
1(0.3)

Later-onset group (n = 233)

57.3+9.5
51.8 4+ 9.0
42,8
42,8
42,12)
76 (32.6)
70(30.0)
513.4 £ 129.0
61 (26.2%)
102.3 +27.8
77.7+£323
32 (13.7)
80 (34.3)
246+28
25 (10.7)
108 (46.4)
98 (42.1)
2(0.9)
90.7 + 8.1
125 (53.6)
152 (65.2)
46 (19.7)
62 (26.6)
53 (22.7)
73(31.9)
120 (51.5)
103 (44.2)
40 (17.2)
133 (67.1)
13 (5.6)

<0.001
<0.001
0.070
0.002
0.480
0.298
0.012
0.001
<0.001
0.026
<0.001
<0.001
<0.001
<0.001
<0.001

0.450
0.404
0.391
0.683
0.176
0.688
0.095
0.020
0.098
<0.001
<0.001
<0.001

SUA, serum uric acid; SCr, serum creatinine; eGFR, estimated glomerular filtration rate; CKD, chronic kidney disease; BMI, body mass index; LDL-C, low-density lipoprotein

cholesterol; HDL-C, high-density lipoprotein cholesterol; T2DM, type 2 diabetes mellitus. Bold values mean the difference is statistically significant.
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Food intake frequency All male gout patients (n = 620) Early onset group (n = 387) Later-onset group (n = 233) P
Alcohol

0-28 g/day, n (%) 466 (75.2) 312 (80.6) 154 (66.1) <0.001
29-84 g/day, n (%) 71(11.5) 42 (10.9) 29 (12.4)

>84 g/day, n (%) 83(13.4) 33 (8.5) 50 (21.5)

Red meat (n = 592)

Less than 100 g/day, n (%) 232 (39.4) 130 (34.8) 102 (47.4) <0.001
101-200 g/day, n (%) 219(37.2) 163 (43.6) 56 (26.0)

>200 g/day, n (%) 138 (23.4) 81 (21.6) 57 (26.6)

Animal offal

Less than 1 time/week, n (%) 424 (68.4) 255 (65.9) 169 (72.5) 0.190
1-2 times/week, n (%) 128 (20.6) 83 (21.4) 45 (19.3)

3-4 times/week, n (%) 42 (6.8) 32 (8.3 10 (4.3)

>4 times/week, n (%) 26 (4.2) 17 (4.4) 9(3.9)

Seafood

Less than 1 time/week, n (%) 429 (69.2) 262 (67.7) 167 (71.7) 0.218
1-2 times/week, n (%) 108 (17.4) 76 (19.6) 32 (13.7)

3-4 times/week, n (%) 44 (7.1) 24 (6.2) 20 (8.6)

>4 times/week, n (%) 39 (6.3) 25 (6.5) 14 (6.0)

Hotpot

Less than 1 time/week, n (%) 546 (88.1) 341 (88.1) 205 (88.0) 0.993
1-2 times/week, n (%) 56 (9.0) 35 (9.0) 21 (9.0)

34 times/week, n (%) 11(1.8) 7(1.8 4(1.7)

>4 times/week, n (%) 7(1.1) 4(1.0) 3(1.3)

Slow-cooking soup

Less than 1 time/week, n (%) 268 (43.2) 158 (40.8) 110 (47.2) 0.261
1-2 times/week, n (%) 196 (31.6) 126 (32.6) 70 (30.0)

3-4 times/week, n (%) 93 (15.0) 65 (16.8) 28 (12.0)

>4 times/week, n (%) 63 (10.2) 38 (9.8) 25 (10.7)

Sugar-sweeten beverages

Less than 1 time/week, n (%) 339 (64.7) 155 (40.1) 184 (79.0) <0.001
1-2 times/week, n (%) 83(13.4) 62 (16.0) 21 (9.0)

3-4 times/week, n (%) 72 (11.6) 62 (16.0) 10 (4.3)

>4 times/week, n (%) 126 (20.3) 108 (27.9) 18(7.7)

Tea

Less than 1 time/week, n (%) 259 (41.8) 183 (47.3) 76 (32.6) <0.001
1-2 times/week, n (%) 64 (10.3) 42 (10.9) 22 (9.4)

34 times/week, n (%) 37 (6.0) 24 (6.2) 13(5.6)

>4 times/week, n (%) 260 (41.9) 138 (35.7) 122 (52.4)

Coffee

Less than 1 time/week, n (%) 562 (90.6) 346 (89.1) 217 (93.1) 0.346
1-2 times/week, n (%) 34 (5.5) 26 (6.7) 8(3.4)

34 times/week, n (%) 7(1.1) 5(1.3) 2(0.9

>4 times/week, n (%) 17 (2.7) 11 (2.8 6 (2.6)

Milk and milk product (n = 595)

Less than 1 time/week, n (%) 360 (60.8) 217 (57.9) 143 (65.9) 0.004
1-2 times/week, n (%) 143 (24.2) 107 (28.5) 36 (16.6)

3-4 times/week, n (%) 40 (6.8) 26 (6.9) 14 (6.5)

>4 times/week, n (%) 49 (8.3) 25 (6.7) 24 (11.1)

Time/w: the frequency of dietary intake per week. Bold values mean the difference is statistically significant.
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All male gout patients =
Redmeat =

0-100g/d (reference) =
101-200g/d =

>200g/d =

Sugar-sweeten beverages =
<1 time/w (reference) =
1-2 times/w =

3-4 times/w =

>4 times/w =

Early-onset gout patients =
Redmeat =

0-100g/d (reference) =
101-200g/d =

>200g/d =

Sugar-sweeten beverages =
<1 time/w (reference) =
1-2 times/w =

3-4 times/w =

>4 times/w =

Later-onset gout patients =
Redmeat =

0-100g/d (reference) =
101-200g/d =

>200g/d =

Sugar-sweeten beverages =
<] time/w (reference) =

1-2 times/w ={!

3-4 times/w =
>4 times/w =

BT T

O

Adjusted OR (95% CI) P

0O 2 4

1
1.0 (0.6.1.7)
2.0(1.13.3)

1
2.1 (1.1,4.0)
1.8 (1.0.3.5)
221237

1
1.0 (0.6,1.8)
2.0 (1.03.7)

1
2.4 (1.2.4.9)
2.0 (1.0.4.2)
2.5(1.3.4.7)

1
0.9 (0.2.3.5)
2.7 (0.9.8.0)

1
1.3 (0.2,6.7)
1.1 (0.1,9.6)
1.2 (0.3.5.7)

0.023

0.023

0.073

0.020

0.122

0.986
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Characteristics

Age, years, mean + SD

Onset age, years, mean £+ SD

Gout duration, years, median (IQR)
Count of ever involved joints, median (IQR)
Flare times in the last year, median (IQR)
Family history of gout, n (%)

Tophi, n (%)

sUA, pmol/L, mean + SD

sUA > 600 pmol/L

SCr, pmol/L, mean + SD

eGFR, ml-min~1-1.73 m~2, mean + SD
CKD, n (%)

Urolithiasis, n (%)

BMI, kg/m?, mean + SD

Obese, n (%)

Overweight, n (%)

Normal BMI, n (%)

Underweight, n (%)

Waist circumstance, cm, mean + SD
Central obesity, n (%)

Dyslipidemia, n (%)
Hypercholesterolemia, n (%)
Hypertriglyceridemia, n (%)

LDL-C hyperlipidemia, n (%)

HDL-C hypolipidemia, n (%)

Metabolic syndrome, n (%)

Fatty liver disease, n (%)

T2DM, n (%)

Hypertension, n (%)

Coronary heart disease, n (%)

All patients (n = 655)

438+ 1438
38.6 + 14.0
42,7
42,7
4(2,10)
235 (35.9)
161 (24.6)
537.1 + 133.7
231 (35.3)
99.1 + 239
82.6 +£24.4
65(9.9)
167 (25.5)
25.4 + 3.6
141 (21.5)
283 (43.2)
221 (33. 7)
0(1.5
90.9 + 9.7
370 (56.5)
413 (63.12)
143 (21.8)
197 (30.1)
148 (22.6)
179 (27.3)
302 (46.1)
316 (48.2)
80(12.2)
278 (42.4)
19 (2.9)

Male patients (n = 620)

42.7 £ 142
375+133
42,7
42,6
4(2,10)
219 (35.3)
151 (24.4)
536.7 + 134.0
214 (35.0)
99.3 +23.7
83.4 +24.1
50 (8.1)
160 (25.8)
255+ 3.6
132 (21.9)
269 (43.4)
211 (34.0)
8(1.3)
91.0+ 9.6

347 (56.0)

390 (62.9)

129 (20.8)
185 (29.8)
135 (21.8)
170 (27.4)
282 (45.5)
301 (48.5)
66 (10.6)
256 (41.3)
14 (2.32)

Female patients (n = 35)

63.2 £ 124
58.5 + 12.1
3(1,7)
42,8
6 (2, 24)

16 (45.7)
10 (28.6)
544.3 +129.9
14 (40.0)
94.7 £27.9
68.2 +25.0
15 (42.9)

7 (20.0)
253 + 4.0
9 (25.7)

14 (40.0)
10 (28.6)
2(5.7)
89.0 +10.2
3(65.7)

3(65.7)

4 (40.0)
2(34.3)
3(37.1)

9 (25.7)
20 (57.1
15 (42.9
14 (40.0
22 (62.9
5(14.3)

)
)
)
)

P

<0.001
<0.001
0.516
0.413
0.212
0.277
0.687
0.745
0.687
0.341
<0.001
<0.001
0.652
0.782
0.171

0.241
0.296
0.858
0.011
0.705
0.040
0.850
0.220
0.603
<0.001
0.012
<0.001

Bold values mean the difference is statistically significant.
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20,146 participants from NHANES 2013-2016

> 8,041 Excluded for aged <20y

Participants aged 20 to 85 y
(n=12,105)

2,309 Excluded for Missing data on OA status
information

v

Participants with data on OA status information
(n=9,796)

1,882 Excluded because dietary recall and other
covariates data were unavailable

\4

Participants with complete data on diet and covariates
(n=7,914)

189 Excluded because total energy intake < 500
kcal/day or > 5000 kcal/day

\4

Participants with complete data in final analysis
(n=7,725)
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Item

Fruits, servings

Q1

Q2

Q3

Q4

P trend

Crude

1 (Reference)

0.77 (0.22-2.73)

0.21 (0.06-0.68)

0.60 (0.17-2.09)

0.42

Model 1

1 (Reference)

0.89 (0.24-3.28)

0.21 (0.06-0.7)

0.63 (0.17-2.29)

0.48

Model 2

1 (Reference)

0.85 (0.23-3.22)

0.18 (0.05-0.64)

0.64 (0.17-2.39)

Model 3

1 (Reference)

0.68 (0.15-3.14)

0.16 (0.04-0.72)

0.80 (0.17-3.75)

Vegetable, servings

Crude

1 (Reference)

0.88 (0.29-2.70)

4.12 (0.98-17.38)

0.50 (0.17-1.51)

Model 1

1 (Reference)

0.86 (0.28-2.65)

0.93 (0.29-2.97)

1.01 (0.27-3.74)

Model 2

1 (Reference)

3.97 (0.93-16.86)

3.93(0.91-17.01)

5.19 (1.08-24.96)

0.21

Model 3

1 (Reference)

0.50 (0.16-1.55)

0.49 (0.16-1.53)

0.57 (0.16-2.11)

0.40

White and red meat ratio

Crude

1 (Reference)

1.18 (0.33-4.18)

0.58 (0.17-2.05)

0.33 (0.01-1.08)

Model 1

1 (Reference)

1.22 (0.34-4.36)

1.19 (0.33-4.32)

2.38 (0.55-10.32)

0.08

Model 2

1 (Reference)

0.59 (0.17-2.08)

0.58 (0.16 - 2.11)

1.46 (0.33-6.59)

0.07

Model 3

1 (Reference)

0.33 (0.10-1.12)

0.31 (0.09-1.08)

0.50 (0.13-1.96)

0.32

Red/processed meat,
servings

Crude

1 (Reference)

2.98 (0.93-9.57)

3.89 (1.21-12.55)

8.75 (2.20-34.81)

0.002

Model 1

1 (Reference)

3.08 (0.95-10.05)

3.86 (1.13-13.23)

3.59 (0.94-13.69)

0.003

Model 2

1 (Reference)

4.10 (1.19-14.1)

4.87 (1.34-17.71)

4.06 (0.97-16.97)

0.001

Model 3

1 (Reference)

8.83 (2.13-36.61)

11.54 (2.68-49.77)

11.43 (2.30-56.85)

0.003

Nut and soybeans, servings

Crude

1 (Reference)

2.00 (0.47-8.59)

0.57 (0.21-1.58)

0.83 (0.28-2.50)

0.75

Model 1

1 (Reference)

2.30 (0.51-10.34)

2.10 (0.46-9.58)

2.86 (0.56-14.74)

0.84

Model 2

1 (Reference)

0.53 (0.19-1.52)

0.52(0.18-1.49)

0.47 (0.14-1.56)

0.77

Model 3

1 (Reference)

0.89 (0.28-2.79)

0.84 (0.26-2.69)

0.79 (0.21-2.90)

0.72

Value expressed as OR (95% CI) by using logistic regression. Model 1 was adjusted for age and sex. Model 2 was adjusted for age, sex, calorie intake, and CCL Model 3 was adjusted for
age, sex, calorie intake, CCI, BMI, GNRI, handgrip, transplant time, and dialysis time.
Q, quartile; CCI, Charlson comorbidity index; BMI, body mass index; GNRI, geriatric nutrition risk index.
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Item Q1 Q2 Q3 Q4 P trend
AHEI

Crude 1 (veference) 0.23 (0.06-0.87) 0.49 (0.13-1.95) 0.12 (0.03-0.46) 0.002
Model 1 1 (veference) .19 (0.05-0.77) 0.38 (0.09-1.62) 0.09 (0.02-0.40) 0.001
Model 2 1 (veference) 0.19 (0.05-0.79) 0.34 (0.08-1.48) 0.09 (0.02-0.39) 0.001
Model 3 1 (veference) 0.15 (0.03-0.79) 0.38 (0.08-1.87) 0.09 (0.02-0.46) 0.003
AHEI-Taiwan

Crude 1 (veference) 0.52 (0.13-2.05) 0.26 (0.07-0.98) 0.13 (0.03-0.48) 0.003
Model 1 1 (veference) 0.50 (0.12-2.04) .22 (0.05-0.89) .11 (0.03-0.45) 0.002
Model 2 1 (veference) 44 (0.10-1.80) 0.20 (0.05 - 0.82) 0.10 (0.03-0.43) 0.002
Model 3 1 (veference) 0.43 (0.09-2.11) 0.26 (0.06-1.23) 0.12 (0.03-0.59) 0.009
AHEI-2010

Crude 1 (veference) 0.51 (0.14-1.83) 0.42 (0.12-1.51) 0.18 (0.05-0.61) 0.006
Model 1 1 (veference) 0.50 (0.13-2.00) 0.37 (0.10-1.44) 0.15 (0.04-0.59) 0.006
Model 2 1 (veference) 0.54 (0.13-2.16) 32(0.08-1.29) 0.15 (0.04-0.57) 0.006
Model 3 1 (veference) 0.42 (0.09-2.09) 0.33 (0.07-1.52) 0.17 (0.04-0.73) 0.02

!Value expressed as OR (95% CI) by using logistic regression, Model 1 was adjusted for age and sex. Model 2 was adjusted for age, sex, calorie intake, and CCL Model 3 was adjusted for
age, sex, calorie intake, CCI, BMI, GNRI, handgrip, transplant time, and dialysis time.
Q, quartile; AHEIL, Alternative Healthy Eating Index; CCI, Charlson comorbidity index; BMI, body mass index; GNRI, geriatric nutrition risk index.
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Ql: 37.6-55.7 Q4:68.3-98.8

Score Score
Trans fat,%* 10.0 £ 0.0 10.0 £ 0.0
n3-PUFA, mg® 824125 9.5+ 15
PUFA,%" 92422 9.9402
Fruit, servings® 1.1+ 16 49 +25%
Vegetable, ser\n’ngs‘jl 4.0+ 1.7 6.3 £3.1%
Wholegrain, 0.6+ 1.4 4.9+ 4.2%
servings®
Red meat, selrvingsf 0.£0.0 24431%
Nut and soybean, 40+ 45 9.1+ 24"
servings®
Alcohol, equiva\.lent11 0.0+ 0.0 03+14
Na, mg' 37435 79+2.1%
Sugar, g 9.1£07 9.7 £ 0.4
AHEI-2010% 50.0 = 4.5 74.9 + 6.9%

Value expressed as mean =+ SD. *p < 0.01, Tp < 0.001, and ¥p < 0.0001 by using
Student’ ¢-test or Wilcoxon rank-sum test.

Q, quartile; AHEI, Alternative Healthy Eating Index; PSR, polyunsaturated-to-saturated
fatty acid ratio; SD, standard deviation; PUFA, polyunsaturated fatty acid.

#Trans-fat consumption was assigned 0-10 points for >4% and <0.5%/day.

PSR consumption was assigned 0-10 points for a ratio of <0.1 to >1.

Fruit consumption was assigned 0-10 points for 0-4 servings/day.

4Vegetable consumption was assigned 0-10 points for 0-5 servings/day.

¢Wholegrain consumption was assigned 0-10 points for 0-90 g/day in men and
0-75 g/day in women.

fRed meat consumption was assigned 0-10 points for 1.5 and 0 servings/day.

&Nut and soybean consumption was assigned 0-10 points for 0-1 servings/day.

b Alcohol consumption was assigned 0-10 points for 0 or >3.5 equivalent and 0.5-3.5
equivalent in men and 0 or >2.5 equivalent and 0.5-2.5 equivalent in women.

iSodium intake was defined as decile (0-10 points indicated the highest
and lowest decile).

JSugar intake was assigned 0-10 points for >1 (240 g) and 0 servings/day.

kTotal score was 0-110 in both the indices.
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AHEI scores AHEI-Taiwan scores

Q1: 26.4-37.0 Q4:49.3-63.2 Q1: 26.7-37.7 Q4:51.3-68.2

Trans fat,% or g* 10.0 0.0 10.0 0.0 10.0 £0.0 10.0 £ 0.0
PSR® 9.1+ 1.7 99403 9.0+ 18 99403

Fruit, servings® L1£16 47+27% 1.6+3.0 7.9 +2.4%
Vegetable, servingsd 4217 6.4£2.9% 6.0£2.1 8.9+ 1.7+
Wholegrain, g or %¢ 0.8+27 8.4+ 3.6% 0.5+ 1.1 52+ 5.1%
White and red meat, servings’ 20+ 17 48 +£36* 1L7+16 4.9 +35"
Nut and soybean, servings8 33+4.2 9.1+ 2.4% 2.5+3.5 7.8 &+ 3.4F
Vitamin used, >5 yearsh 2.5+0.0 2.5+0.0 25+0.0 2.54+0.0

Alcohol, equiva.lc—:nti 0.0 £ 0.0 0.0 £0.0 0.0+ 0.0 0.0+ 0.0

Total scorel 329+28 55.8 + 4.2 33.9+238 57.1 4 4.8%

Value expressed as mean = SD. *p < 0.01, Tp < 0.001, and tp < 0.0001 by using Student’s ¢-test or Wilcoxon rank-sum test.

Q, quartile; AHEIL, Alternative Health Eating Index; PSR, polyunsaturated-to-saturated fatty acid ratio; SD, standard deviation.

*Trans-fat consumption was calculated in percentage for the AHEI (10 points for <0.5% and 0 points for >4%) and in grams for the AHEI-Taiwan (10 points for <1 g and 0
points for >8 g).

PSR consumption was assigned 0-10 points for a ratio <0.1 to >1 in both the indices.

€Fruit consumption was defined as follows: AHEI (0-10 points for 0-4 servings/day) and AHEI-Taiwan (0-10 points for 0-2 servings/day).

4Vegetable consumption was defined as follows: AHEI (0-10 points for 0-5 servings/day) and AHEI-Taiwan (0-10 points for 0-3 servings/day).

¢Wholegrain consumption was calculated in grams for the AHEI (0-10 points for 0-15 g/day) and percentage for the AHEI-Taiwan (10 points for >50% of wholegrain intake).
fWhite-to-red meat ratio was assigned 0-10 points for 0-4 servings/day in both indices.

&Nut and soybean consumption was assigned 0-10 points for 0-1 servings/day in both the indices.

hVitamin consumption was assigned 2.5-7.5 points for <5 years to >5 years in both the indices.

! Alcohol consumption was defined as 010 points for 0 or >3.5 equivalent and 0.5-2.5 equivalent in men and 0 or >2.5 equivalent and 0.5-1.5 equivalent in women.

JThe total score was 2.5-87.5 in both the indices.
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All AHEI AHEI-Taiwan AHEI-2010
Q1:26.4-37.0 Q4:49.3-63.2 Q1: 26.7-37.7 Q4:51.3-68.2 Q1: 37.6-55.7 Q4: 68.3-98.8
Mean, SD or n,% Mean, SD or n,% Mean, SD or n,% Mean, SD or n,% Mean, SD or n,% Mean, SD orn,% Mean, SD or n,%
Number, n 102 26 25 25 25 26 26
Age, year 489 +12.8 40.8+11.5 53.1+ 14.3% 4214107 51.7 & 14.6* 41.0 +104 52.8 + 13.7%
Male, n (%) 59 (57.8) 17 (65.4) 12 (48.0) 18 (72.0) 14 (56.0) 20 (76.9) 14 (53.8)*
Cadaveric, n (%) 83 (81.3) 20 (76.9) 23 (92.0) 19 (76.0) 24 (96.0) 19 (73.1) 22 (84.6)
RT, year 85458 6.7+42 62+42 6.8+47 58436 71+44 10.4 4 5.5%
DT, year 6.6+49 0.8+0.4 09403 07405 09403 6.6+3.7 55439
WC, cm 831497 82.8 +10.4 81.5+7.9 84.5+ 109 83480 86.8 £ 10.6 83.1+8.8
BH, cm 162 + 8.6 165.5+ 8.6 158.7 + 7.6t 166.7 + 8.4 159.1 +8.17 166.4 + 9.0 160.0 + 8.6*
BW, kg 63.1+13 64.7 £ 15.1 60.3+£92 67.2+15.7 613497 69.5+14.7 642+ 122
BMI, kg/m? 239437 23.5+45 239429 241447 24.143.0 249440 249433
FPG, mg/dL 127.6 +24.2 121.3417.9 129.9 4 229 126.5 4 23.7 1327 + 24 126.8 +28.8 132 +24.2
HOMA 23445 1.7+13 21417 37489 22417 21416 38485
TC, mg/dL 205.8 + 43.9 221.2+40.8 196.7 & 42.0* 217.5 + 382 195.6 + 41.4% 213.5 4 38.5 203.6 + 45.2
LDL-C, mg/dL 119.8 + 36.6 135.2 4 34.3 111.3 4 38.7* 134.0 + 329 108.8 + 38.6* 130.3 £33.6 116.4 + 36
HDL-C, mg/dL 52+17.9 55+16.8 52.7415.2 51.2+ 16.1 50.4 4 16.9 5334+ 16.8 488 +16.4
TG, mg/dL 160.2 4 121.6 142 + 89.7 135.3 4 62.8 153.7 + 98 161.4 +112.1 149.5 +95.7 164.7 4 86.2
Alb, g/dL 43403 44403 43403 44403 43403 44403 42403t
Cr, mg/dL 15+09 L7+1.0 114044 L7+10 1.2 +047 1.8+14 13+0.7
eGFR, 54.9 +20.9 48.7+15.9 64.9+19.3" 485+ 148 64.6 +19.7 50.9 4 18.4 61.4 +23.6*
ml/min/1.73 m?
Hs-CRP, mg/dL 514114 41439 43455 3.6+ 40 40455 49457 43454

!Value expressed as mean = SD and percentages as appropriate. *p < 0.05, Tp <0.01, and tp < 0.001 by using Student’s ¢-test or Wilcoxon rank-sum test.

Q, quartile; AHEI, Alternative Health Eating Index; SD, standard deviation; RT, renal transplant time; DT, dialysis time; WC, waist circumference; BH, body height; BW, body weight; BMI, body mass index;
FPG, fasting plasma glucose; HOMA, homeostasis model assessment-insulin resistance index; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol;
TG, triglyceride; eGFR, estimated glomerular filtration rate; Hs-CRP, high-sensitivity C-reactive protein.
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Weight (Kg); Mean & SD
Height (cm); Mean & SD
Body mass index (BMI); Mean & SD

Weight for age (Percentile)

<lst
3rd

>5th

>15th

>75th

Height for age (Percentile)
<lst

3rd

>5th

>15th

Short stature

Yes

No

17.29£9.18
1035+ 23.04
1543£435

Frequency (1)

43
33
2
12
1

80
13
1

89
2

Percent (%)

381
292
212
106
0.9

708
115
97

787
213
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Parameters Frequency (1) Percent (%) Mean % S.D

Immunoglobulin A ({TG-IgA) 14246
Positive 113 100

Hemoglobin 95414

Normal >11 mg/dL 0 354

Moderate anemia 8-10 mg/dL 56 49.5

Severe anemia <8 mg/dL 17 15.1

Hematocrit (HCT)

Normal >32-37% 3 30.1

Low <32-37% 79 699

Albumin 294£099
Normal >3.3-3.8 g/dL 76 672

Low 37 3238

Serum glutamic pyruvic transaminase (SGPT) 28364
Normal 69 61.1

Low 4 35

High 0 354

Serum glutamic-oxaloacetic transaminase (SGOT) 352449
Normal 7 637

Low 2 18

High 39 345
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Gastrointestinal Mild Moderate Severe Absent
Complaints

Abdominal pain Frequency (n) 18 50 u 17
Percent (%) 165 459 2 156
Heartburn Frequency (n) 29 39 6 35
Percent (%) 266 358 55 321
Regurgitation Frequency (n) 26 36 4 43
Percent (%) 239 33 37 394
Nausea Frequency (n) 8 a1 10 49
Percent (%) 73 37.6 92 459
Borborygmus. Frequency (n) 12 26 2 69
Percent (%) 11 239 18 633
Eructation Frequency (1) 9 u 3 73
Percent (%) 83 2 28 67
Flatus Frequency (n) 10 27 14 58
Percent (%) 92 248 128 532
Diarrhea Frequency (n) 7 9 2 2
Percent (%) 64 45 29 257
Loose Stool Frequency (n) 6 52 2 29
Percent (%) 55 477 202 266
Hard Stool Frequency (n) 1 0 0 108
Percent (%) 09 0 0 9.1
Urgency Frequency (n) 2 5 0 102
Percent (%) 18 46 0 936
Incomplete Evacuation Frequency (1) 3 6 2 9
Percent (%) 28 55 18 89.9
Steatorrhea Frequency (n) 7 39 13 50
Percent (%) 64 358 19 459
Fever Frequency (n) 0 73 36 0
Percent (%) 0 67 33 0
Cough Frequency (n) 0 34 75 0
Percent (%) 0 312 688 0
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Family History

Positive
Negative
Endoscopic findings
Not done

Marsh 1

Marsh 2

Marsh 3

Frequency (1)

29
84

20

40

Percent (%)

257
743

45.1
17.7
18
354





OPS/images/fnut-09-944449/crossmark.jpg
(®) Check for updates





OPS/images/fnut-09-944449/fnut-09-944449-g001.gif





OPS/images/fnut-09-944449/fnut-09-944449-g002.gif
Duration of Diagnosis
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16% 1%






OPS/images/fnut-09-944449/fnut-09-944449-t001.jpg
Gender Frequency (1) Percent (%)

Male 47 41.6
Female 66 584
Age (Years)

25 49 3
69 36 318
1015 2 2
>15 2 18
Age (Vears); Mean  SD 7274368
Residence

Own house 83 734
Rental 30 266
Father’s occupation

Laborer 44 39
Farmer 17 15
Gout. job 13 15
Private job 39 345
Family’s income/month (PKR:USD)

<20,000 PKR/<100USD 46 0.8
20,000-50,000PKR/100-250 USD. 48 124
>50,000PKR/>250-USD 19 168
Socioeconomic Status

Lower class 85 75.2

Middle class 28 248





OPS/images/fnut-09-982369/fnut-09-982369-t003.jpg
Cases (1)

arMED score (adjusted for alcohol)
Low (0-5)

Medium (6-9)

High (10-16)

Ptrend

Continuous (per unit)

FMED score (not adjusted for alcohol)
Low (0-6)

Medium (7-10)

High (11-18)

P-trend

Continuous (per unit)

Cox models were stratified by
alcohol (g/day, continuous, when apy

contracepti

108,791
207,470
133,803

450,064

121,208

201,933

126,923

450,064

ied), education level,
nd history of infertility probl

Overall differentiated TC

712

100 (ref)
113 (0.88-1.45)
0.94(0.70-1.25)

027
0.98 (0.95-1.02)

1.00 (ref)
1.05 (0.84-1.32)
0.8 (0.68-1.14)

017
0.98 (0.95-1.01)

Papillary TC

573

1.00 (ref)
1.14(0.85-1.52)
0.96 (0.70-1.33)

038
0.99 (0.95-1.03)

1.00 (ref)
1.10 (0.85-1.42)
0.87(0.65-1.17)

0.14
0.98 (0.94-1.01)

Follicular TC

108

1.00 (ref)
1.26 (0.70-2.27)
0.99 (0.48-2.03)

083
0.99 (091-108)

1.00 (ref)
0.88 (0.51-1.51)
0.97 (0.51-1.84)

0.97
0.98 (0.91-1.07)

2, continuous), smol
tus and type, ever us

p for heterogeneity

082

058

ing status,
of oral
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rMED components Median (33-67th percentiles) 0 pointatrMED 1 pointatrMED 2 pointsatrMED  P-trend
(g/day per 2,000 kcal)

Vegetables 167.7 (125.9-221.1) 1.00 (ref) 099 (0.81-1.21) 089 (0.71-1.11) 026
Fruits 193.1(135.3-265.0) 1.00 (ref) 1.08 (0.88-1.32) 107 (0.86-1.31 0.60
Legumes 48(0.8-113) 1.00 (ref) 1.01 (0.82-1.26) 094 (0.74-1.19) 057
Cereals 170.4 (138.8-204.3) 1.00 (ref) 0.98 (0.81-1.18) 092 (0.75-1.12) 039
Olive oil 0.0(0.0-0.8) 1.00 (ref) 1.08 (0.85-139) 119 (0.94-1.50) 0.14
Fish 17.9 (10.2-27.7) 1.00 (ref) 1.10 (0.89-1.36) 120 (0.95-1.51) 013
Meat 94.1 (74.5-114.5) 1.00 (ref) 095 (0.79-1.13) 081 (0.67-0.99) 0.04
Dairy 286.0(205.9-386.0) 1.00 (ref) 093 (0.77-1.12) 086 (0.71-1.05) 0.15
Alcohol (categorical) 5.6(2.1-10.9) 1.00 (ref) 0.88 (0.75-1.03)

TME]

 relative Mediterranean diet score. Each component was calculated as a function of energy density (¢/2,000 keal per day) and then divided into tertiles of intakes (except for oliv
nd alcohol). In the rMED score, for five of the six components that positively reflect Mediterranean diet: fruits (including nuts and seeds), vegetables (excluding potatoes), legumes
fish (including seafood), and cereals, points of 0-1-2 were assigned to the intake tertiles. For olive oil, 0 was assigned to non-consumers, 1 for subjects below the median intake and 2 for
subjects equal or above this median. For meat and dairy products, which negatively reflect Mediterranean di igned to the first, second and third intake tertiles,
respectively. Alcohol was scored dichotomously assigning 2 points for moderate consumption (sex-specific cut off points: 5-25 g per day for women and 10-50g per day for men) and
0 points for intakes outside this range. Cox models were stratified by sex, age at recruitment, study center, and adjusted for total energy intake (kcal/day, continuous), body mass index
(kg/m?, continuous), smoking status, alcohol (except for the alcohol model), education level, physical activity. In addit
ind history of infertility problems

-0 points were as

n, in women they were further adjusted for menopausal status and

type, ever use of oral contraceptiv
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EDII

T1 T2 T3
89 90 89
EDII score (-132,4.23) (4.24,6.82) (683,27.0)
Age (year) 354£134 353£127 3904199
Blood pressure (mmHg) Systolic 109 £ 16.6 1094221 114 £ 180
Diastolic 68.610.7% 7004 11.2¢ 73.0 4 9.69°
WC (em) 861113 883+ 118 943 £1320
Weight (Kg) 6824147 7L1415.0° 7884167
BMI (kg/m?) 24.5£4.09° 254 £449° 2694 5.14¢
FEM (kg) 7.7 £126* 48.3 £ 12.09° 544123
FM (kg) 205845 223£887 244%105
Sex, n (%) Male 29 (24.8%)° 33(28.2%)° 55 (47.0%)"
Female 60 (39.7%)" 57 (37.7%)" 34 (22.5%)"
Smoking, n (%) Yes 6(30%) 5(25%) 9 (45%)
No 79 (34.1%) 82(35.3%) 71(30.6%)
Quit 4(28.6%) 107.1%) 9(64.3%)
CVD, n (%) Yes 1(16.7%) 1(16.7%) 4(66.7%)
No 88 (33.7%) 89 (34.1%) 84(322%)
Respiratory disease, n (%) Yes 0(0.0%) 0(0.0%) 3(100%)
No 89 (33.6%) 90 (34%) 86 (32.5%)
Physical activity, n (%) Low 31 (304%) 42(412%) 29(28.4%)
Moderate 38 (34.2%) 33 (20.7%) 40 (36%)
High 20 (36.4%) 15 (27.3%) 20 (36.4%)

prvalue < 005 was considered significant.

ignificant p-value are showed with*.
Values are based on mean  standard deviation or reported percentage.

One-way Anova for quantitative data and Chi-2 test for qualitative data have been used.
Puyena derived from polynomial regression test.

EDIL empirically dietary inflammatory index; WC, Wais
‘mmHg, millimeter of mercury; cm, cents
Subjects in the first tertile of EDII had EDII score bet

st circumference; BMI, body ma
eter; kg, kilogram; m, meter.
n (—123,4.23)

, fat free mass; EM, fat mass; CVD, cardiovascular disease; WHR, waist to hip ratio;

ond tertil

between (4.24, 6.82); third tertile: between (6.83, 27.0).
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Range
Subjects, n

Refined grains, g/d
Whole-grains, g/d
Legumes, g/d

Red or processed meat, g/d
Vegetables, g/d
Poultry, g/d

Organ meat, g/d
Vegetable Oils, g/d
Soft drinks, g/d

Stweets and dessert, g/d
Salt, g/d

Mayonnaise, g/d
Teaand coffee, g/d
Salty snacks, g/d
High-fat dairy, g/d
French-fries, g/d
Potato, g/d

Low-fat dairy, g/d
Fruits and juices, g/d
Nuts, g/d

Fish, g/d

Egg g/d

Pickles, g/d
Hydrogenated fats, g/d
Olive and olive oil, g/d

All values were adjusted for energy intake using analysis of covariance.
Values are based on mean i standard devis
was considered significant.
re showed with*.

p-valueless than 0.
cant p-value

T1

(—1.32,4.23)
9
2554 115
511503
2534252
3274218
288+ 165
5044857
2814471
624708
285+ 38.5%
487356
5,69+ 5.50
2124317
378 4 265
698938
5444585
4465386
190179
472+ 4200
339213
110107
1884212°
297 £ 41.6*
694£7.73
108133
448499

n.

T2

(4.24,6.82)
90

344 £ 160°
9554106
255£292
363£350
21£179
507 £557
214£347
7.05 £5.96
39.5£57.4%
593£400
714 £605
217 £3.05
633£311°
820£118
756£792
5.69£633
2L0£17.9
317 4208
280 £ 166
1164147
1184 104"
268£311%
8.83£10.7
138£17.0
450£7.01

pirically dietary inflammatory index; CRE, cardiorespiratory fitn

T3

(6.83,27.0)
89
51143100
108 £ 116
5824738
5904488
492 350
8584165
537+ 139
7.6847.13
SLIE 111
7854476
7434594
5004977
1077 £ 618
114+ 140
1724235
8714102
2594192
351 258
3134196
140161
1744 186°
4204527
19.1:£26.0
1974235
610762
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No. of patients with in- patients without in- P value for

1 0
upedp patients hospital mortality hospital mortality ReG oSNy interaction
Overall 4411 187 4224
Age 0.776
<65 1318 2201.7) 1296(98.3) | P | 2.550(1.177-5.526)
265 3093 165(5.3 2928(94.7 1.838(1.355-2.494
(5.3) (94.7) —o—| ( )
Sex 0.646
Male 2238 83(3.6) 2205(96.4) —— 1.964(1.258-3.067)
Female 2123 104(4.9) 2019(95.1) —eo— 1.978(1.369-2.859)
B <0.001
<50 2681 154(5.7) 2527(94.3) 2.131(1.540-2.950)
250 1730 33(1.9) 1697(98.1) H ® ' 1.753(0.944-3.255)
CAD | 0.055
Yes 3133 147(4.7) 2986(95.3) : PY | 1.590(1.160-2.181)
No 1278 40(3.1) 1238(96.9) 2.948(1.527-5.694)
T2DM
Yes 1414 70(5.0) 1344(95.0) e 1.677(1.145-2.455) 0.283
No 2997 117(3.9) 2880(96.1) p—— 2.247(1.478-3.414)

01 2 3 4 5 6

OR for primary end-point
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Variable Overall Patients with in-hospital Patients without in-hospital P-value

(n=4,411) mortality (n = 187) mortality (n = 4,224)
Age (years) 70.6 + 12.6 77.1 +10.4 70.3 £ 12.6 <0.001
Men [1 (%)] 2,927 (48.4) 83 (44.4) 2,205 (52.2) 0.036
NYHA grading [n (%)] <0.001
11 897 (20.3) 6(3.2) 891 (21.1)
111 1,712 (38.8) 40 (21.4) 1,672 (39.6)
v 1,802 (40.9) 141 (75.4) 1,661 (39.3)
Heart rate on admission, bpm 88.24+224 89.1 +21.1 88.1+22.5 0.552
SBP on admission, mmHg 137.3+23.4 13254272 137.54+23.2 0.004
GWTG-HF score 57.2+88 6313475 57.9+8.7 <0.001
TyG index 8.58 +0.68 8.69 +0.74 8.57 £ 0.68 0.024
Triglyceride, mg/dl 111.4 4+ 84.2 109.1 + 75.6 111.6 £ 84.5 0.701
FPG, mg/dl 118.2 +44.0 138.3 + 66.8 117.3 +44.7 <0.001
Albumin, g/L 37.1+£43 343446 372443 <0.001
TBIL, pmol/L 162+ 11.2 174+ 133 16.2 4+ 11.1 0.145
LDL, mmol/L 2.58 +0.97 2.53 +1.06 2.58+0.96 0.438
BUN, mmol/L 8.7i£5:3 15.5£9.7 85+48 <0.001
Creatinine, mg/dl 1.15+0.87 1.84 +1.29 1.124+0.83 <0.001
eGFR, ml/min/1.73 m? 74.6 + 30.1 494 +29.3 7572 29.7 <0.001
Uric Acid, pmol/L 4441 £ 1445 539.0 £+ 216.7 436.8 + 138.9 <0.001
Hemoglobin, g/L 126.6 4 23.0 112.4 +28.5 127.2 +£22.5 <0.001
HbAlc, % 6.47 + 1.36 6.61 +1.47 6.46 £+ 1.35 0.156
Serum sodium, mmol/L 139.1+ 3.9 1374+ 5.9 139.2 4+ 3.8 <0.001
CTNI, ng/ml 0.04 (0.01, 0.21) 0.19 (0.05, 2.6) 0.04 (0.01, 0.19) <0.001
NT-proBNP, pg/ml 5,036 (1,592, 5,328) 5,327 (4,978, 11,833) 4,718 (1,494, 5,329) <0.001
LVEE % 49.1 +10.4 479+ 82 49.2+10.5 0.105
Comorbidities, n (%)
CAD 3,133 (71.0) 147 (78.6) 2,986 (70.7) 0.020
Hypertension 2,778 (63.0) 109 (58.3) 2,669 (63.2) 0.175
AF 1,375 (31.2) 43 (23.0) 1,332 (31.5) 0.014
T2DM 1,414 (32.1) 70 (37.4) 1,344 (31.8) 0.107
COPD 1,051 (23.8) 37(19.8) 1,014 (24.0) 0.185
Smoking, 1 (%) 1,222 (27.7) 35(18.7) 1,187 (28.1) 0.005
Medications, n (%)
ACE-I/ARB/ARNI 3,581 (81.2) 113 (60.4) 3,468 (82.1) <0.001
Beta blockers 3,592 (81.4) 159 (85.0) 3,433 (81.3) 0.196
Diuretic 3,724 (84.4) 141 (75.4) 3,583 (84.8) 0.001
Aldosterone antagonists 1,284 (29.1) 41 (21.9) 1,243 (29.4) 0.027

ACE]I angiotensin-converting enzyme inhibitors; AF atrial fibrillation; ARB, angiotensin II receptor blockers; ARNI, angiotensin receptor blocker-neprilysin inhibitors; BUN, blood urea nitrogen;
CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; cTNI, cardiac troponin I; eGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose; GWTG-HE, Get
With the Guidelines-Heart Failure; HbAlc, glycated hemoglobin; LDL, low-density lipoprotein; LVEE, left ventricular ejection fraction; NT-proBNP, N-terminal brain natriuretic peptide; SBP,
systolic blood pressure; T2DM, type 2 diabetes mellitus; TBIL, total bilirubin; TyG, triglyceride glucose.
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Univariate analysis Multivariate analysis

OR 95% CI p OR 95% CI P
GWTG-HE per 1 score increase 1.099 1.078-1.121 <0.001 - - -
TyG as a continuous variable
TyG, per 1 score increase 1.266 1.031-1.554 0.024 1.886 1.421-2.501 <0.001*
TyG as a categories variable
Tertile 1 Reference Reference
Tertile 2 1.054 0.726-1.531 0.781 1.536 1.002-2.354 0.049*
Tertile 3 1.301 0.911-1.860 0.148 2.076 1.284-3.354 0.003*

*Adjusted for age, sex, NYHA grading, heart rate on admission, SBP on admission, albumin, TBIL, LDL, BUN, creatinine, uric acid, hemoglobin, serum sodium, ¢cTNI, NT-proBNP, LVEE, and the
history of CAD, hypertension, AE DM, COPD, smoking, ACEI/ARB/ARNI, beta-blockers, diuretic, aldosterone antagonists.
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AUC (95%CI) z for C-statistic P for C-statistic NRI P for NRI IDI P for IDI

GWTG-HEF score 0.712 (0.698-0.725) - - = = - -
TyG+GWTG-HF vs. GWTG-HF 0.720 (0.706-0.733) 1.195 0.232 0.075 0.005 0.006 <0.001

AUC, area under the curve; GWTG-HE, Get with the Guidelines-Heart Failure score; TyG, triglyceride glucose.
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Exposure

HELQ1
HELQ2
HELQ3
HEI_Q4
P-value for trend

Model 1: adjusted for gender, age, racy
Model 2: Model 1+ adjusted for educa

Model

Unadjusted model

1 (Ref)

0.96 (0.78-1.17); 0678
09 (0.73-1.1);0299
065 (0.53-0.8); <0.001
<0001

on, PIR.

Model 2+smoke, DM, alcohol, and BMI.

Model 1

1 (Ref)

0,89 (0.72-1.1); 0.293
0.78 (0.63-0.96); 0.02
0,53 (0.43-0.66); <0.001
<0001

Model 2

1 (Ref)
099 (0.79-1.24); 0.935
091 (0.72-1.14); 0.414
075 (0.59-095); 0.016
0.045

Model 3

1 (Ref)
0.99 (0.8-1.23); 0.938
0.91 (0.73-1.14); 0399
0,69 (0.55-0.86); 0.001
0036





OPS/images/fnut-09-968073/fnut-09-968073-t003.jpg
HEI-2015 components

Adequacy

Total vegetables
Greens and beans
Total fruit

Whole fruits
Whole grains
Dairy

Total protein foods
Seafood and plant proteins
Fatty acids
Moderation
Sodium

Refined grains
Saturated fats

Added sugars

Model 1: adjusted for gender, age, race.

Unadjusted model

0.93 (0.89-0.97); 0.001
0.95 (0.92-0.98); 0.001
0.96 (0.93-0.99); 0.02
0.96 (0.93-0.99); 0.013
0.98 (096-1); 0.027
0.98 (0.96-1):0.033
0.97 (0.92-1.03); 0.359
0,93 (0.9-0.96); <0.001
0.97 (0.96-0.99); 0.01

1(0.98-1.02),0.782
099 (0.97-1.01); 0.265
101 (099-1.03); 0.328
0.98 (0.96-1.01); 0.137

Model 2: Model 1+ adjusted for education, PIR.

Model 3: Model 2+smoke, DM, alcohol,

nd BMI.

Model 1

0.91(0.86-0.95); <0.001
0.94 (0.91-0.97); 0.001
0.93(0.9-0.96); <0.001
0.94 (0.91-0.97); <0.001
0,96 (0.94-0.98); <0.001
0.98 (0.96-1); 0.102
0.95 (0.89-1); 0.067
092 (0.89-0.95); <0.001
0.97 0.95-0.99); 0.006

101 (098-1.03); 0.614
0.98 (0.96-1); 0.022
101 (099-1.04);0.234
0.96 (0.94-0.98); <0.001

Model 2

0.94(0.9-0.99); 0.016
0.98 (0.95-1.02); 0342
0.92 (0.88-0.95); <0.001
0.93 (0.9-0.97); <0.001
097 (095-1); 0.021
1(097-1.02); 0821
0.93(0.87-0.99); 0.018
0,93 (0.9-0.97); <0.001
0.96 (0.94-0.98); <0.001

1(0.98-1.02); 0852
0.99(0.97-1.02); 0.635
1.01(0.99-1.03); 0.497

0.98 (0.95-1); 0.043

Model 3

0.93 (0.89-0.97); 0.031
0.94(0.91-1.03);
0.96 (0.91-0.99); 0.031
0.98 (0.92-1.02); 0.054

0.96 (0.94-0.98)0.02

1(098-1.03);0733

0.97 (0.91-1.21); 0.144
0.93 (0.90-0.96);
0.96 (0.94-0.98); 0.005

414

.001

0.97 (0.95-1.02); 0.536

0.97 (0.95-1.02); 0.123

121 (0.99-133); 0.213
099 (0.95-1);0.122
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Variables

HEL n (%)
Q1

Age, Mean
D

Sex, n (%)
Female
Male

DM, 7 (%)
DM

No

Race, n (%)
Black

Mexican

Other Race
White
PIR, 1 (%)
High
Low
Medium
Education, n
(%)
College or
above
High school
Less high
school
Smoke, n (%)
Former
Never
Now
Alcohol, n (%)
Former
Heavy
Mild
Moderate
Never
BMI, n (%)
Normal
Obese
Oveneight

Underweight

Total
(n=3,001)

750 (25.0)
750 (25.0)
750 (25.0)
751 (25.0)
5214143

1523 (50.7)
1478 (49.3)

435 (14.6)
2551 (85.4)

570(19.0)
382 (12.7)

667 (22.2)
1382 (46.1)

1071 (35.7)
883 (29.4)
1047 (34.9)

1819 (60.6)

655 (21.8)
527 (17.6)

776 (25.9)
1686 (56.2)
539 (18.0)

511(17.0)
515(17.2)
1115 (37.2)
458 (15.3)
402 (13.4)

756 (25.2)

1188 (39.6)

1028 (343)
29 (1.0)

No
(n=1,715)

402 (23.4)
410 (23.9)
122 (24.6)
181(28)
494%139

985 (57.4)
730 (42.6)

180 (10.6)
1525 (89.4)

259 (15.1)
168 (9.8)

401 (23.4)
887 (51.7)

782 (45.6)
378 (22)
555 (32.4)

1230 (71.7)

297 (17.3)
188 (1)

400 (23.3)
1103 (64.3)
212 (12.4)

235(13.7)
274 (16)
683 (39.8)
294 (17.1)
229 (13.4)

457 (26.6)

653 (38.1)

592 (34.5)
13(08)

Mild
(n=137)

12 (32.4)
7(18.9)
12 (32.4)
6(16.2)
4344126

17(459)
20 (54.1)

6(162)
31(83.8)

9(243)
5(135)

11(29.7)
12 (32.4)

10 (27)
10 (27)
17 (45.9)

21(56.8)

11(29.7)
5(13.5)

5(135)
26(70.3)
6(162)

4(10.8)
9(24.3)
15 (40.5)
4(10.8)
5(135)

9(24.3)
18 (48.6)
10 (27)
0(0)

Moderate
(n=998)

254(25.5)
268 (26.9)
252(253)
224 (22.4)
559+ 144

441 (44.2)
557 (55.8)

211 (212)
782 (78.8)

219(21.9)
168 (16.8)

212(212)
399 (40)

237 (23.7)
386 (38.7)
375 (37.6)

482 (48.3)

267 (26.8)
249 (24.9)

305 (30.6)
463 (46.4)
230 (23)

2102.1)
174 (17.4)
334 (33.5)
127 (12.7)
142 (14.2)

235 (23.5)

413 (41.4)

338 (33.9)
12(12)

Severe
(n=251)

82(327)
65(25.9)
64(25.5)
40 (159)
559119

80 (31.9)
171 (68.1)

38(15.1)
213 (84.9)

83 (33.1)
41(16.3)

43(17.1)
84(33.5)

42(16.7)
109 (43.4)
100 (39.8)

86 (34.3)

80(31.9)
85(33.9)

66 (26.3)
94 (37.5)
91 (36.3)

51(20.3)
58 (23.1)
83 (33.1)
33(13.0)
26 (10.4)

55(21.9)

104 (41.4)

88 (35.1)
4016)

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0348
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No. gout

The prevalence of gout (Weighted%)
No.HUA

The prevalence of HUA (Weighted%)

HUA, Hyperuricemia.

2007-2008
(n=4831)

224
3.9%
1,115

21.60%

2009-2010
(n=5006)

223
3.8%
1,084

21.10%

2011-2012
(n=4150)

173
3.8%
892
20.10%

2013-2014
(n =4620)

186
4.1%
964
19.70%

2015-2016 P-value
(n=4502)

216
3.8% 0.519
928

20.40% 0.116
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Characteristics Adults without Adults with P-value
gout (n, %) gout (n, %)

Sex no. (Weighted%) <0.001
Female 11,369 (51.77) 302 (30.6)

Male 10,698 (48.23) 740 (69.4)

Age group no. (Weighted%) <0.001
20-39 year 7,296 (35.24) 54 (6.39)

40-59 year 7,416 (37.74) 264 (34.17)

60-79 year 5,966 (22.52) 557 (47.3)

80+ year 1,389 (4.51) 167 (12.13)

Race no. (Weighted%) <0.001
Non-Hispanic white 9,615 (68.56) 560 (77.16)

Mexican American 3,528 (8.62) 73 (3.04)
Non-Hispanic black 4,367 (10.34) 265 (11.83)

Other 4,557 (12.48) 144 (7.97)

Education no. (Weighted%) <0.001
<High school 5,417 (16.12) 269 (17.13)

High school/GED 4,997 (22.09) 269 (24.27)

College/AA degree 6,491 (31.86) 296 (32.01)

College or above 5,162 (29.94) 208 (26.6)

Family income no. (Weighted%) <0.001
0~130 FPL 6,496 (19.97) 309 (20.88)

>130~350 FPL 7,550 (33.22) 368 (32.41)

>350 FPL 8,021 (46.82) 365 (46.71)

BMI no. (Weighted%) <0.001
Normal weight 5,861 (27.78) 143 (11.59)
Underweight 330 (1.47) 6 (0.35)

Overweight 7,352 (33.63) 307 (30.87)

Obese 8,524 (37.11) 586 (57.19)

Drink level no. (Weighted%) <0.001
None 7,133 (26.02) 407 (34.53)

Light 6,786 (30.65) 268 (25.86)

Moderate 7,548 (40.63) 337 (36.39)

Heavy 600 (2.69) 30 (3.22)

Smoke status no. (Weighted%) <0.001
Never smoker 12,282 (55.65) 429 (42.83)

Former smoker 5,214 (24.4) 446 (42.16)

Current smoker 4,571 (19.95) 167 (15.01)

CKD no. (Weighted%) <0.001
No 21,419 (97.69) 919 (90.71)

Yes 648 (2.31) 123 (9.29)

Diabetes no. (Weighted%)

No 19,411 (91.1) 726 (75.52) <0.001
Yes 2,656 (8.9) 316 (24.48)
Hypertension no. (Weighted%) <0.001
No 14,432 (69.22) 261 (30.13)

Yes 7,635 (30.78) 781 (69.87)

HUA no. (Weighted%) <0.001
No 17,577 (80.47) 549 (53.71)

Yes 4,490 (19.53) 493 (46.29)
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HEI category no. (Weighted%) <0.001

Q 5,492 (25.04) 233 (23.75)
Q 5,491 (25.02) 259 (24.7)
Qs 5,590 (24.92) 294 (27.06)
Q4 5494 (25.02) 256 (24.49)

Values are survey-weighted percentages. FPL, family income to poverty; CKD, chronic
kidney disease; HUA, Hyperuricemia; HEIL healthy eating index.
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Variable

Sex (reference, female)

Male

Age group (reference, 20-39 year)
40-59 year

60-79 year

80+ year

Race (reference, non-Hispanic white)
Mexican American

Non-Hispanic black

Other

Education (reference, <high school)
High school/GED

College/AA degree

College or above

Family income (reference,0~130% FPL)

>130~350% FPL

>350% FPL

HEI category (reference, Q)
Q

Q3

Q

BMI (reference, normal weight)
Underweight

Overweight

Obese

Drink level (reference, none)
Light

Moderate

Heavy

Smoke status (reference, never)
Former

Current

CKD (reference, no)

Yes

Diabetes (reference, no)

Yes

Hypertension (reference, no)
Yes

HUA (reference, no)

Yes

Model 1

2.743 (2.739, 2.748)

5.204 (5.188, 5.220)

12.372 (12.334, 12.411)
17.066 (17.002, 17.129)

0.430 (0.428, 0.432)
1.245 (1.242, 1.248)
0.756 (0.753, 0.758)

1.046 (1.044, 1.049)
1.122 (1.120, 1.125)
0.932 (0.929, 0.934)

0.703 (0.702, 0.705)
0.700 (0.699, 0.702)

0.910 (0.908, 0.912)
0.974 (0.972, 0.976)
0.832 (0.830, 0.834)

OR (95% CI)

Model 2

2.643 (2.639, 2.648)

4,522 (4.508, 4.537)
9.993 (9.961, 10.025)

15.729 (15.669, 15.790)

0.398 (0.396, 0.400)
1.231 (1.228, 1.234)
0.828 (0.826, 0.830)

1.056 (1.054, 1.059)
1.113 (1.110, 1.115)
1.061 (1.059, 1.064)

0.676 (0.674, 0.677)
0.681 (0.679, 0.682)

0.903 (0.901, 0.905)
1.01 (1.007, 1.012)
0.886 (0.884, 0.888)

0.619 (0.611, 0.627)
1.678 (1.674, 1.683)
3.062 (3.054, 3.069)

0.822 (0.820, 0.823)
0.878 (0.876, 0.879)
1.314 (1.308, 1.320)

1.335 (1.332, 1.337)
1.019 (1.017, 1.022)

Model 3

3.027 (3.022, 3.033)

3.68 (3.668, 3.692)
6.234 (6.213, 6.254)
8.465 (8.431, 8.499)

0.452 (0.450, 0.454)
1.022 (1.019, 1.024)
0.809 (0.807, 0.812)

1.098 (1.095, 1.101)
1121 (1.118, 1.124)

1.152 (1.148, 1.155)

0.722 (0.721, 0.724)
0.774 (0.772, 0.776)

0.888 (0.886, 0.890)
0.991 (0.989, 0.993)
0.878 (0.876, 0.880)
0.689 (0.680, 0.698)
1.361 (1.358, 1.365)
1.907 (1.902, 1.912)
0.871 (0.869, 0.872)
0.913 (0.912, 0.915)

1.203 (1.197, 1.209)

1.266 (1.264, 1.268)
1.05 (1.047, 1.052)

2.051 (2.045, 2.057)

1.33 (1.327, 1.332)

2.304 (2.300, 2.308)

2.484 (2.480, 2.488)

P-value

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

FPL, family income to poverty; CI, confidence interval; OR, odds ratio; CKD, chronic kidney disease; Model 1, adjusted for demographic characteristics (sex, age group, race, education, family

income); Model 2, adjusted for demographic characteristics (sex, age group, race, education, family income); BMI, smoking, and drinking status; Model 3, adjusted for demographic characteristics

(sex, age group, race, education, family income); BMI, smoking, drinking status, hypertension, CKD, diabetes, and hyperuricemia.
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Characteristics

N

Sex, %

Women

Men

Age, years [mean (SD)]

Total energy, keal/day [mean (SD)]
Alcohol, g/day [median (IQR)]
BMI, %

<25kg/m?

25to <30 kg/m?

230 kg/m?

Smoking status (%)

Never

Former
Current

Unknown

Physical activity (%)

Inactive or moderately inactive
Active or moderately active
Unknown

Education level (%)

Primary or lower

Secondary or higher

Unknown

Menopausal status and type® (%)
Premenopausal

Perimenopausal

Postmenopausal

Surgical menopause

Ever use of contraceptive pill® (%)
No

Yes

Unknown

Infertility problems® (%)

No

Yes

Unknown

arMED, adapted relative Mediterranean di

BMI, body ma

All

450,064

708
202
51.1(9.8)
2,077 (619)
55(09-15.2)

533
344
124

487

273

22
19

529
452
20

28.1
68.1
38

347
198

428
28

379
594
26

623
31
316

index; IQR, i

arMED score
Low (0-5) Medium (6-9)
108,791 207.470
536 747
464 253
51.9(10.0) 51.5(9.5)
2,176 (654) 2,039 (601)
60(1.3-16.8) 57 (11-152)
483 55.1
386 334
131 s
4L 488
275 28.1
30.1 209
12 02
493 512
476 466
32 22
310 243
67.3 713
17 44
295 332
206 206
476 436
23 26
334 365
58.6 615
79 20
7.1 609
13 29
616 362

eviation. *Only in women (i = 318,647)

).

High (10-16)

133,803

789
213
499(97)
2,054 (607)
4.9(0.5-13.5)

544
326
13.0

548

257

17.6
19

583
41.0
07

317
638
45

399
17.9
389
33

425
56.9
06

784
42
17.4
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Characteristics Overall Prudent DP P-trend Western DP P-trend Plant NP P-trend Animal NP P-trend

Q1 Qs Q1 Qs Q Qs Q1 Qs
Sex" (n %)
Male $76(48.9%) 217 (604%)  150(419%)  <0.001  96(267%)  269(75.1%)  <0.001  203(565%)  169(472%)  0.01 150 (418%) 169 (47.2%)  <0.001
Female 916(5L1%)  142(39.6%) 208 (58.1%) 263(733%) 89 (24.9%) 156 (43.5%) 189 (52.8%) 209(582%) 189 (52.8%)
Agea (mean, SD) 56.6(136)  543(141)  598(126) <0001  577(129)  541(140) 0003  556(146)  583(121) 003 5780130 583(12.1) 008
BMI* (mean, SD) 285(52) 288(53) 27.8(49) 0.053 27.4(47) 204(58) <0001  288(56) 280 (4.9) 028 27.7(47) 28.6(5.2) 0.03
Obesity” (1 %)
Non-obese 1210 (67.5%) 233 (649%) 257 (718%) 006 273(760%)  218(609%)  <0.001  242(67.4%)  259(723%) 014 269 (749%) 259 (723%)  0.004
Obese 582(325%)  126(35.1%) 101 (28.2%) 86(24.0%)  140(39.1%) 117 (32.6%) 99 (27.7%) 90(5.1%) 99 (27.7%)
CRP" (1 %)
<10mg/L SIS(289%)  85(237%)  LI7(27%) 008 1I7(326%)  9(Q7.7%) 083 73(03%)  120(335%) 0003 115(320%) 99 (27.7%) 021
10-30mg/L 748 (417%) 156 (43.5%) 143 (39.9%) 139(38.7%) 153 (42.7%) 164(457%) 149 (41.6%) 132(368%) 153 (42.7%)
>30mg/L 526(294%)  118(329%) 98 (27.4%) 103(28.7%) 106 (29.6%) 122(34.0%) 89 (249%) 112(312%) 106 (29.6%)

Energy (kcal/day)* (mean, SD)  2,056.5(579.6) 17619 (5624) 2,460.4 (562.9)  <0.001  1,548.6 (4229) 2,6750(5067) ~<0.001 17954 (550.3) 24234 (5838) <0.001 15164 (378.9) 24234 (5838)  <0.001
Educational status® (1 %)
Did not complete school/high 891 (49.7%) 214 (59.6%) 153 (427%)  <0.001  184(5L3%)  191(534%) 0001  203(565%) 147 (4L1%)  <0.001  182(507%) 147 (4L1%) 0.1

school level

Trade/certificate/diploid 575(321%)  122(34.0%) 114 (31.8%) 95(26.5%)  126(35.2%) 124(345%) 122 (34.1%) 110 (30.6%) 122 (34.1%)

Degree or higher 326(182%)  23(64%) 91 (254%) 80(223%)  41(11.5%) 32(89%)  89(249%) 67(187%) 89 (24.9%)

Marital status® (1 %)

Married/living with partner 1252 (69.9%) 210 (585%)  242(67.6%)  <0.001  224(624%)  248(693%)  <0.001  218(60.7%)  258(72.1%)  <0.001 233 (649%) 258 (72.1%) 0.1
Separated/divorced 45(137%)  72001%)  54(15.1%) 71(198%) 49 (13.7%) 68(18.9%) 47 (13.1%) 66(184%) 47 (13.1%)

Widowed 155 (8.6%) 32 (8.9%) 40 (11.2%) 41 (11.4%) 20 (5.6%) 28 (7.8%) 32(8.9%) 30 (8.4%) 32 (8.9%)

Never married 140 (7.8%)  45(125%)  22(6.1%) 23(64%)  41(115%) 45025%)  21(59%) 30 (8.4%) 21(5.9%)

Income per year® (1 %)

Up 10/$20,000 249(13.9%)  66(184%) 65 (18.2%) 0.02 61(17.8%) 47 (13.1%) 0.01 61(17.0%)  61(17.0%) 0.04 54(150%)  61(17.0%) 057
$20,001-$40,000 462(258%)  93(259%)  84(23.5%) 92(256%) 89 (24.9%) 101(28.1%) 75 (20.9%) 97(27.0%) 75 (20.9%)
$40,001-$60,000 305 (17.0%) 53 (14.8%) 67 (18.7%) 50 (13.9%) 56 (15.6%) 55(15.3%) 63 (17.6%) 56 (15.6%) 63 (17.6%)
$60,001-$80,000 258(144%)  49(136%) 43 (12.0%) 20117%)  68(19.0%) 55(153%)  48(13.4%) A1(114%) 48 (13.4%)

More than $80,000 S18(289%)  98(27.3%) 99 (27.7%) 111(30.9%)  98(27.4%) 87(242%)  111(31.0%) 111(30.9%) 111 (31.0%)

Alcohol risk® (n %)

Non-drinkers and no risk $89.(49.6%) 187 (521%)  177(494%)  0.01 145 (%) 220 (%) <0.001  182(507%)  183(5L1%) 008 172(47.9%)  1836G11%) 001
Low risk 680 (37.9%)  111(309%) 147 (41.1%) 161 (%) 85(%) 123(343%) 139 (38.8%) 130 (36.2%) 139 (38.5%)
Intermediate risk 71 (4.0%) 26 (7.2%) 10 (2:8%) 14(%) 25(%) 21 (58%) 12(3.4%) 14 (3.9%) 12 (3.4%)

High to very high risk 14(0.8%) 4(1.1%) 1(0.3%) 6(%) 3(%) 2(0.6%) 1(03%) 6(1.7%) 1(03%)

Incomplete information 138(7.7%)  31(8.6%) 23 (64%) 33(%) 25(%) 31(86%) 23 (6.4%) 37(103%)  23(64%)

PAL® (n %)

No activity 302(169%)  86(240%)  30(84%)  <0.001  48(134%)  76(212%)  0.042  90(25.1%)  40(112%)  <0.001  63(175%)  40(11.2%) 049
Activity but not suffic 795 (444%) 166 (46.2%) 144 (40.2%) 148 (41.2%) 156 (43.6%) 164(45.7%) 133 (37.2%) 150 (41.8%) 133 (37.2%)

Sufficient activity 695(38.8%) 107 (29.8%) 184 (51.4%) 163 (45.4%) 126 (35.2%) 105(29.2%) 185 (51.7%) 146 40.7%) 185 (51.7%)

Smoking status® (n %)

Non smoker 824(460%) 131 (365%)  173(483%)  <0.001  170(47.4%)  138(385%)  <0.001  133(37.0%)  171(478%)  <0.001  164(457%) 171 (47.8%) 018
Ex-smoker 714(398%) 144 (40.1%) 151 (42.2%) 151 (42.1%) 136 (38.0%) 147 (40.9%) 153 (42.7%) 145 (40.4%) 153 (42.7%)

Current smoker 254(142%)  84(234%)  34(95%) 38(106%) 84 (23.5%) 7920%)  34(95%) S0(13.9%)  34(95%)
Cardiovascular diseases® (1 %)

No CVD L641(916%)  322(897%)  324(905%) 016 323(900%)  327(OL3%) 036 320(891%)  330(922%) 041 324(903%)  330(922%) 012
CVD (inc TIA) 151(84%)  37(103%)  34(9.5%) 36(100%)  31(8.7%) 39(109%)  28(7.8%) 35 (9.7%) 28 (7.8%)

Arthritis® (n %)

Noarth 1153 (643%) 226 (63.0%)  216(60.3%) 052 216(602%) 251 (70.1%) 005 231(643%)  235(65.6%) 072 230(641%)  235(65.6%) 078
Arthritis 562(314%)  116(323%)  128(35.8%) 122(340%) 92 (25.7%) 116(323%)  112(31.3%) 110 (30.6%) 112 (31.3%)

Diabetes® (1 %)

No diabetes 1,622 (90.5%) 320 (89.1%) 320 (89.4%) 0.40 330 (91.9%) 315 (88.0%) 045 326 (90.8%) 327 (91.3%) 0.96 329 (91.6%) 327 (91.3%) 0.04
Diabetes 170(0.5%)  39(109%) 38 (10.6%) 29(81%) 43 (120%) 33(92%) 31(8.7%) 30 (8.4%) 318.7%)

Depression® (1 %)

No depressive symptoms 1491 (832%)  285(794%)  305(852%)  0.03  311(86.6%)  274(765%) 001  283(78.8%)  306(855%) 006 301 (838%)  306(855%) 070
Mild depression 193(108%)  44(123%)  35(9.8%) 34(95%)  52(145%) 2017%)  33(92%) 38(106%)  33(92%)

Moderate to severe depression 108 (6.0%) 30 (8.4%) 18 (5.0%) 14 (3.9%) 32 (8.9%) 34(9.5%) 19.(5.3%) 20 (5.6%) 19.(5.3%)

Cancer® (n %)

No 1740 (97.1%) 347 (967%)  344(96.1%) 064 346(96.4%)  354(989%) 004  M5(96.1%)  345(964%) 048 345(961%)  345(964%) 040
Yes 52 (2.9%) 12 (3.3%) 14 (3.9%) 13 (3.6%) 4(11%) 14 (3.9%) 13(3.6%) 14 (3.9%) 13 (3.6%)

High blood pressuse® (1 %)

No 818(473%)  174(485%)  165(46.1%) 092 180(50.1%)  170(475%) 055 169(47.1%)  165(46.1%) 057  165(460%)  165(61%) 063
Yes 944 (527%) 185 (515%) 193 (53.9%) 179.(499%) 188 (52.5%) 190 (52.9%) 193 (53.9%) 194 (540%) 193 (53.9%)

High cholesterol® (n %)

No 1050 (58.6%)  207(577%)  213(59.5%)  0.87  207(57.7%)  219(612%) 023 211(58.8%)  191(534%) 023 203(565%)  191(534%) 030
Yes TA2(414%)  152(423%)  145(40.5%) 152 (423%) 139 (38.8%) 148 (41.2%) 167 (46.6%) 156 (43.5%) 167 (46.6%)

Prudent DP* (mean, SD) 00(1.0) 0.0(1.0) —00(L1) 056 ~11(05) 13(09) <0001 —02(10) 13(09) <0.001
Western DP* (mean, SD) 00(10) 01 (L) 0.0 (10) 012 0.1 (L1) 0.1(1.0) 057 ~0.8(07) 0.1(1.0) <0.001
Diet quality* (mean, SD) 0004  -14(12) 15(12) <0.001 12(L1) —16(14) <0001 —11(13) 13(14) <0.001 06(1.3) 13(14) <0.001
Plant NP (mean, SD) 00(1.0) ~10(0.5) 13(09) <0.001 0.0(1.0) 00(1.1) 024 ~0.0(09) 0.1(1.0) 0.02
Animal NP* (mean, SD) 00(1.0) —0.1(1L.0) 0.3(L1) <0001 ~08(07) 10(09) <0001 0.1(10) 0.1(1.0) 029

Mixed NP* (mean, SD) —00(L0)  —0.1(L0) 02(1.1) <0001 ~0.4(09) 05(1.1) <0001 —00(09)  —00(12) 087 —00(L0)  —00(12) 031

nt patterns; * ANOVA ® Pearson’s

BMI, body mass index; PAL, physical activity level; CVD, cardiovascular dis
not reported. Bold indicates significant in p-value.

& TIA, transient ischaemic attack; DP, DPs; NB nus

-squared test “Participants who refused to state/don’t know their arthritis data were
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Differentiated thyroid cancer cases (1) ~ arMED score arMED score (%)
Country N Women (%) Overall Papillary Follicular NOS Mean SD  Low (0-5) Medium (6-9) High (10-16)

Denmark 55,005 522 39 28 11 0 60 25 445 464 9.1

France 67,391 100 28 227 19 2 89 24 7.5 517 408
Germany 48,551 564 82 58 21 3 66 22 316 58. 102
Italy 44,543 68.5 127 97 19 11 104 21 09 339 652
Norway 33,972 100 36 31 14 1 78 21 136 658 206
Spain 39,984 621 80 66 13 1 107 22 13 262 725
Sweden 48,666 542 39 25 7 7 46 21 69.0 294 15
Netherlands 36,537 737 17 12 4 1 58 21 469 483 49
UK 75415 69.7 44 29 10 5 87 24 10.1 516 382
Total 450,064 70.8 712 573 108 31 78 30 242 46.1 297

NOS: not otherwis

pecified; SD standard deviation.
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Variable

Smoke
Former
Now
Never
Age
<60
>60
Sex
Female

male

adj. OR_95CI

1(Ref)
2.53(1.98-3.24)
0.73 (0.6-0.88)

1( Ref)
126 (0.94-1.68)

1 (Ref)
116 (0.92-1.31)

adj. P_value

<0.001
0.001

0.121

0311





