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Editorial on the Research Topic
 The impact of lifestyle changes on non-communicable diseases




Non-communicable diseases (NCDs) are a series of pathological conditions, mainly caused by unhealthy behaviors but they can also depend on genetic factors, sex, age and air pollution. Currently, NCDs are the leading cause of disability and death worldwide. Moreover, NCDs imply a significant expense for their treatment and care by the National Health Systems. Lifestyle is among the modifiable factors in determining the NCDs onset. Therefore, it is very important to implement campaigns aimed at raising the general population awareness about how a healthy lifestyle is essential to maintain a good state of health and to reduce NCDs incidence. Consequently, lifestyle changes represent a new challenge involving the scientific community. At this regard, an unhealthy diet and a sedentary lifestyle can be important contributors to the development of many diseases. On the contrary, a regular physical activity, a correct diet, a nutritional supplementation and a proper sleep duration and quality can act positively in preventing and/or counteracting NCDs.

Our Research Topic has collected a number of interesting publications highlighting how lifestyle modifications can be effective in counteracting the widespread of NCDs.

Several researchers have studied the association between the intake of certain foods with the occurrence of some NCDs. Due to the development of the social economy and improvement in the living standards, the eating habits of modern people have undergone tremendous changes compared to the past. Because of their job, Chinese physicians, are more prone to follow an unregulated lifestyle, including unhealthy eating habits and for this reason they have a high risk of developing these diseases. Chen et al. investigated the association between physicians' eating habits and their health and disease perception. According to the results, the prevalence of unhealthy eating habits was high, i.e., frequent eating out-of-home, irregular meals and eating too fast were significantly related to perceived sub-optimal health status and disease occurrence.

The study conducted by Wang et al. investigated the relationship between dietary differences and the risk of oral cancer. They extracted, from the UK Biobank database, 21 dietary exposures, including 10 dietary patterns, six vitamins, and five micronutrients. According to the results of the 10 analyzed dietary patterns, eight of them showed no significant association with the risk of developing oral cancer. Consumption of dark chocolate and sweet pepper exhibited an inverse relationship with oral cancer risk.

Moreover, degenerative diseases such as osteoarthritis can be influenced by the diet. Xie and Qin investigated the effects of 45 common dietary intake habits on six osteoarthritis-related phenotypes and they identified 59 potential causal associations. Results showed that muesli intake was negatively associated with knee osteoarthritis, spine osteoarthritis and total knee replacement, while, dried fruit intake reported a negative association with osteoarthritis of knee and total knee replacement.

According to Yang Y. et al., dietary factors, including intake of alcohol, non-oily fish, beef, fresh fruit, oily fish, salad/raw vegetables, dried fruit etc., contribute to determining or reducing the possibility of developing the various forms of hernia. Results evidenced that alcoholic drinks per week reduce the risk of inguinal hernia, while alcohol intake frequency does not affect the risk of the inguinal hernia. Cheese and dried fruit intake decrease the risk of ventral hernia, while cooked vegetable intake increase the risk of ventral hernia. Lastly, the intake of non-oily fish increases the risk of inguinal hernia.

Diet during pregnancy can also influence the occurrence of NCDs in unborn children. The study by Miyake et al. investigated the impact of maternal fiber intake during pregnancy on fetal neurodevelopment in Japanese population, showing that pregnant Japanese women had a lower fiber intake compared to the recommended one. Therefore, these data confirm how it is essential a correct diet during pregnancy in order to reduce the onset of health problems in newborns and how it is essential a multidisciplinary approach, which also includes the professional figure of the nutritionist during pregnancy.

Furthermore, interventions through oral supplementation or through a changing in the percentage of macronutrients in the diet seem to have a positive effect on several diseases. According to the study of Massimino et al., supplementation for 3 months with a low dose of medium-chain triglycerides (MCTs) has increased muscle mass and function in frail older adults. These findings indicate the potential practical use of MCTs in daily life for the treatment of sarcopenia. In fact, dietary lipid manipulation in the nutritional management of glycogen storage disease type III (GSD III) has been shown to be effective in reducing associated muscle damages. A low-CHO (32%)/high-fat (45%)/high-protein (23%) diet was safe, sustainable and effective in reducing muscle damages without worsening cardiometabolic profile in GSD III.

Similarly, physical activity plays a pivotal role in preventing or treating several NCDs, supporting the dietary treatment. In example, a low-calorie diet, which is commonly used in the treatment of obesity, induces a lean body mass loss, when it is not combined with an adapted exercise training. As evidenced by Monsalves-Álvarez et al., a 3 months high intensity interval training (HIIT) prevents a muscle mass loss caused by a hypocaloric-Mediterranean diet in overweight and obese women.

Recent findings evidence a relationship between lifestyle and the microorganisms diversity populating the intestine. Mancini et al., investigated the role of lifestyle (active vs. sedentary) on saliva microbiota composition in Italian school children. One-hundred-fourteen children were enrolled in a Turin neighborhood school. The results showed that children with an active lifestyle compared to sedentary children had an enrichment of the saliva microbiota species and genera mainly associated with a healthier profile, while the species, developed in the sedentary group, could be linked to human diseases.

Dietary habits, as well as the sleep quality, may increase the incidence of NCDs. The study conducted by Yang W. et al. has investigated the association between the sleep duration, the regularity of breakfast and overweight in 1,178 university students. The authors find out that only 34.1% of the study population ate a breakfast every day, while students that consumed breakfast from 1 to 3 times/week showed a higher risk to develop overweight. Moreover, short sleep duration may be the main reason for irregular breakfast, leading to overweight.

In conclusion, it is very important to follow a correct lifestyle not only to counteract the NCDs onset but also to act as an adjuvant therapy in the clinical management of NCDs patients.
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Glycogen storage disease Type III (GSD III) is an autosomal recessive disease due to the deficiency of the debranching enzyme, which has two main consequences: a reduced availability of glucose due to the incomplete degradation of glycogen, and the accumulation of abnormal glycogen in liver and cardiac/skeletal muscle. The role of dietary lipid manipulations in the nutritional management of GSD III is still debated. A literature overview shows that low-carbohydrate (CHO) / high-fat diets may be beneficial in reducing muscle damage. We present a 24-year GSD IIIa patient with severe myopathy and cardiomyopathy in whom a gradual shift from a high-CHO diet (61% total energy intake), low-fat (18%), high-protein (21%) to a low-CHO (32 %) high-fat (45%) / high-protein (23%) diet was performed. CHO was mainly represented by high-fiber, low glycemic index food, and fat consisted prevalently of mono and polyunsaturated fatty acids. After a 2-year follow-up, all biomarkers of muscle and heart damage markedly decreased (by 50–75%), glucose levels remained within the normal range and lipid profile was unchanged. At echocardiography, there was an improvement in geometry and left ventricular function. A low -CHO, high-fat, high-protein diet seems to be safe, sustainable and effective in reducing muscle damage without worsening cardiometabolic profile in GSDIIIa. This dietary approach could be started as early as possible in GSD III displaying skeletal/cardiac muscle disease in order to prevent/minimize organ damage.

KEYWORDS
glycogen storage disease, dietary intervention, high-fat diet, cardiomyopathy, myopathy, continuous glucose monitoring (CGM)


1. Introduction

Glycogen storage disease Type III (GSD III) (#MIM 232400) is an autosomal recessive disease due to deficiency of the debranching enzyme (GDE) encoded by the AGL gene, located on chromosome 1p21. GDE allows the cleavage of glucose molecules from glycogen through two distinct catalytic activities: 1) the 1,4-α-D-glucan 4-α-D-glycosyl transferase, which transfers the terminal three glucose molecules to the parent chain and 2) the amylo-1,6-glucosidase component, which cleaves the alpha 1,6 bond to release free glucose. GDE deficiency has two main consequences: a reduced availability of energy /glucose due to the incomplete degradation of glycogen, and the accumulation in liver and cardiac/skeletal muscle of abnormal glycogen with short external ramifications (limit dextrin). Functionally, patients with GSD III have defective glycogenolysis while glycolysis and gluconeogenesis are preserved. There are two major clinical subtypes of GSD III: GSD IIIa (85% of cases)– involving liver and cardiac/skeletal muscle, and GSD IIIb, where only the liver is affected (1, 2). In childhood, the disease usually presents with ketotic hypoglycemia, hepatomegaly, growth retardation and elevated transaminase levels. Progressive skeletal myopathy, and often cardiomyopathy, appear in adulthood (3).

Traditionally, the dietary management of GSD III includes a high proportion of carbohydrates distributed throughout the day, together with uncooked cornstarch supplements to maintain euglycemia. Protein intake is also increased to provide substrates for neoglucogenesis (4). However, some criticisms have been raised regarding this dietary approach. First, a high-carbohydrate diet can induce reactive hyperinsulinemia with activation of glycogen synthesis and further accumulation of abnormal glycogen in the affected tissues, with worsening of organ damage; furthermore, carbohydrate overtreatment can lead to suppression of lipolysis, ketogenesis, and gluconeogenesis with reduced availability of alternative energy substrates. Based on these considerations, diets containing high amount of fat and/or protein have recently been proposed as a valid alternative to the traditional approach (5, 6). In particular, dietary lipid manipulations, including modified ketogenic diets with or without medium-chain triglycerides (MCT), have been shown to be associated with a reduction in liver enzymes, creatinkinase, and interventricular septum thickness, although with some variability between children and adults with GSD III (5).

Here, we present a patient with GSD IIIa, severe myopathy and heart failure in whom a gradual transition from a high CHO-diet to a high-fat high-protein diet was performed under careful monitoring of glucose and biochemical parameters. The main steps of dietary management and their impact on the course of organ damage are described.



2. Case presentation

The patient is a 24- year-old man with GSD IIIa, born to non-consanguineous parents. The diagnosis was made at age 9 months, based on 1–6 glycosidase deficiency in erythrocytes and confirmed by molecular analysis, which showed a homozygous IVS21 + 1A/G (c.2681 + 1G>A) mutation in the AGL gene.

Since the diagnosis, the patient was under follow-up at the Pediatric Unit of Federico II University Hospital in Naples. Over the years, the patient presented regular growth and development. Dietary regimen was based on high CHO intake, including administration of cornstarch. Starting with puberty, a progressive worsening of his muscle and cardiac biomarkers was observed. At age 16, due to the occurrence of asthenia and reduced exercise capacity, the patient underwent a cardiological assessment, which evidenced diffuse ventricular repolarization anomalies and signs of left ventricular hypertrophy. At the age of 22, the patient was referred to the outpatient clinic for rare metabolic diseases in adults of the Department of Clinical Medicine and Surgery of Federico II University in Naples for clinical management and follow-up. Upon admission, the patient underwent a careful assessment of his clinical status and complications, which was repeated during the dietary intervention according to the timeline reported in Table 1. Body weight was within the normal range, while fat-free mass (FFM) was slightly reduced. Resting energy expenditure (REE), evaluated through indirect calorimetry, was 22% higher than the predicted value calculated using the Harris Benedict equation. Glucose profile, monitored for 4 weeks by means of FreeStyle Libre 2 (Abbott), showed quite large glycemic fluctuations, ranging from 54 to 140 mg/dl (3–7.78 mmol/L), with 9% of time spent in hypoglycemia (< 70 mg/dl, < 3.89 mmol/L). Both plasma insulin and HOMA index were elevated, indicating a condition of insulin resistance. Lipid profile showed high levels of both cholesterol and triglycerides. Circulating markers of cardiac and skeletal muscle were markedly elevated. Echocardiography revealed increased LV mass and reduced global longitudinal strain (GLS), indicating myocardial injury. Cardiac MRI confirmed hypertrophic cardiomyopathy with preserved biventricular systolic function. AST and ALT were 5-fold higher than normal values and the liver ultrasound showed enlargement of the organ and diffuse hepatic steatosis. The patient's diet, evaluated through a 7-day food record, is reported in Table 2. Calorie intake was quite high (3132 Kcal/day) mainly due to an elevated intake of CHO (513 g/day, 61% of Total Energy Intake). The amount of cornstarch was 215 g/day (3.16 g/kg BW) divided into two administrations in daytime and one at nighttime, in addition, to 80g/day of maltodextrin – a high glycemic index (GI) polysaccharide sugar. Fiber intake was low (11 g/day), due to reduced consumption of fruit and vegetables. Protein intake was 2.4 g/kg BW (163 g/day, 21% TEI) of which 28% (45g/die) as a protein powder supplement (Protifar, Nutricia) divided into two daily doses. Total fat intake was rather low (18% TEI), with percentages of monounsaturated, polyunsaturated, and saturated fatty acids of 9, 2, and 5%, respectively.


TABLE 1 Timeline of clinical, metabolic and organ damage biomarkers before and during the nutritional intervention.
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TABLE 2 Daily dietary intake (7d-diary) on admission and during dietary intervention.
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The patient was treated with oral L-Carnitine (2gx2 times /day) and Vitamin D (10,000 U /ml, 30 drops/wk).



3. Dietary intervention

We decided to implement a gradual shift from a diet with a high CHO content to one with a high fat content, under careful monitoring of glucose levels. Dietary changes were performed in 2 steps, each lasting 6 months, which were interrupted for 1 year, due to the COVID-19 pandemic, during which the patient partly adhered to the 1st dietary step.

Based on the results of the calorimetric assessment showing a high resting energy expenditure (REE), we prescribed an isocaloric diet to maintain body weight stable. During the 1st step, maltodextrins were progressively eliminated, and the cornstarch supplementation was reduced by more than 50%. In the 2nd step, the CHO content halved compared to initial levels (from 61 to 32% TEI) and cornstarch supplementation was gradually reduced to 1.1 g/kg bw/day under the guide of CGM data. Much attention was paid to CHO quality, preferring—among starchy sources—foods rich in fiber with a low glycemic index (wholemeal foods, legumes, vegetables). In parallel, lipid intake was progressively increased from 18% upon admission to 24% in the 1st step and to 45% in the 2nd step. Foods rich in monounsaturated and polyunsaturated fats (olive oil, almonds, nuts) were preferred, to achieve a percentage of saturated fatty acids below 10% of TEI, as recommended by international nutritional guidelines. Regarding protein intake, according to guidelines (4), we maintained a percentage of ≈25% TEI including a protein powder supplement. To reinforce the patient's adherence to dietary intervention, daily menus were provided (Appendix A).

At the end of each step, clinical, biochemical and imaging organ exams were performed to evaluate the efficacy of the dietary intervention.



4. Results

The patient well tolerated the dietary changes and showed a good adherence to prescriptions. He reported an improved feeling of wellbeing and greater exercise capacity (also evidenced by the SF36 questionnaire). The changes in clinical, metabolic and organ damage biomarkers during the nutritional intervention are presented in Table 1. Body weight remained substantially stable during the nutritional intervention (except for a 2-kg increase due to a more sedentary lifestyle during the lockdown due to COVID restrictions). Although REE decreased by ≈200 Kcal, it was still 10% higher than the predicted value). No significant changes were found in body composition. Since the 1st step of dietary intervention, there was a remarkable reduction in insulin levels (from 41 to 15 μU/ml) and in insulin resistance index (from 9.7 to 3.0) resulting from the reduced CHO intake. It is noteworthy that despite the substantial reduction in CHO intake, no severe hypoglycemia occurred; instead, during the nutritional intervention both the number and the average duration of hypoglycemia (< 70 mg/dl, < 3.89 mmol/L) decreased (from 41 episodes/4 week on admission to 24 episodes/4 week after the 2nd step, and from 99 to 56 min, respectively). Notably, lipid profile remained unchanged despite the consistent increase in fat intake. Since the 1st step intervention, both muscle and cardiac enzymes markedly decreased, with a 50% reduction in CK (from 22,423 to 10,431 U/L) and LDH (from 2,612 to 1,128 U/L) and a 70% reduction in Pro-BNP (from 1,175 to 362 pg/ml). Cardiac ultrasound evidenced an improvement in geometry and LV function as evidenced by a significant reduction in LV mass and an increase in global longitudinal strain (GLS). Liver enzymes remained substantially stable and a trend toward a reduction in liver size was found at ultrasound examination.



5. Discussion

By chronologically reviewing the literature on the dietary management of patients with GSD III (Table 3), it is evident that over the years several attempts have been made to define the best nutritional approach capable of maintaining euglycemia and, in the meantime, preventing/limiting the long-term complications of the disease involving heart, muscle and liver. Unfortunately, the analysis of the available literature does not lead to firm conclusions due to a large variation in patients' ages (from 2 months to 47 years) (8, 9), duration of follow-up (from 4 months to 5 years), types of nutritional intervention—which are often not sufficiently detailed in terms of bromatological composition and, finally, the clinical outcomes (heart, muscle, liver).


TABLE 3 Chronological overview of clinical case reports of patients with GSD III treated with dietary manipulation.

[image: Table 3]

The hallmark of all these dietary programs is a reduction in CHO intake associated with an increase in protein and, more recently, in fat intake. The rationale being to avoid excessive glycemic elevation with consequent reactive hyperinsulinemia and tissue deposition of abnormal glycogen and, in the meanwhile, to provide alternative fuel for body needs.

The clinical benefits of a high protein diet were first demonstrated in a case report showing an improvement in strength and muscle mass in a 7-year-old patient receiving a protein intake of 25% of TEI (10). Another clinical case reported a partial remission of subacute respiratory failure in a 47-year-old GSD III patient receiving a 30–35% protein diet (9). Subsequently, the benefits of a high protein diet (30–37% TEI) were described in a patient with hypertrophic cardiomyopathy at pre-transplant stage (11, 12). More recently, a high fat diet has gained much attention following the evidence from cardiovascular research that ketone bodies are an efficient metabolic substrate for the failing heart since they require less oxygen per molecule of ATP generated (13). In addition, the administration of D,L-3-hydroxybutyrate was found to be beneficial in patients with cardiomyopathy secondary to defects of fatty acid oxidation (14). Finally, Valayannopoulus et al. published the successful treatment of a 2-month-old infant with severe cardiomyopathy, by means of ketone bodies supplementation (D, L-3-hydroxybutyrate), ketogenic and high protein diet (8). Overall, these data lent support to the hypothesis that a high-fat diet may help control myocardiopathy in patients with GSD III. Moving from this belief, different approaches based on variable fat intakes have been tested in patients with GSD III: the Modified Atkins Diet (MAD) (15–17), a MAD with MCT oil supplements (18), and high fat / high-protein diet (19, 20). The results show the efficacy of these approaches in reducing muscle enzymes and improving cardiomyopathy, although some concern related to patient compliance and long- term effects of these diets on bone health and lipid profile remain to be addressed. Indeed, the effect of nutritional modifications on traditional outcome parameters need to be carefully balanced against psychosocial wellbeing and quality of life in patients with hepatic GSDs (22).

The need for new therapies that can improve the quality of life of patients with GSD has prompted research toward innovative therapies such as the use of gene therapy or therapy using messenger RNA (mRNA). In principle, GSD patients would be no longer dependent on a strict dietary regimen. Early phase clinical studies are already available for GSD Ia and II and the approach appears promising also for other types of GSDs (23).

Our case report describes a patient with GSD IIIa with myopathy and severe hypertrophic cardiomyopathy in whom a gradual shift from a CHO-rich diet (61% TEI) to a high- fat (45% TEI) / high-protein (23% TEI) diet—performed under careful monitoring of glycemic and biochemical parameters—produced relevant clinical benefits and reduced organ damage. Indeed, both muscle and cardiac enzymes decreased by 50–70% and an improvement in geometry and LV function was found at echocardiography.

It is interesting to note that even a small reduction in CHO intake (from 61 to 51% TEI) together with the use of wholemeal products with a low glycemic index, were able to reduce the biochemical markers of muscle and heart damage. The unusually high CK values of our patient, compared to other cases reported, dropped from 22,423 to 12,968 U/L after only 6 months of dietary intervention. This improvement persisted throughout the COVID-19 pandemic, during which the patient kept his diet constant for a year. When CHO intake was reduced further (from 51 to 32% TEI) the biochemical parameters continued to improve, providing additional benefits. It is also interesting to note that, although lipid intake was increased from 18 to 45% of TEI, the lipid profile did not worsen, probably due to consumption of foods rich in monounsaturated and polyunsaturated fatty acids. These findings highlight the concept that beyond restricting CHO and increasing fat intake, the quality of foods is of paramount importance. In fact, low glycemic index foods and whole grains help keep glucose levels more stable, thus limiting the risk of hypoglycemia, while increasing mono- and polyunsaturated fat consumption prevents atherogenic modifications of the lipid profile– a very important finding considering that the nutritional therapy is life-long. Noteworthy, the number and duration of hypoglycemic episodes decreased during the dietary intervention despite the reduction in CHO intake. Particularly, an increase in Time In Range (TIR: 70–140 mg/dl, 3.89–7.78 mmol/L) was observed. Although optimal TIR for patients with GSD III has not been defined yet, a glycemic target for TIR has been recently proposed for adult patients with GSD Ia. Notably, the TIR observed in the present case was higher than that reported in GSD Ia patients (i.e., 96 vs. 83%), highlighting the lower contribution of liver involvement to disease phenotype in adult GSD III as compared to GSD I. CGM data from the present study support the opportunity to decrease CHO intake in older GSD III with no risk of precipitating hypoglycemia (24).

The finding of an REE value 22% higher than the predicted one observed in our patient deserves a comment. We first ruled out possible thyroid dysfunction and/or subclinical inflammatory diseases, which are known to increase energy expenditure. A possible explanation for the high REE value is that it may be related to an increased cell mass and, thus, to be an expression of organomegaly. Elevated REE values have been documented also in patients with GSD Ia (25, 26) and in patients with lysosomal storage disorders (27, 28), which are characterized by intra-organ accumulation of anomalous molecules. The slight reduction in REE (−200 kcal) during the nutritional intervention in conjunction with an albeit modest reduction in organ volumes supports this interpretation.

In conclusion, low-CHO high fat / high- protein diet showed a good efficacy in reducing organ damage and improving quality of life in our patient with GSD IIIa and severe cardiomyopathy. In addition to the low CHO intake, it is important to focus on macronutrient quality, favoring low-glycemic index food and unsaturated fats in order to preserve cardiometabolic health in the long-term. As a low CHO diet does not appear to increase the risk of hypoglycemia and is safe, this dietary approach could be started as early as possible in GSD III displaying skeletal/cardiac muscle disease in order to prevent/minimize organ damage.
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The hypocaloric Mediterranean diet (MD) mainly reduces fat mass but inevitably causes a loss of skeletal muscle mass. High-intensity interval training (HIIT) seems to have advantages in preserving muscle mass during a hypocaloric regime. Our study compares body composition and metabolic changes in overweight and obese Chilean women and men after 3 months of weight loss treatment with a Mediterranean-type hypocaloric diet, HIIT, or a combination of both. The study included 83 overweight or obese women and men between the ages of 25 and 50. The subjects were randomly assigned to one of the three intervention groups: (1) MD, (2) EX, and (3) MD + EX. Baseline and post-intervention measurements included: (a) body composition by dual-beam densitometry, muscle, and fat measurements by thigh ultrasound and computed tomography; (b) handgrip and quadriceps muscle strength; (c) exercise performance by peak oxygen consumption, peak load, work efficiency, and exercise energy expenditure; and (d) metabolic parameters. Out of 83 participants, the retention rate was 49% due to low compliance with the interventions. As expected, the MD group resulted in significantly greater weight loss (MD −7%, EX −0.6% and MD + EX −5.3%) and appendicular fat mass loss (MD −11.1%, EX −2.9, MD + EX −10.2%) but was associated with significant lean tissue loss (2.8%), which was prevented by HIIT (EX −0.1 and MD + EX −0.6%). Metabolic and glycoxidative parameters remained unchanged, irrespective of changes in body composition. Hypocaloric diets remain the most effective means to lose weight and body fat. However, it induces a loss of lean body mass when not accompanied by exercise training. This study shows that HIIT prevents the loss of muscle mass caused by a hypocaloric Mediterranean diet.

KEYWORDS
 HIIT, body composition, Mediterranean diet, skeletal muscle, exercise


Introduction

Healthy dietary patterns and exercise training have been proposed as primary components in the prevention and treatment of obesity and its comorbidities (1). Weight loss has been found to depend on different factors, such as the degree of energy deficit imposed by the diet, its duration, and macronutrient composition, which may directly influence adherence and treatment success (2–5). Among the diets, the Mediterranean Diet (MD), originally described by Ancel Keys, has been shown to promote a healthy metabolic profile mainly through its nutrient characteristics based on plants, unsaturated fats, fruits, and fiber while focusing on a low energy density, making it palatable and satiating (6). Interestingly, MD with limited amounts of carbohydrates has promoted differential mobilization of visceral fat depots and reduced cardiovascular risk factors in insulin-resistant patients. As with other diets, the weight loss seen with MD or low-calorie diets is mainly fat mass, but the weight loss inevitably affects skeletal muscle mass. It can range from ∼2 to 10%, depending on the age of the subjects (7, 8). This loss of lean muscle mass is likely to potentiate adverse effects on physical function and health (9).

Physical activity has a limited contribution to body fat reduction, even among different types of exercise (10–13). However, it is highly relevant for the preservation of muscle mass (7), weight maintenance (14), and improving cardiorespiratory fitness (15). Combining physical exercise with a hypocaloric diet induces slightly more weight loss in the short term (1.0–11.5 kg) (16). However, caloric restriction plus continuous aerobic training causes greater muscle mass loss than resistance exercise (17), suggesting that exercise modalities may play a role in maintaining muscle mass while dieting.

Although the benefits of even modest weight loss have been reported (18), it is unclear which intervention (diet vs. diet plus exercise or exercise alone) induces more favorable changes in body composition and chronic disease management in the long term. Weight maintenance is challenging due to adherence to behavioral changes and metabolic adaptations after weight loss. Therefore, researchers are looking for more effective and less time-consuming strategies that will hopefully increase commitment to healthy lifestyle changes.

High-intensity interval training (HIIT) has emerged as an alternative training modality that improves cardiorespiratory fitness and cardio-metabolic parameters in the healthy population (19) and in dieting obese patients (20, 21). However, few studies have addressed changes in segmental muscle mass and function and fat mass of different compartments after HIIT training (22–24), leading to potential differences when exercise training modalities are prescribed for the treatment of metabolic diseases.

The aim of the present study was to compare body composition and metabolic changes in overweight and obese men and women after 3 months of behavioral management for weight loss using a Mediterranean-type hypocaloric diet, HIIT, or a combination of both. We employed DEXA, abdominal CT scans, leg CT, and ultrasound (US) to analyze body compartments. Metabolic variables included serum glucose, lipoproteins, and insulin. We measured peak exercise oxygen consumption, workload, and handgrip and quadriceps muscle strength to evaluate functional changes. We hypothesized that adding HIIT to the dietary intervention would enhance its effects on body composition and metabolic profile. Our primary endpoints were the reduction of body fat and the maintenance of muscle mass. Secondary outcomes were the changes in the metabolic variables studied. This study was registered in Clinical Trials (NCT01793896); this manuscript refers to body composition and metabolic endpoints.



Methods


Subjects

The present study was a 3-month intervention trial. Inclusion criteria considered overweight (BMI 25 to 29.9 kg/m2) or obese (BMI greater than or equal to 30 kg/m2) men and women between the ages of 25 and 50 years who were interested in losing weight. At the same time, exclusion criteria included weight fluctuations (> 3 kg in the last 3 months), diabetes mellitus, neuromuscular or joint diseases, active smoking (>5 cigarettes/day), alcohol intake >30 g/day, and chronic diseases such as cancer, AIDS, or any organ failure. After signing a written informed consent, volunteers underwent an initial evaluation to rule out possible exclusion criteria and were then randomly assigned (according to a randomized number-based algorithm) to 1 of 3 interventions: a low-calorie Mediterranean-type diet (MD), supervised high-intensity interval training (HIIT) 3 times per week (EX), both interventions simultaneously (MD + EX). The study did not include a control group, but we performed a 3-month control period before randomization in 25 volunteers in which no intervention was prescribed.



Study design

After the initial assessment, subjects were randomly assigned to receive one of the interventions for 3 months, repeating the same evaluation at the end of this period. A total of 83 participants were included and randomized into three different groups (Figure 1). MD: the subjects were prescribed a Mediterranean diet with a caloric intake of 20 Kcal/kg. The recommended foods in the MD, as previously described (25), were non-fat fermented milk, vegetables, legumes, fresh fruit, olive oil, and fish. Subjects were also instructed to avoid highly processed foods (such as breakfast cereals, cookies, cakes, powdered milk, and sausages). Wine consumption, which is typical of MD, was not recommended. Subjects were instructed to maintain physical activity or regular exercise without a supervised exercise plan and were checked weekly by the dietitian in charge. EX: High-Intensity Interval Training (HIIT) sessions were performed in three weekly sessions on a static bicycle (Spirit, model CU800, AR, United States), following the protocol of Gillen et al. (26). Subjects performed 10 repetitions of 1 min in each session, at 75% of the peak power achieved in the incremental test, with 1 min of rest cycling at 50 watts. This protocol was designed to achieve 85–90% of the maximum cardiac rate (HRmax) and included a 3-min warm-up and a 2-min recovery period, for a total of 25 min per session. MED + EX: subjects were enrolled in both interventions simultaneously.

[image: Figure 1]

FIGURE 1
 Participant flow diagram.




Dietary intake and Mediterranean score

Habitual dietary intake according to the survey of Uribarri et al. (27) and also the calculation of the Mediterranean Score using the “Aliméntate Sano Dietary Recall,” (28) available on the Internet (https://www.mifitbook.cl/que_es_fitbook.php).



Blood samples

Fasting blood samples were collected by a venous puncture to obtain routine clinical biochemical tests (glucose, insulin, hemoglobin, lipoproteins, creatinine, prothrombin, and thyroid thyrotropin), analyzed in Vidaintegra laboratories.



Body composition

Subjects were assessed for basic anthropometric measurements (height, weight, and waist circumference). Double-photon densitometry (DEXA) was evaluated for estimation of total body composition on Lunar Encore equipment (software 2011, version 13.60), with a minimal significant variability (MSV) at the 95% confidence level between two measurements of the same object or subject of 0.9% (29).



Visceral and subcutaneous fat determination by computed tomography

Computed tomography (CT) at the L3 level to measure visceral and subcutaneous fat areas was performed in addition to the measurement of liver density as an indicator of fat infiltration, and CT at the same site of ultrasound measurements to estimate the rectus femoris muscle (RFM) area and density, in a Siemens Definition AS + tomograph with 128 detectors. The images were exported and segmented semi-automatically with the SliceOMatic software (version 5.0, Tomovision, Canada) by the region growth method and manual correction when necessary.



Muscle mass cross-sectional area

Thigh ultrasound (US) was used to measure the cross-sectional area of the rectus femoris muscle (RFM), at the mid-level between the iliac crest and the patella using a General Electric Logiq ultrasonographer, with intra- and interrater errors of 3.2 and 7.4%, respectively (30).



Physical performance

Quadriceps muscle strength was measured using a quadriceps table attached to a transducer, and handgrip strength was measured using a Therapeutic Instruments dynamometer (Clifton, NJ, USA), registering the best of three measurements on each limb (31). Cardiorespiratory fitness was determined by submaximal oxygen consumption (VO2) after an incremental test on a braked cycle ergometer using Sensormedics Vmax Encore 29 equipment. The incremental exercise test was started on a 15-watt ramp with 15-watt increments until volitional exhaustion at 60 rpm to measure VO2peak (32). Gross work efficiency was calculated as the ratio of work rate to energy expenditure in joules multiplied by 100 at submaximal work rates (33).



Energy expenditure

Actigraph (Actiheart®) was installed on all participants for 72 h for actigraphy and heart rate measurement. The devices were individually calibrated with the heart rate/energy expenditure curve obtained during the exercise calorimetry. Total energy expenditure (TEE), activity energy expenditure (AEE), and physical activity level (PAL) were determined (Actiheart software version 4.0.32, www.camtech.com).



Statistical analysis

Baseline data distribution was analyzed using the Shapiro–Wilk test, with group comparisons performed using the Student’s T-test, one-way ANOVA, or Kruskal–Wallis, depending on their distribution. To analyze the effects of the interventions, we transformed the delta changes before and after the intervention into percentages and compared the means using a one-way ANOVA. We also assessed the changes in variables within and between treatment groups. To do this, we performed a multilevel mixed-effects linear regression for repeated measures on raw data. This method has been previously described to detect the time or treatment effect and the interaction between these two conditions (34). All analyses were performed using Stata 13.0 software. Table variables were expressed as mean ± SD, and median (range). Regarding power size calculation, according to our primary endpoint (loss of body fat) and based on a previous study (35), to obtain a 10% reduction in total fat after the intervention, eight participants per group were required to obtain results with an α of less than 0.05 and a power of 0.8 using a paired analysis.




Results

As mentioned above, a total of 83 patients were initially selected according to the inclusion criteria, but 42 subjects failed to attend the exercise sessions or appointments with the RD, so we could not complete the final evaluation (body composition measurements and blood samples); therefore, the final sample for statistical analysis amounted to 41 (Figure 1). Table 1 shows all the variables studied by the group before the intervention. The groups were homogeneous in every variable at baseline, observing only the expected differences due to gender.



TABLE 1 Comparison of baseline variables between study groups.
[image: Table1]


Brief and intense exercise attenuates appendicular lean body mass loss induced by low-calorie MD

Exercise has been shown to prevent the loss of muscle mass induced by caloric restriction (9). In Table 2, we show that after 3 months of intervention, there was a significant reduction (expressed as %) in body weight, BMI, and waist circumference in MD and MD + EX when compared to EX alone (p < 0.0001). Regarding body composition, appendicular LMB, trunk, and total FM were also significantly different in the MD group compared to the other two groups (p = 0.007, 0.03, and 0.03, respectively). Regarding biochemical parameters, no statistical differences were observed, despite a decrease in glucose and insulin in the EX and MD + EX groups (−1.5 and − 3.1% reduction, respectively). Interestingly, visceral and subcutaneous fat determined by CT showed that MD alone resulted in a significant reduction in abdominal visceral and subcutaneous fat area (p = 0.02 and 0.04), although MD + EX had a − 15.4% and − 15.8% reduction on the same CT measured areas, respectively. We found no difference in exercise testing between groups, but VO2peak and workload showed percentage improvements in EX and MED + EX groups.



TABLE 2 Changes in study variables after 3-months of intervention.
[image: Table2]



Muscle performance is improved during hypocaloric-MD diets with high-intensity intervals

Preserving skeletal muscle performance is essential to maintaining function at any age (36). Table 3 shows the variables that exhibited significant changes after the intervention according to the mixed-effects linear regression for repeated measures method. Here, we found a lack of weight and total fat loss in the EX group (79.7 to 77 kg and 29.4 to 29.3 kg, respectively), while maintaining lean body mass in MD + EX (∼45.6 kg), and an increase in VO2peak and maximal load (W) associated with the inclusion of a HIIT modality in MED + EX (7.4 ml·kg·min and 54 W, respectively). Results did not change significantly when both exercise groups were combined with the calorie-restricted group. In conclusion, caloric restriction-induced greater fat and muscle loss. However, the incorporation of short-interval HIIT prevented muscle mass loss while increasing muscle strength and aerobic capacity as determined by VO2peak.



TABLE 3 Intergroup differences before and after the interventions.
[image: Table3]




Discussion

In this study, we used a hypocaloric MD, HIIT 3 times per week, and diet plus training to induce changes in body composition and metabolic parameters. We analyzed the results by protocol, including the 41 compliant men and women. Baseline variables did not differ between compliant and 42 excluded subjects (data not shown). As in previous studies, we observed that three short weekly sessions of HIIT attenuated calorie restriction-induced fat and lean body mass loss. Exercise is often included in lifestyle intervention programs to promote metabolic flexibility and prevent and treat metabolic diseases (37). Muscle loss associated with even a small and short-term caloric restriction must be emphasized because intermittent dieting is frequent in sedentary obese patients, increasing the risk of future sarcopenia and weight regain (38). These findings are relevant because we have previously detected lower muscle mass and strength in our population, even in young adults (39).

One of the main issues regarding the effectiveness of exercise and dietary treatments in patients with chronic conditions is adherence, which in our experience is around 50% (35, 40, 41). We assessed compliance with exercise by registering attendance at scheduled training sessions. As patients usually justify their lack of time, HIIT seemed to be a more time-efficient and less time-consuming strategy. However, in this new study, we observed similar retention rates, which puts pressure on the development of new strategies to achieve adherence in studies that involve efforts such as dietary changes and exercise.

Recently, the randomized PERIMED-plus trial showed that in men and women with metabolic syndrome who followed a Mediterranean diet for 12 months, 40% of the participants reported reductions in weight, waist circumference, blood pressure, and cholesterol with a low dropout rate (42), showing the effectiveness of this dietary pattern in the long term. When analyzing body composition changes by DEXA, it is evident that the hypocaloric diet (MD) induced a significantly greater loss of fat mass and a decrease in lean body mass (especially appendicular). These results were not confirmed by US or CT measurements of femoral muscle mass, suggesting that these measurements were less sensitive because they were localized to only one muscle area compared to the four extremities in DEXA. As expected, the training method employed was well tolerated. However, it did not induce changes in handgrip or quadriceps strength, as can be observed with strength training modalities mediated by mechanical loading and increased muscle protein synthesis pathways (43, 44). Exercise alone did not induce any changes in body composition or muscle parameters, unlike those reported by Blue et al. who demonstrated that 3 weeks of HIIT increased leg vastus lateralis cross-sectional area (CSA) by 14% in obese and overweight participants, but without any caloric restriction (45). However, exercise is essential for preserving muscle mass during hypocaloric diets.

Our results confirm that HIIT can preserve lean mass during a negative energy balance. Interestingly, it has been shown that the mitochondrial and myofibrillar protein synthesis responses are increased after high intensity (above 60% wattmax) when compared to low-intensity bouts of aerobic training (30% wattmax) in young men (46). This may explain why our subjects (trained at 75% wattmax) maintained their lean mass despite a diet-induced energy deficit. It is worth mentioning that the protein intake in our protocol was set at 1 g/kg body weight, which seems to be sufficient, at least for these young obese patients, to preserve muscle in this type of exercise regime with a hypocaloric MD (47).

We observed a barely significant but clinically relevant change in VO2peak that could be explained by factors such as an inadequate training dose (frequency, intensity, volume), insufficient to promote changes in fitness, and interindividual variability. Some investigations have demonstrated significant interindividual variability without improvements in cardiorespiratory fitness in response to typical exercise doses, attributed partly to genetic variants and exercise prescriptions (48, 49). A growing body of evidence indicates that changes following a regular training program vary among individuals, particularly depending on initial fitness levels, which in the present study were low. Hence, not all subjects will respond in the same way to a given dose of physical training. These subjects are known as non-responders. It is likely that our prescribed amount of HIIT (a fixed workload of 75% wattmax) was insufficient to induce changes in cardiovascular fitness in most of our volunteers. It may have been more convenient to prescribe training based on respiratory thresholds, as suggested by several authors (40, 41). Thus, non-responders to training should be considered more trained according to inadequate physiological parameters (40, 41, 50) and not as refractory to exercise programs.

Surprisingly, despite a more than 5% change in body weight, a nearly 12% decrease in fat mass, and a significant reduction in abdominal fat after hypocaloric dieting, no differences were observed in metabolic and oxidative stress indicators, contradicting clinical and scientific results. It is possible that adherence to the Mediterranean dietary pattern allowed a loss in total body fat and liver fat. However, no correlation was observed between an increase in the Mediterranean Score and changes in metabolic parameters such as glucose, insulin, HOMA-IR, and lipoprotein levels. Subjects who started the intervention with two or more features of the metabolic syndrome (waist circumference, elevated triglycerides, low HDL cholesterol, or elevated HOMA-IR) behaved similarly. We do not explain these results except for the high variability of laboratory parameters (especially HOMA-IR), which could have been amplified by the small sample size. A recent meta-analysis showed that only aerobic exercise reduced insulin levels and HOMA-IR (51). Another multicenter study using HIIT showed significant changes in these parameters in prediabetic men and women (52), although employing a lower-volume, higher-intensity protocol (5-by-1 min HIT, at ~125% VO2max cycling intensity). In a small sample of healthy subjects, long-term endurance training reduced triglyceride, glucose, and creatinine levels and increased superoxide dismutase activity (53). Lipoprotein profiles have improved through high-intensity aerobic and moderate resistance training (54, 55). Some studies have demonstrated that HIIT induces favorable metabolic changes in overweight and obese adults, while others have shown no apparent changes (56). These differences may be attributed to patient selection and specific training modalities, among other variables.

This study has limitations: a small sample size, due to low adherence to the three interventions, despite every effort to increase it, and a short intervention period. The reduced sample also precluded the analysis of men separately from women, who may have responded differently to diet and training. Our results may not apply to other age groups or groups with a wider gender distribution. With respect to dietary prescriptions, we could not ascertain these subjects’ actual protein intake because dietary recall proved limited. However, this study also has significant strengths, such as the various methods used to ensure proper body composition assessment and the measurement of several metabolic and functional parameters to detect changes induced by the interventions. Also, the exclusion of non-compliant volunteers allows for the determination of whether positive changes or a lack of effects occurred and were not a consequence of statistical error.

In conclusion, this study confirms that the best way to reduce body fat is to reduce energy intake. However, this can induce rapid muscle mass loss, which can be avoided by short sessions of HIIT. According to our results, fat mass loss seems to have a less relevant role in metabolic parameters than expected.
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Background: Animal studies have shown that maternal low-fiber diets during pregnancy may impair brain development and function in offspring, but this has not been validated by epidemiological studies. The aim of this study was to investigate the link between maternal dietary fiber intake during pregnancy and neurodevelopmental delay in offspring using a large birth cohort.

Methods: A total of 76,207 mother-infant pairs were analyzed using data from the Japan Environment and Children's Study, a nationwide prospective cohort study. Maternal dietary fiber intake was estimated using the food frequency questionnaire in mid-pregnancy. Maternal dietary fiber intake was adjusted for energy and classified into quintiles. Developmental delay was assessed in five domains using the Japanese version of the Ages and Stages Questionnaire, Third Edition at the age of 3 years. The logistic regression analysis was performed to estimate the odds ratio (OR) and 95% confidence interval (CI) for the link between dietary fiber intake during pregnancy and developmental delay at the age of 3 years.

Results: The lowest intake group of total dietary fiber had a higher risk of delayed communication [adjusted OR (aOR), 1.51; 95% CI, 1.32–1.74], fine motor (aOR, 1.45; 95% CI, 1.32–1.61), problem-solving (aOR, 1.46; 95% CI, 1.32–1.61), and personal-social skills (aOR, 1.30; 95% CI, 1.12–1.50) than did the highest intake group. An analysis that excluded the effects of insufficient folic acid intake during pregnancy also showed a similar trend.

Conclusion: This study showed that maternal dietary fiber deficiency during pregnancy might influence an increased risk of neurodevelopmental delay in offspring.

KEYWORDS
DOHaD (Developmental Origins of Health and Disease), dietary fiber, birth cohort, FFQ food frequency questionnaire, ASQ-3, gut microbiome


1. Introduction

The Developmental Origins of Health and Disease concept (DOHaD) has proposed that various environmental factors (e.g., undernutrition, stress, and chemical exposures) during the fetal period and infancy are linked with increased risk of several diseases (e.g., obesity, diabetes, allergic diseases, and neurodevelopmental diseases) later in life (1, 2). The first 1,000 days of life, from conception to a child's second birthday, are considered particularly important for child development. Intervention programs are being implemented in developing countries to improve malnutrition (3). Maternal malnutrition during pregnancy is a serious problem even in developed countries. In Japan, according to the Dietary Reference Intakes for Japanese (2020 version), the intake of several nutrients (e.g., dietary fiber, vitamin C, folic acid, and iron) is well-below the requirements for pregnant women (4). In young women, underweight, diet orientation, low-protein diet, and high-fat diet are also problems (5).

Dietary fiber is defined as edible carbohydrate polymers that are not decomposed by human digestive enzymes, and are classified into soluble and insoluble fiber depending on the difference in water solubility. Epidemiological studies have shown that increasing dietary fiber consumption is linked to a lower risk of various chronic diseases, including type 2 diabetes (6), cancer (7), and cardiovascular disease (8). Animal studies have reported that a high-fiber diet during pregnancy is linked to improved immune system development, decreased metabolic syndrome, and decreased cognitive and social dysfunction caused by maternal obesity in offspring (9–11). Another animal study also showed that a low-fiber diet during pregnancy impairs brain nerve function in offspring (12). However, no epidemiological studies have confirmed a link between maternal dietary fiber intake during pregnancy and neurodevelopment in offspring. Therefore, we investigated whether maternal dietary fiber intake during pregnancy was linked to child developmental delay at the age of 3 years.



2. Materials and methods


2.1. Study setting and population

The Japan Environment and Children's Study (JECS) is an ongoing nationwide prospective birth cohort study. The detailed protocols have been published elsewhere (13, 14). Participants were recruited between January 2011 and March 2014 in 15 Regional Centers covering 19 prefectures across Japan. We used the dataset jecs-ta-20190930-qsn, which was first released in October 2019 and completed in March 2022. We eliminated 3,759 miscarriages or stillbirths and 1,891 multiple pregnancies from a total of 104,062 fetal records. In addition, 1,718 and 20,487 were not included in this study because Food Frequency Questionnaire (FFQ) in mid-pregnancy and the Japanese translations of Ages and Stages Questionnaires, Third Edition (J-ASQ-3) at 3 years, respectively, had missing data. Finally, 76,207 mother-child pairs were analyzed in this study (Figure 1).


[image: Figure 1]
FIGURE 1
 Flow chart of the participants.


The JECS protocol was reviewed and approved by the Ministry of the Environment's Institutional Review Board on Epidemiological Studies and the Ethics Committees of all participating institutions (ethical approval number: 100910001). The JECS was conducted following the Declaration of Helsinki, and written informed consent was obtained from all the participants.



2.2. Dietary information

Dietary information was obtained using the FFQ, which is a validated self-administered dietary questionnaire evaluated in previous studies (15). Respondents were asked about their dietary status from conception to the answering date Respondents were asked about their dietary status during the second/third trimester. The food and nutrient intakes were calculated using the FFQ items based on the 2010 edition of the Standardized Tables of Food Composition in Japan. Energy adjustment for nutrients was conducted using the nutrient density model (per 1,000 kcal) (16). Participants were categorized into quintiles based on dietary fiber intake. The lowest and highest quintiles were Q1 and Q5, respectively.

To analyze the effects of folic acid intake, we used data on dietary folic acid intake and the frequency of folic acid supplement use during the second and third trimesters. Based on the estimated mean folic acid requirement for pregnant Japanese women (400 μg/day) (4), we divided the population into two groups. Mothers answered about folate supplement intake during pregnancy by choosing frequency from never, once a month, 2–3 times a month, 1–3 times a week, 4–6 times a week, once a day, and twice or more times a day. Furthermore, we recategorized it into three groups: none, occasional (less than six times per week), and daily (more than once a day).



2.3. Outcome definitions

Developmental delays at the age of 3 years were assessed using the ASQ-3, which was included in the questionnaire sent when the child was 3 years old. Parents or caregivers filled out the ASQ-3 developmental screening questionnaire (17). The ASQ-3 comprised 30 questions across the following five domains: communication, gross motor, fine motor, problem-solving, and personal-social skills. A respondent chose yes, sometimes, or no for each question and scored 10 for yes, 5 for sometimes, and 0 for no. The J-ASQ-3, which was used in this study, has been validated using benchmark scores for Japanese children (17). The child was determined to have a developmental delay in that domain if their score fell below the cutoff in each domain.



2.4. Covariates

Covariates were selected a priori based on previous studies (18–20). Information on maternal smoking and drinking during pregnancy, annual household income (million yen), maternal educational level, maternal age at birth, and older siblings was collected from mothers in the first and second/third trimesters of pregnancy using a self-administered questionnaire. Child sex, pre-pregnancy body mass index (BMI), mode of delivery, birth weight, and the gestational week at birth were extracted from medical record transcripts. Preterm birth was defined as delivery at < 37 weeks gestation. Maternal age at birth was classified as < 25, 25–29, 30–34, and ≥35 years. Pre-pregnancy BMI was categorized into three groups: underweight (< 18.5 kg/m2), normal (18.5–24.9 kg/m2), and overweight (≥25 kg/m2). Information on childcare facility attendance, caretaker other than the child's mother, and breastfeeding was collected from the self-questionnaire administered to mothers when their children were 1 year old. In this questionnaire, the mother was asked, “I love this child”, to which she chose “Strongly agree”; “Somewhat agree”; “Somewhat disagree”; or “Strongly disagree”. We re-categorized the responses into two categories: agree and disagree.

The Kessler Psychological Distress Scale (K6) score was extracted from a self-questionnaire during the second trimester and when the child reached 1 year of age. Scores above the cutoff points of K6 (≥5 points) have been reported to indicate poor mental health in Japanese (21).



2.5. Statistical analyses

The logistic regression analysis was used to estimate the crude and adjusted odds ratios (cOR and aOR, respectively), as well as the 95% confidence interval (CI), for the link between dietary fiber intake during pregnancy and developmental delay in children at the age of 3 years. Multivariable models were adjusted for pre-pregnancy BMI, maternal education level, maternal smoking and drinking during pregnancy, annual household income, older siblings, maternal age at birth, gestational age at birth, birth weight, child's sex, attendance at a childcare facility at the age of 1 year, and breastfeeding until the age of 1 year, maternal mental health during pregnancy and when her child was 1 year of age, caretaker other than the child's mother at 1 year of age, and attachment bond when her child was 1 year of age. Missing values were excluded from the multivariate analysis. A population with sufficient folic acid intake was used for sensitivity analysis. Furthermore, the median value of each intake quintile was used to calculate P for the trend. A P = 0.05 (two-sided) was considered significant. All statistical analyses were performed using the Statistical Package for the Social Sciences software version 27.




3. Results

The characteristics of the mothers and their children are presented in Table 1. Mean [± standard deviation (SD)] intakes of total, soluble, and insoluble dietary fiber (g/1,000 kcal/day) during mid-pregnancy were 6.18 ± 2.04, 1.50 ± 0.58, and 4.45 ± 1.40, respectively. The numbers of children aged 3 years, whose scores fell below the threshold for each J-ASQ-3 category were as follows: 3,125 (4.1%) for communication, 3,527 (4.6%) for gross motor, 5,866 (7.7%) for fine motor, 5,696 (7.5%) for problem-solving, and 2,594 (3.4%) for personal-social skills.


TABLE 1 Characteristics of the study population.
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Table 2 shows the association between maternal total dietary fiber intake during mid-pregnancy and developmental delay in children at the age of 3 years. In comparison to the highest intake group, the lower intake groups of total dietary fiber had a higher risk of children showing developmental delays in four domains. For instance, the lowest intake group of total dietary fiber had the following aOR and 95% CI: communication (aOR, 1.51; 95% CI, 1.32–1.74; P for trend < 0.001), fine motor (aOR, 1.45; 95% CI, 1.32–1.61; P for trend < 0.001), problem-solving (aOR, 1.46; 95% CI, 1.32–1.61; P for trend < 0.001), and personal-social skills (aOR, 1.30; 95% CI, 1.12–1.50; P for trend < 0.001).


TABLE 2 Association between intake of total dietary fiber on mid-pregnancy and development delay at the age of 3 years.

[image: Table 2]

Table 3 shows the association between maternal intake of soluble and insoluble dietary fiber during mid-pregnancy and child developmental delay at age 3. Similar to the results for total dietary fiber, both low-fiber groups were linked to a higher risk of child developmental delay in four domains, excluding gross motor skill. For gross motor skills, the lower soluble dietary fiber groups had a higher risk of child developmental delay than did the groups with highest soluble dietary fiber. (Q1: aOR, 1.15; 95% CI, 1.02–1.31; Q2: aOR, 1.18; 95% CI, 1.04–1.33; Q3: aOR, 1.16; 95% CI, 1.02–1.31; Q4: aOR, 1.16; 95% CI, 1.02–1.31; P for trend = 0.016).


TABLE 3 Association between intake of soluble and insoluble dietary fiber on mid-pregnancy and development delay at the age of 3 years.
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We also analyzed the association between maternal total dietary fiber intake during mid-pregnancy and child developmental delay at the age of 3 years, stratified by pre-pregnancy BMI (Table 4). In the normal BMI group, similar to the results presented in Table 2, a lower total dietary fiber intake was associated with a significantly higher risk of developmental delay at the age of 3 years in four domains (communication, fine motor, problem-solving, and personal-social skills). In the underweight BMI group, the lowest intake groups of total dietary fiber had a significantly higher risk of developmental delay in communication (Q1: aOR, 1.12; 95% CI, 1.07–2.15) and problem-solving (Q1: aOR, 1.50; 95% CI, 1.14–1.97) compared that of the group with the highest intake. In the overweight BMI group, the lowest intake groups of total dietary fiber had a significantly higher risk of developmental delay in communication (Q1: aOR, 1.64; 95% CI, 1.12–2.38), fine motor (Q1: aOR, 1.51; 95% CI, 1.15–2.00), and problem-solving skills (Q1: aOR, 1.59; 95% CI, 1.20–2.11) compared with that of group with the highest intake.


TABLE 4 Association between total dietary fiber intake on mid-pregnancy and development delay at the age of 3 years, stratified by pre-pregnancy BMI.
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To exclude the effects of folic acid intake during pregnancy, we selected mothers who consumed more than 400 μg/day of dietary folic acid (n = 8,950) or used folic acid supplements daily (n = 15,976) during pregnancy. Table 5 shows the results of mothers who consumed more than 400 μg/day of dietary folic acid at mid-pregnancy. For communication, the lower intake groups of total dietary fiber had a higher risk of child developmental delay at the age of 3 years (Q1: aOR, 1.62; 95% CI, 1.05–2.50; P for trend = 0.004). For personal social skills, the second highest dietary fiber group had a lower risk of child developmental delay than did the highest dietary fiber group (Q4: aOR, 0.59; 95% CI, 0.36–0.96). Table 6 shows the results of mothers who used folic acid supplements daily during pregnancy. The group with the lowest total dietary fiber had a higher risk of child developmental delay at the age of 3 years in four domains than did the highest intake group: communication (Q1: aOR, 1.65; 95% CI, 1.23–2.19; P for trend < 0.001), fine motor skill (Q1: aOR, 1.54; 95% CI, 1.25–1.91; P for trend < 0.001), problem-solving (Q1: aOR, 1.54; 95% CI, 1.25–1.90; P for trend < 0.001), and personal-social skills (Q1: aOR, 1.44; 95% CI, 1.07–1.93; P for trend = 0.008).


TABLE 5 Association between intake of total dietary fiber and development delay at the age of 3 years in mothers with folic acid intake above the reference value (400 μg/day) during pregnancy.
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TABLE 6 Association between intake of total dietary fiber and development delay at the age of 3 years in mothers who took daily folic acid supplements during pregnancy.
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4. Discussion

Using a large birth cohort, we clarified for the first time the relationship between reduced maternal dietary fiber intake during pregnancy and increased neurodevelopmental risk in offspring, which had previously been reported in animal studies. Even after taking folic acid intake into account, there was a significant link between maternal dietary fiber intake during pregnancy and child developmental delay at the age of 3 years. Assessments at baseline and 1 year after study began showed that the study population was representative of the general population in Japan (14, 22), suggesting that the results of this study may be generalized.

The dietary reference intakes of the United States and Canada indicate that 28 g of total dietary fiber per day (14 g/1,000 kcal/day) is adequate for pregnant women (23). According to the dietary reference intake for Japanese (2020), the tentative dietary fiber intake goal for pregnant women is calculated to be 18 g or more per day (4). The Dietary Intake Standards for Japanese (2020 edition) recommend that pregnant women consume at least 18 g of dietary fiber per day. In this study, the mean (± SD) of maternal dietary fiber intake during pregnancy was 10.77 (± 6.30) g per day, with only 6,391 mothers (8.4%) consuming more than 18 g per day. Therefore, we used the group with the highest dietary fiber intake as a reference. The lower the dietary fiber intake, the higher the odds ratio for child developmental delay at the age of 3 years.

Animal studies have shown that offspring born to mothers fed a low-fiber diet during pregnancy are at a higher risk for metabolic syndrome, characterized by obesity and impaired glucose tolerance (9). In contrast, maternal high-fiber diets have been demonstrated to reduce cognitive and social-behavioral dysfunction in offspring caused by maternal obesity (10). This study corroborates findings from animal studies, and extends them by demonstrating the link between maternal dietary fiber intake during pregnancy and the risk of neurodevelopmental delay in offspring.

The primary mechanism by which dietary fiber acts is by regulating the gut microbiome. Murine studies have demonstrated a link between the dysbiosis of the maternal gut microbiome during pregnancy and abnormal neurodevelopmental and behavior in offspring (24, 25). In addition, an Australian birth cohort study recently found a link between maternal gut microbiota composition during pregnancy and behavioral abnormalities at age two (26). Specifically, recent studies have demonstrated that short-chain fatty acids (SCFAs) produced by bacterial fermentation of dietary fiber are important for gut microbiota-brain crosstalk (27, 28). Short-chain fatty acids such as acetate, propionate, and butyrate are known to modulate sympathetic nervous system activation (9) and affect brain function and behavior (12, 29). Our results suggest that maternal inadequate dietary fiber intake during pregnancy affected child neurodevelopmental delay through decreased production of SCFAs by gut bacterial fermentation of dietary fiber. Soluble and insoluble dietary fiber had similar effects on the four ASQ-3 subscales (communication, fine motor, problem-solving, and personal-social). However, only soluble dietary fiber was found to significantly increase the risk of child developmental delay in gross motor. Soluble dietary fiber is known to affect the regulation of gut microbiota and the production of SCFAs compared to that by insoluble dietary fiber (30). Thus, maternal soluble fiber intake during pregnancy may have significantly impacted child development.

The gut microbiota composition of pregnant women with overweight is known to differ from that of pregnant women with normal weight (31, 32). The gut microbiota of women with maternal pre-pregnancy overweight has also been shown to influence the gut microbiota composition of their offspring (33, 34). In recent years, it has been clarified that the gut microbiota may influence the association between maternal overweight and neurodevelopmental abnormalities in children (35–37). Therefore, to exclude the effects of maternal overweight, we investigated the association between total dietary fiber intake and developmental delay at the age of 3 years, stratified by pre-pregnancy BMI. Our results showed that even in the normal weight group, lower dietary fiber intake during pregnancy was associated with an increased risk of child developmental delay in four ASQ-3 subscales (communication, fine motor, problem-solving, and personal-social). These results strengthen the evidence that inadequate intake of dietary fiber during pregnancy affects neurodevelopmental delay in offspring. Therefore, future studies should elucidate the molecular mechanisms associated with maternal dietary fiber intake during pregnancy and neurodevelopment of the offspring by analyzing the gut microbiota and its metabolites.

Grains, beans, potatoes, vegetables, fruits, mushrooms, and seaweed are known as food groups rich in dietary fiber (38). Therefore, our results may reflect the effects of other nutrients that are highly correlated with dietary fiber intake. Folic acid deficiency during early pregnancy is known to be associated with an increased risk of neural tube defects and neurodevelopmental disorders, such as autism (39, 40). A JECS study found a link between dietary folic acid intake by pregnant women and child's verbal cognitive development at 2 years of age (41). According to the dietary reference intakes for Japanese (2020), the estimated average folic acid requirement for pregnant women is 400 μg per day (4). However, only 8,950 (11.7%) pregnant women in this study satisfied the requirements for dietary folic acid intake. In fact, when examining the association between intake of dietary fiber and various nutrients, folic acid showed the highest correlation (r = 0.865). To eliminate the effect of folic acid, we analyzed the link between maternal dietary fiber intake during pregnancy and child developmental delay at the age of 3 years in a group of pregnant women with folic acid intake above the reference value. As a result, similar effects were observed in communication, fine motor, and problem-solving. In fine motor and personal-social, the group with the second highest dietary fiber intake (Q2) had a reduced odds ratio compared with the group with the highest dietary fiber intake (Q1), which may reflect the effect of excessive dietary fiber intake. Therefore, supplementation is recommended since it is difficult to obtain sufficient folic acid from food (4). Our results also showed a link between maternal dietary fiber intake during pregnancy and child developmental delay, in an analysis of a population of mothers taking daily folic acid supplements. Many of the folic acid supplements for pregnant women sold in Japan also contain various vitamins, minerals, iron, and calcium. Therefore, it is conceivable that mothers who take folic acid supplements appropriately also take sufficient nutrients necessary for pregnant women. The results of these sensitivity analyses strengthen the evidence that lower maternal dietary fiber intake during pregnancy is linked to a higher risk of child neurodevelopmental delay. Therefore, it may be necessary to recommend dietary fiber intake through supplementation in pregnant women.

The strength of this study is its large sample size and adjustment for many potential confounders. Our results provided reinforcing evidence for the DOHaD concept that undernutrition during pregnancy is associated with an increased risk of neurodevelopmental delay in children. Nevertheless, this study had some limitations. First, human studies cannot assess the effects of dietary fiber alone. Although this study considered the impact of folic acid intake during pregnancy, the possibility of other nutrients having an impact cannot be completely ruled out. In addition, dietary fiber intake from supplements could not be investigated. Therefore, further intervention studies are needed to clarify the direct impact. Second, because this study used a self-administered questionnaire, it is possible that personal understanding of the questions influenced responses. Third, the FFQ we used has not been validated in pregnant women and may be misclassified. Finally, regarding the nutritional environment after childbirth, breastfeeding was adjusted; however, baby food and early childhood diet were not considered.

This study indicates that maternal dietary fiber deficiency during pregnancy may contribute to a higher risk of neurodevelopmental delay in offspring. Furthermore, most pregnant women in Japan consume far less dietary fiber than what is the recommended intake; thereby, this maternal nutritional imbalance during pregnancy may adversely affect the neurodevelopment of their offspring. Therefore, nutritional guidance for pregnant mothers is crucial to reduce the risk of future health problems for their children.
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Methods: The aim of the study was to evaluate the effects of Active or Sedentary lifestyle on saliva microbiota composition in Italian schoolchildren.

Male (114) and female children (8–10 years) belonging to five primary schools in the neighborhoods of Turin were classified as active (A) or sedentary (S) based on PAQ-C-It questionnaire. PCR amplification of salivary DNA targeted the hypervariable V3–V4 regions of the 16S rRNA bacterial genes. DADA2 workflow was used to infer the Amplicon Sequence Variants and the taxonomic assignments; the beta-diversity was obtained by PCoA with the UniFrac method; LEfSe algorithm, threshold at 5%, and Log LDA cutoff at ±0.5 were used to identify differently abundant species in A compared to S saliva sample. Daily food intake was assessed by 3-Days food record. The metabolic potential of microbial communities was assessed by PICRUSt.

Results: No significant differences were found in individual’s gender distribution (p = 0.411), anthropometry, BMI (p > 0.05), and all diet composition between A and S groups (p > 0.05). Eight species were differently abundant: Prevotella nigrescens (LDA score = −3.76; FDR = 1.5×10–03), Collinsella aerofaciens (LDA score = −3.17; FDR = 7.45×10–03), Simonsiella muelleri (LDA score = −2.96; FDR = 2.76×10–05), Parabacteroides merdae (LDA score = −2.43; FDR = 1.3×10–02) are enriched in the A group; Gemella parahaemolysans, Prevotella aurantiaca (LDA score = −3.9; FDR = 5.27×10–04), Prevotella pallens (LDA score = 4.23; FDR = 1.93×10–02), Neisseria mucosa (LDA score = 4.43; FDR = 1.31×10–02; LDA score = 2.94; FDR = 7.45×10–03) are enriched in the S group. A prevalence of superpathway of fatty acid biosynthesis initiation (E. coli) and catechol degradation II (meta-cleavage pathway) was found in saliva from A compared to S children.

Conclusion: Our results showed that active children had an enrichment of species and genera mainly associated with a healthier profile. By contrast, the genera and the species enriched in the sedentary group could be linked to human diseases.
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1. Introduction

The human gut microbiota is intimately associated with different aspects of human health and disease. Its characterization could help diagnosis, prognosis, and therapy settings by giving over 150 times more genetic information than the human genome alone (1). The microbiota composition depends on spatial distribution and age; in general, the microbiota diversity increases over the time and decreases in elderly (2, 3). In children of about 3 years, gut microbiota becomes similar to that of adults, with five predominant bacterial phyla: Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria and Verrucomicrobia (4). Recent findings established the role of environmental factors on microbiota composition suggesting a close cross-talk between the lifestyle and the diversity of microorganisms populating the intestine (5). To date, the effects of exercise on human health have been thoroughly studied. In the last decade, many evidences supported a dynamic relationship between the composition of gut microbiota (GM) and physical activity levels in animal models (6–10) and in human (11–14). In particular, the theory that exercise is able to enrich the diversity of the human gut microbiota depending on the volume of training resulting in improved health status of the host, has been supported (12, 15). In particular, GM diversity has been associated to cardiorespiratory fitness (11, 16, 17) and to VO2max in adults (18). Moreover, Barton et al. (18) highlighted in GM, by a metagenomic and metabolomic approach, relative increases in fecal pathways and metabolites, e.g., short-chain fatty acids (SCFAs) produced by microbes, associated with higher muscle turnover and overall health in professional athletes compared with sedentary controls.

While in adults there are some evidences of the influence of physical activity on GM composition, in children or pre-adolescents, very poor results have been provided. Recent reports indicated that the GM profile is associated with the body mass index and could be modulated by exercise training and lifestyle habits in obese children (19–22). Furthermore, several evidences show that the salivary microbiota mirrors the gut microbiota and that some oral bacteria colonize the gut and have been associated both to oral and systemic health. (23–26).

Despite these recent advances, the complete landscape of the association between the saliva profile and lifestyle habits in children is still to be clarified. Further, no data on saliva microbiota composition have been provided in Italian schoolchildren associated to Active compared to Sedentary status, to date. Thus, the principal aim of this study was to analyse the possible association between saliva microbiota compositions and lifestyle in Active compared to Sedentary cohort of 8–10-year-old Italian school-aged children living in the neighborhoods of Turin (northwest Italy).

We conducted this study by hypothesizing that active lifestyle could be associated with saliva microbiota profiles contributing to host health promotion. Indeed, the main aim of our work was to identify the differences in the saliva of Active compared to Sedentary schoolchildren. In order to study the microbiota composition, we sequenced the bacterial 16S rRNA of saliva biospecimens and assessed their differential abundance.



2. Materials and methods


2.1. Participants

One hundred and thirty children (8–10 years) belonging to five primary schools in the neighborhoods of Turin (northwest Italy) were enrolled. All information on the aim of the study has been provided to children’s parents/guardians and teachers as previously described (27).

Children meeting any of the following criteria were excluded from the study: (i) recent infections (1 month prior to sample collection), (ii) having disorders affecting diet or physical activity, and (iii) recent usage of either antibiotic, prebiotics and probiotics supplements (1 month prior to data and sample collection). The enrolled children were classified in two groups: active (A) and sedentary (S) on the basis of Physical Activity Questionnaire for Older Children (PAQ-C-It cut-off score of 2.75), the related procedures are detailed in Lupo et al. (27). Parents/guardians and teachers provided written informed consent for participation to the study, according to the ethical standards provided in the 1964 Declaration of Helsinki. Ethics committee on human research of the University of Turin (9 March 2020: Protocol #134691) and Naples (17 January 2020: Protocol #376/19) approved the study. The procedures used to take anthropometric measures were described in Lupo et al. (27); briefly, stature was measured by a portable stadiometer (Model 214; Seca, Hamburg, Germany), body mass was measured by an electronic scale (Model 876; Seca, Hamburg, Germany), participants’ waist circumference was measured in the standing position, midway between the lowest rib and the iliac crest by Ana elastic meter. The Body Mass Index (BMI) was calculated as body mass divided by height squared (kg/m2).

To estimate the daily food intake, all participants filled the questionnaire (3-Days food records). Records were processed using Winfood software (Medimatica S.u.r.l., Colonnella, TE, Italy). Statistical analysis was performed through a one-way ANOVA (Statview software).



2.2. Saliva sample collection and genomic DNA extraction

The donor was asked not to eat and not to use oral hygiene products 1 h before saliva collection. At least 2 mL of unstimulated saliva was collected, put on ice and stored at − 80°C until the analysis. DNA was extracted from saliva samples using the MagPurix Bacterial DNA Extraction Kit (ZP02006; Zinexts Life Science Corp.) according to the manufacturer’s instructions. DNA was quantified using the Qubit dsDNA BR and HS assay kit (Life Technologies, CA, United States).



2.3. Preparation of the 16S metagenomic sequencing library

PCR amplification was conducted to target the hypervariable V3–V4 regions of the 16S rRNA bacterial genes. Specific primers with barcodes and high-efficiency enzymes were used to perform PCR. The PCR primers were: forward 341F: CCTAYGGGRBGCASCAG; reverse 806R: GGACTACNNGGGTATCTAAT. The PCR products of 450–500 bp were collected with 2% agarose gel electrophoresis. To build library, same amount of PCR products from each sample is pooled, end-repaired, A-tailed and further ligated with Illumina adapters. The library QC was performed with Qubit and real-time PCR for quantification and with bioanalyzer to check the insert size distribution. Libraries were sequenced on a paired-end Illumina platform to generate 250 bp paired-end raw reads. The raw sequencing data are available in Zenodo (https://doi.org/10.5281/zenodo.7920752; Publication date: May 10, 2023).



2.4. Bioinformatic analysis and statistics

We used the R platform for statistical analysis and for the data processing. We applied the DADA2 workflow (28) to infer the Amplicon Sequence Variants (ASVs) and for the taxonomic assignments.

In brief, we first filtered and trimmed raw sequencing reads in order to remove low quality bases and adapter contamination. Then, we removed identical reads. Moreover, the reads were denoised, merged filtered to remove artifacts (PCR, and PhiX related chimeras). We obtained the ASVs quantifications and assigned taxonomy annotations (including the Species level) using the SILVA database of non-redundant sequences (version: v138, nr99) (29). The data were structured in objects including the ASVs quantifications, the taxonomy annotations, the sample group data and the phylogenetic tree using the phyloseq and the APE packages (30, 31). Finally, based on the initial DNA concentration, we removed possible contaminant ASVs by using the “prevalence” method of the decontam package (32).

Downstream analyses were performed using the MicrobiomeAnalystR package (33, 34) and included data normalization, measures of diversity and differential abundance estimation.

Briefly, we normalized the ASV counts based on their abundance (low count filter: for any ASV to be retained, at least 20% of its values should contain at least 4 counts) and variance (low variance filter: based on Inter-quantile range ± 10%). This, because ASVs with small counts (in few samples) could represent sequencing errors. Moreover, ASVs that are closely constant in all samples could be excluded from the comparative analyses. Finally, we used the total sum scaling in order to bring all the samples to the same scale.

We evaluated the alpha-diversity by calculating the Abundance-based coverage estimator (ACE) and a nonparametric estimator of species richness (Chao1) indices and by the Fisher metrics (to consider both richness and eveness). The degree to which the species composition changes between the two groups (the beta-diversity) was obtained by PCoA (Principal Coordinates Analysis) of the distances calculated with the un-weighted UniFrac method and the statistical significance assessed by the PERMANOVA test.

We also used the rarefaction curves to evaluate whether the samples were sufficiently sampled and sequenced to represent their species richness. We assessed the statistical significance of comparisons between the two groups of samples under study by using the Mann–Whitney test.

The differential abundance was assessed by the LEfSe (Linear Discriminant Analysis Effect Size) algorithm (35) for biomarker discovery and interpretation of metagenomics data. It involves the Kruskal-Wallis rank sum test to identify features (e.g., Species or Genera) with significant differential abundance in the two groups, followed by linear discriminant analysis (LDA) to evaluate the relevance (the effect size) of the selected features. Different abundant features were considered if the FDR adjusted value of p was less than or equal to 0.05 and if the Log LDA was greater than or less than 0.5. We used Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) to assess the metabolic potential of microbial communities (KEGG pathways). In this analysis, we started from the ASVs belonging to the significant genera obtained by LefSE algorithm.




3. Results


3.1. Cohort characteristics

Anthropometric characteristics and eating habits of the children enrolled in this study are shown in Table 1. No significant differences in individuals’ gender (Chi-square 0.6748; p = 0.411399). anthropometric characteristics such as height, weight, BMI and the waist/height ratio were observed (p > 0.05). Similarly, no significant differences in all diet components analyzed in A and S groups were found (Table 1).



TABLE 1 Anthropometric characteristics and eating habits of Active (A) and Sedentary (S) children.
[image: Table1]



3.2. Sequencing reads processing and taxonomic assignments

The Illumina sequencing of the hypervariable V3–V4 regions of the 16S rRNA bacterial genes generated 2 × 250 bp paired-end reads. On average, we obtained 169.124 reads per-sample (Supplementary Figure S1A). Overall, the percentage of bases with quality scores above 20 and 30 (Q20 and Q30, respectively) was of 96.45 and 91.22, respectively (Supplementary Figures S1B,C). The percentage of GC nucleotides was of 52.03 (Supplementary Figure S1D). The set of reads was used to run the DADA2 workflow including the filtering and trimming (median = 169.02), denoising of forward (median = 165.00) and reverse (median = 164.80) reads; merging (median = 149.27) and chimeric reads removal (median = 114.43; Supplementary Figure S1E). After merging, the median length of reads was of 424 bp. Overall, starting from filtered reads, we obtained a merging rate of 88.38% and a final rate of read processing (non-chimera over merged reads) of 67.62% (Supplementary Figure S1F). Details on read processing are reported in Supplementary Table S1.

For taxonomic assignments we used the SILVA database of non-redundant sequences (version: v138, nr99). Overall, we could identify a total of 14.197 taxa (ASVs) that were annotated to the seven taxonomic ranks as follows. All the ASVs were taxonomically assigned to the kingdom of bacteria. The 98.06% of the ASVs was annotated at the phylum level (43 phyla), the 96.97% at the class level (94 classes), the 94.93% at the order level (195 orders), the 88.43% at the family level (231 families), the 81.04% at the genus level (404 genera) and the 4.86% was annotated up to the species level (257 species; Supplementary Figure S2A). From the initial set of annotated ASVs, we discarded a total of 68 taxa as possible contaminants. Moreover, as described in Methods we removed low abundant and low variable ASVs to obtain the final set of 472 ASVs that was normalized and used for downstream analyses.



3.3. Diversity estimates

At the genus level, alpha-diversity estimates were significantly different between the two groups, A and S. Indeed, ACE (Figure 1A), Chao1 (Figure 1B) and Fisher (Figure 1C) indices showed p < 0.01 (Mann–Whitney test). The beta-diversity analysis, as measured by unweighted UniFrac distances, showed a significantly different microbial composition between the two groups (r2 = 0.026, p = 0.001; Figure 1D), the diversity was also confirmed by using the weighted UniFrac distance metric (r2 = 0.018, p = 0.001; Figure 1E). As previously reported (36), unweighted and weighted UniFrac distance measures can be considered as quality-based and quantity-based indexes, respectively. Indeed, we can assess that the observed variation between the two groups was due to the different taxa abundances and to the types of taxa in their microbiome. Moreover, the rarefaction analysis clearly evidenced the capacity to capture the species richness from the results of sampling and sequencing in both groups without any statistically significant difference (p = 0.084; Supplementary Figure S2B).
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FIGURE 1
 Diversity and distance measures between active (A) and sedentary (S). (A) Alpha-diversity measured by ACE index (p = 0.0099). (B) Alpha-diversity measured by Chao1 index (p = 0.0097). (C) Alpha-diversity measured by Fisher index (p = 0.0039). (D) Principal Coordinates Analysis plot of beta-diversity index measured by unweighted UniFrac distances (p = 0.001). (E) Principal Coordinates Analysis plot of beta-diversity index measured by weighted UniFrac distances (p = 0.001). (A), B, C, F: Mann–Whitney test. (D), E: PERMANOVA test.




3.4. Abundance estimates

We evaluated and compared the taxa abundance in the final set of 472 filtered and normalized ASVs. Overall, we identified 8 phyla, 12 classes, 30 orders, 46 families, 84 genera and 96 species.

At the phylum level, on average, the most abundant bacteria were Firmicutes, Bacteroides and Proteobacteria accounting for the 32.08, 26.97% and the 25.58% of the taxa, respectively (Supplementary Figure S3A). The most represented classes were Bacteroides (26.97%), Gammaproteobacteria (25.58%) and Bacilli (21.36%; Supplementary Figure S3B). The most prevalent orders were Bacteroides (26.63%), Lactobacillales (19.58%), Pasteurellales (12.88%) and Burkholderiales (12.12%; Supplementary Figure S3C). Among the most abundant families, we found Prevotellaceae (23.07%), Streptococcaceae (17.66%), Pasteurellaceae (12.88%) and Neisseriaceae (11.77%; Supplementary Figure S3D). At the genus level, we found the Prevotella (19.74%), Streptococcus (17.66%), Haemophilus (11.87%), Neisseria (11.57%) and Veillonella (6.06%; Figure 2A). Finally, the top abundant species that we were able to classify were Prevotella melaninogenica (10.86%), Fusobacterium periodonticum (4.44%), Haemophilus parainfluenzae (2.27%), Rothia mucilaginosa (2.10%) and Veillonella dispar (1.55%; Figure 2B).
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FIGURE 2
 Overall taxonomic distribution. The Figure reports the overall abundance of the identified taxa. (A) Genus level. (B) Species level. Each plot shows the top ten abundant taxa.




3.5. Differential abundance estimates

As described in Methods, we used the LEfSe algorithm to perform the differential abundance analysis and to identify the taxa that could explain the differences between the two groups A and S. We set the threshold at 5% and the Log LDA cutoff at ± 0.5. Interestingly, using these very stringent criteria, we found Coriobacteriaceae family as more abundant in the A compared to the S group (LDA score = −3.17; FDR = 0.021).

Further, at the genus level, we found that ten genera were responsible for the differences between the two groups. In particular, Agathobacter (LDA score = −3.40; FDR = 0.015), Escherichia–Shigella (LDA score = −3.37; FDR = 7.68×10-04), Collinsella (LDA score = −3.17; FDR = 0.012), Simonsiella (LDA score = −2.95; FDR = 0.044), Eubacterium-yurii group (LDA score = −2.79; FDR = 0.041) and Parabacteroides (LDA score = −2.43; FDR = 0.015) were more abundant in the A group. On the contrary, Mogibacterium (LDA score = 2.71; FDR = 9.21×10–04), Stomatobaculum (LDA score = 3.24; FDR = 0.44), TM7× (also known as Nanosynbacter lyticus, LDA score = 3.90; FDR = 0.045) and Granulicatella (LDA score = 4.14; FDR = 0.045) were more abundant genera in the S group (Figures 3A,B; Supplementary Table S2). Eight species showed significant differences in the LEfSe analysis. Indeed, Prevotella nigrescens (LDA score = −3.76; FDR = 1.5 × 10–03), Collinsella aerofaciens (LDA score = −3.17; FDR = 7.45 × 10–03), Simonsiella muelleri (LDA score = −2.96; FDR = 2.76 × 10–05), Parabacteroides merdae (LDA score = −2.43; FDR = 1.3 × 10–02), were the most represented species in the A group. Conversely, Gemella parahaemolysans, Prevotella aurantiaca (LDA score = −3.9; FDR = 5.27 × 10–04), Prevotella pallens (LDA score = 4.23; FDR = 1.93 × 10–02), Neisseria mucosa (LDA score = 4.43; FDR = 1.31 × 10–02) were more abundant species in the S group (LDA score = 2.94; FDR = 7.45×10-03; Supplementary Table S3; Figures 3C,D).
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FIGURE 3
 Differently abundant taxa. (A) Dot plot showing the differently abundant genera. (B) Box plots showing the Normalized abundance levels of genera reported in panel A. (C) Dot plot reporting the differentially abundant species. (D) Box plots showing the normalized abundance levels of species reported in panel C. In panels A and C, the dot size is proportional to the score of the LDA algorithm. The dot graduation color is proportional to the significance level as determined by FDR adjustment of Kruskal-Wallis rank sum test p values. A: Active; S: Sedentary.




3.6. Metabolic pathways reconstruction

PICRUSt analysis highlighted the predominance of super pathway of hexitol degradation, L-glutamate degradation VII (to propionate), 2-methylcitrate cycle II, tetrapyrrole biosynthesis I, L-histidine degradation II, superpathway of beta-D-gluconide and D-gluconate degradation, biotin biosynthesis I, and L-arginine biosynthesis pathways activation in saliva from S compared to A children. Conversely, we found a prevalence of superpathway of fatty acid biosynthesis initiation (E. coli) and catechol degradation II (meta-cleavage pathway) in saliva from A respect to S children (Figure 4).
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FIGURE 4
 Metabolic pathways reconstruction. We used Phylogenetic Inves-tigation of Communities by Reconstruction of Unobserved States (PICRUSt) to predict the activity of metabolic pathways (KEGG) starting from the significant genera obtained by LefSE analysis. In red are the pathways enriched in the A group. In blue are the pathways enriched in the S group. A: Active; S: Sedentary.





4. Discussion

The aim of the study was to evaluate the effects of Active or Sedentary lifestyle on saliva microbiota composition in Italian schoolchildren living in the outskirts of Turin. The participants were classified as Active (A) or Sedentary (S) according to the cut-off score of 2.75 for PAQ-C-It (27). We evidenced an enrichment of several genera, such as Agathobacter, Collinsella, Simonsiella, and Parabacteroides in the children’s saliva from A compared to S group. Among these, four species were differentially represented: Prevotella nigrescens, Collinsella aerofaciens, Simonsiella muelleri, and Parabacteroides merdae. Increased abundance of Agathobacter and Prevotella at both genus and species levels, was reported in GM of cross-country and marathon athletes; although an inverse correlation was found for Prevotella and sucrose intake and a positive correlation for Agathobacter and dietary fiber content (37), we did not find statistically significant differences in all dietary components, including fiber content in A compared to S children. Parabacteroides are involved in host health promotion by regulating different pathways including inflammation, obesity and cancer prevention (38). Moreover, recent data suggest an anti-seizure and anti-cancer functions for Parabacteroides merdae (39, 40) and increased abundance have been also found in the GM of centenarians living in East China (41). As no differences in BMI were found between A or S children belonging to our cohort, we speculate that the prevalence of Parabacteroides merdae in saliva of group A children could be associated to the higher level of daily Physical Activity Amounts (PAA) when compared to group S. Furthermore, the increased abundance of Parabacteroides in group A resulted in the enrichment of the superpathway of fatty acid biosynthesis initiation that we found by metabolic pathway reconstruction. Of note, Parabacteroides are also involved in regulating different processes as carbohydrates metabolism and metabolites secretion, including Short Chain Fatty Acids (SCFAs) (42, 43) Among them, acetate, propionate, and butyrate are the main metabolites produced by several anaerobic bacteria from the fermentation of complex starch and dietary fibers. The available mechanistic data strongly suggest that SCFAs exert their powerful anti-inflammatory, antitumorigenic and even antimicrobial effects in the preventing gastro-intestinal dysfunction, obesity and type 2 diabetes mellitus (44, 45). In line with these evidences, several studies several studies conducting in patients with type 1 and type 2 diabetes, liver cirrhosis, inflammatory bowel disorders (IBD) and atherosclerosis have shown a reduction in the abundance of SCFA-producing bacteria gut (46, 47). Gut microbiota of athletes have an enriched profile of SCFAs, previously associated to a healthier status and a lean phenotype (44, 48). In skeletal muscle, SCFAs can be oxidized, incorporated into glucose via gluconeogenesis or increase the bioavailability of glucose, glycogen and fatty acids during exercise (49). Similarly, increased abundance in GM of taxa as Firmicutes and Feacalibacterium prausnitzii together with Akkermansia, producing butyrate, have been associated to exercise in athletes and non-athletes’ controls with improvement in lipid oxidation, healthier profile and reduced risk for obesity and metabolic diseases, independently from body composition and diet (50–53). Further, similarly to our results, the association of a healthier profile with a reduction in Bacteroides species together with an increase in R. hominis, A. Muciniphyla and F. prausnitzii species have been described in GM from Active compared to Sedentary adults (54–56).

In group S we found an increased abundance of Gemella parahemolysan, Prevotella aurantiaca, Prevotella pallens and Neisseria mucosa species and of the TM7x genus as compared to group A. Notably, previous studies reported the abundance of Neisseria mucosa as sixfold higher in obese adolescents compared to normal-weight controls (57). Suggesting that although the Sedentary children are normal-weigh, they present a predictive marker linked to obesity. Moreover, Prevotella species, habitually present in the oral microbiome, have constant and direct access to the gastrointestinal tract via saliva swallowing. Here, they could act as commensals but also as potentially harmful agents (58). Furhermore, the group S showed an increased abundance of the genus TM7x (also known as Nanosynbacter lyticus) which is an obligate epibiont parasite of the bacteria Actinomyces odontolyticus (not significantly enriched in our data) (59, 60). TM7x have been previously associated to different human inflammatory mucosal diseases such as the periodontitis (61). Moreover, TM7x have been considered as biomarker of active disease in patients with ulcerative colitis (62).

In group S, the metabolic pathway reconstruction highlighted the enrichment of L-glutamate degradation and L-arginine biosynthesis pathways. Interestingly, the dysregulation of L-glutamate and L-glutamine pathways have been associated with poor survival in colon cancer patients (63, 64). L-glutamate signaling triggers oxidative and nitrosative stress pathways which are essential for the production of ROS that can induce the activation of oncogenes ensuring the survival of colon cancer cells (64).

Conversely, the analysis performed with PICRuST on A children’s saliva revealed an abundance of fatty acid biosynthesis and catechol degradation pathways, in line with previous reports (65). The catecholamines are catabolic intermediates of various aromatic compounds, which contribute to Acetyl-CoA production. Acetyl-CoA, is also crucial for the cross-talk between multiple biological processes including, energy storage, membrane biosynthesis, and generation of signaling molecules that are produced in response to physiological cell processes (66, 67). Consequently, dysregulation of fatty acid synthesis can induce or promote disease development (68, 69).

In conclusion, Our results showed that saliva from active children had an enrichment of species and genera mainly associated with a healthier profile. On the contrary, the genera and the species enriched in the saliva from sedentary group could be linked non-communicable diseases. Nevertheless, our indirect observations need to be clarified by further (and possibly larger) studies aimed at understanding how an active lifestyle can modulate the composition of both oral and gut microbiota. Moreover, the minimum volume of physical exercise required to determine changes in oral microbiota composition remains to be assessed.
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Background: Some eating habits may be related to the development of gastrointestinal diseases, obesity, and related metabolic dysfunctions. Because of long working hours, and shift schedules, physicians are more likely to form such eating habits and have a high risk of developing these diseases.

Objectives: We aimed to investigate the association between physicians’ eating habits and their health perception and diseases.

Methods: Between 24 June and 5 August 2020, we performed convenience sampling of in-service physicians in hospitals in mainland China. A questionnaire was administered to collect data pertaining to basic sociodemographic characteristics, eating habits, health-related information such as body mass index classification, and prevalence of common diseases. The associations among eating habits and perceived suboptimal health status, micronutrient deficiency-related diseases, obesity, and related metabolic diseases were analysed.

Results: The prevalence of unhealthy eating habits was high: more eating out-of-home (53.4% in hospital canteens, 23.0% in restaurants and takeaways), fewer meals at home, irregular meals (30.5%), and eating too fast (the duration <10 min, 34.6%). Among those with the above eating habits, the prevalence rates of sub-optimal health and disease were higher than among those without the above eating habits.

Conclusion: Eating habits such as frequent eating out-of-home, irregular meals, and eating too fast were common among physicians, and were significantly related to perceived sub-optimal health status and disease occurrence.

KEYWORDS
 eating habits, health perception, disease, obesity, physicians


1. Introduction

With the development of the social economy and improvement in the living standards, the eating habits of modern people have undergone tremendous changes compared to the past. These changes are not only reflected in the diversification of food sources and the complexity of processing them, but also in the consumption of fast-food and out-of-home meals. Excessive consumption of high-energy density and ultra-processed foods, fast food and takeaways, inadequate and irregular eating times, and snacking between meals are the main characteristics of the modern diet (1). Dietary patterns characterised by the consumption of red and processed meat, fast food, and sugar-sweetened beverages are considered to be important risk factors for chronic non-communicable diseases such as metabolic and cardiovascular diseases in Chinese residents (2), and the pathogenic effects of unhealthy eating habits are gradually attracting increasing attention.

The main manifestations of unhealthy eating habits are short and irregular meal times, and excessive consumption of fast food and takeaways. Eating too fast can affect the levels of gastrointestinal hormones such as ghrelin, YY peptide, and glucagon-like peptide-1 (GLP-1), and therefore disturb the balance between hunger and satiety (3). Thus, it can lead to redundant energy intake, and glucose and lipid metabolism disorders (4), which would in turn lead to an increased incidence of obesity, diabetes, and metabolic syndrome (MetS) (5). Eating too fast is also believed to be associated with gastrointestinal diseases such as indigestion (6). Out-of-home meals (canteens, fast food, takeaways, etc.) have been shown to be a risk factor for high energy and fat intake, and low micronutrient intake (especially vitamin C, calcium, and iron) (7). People with these habits show a higher prevalence of overweight and obesity (8).

Shift work is thought to be an important contributor to irregular meals in modern society. Shift workers exhibit a significant preference for nocturnal activity, higher intake of high-fat diets and sweets such as candy and sweetened beverages, and disordered temporal eating patterns (irregular timing and frequency of meals, night meals) (9). These unhealthy habits are thought to be associated with the elevation of cardiometabolic risk factors [higher triglyceride and lower high-density lipoprotein (HDL) levels] and increased incidence of chronic diseases (including MetS, obesity, diabetes, and hypertension) (10).

Medical personnel are one of the representative populations of shift work, and previous studies have reported that they have irregular diets and excessive intake of fast foods high in salt, fat, and/or sugar after night shifts (11). Because of the COVID-19 pandemic, physicians are confronted with more working pressure and irregular working arrangements (12). With the emerging problems of work-life balance, physicians are more likely to develop unhealthy eating habits such as fast eating and more out-of-home meals. Previous surveys on physicians’ the health statuses have found that the prevalence rates of obesity and related metabolic diseases [such as hyperlipidaemia and coronary artery disease (13)], and cardiovascular disease [such as hypertension (14)] were higher among physicians than in the general population. However, previous studies have mainly focused on the effects of physical inactivity (15) and sleep deprivation (16), and there are few studies on the association of physicians’ eating habits with their health perception and diseases.

Suboptimal health status (SHS) is a physical state between health and disease, characterised by perceived discomfort, general malaise, chronic fatigue, and low energy (17). Unhealthy eating habits, lack of physical activity, poor sleep quality, and other unhealthy living habits are significantly related to self-perceived SHS (18). We conducted this survey to explore the association between the physicians’ eating habits and their perceived SHS status, micronutrient deficiency-related diseases, obesity, and related metabolic diseases.



2. Subjects and methods


2.1. Subjects

From 24 June to 5 August 2020, we conducted a convenience sampling of in-service doctors in hospitals of all levels in mainland China (31 provinces, municipalities, and autonomous regions). Inclusion criteria were in-service physicians aged 20 years and above. Exclusion criteria were those with a physical or mental illness that affects eating habits (including eating behavior disorders, like bulimia and anorexia) and those who were unable to cooperate with the investigation. The online questionnaire was collected using mini apps in WeChat, and was forwarded to WeChat groups in different hospitals and departments to investigate the corresponding population. Each respondent voluntarily participated in the study and completed the questionnaire.



2.2. Questionnaire

The questionnaire we designed collected basic sociodemographic characteristics such as the age, sex and the department of physicians, eating habits, health-related information such as the body mass index (BMI) classification, perceived SHS status, and prevalence of common diseases. To rule out the influence of other lifestyle factors on the study results, we also included self-assessments of working time, sedentary time, exercise time and sleep quality. Smoking habits and alcohol consumption were also assessed through self-reported grading options, as detailed in the supplementary material (Original Questionnaire-Translated Version).



2.3. Eating habits

We divided eating habits into different types according to the source of meals, mode, and duration of eating. Specifically, the questionnaire counted the sources of the respondents’ working meals (hospital canteen, dining out, or home-made), frequency of meals at home in a week (< 7 times/week, 8–14 times/week, or ≥ 15 times/week), regularity of meals, and average meal duration (< 10 min/meal, 10–30 min/meal, > 30 min/meal).



2.4. Health perception and diseases

Participants reported the classification of their BMI (<18.5 kg/m2, 18.5 kg/m2 ≤ BMI < 24.0 kg/m2, 24 kg/m2 ≤ BMI < 28.0 kg/m2, and ≥ 28.0 kg/m2), which was graded according to the cut-off value for the Chinese population (19). And the assessment of their own health perception was recorded, which was graded to very healthy, basic health, subhealth, and disease state. In order to further evaluate the disease state of the participants, we also asked them to answer whether they often suffered from common diseases related to micronutrient deficiencies (cold, angular stomatitis/oral ulcer, chronic gastroenteritis/diarrhoea, constipation, and vision decrease/asthenopia), and whether they had obesity and metabolic-related chronic diseases (diabetes, cardiovascular and cerebrovascular diseases, dyslipidaemia, and tumours).



2.5. Quality control

The questionnaire used in this survey was designed on the basis of the “Report on Nutrition and Health Status of Chinese Physicians (2013)”, and its validity has been verified by a previous survey (20). The collected online questionnaires were reviewed in a timely manner. If key variables such as the name, sex, and work unit had logical errors or were missing, and could not be corrected and filled, the questionnaires were regarded as invalid.



2.6. Statistical analysis

Previous studies have shown that the prevalence of perceived poor or fair health status in physicians was approximately 21% (21); the type I error α was 0.05, and the permissible error δ was set at 0.02. Thus, at least 1,594 patients should be included in this study. All analyses were conducted with International Business Machines (IBM) Statistical Package for the Social Sciences (SPSS) version 26.0 (IBM Corp., Armonk, NY, United States). Categorical variables were described as absolute and relative frequencies, and comparisons between groups were performed using the chi-square test. Associations between eating habits and health perception [subhealth/disease compared with very/basically healthy (reference)] were analysed using multivariable logistic regression, while controlling for sociodemographic characteristics and other covariates (Model 1 was adjusted for sex and age; model 2 was adjusted for sex, age, working time, sleep quality, exercise time, sedentary time, smoking habits, and alcohol consumption). All statistical analyses were two-sided tests, and the null hypothesis was rejected when p < 0.05.




3. Results


3.1. General information

In total, 9,624 questionnaires were collected. After excluding 428 non-physicians and questionnaires with incomplete information, 9,196 questionnaires (95.6%) were recovered. The distribution of respondents among various regions was relatively even, comprising mainly of doctors from second-level and above hospitals, covering various clinical and administrative departments. Among all respondents, obstetricians and gynaecologists accounted for the highest proportion (3,710, 40.34%), followed by internal medicine (1,352, 14.7%), and nutrition specialists (1,027, 11.17%). Most were women (7,662, 83.32%), and were aged 30–50 years old (Table 1).



TABLE 1 Sociodemographic characteristics of the physicians.
[image: Table1]



3.2. Lifestyle

The prevalence of unhealthy eating and living habits among physicians was high, including eating out-of-home (53.4% in hospital canteens, 23.0% in dining out), less frequent meals at home, irregular meals (30.5%), and eating too fast (<10 min/meal, 34.6%). Those who worked more than 60 h per week accounted for 19.3% of the respondents. Poor sleep quality was reported by 14.6% of the physicians. In addition, physicians also had unhealthy lifestyle habits such as inadequate exercise (<40 min/d, 73.7%) and prolonged sedentary time (>2 h/d, 68.1%) (Table 1).



3.3. Health perception and diseases

According to the BMI classification obtained from the survey, 31.5% of the physicians were overweight or obese (BMI ≥ 24 kg/m2), 56.6% thought they had SHS, 3.3% said they had diseases, and only 5.3% thought they were healthy. Among the physicians participating in the survey, the common diseases related to micronutrient deficiency ranked from high to low prevalence were decreased vision or asthenopia (81.3%), frequent colds (62.20%), chronic gastroenteritis or chronic diarrhoea (33.05%), constipation (31.94%), and frequent angular stomatitis/oral ulcer (13.80%); see Figure 1A. The prevalent obesity and metabolic-related chronic diseases were dyslipidaemia (21.50%), cardiovascular and cerebrovascular diseases (8.42%), tumours (5.87%), and diabetes (2.49%), as shown in Figure 1B.
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FIGURE 1
 Prevalence of physicians’ self-reported common diseases (A) and chronic diseases (B).




3.4. Eating habits, health perception and diseases

Physicians with unhealthy eating habits, including when the working meals were mainly fast food and takeaways, few meals at home, irregular meals, and short meal duration (<10 min) had higher prevalence rates of micronutrient deficiency-related common diseases, obesity, and metabolic-related chronic diseases than other respondents (Table 2). After adjusting for the effects of sex, age, working hours, sleep quality, exercise time, sedentary time, smoking habits, and alcohol consumption, physicians with the above unhealthy eating habits was significantly associated with higher odds of subhealth/disease when compared with those with relatively healthy eating habits (Table 3). We further analyzed the differences in eating habits and their disease prevalence of physicians from different departments, and found that physicians from the department of nutrition had relatively healthy eating habits, that is, they mainly brought their own meals at work, had more meals at home, and had regular and sufficient eating time (Table 4). Correspondingly, nutrition doctors also have a relatively low prevalence of common diseases and chronic diseases than other departments (Table 5).



TABLE 2 Self-reported prevalence of common and chronic diseases among physicians by the different eating habits.
[image: Table2]



TABLE 3 Association between eating habits and health status.
[image: Table3]



TABLE 4 Eating habits among physicians from different departments.
[image: Table4]



TABLE 5 Self-reported prevalence of common and chronic diseases among physicians from different departments.
[image: Table5]




4. Discussion

Our survey results showed that unhealthy eating habits, including more out-of-home eating, fewer meals at home, irregular meals, and eating too fast were common among physicians. These eating habits were significantly related to the perceived sub-optimal health status and disease occurrence, and even after adjusting for the effects of confounding factors such as sex, age, sleep quality, and exercise on the health perception, the risk of developing SHS and disease among physicians with the above eating habits remained significantly elevated. Nutrition doctors, because of work or life factors, have relatively healthy eating habits and a relatively low prevalence of common and chronic diseases, indicating the importance of healthy eating habits and eating environment for physicians to maintain health.

Previous studies generally believe that physicians have better health awareness and health habits than ordinary people, so they mainly focus on their mental stress and burnout. In recent years, studies have found that the incidence of diseases related to overweight, obesity (16) and dyslipidemia (13) in physicians may be significantly higher than that in the general population. This is significantly related to their long working hours, lack of physical activity and the shift system (21). A study investigating the health habits of police officers, ambulance workers, hospital staffs (doctors and nurses) and office workers found that doctors had significantly higher dining-out rates than those in other jobs, and skipped breakfast more often than office workers (22).

Dining out and fast-food rich diets are often characterised by high-energy density, high-fat, larger food portions, and higher consumption of sugar-sweetened beverages (23), while home-cooked meals involve healthier food preparation methods and more dietary varieties (24). Studies in adolescents and adults have demonstrated that increasing the number of meals at home can improve diet quality and reduce obesity and related diseases (25) due to increased fruit/vegetable and dairy consumption and reduced consumption of sugar-sweetened beverages and unhealthy snacks (26). Our study found that physicians had more meals outside and fewer meals at home, consistent with the results of previous studies (27–29), which demonstrated physicians’ high consumption of fast food and alcoholic beverages and less intake of fruits and vegetables.

Due to irregular meals and limited supply time in hospital canteens (30), physicians usually eat faster and tend to consume more snacks at unusual times (mainly at night) (31). These unhealthy eating habits collectively destroy their energy balance by increasing the serum concentrations of appetite-stimulating hormones (e.g., insulin, glucagon-like peptide 1, and YY peptide) and reducing diet-induced thermogenic effects (32), thus raising the risk of obesity and related metabolic diseases. Circadian rhythm disturbances caused by shift work and excessive intake of ultra-processed foods have also been linked to decreased immune function (33), chronic gastrointestinal dysfunction (34), and increased incidence of breast cancer (35), colorectal cancer (36), and other diseases. These findings are consistent with our results that showed that irregular meals and a short meal duration are associated with an increased prevalence of colds, chronic gastroenteritis/diarrhoea, and tumours.

Our study also found that there were significant differences in eating habits and health status among physicians from different departments. Doctors in nutrition departments had relatively healthy eating habits, and the corresponding prevalence rates of common and chronic diseases were low. This may be related to their relatively regular working hours, day shift work, and relatively comprehensive health knowledge (37). In previous studies, researchers investigated the differences of health habits among people of different occupational types in hospitals, and found that nurses had relatively worse health habits and health status than doctors which was also related to their long working hours, shift work and irregular work schedule (38). Other studies have also shown that the supplying timing of hospital canteens and the quality of meals (30) are important factors hindering physicians’ pursuit of healthy diets.

To the best of our knowledge, the present study is the first to investigate the relationship between the eating habits of physicians and their health perception and diseases. The results suggest a relationship between the increased prevalence of SHS and disease among physicians and their work patterns and eating habits, which may be related to the hospitals’ eating environment. This relationship indicates the necessity of paying attention to physicians’ working pressure and improving the supply of healthy food in hospital canteens to improve the health status and work efficiency of physicians. The “Healthy Canteens” initiative promoted by the Chinese National Health Commission is a meaningful attempt in this direction.

This study also has some limitations. Although the survey covered many departments, obstetrics and gynaecology, internal medicine, and nutrition accounted for more than 60% of the participants, which led to a sex imbalance (women accounted for 83.32% of respondents). Thus, this sample might underrepresent the male-dominated population of surgeons. In addition, Self-reported BMI is somewhat inaccurate, but among physicians it can be calculated more professional and frequent, because doctors usually pay more attention to their health status. Our study was in the form of an online questionnaire, so the participants’ eating habits, health perception and diseases were all self-reported. Thus, information bias cannot be ignored, even if the questionnaires were self-assessments conducted by trained physicians themselves. However, the validity of our questionnaire has been verified by previous survey (20) and can minimize the deficiency of self-reported information.



5. Conclusion

Eating habits such as frequent eating out-of-home, irregular meals, and eating too fast were common among physicians. These eating habits were significantly related to the occurrence of perceived SHS, micronutrient deficiency-related diseases, obesity, and related metabolic diseases diseases.
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Background: Diet is a safe intervention for many chronic diseases as a modifiable lifestyle. However, the potential causal effect of many dietary intake habits on the risk of osteoarthritis has not been fully understood. The purpose of this study was to reveal the potential causal relationship of 45 genetically predicted dietary intakes with osteoarthritis and its subtypes.

Methods: Data on 45 dietary intakes were obtained from the UK Biobank study of approximately 500,000 participants, and data on six osteoarthritis-related phenotypes were obtained from the Genetics of Osteoarthritis Consortium study of 826,690 participants. We performed univariable Mendelian randomization (MR), multivariable MR and linkage disequilibrium score regression (LDSC) analyses.

Results: In univariate analyses, 59 potential associations between diet and osteoarthritis were found. After false discovery rate (FDR) correction and sensitivity analyses, 23 reliable causal evidence were identified. In multivariate analyses, controlling separately for the effects of body mass index, total body bone mineral density, and smoking status, eight robust causal relationships remained: Muesli intake was negatively associated with knee osteoarthritis, spine osteoarthritis and total knee replacement. Dried fruit intake had a negative association with osteoarthritis of knee and total knee replacement. Eating cheese may reduce the risk of osteoarthritis in the knee and spine. And alcohol usually taken with meals was associated with a reduced risk of total knee replacement. LDSC analyses showed significant genetic correlations between all exposures and their corresponding outcomes, respectively, in these eight causal relationships.

Conclusion: Evidence of dietary effects on osteoarthritis is provided in our study, which has important implications for the prevention, management, and intervention of osteoarthritis in common sites through rational dietary modification.

KEYWORDS
 diet, dietary intake, osteoarthritis, total joint replacement, Mendelian randomization


Introduction

Osteoarthritis (OA) is the most common type of arthritis, which can affect one or more different joints throughout the body (1, 2). With the aging of the population and rising rates of obesity in our society, the incidence of osteoarthritis is increasing year by year and has become a major cause of disability in adults. It has a serious impact on the quality of life of patients and places a heavy burden on society (3). The current mainstay of treatment for osteoarthritis is pain management and total joint replacement surgery at the end stage of osteoarthritis. However, these management options do not stop the progression of the disease and carry the risk of medication side effects and surgical complications. Therefore, early prevention of osteoarthritis is crucial and finding modifiable risk factors other than obesity for early intervention in osteoarthritis is urgent.

Several previous studies have suggested that dietary intake may play an important role in knee OA (4, 5). One study found a significant negative correlation between whole grain consumption and the risk of knee OA (6); whereas, current findings are inconsistent regarding the effect of consumption of dairy products such as milk and cheese on knee OA (7, 8). The most significant limitation of these studies is that they may be affected by other confounding factors that can modify lifestyle, leading to uncertainty in the results. Furthermore, few studies have emphasized the effect of subcategorization of a particular food or drink on osteoarthritis. Moreover, most of the current studies have focused on knee OA, which is the most common form of osteoarthritis, with very little research analyzing the effect of diet on osteoarthritis in other parts of the body and end-stage osteoarthritis.

In this situation, Mendelian randomization (MR) analyses provide us with a suitable method to investigate the causal relationship between specific dietary intake and osteoarthritis, utilizing single nucleotide polymorphisms as instrumental variables (IVs), which are less susceptible to confounding factors because gametes are randomly assigned during gamete formation and are independent of environmental factors (9). Previous MR analyses have explored the causal effects of coffee consumption, tea, and alcohol intake on osteoarthritis of the hip and knee (10–12). However, these studies did not classify drinks in detail and only analyzed the effects of drinks on the most common types of osteoarthritis of the hip and knee. Causal associations of other dietary intake on the risk and severity of osteoarthritis at different sites remain unknown.

In this study, we performed comprehensive univariate MR, multivariate MR and LDSC analyses using the largest known Genome wide association study (GWAS) data on diet and osteoarthritis, and thereby explored the causal relationship between 45 dietary intake habits and six osteoarthritis phenotypes.



Materials and methods

The flowchart of study design and analytic approach is shown in Figure 1.

[image: Figure 1]

FIGURE 1
 The flowchart of study design and analytic approach.



Data source

We obtained summary-level data related to dietary intake habits through the IEU Open GWAS program from the UK Biobank study of approximately 500,000 participants, who were recruited at ages 40–69 years across England, Wales, and Scotland from 2006 to 2010 (13). The participants provided information on lifestyle and physical measurements, donated biomedical samples, and agreed to track their health status. This study used a touchscreen questionnaire to obtain information on participants’ frequency of intake of common foods and drinks over the last year. As an example, to investigate cereal intake and the main type of cereals eaten, participants were asked, “How many bowls of cereal do you eat a WEEK? What type of cereal do you mainly eat? If you eat more than one type of cereal, please select the one that you eat the most. And please provide an average considering your intake over the last year.” Detailed information on the 45 dietary intake habits is provided in Supplementary Table S1. In addition, we obtained data on body mass index (BMI), total body bone mineral density (TB-BMD) and smoking status in the same way that was used to exclude the effects of these 3 common risk factors for osteoarthritis in the multivariate MR study.

Data on osteoarthritis were from the largest meta-analysis of genome-wide association studies on osteoarthritis to date, which included 13 cohorts with up to 826,690 participants (14). Osteoarthritis was defined by either: self-reported osteoarthritis, clinically diagnosed, ICD10 codes or radiographic depending on the data available in the cohort. Controls were osteoarthritis-free or population-based with or without ICD code exclusions. We selected osteoarthritis phenotypes from different parts of the body, including osteoarthritis of the knee (Knee OA), osteoarthritis of the hip (Hip OA), osteoarthritis of the spine (Spine OA) and osteoarthritis of the hand (Hand OA). Also, since osteoarthritis progression and osteoarthritis development were two distinct etiological endpoints, we chose total knee replacement (TKR) and total hip replacement (THR), which were associated with severe osteoarthritis, to represent end-stage knee and hip OA as a way of exploring whether dietary factors are associated with osteoarthritis progression. Details of the data sources used in this study are shown in Table 1.



TABLE 1 Description of GWAS data sources for each phenotype.
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Selection of instrumental variables

In order to include more SNPs as IVs to investigate more relationships between dietary intake habits and osteoarthritis, we used the threshold of p < 5e-6 for IV filtering, and we removed chained unbalanced IVs (clumping: r2 = 0.001, kb = 10,000) to ensure that each IV was independent of each other (15). We also excluded SNPs associated with outcome (p < 5e-5) and retained only strong instrumental variables (F statistics>10) (16). Finally, we dropped outliers using MR-Presso and used the remaining SNPs as the final IVs for the MR analyses.



Statistical analysis

In the univariate analyses, we mainly used the inverse-variance weighted (IVW) method for estimation. Heterogeneity was firstly tested for using the Cochran Q analysis, and if there was no heterogeneity, fixed-effects IVW (IVW-FE) model was used for the main analyses; otherwise, random-effects IVW (IVW-MRE) model was applied (17). In order to test the robustness and reliability of the results, we also carried out sensitivity analyses for each causal relationship using weighted median, MR Egger, and MR-Presso, and tested the results for pleiotropy using MR Egger intercept. If the results of IVW were statistically significant without pleiotropy and the estimates of the four MR analyses were in the same direction, we considered a potential causal association between the exposure and the outcome. If any other conditions existed, then we considered that no association between the exposure and the outcome was found through our study. After adjusting for p-values using the FDR approach, further evaluation of the strength of each potential causality evidence was performed based on the following criteria (18): (a) whether the FDR result was <0.05; (b) whether the estimates of weighted median and MR Presso were statistically significant. The degree of evidence strength for each causal relationship is classified as reliable, insufficient, weak, or potential. We screened for reliable evidence of causality for further multivariate MR analyses to explore whether the screened dietary intakes were still associated with outcomes after excluding BMI, TB-BMD and smoking status, independently. Three common risk factors for osteoarthritis were considered as multivariate models: (a) M1: BMI; (b) M2: TB-BMD (c) M3: ever smoked. In the multivariate MR analyses, we mainly applied the IVW method and the MR Egger method was also used to determine whether the results were pleiotropic or not. The statistical analyses in this study were conducted in R 4.3.0 with the packages “TwoSampleMR,” “MendelianRandomization” and “MRPRESSO.”



Genetic correlation analysis

Finally, we performed LDSC analyses on the FDR-corrected positive results of univariate analyses to assess the genetic correlation (Rg) of the 2 phenotypes in each causal pair, using LDSC software package1 (19, 20). The statistically significant association is defined to be p < 0.05.




Results

In univariate analyses, we analyzed the causal association of 45 dietary intake habits with four different sites of osteoarthritis and two types of end-stage osteoarthritis. Out of the 270 results analyzed, we identified 59 potential pieces of evidence for causality without pleiotropy. The results of the causal associations between the 45 dietary intakes and the 6 osteoarthritis phenotypes using IVW method were presented in Figure 2; Supplementary Tables S2–S4, and the results of sensitivity analyses showed in Supplementary Tables S5–S10. Using the FDR method to correct the p-values, we identified 23 reliable causal evidence, 8 insufficient causal evidence, and 1 weak causal association, as determined by the results of sensitivity analyses. In reliable causal associations, 6 dietary intake habits were associated with the lower risk of Knee OA: cereal (OR = 0.724, 95%CI:0.617–0.848, p = 6.34E-05, FDR = 0.001), muesli (OR = 0.335, 95%CI:0.213–0.526, p = 2.12E-06, FDR < 0.001), dried fruit (OR = 0.760, 95%CI:0.642–0.900, p = 1.50E-03, FDR = 0.015) and cheese intake (OR = 0.713, 95%CI:0.641–0.794, p = 7.25E-10, FDR < 0.001), hot drink temperature (OR = 0.649, 95%CI:0.531–0.792, p = 2.06E-05, FDR < 0.001) and alcohol usually taken with meals (OR = 0.682, 95%CI:0.556–0.836, p = 2.40E-4, FDR = 0.004), while beef intake (OR = 1.450, 95%CI:1.230–1.711, p = 9.96E-06, FDR < 0.001) was positively associated with Knee OA. There were 3 dietary habits associated with Hip OA, all of which could increase the risk of Hip OA: cooked vegetable (OR = 1.431, 95%CI:1.134–1.805, p = 2.55E-03, FDR = 0.02), coffee (OR = 1.413, 95%CI:1.137–1.754, p = 1.79E-03, FDR = 0.017) and tea intake (OR = 1.247, 95%CI:1.081–1.438, p = 2.46E-03, FDR = 0.02). For Spine OA, 3 dietary intakes were associated with decreasing its risk: muesli (OR = 0.330, 95%CI:0.199–0.545, p = 1.53E-05, FDR < 0.001), cheese (OR = 0.692, 95%CI:0.616–0.779, p = 8.89E-10, FDR < 0.001) and average weekly champagne plus white wine intake (OR = 0.654, 95%CI:0.494–0.866, p = 3.02E-03, FDR = 0.022). There were 6 dietary intakes linked to the reduced risk for TKR: cereal (OR = 0.701, 95%CI:0.558–0.880, p = 2.24E-03, FDR = 0.018), muesli (OR = 0.174, 95%CI:0.095–0.318, p = 1.27E-08, FDR < 0.001), dried fruit (OR = 0.640, 95%CI:0.492–0.832, p = 8.58E-04, FDR = 0.012) and cheese intake (OR = 0.647, 95%CI:0.552–0.758, p = 7.69E-08, FDR < 0.001), hot drink temperature (OR = 0.597, 95%CI:0.447–0.797, p = 4.69E-04, FDR = 0.008) and alcohol usually taken with meals (OR = 0.556, 95%CI:0.388–0.796, p = 1.37E-03, FDR = 0.015), while beef (OR = 1.956, 95%CI:1.440–2.657, p = 1.78E-05, FDR < 0.001) and coffee intake (OR = 1.746, 95%CI:1.328–2.295, p = 6.50E-05, FDR = 0.001) were positively associated. Besides, white bread type intake (OR = 0.532, 95%CI:0.333–0.849, p = 8.19E-03, FDR = 0.049) and hot drink temperature (OR = 0.645, 95%CI:0.496–0.837, p = 9.91E-04, FDR = 0.013) were associated with a decrease in risk of THR. There were 8 insufficient evidence for Knee OA, Spine OA and TKR. Coffee intake (OR = 1.325, 95%CI:1.112–1.577, p = 1.60E-03, FDR = 0.015), average weekly beer plus cider intake (OR = 1.385, 95%CI:1.109–1.729, p = 4.03E-03, FDR = 0.028) and salt added to food (OR = 1.168, 95%CI:1.039–1.314, p = 9.56E-03, FDR = 0.052) were associated with a increase in risk of Knee OA, while cereal intake (OR = 0.751, 95%CI:0.628–0.897, p = 1.55E-03, FDR = 0.015), semi-skimmed milk type used (OR = 0.211, 95%CI:0.078–0.573, p = 2.24E-03, FDR = 0.018) and alcohol usually taken with meals (OR = 0.690, 95%CI:0.528–0.902, p = 6.73E-03, FDR = 0.042) were associated with a decrease in risk of Spine OA. For TKR, wholemeal or wholegrain bread type (OR = 0.472, 95%CI:0.285–0.78, p = 3.43E-03, FDR = 0.024) was associated with decreasing its risk, while pork intake (OR = 1.874, 95%CI: 1.174–2.993, p = 8.51E-03, FDR = 0.049) might increase the risk. And there was a weak evidence of negative associations between biscuit cereal intake and Hip OA (OR = 0.348, 95%CI: 0.165–0.735, p = 5.68E-03, FDR = 0.037). FDR results of associations between dietary habits and subtypes related to osteoarthritis showed in Supplementary Table S11. Figure 3 illustrates the assessment of the strength of potential causal associations after p-value correction and sensitivity analysis, showing the results using the IVW method.
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FIGURE 2
 Mendelian randomization associations between the 45 dietary intakes and the 6 osteoarthritis phenotypes using IVW method.
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FIGURE 3
 The assessment of the strength of potential causal associations after p-value correction and sensitivity analysis, showing the results using the IVW method. N denotes the number of SNPs used for each exposure.


The multivariate analyses were further analyzed for the 23 reliable causal relationships screened. After adjusting separately for BMI, TB-BMD, and ever smoked, which were common risk factors for osteoarthritis, 8 causality estimates remained statistically significant: the effects of muesli intake on Knee OA, Spine OA and TKR; the effects of dried fruit intake on Knee OA and TKR; the effects of eating cheese on Knee OA and Spine OA; and the effect of alcohol usually taken with meals on TKR. Consistent with the results of univariate MR analyses, the multivariable MR analysis results supported that the 4 dietary intake habits above were protective against OA without pleiotropy in MR Egger intercept tests. The results of multivariable MR were shown in Figure 4; Supplementary Table S12.
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FIGURE 4
 The causal relationships that still held after further multivariate analyses of 23 reliable evidence.


Finally, we performed the LDSC analyses on all positive results corrected for FDR. The LDSC results showed significant genetic correlations for all causal relationships involving the Knee OA, Spine OA and TKR phenotypes, which genetically validated the potential for dietary management of osteoarthritis of the knee and osteoarthritis of the spine. And we also found that of the 8 causal relationships ultimately screened by multivariate analyses, all exposures were also significantly genetically correlated with their respective corresponding outcomes, as shown in Table 2. All results of LDSC analyses were shown in Supplementary Table S13.



TABLE 2 LDSC analysis results of 8 causal associations in Figure 4.
[image: Table2]



Discussion


Principal findings

We analyzed the overall effect of 45 common dietary intake habits on 6 subtypes related to osteoarthritis and identified 59 potential causal associations, including 23 reliable associations, 8 causally insufficient associations, and 1 weak association. We found that cheese intake was negatively associated with the risk of most osteoarthritis phenotypes, whereas coffee intake was positively associated. From the osteoarthritis perspective, we found that the occurrence of Knee OA and TKR (end-stage Knee OA) was influenced by many dietary factors. Some dietary intakes were associated with risk of Spinal OA, while most dietary intake habits were not significantly associated with other osteoarthritis phenotypes. Using multivariate analyses, we identified that 4 dietary intake habits (muesli, dried fruit, cheese intake and alcohol usually taken with meals) were associated with a reduced risk of osteoarthritis and that there might be underlying mechanisms other than those influenced through BMI, TB-BMD and smoking status. And the results of LDSC showed significant genetic correlations in each of the 8 causal pairs.



Comparisons with other studies

For the effect of coffee and tea intake on OA, our findings are consistent with previous similar univariate MR studies (10, 11). For alcohol intake, a previous MR study found the frequency of alcohol intake to be a risk factor for hip and knee osteoarthritis (12). The exposure of our study regarding alcohol intake was “alcohol usually taken with meals,” which was found to be a protective factor for KOA, TKR and THR. Subsequently when we categorized the varieties of alcohol in detail, we discovered that different varieties of alcohol had different effects on osteoarthritis: red wine and champagne plus white wine played a potentially protective role in osteoarthritis, whereas spirits and beer plus cider might play a potentially harmful role in osteoarthritis. The reason for the inconsistency with previous MR analyses regarding alcohol intake is that previous studies did not differentiate between types of alcohol and the outcome phenotype did not differentiate between hip and knee osteoarthritis. In contrast, our study differentiated osteoarthritis at each site in detail and differentiated dietary categories in as much detail as possible while ensuring that IVs were sufficient. We found no other MR studies exploring the causal relationship between dietary factors and osteoarthritis.

In previous observational analyses, higher whole grain intake was found to be related with a lower risk of knee osteoarthritis (6), which is consistent with our findings. In addition, a recent study covering 47 dairy products found a significant negative association between cheese and whole milk intake and Knee OA (7). This is consistent with the results of our analyses of the association between cheese intake and Knee OA, but we did not find a genetically predicted significant association between whole milk intake and Knee OA; instead, the potential effect of semi-skimmed milk on Knee OA and Spine OA was identified. For meat intake, a study found that the high intake of fresh red meat reduced the risk of THR (21), however, the similar association was not found in our study and we found that most of the meat intake might increase the risk of OA, with the positive association between beef intake on Knee OA and TKR being reliable evidence. It is possible that these differences in findings are the result of bias due to the inability of observational studies to completely avoid confounders.



Potential mechanisms

In previous studies, grains have been shown to be a beneficial dietary factor in the management of chronic diseases, with positive effects on a number of cancers, cardiovascular diseases and overweight and obesity (22–24). Cereals provide the body with soluble fiber b-glucan, which not only reduces serum cholesterol, but also controls blood glucose levels and insulin response and thus indirectly controls BMI (25). In our study total cereal intake was significantly associated with Knee OA and TKR, and the results were found to be non-significant after adjusting for BMI, suggesting that BMI played an important mediating role in this association. However, the protective effect of muesli on Knee OA, Spine OA and TKR remained significant after controlling for the 3 risk factors, suggesting other possible mechanisms for the effect of grains on osteoarthritis. Muesli is rich in phenolic substances as well as flavonoids, which can exert antioxidant properties in the human body through mechanisms such as 2,2-diphenyl-1-trinitrohydrazine free radical scavenging and inhibition of iron chelating activity (26). A study examined total phenols, flavonoids, and antioxidant activity in cereal flakes and found that flakes and muesli made from Dickkopf wheat and red wheat showed the highest total phenolics and flavonoids content as well as antioxidant activity, whereas the lowest total phenolics and flavonoids content and antioxidant activity were measured in commercial flakes and muesli (27). The study might explain the results of our study in which there was a potential positive correlation between bran cereal and the risk of Hand OA.

Conventional views suggest that fresh fruits are beneficial for chronic diseases including osteoarthritis, however, our study did not find a significant association between fresh fruits and OA, but instead unexpectedly found that dried fruit intake was negatively associated with Knee OA and TKR risk. Dried fruits are obtained through a series of drying techniques on fresh fruits and their nutrient content remains similar to the equivalent fresh fruits but more concentrated (28, 29). From a nutritional point of view, a study comparing the nutrient content of dried and fresh fruits found that drying treatments concentrated polyphenol content and consequently antioxidant activity, and it was found that drying techniques might have differential concentration effects on different fruit varieties in dried fruits (30). For the effects of dried fruits on osteoarthritis, Basu et al. investigated the effects of dietary freeze-dried strawberries on obesity-related hormones, inflammatory biomarkers, and lipid peroxidation, and found that freeze-dried strawberries not only lowered serum TNF-α levels as well as some of the lipid peroxidation products in obese patients with knee OA (31), but also played a role in reducing knee pain. In addition, a large cross-sectional study based on NHANES showed that sultana consumers had higher whole grain intake, lower added sugar intake, and healthier overall diets (32), which may also be a potential factor in the negative association of dried fruit intake with the risk of developing osteoarthritis.

Cheese has long been favored as a healthy diet rich in protein as well as minerals. It has beneficial effects on the musculoskeletal system, and many studies have shown that daily dietary dairy intake significantly increases bone mineral content (33–35) and that cheese intake has a greater effect on increasing bone mass compared to taking calcium supplements (36). In addition to increasing bone mineral content, cheese is rich in whey protein, in which amino acid composition is very similar to that of skeletal muscle, which makes it an effective anabolic supplement for maintaining and building muscle mass (37). More and more studies are beginning to focus on the role of skeletal muscle in osteoarthritis, but it is not clear whether the effect of cheese intake on osteoarthritis is related to skeletal muscle (38, 39). In addition, cheese also produces bioactive compounds with antioxidant, antimicrobial, anti-inflammatory, and immunomodulatory properties during ripening and leads to changes in the intestinal flora after consumption, which may play a significant role as a preventive measure against osteoarthritis (40).

The effect of alcohol consumption on osteoarthritis in previous observational studies has been less consistent, probably mainly because of the plethora of confounding factors associated with alcohol consumption. It has been shown that excessive alcohol consumption can worsen osteoarthritis by increasing synovial fluid uric acid levels and elevating pro-inflammatory cytokine levels (41). On the contrary, several in vitro experiments have demonstrated that resveratrol in wine can have a protective effect on articular cartilage (42, 43) and polyphenols in alcoholic beverages have been shown to modulate the human intestinal flora and increase antioxidant activity (44), which supports the conclusions of our study. The association between alcohol consumption and osteoarthritis may require larger sample sizes and more detailed categorization in future studies. Our study also found a causal relationship between hot drink temperature and osteoarthritis, which was an interesting result. Hot drinking temperature is usually associated with metabolism, but to the best of our knowledge, the relationship between hot drinking temperature and osteoarthritis is not currently reported. A recent study provided experimental evidence of the effect of daily drinking temperature on cognitive function and the development of Alzheimer’s disease in mice (45). This study found that drinking water at 0°C reduces pepsin activity, leading to impaired function of the insulin signaling pathway, which may also be a potential metabolic mechanism by which the temperature of hot drinks affects osteoarthritis. In a rat model, it has been demonstrated that caffeine has a detrimental effect on chondrocytes by a mechanism that may be related to endogenous adenosine modulation and a reduction in circulating IGF-1 (46), which may be a potential mechanism by which coffee and tea promote the development of osteoarthritis. Furthermore, it has been shown that higher meat and total protein intake is associated with inflammatory polyarthritis (47). Although red meat is a rich source of protein, it is also rich in saturated fats and other unhealthy substances. It seems to be an accepted fact that excessive intake of red meat and salt may lead to a series of metabolic disorders in the body such as hypertension and hyperlipidaemia thereby increasing the risk of chronic diseases.



Strength and limitations

To the best of our knowledge, this is the first study to investigate the causal relationship between multiple dietary intakes and osteoarthritis in various parts of the body by means of MR analysis, which can avoid confounding factors as well as reverse causality. The majority of previous studies on diet and osteoarthritis have focused on the impact of obesity on Knee OA due to dietary factors, with a small number of studies exploring the effect of a particular dietary intake on Knee OA. Our study took advantage of MR to include 45 dietary intakes as well as 6 osteoarthritis phenotypes, with exposure and outcome data from the largest sample size dataset available. And after controlling for recognized risk factors such as BMI, we found that certain dietary intakes were still associated with their counterparts in osteoarthritis, implying that there are more other potential mechanisms of dietary influence on osteoarthritis that need to be explored in future studies. In terms of dietary intake, we identified several new factors associated with osteoarthritis, such as dried fruit intake, hot drink temperature, and different drinking habits; and for osteoarthritis, we identified the potential for knee and spine osteoarthritis to be prevented, as well as managed, through diet. Our study provides evidence and references for future studies exploring the in-depth mechanisms of diet and osteoarthritis.

Our study also has some limitations. Firstly, due to lack of the age and gender information from the summary-level GWAS results, this study cannot conduct a stratified analysis of OA based on these factors. Secondly, dietary habits were assessed using a touch-screen questionnaire, which may lead to bias in the assessment as well as in the analyses. Thirdly, Causal associations with pleiotropy or inconsistent directions of the 4 MR analysis methods were not processed further, but rather excluded from the results by directly defining that no association was found, but this does not indicate that these dietary habits are absolutely unrelated to OA. Fourthly, dietary intake habits were used as the exposure phenotype and we did not examine the effect of nutrients on OA. However, a recent study emphasized the matrix effect produced by food (48). Food is complex and not just the sum of certain nutrients. Several studies have found that dairy products have a higher effect on skeletal bone mass than calcium supplements (49, 50), which also emphasizes the overall effect of food on health. Food can also influence health by modulating gut microbes. The gut-bone and gut-muscle axes have been demonstrated, and the gut microbes have an impact on bone beyond calcium and protein intake (51). In the future, we will give more attention to the diet-gut-bone/muscle axis to further explore in depth the potential mechanisms that exist. Fifthly, although our study provides statistical clues to the relationship between diet and OA, and a theoretical basis for subsequent experimental studies and mechanistic explorations, our results should be interpreted carefully. And a combination of evidence from multiple sources such as well-established trials and clinical findings is needed to confirm our findings in the future.




Conclusion

Our study provides relatively solid evidence for a causal relationship between dietary factors and osteoarthritis. Most importantly, we identified that cereals, dried fruits, cheese and alcohol usually taken with meals intake remained negatively associated with some OA risk after controlling for BMI, TB-BMD and smoking status. In addition, we found the potential for multiple dietary interventions, management and prevention of knee and spine osteoarthritis. Our study has important implications for the prevention, management, and intervention of osteoarthritis in common sites through rational dietary modification.
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Background: Three clinical trials have examined the chronic effects of medium-chain triglycerides (MCTs) on muscle mass and function in frail older adults (mean age 85 years old). However, significant increases in muscle mass and some muscle function relative to long-chain triglycerides (LCTs) have yet to be shown, possibly due to the small number of participants in each trial.

Objective: We re-analyzed these previous clinical trials to clarify whether MCT supplementation can increase muscle mass and function.

Analysis: After adding post hoc tests to the original report, we compared changes in measurement between the MCT and LCT groups in the first 2 trials and conducted a combined data analysis.

Methods: In a combined data analysis, changes from baseline in measurements at the 3 months intervention in the MCTs- and LCTs-containing groups were assessed by analysis of covariance adjusted for baseline values of each measurement, age, sex, BMI, allocation to trial, habitual intakes in energy, protein, leucine, octanoic acid, decanoic acid, and vitamin D during the baseline period. The Mann–Whitney U test was used to analyze data on right and left knee extension times.

Results: MCT supplementation for 3 months increased muscle function relative to LCT supplementation with and without an L-leucine (1.2 g) and vitamin D (cholecalciferol, 20 μg)-enriched supplement. In a combined data analysis (n = 29 in MCTs, n = 27 in LCTs), relative to supplementation with 6 g LCTs/day, supplementation with 6 g MCTs/day at dinner for 3 months significantly increased body weight (adjusted mean change from baseline: MCTs 1.2 vs. LCTs 0.2 kg, p = 0.023), right arm muscle area (MCTs 1.4 vs. LCTs-0.7 cm2, p = 0.002), left calf circumference (p = 0.015), right-hand grip strength (MCTs 1.6 vs. LCTs 0.3 kg, p = 0.017), right knee extension time (p = 0.021), left knee extension time (p = 0.034), walking speed (p = 0.002), and number of iterations in leg open and close test (p < 0.001) and decreased right triceps skinfold thickness (p = 0.016).

Conclusion: In frail older adults, supplementation for 3 months with a low dose (6 g/day) of MCTs (C8:0 and C10:0) increased muscle mass and function. These findings indicate the potential for the practical use of MCTs in daily life in treating sarcopenia.
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 ketone body, ghrelin, frailty, sarcopenia, adipocyte triglyceride lipase, medium chain fatty acid, muscle mass, medium chain triglyceride


1 Introduction

Sarcopenia is characterized by the low skeletal muscle mass, strength, and function observed with aging (1). Exercise training and ingestion of adequate amounts of proteins are considered to be two primary lifestyles to slow the progression of sarcopenia (2). However, exercise training becomes difficult because of frailty, as does dietary intake, because of decreased appetite and digestive activity. Therefore, small amounts of foods or supplements that can be easily eaten and would maintain muscle mass and function are needed.

In an attempt to search for such nutrients, we found through a series of clinical trials that supplementation with a low dose of medium-chain triglycerides (MCTs) (6 g/day) may increase muscle mass and function without altering body weight in frail older adults (3–5). To compare the effects of the MCTs with those of long-chain triglycerides (LCTs), the changes from baseline between groups after interventions were compared in multiple groups (3, 4). In one trial, following 3 months of intervention, the increases in the numbers of iterations in the leg open and close test and the numbers of swallows were significantly greater in the MCT group than in the LCT group. However, the statistical significance of the increases in right arm muscle area (AMA), right-hand grip strength, right and left knee extension time, walking speed, and peak expiratory flow in the MCT group was not examined by a post hoc test because the fixed effect of the group by time was nonsignificant in a mixed-effect model, although these measurements in the MCT group showed a tendency to increase compared with those of LCT group (4). We re-analyzed the previous data by allowing the conduction of a post hoc test when the fixed effect of the group was significant, and the results were compared between trials to obtain a more accurate conclusion. In addition, combining the data in trials, a new analysis was conducted to compare the groups, including the MCTs and LCTs.



2 Materials and methods


2.1 Outline of clinical trials

Three clinical trials were conducted in a nursing home (Day Care SKY facility in Yokohama, Japan), and their protocols and methods were described in detail (3–7). We targeted all participants (mean age around 85 years) who resided in this nursing home and required special care from a helper. They were selected by the application of the exclusion criteria before enrollment as described previously (3–5). All trials were randomized, controlled (negative or positive control), single-blinded (or double-blinded for some measurements), and parallel-group trials. Each trial had a different purpose, group, and intervention period (Table 1). Six grams of MCTs (75% C8:0, 25% C10:0) per day were mixed with foods at mealtime in all trials. This article focuses on muscle mass and function in response to MCT supplementation. Therefore, we did not describe the cognition of the subjects in detail here.



TABLE 1 Outline of the clinical trials.
[image: Table1]

The first trial (Trial 1), which started in September 2014 and ended in December 2014 (3, 6), was conducted to find a combination of nutrients that could treat sarcopenia. The participants (n = 38) were randomly allocated to three groups: the first group received an L-leucine (1.2 g) and vitamin D (cholecalciferol, 20 μg)-enriched supplement with 6 g of MCTs (LD + MCT); the second group received the same energy-matched supplement with 6 g of LCTs (LD + LCT); and the third group did not receive any supplements (no-supplements). The supplement and oils were taken at dinner. After three months of intervention, the LD + MCT participants had increased right-hand grip strength, walking speed, 10 s leg open and close test performance, and peak expiratory flow from baseline. In contrast, no significant improvements were observed in muscle function of the LD + LCT and no-supplements groups. Therefore, it was concluded that MCTs (6 g/d) played a pivotal role in the increase in muscle function in frail older individuals.

Trial 2 started in September 2016 and ended in February 2017 (4, 7). This trial aimed to clarify whether the favorable effects observed in the LD + MCT group in Trial 1 were due to MCT itself or the interaction between MCT and LD. The participants (n = 64) were randomly allocated to three groups: LD + MCT (positive control), MCT only (target), and LCT only (negative control). Each participant’s body weight, appendicular muscle mass, and function were assessed at four equally spaced time points: baseline, 1.5 and 3.0 months after initiation of the intervention (intervention), and 1.5 months after termination of the intervention (washout). MCT (6 g/d) supplementation alone increased the muscle function of frail older individuals, suggesting that MCT oil is a responsible nutrient involved in the favorable effects of LD + MCT on muscle function observed in Trial 1.

Trial 3 started in April 2019 and ended in June 2019 (5). In Trials 1 and 2, MCTs were given at dinnertime. This study aimed to determine the suitable timing of MCT supplementation during the day. The participants (n = 40) were randomly allocated to two groups, and we compared the effects of MCTs at breakfast or dinnertime for 1.5 months. Irrespective of ingestion at breakfast or dinnertime, supplementation with 6 g MCTs/day for 1.5 months increased muscle mass and function from baseline. However, a negative control group (i.e., the LCT group) was not set because the number of participants was insufficient.



2.2 Ethical approval

These clinical trials were approved by the Human Ethics Committee of Showa Women’s University (Nos. 14–10, 16–17, and 16–49) and by the Human Ethics Committee of Japan Society of Nutrition and Food Science (Approval No. 87). The procedures were conducted according to either the ethical standards of the institutional committee on human study or the Helsinki Declaration of 2000. Written informed consent was obtained from the participants and/or their family members in all trials.



2.3 Study products

The MCTs (75% C8:0 and 25% C10:0 from total fatty acids in oils) and LCTs (64% C18:1, 19% C18:2, and 9% C18:3 from total fatty acids in oils) were provided (Trial 1) by or purchased (Trials 2, 3) from Nisshin OilliO Group, Ltd. (Kanagawa, Japan). Six grams of MCTs (50 kcal; 8.3 kcal/g) or LCTs (54 kcal; 9 kcal/g) per day were mixed with foods such as steamed rice or miso soup at dinnertime (3, 4). The L-leucine (1.2 g) and vitamin D (cholecalciferol, 20 μg) (LD) -enriched supplement (Amino L40) was purchased from Ajinomoto Inc. (Tokyo, Japan). One tube (100 g, 30 kcal) of Amino L40 was given at the beginning of dinner (3).



2.4 Nutrient intake

The nursing care home served breakfast, lunch, and dinner daily. The individual participants’ habitual daily energy and nutrient intake during the baseline and intervention periods was calculated from data on food intakes for 7 separate days during each period using the Japanese Standard Tables of Food Composition as described previously (3–5).



2.5 Daily physical activity, including rehabilitation

Daily physical activities in this nursing home were as described previously (4). The individual daily activities and rehabilitation/exercise were not changed during the baseline and intervention periods.



2.6 Anthropometric measurements, muscle strength, and function measures

The items analyzed in each trial are described in detail in the original reports (3–5), and the measurements used in this article are briefly described below.

Measurement of the right mid-upper AMA was the best approach to assess the change in muscle mass in response to MCT supplementation among the anthropometric measures we have conducted. The AMA was calculated as follows: AMA = [mid-upper-arm circumference (AC) (cm) − π · triceps skinfold thickness (TSF) (cm)]2 / (4 · π) (8).

Maximal calf circumference (CC) was measured with each participant supine, with the left knee raised and the calf at right angles to the thigh. CC was used to assess calf muscle mass (9, 10).

The methods used to evaluate muscle function are restricted by the limited functional capabilities of frail older adults and the effect size of MCT supplementation. The methods that were feasible for frail older adults are described as follows.

For knee extension time, which is measured to examine muscle endurance of the quadriceps, the duration of holding each lower leg in the horizontal position was measured with the participant seated in a straight-backed chair.

For walking speed measurement, participants who could walk unaided were asked to walk for 10 m as fast as they could (3). Participants who had difficulty walking alone were asked to walk for 2.85 m with the support of parallel bars as fast as possible. Participants who could not walk for 2.85 m with the support of parallel bars used a walking aid to measure walking speed. Walking speed was calculated from the time and distance completed by each participant. The method to measure walking speed for individuals remained the same during the baseline and intervention periods.

For the leg open and close test, the number of iterations of opening and closing of the legs over a 10 s period with the participant sitting in a chair was calculated as described previously (11). Among the measurements we conducted, this test was the most sensitive for examining the impact of MCT supplementation on muscle function in frail older adults.

In people without lung disorders, peak expiratory flow was determined as an indicator of the strength of the respiratory muscles (12).



2.7 Statistical analysis


2.7.1 Differences in statistical analyses between this article and the original reports

To compare results from Trial 1 with Trial 2, a similar statistical analysis of multiple comparisons between the 2 trials is presented in this article. Thus, in both trials, the adjusted mean changes for each baseline value and their relevant statistical analysis are shown in the figures (analysis of covariance [ANCOVA] in Trial 1, mixed-effects model in Trial 2).

In Trial 1, the numerical values of the non-adjusted (actual) mean changes were shown in tables of the original report (3), whereas, in Trial 2, those of the adjusted mean changes for each baseline value were shown in supplemental tables 1, 2 of the original report (4).

In the original report for Trial 2, when the fixed effect of the group was significant but that of the group by time was nonsignificant, post hoc tests were not performed for between-group and within-group analyses (4). However, in this article, post hoc tests were conducted because when the fixed effect of the group was significant, but that of the group by time interaction was nonsignificant, this indicates that there are statistically significant differences in the overall changes (mean of three time points) between the groups but not in their patterns. However, the third time point differed from the first and second times in that the third was in a follow-up period (washout) and not an intervention period. Thus, the overall changes (mean of three time points) between the groups were not compared because their comparisons were not meaningful. Therefore, in this article, when the fixed effect of the group was significant, post hoc tests with Bonferroni correction were performed for the between-group and within-group analyses. Thus, some of the results of the post hoc test presented in the figures of this article were not shown in supplemental tables 1, 2 of the original report (4).



2.7.2 Combined analysis of clinical trials (Trials 1 and 2)

To interpret the impact of MCTs in Trials 1 and 2 together and increase the statistical power, the MCTs-containing group (n = 29, 84.6 + 6.0 years old) was created to combine the LD + MCT group (n = 13) in Trial 1 with the MCT group (n = 16) in Trial 2; also, the LCTs-containing group (n = 27, 86.1 + 5.4 years old) combined the LD + LCT group (n = 12) in Trial 1 with the LCT group (n = 15) in Trial 2. The number of participants in the group from each trial was that of participants who completed measurements at the 3.0-mo intervention, as described in Table 1. No duplications of participants from each trial were found in the combined data. Outcomes in a combination analysis were common to Trial 1 and Trial 2.

To eliminate the effects of possible confounding factors due to the different trials and genetic and environmental factors, changes in measurements from the baseline values at the 3 months intervention between the 2 groups were compared using one-way ANCOVA considering the following covariates: in model 1, the baseline value of the respective change; in model 2, additional adjustment for age, sex, and body mass index (BMI) at baseline and allocation to trials (Trial 1 or Trial 2); and in model 3, further additional adjustment for habitual intakes in energy (kcal/day), protein (g/day), leucine (g/day), octanoic acid (C8:0, mg/day), decanoic acid (C10:0, mg/day), and vitamin D (μg/day) during the baseline period. Additional covariates in model 3 were energy and nutrients that may relate to sarcopenia. Note that an assumption was made for adjusting the covariates for all outcomes; the group by the covariate interaction was assumed to be nonsignificant in these models: thus, linear regression curves between the covariate and the outcome in the 2 groups were assumed to be parallel in these models.

The reason for conducting ANCOVA to compare the 2 groups instead of an unpaired t-test was to adjust for possible confounding factors (13). However, when Levene’s test showed the variances of the changes in the 2 groups to be inhomogeneous, the Mann–Whitney U test was used to compare the changes between groups instead of ANCOVA. The Mann–Whitney U test was used to analyze the data on right and left knee extension times, but in this case, no adjustment was made for possible confounding factors. When the difference in changes between the 2 groups was statistically significant, the baseline and 3 months intervention values in each group were compared using the Wilcoxon signed-rank test.



2.7.3 Additional details

Statistically significant differences in values between the groups with Bonferroni correction are shown in the figures as superscript letters, e.g., a, b. The adjusted mean changes without a common superscript letter indicate a statistically significant difference between the groups at the same time point (p < 0.05). For example, Xa, Yb, and Za indicate that X and Y, and Y and Z are statistically significant because there is no common superscript letter between Xa vs. Yb and Yb vs. Za. In contrast, X and Z are not statistically significant because there is a common superscript letter a between Xa vs. Za.

Statistical analyses were performed using the SPSS 20.0 and SPSS 28.0.1.0 (142) software programs (IBM, Chicago, IL). An α level of 0.05 was used to determine statistical significance.





3 Results


3.1 Comparison of MCT supplementation with (Trial 1) and without (Trial 2) the LD supplement

To examine the impact of MCTs relative to LCTs, the LD + MCT group was compared with the LD + LCT group (Trial 1), and the MCT group was compared with the LCT group (Trial 2). The data from Trial 3 were neither compared nor combined with others because there was no negative control group (LCT) and the intervention period was 1.5 months (the others were 3 months) (Table 1). Representative results are presented here.


3.1.1 MCT supplementation did not alter right AC, decreased right TSF, and increased right AMA compared with LCT supplementation

The mean adjusted changes in the right AC, TSF, and calculated AMA are shown in Figure 1. The differences in changes in the groups in right AC were nonsignificant in Trial 1 (ANCOVA, p = 0.34) and in Trial 2 (fixed effect of the group, p = 0.16) (Figure 1A). The differences in changes in the groups in right TSF were significant in Trial 1 (ANCOVA, p = 0.001) and in Trial 2 (fixed effect of the group, p = 0.003) (Figure 1B). The decrease in right TSF was greater in the MCT group than in the LCT group (Trial 2). The differences in changes in the groups in calculated right AMA were significant in Trial 1 (ANCOVA, p = 0.003) and in Trial 2 (fixed effect of the group, p = 0.013) (Figure 1C). The increase in the calculated right AMA at the 3.0-month intervention was greater in the MCT group than in the LCT group (Trial 2).

[image: Figure 1]

FIGURE 1
 MCT supplementation did not alter right AC (A), decreased right TSF (B), and increased right AMA (C) compared with LCT supplementation. (A) Changes in right AC from baseline in Trials 1 and 2. Overall mean baseline right ACs were 21.9 cm (Trial 1) and 21.9 cm (Trial 2). (B) Changes in right TSF from baseline in Trials 1 and 2. Overall mean baseline right TSFs were 9.5 mm (Trial 1) and 10.6 mm (Trial 2). (C) Changes in right AMA from baseline in Trials 1 and 2. Overall mean baseline right AMAs were 28.7 cm2 (Trial 1) and 29.1 cm2 kg (Trial 2). The adjusted mean changes at a time point without a common letter indicate statistically significant differences between the groups, p < 0.05.


The differences in changes in the groups in calculated left AMA and right and left CCs were nonsignificant by ANCOVA and fixed effect of the group in Trials 1 and 2, respectively (data not shown in Figures) but did show a similar tendency to those in calculated right AMA (3, 4).



3.1.2 MCT supplementation increased muscle function compared with LCT supplementation

The differences in changes in the groups in right-hand grip strength were significant in Trial 1 (ANCOVA, p = 0.012) and Trial 2 (fixed effect of the group, p = 0.006) (Figure 2A). In Trial 1, the increase in right-hand grip strength at the 3.0-month intervention was nonsignificant between the LD + MCT group and the LD + LCT group. However, in Trial 2, the increase in right-hand grip strength at the 3.0-month intervention and washout period was greater in the MCT group than in the LCT group. However, the change in left-hand grip strength did not differ between the groups (Figure 2B). This may be due to most participants’ left hand being non-dominant.

[image: Figure 2]

FIGURE 2
 MCT supplementation increased right-hand grip strength (A) but not left-hand grip strength (B) compared with LCT supplementation. (A) Changes in right-hand grip strength from baseline in Trials 1 and 2. Overall mean baseline right-hand grip strengths were 10.7 kg (Trial 1) and 10.7 kg (Trial 2). (B) Changes in left-hand grip strength from baseline in Trials 1 and 2. Overall mean baseline left-hand grip strengths were 10.0 kg (Trial 1) and 10.6 kg (Trial 2). The adjusted mean changes at a time point without a common letter indicate statistically significant differences between the groups, p < 0.05. Asterisks indicate a statistically significant difference vs. at 3.0-mo intervention within the group, *p < 0.05.


The differences in changes in the groups in walking speed were significant in Trial 1 (Kruskal-Wallis test, p = 0.022) but not in Trial 2 (fixed effect of the group, p = 0.63) (Figure 3A). In Trial 1, the increase in walking speed at the 3.0-month intervention was greater in the LD + MCT group than in the LD + LCT group. Similarly, in Trial 2, the increase in walking speed at the 3.0-month intervention appeared to be greater in the MCT group than in the LCT group. However, a post hoc test was not conducted because the fixed effect of the group was nonsignificant.

[image: Figure 3]

FIGURE 3
 MCT supplementation increased walking speed (A) and number of iterations in the leg open and close test (B) compared with LCT supplementation. (A) Changes in walking speed from baseline in Trials 1 and 2. Overall mean baseline walking speeds were 0.50 m/s (Trial 1) and 0.52 m/s (Trial 2). (B) Changes in the number of iterations in the leg open and close test from baseline in Trials 1 and 2. Overall mean baseline numbers of iterations in the leg open and close test were 5.52 n/10 s (Trial 1) and 4.41 n/10 s (Trial 2). The adjusted mean changes at a time point without a common letter indicate statistically significant differences between the groups, p < 0.05. Asterisks indicate a statistically significant difference vs. at 3.0-mo intervention within the group, *p < 0.05.


The differences in changes in the groups in the number of iterations in the leg open and close test were significant in Trial 1 (ANCOVA, p < 0.001) and in Trial 2 (fixed effect of the group by time, p = 0.041) (Figure 3B). In Trial 1, the increase in the number of iterations at the 3.0-month intervention was greater in the LD + MCT group than in the LD + LCT group. Similarly, in Trial 2, the increases in the number of iterations at the 1.5- and 3.0-month interventions and the washout were greater in the MCT group than in the LCT group. At washout (1.5 months after termination of the intervention), the increase in the number of iterations returned to the level measured at the 1.5-month intervention.

As a result, similar effects of MCTs on muscle mass and function were observed in the presence (Trial 1) and absence (Trial 2) of the LD supplement. Then, to interpret the impact of MCTs in Trials 1 and 2 together and increase the statistical power, a combined data analysis was conducted.




3.2 Combined data analysis

Changes in measurements from baseline at the 3.0-month intervention between the MCTs- and LCTs-containing groups (combined groups from Trials 1 and 2) and their comparisons are shown in Table 2 (habitual energy and nutrient intakes), Table 3 (anthropometric measures) and Table 4 (muscle strength and functions).



TABLE 2 Combined data analysis in Trials 1 and 2; habitual energy and nutrient intakes at baseline and after the 3-mo intervention and their changes from baseline in the MCTs-containing (MCT or LD + MCT) and LCTs-containing (LCT or LD + LCT) groups (excluding supplements and added oils) (n = 56).a
[image: Table2]



TABLE 3 Combined data analysis in Trials 1 and 2; anthropometric measures at baseline and after the 3-mo intervention and their changes from baseline in the MCTs-containing (MCT or LD + MCT) and LCTs-containing (LCT or LD + LCT) groups (n = 56).a
[image: Table3]



TABLE 4 Combined data analysis in Trials 1 and 2; muscle strength and function at baseline and after the 3-mo intervention and their changes from baseline in the MCTs-containing (MCT or LD + MCT) and LCTs-containing (LCT or LD + LCT) groups (n = 56).a
[image: Table4]


3.2.1 Habitual energy and nutrient intakes in a combined data analysis

Note that to examine the effects of the supplements on habitual energy and nutrient intakes, the energy and nutrients in the supplements were not included in Table 2. There was a statistically significant difference between the 2 groups in the energy of fat and carbohydrate intake from total energy; MCT supplementation increased the fat energy % by 1.6%, whereas it decreased carbohydrates by-1.6% compared with LCT supplementation. These differences were also observed after adjusting each baseline value or allocation to trials (Table 2). The increase in fat energy was due to increased fat and decreased carbohydrate intakes in the MCTs-containing group. Similar changes, but nonsignificant changes, were observed after MCT supplementation in each of Trial 1 (3) and Trial 2 (data not shown). The physiological and clinical effects of this slight increase in fat energy % are unclear. It may reflect the increased fat oxidation observed after MCT supplementation (14). No differences in changes in the 2 groups were observed in the intakes of energy and other nutrients.



3.2.2 Anthropometric measures, muscle strength, and functions in a combined data analysis

In Tables 3, 4, possible confounding factors were adjusted by 3 stepwise adjustments (models 1, 2, 3) for covariates by ANCOVA (see Materials and methods for details). In Table 3, the increase in right AC between the 2 groups was significant without the adjustment (p = 0.039) but nonsignificant after the adjustment of its baseline value (model 1) (p = 0.06), whereas that in left CC became significant after the adjustment of energy and nutrient intakes (model 3) (p = 0.015). In Table 4, the significance of peak expiratory flow varied; it was significant in models 1 and 2 but not in the non-adjusted model and model 3. The presence of statistical significance in other measurements remained the same after the adjustments.

In the fully adjusted model (model 3), statistically significant increases from baseline in the changes after the 3.0-month intervention in measurements in the MCTs-containing group, relative to the LCTs-containing group, were manifested in body weight (adjusted mean change from baseline: MCTs 1.2 kg vs. LCTs 0.2 kg, p = 0.023), BMI (MCTs 0.6 kg/m2 vs. LCTs 0.1 kg/m2, p = 0.039), right AMA (MCTs 1.4 cm2 vs. LCTs-0.7 cm2, p = 0.002), left CC (MCTs 0.5 cm vs. LCTs-0.4 cm, p = 0.015), right-hand grip strength (MCTs 1.6 kg vs. LCTs 0.3 kg, p = 0.017), walking speed (MCTs 0.084 m/s vs. LCTs-0.033 m/s, p = 0.002), and number of iterations in leg open and close test (MCTs 2.40 n/10 s vs. LCTs-0.92 n/10 s, p < 0.001). In contrast, statistically significant decreases were observed in the right TSF (MCTs-1.2 mm vs. LCTs 0.8 mm, p = 0.016). Increases in the MCTs-containing group were also observed in right knee extension time (MCTs 31 s vs. LCTs 3 s, p = 0.021) and left knee extension time (MCTs 28 s vs. LCTs 2 s, p = 0.034) by the Mann–Whitney U test.





4 Discussion

A combined data analysis showed that relative to supplementation with 6 g LCTs/day, supplementation with 6 g MCTs/day for 3 months statistically significantly increased body weight, BMI, muscle mass (right AMA, left CC), and function (right-hand grip strength, right and left knee extension times, walking speed, and number of iterations in leg open and close test) and decreased fat mass (right triceps skinfold thickness) (Tables 3, 4). This is the first report to show a statistically significant increase in muscle mass in response to MCT supplementation relative to LCT supplementation.

Three factors, (1) the number of participants, (2) the selection of confounding factors, and (3) the selection of outcomes, affect the contributions of independent variables to the outcomes. In a combined data analysis, we increased the number of participants (n = 56) and considered 11 possible confounding factors. The advantages of covariate-adjusted analysis were reviewed previously (13). Also, we conducted 7 outcome measurements of muscle function in Trials 1 and 2 and performed a combined data analysis for each measurement. Although the precision of the measures for body weight, muscle mass, and function to detect their small changes in frail old adults was unclear, incorporating these 3 appropriate factors in a combined analysis may have increased the statistical power to detect the difference in outcomes between the 2 groups.

A dose of 6 g/day is much less than that aimed to increase ketone bodies in the blood (usually 20 ~ 40 g/day of MCTs) (15). A 6 g/day intake of MCTs corresponds to about 4% of habitual energy intake (overall mean habitual energy intake was 1,430 kcal/day), 15% of habitual fat intake (overall mean fat intake was 39 g/day), and 0.14 g/kg body weight (overall mean body weight was 42.6 kg) in this population (overall mean age 85 years old). The significant increase in body weight in the MCTs-containing group is somewhat surprising because MCTs have been considered to reduce body weight and total body fat relative to LCTs (16, 17). The increase in muscle mass may contribute to maintaining or increasing body weight despite a decrease in fat mass in frail older adults.


4.1 Rationale for combining groups from different trials

Because MCT supplementation for 3 months increased muscle function similarly relative to LCT supplementation in Trials 1 and 2, irrespective of the LD supplement given (Figures 1–3), the MCTs-containing group (n = 29) was created to combine the LD + MCT group in Trial 1 with the MCT group in Trial 2; also, the LCTs-containing group (n = 27) combined the LD + LCT group in Trial 1 with the LCT group in Trial 2, and these 2 groups were compared. Thus, the MCTs- and LCTs-containing groups have a similar number of participants from Trials 1 and 2 (balanced data) and are comparable. However, participants from Trial 1 received an additional supplement of LD. To examine the possible effects of LD and the difference in the trials on the outcomes in the combined data analysis, allocation to trial (Trials 1 or 2) was adjusted for a covariate. There were almost no effects on either the changes in each group or on the difference in changes between the 2 groups for any of the measurements after additional adjustment for “allocation to trial” in the non-adjusted model in energy and nutrient intakes (Table 2) and in the non-adjusted model or model 1 in anthropometric measures and muscle function, respectively (Supplementary Tables S1, S2). However, there was an increase in the statistical power of the MCT effect with this adjustment in the measurement of peak expiratory flow: the p value of the difference in the non-adjusted changes between the 2 groups was 0.08, whereas that in the adjusted change for “allocation to trial” was 0.045; that in the adjusted change for baseline value was 0.049, whereas that in the adjusted change for baseline value and “allocation to trial” was 0.028 (the last line in Supplementary Table S2). These results suggest that the LD supplement or “allocation to trial” did not affect most outcomes but somehow affected those of the peak expiratory flow for unknown reasons. This may be one of the reasons that the significance of changes between the 2 groups in the peak expiratory flow varied in the models (Table 4).



4.2 Confounding factors

Overall, the confounding factors we examined showed minimal effects on the outcomes (Tables 3, 4). However, an increase in left CC in the MCTs-containing group relative to the LCTs-containing group became significant after the additional adjustment of habitual energy and several nutrient intakes during the baseline period (MCTs 0.5 cm [0.0, 0.9] vs. LCTs-0.4 cm [−0.9, 0.1], p = 0.015) (Table 3). A similar tendency was observed in right CC, but this was nonsignificant (MCTs 0.4 cm [−0.1, 0.8] vs. LCTs-0.2 cm [−0.7, 0.3], p = 0.13). The following 3 covariates in model 3 contributed significantly to the change in the left CC: the estimated partial regression coefficient B for BMI at baseline was 0.324 (SE 0.092, p = 0.001); energy intake during baseline was 0.003 (SE 0.001, p = 0.039); and left CC at baseline was-0.306 (SE 0.077, p < 0.001) (data not shown). Although these mixed confounding factors may affect the outcome, their clinical significance is unclear.



4.3 Is increased muscle mass required for increased muscle strength and function in response to MCT supplementation?

Although a decrease in muscle mass is essential to the definition of sarcopenia (12), physiologically, an increase in muscle mass might not necessarily result in increased muscle strength and function. As observed in exercise training, improved functions of the mitochondria in skeletal muscles (18), neuromuscular junctions (19), and the brain (20), in addition to increasing muscle mass (i.e., increases in the number or size of type I or type II fibers) (21, 22), may increase muscle strength and function.

Kojima et al. recently reported that in healthy middle-aged and older adults (mean age 68 years old), supplementation with 6 g/day MCTs (C8:0 or C10:0) combined with moderate-intensity aerobic exercise for 3 months significantly increased muscle function (right knee extension strength) but did not alter skeletal muscle mass (overall mean skeletal muscle mass was 23 kg) compared with 6 g/day LCTs combined with aerobic exercise (23). Also, Mutoh et al. reported that supplementation with 18 g MCTs/day in healthy older adults (mean age 70 years old) for 3 months resulted in the participants showing better balance ability (one of the muscle functions) relative to those receiving a placebo (24). These findings suggested that MCTs could increase muscle function without increasing muscle mass in healthy older adults and that an increase in muscle mass by MCT supplementation might manifest in subjects whose muscle mass at baseline is very low (overall mean muscle mass was 16 kg), as is observed in frail older adults. It is also conceivable that an increase in muscle function may eventually increase muscle mass in frail older adults. However, precision in the measurement of muscle mass and functions is essential and is required for these studies.

Cognition was also improved after MCT supplementation in all trials (5–7). Therefore, improved cognition might affect muscle function (20). However, in the LD + MCT group in Trial 1, there was no significant correlation between changes in cognition test scores and changes in muscle mass and function (6). In Trial 2, the increases in peak expiratory flow and the number of swallows in 30 s persisted for 1.5 months after termination of the intervention (washout) (4). In contrast, the increases in cognition score returned to the baseline levels (7). These data suggested that the increase in cognition did not directly mediate increases in muscle function. However, it is conceivable that the motor and cognition areas in the brain were activated by a similar mechanism after MCT supplementation.



4.4 Acyl-ghrelin (an active form) may mediate increased muscle mass in response to MCT supplementation

After MCT supplementation in frail older adults, slight but significant increases in body weight and muscle mass with a decrease in fat mass were observed without a concomitant increase in energy intake. These findings indicated that the energy in fat tissues might be used for muscle tissues, and an anabolic effect was seen on muscle mass. This anabolic effect is similar to that of growth hormone (GH) (25). Interestingly, there is a close relationship between MCTs and GH via ghrelin.

Activated ghrelin (acyl-ghrelin) formed by proghrelin and octanoic acid (C8:0) via ghrelin-O-acyltransferase in the stomach, enters the blood circulation and stimulates GH release in the brain (26) and GH increases muscle mass (the MCTs/Ghrelin/GH hypothesis). MCT supplementation increases blood acyl-ghrelin concentrations in humans (27–29). Supplementation with 6 g MCTs/day for 2 weeks increased acyl-ghrelin from 20 fmol/mL (baseline) to 40 fmol/mL (2-fold increase) and decreased desacyl-ghrelin (an inactive form) from 210 fmol/mL (baseline) to 160 fmol/mL in patients with anorexia nervosa (mean age, 26.4 years; BMI, 13.0 kg/m2) (28). A lower dose of MCTs was able to increase acyl-ghrelin: single oral ingestion of 3 g of MCT (100% C8:0) with enteral nutrition formula in cachectic patients increased plasma acyl-ghrelin, and the 2 weeks administration of MCTs increased appetite score, body weight, and serum albumin and insulin-like growth factor-1 (but not GH) concentrations compared with their baseline levels (27). Considering the effects of a low dose of MCTs on acyl-ghrelin concentration, acyl-ghrelin may mediate the increases in muscle mass and function in response to MCT supplementation in frail older adults. Because a decrease in GH secretion was observed with aging, MCT supplementation in older adults might be timely (30). However, it has not been shown that MCT supplementation increases GH secretion.

Many reports show that acute acyl-ghrelin injection (or infusion) increased GH concentration, appetite, and food intake and that chronic acyl-ghrelin injection increased body weight, as listed in a supplemental table of a review (31). Chronic effects of acyl-ghrelin for years are mimicked by growth hormone secretagogues receptor agonists, which require no injections. Indeed, the impact of these oral agonists on body composition has been reported in three clinical trials (32–34), all of which showed increases in body weight and fat-free mass with no change in fat mass. These data suggested that acyl-ghrelin might lead to an increase in muscle mass but not a decrease in fat mass. Because MCT supplementation decreases fat mass, other mechanisms may be involved in reducing fat mass in response to MCT supplementation.



4.5 Effects of MCT supplementation on heart and skeletal muscles in patients with triglyceride deposit cardiomyovasculopathy (TGCV) or neutral lipid storage disease with myopathy (NLSDM)

Because in both TGCV and NLSDM (primary TGCV and NLSDM might be the same disease because the responsive gene is identical), lipid accumulation in cardiomyocytes and myocytes may cause heart failure and muscle atrophy, respectively (35, 36), MCTs, which decrease fat accumulation, have been considered a promising candidate for treating patients suffering from these conditions (37).

TGCV is a rare intractable disease in which impaired intracellular lipolysis results in massive triglyceride accumulation in the myocardium and coronary arteries, caused by genetic (primary) or acquired dysfunction of adipose triglyceride lipase (ATGL) (36). This leads to heart failure and ischemic heart disease (38). Long-chain fatty acids (LCFAs) entering cardiomyocytes are re-esterized to LCTs to form an energy pool in cells and are immediately hydrolyzed by intracellular lipases such as ATGL. In TGCV, the impaired intracellular lipolysis of LCTs results in ectopic deposition and loss of LCFA supply to mitochondria, leading to lipotoxicity and energy failure in cardiomyocytes and coronary smooth muscle cells. Because cytoplasmic MCTs were degraded at an average rate, whereas LCTs remained undegraded in fibroblasts from NLSDM patients (39), MCTs might be effective in treating TGCV. Indeed, cardiac imaging tests showed that a tricaprin diet (100% C10:0 with MCTs corresponding to 80% of total fat intake) reduced triglyceride accumulation and improved metabolism of LCFAs and left ventricular function in ATGL knockout (KO) mice compared with the ATGL KO mice fed the control diet (40). Recently, a randomized controlled MCT trial for idiopathic TGCV in humans (n = 17) was reported (41). In agreement with the results in ATGL KO mice, compared with the placebo (n = 8), supplementation with a 1.5 g/day of CNT-01 (100% C10:0) for 8 weeks (n = 9) improved myocardial lipolysis (p = 0.035) as estimated by iodine-123-beta-methyl-p-iodophenylpentadecanoic acid scintigraphy. However, decreases in TGCV severity scores (lower score indicates better outcome) between the 2 groups were nonsignificant, probably due to the short term of the intervention period. The adjusted mean changes from baseline (95% CI) were as follows: TGCV severity symptom score [CNT-01-2.78 (−4.61, −0.94) vs. placebo-0.75 points (−3.38, 1.88)] and TGCV severity ADL score [CNT-01-2.67 (−6.47, 1.14) vs. placebo-0.88 points (−3.30, 1.55)] (41).

In contrast, in a 26-year-old female patient with NLSDM caused by a mutation of ATGL without cardiac involvement, no beneficial effects on progressive muscle weakness were observed after MCT supplementation in a low-fat diet (medium-chain fatty acids [MCFAs] not specified; 30 g/day of MCTs plus 15 g/day of natural fat) for several years (42).

The difference in the effects of MCT supplementation between patients with TGCV and NLSDM might be explained as follows. (1) A high dose of MCTs was ineffective in reducing fat deposits in cells because a relatively large amount of MCT supplementation over the long term might lead to lipid accumulation in myocytes. (2) MCTs might be more effective in patients suffering effects on the heart than skeletal muscles because the heart might utilize more energy from fatty acids than the skeletal muscles do. (3) The effects of MCTs might depend on the patient’s lifestyle or environment. Therefore, there were large variations in the effects of MCTs between patients, possibly due to confounding factors. These possible effects of MCTs on muscles in patients with TGCV and NLSDM may be applied to treating sarcopenia.



4.6 Limitations

This study has several limitations. We estimated muscle size by an anthropometric analysis; however, other modalities such as computed tomography, magnetic resonance imaging, and dual-energy X-ray absorptiometry may be required to confirm the results. The increase in muscle mass might reflect the accumulation of intramuscular lipids rather than an increase in muscle cell number or size; therefore, a muscle biopsy may be necessary. Critical confounding factors might have been missed. For example, ANCOVA might include individual physical activity levels as a covariate. Although a combined data analysis increased the number of participants, even more participants might be needed to observe the significant effects of MCTs in some measures relative to LCTs. Because this study targeted only frail older Japanese individuals, we should have addressed whether similar favorable effects of MCTs would be observed in Western populations with larger body sizes or non-frail subjects. Knowledge of the adverse effects of MCTs is also necessary.




5 Conclusion

A combined data analysis of clinical studies concluded that relative to LCTs, chronic supplementation with a low dose (6 g/day) of MCTs (C8:0 and C10:0) in frail older adults increased muscle mass and function. In contrast, it decreased fat mass while maintaining or increasing body weight. These findings indicate the potential for the practical use of MCTs in daily life in treating sarcopenia in older adults. Clinical trials in other groups of frail older adults will be required to verify these favorable effects of MCTs.
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Introduction: In recent years, the relationship between circadian rhythm and overweight and obesity has attracted the attention of many scholars.

Methods: To evaluate association between the duration of sleep and the regularity of breakfast and overweight. A total of 1,178 students from Qingdao University were selected by stratified cluster sampling. There were 601 males (24.69 ± 0.80 years old) and 569 females (24.54 ± 0.70 years old). We used body mass index (BMI), waist circumference (WC), and waist-to-hip ratio (WHR) to define overweight levels. Chi-square test, Pearson correlation test, and logistic regression were applied to test association among overweight, sleep duration, sleep onset time, and breakfast regularity. Pittsburgh sleep quality index was used to assess the overall sleep quality of the study subjects. Mediation effect and Sobel test were used to analyze the effect of sleep duration on breakfast regularity and overweight.

Results: Only 34.1% of the population ate breakfast every day, and eating breakfast 1–3 times per week was associated with a higher risk of overweight (BMI: OR = 2.183, 95%CI: 1.369,3,481; WC: OR = 2.101, 95%CI: 1.232,3,583; WHR: OR = 2.108, 95%CI: 1.331,3,337). The effects of all types of Usual Breakfast Consumption Frequency on overweight were fully mediated by sleep duration (p < 0.05). In particular, the subjects exercised outdoors more than five times per week slept longer (p < 0.05).

Conclusion: Short sleep duration may be the main reason for irregular breakfast leading to overweight. Adequate outdoor exercise is essential for weight maintenance.
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1 Introduction

Debate continues over the optimal number and timing of eating episodes for overweight individuals. The results of a meta-analysis showed that (1) skipping breakfast increases the risk of overweight, and these results are consistent across age, sex, region, and economic conditions. Further research has also found that (2) eating breakfast irregularly may be detrimental to weight status. This may be related to changes in energy intake due to dietary intake. Studies have shown that the presence or absence of energy intake and the duration and regularity of energy intake may change energy balance to varying degrees (3), including by affecting fat storage and insulin sensitivity. And the change of energy balance is one of the causes of overweight (4). At the same time, different forms of energy expenditure such as exercise may also affect the energy balance through energy expenditure.

The relationship between dietary intake and energy balance may be related to circadian rhythms (5). The circadian system represents all physiological processes involved in the 24-h cycle, such as sleep/wake cycles, blood pressure, heart rate, hormone secretion, cognitive performance, and emotion regulation (6). Research shows that (7) SIRT1 gene is associated with circadian rhythm, and the activity of protein can be regulated through BMAL1 dysplasia process to influence the lipid metabolism and sugar. At the same time, circadian dysrhythmization increases postprandial ghrelin levels and decreases leptin levels, leading to the risk of weight gain (8). The duration of feeding is closely related to the expression of genes involved in circadian rhythm, and irregular eating can also affect the stability of diet-related clock oscillators located in peripheral tissues of the central nervous system (9). Sleep is an important component of the circadian rhythm, and different scholars have reached different conclusions in overweight/obesity-related studies. Spruyt et al. (10) showed a positive association between irregular sleep and overweight irrespective of sleep duration. Short sleep duration is a risk factor for overweight in a cohort study of type 2 diabetes mellitus (11).

It can be concluded that both dietary intake and sleep affect circadian rhythm adjustment. And overweight is one possible consequence of the altered circadian rhythms. Most previous studies have focused on the single effects of dietary intake and sleep on overweight, and few have included physical activity factors, which may also affect circadian rhythms. Considering that breakfast is the first meal after a long fast compared to other meal times, it may be particularly important in influencing circadian rhythms (2). Compared with students at other stages, graduate students have more academic pressure and mental pressure, so the overwork, irregular work and rest, obesity, sleep disorders, psychological problems of graduate students are more prominent. Therefore, this study aimed to explore the mediating role of sleep duration in the association between irregular breakfast intake and overweight and obesity in postgraduates. We used different methods to define overweight, and the results were stratified according to frequency of outdoor activity.



2 Materials and methods


2.1 Study population

A stratified cluster sampling method was used in this study. Specifically, all graduate students in Qingdao University were stratified according to grade, and 8 classes were randomly selected from each class, and all students in the whole class were selected as the research objects. During the research process, we sought the opinions of the school, and after obtaining the consent, we contacted the class teachers and student representatives. After obtaining their cooperation, we summoned all the students in the sampled classes to publicize our research project to the students. Finally, according to the arrangement of the head teacher and the student representative, the questionnaire collection was completed in batches. A total of 1,178 students including 571 females and 602 males were enrolled in this study. After obtaining informed consent, a face-to-face questionnaire was completed to collect anthropometric indicators (It is filled in by the students themselves) and basic information forms, including a lifestyle and physical activity questionnaire (This study was approved by the Ethics Committee of the Third Hospital of Shandong Province and the Affiliated Hospital of Qingdao University with the approval numbers of KYLL-2023085 and QYFYWZLL25548, respectively). In the present analysis, participants were excluded if they had an extreme body mass index (BMI, BMI = weight (kg)/height2 (m); below 18.5 kg/m2, and above 28.0 kg/m2; n = 2). Or if they had an extreme caloric intake (<500 or > 5,000 kcal/day; n = 5) (12). The effective sample size was 1,170, consisting of 601 boys and 569 girls (Figure 1).

[image: Figure 1]

FIGURE 1
 Study population.




2.2 Diet, sleep, and physical activity

An adjusted version of the standard food frequency questionnaire (FFQ) was administered to evaluate dietary intakes. The questionnaire included eight main food groups and food varieties adapted to the Chinese diet. Participants were asked, “During the past year, on average, daily, weekly, or monthly use condition, and average consumption per serving (g)” A similar question asked everyone. Food models and food maps were used to assist in the completion of dietary questionnaires. Average daily energy intake levels for each individual were obtained from the FFQ. The eating habits questionnaire included the eating time of three meals a day, the duration of each meal, whether to eat midnight snacks after dinner, and whether to watch videos during meals. For breakfast, we designed the type of breakfast, how much money to buy breakfast, where to eat breakfast and whether parents value breakfast. Of these, breakfast was defined as eating before 9 a.m. Late-night snacks were defined as meals eaten after dinner in the evening, and any food consumed after dinner was considered a late-night snack.

The Pittsburgh sleep quality index (PSQI) (13) was used to assess the overall sleep quality of the study subjects. It was developed in 1989 by Buysse et al. (14), a psychiatrist at the University of Pittsburgh, USA, to evaluate the sleep quality of the subjects in the last month. It is by far the most widely used sleep quality assessment tool (15). It consists of 18 items consisting of 7 components, each of which is scored on a scale of 0–3, and the cumulative score of each component is the total PSQI score. The total score ranged from 0 to 21, with higher scores indicating poorer sleep quality. A score of 0–5 is defined as very good sleep quality, 6–10 as good sleep quality, 11–15 as fair sleep quality and 16–21 as very poor sleep quality. The questionnaire recorded the time of getting up in the morning and the time of going to bed the previous day, and we used this data to calculate the time in bed each day, subtracting the “time needed to fall asleep” to obtain the actual amount of sleep each day. Participants were told that the duration of sleep did not include periods of lying awake in bed.

The physical activity questionnaire included the number of outdoor activities per week, the time of each activity, etc. Among them, effective outdoor activity was defined as spontaneous physical activity of moderate to vigorous intensity that required moderate to substantial effort and resulted in significantly increased heart rate or shortness of breath. Such as fast walking, dancing, running, climbing, swimming, skipping rope, football, volleyball, basketball and so on.



2.3 Adiposity outcomes

Overweight or Central obesity status was defined in cross-sectional analyses using BMI, waist circumference (WC) and waist-to-hip ratio (WHR, WHR = waist circumference/hip circumference). For data collection, height and weight were self-reported by students. Waist and hip circumference were obtained at the physical examination center with the consent of schools, teachers and students themselves. BMI was used to assess both normal (18.5–24.0 kg/m2) and obesity (≥24.0 kg/m2) as binary outcomes. The definitions of overweight by waist circumference and waist-to-hip ratio refer to previous literature and are adjusted according to the actual situation in China (16, 17). In the separate models, people were considered obese if they had a WC greater than 85 cm for men or 90 cm for women. For WHR, obesity was defined as greater than 0.9 in men and 0.8 in women. We mentioned in the study of obesity are judged to be in the center of the “overweight” in the crowd, the proportion of central obesity.



2.4 Statistical analysis

The enumerated data is represented by frequencies and the differences between groups are compared using a chi-square test. We used Pearson correlation and binary logistic regression to analyze the relationship between breakfast consumption regularity and excess weight. In logistics regression, overweight was the dependent variable, breakfast frequency was the independent variable, and the variable was selected as “input.” All the results were adjusted for sex and age. The Chi-square test was used to compare the differences in the proportion of obese people in different breakfast frequency groups. Based on the theory of mediating effects proposed by Baron and Kenny (Causal stepwise regression test) (18–20), sleep duration was considered as a mediator factor (M), usual breakfast consumption frequency (X) was considered as an independent variable, and overweight were considered as a dependent variable (Y) for mediating the effect analysis. The total effect (c) of factor X on factor Y can be decomposed into direct effect (c’) and mediating effect (ab). ‘a’ was the effect of factor X on factor M, and ‘b’ was the effect of factor M on factor Y after adjusting for factor X (Figure 2). The specific steps are as follows: first, analyze the regression of X to Y and test the significance of regression coefficient c; Second, the regression from X to M is analyzed and the significance of the regression coefficient a is tested. Third, we analyze the regression from X to Y with the addition of the mediating variable M, and test the significance of the regression coefficients b and c′. Among them, when both a and b are significant, the significance of c′ is tested to judge the mediation effect; When at least one of a and b is not significant, the Sobel test is used to determine whether a mediation effect is present. Linear regression models were used to analyze the mediation effects, which were subsequently evaluated using the Sobel method. All statistical tests were two-sided at α = 0.05 and all analyses were conducted using SPSS 25.0.

[image: Figure 2]

FIGURE 2
 Model of the potential mediating effect of sleep duration on the relationship between usual breakfast consumption frequency of college students and overweight.





3 Results

The characteristics of the study population, stratified by breakfast consumption frequency, are shown in Table 1. In short, 34.1% of the participants reported eating breakfast daily, 47.3% reported eating breakfast 4–6 days a week and 14.3% reported eating breakfast 1–3 days a week, while only 4.3% of the participants reported not eating breakfast. On average, those who reported eating breakfast daily and 4–6 days a week consumed the most calories, had lower waistlines and WHR, and slept longer. In addition, both those who never ate breakfast and those who ate breakfast daily reported lower BMI than those who ate breakfast 1–3 times a week. Then, those who ate breakfast daily had more weekly outdoor exercise and fewer late-night snacks than the other groups. Shown in Figure 3.



TABLE 1 Characteristics of study population stratified by breakfast consumption frequency.
[image: Table1]
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FIGURE 3
 Prevalence of overweight and obesity in different breakfast frequency groups, with overweight defined by waist circumference (A), waist-hip ratio (B) and BMI (C), respectively.


According to the PSQI scoring rules (Figure 4), 70.5 percent had very good sleep quality, 28.2 percent had good sleep quality and only 1.3 percent had fair sleep quality. The overall PSQI sleep score was 4.35 ± 2.30. The study showed that those who ate breakfast daily had significantly lower PSQI scores than the other groups, with those who ate breakfast 1–3 times a week having the highest mean PSQI scores. We found an association between the duration of sleep and BMI, but not statistically significant between the time of sleep onset and BMI. Shown in Figures 5, 6.

[image: Figure 4]

FIGURE 4
 Distribution of overweight and obesity in different PSQI scores (overweight assessed by BMI).


[image: Figure 5]

FIGURE 5
 Association between sleep and BMI (In order to let two time be displayed on a diagram, it is expressed in 12 h when I start to sleep. I just started to sleep after the early morning, and it is recorded as the time to start sleeping (12 h) +12).


[image: Figure 6]

FIGURE 6
 The relationship between the time to sleep and the central obesity.


Using BMI to define overweight resulted in the highest prevalence (15.3%), while WHR resulted in the lowest prevalence (11.2%) of obesity, among them, the prevalence of obesity using WC definition was 18.5%. People with different frequency of breakfast intake had different prevalence of overweight, and Pearson’s correlation analysis showed that there was a correlation between overweight and breakfast intake frequency. This association persisted after adjusting for sex and age. In addition, all three overweight determination methods showed the same results (shown in Table 2).



TABLE 2 Relationship between regularity in breakfast consumption and weight status.
[image: Table2]

Binary logistic regression analysis was performed with overweight as the dependent variable, breakfast frequency as the independent variable, and daily breakfast frequency as the reference level. When BMI was used to define overweight, the results showed that the likelihood of overweight was 218.3% (OR = 2.183, 95%CI: 1.369, 3.481) for those who ate breakfast 1–3 days per week compared with those who ate breakfast every day. This is similar to the results when the WHR defines overweight (OR = 2.101, 95%CI: 1.232, 3.583). Most associations were observed when using WC to define Central obesity, with those who ate breakfast 1–3 days per week or 4–6 days per week being 110.8% (OR = 2.108, 95%CI: 1.331, 3.337) and 81.5% (OR = 1.815, 95%CI: 1.272, 2.590) more likely to be Central obesity, respectively, compared to people who reported eating breakfast every day. This effect persisted after adjusting for sex and age. The results are shown in Table 3.



TABLE 3 Binary logistics regression analysis of breakfast consumption regularity and overweight in college students under different definitions of overweight.
[image: Table3]

We used a causal stepwise regression test to model the mediating effect of sleep duration on the association between frequency of regular breakfast consumption and overweight. We found that sleep duration was associated with the usual breakfast consumption frequency (p = 0.015) and overweight (p = 0.001). The next test coefficient, c′, was not significant, indicating that sleep duration was a sufficient mediator of the effect of regular breakfast consumption frequency on overweight. We further adjusted for age and gender (model 2) and yielded the same results. The relevant results are shown in Figure 1 and Table 4.



TABLE 4 The mediating effect of sleep duration on the Relationship between usual breakfast consumption frequency of college students and overweight.
[image: Table4]

The mediating effect of sleep duration on the association between frequency of regular breakfast consumption and overweight was stratified by frequency of outdoor activity. Combined with the results of Sobel’s test, when the frequency of outdoor activities was 5 or more times per week, the mediating effect of sleep duration on the association between usual breakfast consumption frequency and overweight existed (p = 0.029). The same results were obtained after adjusting for gender and age (p = 0.031). The results are shown in Table 5.



TABLE 5 Coefficients for mediation analysis in different outdoor exercise frequency.
[image: Table5]



4 Discussion

In previous studies (21–23), the prevalence of unhealthy eating habits and overweight among college students has been increasing worldwide. In Canada, the prevalence of overweight was 31.6% in men and 26.6% in women, whereas in a survey of 10,810 people in 12 European countries, almost half of the participants reported being overweight (54.1% in men and 42.5% in women). These are, respectively, higher than the results of the present study. In a study on Shandong Province (China) (24), the prevalence of overweight was higher (22.74% in men and 8.42% in women) and the prevalence of central obesity was lower (7.85% in men and 3.02% in women) than in our study. A study of U.S. found that more than 70% of American adults are overweight or obese (25), which may be related to a dramatic shift in food choices and lifestyles among college students (26). This suggests that overweight among college students remains a social problem that needs to be urgently addressed.

The present study showed that people with regular breakfast consumption habits, including never eating breakfast and eating breakfast every day, had lower mean BMI than those who ate breakfast 1–3 times per week, which is consistent with the results of previous studies (2, 27, 28). In theory, people who eat breakfast every day should have the highest energy intake and correspondingly the highest weight, but in reality they weigh smaller. At the same time, those who ate breakfast daily spent more time outdoors and ate fewer late night snacks per week, suggesting that normal lifestyle habits are beneficial for weight loss (29). Breakfast consumption was sub-divided into four different frequencies in our study, but the average BMI levels associated with eating breakfast daily and eating breakfast 4–6 days per week were similar. We believe that this may be related to the fact that breakfast consumption habits on weekends are different from those on weekdays (30, 31), and whether there is a difference between eating breakfast 6 days a week and eating breakfast every day still needs additional research, and of course it may be related to sampling error.

In this study, 29.5% of the students had poor sleep quality, which was lower than that of Stanford University (42.4%) (32). The overall PSQI score was 4.35, which was similar to the results of South Korea (4.21) (33), lower than the results of Japanese nursing students (6.86) (34), lower than the results of Anhui province (5.37) (35) and Beijing (5.38) (13). In previous studies (36), short sleep duration and unhealthy eating habits were related to overweight, respectively. This study explored the mediating effect of sleep and showed that the duration of sleep is a sufficient mediator of the effect of breakfast consumption on obesity. Sleep duration, as an essential component of the circadian rhythm, may affect fatty metabolism, energy expenditure, and may also have an effect on eating behavior through the circadian rhythm itself. However, the results from a Japanese cohort study showed that (37) skipping breakfast and short sleep time have nothing to do with the prevalence of male obesity, but are related to female obesity. For this result, we still think that there may be differences in sleep habits between men and women. There are also differences in circadian rhythm and energy balance caused by different sleep habits. So whether different sleep habits can change the circadian rhythm of the body is still a problem worth studying.

It has been suggested that (38) staying up late with insomnia may cause adolescents to consume additional carbohydrates and fats, most likely to gain weight. However, our study did not show a statistically significant association between the time of sleep onset and BMI. It could be that the relatively fixed work-and-rest habits of college masked the effects of late nights on weight, or it could be that the effects of staying up for short periods of time on the body’s metabolism have not yet reached the point where they lead to visceral obesity (39). The specific underlying mechanisms require additional investigation.

When the frequency of outdoor activities was ≥5 times per week, the mediating effect of sleep remained significant. In previous studies (40), exercise significantly improved sleep efficiency. Our study may suggest that adequate amounts of exercise are required to have an effective effect on sleep. In fact, numerous scholars also emphasize the importance of regular exercise (41, 42). Regular exercise may improve sleep quality by increasing the production of brain-derived neurotrophic factors (43) and increase skeletal muscle fatty oxidation (44). This may be related to the fact that the effects of exercise on the body’s health are reflected in molecular and cellular changes over a longer period of time (45). This also shows the importance of sticking to exercise and regular lifestyle habits.

There are some limitations in our analysis that should be noted, such as the possible sampling error due to the selection of subjects from only one school. In addition, the strength of our study cancels out the possibility of error due to the small number of people classified as obese. The inclusion of subjects with good homogeneity, similar ages, and consistent living environments also excluded some potential confounding factors for our study.



5 Conclusion

In conclusion, this study suggests that short evening sleep duration may be the main cause of overweight caused by irregular breakfast in graduate students. And the mediating effect is still significant when outdoor activities are ≥5 times per week. The differences in the effects of skipping breakfast versus eating breakfast irregularly on obesity are still under debate, and we believe that the effects of breakfast consumption during the week and breakfast consumption during the weekend on obesity remain worthy of study. Sleeping late and sleeping short are two concepts, and the effect of these two different concepts on the body’s metabolism is also a point of concern. Most importantly, this study shows that regular breakfast consumption, adequate sleep duration, and adequate outdoor physical activity are all essential for weight maintenance.
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Background: The relationship between dietary factors and hernias is currently unclear.

Methods: The UK Biobank was used to extract dietary factors that were used as exposures, including intake of alcohol, non-oily fish, beef, fresh fruit, oily fish, salad/raw vegetables, dried fruit, coffee, cereal, salt, tea, water, cooked vegetables, cheese, Lamb/mutton, pork, poultry, processed meat, and bread. The FinnGen biobank was used to obtain GWAS data on hernias as outcomes. The main analysis of this study was performed using the weighted median, MR-Egger, and IVW methods. Cochran’s Q test was utilized to assess heterogeneity. To find potential outliers, the MR-PRESSO method was used. Leave-one-out analysis was employed to assess the IVW method’s robustness.

Results: Alcoholic consumption per week (OR: 0.614; p = 0.00614) reduced the risk of inguinal hernia. Alcohol intake frequency (OR: 1.309; p = 0.0477) increased the risk of ventral hernia (mainly including incisional hernia and parastomal hernia). The intake of non-oily fish (OR: 2.945; p = 0.0214) increased the risk of inguinal hernia. Salt added to food (OR: 1.841; p = 0.00267) increased the risk of umbilical hernia. Cheese intake (OR: 0.434; p = 0.000536) and dried fruit intake (OR: 0.322; p = 0.00716) decreased the risk of ventral hernia, while cooked vegetable intake (OR: 4.475; p = 0.0380) increased the risk of ventral hernia. No causal relationships were found with hernias from other dietary factors.

Conclusion: Inguinal, umbilical, and ventral hernias are all related to dietary factors.

Keywords
 Mendelian randomization; incisional hernia; dietary intake; umbilical hernia; inguinal hernia


1 Introduction

Inguinal hernia, umbilical hernia, and ventral hernia (including incisional hernia and parastomal hernia) are the three types of hernias, according to the 10th revision of the International Classification of Diseases. Inguinal hernias are the most common hernias, and umbilical hernias are also frequent hernias (1). Incisional hernias occur after laparotomies at a rate of 5–20% and more than 30% in high-risk individuals (2). There have been many studies investigating risk factors for hernias (3–9), but few studies have analyzed the effects of dietary factors on hernias (10). Dietary factors are important factors affecting health and disease (11–14). Therefore, this study used the methods of Mendelian randomization (MR) to analyze the effect of dietary factors on hernias.



2 Methods

MR identifies the causal relationship between exposures and outcomes by employing genetic variations as instrumental variables (IVs). Three fundamental assumptions must be met for MR to function (15). First, there was no connection between the IVs and any probable confounding factors. Second, there must be robust correlations between the IVs and exposure variables. Third, there are no direct connections between the IVs and outcomes. As a result of using deidentified and freely accessible data from the IEU Open GWAS project, this study was exempt from institutional review board approval.


2.1 The selection of IVs and the sources of data

Intake of beef, alcohol, non-oily fish, salad/raw vegetables, water, coffee, fresh fruit, oily fish, dried fruit, cereal, tea, salt, cooked vegetables, cheese, poultry, pork, lamb/mutton, bread, and processed meat were the dietary factors used as exposures in this study. The European-descent participants of dietary factors previously mentioned ranged from 335,394 to 462,630 individuals. The MRC Integrative Epidemiology Unit (IEU) at the University of Bristol funded the IEU open GWAS project, which either directly or indirectly extracted the GWAS data mentioned above from the UK Biobank. The GWAS data of Hernias (including umbilical, ventral, and inguinal hernias) were extracted from the FinnGen biobank. More information on the outcome and exposure datasets is provided in Supplementary Table S1 and Table 1. The IVs that were employed in the study were determined under the following criteria. First, we will immediately delete palindromic and missing SNPs. Second, linkage disequilibrium was at a level of r2 < 0.001, the threshold of genome-wide significance p < 5 × 10−8, and the clumping window at 10,000 kb. Third, the F statistics of the IVs must be higher than 10.



TABLE 1 Information on exposure and outcome datasets.
[image: Table1]



2.2 Statistical analysis

This study employed the inverse-variance weighted (IVW) method as the primary method for identifying causality. The IVW method, which requires that all SNPs remain valid or horizontal pleiotropy is balanced, offers the strongest power to identify causality (16). The weighted median method and the MR-Egger method were utilized as supplements to the IVW method, which served as the major method to assess causality in our study. If their results are consistent with the IVW method, the reliability of the IVW method will be greatly improved. Leave-one-out analysis was applied to evaluate the IVW method’s robustness. By employing the MR-Egger method, which allows for the existence of nonzero intercepts, the horizontal pleiotropy can be identified. To identify potential outliers, the MR-PRESSO method was used. Cochran’s Q test was utilized to assess heterogeneity. The R program (version 4.2.0) and TwoSampleMR package (17) were employed to perform all analyses.




3 Results

As shown in Supplementary Table S2, horizontal pleiotropy was detected in the analyses of the effects of fresh fruit intake on umbilical hernia and salt added to food on inguinal hernia (p < 0.05). The presence of horizontal pleiotropy indicated that these analyses violated the assumptions of MR and that there were direct associations between IVs and outcomes (18, 19). We will therefore treat them as invalid analyses. Utilizing the MR-PRESSO method, outliers were found in some analyses, but after removing the outliers and repeating the analyses, the results remained largely unchanged. The F statistics of IVs are all larger than 10, indicating that IVs and exposures have strong associations. The results of the MR-PRESSO method and F statistics are shown in the corresponding sections of Supplementary Table S2.


3.1 Dietary factors and inguinal hernia

Alcoholic drinks per week was observed to reduce the risk of inguinal hernia only in the IVW method (OR: 0.614; p = 0.00614). The intake of non-oily fish was observed to increase the risk of inguinal hernia in the IVW method (OR: 2.945; p = 0.0214) and the weighted median method (OR: 4.007; p = 0.0128). Lamb/mutton intake was observed to decrease the risk of inguinal hernia only in the MR-Egger method (OR: 0.0735; p = 0.0420). The MR-Egger method only complements the IVW method, so there is no causal relationship between lamb/mutton intake and inguinal hernia. Figure 1 shows the results of the leave-one-out analysis of positive dietary factors. Salt added to food is considered as an invalid analysis due to the detection of horizontal pleiotropy. Alcohol intake frequency and the intake of processed meat, poultry, beef, oily fish, pork, bread, cheese, cooked vegetable, tea, fresh fruit, cereal, salad/raw vegetable, coffee, dried fruit, and water were not associated with inguinal hernia in all of the three analysis methods (p > 0.05). More analysis results are provided in Supplementary Table S2.

[image: Figure 1]

FIGURE 1
 The results of leave-one-out analyses for (A) salt added to food on umbilical hernia (B) alcohol intake frequency on ventral hernia (C) cheese intake on ventral hernia (D) dried fruit intake on ventral hernia (E) cooked vegetable intake on ventral hernia (F) non-oily fish intake on inguinal hernia (G) alcoholic drinks per week on inguinal hernia.




3.2 Dietary factors and umbilical hernia

Salt added to food (cooking salt is not included) was observed to increase the risk of umbilical hernia only in the IVW method (OR: 1.841; p = 0.00267). Figure 1 shows the results of the leave-one-out analysis of positive dietary factors. Fresh fruit intake is considered as an invalid analysis due to the detection of horizontal pleiotropy. Horizontal pleiotropy was not detected in dried fruit intake after removal of an outlier. Cooked vegetable intake was observed to increase the risk of umbilical hernia only in the weighted median method (OR: 5.038; p = 0.0470). The weighted median method only complements the IVW method, so there is no causal relationship between cooked vegetable intake and umbilical hernia. The intake of alcohol, processed meat, non-oily fish, poultry, beef, oily fish, pork, lamb/mutton, bread, cheese, tea, cereal, salad/raw vegetable, coffee, dried fruit, and water were not associated with umbilical hernia in any of the three analysis methods (p > 0.05). More analysis results are provided in Supplementary Table S2.



3.3 Dietary factors and ventral hernia

It should be noted that the ventral hernia used in this study is defined according to the 10th revision of the International Classification of Diseases, mainly including incisional hernia and parastomal hernia (20).

Alcohol intake frequency was observed to increase the risk of ventral hernia only in the IVW method (OR: 1.309; p = 0.0477). Cheese intake and dried fruit intake were observed to decrease the risk of ventral hernia in the IVW method (cheese intake OR: 0.434; p = 0.000536; dried fruit intake OR: 0.322; p = 0.00716) and the weighted median method (cheese intake OR: 0.391; p = 0.00452; dried fruit intake OR: 0.239; p = 0.0107). Cooked vegetable intake was observed to increase the risk of ventral hernia in the IVW method (OR: 4.475; p = 0.0380) and the weighted median method (OR: 5.554; p = 0.0427). Figure 1 shows the results of the leave-one-out analysis of positive dietary factors. Non-oily fish intake was observed to increase the risk of ventral hernia only in the weighted median method (OR: 8.941; p = 0.0224). The weighted median method only complements the IVW method, so there is no causal relationship between cooked vegetable intake and umbilical hernia. Alcoholic drinks per week, salt added to food, and the intake of processed meat, poultry, beef, oily fish, pork, lamb/mutton, bread, tea, cereal, salad/raw vegetable, coffee, fresh fruit, and water were not associated with ventral hernia in the three analysis methods (p > 0.05). More analysis results are provided in Supplementary Table S2.




4 Discussion

The associations between nutritional factors and the risk of hernias have not been extensively studied (10), regardless of the fact that diet is an important influencing factor of health (21–23). We only found one study from Turkey that focused on the relationship between dietary factors and hernias, and their study found that dietary factors such as cheese, red meat, chicken, nuts, and bread were associated with inguinal hernia (10). Their study included only 115 people with groin and only used 3-day food consumption records; Therefore, we believe that their study has some limitations. Dietary factors are difficult to measure. The UK Biobank used the frequency to measure dietary factors, more information is provided in Supplementary Table S1. As changing eating habits is difficult, it is highly difficult to use randomized controlled trials to evaluate the effect of dietary factors on hernias. Observational epidemiology is often used to analyze the influence of research factors on study subjects. However, the presence of confounders (24–26), reverse causality (27, 28), and other factors might bias the causal effects that observational epidemiology observed. The introduction of instrumental variables can effectively solve these shortcomings (29, 30). MR, an analysis that uses genetic variation as IVs, is being utilized increasingly frequently. MR sits between observational epidemiology and interventional epidemiology in the hierarchy of evidence (31). In this study, we used MR analysis methods to analyze the effects of 20 dietary factors on three common hernias. The results of this study suggest that alcohol intake has different effects on different hernias. Alcoholic drinks per week reduce the risk of inguinal hernia, alcohol intake frequency increases the risk of abdominal hernia, and alcohol intake does not have any effect on umbilical hernia. In some studies, there was no association between alcohol intake and developing inguinal hernia (32, 33). However, it was found in a different study that individuals with inguinal hernias consumed more alcohol (10). However, less than 1,000 cases of inguinal hernias were included in their analysis, which limited the credibility of their study. Our study included hundreds of thousands of individuals from the UK Biobank and the Finngen Biobank, therefore our study provided new evidence to clarify the relationship between alcohol intake and inguinal hernia. It is worth noting that the causal relationship between drinking frequency and ventral hernia may be influenced by a single SNP, as shown in Figure 1B. In addition, we found that non-oily fish intake increased the risk of inguinal hernia, salt added to food increased the risk of umbilical hernia, cheese intake, and dried fruit intake reduced the risk of ventral hernia, and cooked vegetable intake increased the risk of ventral hernia. It is important to note that neither the causality of non-oily fish consumption on inguinal hernia nor the causality of cooked vegetable intake on ventral hernia are particularly stable; they are affected by a single SNP. More information is shown in Figures 1E,F. We must be particularly careful when interpreting these findings. First, the causal relationship observed by the MR analysis is the consequence of prolonged exposure to dietary factors. Therefore, short-term exposure may not have any clinical effect. Second, the Two-sample MR analysis only revealed the overall effects of exposures on outcomes, not the direct effects. Extremely complex pathways may link exposures and outcomes.

Unavoidably, this study has several restrictions. First, we were incapable of assessing whether there was a U-shaped correlation (for example, as dried fruit intake increases, the risk of ventral hernia rises first and then decreases) between dietary factors and hernias due to continuous data on dietary factors being employed in this study. Second, due to the lack of GWAS data for the two demographics of sex and age, we were unable to conduct stratified analyses. Third, the inability to further divide dietary intake categories prevents a more detailed analysis. Fourth, because our analysis primarily focuses on individuals from Europe, extending our findings to other populations is difficult.



5 Conclusion

Alcoholic drinks per week will reduce the risk of inguinal hernia, while alcohol intake frequency will not affect the risk of inguinal hernia. Alcohol intake frequency will increase the risk of ventral hernia, while alcoholic drinks per week will not affect the risk of ventral hernia. Alcohol intake will not affect the risk of umbilical hernia. The intake of non-oily fish will increase the risk of inguinal hernia. Salt added to food will increase the risk of umbilical hernia. Cheese intake and dried fruit intake will decrease the risk of ventral hernia, while cooked vegetable intake will increase the risk of ventral hernia. No causal relationships were found with hernias from other dietary factors.
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Background: Previous studies reported that variations in dietary intake patterns substantially impact human health, specifically tumorigenesis. However, confounding factors in previous cohort studies have obscured the relationship between dietary differences and the risk of oral cancer (OC).

Materials and methods: We developed an outcome dataset from genome-wide association studies (GWAS) data on three OCs within the GAME-ON project, using GWAS-META merging. We extracted 21 dietary exposures, including 10 dietary patterns, 6 vitamins, and 5 micronutrients, from the UK Biobank database, using the inverse variance weighting method as the primary statistical method. Sensitivity analysis was conducted to detect heterogeneity and pleiotropy. Serum metabolite concentrations were adjusted using multivariate Mendelian randomization.

Results: Of the 10 analyzed dietary patterns, 8 showed no significant association with the risk of developing OC. Consumption of dark chocolate (inverse variance weighted [IVW]: Odds ratio (OR) = 0.786, 95% confidence interval [CI]: 0.622–0.993, p = 0.044) and sweet pepper exhibited an inverse relationship with OC risk (IVW: OR = 0.757, 95% CI: 0.574–0.997, p = 0.048). Reverse MR analysis revealed no reverse causality. Furthermore, no significant correlation was observed between the intake of 6 vitamins and 5 micronutrients and the risk of developing OC. After using multivariable MR to adjust for serum caffeine, linoleate, theophylline, and theobromine metabolism levels, consuming dark chocolate was unrelated to a decreased risk of OC. After adjusting each serum metabolite individually, the observed p-values deviated from the original values to varying degrees, indicating that the components of dark chocolate could have different effects. Among these components, theophylline demonstrated the most significant inhibitory effect.

Conclusion: This study demonstrated a causal relationship between the intake of dark chocolate and sweet peppers and a lower risk of OC. The components of dark chocolate could have different effects.

Keywords
dark chocolate intake, sweet peppers intake, dietary intake, oral cancer, Mendelian randomization


1 Introduction

Oral cancer (OC) is a common malignancy of the head and neck region. Globally, it accounts for approximately 405,000 new cases annually (1). Tobacco use and alcohol consumption are well-documented etiological factors of OC (2, 3). In China, betel nut consumption is a common etiological factor for OC (4). An OC usually has no apparent symptoms in the early stages, making early and prompt diagnostic intervention and routine medical evaluations difficult. Patients with advanced stages of OC frequently present with symptoms, including ulcers, lumps, and lymph node metastases in the neck region. Consequently, their chances of survival at the time of diagnosis are significantly reduced (5). Numerous strategies for early OC screening have been developed to facilitate earlier detection and treatment. However, there is a critical need for more precise and effective screening approaches (6). Various dietary intakes are implicated in disease development (7, 8). Therefore, clarifying the relationship between various dietary intakes and OC is crucial to preventing disease and changing the lifestyle habits of high-risk populations.

The degree to which dietary intake affects OC remains unknown (9). Unlike single-nutrient studies that are often influenced by various confounding factors, studies of dietary intake patterns offer a more accurate reflection of the body’s condition in everyday life by summarizing and analyzing individual nutrients (10). This study employed the Mendelian randomization (MR) method to clarify these potential associations and comprehensively investigate the plausible link between various diets and OC.

The MR is a method to investigate possible associations between an exposure factor (dietary intake) and an outcome (OC). The association between exposure and outcome was analyzed at the genetic level using data sourced from public databases. One major advantage of MR is its ability to reduce potential confounders in clinical research and substantially reduce the possibility of reverse causation (11). This improves the precision, reliability, and validity of the findings.

Food often contains multiple components that can have individual or synergistic effects. Investigating the primary components of a food may be more effective in determining its mechanism of action. Although MR analysis has numerous benefits, it cannot identify the roles of individual components because of its inherent limitations. Conversely, multivariable MR (MVMR) is a method for investigating the direct or mediated effects of two or more exposures on outcomes (12). Consequently, by considering each internal component of a nutrient, MVMR enables a direct assessment of its impact on an outcome, making it easier to investigate the role of each component.


1.1 Method design

This study used a two-sample MR design to investigate the relationship between dietary intake and OC. In MR studies, single nucleotide polymorphisms (SNPs) utilized as instrumental variables (IVs) must satisfy three core criteria (11): First, SNPs must be strongly associated with the exposure factors. Second, SNPs should not be associated with confounding variables other than exposure factors. Third, SNPs must not be directly associated with the outcome, in this case, OC. Moreover, reverse MR analysis was employed to investigate the potential reverse causality effects of OC on positive outcomes. Additionally, MVMR was used to determine the direct impact of positive exposures on OC.



1.2 Data source

This study included 21 exposure factors, including 10 dietary intakes (oily fish, non-oily fish, alcohol, tea, coffee, cooked vegetables, salad/raw vegetables, fresh fruit, dark chocolate, and sweet pepper), 6 vitamins (vitamin B12, vitamin C, vitamin B6, vitamin D, vitamin E, and carotene), and 5 trace minerals (zinc, copper, calcium, magnesium, and potassium). Specific information about the diet in our study can be found in the publicly available information on the UK Biobank.1 We combined genome-wide association studies (GWAS) data on OC from three geographic regions using a GWAS-meta-analysis approach. The data obtained from the GAME-ON consortium included 2,989 cases and 6,583 controls, with >90% of participants predominantly of European ancestry (>70% CEU) (13). Furthermore, Chen et al. (14) and the GWAS catalog2 provide serum metabolite levels of theobromine, theophylline, caffeine, and linoleate (18:2n6). Other GWAS datasets are available through the Integrative Epidemiology Unit Open GWAS project.3 Table 1 shows the details of all the data.


TABLE 1 The GWAS data source details in our study.

[image: Table 1]



1.3 Selection of instrumental variables

We identified SNPs associated with exposure factors that met a significance threshold (p < 5 × 10–6). SNPs were selected to be free of linkage disequilibrium to ensure independence, with an r2 < 0.001 within a 10,000 KB window. Surrogate SNPs were not considered. SNPs with F-statistic values <10 were regarded as weak IVs and were excluded. If the SNP was not found in the resulting GWAS dataset, it was excluded. Subsequently, we estimated that positive stranded alleles and SNPs with palindromes were eliminated. The qualifying SNPs were utilized in the subsequent analytical phase. The conditions and protocols mentioned above were used for inverse MR and MVMR analyses.



1.4 Statistical analysis

In our MR analysis, we employed five approaches: inverse variance weighted (IVW), weighted median, MR-Egger, weighted mode, and simple mode. These approaches aimed to investigate the potential association between dietary intake and the risk of developing OC. The value of p < 0.05 was deemed to be statistically significant. The directional consistency of associations, as represented by the inverse variance weighted IVW, weighted median, and MR-Egger methods, proved to be useful. The IVW was selected as the primary reference due to its excellent accuracy in identifying causality (15). The MR-Egger method was particularly responsive to horizontal pleiotropy and heterogeneity in the outcomes. The other three outcomes, weighted median, and two more served as supplementary approaches to the MR analysis. Results with inconsistent odds ratios (ORs) or evidence of horizontal pleiotropy were excluded from the analyses performed using the three MR methods: IVW, MR-Egger, and weighted median. The ORs were used to assess the impact of dietary factors on the risk of OC.




2 Results

Two-sample MR results: We used five MR statistics to assess the association between 21 exposures and the risk of OC. Figure 1 depicts the IVW results for the 21 exposures.


[image: image]

FIGURE 1
Inverse variance weighted results of MR for 21 dietary intakes and OC.


Of the 10 dietary patterns analyzed, 8 dietary intakes showed no significant association with OC risk (Supplementary Table 1). However, dark chocolate intake was inversely associated with OC risk (IVW: OR = 0.786, 95% confidence interval [CI]: 0.622–0.993, p = 0.044). Furthermore, the MR-Egger intercept test did not indicate evidence of horizontal pleiotropy (p > 0.05) (Supplementary Figure 1). The consistency of these findings was further confirmed by the leave-one-out method, suggesting the stability of the results (Supplementary Figure 2).

Similarly, sweet pepper intake was found to reduce the risk of OC (IVW: OR = 0.757, 95% CI: 0.574–0.997, p = 0.048). The MR-Egger intercept test did not indicate the presence of horizontal pleiotropy (p > 0.05) (Supplementary Figure 3). Moreover, the leave-one-out analysis revealed no outliers (Supplementary Figure 4). For both significant findings, the direction of the ORs obtained through the other three MR methods was consistent. This indicated that the results were more accurate (Table 2).


TABLE 2 Results of MR analysis of Dark chocolate intake and Sweet pepper intake with oral cancer.
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Regarding the other 6 vitamins (vitamin B12, vitamin C, vitamin B6, vitamin D, vitamin E, and carotene) and 5 trace elements (zinc, copper, calcium, magnesium, and potassium), the MR analysis indicated that the intake of these nutrients was not associated with an increased risk of OC (Supplementary Table 1).

Reverse MR results: We conducted a reverse MR analysis to determine whether the intake of dark chocolate and sweet pepper affects the risk of developing OC. The analysis revealed that dietary intake does not inversely affect OC development. Furthermore, the sensitivity analysis revealed no evidence of heterogeneity or pleiotropy. The leave-one-out analysis demonstrated consistent results, highlighting the stability of our findings (Supplementary Figures 5, 6 and Supplementary Table 2).

MVMR results: Given that numerous components in dark chocolate are known to have direct or indirect cancer-inhibitory bioactivity (16), we aimed to investigate their impact on oral carcinogenesis. Although trace elements in dark chocolate are known as active components (16), our two-sample MR analysis demonstrated that these factors do not influence the development of OC, leading to their exclusion from further analysis. Consequently, we employed MVMR to adjust serum metabolite levels for caffeine, linoleate, theophylline, and theobromine. This analysis indicated that dark chocolate intake was not associated with the risk of developing OC (Table 3).


TABLE 3 Multivariable MR results of causal links between Dark chocolate and oral cancer after adjusting for specific serum metabolites.
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We adjusted each ingredient separately in the MVMR analysis to elucidate the role of these factors in the suppression of OC by dark chocolate. After adjusting for each serum metabolite individually, we observed a decrease in p-values compared to the original values, specifically when adjusting for linoleate levels. This suggested a potential reduction in the inhibitory effect of dark chocolate on OC associated with linoleate levels. Conversely, adjusting for theobromine levels or theophylline levels resulted in higher p-values than the original values, with theophylline levels demonstrating a more pronounced increase. These findings suggest that theophylline may be the primary inhibitory factor in dark chocolate, while theobromine has a relatively limited inhibitory effect (Table 4).


TABLE 4 Multivariable MR results of causal links between Dark chocolate and oral cancer after adjusting for single serum metabolites.
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Despite our efforts to understand how sweet pepper may influence oral carcinogenesis, limitations in data availability restricted further investigation in this area.



3 Discussion

We found that dark chocolate and sweet pepper intake may exert a significant inhibitory effect on the development of OC. The MR analysis did not reveal any considerable association between OC risk and the remaining 8 dietary intakes (oily fish, non-oily fish, alcohol, tea, coffee, cooked vegetables, salad/raw vegetables, fresh fruit), 6 vitamins (vitamin B12, vitamin C, vitamin B6, vitamin D, vitamin E, and carotene), and 5 trace minerals (zinc, copper, calcium, magnesium, and potassium).

Considering the variety of vitamins and micronutrients in the daily diet, pooling and analyzing individual nutrients can significantly help eliminate the confounding factors often present in studies focused on specific nutrients. The findings of various studies on the association between dietary intake and OC are inconsistent (9). Concerning fish consumption, our findings are consistent with those of previous studies (17–19), which found no clear association between oily and non-oily fish intake and the development of OC. Although alcohol is considered potentially carcinogenic (20), its association with OC is unknown (21). Furthermore, the impact of tea and coffee consumption on OC is controversial (22). Our findings imply that their role may not be considerable, which is consistent with the findings of previous studies conducted by Tverdal et al. (23) and Hildebrand et al. (24). Fruits and vegetables, which are rich in vitamins, enhance antioxidant and anti-inflammatory responses, potentially inhibiting tumor growth (25). However, our findings did not demonstrate any substantial inhibitory effect of cooked vegetables, salad/raw vegetables, or fresh fruit intake on OC, inconsistent with the findings of previous studies (26, 27). Moreover, our analysis of vitamins and OC revealed no association between the intake of six common vitamins and the risk of OC, confirming our findings. Furthermore, although numerous studies (28) have highlighted the health benefits of micronutrients, our study did not find any substantial role of micronutrients in the risk of OC. We believe that the inconsistency between our study’s results and those of other experiments can be attributed to the following factors: 1. Previous observational studies may contain confounding factors, whereas our study, based on Mendelian Randomization (MR) analysis of Genome-Wide Association Studies (GWAS), minimizes the effects of confounding and reverse causation. 2. Our study is limited to European ancestries only. Variations in ancestry can influence disease susceptibility, thereby contributing to differences in results. Our findings suggest that while no direct association was found, dietary intake may still have some influence on the development of OC. These findings require further validation in future research.

Our findings indicated that dark chocolate intake may have a significant inhibitory effect on OC. Currently, studies that specifically investigate the impact of dark chocolate on OC are rare. Although some studies have proposed that various components of dark chocolate, including micronutrients, can have varying effects on overall health (16), their specific implications for OC are unknown. In this study, MVMR analysis suggested that caffeine, linoleate, theophylline, and theobromine levels may each have distinct roles in inhibiting oral carcinogenesis associated with consuming dark chocolate, particularly when controlling for several common components. Cocoa, the main ingredient in dark chocolate, contains a high percentage of methylxanthine compounds, mainly theobromine and caffeine (29). These substances are known for their potent antioxidant effects, aiding in the scavenging of free radicals, reducing DNA damage and oxidative stress, and thus potentially preventing cancer at its onset (30). Contrary to our initial expectations, our MVMR analysis revealed that caffeine in dark chocolate may not inhibit OC as anticipated. Furthermore, while theobromine has demonstrated inhibitory effects on OC, these effects are limited. Notably, theophylline in dark chocolate demonstrated a stronger inhibitory effect despite the lower percentage of theophylline in cocoa (31). Theophylline, a naturally occurring methylxanthine, is known to impact adenosine activation and downstream signaling pathways of cAMP by inhibiting cAMP phosphodiesterase activity (32). The activation of the cAMP signaling pathway plays a crucial role in the proliferation and growth of cancer cells. Notably, theophylline also inhibits the activation of NF-κB and the release of inflammatory factors such as IL-6 (33), which are implicated in creating a tumor-favorable inflammatory microenvironment that promotes cancer development and progression. Additionally, in breast cancer, theophylline has been shown to induce cell cycle arrest in the G2/M phase through the phosphorylation of cell cycle proteins B1 and Cdc2 (34). Therefore, it is evident that theophylline plays a distinct role in cancer inhibition, which aligns with the findings of our study. Dark chocolate contains a high percentage of linoleate (18:2n6) (35). These linoleic acids decrease cholesterol levels of low-density lipoproteins and fasting blood glucose concentrations by improving insulin sensitivity (36, 37). Metabolic disorders, including diabetes mellitus and obesity, are associated with an increased risk of oral carcinogenesis (38, 39). Contrary to the anticipated findings, our findings demonstrated that the inhibitory effect of dark chocolate on OC was reduced after adjusting for linoleate levels. This suggests that linoleate levels might not fulfill their anticipated role but rather may slightly reduce the inhibitory effect of dark chocolate. Further studies are required to clarify its exact role in the impact of dark chocolate.

The above findings suggest that the biological activity of dark chocolate is not attributable to a single ingredient. Furthermore, dark chocolate is specifically abundant in total polyphenols and flavonoids (40), which are known to have antioxidant properties. These may be crucial in inhibiting the development of OC (41, 42). However, the data restrictions prevented us from fully investigating and analyzing this aspect. Additionally, dark chocolate intake has been associated with improved mood (43), suggesting an additional psychological benefit. Our findings indicate that the consumption of sweet pepper may substantially inhibit the development of OC. Sweet pepper are rich in an array of phytochemicals including polyphenols, flavonoids, carotenoids, capsaicinoids, and dihydrocapsaicin. Han et al. (44) observed that capsaicinoids inhibit the activation of the NF-κB pathway and activator protein-1 (AP-1), suggesting a potential role in cancer and inflammation prevention. Further research indicates that capsaicin activates the AMPK/mTOR signaling pathway to induce autophagy in renal cancer cells, thereby reducing tumor proliferation, invasion, and epithelial-mesenchymal transition (EMT) (45). Additionally, capsaicin facilitates the phosphorylation of extracellular signal-regulated kinase (ERK) and c-Jun, while inhibiting the Hedgehog/GLI pathway, exhibiting antiproliferative and anticancer properties (46). In cases of oral cancer, capsaicin has been shown to suppress tumor cell proliferation and induce apoptosis. (47). Interestingly, capsiate, another compound in sweet pepper, is effective in inhibiting tumor activity (48). Despite our efforts to further understand the underlying mechanisms, the limitations of our data prevented a more in-depth investigation.

This is a novel study on the association between various dietary patterns and OC using multiple MR analysis methods. To our knowledge, this is the first study to uncover this relationship through MR. The lack of studies that examine the relationship between dietary intake and OC highlights the importance of our findings. These findings lay the foundation for future larger-scale clinical studies and basic research to investigate this association more thoroughly. Moreover, our research bridges the gap in understanding the association between dark chocolate and OC risk. It investigates the potential mechanisms by which dark chocolate components can suppress OC, laying the foundation for future fundamental research. Our results provide insights into the role of different dietary intakes in the development of OC, offering guidance for individuals at elevated risk of OC to adjust their diets in a clinically meaningful way.

There are limitations to our study. First, to capture a wide range of associations between dietary variety and OC, we employed a significance threshold of p < 5 × 10–6 rather than the more conventional p < 5 × 10–8. Although our datasets were solely of European origin, it is crucial to conduct further studies that include diverse regions to investigate these associations globally. Second, the nature of the MR analysis prevented us from determining a dose-response relationship between various intakes and OC at this stage. Third, we did not categorize outcomes by clinical, pathological, site, or other clinical features to investigate the relationship between diet and each subtype. While we have identified possible mechanisms of action for dark chocolate, limited data prevented definitive conclusions on the role of all its ingredients.



4 Conclusion

This study demonstrated a causal association between the intake of dark chocolate and sweet peppers and a decreased risk of OC. The components of dark chocolate could have different effects.
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Subscales in ASQ-3 Communication Gross motor Fine motor Problem solving Personal-social

cOR aOR cOR aOR (95% cOR aOR cOR aOR cOR aOR
(95% ClI) (95% Cl) (95% Cl) (el)} (95% Cl) (95% ClI) (95% CI) (95% Cl) (95% Cl) (95% Cl)
Total dietary fiber (g/1,000 kcal/day)
Q5 (29.93) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Q4 (8.33-<9.93) 114 097 0.93 0.97 0.76 0.74 1.05 1.03 071 0.59
(0.76-1.73) (0.60-1.56) (0.67-130) (0.66-1.42) (0.57-0.99) (0.54-1.02) (0.80-1.39) (0.75-1.43) (0.47-1.08) (0.36-0.96)
Q3 (7.11-<833) 143 138 114 122 088 0.8 111 115 1.06 094
(0.97-2.13) (0.89-2.15) (0.83-1.56) (0.84-1.76) (0.68-1.15) (0.65-121) (0.85-1.46) (0.84-1.58) (0.72-155) (0.61-1.45)
Q2 (5.78-<7.11) 1.68 1.66 111 1.30 122 123 126 1.43 1.02 095
(1.14-2.46) (1.08-2.54) (0.81-1.52) (0.91-1.87) (0.95-1.56) (0.92-1.64) (0.96-1.64) (1.05-1.94) (0.69-1.50) (0.61-1.45)
Q1 (<5.78) 1.73 1.62 114 125 1.34 133 134 131 L14 1.07
(1.18-2.53) (1.05-2.50) (0.83-1.56) (0.86-1.81) (1.05-1.70) (1.00-1.78) (1.03-1.75) (0.95-1.79) (0.78-1.66) (0.69-1.64)
P for trend 0.001 0.004 0264 0.096 0.001 0.005 0.012 0.021 0257 0442

COR, crude odds ratio; aOR, adjusted odds ratio; CI, confidence interval; ASQ-3, Ages and Stages Questionnaires, Third Edition. Boldface indicates significance (p < 0.05).
Adjusted for maternal smoking and drinking during pregnancy, maternal age at birth, pre-pregnancy BMI, maternal and paternal education levels, annual houschold income, child sex, mode of delivery, birthweight, gestational age at birth, older siblings, attendance
achildcare facility at 1 year of age, breastfeeding until 1 year of age, mother'’s K6 scores during pregnancy and when her child was 1 year of age, caretaker other than the child’s mother at 1 year of age, and attachment bond when her child was 1 year of age.
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Subscales in ASQ-3 Communication Gross motor Fine motor Problem solving Personal-social

cOR aOR cOR aOR cOR aOR cOR aOR cOR aOR
(95% ClI) (95% Cl) (95% Cl) (95% Cl) (95% Cl) (95% ClI) (95% CI) (95% Cl) (95% Cl) (95% Cl)
Total dietary fiber (g/1,000 kcal/day)
Q5 (=7.86) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Q4 (6.62-<7.86) 125 132 1.02 1.00 1.09 1.09 116 116 117 LIS
(0.96-1.62) (098-1.72) (0.81-129) (0.76-126) (0.90-1.33) (0.88-1.36) (0.95-1.41) (0.94-1.44) (0.90-1.54) (0.85-1.56)
Q3 (5.74-<6.62) 1.40 145 1.29 1.34 1.40 1.39 131 1.25 124 123
(1.08-1.81) (1.09-1.94) (1.03-1.61) (1.05-1.72) (1.16-1.68) (1.12-1.72) (1.06-1.55) (1.01-1.55) (0.95-1.61) (0.91-1.66)
Q2 (4.84-<574) 1.53 1.63 112 115 1.32 137 1.30 1.31 130 1.35
(1.19-1.97) (1.23-2.17) (0.89-1.40) (0.89-1.48) (1.09-1.59) (1.10-1.70) (1.09-1.60) (1.05-1.62) (1.00-1.69) (1.00-1.82)
QI (<4.84) 147 1.65 1.09 L12 1.52 1.54 152 1.54 145 1.44
(1.14-1.89) (1.23-2.19) (0.87-1.38) (0.86-1.45) (1.26-1.83) (1.25-1.91) (1.26-1.83) (1.25-1.90) (1.12-1.88) (1.07-1.93)
P for trend 0.001 <0.001 0264 0.192 <0.001 <0.001 <0.001 <0.001 0.004 0.008

COR, crude odds ratio; aOR, adjusted odds ratio; CI, confidence interval; ASQ-3, Ages and Stages Questionnaires, Third Edition. Boldface indicates significance (p < 0.05).
Adjusted for maternal smoking and drinking during pregnancy, maternal age at birth, pre-pregnancy BMI, maternal and paternal education levels, annual houschold income, child sex, mode of delivery, birthweight, gestational age at birth, older siblings, attendance
achildcare facility at 1 year of age, breastfeeding until 1 year of age, mother'’s K6 scores during pregnancy and when her child was 1 year of age, caretaker other than the child’s mother at 1 year of age, and attachment bond when her child was 1 year of age.
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Variable Mean =+ SD
or N (%)

Intake of dietary fiber during mid-pregnancy (g/1,000 kcal/day)

Total dietary fiber 6.18 £2.04
Soluble dietary fiber 1.50 £0.58
Insoluble dietary fiber 4.45 £ 1.40

Folic acid diet during mid-pregnancy (ig/day) 259.48 =+ 158.09

<400 67,257 (88.3)

=400 8,950 (11.7)

Folic acid supplement during pregnancy

None 39,116 (51.3)
Occasional 15,318 (20.1)
Daily 15,976 (21.0)
Missing data 5,797 (7.6)

Maternal age at birth (years)

<25 6277(82)
25-29 20,681 (27.1)
30-34 27,674 (36.3)
=35 21,574 (28.3)
Missing data 1(0.0)

Maternal smoking status during pregnancy

No 67,717 (88.9)
Yes 2,457 (3.2)
Missing data 6,033 (7.9)

Maternal drinking during pregnancy

No 67,561 (88.7)
Yes 1,834 (2.4)
Missing data 6,812 (8.9)

Pre-pregnancy BMI (kg/m?)

<185 12,392 (16.3)
18.5-25 56,307 (73.9)
>25 7,470 (9.8)
Missing data 38(0.0)

Maternal education level (years)

<12 23,374 (30.7)
>12 46,942 (61.6)
Missing data 5,930 (7.8)

Annual household income (millions of yen)

<4 24,895 (32.7)
>4 41,240 (54.1)
Missing data 10,072 (13.2)

Birth weight (g)

<2,500 5,966 (7.8)
>2,500 70,033 (91.9)
Missing data 208 (0.3)

Gestational age at birth (week)

>37 72,667 (95.4)
<37 3,378 (4.4)
Missing data 162 (0.2)
Mode of delivery

Vaginal 61,877 (81.2)
Cesarean section 14,011 (18.4)
Missing data 319(0.4)
Child sex

Male 39,053 (51.2)
Female ‘ 37,154 (48.8)
Older siblings

No 35,211 (46.2)
Yes 40,736 (53.5)
Missing data 260 (0.3)

Mother's K6 scores during pregnancy

0-4 points 55,215 (72.5)
>5 points 20,832 (27.3)
Missing data 160 (0.2)

Mother's K6 scores when her child was 1 year of age

0-4 points 58,645 (77.0)
>5 points. 16,091 (21.1)
Missing data 1,471 (1.9)

Attendance to nursery school at 1 year of age

No 55,268 (72.5)
Yes 19,296 (25.3)
Missing data 1,643 (22)

Breastfeeding at 1 year of age

No 28,799 (37.8)
Yes 45,625 (59.9)
Missing data 1,783(2.3)

Caretaker other than the child’s mother when her child was 1

year of age

No 2,953 (3.9)
Yes 68,400 (89.8)
Missing data 4,854 (6.4)

Attachment bond when her child was 1 year of age

Strongly agree 71271 (93.5)
Somewhat agree 3,324 (4.4)
Somewhat disagree 87(0.1)
Strongly disagree 30(0.0)
Missing data 1,495(2.0)

ASQ score at age 3 years

Communication skill

>29.95 73,082 (95.9)

<2995 3,125 (4.1)

Gross motor skill

23926 72,680 (95.4)

<3926 3,527 (4.6)

Fine motor skill

>27.91 70,341 (92.3)

<2791 5,866 (7.7)

Problem-solving skill

>30.03 70,511 (92.5)

<3003 5,696 (7.5)

Personal-social skill

>29.89 73,613 (96.6)

<29.89 2,594 (3.4)

ASQ, Ages and Stages Questionnaires; BMI, body mass index; SD, standard deviation.
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Subscales in ASQ-3 Communication Gross motor Fine motor Problem solving Personal-social

cOR aOR cOR aOR cOR aOR cOR aOR cOR aOR
(95% CI) (95% Cl) (95% ClI) (95% Cl) (95% Cl) (95% Cl) (95% ClI) (95% ClI) (95% Cl) (95% Cl)
Total dietary fiber (3/1,000 kcal/day)
Q5 (27.56) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Q4 (6.39-<7.56) 114 119 099 1.03 1.09 L11 1.04 1.07 111 113
(1.01-1.29) (1.04-1.37) (0.89-1.10) (0.91-1.17) (1.00-1.19) (1.01-1.23) (0.95-1.14) (0.97-1.19) (0.98-1.27) (0.97-1.30)
Q3 (5.51-<6.39) 1.26 131 1.05 110 117 117 121 123 112 L1
(1.12-1.42) (1.15-1.51) (0.94-1.16) (0.97-1.24) (1.07-1.28) (1.06-1.29) (1.11-1.32) (1.12-1.36) (0.98-1.27) (0.96-1.29)
Q2 (4.62-<5.51) 137 141 1.03 1.07 1.25 124 1.26 130 121 1.26
(1.22-1.54) (1.23-1.61) (0.93-1.15) (0.95-1.21) (1.15-1.37) (1.12-1.37) (1.16-1.38) (1.17-1.44) (1.07-1.37) (1.09-1.46)
Ql (<4.62) 148 1.51 107 113 1.50 145 143 146 133 1.30
(1.32-1.66) (1.32-1.74) (0.96-1.19) (1.00-1.28) (1.38-1.64) (1.32-1.61) (1.31-1.55) (1.32-1.61) (1.17-1.51) (1.12-1.50)
Pfor trend <0.001 <0.001 0.186 0.043 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

COR, crude odds ratio; aOR, adjusted odds ratio; CI, confidence interval; ASQ-3, Ages and Stages Questionnaires, Third Edition. Boldface indicates significance (p < 0.05).
Adjusted for maternal smoking and drinking during pregnancy, maternal age at birth, pre-pregnancy BMI, maternal and paternal education levels, annual household income, child sex, mode of delivery, birthweight, gestational age at birth, older siblings, attendance
a childcare facility at 1 year of age, breastfeeding until 1 year of age, mother’s K6 scores during pregnancy and when her child was 1 year of age, caretaker other than the childs mother at 1 year of age, and attachment bond when her child was 1 year of age.
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Subscales in ASQ-3 Communication  Gross motor Fine motor Problem solving  Personal-social

aOR (95% ClI) aOR (95% CI) aOR (95% CI) aOR (95% ClI) aOR (95% ClI)
Soluble dietary fiber (g/1,000 kcal/day)

Q5(=1.89) 1.00 1.00 1.00 1.00 1.00
Q4 (1.55-<1.89) 1.17 (1.02-1.34) 1.16 (1.02-1.31) 1.07 (0.96-1.18) 1.05 (0.95-1.17) 1.11 (0.96-1.28)
Q3 (1.31-<1.55) 1.24 (1.08-1.42) 1.16 (1.02-1.31) 1.11(1.00-1.23) 1.21 (1.09-1.34) 1.15 (1.00-1.33)
Q2 (1.06-<1.31) 1.43 (1.26-1.64) 1.18 (1.04-1.33) 1.23 (1.11-1.36) 1.32 (1.19-1.46) 1.26 (1.09-1.45)
Q1 (<1.06) 1.49 (1.30-1.70) 1.15(1.02-1.31) 1.36 (1.23-1.50) 1.40 (1.27-1.55) 1.22 (1.05-1.41)
P for trend <0.001 0.016 <0.001 <0.001 0.002

Insoluble dietary fiber (g/1,000 kcal/day)

Q5 (=5.41) 1.00 1.00 1.00 1.00 1.00

Q4 (4.60-<5.41) 1.17 (1.02-1.35) 0.99 (0.88-1.12) 1.10 (0.99-1.21) 1.03 (0.93-1.14) 1.07 (0.92-1.24)
Q3 (4.00-<4.60) 1.33 (1.16-1.53) 1.15 (1.02-1.29) 1.16 (1.05-1.29) 1.22 (1.11-1.35) 1.12 (0.96-1.29)
Q2 (3.38-<4.00) 1.41(1.23-1.61) 1.04 (0.92-1.17) 1.24(1.12-1.37) 1.30 (1.17-1.43) 1.22 (1.06-1.41)
Ql (<3.38) 1.51(1.31-1.73) 1.12 (0.99-1.27) 1.45 (1.32-1.61) 1.45 (1.31-1.60) 1.29 (1.11-1.49)
P for trend <0.001 0.055 <0.001 <0.001 <0.001

aOR, adjusted odds ratio; CI, confidence interval; ASQ-3, Ages and Stages Questionnaires, Third Edition. Boldface indicates significance (p < 0.05).

Adjusted for maternal smoking and drinking during pregnancy, maternal age at birth, pre-pregnancy BMI, maternal and paternal education levels, annual household income, child sex, mode
of delivery, birthweight, gestational age at birth, older siblings, attendance a childcare facility at 1 year of age, breastfeeding until 1 year of age, mother’s K6 scores during pregnancy and when
her child was 1 year of age, caretaker other than the child’s mother at 1 year of age, and attachment bond when her child was 1 year of age.
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Subscales in ASQ-3 Communication  Gross motor Fine motor Problem solving  Personal-social

aOR (95% ClI) aOR (95% Cl) aOR (95% CI) aOR (95% ClI) aOR (95% ClI)
Pre-pregnancy BMI <18.5 (kg/m?)

Q5 (=27.56) 1.00 1.00 1.00 1.00 1.00
Q4 (6.39-<7.56) 1.10 (0.77-1.57) 0.90 (0.67-1.22) 0.96 (0.75-1.24) 1.25 (0.95-1.65) 0.96 (0.66-1.40)
Q3 (5.51-<6.39) 1.07 (0.75-1.53) 1.14 (0.86-1.51) 0.93 (0.72-1.20) 1.35(1.03-1.76) 0.91 (0.63-1.32)
Q2 (4.62-<5.51) 1.20 (0.85-1.71) 1.11 (0.83-1.48) 1.08 (0.84-1.38) 1.52 (1.16-1.98) 0.98 (0.67-1.42)
Ql (<4.62) 1.52 (1.07-2.15) 1.03 (0.76-1.40) 1.09 (0.84-1.40) 1.50 (1.14-1.97) 1.16 (0.80-1.68)
P for trend 0.022 0.467 0.419 0.001 0.564

Pre-pregnancy BMI 18.5-25 (kg/mZ)

Q5 (27.56) 1.00 1.00 1.00 1.00 1.00

Q4 (6.39-<7.56) 1.21(1.03-1.42) 1.05 (0.91-1.21) 1.15 (1.02-1.30) 1.04 (0.92-1.17) 1.19 (1.00-1.41)
Q3 (5.51-<6.39) 132 (1.13-1.55) 1.06 (0.92-1.22) 1.23 (1.09-1.39) 1.23 (1.09-1.38) 1.22(1.03-1.45)
Q2 (4.62-<5.51) 1.43 (1.22-1.68) 1.04 (0.90-1.21) 1.30 (1.15-1.47) 1.28 (1.14-1.44) 1.39 (1.17-1.65)
Ql (<4.62) 150 (1.28-1.77) 1.11 (0.96-1.29) 153 (1.36-1.72) 1.42 (1.26-1.60) 1.39 (1.16-1.65)
P for trend <0.001 0.199 <0.001 <0.001 <0.001

Pre-pregnancy BMI >25 (kg/m?)

Q5 (=7.56) 1.00 1.00 1.00 1.00 1.00
Q4 (6.39-<7.56) 1.20 (0.80-1.80) 1.15 (0.77-1.71) 1.10 (0.81-1.49) 1.08 (0.80-1.48) 1.03 (0.69-1.54)
Q3 (5.51-<6.39) 1.66 (1.13-2.45) 1.36 (0.92-2.00) 1.19 (0.88-1.60) 1.14 (0.84-1.55) 0.83 (0.54-1.26)
Q2 (4.62-<5.51) 1.57 (1.07-2.31) 1.24 (0.84-1.82) 1.09 (0.81-1.47) 1.16 (0.86-1.56) 1.02 (0.69-1.52)
Ql (<4.62) 1.64 (1.12-2.38) 1.39 (0.96-2.02) 1.51 (1.15-2.00) 1.59 (1.20-2.11) 1.08 (0.73-1.58)
P for trend 0.004 0.080 0.005 0.001 0.745

aOR, adjusted odds ratio; CI, confidence interval; ASQ-3, Ages and Stages Questionnaires, Third Edition. Boldface indicates significance (p < 0.05).

Adjusted for maternal smoking and drinking during pregnancy, maternal age at birth, maternal and paternal education levels, annual household income, child sex, mode of delivery, birthweight,
gestational age at birth, older siblings, attendance a childcare facility at 1 year of age, breastfeeding until 1 year of age, mother’s K6 scores during pregnancy and when her child was 1 year of age,
caretaker other than the child’s mother at 1 year of age, and attachment bond when her child was 1 year of age.
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MD (n=18) EX (n=11) MD+EX (n=12)

Initial Final Initial Final Initial Final
Weight (Kg) 799(746-853) | 726(675-778) | 799 (718-87.7) 77 (73.7-86.2) 779 (72-93.6) 737 (67.8-86.4) «
DEXA-total lean 42(38.1-523) 406(372-507) | 406(397-57.2) 428 (39.1-56.9) 45.6(38.6-57.2) 45.6(38.8-56) +
body mass (Kg)
DEXA-total fat 327(306-357) | 295(269-314) | 294(282-332) 293(267-308) 316 (29.4-33) 27.2(25.5-286) «
mass (Kg)
DEXA-trunk fat 181(162-202) | 165(145-17.4)  182(149-189) 165 (153-17.6) 174 (159-18.9) 149 (13.2-158) «
mass (Kg)
DEXA-appendicular | 18,8 (16.7-25) 17.9(16.7-23.6) 187 (18-22.8) 20.1(18-26.5) 21(17.2-26.4) 205(17.3-259) «
lean body mass (Kg)
DEXA-appendicular | 129 (113-14.7) 123 (94-135) 12,5 (8:8-14.6) 109 (9-13.7) 127 (10.1-13.9) 112(93-12.3) «
fat mass (Kg)
CT-total Abdominal | 4566 (442.6-550.5) 4213 (339.4-4528) | 440.7 (408.1-509.5)  402.1(3812-459.8) = 4159 (3819-4833) 373 (324.1-419.4) «
fat area (cm’)
CT-abdominal 3335(3083-4146)  293(2398-3517) | 2982(2395-3827) 2693 (214-329) | 3033(256.6-327.3) | 2569 (199.9-2928) «
subcutaneous fat
area (cm’)
VO2 peak (mL/Kg/ 173(13-215) 169 (15.1-20.2) 17.2(138-25.6) 248(188-27) 203(17.2-25.5) 27.7(203-31.7) &
min)
Maximal load (W) 135 (100-181) 130 (110-184) 156 (118-195) 156 (132-183) 160 (120.5-207) 217 (166-243.5) &

DEXA, dual-energy X-ray absorptiometry / REM, rectus femoris muscle / CT, computed tomography! US, ultrasound / W; watts /], joules. Values represent the median (p25-p75) at baseline
and after the interventions, analyzed by mixed-effects linear regression for repeated measures method. Significant when p<0.05-For post-hoc analysis, = EX group significantly different,
# =MD group significantly different, and & =MD+ EX group significantly different.
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On admission

After 1st step

After 1-yr Covid

After 2nd step

(Om) intervention lock-down intervention

(6m) (18m) (24 m)
Energy (keal) (KJ) 3,132 (13,114) 3,105 (13000) 2,870 (12016) 3,046 (12,752)
Carbohydrates (g) (%TEI) 513 (61) 422 (51) 396 (52) 260 (32)
Protein (g) (%TEI) 163 (21) 192 (25) 194 (27) 177 (23)
Lipid (g) (%TEI) 62(18) 84 (24) 68 (21) 152 (45)
Monounsaturated (%TEI) 9 14 9 27
Polyunsaturated (%TEI) 2 4 4 6
Saturated (%TEI) 5 5 6 10
Corn starch (g) 215 100 100 80
Maltodextrin (g) 80 0 0 0
Fiber (g) 11 28 28 26
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Exposure Outcome Adjustment of Method 95% ClI

metabolites

Dark chocolate Oral cancer Caffeine levels MVMR-IVW —0.22 0.11 0.04 0.8 0.65-0.99
Dark chocolate Oral cancer Linoleate levels MVMR-IVW —0.24 0.11 0.02 0.78 0.64-0.97
Dark chocolate Oral cancer Theobromine levels MVMR-IVW —0.23 0.12 4.80E—02 0.79 0.63-1.00
Dark chocolate Oral cancer Theophylline levels MVMR-IVW —0.24 0.15 993802 0.79 0.59-1.05

MVMR, multivariate Mendelian randomization; OR, odds ratio; IVW, Inverse Variance Weighted; 95% CI, 95% confidence interval.
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EWES Diagnosis Diet description Main

clinical
benefits
Prot Supplements
Slonim (10) J 7-yr Debrancher deficiency 1,600 50% 25% 25% Sustacal* 20 - Improved

(Liver and Muscle muscle

biopsy) strength and
growth.

Kiechl (9) Qd7-yr Debrancher deficiency nr nr 30-35% nr 4 - CKJ{

(Muscle biopsy) - normalization
of muscle
strength
and spirometry

Dagli (11) J 22-yr Retention of limit nr nr 30% nr Cornstarch: 1,36g/Kg 12 - CKl

dextrin in cultured - Decreased

fibroblasts Left
ventricular
mass index

Valayannopoulos (8) & 2 months Homozygosity for the nr 20% 15% 65% 30HB at the dose of 24 - Decreased
mutation: ¢.2157+IG>T 400 to 800 mg/Kg/d Interventricular
wall
thickness
Sentner (12) Q32-yr Homozygosity for the 9008 61% 37% 2% 4 - CK
mutation: - Decreased
€.753_756delCAGA Interventricular
Septum (IVS)
1,370 nr 43% nr Cornstarch: 2 doses 32
Mayorandan (15) 1) 9yr Homozygosity for the nr 0,4g/Kg 7g/Kg 8g/Kg 32 - CK
mutation: - ProBNP |
<.4256dupC - Decreased
Ventricular
Septum Thickness
2)J 1yr Homozygosity for the nr 05g/Kg 6g/Kg 5g/Kg 2 Dietary

mutation: noncompliance.

€.753_756del
Brambilla (19) 1)Q7yr Homozygosity for the 1,120 15% 26% 59% Protein powders 12 - CK
mutation: - Decreased IVS
p.GL087R
2) @ 5-yr 1,050 15% 25% 6,0% - CK{
- Decreased IVS
Francini-Pesenti (16) & 3d-yr nr nr 20g /day nr nr Cornstarch in case of 12 - CKY
hypoglycemia - Increased Steps/24h
- Improved
ejection fraction
Fisher (18) 1) & 37-yr Homozygosity for the nr 5-20% 9-23% 70-78% MCT: 11-23% of total 60 - CK{

mutation: daily fat - Stabilization

(c.753_756delCAGA; of

p-ASP251Glufs*23) blood glucose

2) & 40-yr
Marusic (21) 9 15yr Homozygosity for the nr 2% 11% 87% 48 - Improved

‘mutation: Hepatic,

€.3980G>A Muscle and
Cardiac markers

- Decreased
Left
Ventricular
Mass Index
and
septal Wall
Olgac (17) 1) G4,5-yr Nr nr 10% 20% 70% Vitamins and minerals Range: 3-7 - CK{
2) Fllyr
3) @llyr
4) ¢9-yr
5) @3l-yr
6) Q3-yr
Kumru Akin (20) & 9-yr Homozygosity for the 1,400 30% 2,0% 50% Protifar** (1g/Kg) and 18 - CK{
mutation: Glycosade®* (2g/Kg). - Improved
cl1783C>T left
ventricular
outflow tract
- Decreased
interventricular septum

*Sustacal contains 24% protein, 55% carb. and 21% fat.
**Protifar contains 20% casein and 80% whey.
CCornstarch (Vitaflo International Ltd. Liverpool, UK).
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diameter (right/left lobe)
(mm)

On 1st step After 1-yr 2nd step Range
admission intervention COVID intervention values
(Om) (6m) lock-down (24 m)
(18 m)

Antropometric Weight (Kg) 68 68 70 70
BMI (Kg/m?) 235 235 242 242 20-25
REE (Kcal/die) 2,073 1,862
REE (% predicted) 122% 110%

QR 0.9 09
FEM (Kg) (%) 50.2 (76) 51.4(73) 80-90%

Metabolic Glucose (mg/dl) 96 (5.33) 80 (4.44) 86 (4.78) 94(5.22) 70-110
(mmol/L) (3.89-6.11)
Time spent at IG 70-140 91 96
mg/dl (%)

Time spent at IG < 69 9 4

mg/dl (%)

Insulin (U/ml) 41 152 10 128 3-25
HOMA-index 9.7 30 21 30

Lactate (mol/L) 57 24 18 09 0.5-2.2
Total Cholesterol 213(5.5) 217 (5.61) 228 (5.89) 213 (55) <190 (4.91)
(mg/dl) (mmol/L)

HDL-Chol (mg/dl) 35(0.9) 37 (0.96) 37 (0.96) 39 (1.01) >40 (1.03)
(mmol/L)

LDL -Chol (mg/dl) 153 (3.95) 166 (4.29) 176 (4.55) 151 (3.9) <115 (2.97)
(mmol/L)

Triglyceride (mg/dl) 205 (231) 206 (2.33) 172 (1.94) 197 (222) <150 (1.69)
(mmol/L)

Muscle/Heart CK (U/L) 22,423 12,968 12,590 10,431 30-200
LDH (U/L) 2,612 1,651 1,507 1,128 125-243
CK MB (ng/ml) >600 418 398 205 0-7.2
Troponin I (pg/ml) 336 387 442 282 0-34
Pro-BNP (pg/ml) 1,175 787 980 362 <125
LV Mass Index (g/m >7) 65 58 <45 (F), 49 (M)
Interventricular Septum 15 14 <11
(mm)

Global Longitudinal 16,4 17,7 >20
Strain (%)

Liver AST (U/L) 292 226 229 220 0-34
ALT (U/L) 216 181 239 255 0-55
ALP (U/L) 191 174 165 150 40-150
Liver longitudinal 191/156 187/147

1G, interstitial glucose; HOMA-Index (7).
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Variable MD (n=18) 2.40]

Sex (M/W) 99 47 a8

Age (years) 38 (25-50) 39 (26-49) 315 (23-48) 07088
Body composition and dietary recalls

Weight (Kg) 799 (68.7-104.1) 79.9(68.3-93.9) 77.9 (704-102.3) 09303
Body mass index (kg/mt") 299:17 295515 206516 07698
‘Waist circumference (cm) 986+7.6 942569 962£75 03088
Total lean body mass (kg) 420(356-629) 406 (38.3-628) 456 (373-69.5) 0.9081
Appendicular lean body mass 188 (14.8-30.0) 18.7 (15.1-29.0) 210(166-342) 08196
(kg)

Total fat mass (kg) 326239 313546 311233 05269
Trunk fat mass (kg) 18728 177224 175226 04380
Appendicular fat mass (kg) 13,0224 123233 122221 06624
Mediterranean score * 53121 54%17 47214 05937
Biochemistry

Glucose (mg/dL) 9002101 909£7.6 883291 07977
Insulin (U/mL) 118 (4.8-36.1) 10.2(66-28.8) 105 (4.5-34.2) 09453
HOMA-IR 27(11-93) 22(1.4-87) 22(12-39) 03011
Total cholesterol (mg/dL) 189 (126-362) 194 (111-223) 202 (149-223) 05691
HDL cholesterol (mg/dL) 47(26-77) 43 (35-63) 52(32-91) 06348
LDL cholesterol (mg/dL) 107.729.4 10594242 10102432 0.8601
Tryglicerydes (mg/dL) 148 (45-1372) 134 (34-353) 139 (62-385) 08722
Muscle strength, ultrasound, and CT scans

Right-hand strength (kg) 29(17-525) 25(16-49.5) 328 (18-48) 05208
Left-hand strength (kg) 255 (15-49.5) 25(15-50.5) 295 (15-47.5) 04176
Right quadriceps strength (N) 35094868 37004803 415741288 02248
Left quadriceps strength (N) 37364793 37734955 424151237 03540
US-right REM area (cm’) 212534 27526 22457 0.1066
US-left REM area (cm’) 212435 26528 24.0£54 0.1540
CT-left REM area (cm’) 259+34 271434 26850 07053
CT-left REM.Density (HU) 50032 524430 508+22 01414
CT-hepatic density (HU) 54.4(9.5-66.6) 613 (30.1-71.5) 541(175-622) 00624
CT-total Abdominal Fat area (cm’) 4925£79.0 45474582 43304652 00849
CT-abdominal visceral fat area 1188 (51.1-310.4) 1344 (59.6-234.6) 1065 (73.8-237.1) 09270
()

CT-abdominal subcutaneous fat 34835669 30964863 20654439 01137
area (cm’)

Exercise tests

VO peak (ml/Kg/min) 173 (10.8-32.1) 172(11.3-343) 203 (146-31.2) 0.2839
Maximal load (W) 14322565 15532454 169.0255.7 0.4467
Exercise time (Min) 7.7 (44-146) 7.9(4.5-19.7) 7.0 (5.2-139) 07361
Gross work efficiency (W/J) 77%15 80514 78+10 09093
Activity energy expenditure 706 (176-2,931) 521 (194-2,171) 776 (196-1773) 07726
(KCal)

Physical activity level (METS) 15(12-28) 14(13-24) 16(13-2.1) 0.8941

DEXA, dual-energy x-ray absorptiometry/RFM, rectus femoris muscle/CT, computed tomography/US, ultrasound / W, watts/) joules. Values are mean D or median (range) according to
the distribution of the variables. Analysis performed by Kruskall-Walli 2 or one-way ANOVA, depending on the distribution of variables. Significant when p < 0.05. *Mediterranean score
according to the “Aliméntate Sano” dietary survey, where scores 0-4=low; 4-9=moderate, and 914 = high (14 points being optimal). **Dietary AGEs according o a semiquantitative dietary
recall, where < 10 kU/d =low AGE intake, >10< 16 kU/d = moderate AGE intake and > 16 kU/d = elevated AGE intake.
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Exposure Method nSNP pval OR(95%CI) or

Non-oily fish intake Inverse variance weighted 54 0.67 l—0:—| 0.92(0.62 to 1.36) 0.920
Oily fish intake Inverse variance weighted 120 0.41 o 1.11(0.87to 1.41) 1.110
Alcohol intake frequency Inverse variance weighted 178 0.47 llﬂ 1.04(0.93t0 1.17) 1.040
Tea intake Inverse variance weighted 111 0.71 I-|P-| 1.04(0.85t0 1.27) 1.040
Coffee intake Inverse variance weighted 89 0.78 0-q|—' 0.96(0.72 10 1.28) 0.960
Salad / raw vegetable intake Inverse variance weighted 73 0.63 l—0:—| 0.92(0.64 to 1.31) 0.920
Fresh fruit intake Inverse variance weighted 113 0.95 l—+—' 0.98(0.62 to 1.55) 0.980
Cooked vegetable intake Inverse variance weighted 78 0.21 i—O—:' 0.76(0.49to 1.17) 0.760
Vitamin B12 Inverse variance weighted 6 0.31 l+0—l 1.18(0.86 to 1.64) 1.180
Vitamin C Inverse variance weighted 8 0.73 '-1-| 0.96(0.77 to 1.20) 0.960
Vitamin B6 Inverse variance weighted 10 0.92 v-f—' 1.01(0.78 t0 1.32) 1.010
Vitamin D Inverse variance weighted 9 0.34 l-O‘l-| 0.89(0.71 to 1.13) 0.890
Vitamin E Inverse variance weighted 9 0.58 l-d|-| 0.95(0.79to 1.14) 0.950
Zinc Inverse variance weighted 7 0.31 lil 1.03(0.97 to 1.10) 1.030
Copper Inverse variance weighted 5 0.79 ? 1.00(0.97 to 1.03) 1.000
Calcium levels Inverse variance weighted 244 0.97 lTl 1.00(0.91 t0 1.09) 1.000
Magnesium Inverse variance weighted 9 0.86 H|—| 0.98(0.75 to 1.27) 0.980
Potassium Inverse variance weighted 12 0.70 - 1.05(0.83 to 1.32) 1.050
Carotene Inverse variance weighted 9 0.37 l'.:" 0.91(0.75to 1.11) 0.910
Dark chocolate intake Inverse variance weighted 14 0.04 '-0-1| 0.79(0.62 t0 0.99) 0.786
Sweet pepper intake Inverse variance weighted 9 0.04 l-0-1' L7657 16 1.00) O .757
P<0.05 was considered statistically significant (') 1' é

>

;\arotective factor risk facto;
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MD (n=18) EX (n=11) MD+EX (n=12)

Body composition and dietary recalls

Weight (%) ~7.24360 ~06+32 —53:27a <0.0001
Body mass index (%) ~7.54360 —04£34 —6.1229 <0.0001
Waist circumference (%) —7.8%450 -19233 —74%360 0.0009
DEXA-total lean body mass (%) —28+28a ~0.1£23 ~062.1 00153
DEXA-appendicular lean body mass (%) —34%dda 584125 ~16+27 0.0070
DEXA-total fat mass (%) —17£133 —3847 ~135:80 00770
DEXA-trunk fat mass (%) —146£138 —40£49 ~152489 0.0317
DEXA-appendicular fat mass (%) —111£103a —29+53 ~102473 0.0375
Mediterranean score 7154843 3243646 69.6£60.4 03397

Biochemistry

Glucose (%) L4281 -15£7.0 -31%48 02224
Insulin (%) 1674768 ~28+349 ~128+33.9 0.3691
Homa-IR (%) 21741085 306+ 140 534645 0.8474
Total cholesterol (%) —06+188 ~L1£193 ~61£85 0.6472
HDL cholesterol (%) 254164 342156 044106 0.8830
LDL cholesterol (%) 15854 224530 126432 07816
Tryglicerydes (%) 22£67.1 -43£362 -16£344 0.9456

Muscle strength, ultrasound, and CT scans.

Right-hand strength (%) 164198 1966 63:115 0.6789
Left-hand strength (%) 69171 70£229 32:228 0.8689
Right quadriceps strength (%) 50£162 74£212 38£273 09224
Left quadriceps strength (%) ~08£114 615171 10£165 04871
US-right REM area (%) 525140 106+120 69+9.4 05239
US-left REM area (%) 315137 79496 794105 0.4503
CT-left REM area (%) -01£125 46£99 554144 04338
CT-left REM.DENSITY (%) 22452 ~L162 12476 04428
CT-Hepatic density (%) 250459 18£156 1745444 0.3508
CT-total abdominal fat area (%) ~181£137a ~41267 ~15413.6 0.0215
CT-abdominal visceral fat area (%) ~155£25.0 174157 ~125£282 0.1969
CT-abdominal subcutaneous fat area (%) ~18.013.00 ~6962 ~158£10.6 0.0432

Exercise tests

VO2 peak (%) 82£284 2004323 246299 03110
Maximal load (%) 9.9£37.0 1494244 +268 0.5939
Exercise time (%) 8.6+438 1364414 934265 0.9435
Gross work efficiency (%) 15£219 ~56+304 67£278 05328
Activity energy expenditure (%) 1194356 ~431525 209+454 0.5466
Physical activity level (%) 35876 09£222 415148 0.8744

DEXA, dual-energy X-ray absorptiometry / REM, rectus femoris muscle/CT, computed tomography/US, ultrasound/W, watts/), joules. Values represent % change from baseline (means D),
analyzed by one-way ANOVA. Significant when p<0.05-for post-hoc analysis, = significantly different from EX Group.
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Data source

GWAS ID

Phenotype

Sample size

Ancestry

Oral cancer GAME-ON NA 27749845 2989 6583 9572 >90% of participants were European
Non-oily fish intake MRC-IEU ukb-b-17627 NA NA NA 460880 European
Oily fish intake MRC-IEU ukb-b-2209 NA NA NA 460443 European
Alcohol intake frequency. MRC-IEU ukb-b-5779 NA NA NA 462346 European
Tea intake MRC-IEU ukb-b-6066 NA NA NA 447485 European
Coffee intake MRC-IEU ukb-b-5237 NA NA NA 428860 European
Salad / raw vegetable intake MRC-IEU ukb-b-1996 NA NA NA 435435 European
Fresh fruit intake MRC-IEU ukb-b-3881 NA NA NA 446462 European
Cooked vegetable intake MRC-IEU ukb-b-8089 NA NA NA 448651 European
Dark chocolate intake MRC-IEU ukb-b-16139 NA NA NA 64945 European
Sweet pepper intake MRC-IEU ukb-b-10932 NA NA NA 64949 European
Vitamin B12 MRC-IEU ukb-b-19524 NA NA NA 64979 European
Vitamin C MRC-IEU ukb-b-19390 NA NA NA 64979 European
Vitamin B6 MRC-IEU ukb-b-7864 NA NA NA 64979 European
Vitamin D MRC-IEU ukb-b-18593 NA NA NA 64979 European
Vitamin E MRC-IEU ukb-b-6888 NA NA NA 64979 European
Carotene MRC-IEU ukb-b-16202 NA NA NA 64979 European
Zinc NA ieu-a-1079 23720494 NA NA 2603 European
Copper NA ieu-a-1073 23720494 NA NA 2603 European
Calcium levels NA ebi-a-GCST90025990 34226706 NA NA 400792 European
Magnesium MRC-IEU ukb-b-7372 NA NA NA 64979 European
Potassium MRC-IEU ukb-b-17881 NA NA NA 64979 European
Theobromine levels NA GCST90199644 36635386 NA NA 8137 European
Theophylline levels NA GCST90199647 36635386 NA NA 7822 European
Caffeine levels NA GCST90200436 36635386 NA NA 8005 European
Linoleate (18:2n6) levels NA GCST90200354 36635386 NA NA 8260 European
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Exposure | Outcome| SNP Method OR 95% ClI P-value | egger_intercept Q_df(Q_pval)
Dark Oral cancer 14 MR Egger 0.759 0.487 - 1.179 0.244 0.002 13 (0.838)
chocolate
intake
Weighted 0.739 0.543 - 1.005 0.054 12 (0.781)
median
Inverse variance 0.786 0.622 - 0.993 0.044
weighted
Simple mode 0.71 0.50 - 1.01 0.08
Weighted mode 0.75 0.55-1.01 0.08
Sweet Oral cancer 9 MR Egger 0.598 0.325 - 1.100 0.142 0.012 8(0.612)
pepper
intake
Weighted 0.694 0.472-1.018 0.062 7 (0.588)
median
Inverse variance 0.757 0.574 - 0.997 0.048
weighted
Simple mode 0.65 0.39-1.10 0.15
Weighted mode 0.70 0.47 - 1.04 0.12
MR, Mendelian randomization; OR, odds ratio; 95% CI, 95% confidence interval; Heterogeneity, Heterogeneity Test; Pleiotropy, Pleiotropy Test; Q_pval, horizontal pleiotropy P-value
for Q-test.
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PARTICIPANT FLOW

Overweight (BMI 25 to 29.9 k/m2)
or obese (BMI> 30 k/m2)
men and women, 25 to 50 years
of age interested in losing weight
were considered eligible

Atotal of 83 participants were
selected to participate

Atotal of 34
participants were
randomized
to diet conseling

Atotal of 22
participants were
randomized to
HIT

Atotal of 27
participants were
randomized
to diet and HIT

!

!

!

A total of 16
lost from follow up

A total of 11 lost
from follow up

Atotal of 15 lost
from follow up

!

!

!

Atotal of 18
completed the
intervention period

Atotal of 11
completed the
intervention period

Atotal of 12
completed the
intervention period
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Exposure | Outcome| Adjustmentof | Method Heterogeneity Egger

metabolites test (intercept)
Caffeine levels MVMR- —0.2 0.146 0.168 1.22 0.61- 0.1896
IVW 1.10
Dark chocolate | Oral cancer Linoleate levels
Theobromine levels MVMR- —0.134 0.167 0.422 0.87 0.55- 0.1826 0.397
Egger 1.20
Theophylline levels

MR, Mendelian randomization; OR, odds ratio; 95% CI, 95% confidence interval; Heterogeneity, Heterogeneity Test; Pleiotropy, Pleiotropy Test.
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ukb-b-11348
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ukb-b-6066
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ukb-b-8121
ukb-b-14898

finn-b-K11_UMBHER

finn-b-K11_VENTHER

finn-b-K11_HERING

Exposure or C

Alcoh

drinks per week
Alcohol intake frequency
Processed meat intake
Poultry intake

Beef intake

Non-oily fish intake

Oily fish intake

Pork intake

Lamb/mutton intake

Bread intake

Cheese intake

Cooked vegetable intake
Tea intake

Fresh fruit intake

Cereal intake

Salad / raw vegetable intake
Coffee intake

Dried fruit intake

Salt added to food

Water intake

Uni

ical hernia

Ventral hernia

Inguinal hernia

Participants included in analysis

335,394 European-descent individuals
462,346 European-descent individuals
461,981 European-descent individuals
461900 European-descent individuals
461,053 European-descent individuals

460,880 European-descent individuals

460,443 European-descent in

iduals
460,162 European-descent individuals
460,006 European-descent individuals

452,236 European-descent in

duals
451,486 European-descent individuals

448,651 European-descent individuals

447,485 European-descent individuals

446,462 European-descent individuals

441,640 European-descent individuals

435,435 European-descent individuals

428,860 European-descent individuals

421,764 European-descent individuals

462,630 European-descent individuals

427,588 European-descent individuals

4,224 European-descent cases and 190,557 European-descent
controls

3,737 European-descent cases and 190,557 European-descent
controls

17,096 European-descent cases and 190,557 European-

descent controls

The information of the exposure and outcome datasets. More information about exposures and outcomes is available at the IEU OpenGWAS project (https://gwas. miciev.ac.uk). IEU,
Integrative Epidemiology Unit; GWAS, Genome-Wide Association Studies.
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Measure Baseline 3-mo Non- Adjusted Adjusted Adjusted

intervention  adjusted change® change? change®
change (model 1) (model 2) (model 3)
Right-hand grip  MCT,LD+MCT 29 113476 13,047,205 17420 17(11,23) 17(11,23) 16(0.9,2.2)
strength, kg LCT,LD+LCT 25 11.7£5.1 11.8+49 0.2£13 0.2(-05,0.8) 0.2(~0.5,0.8) 0.3(=0.4,1.0)
pralue® 0.002 0001 0002 0017
Left-hand grip MCT,LD+MCT 27 10246 11.4£45 13426 12(03,2.1) 1.1(0.1,2.0) 0.8(-0.2,1.8)
strength, kg LCTLD+LCT 5 108454 116155 0.8+23 0.8(=0.1,1.8) 1.0 (0.0,2.0) 13(03,2.3)
p value 051 057 096 054
Right knee MCT,LD+MCT | 28 7440 1054297+ 31235
extension time,s  LCT, LD+LCT 2 70£43 73+42 3146 Not applicable
palue’ 0.021
Left knee MCT,LD+MCT 27 78442 106.+32%* 28436
extensiontime,s | LCT,LD+LCT 25 6942 71244 2446 Not applicable
palue 0.034

Walking speed,  MCT,LD+MCT | 23 0.637£0409 = 0.70640427%%  0.0690.124  0.068(0.022,0.113) = 0.076(0.032,0.119) | 0.084 (0.040,0.128)

mis LCLLD+LCT 20 | 0436£0257 042080285  —0016£0073 ~0.014 (~0.062, 0.035) ~0.023 (~0.070,0.024) ~0.033 (~0.080, 0.015)
palue 0011 0020 0.005 0.002

Legsopenand  MCTLD+MCT 28 414313 | 648+390%%* 234188 232(1.67,2.97) 238 (1.71,3.06) 240(1.70,3.11)

closetest,n/10s  LCTLD+LCT 22 580289 496+2.59% 0845135 ~0.82(-1.56,-0.08) —0.89 (~1.66,-0.12) —0.92 (~1.73,-0.11)
palue <0001 <0.001 <0001 <0.001

Peak expiratory | MCT,LD+MCT 25 189483 2204825 31448 32(13,52) 32(13,51) 34(13,55)

flow, L/min LCTID+ICT 26 173166 179275 6150 5(-14,24) 5(-13,23) 3(-18,20)
pvalue 0.08 0,049 0,048 0.06

‘Values are means +SD or adjusted mean (95% CI). Difference from baseline by Wilcoxon signed-rank test, * p <0.05, **p <0.01, **4p <0.001.
p value represents the differences in the changes of variables between the 2 groups assessed by 1-factor ANCOVA.

‘Adjusted for each baseline value (model 1),

“Additionally adjusted for age, sex, BMI, and allocation to trial (Trials 1 or 2) (model 2).

Further additionally adjusted for intakes in energy (kcal/day), protein (g/day), leucine (g/day), octanoic acid (C8:0, mg/day), decanoic acid (C10:0, mg/day), and vitamin D (yg/day) during
the baseline period (model 3).

The changes in right and left knee extension times were assessed by a nonparametric Mann-Whitney U test LCT, 6/d of long-chain triglycerides; LD + LCT, leucine and cholecalciferol-
enriched supplement with 6 g/d of longchain trglycerides; LD+ MCT, leucine and cholecalciferol-enriched supplement with 6g/d of medium-chain triglycerides; MCT, 6g/d of medium-
chain triglycerides.
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NLSDM
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TSE

mid-upper-arm circumference

activities of daily living

mid-upper-arm muscle area

analysis of covariance

adipose triglyceride lipase

body mass index

alf circumference

growth hormone

knockout

long-chain fatty acids

long-chain triglycerides

participants receiving 6 g LCTs/day only

leucine and cholecalciferol-enriched supplement with 6g LCTs/day
participants receiving a leucine and cholecalciferol-enriched supplement with 6g LCT/day
leucine and cholecalciferol-enriched supplement with 6 g MCTs/day
participants receiving a leucine and cholecalciferol-enriched supplement with 6 g MCTs/day
medium-chain fatty acids

medium-chain triglycerides

participants receiving 6 MCTs/day only

neutral lipid storage disease with myopathy

triglyceride deposit cardiomyovasculopathy

triceps skinfold thickness
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Grades 1t 3in Qingdao
University

8 Were excluded
2\Were B less than 18.5ke/m*
5 Had an extreme caloric intake
2 peaple<500 keal/day
3 peaple>5000 keal/day.
1 Had incomplete questionnaire
information

1170 Were included in study analysis
(Including 601 boys and 569 girs)
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==LD + MCT(n=9)
+ @ LD +LCT (n=8)
o No supplements (n=7)

Kruskal-Wallis test for the change (1-time point)

P=0.022

Mann-Whitney U test for comparison of the changes

between groups.

Trial 2

36" Washout

Baselne  15mo

Number of iterations in leg open and close test

Trial 1

Baseline TV vey

30m;
w8 p

=8=LD + MCT(n=13)
«®+LD +LCT (n=8)

o No supplements (n=8)

AANCOVA for the change (1-time point)
P<0.001

Trial 2

..
Baselne  15motes, 30mo  Washout

01D + MCT(n=19)
=e=CT (n=19)
@ +LCT(n=19)
Fixed effects for the change (3-time points)
Group: P<0.001
Time: P=0.001
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Group n? n Times of measurem:

Analysis of the change

1 38 36 ANCOVA, per protocol analysis
LD +MCT 13 13
LD+LCT 13 12
No supplements. 12 n
2 6 19 Baseline, 1.5-mo intervention, 3.0-mo intervention, | Mixed-effects model, intention-to-treat analysis
washout (follow-up)
LD+MCT 21 18
MCT 21 16
T 22 s
3 0 0 Baseline, 1.5-mo intervention ANCOVA, per protocol analysis
MCT at breakfast 20 o
MCT at dinner 20 o

“The number of participants at the enrollment and assignment to groups.
“The number of participants a the 3.0-mo intervention ANCOVA, analysis of covariance; LCT, long-chain triglyceride; LD, L-leucine + vitamin D; MCT, medium-chain triglyceride; mo,
month.
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Measure Baseline 3-mo Non- Adjusted Adjusted

intervention adjusted change® change? for
change (model 1) trial
Energy, keal/d MCT, LD + MCT 29 1,379+242 1,358+230 =21£113 —23(-63,17) —22(-63,20)
LCT,LD+LCT 27 1,406 +297 1,410£294 4£109 6(-35,47) 4(-38,47)
palue® 039 032 039
Energy, k]/d MCT, LD + MCT 29 5873+1,014 5,692+966 —91+476 —96 (—266, 72) =91 (-263,82)
LCT,LD+LCT 27 5894+1,243 5912+1,232 184457 25 (=151, 200) 18 (=161,197)
pvalue 039 032 038
Protein, en% MCT, LD+ MCT 29 16.4£19 165£22 0113 0.1(=0.3,05) 0.1(=0.4,05)
LCT,LD+LCT 27 162422 158418 —04%1.0 0.4 (=09, -0.0) ~0.4(=0.8,-0.0)
palue on 008 013
Protein, g/d MCT, LD+ MCT 29 559474 552271 ~07253 —07(-24,11) | -07(-23,10)
LCT,LD+LCT 27 557494 55.0£10.6 —0.6+4.0 —07(-25,1.2) —07(=24,1.0)
pvalue 0.97 098 098
Protein, g/(kg BW-d) ~ MCT, LD+ MCT 29 1354033 1284025 =0.07£0.15 =0.06 (=0.11, -0.02) ~0.07 (=0.12, -0.02)
LCT,LD+LCT 27 1.30£0.28 1.27£029 =0.03£0.10 —0.03 (-0.08,0.01) = —0.03 (~0.08, 0.02)
p value 0.23 031 021
Leucine, g/d MCT, LD+ MCT 29 4231059 4.12£061 =0.11£0.42 =0.11(=0.26,0.03) = =0.11(~0.22,0.01)
LCT,LD+LCT 27 4.3910.66 420£0.76 =0.19£0.35 =0.18 (=0.33, =0.03) —0.19 (~0.31, =0.07)
p value 043 053 032
EAAs, g/d MCT, LD+ MCT 29 21731 21.0%3.1 —0.6+2.1 ~0.7 (~1.6,0.3) —0.6(-15,0.2)
LCT,LD+LCT 27 220435 21543 —05%29 ~0.5(~14,0.5) ~0.5(=14,0.4)
palue 080 075 081
Carbohydrate, en% MCT, LD + MCT 29 627457 61.1£6.9 -1.6%3.8 —1.6(-2.8,-04) —1.6(-28,-0.4)
LCT,LD+LCT z 63.1£6.1 635+5.1 04125 0.4 (=08, 1.6) 0.4 (0.9, 1.6)
pvalue 0.026 0.021 0027
Carbohydrate, g/d MCT, LD + MCT 29 218%51 210£52 —9+23 =9(-17,-8) =9(=17,-4)
LCT,LD+LCT 27 22460 226+57 1£22 2(=7,10) 1(=7,10)
pvalue 0.10 0.08 0.10
Fat, en% MCT, LD+ MCT 29 209442 22414.8%% 16129 16(0.7,25) 1.6(0.7,2.5)
LCT,LD+LCT 27 208444 208+40 00+18 0.0 (=09, 1.0) 0.0 (=09, 1.0)
pvalue 0.024 0.021 0023
Fat, g/d MCT, LD + MCT 29 313455 331153 18442 1.7(05,3.0) 1.8(04,3.1)
LCT,LD+LCT 27 318475 320+7.1 02125 03 (=1.1,16) 0.2(=1.2,1.6)
p value 0.11 0.11 0.11
Octanoic acid, mg/d MCT, LD+ MCT 29 74£157 80+158 6134 6(=5,18) 6(=5,18)
LCT,LD+LCT 27 65+119 704123 526 5(-6,17) 5(=6,17)
pvalue 091 091 092
Decanoic acid, mg/d MCT, LD + MCT 29 68+71 7882 9436 9(-3,22) 9(-4,22)
LCT,LD+LCT 27 83:71 9382 10£32 10(-3,23) 10(-3,23)
pvalue 0.89 096 089
Sodium, mg/d MCT, LD+ MCT 29 2979725 3,074£741 954327 103 (-2,209) 95 (=11,201)
LCT,LD+LCT 27 2,657+1,014 2,786+ 1,003 1291223 121 (11, 230) 130 (20, 240)
pvalue 0.65 082 0.65
“Thiamin, mg/d MCT, LD+ MCT = 11204 L1£04 0.0£0.1 0.0 (-0.0,0.1) 0.0(=0.0,0.1)
LCT,LD+LCT 27 10£04 10£04 0.0£0.1 0.0 (-0.0,0.1) 0.0(=0.0,0.1)
pvalue 048 053 048
Pyridoxine, mg/d MCT, LD + MCT 29 1506 1.5£0.6 =0.0£0.3 =0.0(=0.1,0.1) =0.0(=0.1,0.1)
LCT,LD+LCT 27 13106 13+0.6 —0.0£0.1 =0.0(=0.1,0.1) =0.0(=0.1,0.1)
pvalue 0.97 091 097
Cyanocobalamin, pg/d = MCT, LD+ MCT 29 38+10 39+12 0.1£0.7 0.1(=0.1,03) 0.1(=0.1,03)
LCT,LD+LCT 27 36£11 37£11 0.1£03 0.1(=0.1,03) 0.1(=0.1,03)
p value 085 083 0.85
Vitamin D, pg/d MCT, LD + MCT 29 50420 44412 0.6+10 ~05(-08,-0.3)  —0.6(~0.8,~0.4)
LCT,LD+LCT 27 46122 41£16 -05+09 0.6 (=0.9, ~0.4) ~0.6 (=0.8,-0.3)
pvalue 082 056 074

Values are means £ SD o adjusted mean (95% CI). Difference from baseline by Wilcoxon signed-rank test, ** p <0.01.

' value represents the differences in the changes of variables between the 2 groups assessed by 1-factor ANCOVA.

‘Adjusted for each baseline value (model 1),

“Adjusted for allocation to rial (Trial 1 or Trial 2) En’%, energy%; EAASs, essential amino acids; LCT, 6g/d of long-chain triglycerides; LD + LCT, leucine and cholecalciferol-enriched
supplement with 6 g/d of long-chain triglycerides; LD + MCT, leucine and cholecalciferol-enriched supplement with 6g/d of medium-chain triglycerides; MCT, 6g/d of medium-chain
triglycerides.
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Measure Baseline 3-mo Non- Adjusted Adjusted Adjusted

intervention adjusted change® change* change®
change (model 1) (model 2) (model 3)
Body weight, kg MCT, LD+MCT 2 4345106 44610, 12517 1.2(06,1.8) 12(06,1.8) 12(07,18)
LCT, LD +LCT 27 43.6+58 43.8+54 0.2+1.6 0.2(-0.4,0.8) 0.3(-04,0.9) 0.2(-0.4,0.8)
palue” 0.026 0.021 0.036 0,023
BMI, kg/m* MCT, LD + MCT 29 18534 19.1:£3. 4% 06108 0.5(03,0.8) 0.6(03,0.8) 0.6(0.3,0.8)
LCT, LD +LCT 27 19.2£19 19317 0.1£0.7 0.1(=0.2,0.4) 0.1(=0.2,0.4) 0.1(=0.2,0.4)
p value 0.027 0.042 0.031 0.039
Right AC, cm MCT, LD +MCT 29 220436 224£3.7%% 05109 0.5(0.1,0.8) 0.4(0.1,0.8) 05(0.1,0.8)
LCT, LD +LCT 26 228121 228+18 =0.0£0.9 =0.0 (-0.4,03) 0.0 (=0.4,0.4) =0.0(=0.3,0.3)
palue 0.039 0.06 0.10 0.06
Left AC, em MCT, LD + MCT 29 21.9+35 22335 0.4+0.6 0.4(02,07) 0.4(02,07) 0.4(0.1,0.7)
LCT, LD+LCT 26 224425 227422 03109 0.3 (=0.0,0.6) 0.3 (=0.0,0.5) 0.3(0.0,0.6)
p value 035 044 035 057
Right TSE, mm MCT, LD + MCT 29 102452 8.8+4.7% —14£3.1 =14(=24,-04) | —=1.2(=2.1,-03) | =1.2(-2.3,-0.2)
LCT, LD +LCT 26 104149 113247 09129 0.9 (=0.1,2.0) 0.7(=03,1.7) 0.8(=03,1.9)
p value 0.007 0.003 0.007 0016
Left TSE mm MCT, LD + MCT 29 83153 76+47 -0.7£27 =07 (=1.7,04) = —06(-1.7,-0.4) = -0.4(-16,0.7)
26 84143 88448 04132 0.4(=07,1.5) 0.4(=07,1.5) 02(=11,14)
pralue 018 0.16 020 051
Calculated right |~ MCT, LD+ MCT 2 286£60 3034574 17225 14(05,23) 13(0.4,2.1) 14(06,23)
AMA, cm? LCT, LD+LCT 26 307453 29.8+4.0 —09+27 —0.7 (~1.6,03) —05(-1.3,04) —0.7 (=1.6,0.2)
Pvalue <0.001 0.002 0.006 0.002
Calculated left MCT, LD +MCT 29 29.115.1 30.8+54 17434 1.6(0.5,27) 1.6(05,2.7) 15(03,26)
AMA, cm® LCT, LD +LCT 26 308447 3L15.1 04125 0.5(=07, 1.6) 0.5(=06,1.7) 0.7 (0.6, 1.9)
pralue 010 0.16 019 038
MCT, LD + MCT 28 288443 290444 0.2£1.0 0.2(~0.2,0.6) 0.3(-02,0.7) 0.4(=0.1,0.8)
LCT, LD +LCT 25 28.9+3.1 289428 =0.1£1.2 —~0.0 (-0.5,0.4) —=0.1(=0.5,0.4) —-0.2(-0.7,0.3)
palue 034 036 032 013
Left CC, em MCT, LD +MCT 28 285%45 288445 03108 0.3(=0.2,0.7) 0.4 (=0.1,0.8) 0.5(0.0,0.9)
LCT, LD+LCT 25 285428 283+24 -0.2£15 =0.2(-0.6,0.3) =0.3(=07,02) =04 (=09,0.1)
p value 0.16 0.16 0.06 0015

‘Values are means +SD or adjusted mean (95% CI). Difference from baseline by Wilcoxon signed-rank test, * p<0.05, **p<0.01, **4p<0.001.
' value represents the differences in the changes of variables between the 2 groups assessed by I-factor ANCOVA.

Adjusted for each baseline value (model 1)

“Additionally adjusted for age, sex, BMI, and allocation to trial (Trias 1 or 2) (model 2).

Further additionally adjusted for intakes in energy (kcal/day), protein (g/day), leucine (g/day), octanoic acid (C8:0, mg/day), decanoic acid (C10:0, mg/day), and vitamin D (ug/day) during
the baseline period (model 3).AC, arm circumference; AMA, arm muscle area; BMI, body mass index; CC, calf circumferences LCT, 6g/d of long-chain triglycerides; LD + LCT, leucine and
cholecalciferol-enriched supplement with 6g/d of long-chain triglycerides; LD+ MCT, leucine and cholecalciferol-enriched supplement with 6g/d of medium-chain triglycerides; MCT, 6g/d of
medium-chain triglycerides; TSE, triceps skinfold thickness.
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Model 1 Model 2

Frequency® SiE} OR (95%Cl) P OR (95%Cl)
BMI Never -0.228 0495 0212 0645 0.796 (0.301, 2.102) 0.461 0.692(0.260, 1.843)
1-3 times a week 0780 0238 10.742 0.001 2.183(1.369, 3.481) 0.003 2,059 (1.282, 3.308)
4-6 times a week 0277 0192 2072 0.150 1,319 (0905, 1.923) 0254 1.249 (0852, 1.831)
we Never —0.091 0.460 0.040 0842 0913 (0.371,2.248) 0636 0.803 (0324, 1.992)
1-3 times a week 0746 0234 10.113 0.001 2108 (1.331,3.337) 0.004 1.986 (1248, 3.161)
4-6 times a week 0596 0.181 10.815 0.001 1.815 (1272, 2.590) 0.003 1.723 (1203, 2.467)
WHR | Never 0.686 0424 2615 0.106 1.986 (0865, 4.564) 1150 1.850 (0.801,4.270)
1-3 times a week 0742 0272 7424 0.006 2101 (1.232, 3.583) 0010 2,023 (1.183, 3.458)
4-6 times a week 0.238 0224 1136 0.286 1269 (0.819, 1.967) 0.371 1.223 (0.787, 1.899)

‘usual breakfast consumption frequency. And eating breakfast every day was used as a reference.
Model 2 adjusted for age and sex
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2448
-3515
-1826
2265
-3173

—1448

P
0015
0.001
0.068
0.024
0.002

0.148

OR (95%Cl)
0014,0.129
—0.071,-0.020
—0.050,0.002
0.009,0.124
~0.067, ~0.016

~0.044,0.007

Al analysis adjusted for gender and ages. a, the effect of usual breakfast consumption frequency of undergraduate and sleep duration; b, the effect of sleep duration and overweigh; C” the

irect effect of usual breakfast consumption frequency of undergraduate and overweight.
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Indirect effect

Direct effect Path C’

Frequency® Sobel test p
B/p Path A p/p Path B p/p

25 times a week ~0082/0.005 0.187/0.008 ~0.115/0.101 0029

3-4 times a week ~0002/0.933 ~0.007/0.890 ~0.070/0.522 -
1-2times a week ~0025/0.196 0.093/0.053 ~0326/0.001 -

Never ~0036/0.677 ~0.098/0.531 0.011/0977 -

25 times a week® ~0076/0.012 0.187/0.009 ~0.117/0.09% 0031

3-4 times a week™ 0.003/0.908 ~0.002/0.960 ~0014/0.548 -

1-2 times a week® ~0.021/0.268 0.083/0.060 ~0.055/0.003 -

Never* ~0.011/0.902 ~0072/0.646 0.011/0.896 -

‘Different outdoor exercise frequency stratified analyses suggest differences according to outdoor exercise > 5 times  week.
Adjusted for age and sex.
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Usual breakfast consumption frequency (days/week)

1-3 4-6

N (%) 50(4.3) 167 (14.3) 553 (47.3) 400 (34.1)
Age 2468105 24642065 2463078 2584074
Gender n (%)

Male 32(64.0) 93(55.7) 297 (53.7) 179 (44.7)
Female 18 (36.0) 74 (44.3) 256 (46.3) 221(553)
Energy intake (kcal/day) 140673+ 45837 1540.70+675.35 1577.29:+586.54 1574.58:4680.17
we 7606485 76.15410.60 74871010 744549.02
WHR 080£0.07 081007 079007 079006
BMI (kg/m?) 21612276 21954284 21.60+2.56 21614244
Average sleep (hours) 6844090 685093 7.00£0.75 7.00£082
PSQI score 4764292 493238 4431234 396230

Stay up late (usual sleep after 12 o ‘clock frequency) n (%)

Everyday 13 (26.0) 33(19.8) 84(15.2) 42(105)
4-6 times a week 8(16.0) 37(222) 115 (20.8) 42(105)
1-3 times a week 21(420) 81(48.5) 286/(51.7) 192 (48.0)
Never 8(16.0) 16(9.6) 68(12.3) 124(31.0)

Usual outdoor exercise frequency

25 times a week 7(140) 27(162) 86(15.5) 84(21.0)
3-4 times a week 16 (320) 43(257) 186 (33.7) 140 (35.0)
1-2times a week 24 (48.0) 92(55.1) 261 (47.2) 157(39.3)
Never 3(6.0) 5(3.0) 20 (3.6) 19 (4.8)

Late-night snacks frequency.

Everyday 240) 0 5(09) 2(035)
4-6 times a week 5(10.0) 19(11.49) 55(9.9) 202
1-3 times a month 480) 24(14.4) 63(11.4) 27(638)
Seldom 23(46.0) 86(51.5) 279 (50.5) 195 (45.8)

Never 16(32.0) 38 (228) 151 (27.3) 147 (36.8)
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Outdoor exercise frequency

Breakfast consumption frequency (days/week)

0

)

4-6

7

BMI (kg/m?)
185-24 25 times a week
34 times a week
1-2 times a week.
Never
224 25 times a week

3-4 times a week
1-2 times a week
Never
WC (Male>85 cm/female>90cm)
>5times a week
3-4 times a week
1-2 times a week
Never
WHR(Male>0.9/female>0.8)
5 times a week
3-4 times a week
1-2 times a week
Never

‘Pearson correlation.
“Pearson correlation (adjusted for age and sex).

4(23)
15 (4.6)
23(50)
3(10.7)
5(10.0)
1(1.8)
1(13)
0

2(5.0)
3(42)
1(L1)

8(16.0)

3(79)

3(48)
0

22(124)
36(10.9)
69 (15.1)
136)
39(234)
7(125)
23(29.9)
411

11(275)
799)
18(205)

4(235)

28(16.8)
2(53)
20(323)

1(142)

73(41.2)
156 (47.4)
227 (49.7)
11(393)
86(156)
30(53.6)
34(44.2)

9(47.4)

19(47.5)
41(57.7)
48 (545)
10(58.8)

60 (10.8)
21(553)
24(38.7)

3(429)

78 (44.1)
122(37.1)
138 (30.2)
13 (46.4)
49(123)
18 (32.1)
19(247)

6(31.6)

8(200)
20(282)
21(239)

30176

35(8.8)
12(31.6)
15(242)

3(429)

12.340/0.006

15.691/0.001

8.930/0.030

0.039/<0.05

0.020/<0.05

0.006/<0.05
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Eating Common diseased N (%) Chronic diseases N(%)
habits

Cold Frequent Chronic Constipation Vision Overweight/  Diabetes  Cardiovascular Dyslipidaemia ~ Tumours
angular gastroenteritis/ decrease/ obesity and

stomatitis/ diarrhoea asthenopia cerebrovascular
oral ulcer diseases

Hospital 3010 674 (13.7)%%% 1,565 (31.9)%+% 1,522 (31.0)%* 3,989 (812 1,460 (29.7)7+ 125 25)** 418 (8.5)"* 1,059 (21.6)%+ 274(56)
canteen (613
Dining

1435 (67.8) 340 (16.1) 856 (40.4) 776 (36.7) 1788 (84.5) 834 (39.4) 4421 165(7.8) 491(232) 130 (6.1)
out
Athome | 1,275 (58.8) 255 (11.8) 618(28.5) 639(29.5) 1701 (78.4) 602(27.8) 60(28) 191(88) 427(197) 136 6.3)

Frequency of consuming home-cooked meals

<7 times/ 2004 497 (16.2)%%% 1,158 (37.8)%#% 1151 (37.6)%+* 2,583 (84.3)%+* 1025 (33.5)%* 69 (23)%+* 232(7.6)%+* 670 (21.9)%+* 181 (5.9)
week (65.4)*++

8-14 2,543(63.3) 563 (14.0) 1317 (328) 1,235 (30.7) 3272(81.4) 1,269 (31.6) 96 (2.4) 362(9.0) 862 (21.4) 235(58)
times/

week

215 1,173 (55.5) 209 (99) 564(26.7) 551(26.1) 1,623 (76.8) 602 (28.5) 64(3.0) 180 (8.5) 445 21.1) 124(5.9)
times/

week

Eat regularly

" 3790 726 (11.4)** 1771 7.7y 1780 (27.8)** 5,019 (78.5)%+* 1827 (28.6)** 155 (2.4)*** 498 (7.8)%%* 1,307 (20.4)%+ 34253
fes
(59.3)*+*

No 1930 (68.9) 543 (19.4) 1,268 (45.3) 1,157 (413) 2459 (87.8) 1,069 (38.2) 74(26) 276 (99) 670(23.9) 198 (7.1)
Eating duration

< 10min/ 2076 555 (17.4)%% 1,271 (39.9)%+* 1,159 (36.4)%* 2,740 (86.0)4+* 1,240 (38.9)*** 96 (3.0)*** 350 (1L0)*** 827 (26.0)** 223 (7.0)*

meal (652

10- 3,530 (60.9) 688 (11.9) 1716 (29.6) 1719(297) 4574 (789) 1611 (27.8) 130 (2.2) 41171 1114(19.2) 309(53)

30min/

meal

>30min/ | 114(528) 26(12.0) 52(24.1) 59(27.3) 164(75.9) 45(208) 304) 13 (6.0) 36(167) 807

meal

Differences across the groups were tested with Pearsonis £2 test: **p<0.01, ***p<0.001.
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Eating Health status Model 1 Model 2
habits

Very/basically Subhealth/disease 95%Cl  p-value 95% Cl  p-value
healthy

Main dining location

Athome 1011 46.6 1,158 534055 100 100
Hospital

2061 420 2849 580 1207 L089-1337  <0.001 L7 L001-1247  <0.048
canteen
Dining out 618 22 1499 708 2057 1807-2342 <0001 1748 1521-2008  <0.001

Frequency of consuming home-cooked meals

215 times/
1,069 50.6 1,045 L0 1.00 1.00
week
8-14 times/
" 1,627 405 2,392 59.5 1471 1.322-1.637 <0.001 1.237 1.103-1.388 <0.001
weel
<7 times/week 994 325 2,069 675 2038 18132202 <0.001 1612 14211829 <0001
Eat regularly
Yes 3,072 48.0 3323 52,04 1.00 1.00
No 618 221 2,183 779 3234 2.918-3.584 <0.001 2.440 2.189-2.720 <0.001
Eating duration
> 30min/meal 131 60.6 85 e 1.00 1.00
10-30min/
1 2,593 448 3,201 552 1.851 1.404-2.440 <0.001 1.420 1.058-1.905 0.019
meal
<10min/meal 966 303 2220 69.7 3.549 2.677-4.705 <0.001 2252 1.668-3.041 <0.001

Differences across groups were tested with Pearson's #* test. **#p<0.001. Associations were examined using multivariable logistic regression. Model 1 was adjusted for sex and age; model 2 was
adjusted for sex, age, working time, sleep qualiy, exercise time, sedentary time, smoking habits, and alcohol consumption. subhealth/disease compared with very/basicall healthy (reference).
OR, odds ratio; CI, confidence interval.
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Total Active (A)
Gender M/F 69/45 33/18
Age (years) 8-10 810
Anthropometric data
Height (cm) 1428475 1435280
Weight (kg) 387£98 382493
BMI (kg/m?) 189438 185237
‘Waist/Height (cm) 0.5£0.06 045£0.05
Eating habits Active
(Average daily
intake)
Calories (keal) 1464.7+284.2
Carbohydrates (%) 481558
Carbohydrates () 1882438
Starch (g) 7584273
Oligosaccharides (g) 50.7£19.6
Oligosaccharides/ 267£7.1
Carbohydrates (%)
Lipids (%) 361458
Lipids () 5855135
Saturated fatty acids (g) 142246
Monosaturated fatty acids 187256
(8)
Polysaturated fatty acids 48214
(g
Saturated/ fatty acids (%) 374565
Cholesterol (mg) 1356647
Proteins (%) 15520
Proteins (g) 569+13.8
Animal proteins/Proteins 706£9.3
(%)
Vegetal proteins/Proteins 204593
(%)
Total fiber/1,000 (kcal) 78432
Total fiber (g) 117262

Sedentary (S)
36/27

8-10

1422270
3924102
19239

05+0.06

Sedentary

1491142811

489162

1940436

708£27.0

55.9+186

291487

361455

5974137

153847

187460

50£19

395463

1449789

150422

55.9£137

726%14.1

274£142

68522

10033
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Characteristics N

Male 1534 167
Sex
Female 7,662 83
20-29 1350 147
30-39 3,607 392
Age group (years)
40-19 2809 305
2350 1430 156
Tertiary 5581 607
Hospitallevel Secondary 3119 339
Primary 196 54
Gynaecology and obstetrics 3710 403
Internal me 1352 147
Nutrition 1027 12
Department Surgery 836 91
Medical technology and administration 765 83
Pediatrics 389 42
Others Luz 121
Hospital canteen 4910 534
Main dining location Dining out 217 230
Athome 2169 236
<7 timesfweek 3063 33
Frequency of consuming home-cooked meals 8-14 times/iveek 4019 07
> 15 times/week 2114 20
Yes 6395 5
Eat regularly
No 25801 305
< 10min/meal 3,186 346
Eating duration 10-30 min/meal 5794 630
> 30min/meal 216 23
< 40h/week 1792 195
Working time 40-60h/veck 5628 612
> 60h/week 1776 193
Good 2492 27.1
Sleep quality Average 5358 583
Poor 1346 146
<40min/d 6781 737
Exercise time 10-60 min/d 1912 208
> 60min/d 503 55
<1hd L0 121
Sedentary time 1-2h/d 1826 199
>2hid 6260 681
Yes 374 41
Smoking habits
No 8822 959
ogid 6732 72
1-lagd 2197 239
Alcohol consumption
15-24g/d 180 20

225g/d 87 09
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Not assigned
Others
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Exposure Outcome N FDR
Reliable evidence :
Cereal intake KnecOA 174 i 0.001
Cereal type: Muesli Knee OA 58 <0.001
Dricd fruit intake Knee OA 152 i 0015
Cheese intake Knee OA 201 : <0.001
Hot drink temperature Knee OA 210 ! <0.001
Alcohol usually taken with meals Knee OA 149 0.004
Beefintake KnecOA 99 Do <0.001
Cooked vegetable intake HipOA 92 D ——— 0,020
Coffec intake HipOA 115 L ——— 0.017
Tea intake HipOA 138 [— 0.020
Cereal type: Muesli Spine OA 59 | <0.001
Cheese intake Spinc OA 202 <0001
Average weekly champagne plus white wine intake Spine OA 49 : 0.022
Cereal intake TKR 173 ] 0018
Cereal type: Muesli TKR 58 <0.001
Dricd fruit intake TKR 157 ! 0012
Cheese intake TKR 201 <0.001
Hot drink temperature TKR 207 ! 0.008
Alcohol usually taken with meals TKR 151 0015
Beef intake TKR 101 L ee——— <0001
Coffee intake TKR 113 L —— 0.001
Bread type: White THR 120 ] 0.049
Hot drink temperature THR 210 : 0,013
Insufficient evidence :
Coffe intake Knee OA 109 | —— 0,015
Average weekly beer plus cider intake KnecOA 99 —— 0.028
Salt added to food Knec OA 249 [ 0.052
Cereal intake Spinc OA 174 ] 0015
Milk type used: Semi-skimmed Spinc OA 15 0018
Alcohol usually taken with meals Spinc OA 153 { 0.042
Bread type: Wholemeal or wholegrain TKR 87 0.024
pork intake TKR 83 L 0049
Weak evidence i
Biscuit cereal HipOA 26 | 0.037

T

1
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Exposure Outcome  Model OR(95%CI) Pval  Intercept-P
Cereal type: Muesli KneeOA M1 —— 05020321-0.806)  0.004  0.681
M2 U ) 0.426(0.248-0.735) 0.002  0.685
M3 —— 0298(0.172-0.515)  <0.001 0705
Dried fruit intake Knee OA M1 ——i 0.789(0.634-0.982) 0.034 0488
M2 —— 0.679(0.561-0.821)  <0.001  0.779
M3 — 0.741(0.607-0.905)  0.003 0254
Cheese intake Knee OA M1 = 0.855(0.735-0.995) 0043 0.994
M2 —_— 0.695(0.608-0.794)  <0.001  0.510
M3 . 0.708(0.625-0.801)  <0.001  0.468
Cereal type: Muesli Spine OA M1 —— 0.365(0.203-0.656)  0.001  0.209
M2 — 0.492(0.281-0.864) 0013 0.962
M3 ——r— 0.405(0.202-0.809) 0.011 0285
Cheese intake Spine OA M1 ——i 0.798(0.656-0.970)  0.023  0.804
M2 —_— 0.625(0.544-0.718)  <0.001  0.370
M3 i 0.6750.576-0.792)  <0.001  0.115
Cereal type: Muesli TKR Ml —— 0.251(0.118-0.536)  <0.001  0.396
M2 —— 0.178(0.075-0.424)  <0.001  0.303
M3 e 0.173(0.073-0.414)  <0.001  0.693
Dried fruit intake TKR Mi —— 0.7050.499-0.995)  0.047 0782
M2 —— 0.571(0.415-0.785) 0.001 0950
M3 — 0.636(0.464-0.872) 0.005  0.652
Alcohol usually taken with meals TKR Mi = 0.588(0.366-0.944)  0.028  0.269
M2 L] 0.619(0.399-0.961) 0.032  0.688
M3 [ — 05440.355-0.833)  0.005 0232

15
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Dataset Variable GWASID Sample Consortium Population

type size

Exposure | Dietary habits See Supplementary Table S1  MRC-IEU Nature European Males and females
Body mass index (BMI) ukb-b-19953 461,460 MRC-IEU Nature European Males and females
Total body bone mineral ebi-a- 56,284 NA Am]JHum  European Males and females
density GCST005348 Genet.
Ever smoked ukb-b-20261 | 461,066 | MRC-IEU Nature European Males and females

Outcome Knee osteoarthritis (Knee OA) NA 396,054 Genetics of Osteoarthritis (GO) Cell European (99%) = Males and females
Hip osteoarthritis (Hip OA) NA 353388 Genetics of Osteoarthritis (GO)  Cell European Males and females
Spine osteoarthritis (Spine OA) NA 333,950 Genetics of Osteoarthritis (GO)  Cell European (99%) | Males and females
Hand osteoarthritis (Hand OA) NA 303,782 Genetics of Osteoarthritis (GO) Cell European Males and females
Total knee replacement (TKR) NA 252,041 Genetics of Osteoarthritis (GO) Cell European Males and females

“Total hip replacement (THR) NA 319037 Genetics of Osteoarthritis (GO)  Cell European Males and females
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Phenotype 1

Cereal type: Muesli
Dried fruit intake
Cheese intake
Cereal type: Muesli
Cheese intake
Cereal type: Muesli
Dried fruit intake
Alcohol usually

taken with meals

Rg, genetic correlation.

Phenotype 2 Rg

Knee OA
Knee OA
Knee OA
Spine OA
Spine OA
TKR
TKR
TKR

~0277

~0.155

~0.208

~0331

-0327

~0307

-0212

~0.206

Se Pval
0037 | 448E-14
0032 L64E06
0029 9.67E-13
0048 | S87E-12
0046 | 7.73E-13
0042 L6OE-13
0037 | 7.79E-09
0034 | LISE-09
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Diseases

Common diseases
Cold
Frequent
angular
stomatitis/oral

ulcer

Chronic
gastroenteritis/

diarrhoca
Constipation
Vision decrease/
asthenopia
Chronic diseases
Overweight/
obesity
Diabetes
Cardiovascular
and
cerebrovascular
diseases
Dyslipidaemia

Tumours

Department N (%)

Medical
technology and
administration

Internal Nutrition Pediatrics

medicine

Surgery

Gynaecology

nd obstetrics

2423(65.3)
604 (16.3)

1,333 (35.9)

1,425 (38.4)
3,189 (86.0)

1,192 (32.1)

92(25)

330 (89)

762 (20.5)
296 (8.0)

861 (63.7)
178(132)

448 (33.1)

407 (30.1)

1,104 (81.7)

423(31.3)

28021

96(7.1)

299 (22.1)
58(4.3)

Differences across the groups were tested with Pearsons 7* test.
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Potential causal evidence:

LIVW-Pval<0.05
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Cereal intake
Cereal type: Bran cereal (e.g. All Bran, Branflakes)
Cereal type: Biscuit cereal (e.g. Weetabix)

Cereal type: Oat cereal (e.q. Ready Brek, porridge)
Cereal type: Muesli

Cereal type: Other (e.q. Cornflakes, Frosties)
Bread intake

Bread type: White

Bread type: Brown

Bread type: Wholemeal or wholegrain

Bread type: Other type of bread

Fresh fruit intake

Dried fruit intake

Salad / raw vegetable intake

Cooked vegetable intake

‘Age when last ate meat

Beef intake

lamb/mutton intake

pork intake

Poultry intake

Processed meat intake

Cheese intake
ik type used: Full cream

Milk type used: Semi-skimmed

Milk type used: Skimmed

Milk type used: Soya

Milk type used: Other type of milk

Milk type used: Never/rarely have milk

Coffee intake

Coffee type: Decaffeinated coffee (any type)
Coffee type: Instant coffee

Coffee type: Ground coffee (include espresso, fiter etc)
Coffee type: Other type of coffee

Tea intake

Water intake

Hot drink temperature

Alcohol usually taken with meals.

Average weekly red wine intake

Average weekly spirits intake

Average weekly fortfied wine intake

Average weekly beer plus cider intake

Average weekly champagne plus white wine intake
‘Salt added to food
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Eating Department N (%)

habits o f S
Gynaecology ~ Internal  Nutrition  Surgery Medical Pediatrics ~ Others
and obstetrics  medicine technology and
administration

Main dining <0.001
location

Hospital 1975 (53.2) 672(49.7) 632(61.5) 457 (54.7) 438 (57.3) 196 (50.4) 540 (48.3)

canteen

Dining 846 (22.8) 407 (30.1) 107 (10.4) 261(31.2) 135 (17.6) 98(252) 263(23.5)

out

Athome 889 (24.0) 273(20.2) 288 (28.0) 118 (14.1) 192(25.1) 95(24.4) 314(280)
Frequency of consuming home-cooked meals <0.001

<7 times/ 1332(35.9) 492(36.4) 222(21.6) 351(42.0) 213(278) 120 (30.8) 333 (298)

week

814 1,662 (44.8) 585 (43.3) 411(40.0) 352 (42.1) 321 (42.0) 176 (45.2) 512(45.8)

times/

week

215 716 (19.3) 275(20.3) 394 (38.4) 133 (159) 231(30.2) 93(239) 272 (244)

times/

week
Eat regularly <0.001

Yes 2,286 (61.6) 922(68.2) 984(95.8) 478 (57.2) 653 (85.4) 252(648) 820(73.4)

No 1,424 (38.4) 430 (31.8) 43(4.2) 358 (42.8) 12(146) 137(35.2) 297 (26.6)
Eating <0.001
duration

< 10min/ 1573 (424) 449(33.2) 157(15.3) 353 (42.2) 206 (26.9) 103 (26.5) 341 (30.5)

meal

10- 2074 (55.9) 870 (64.3) 826 (80.4) 465 (55.6) 535 (69.9) 278(71.5) 746 (6.8)

30min/

meal

> 30min/ 63(1.7) 33(24) 44(43) 18(22) 2461 821 3027)

meal

Differences across the groups were tested with Pearsons 7 test.





