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Abstract 

(Poly)phenols are bioactive compounds present in plant foods, that have been suggested to present 

antioxidant and anti-inflammatory properties for humans. These properties have been linked with 

prevention of different metabolic conditions, including obesity and related diseases. Adipose 

tissue metabolism and systemic oxidative stress have been proposed as potential mechanistic 

pathways by which these compounds could attenuate obesity-related parameters. However, the 

identification of specific (poly)phenols related with obesity is not yet clear. Increasing 

consumption of plant-based foods rich in (poly)phenols have proven effective in preventing or 

treating obesity. (Poly)phenols are not considered essential nutritional compounds, and daily 

intake recommendations have not yet been established. Consumption of (poly)phenols as healthy 

dietary components is consistent with the advice to eat five or more portions of fruits and 

vegetables per day, but it is currently difficult to recommend what type and dose of specific 

(poly)phenols should be consumed to derive maximum benefit. This epidemiological study aimed 

to evaluate the associations between dietary (poly)phenols and obesity parameters across various 

populations, and to identify specific (poly)phenols that may contribute to the improvement of 

obesity parameters. 

In this doctoral thesis, the association between dietary intake of individual (poly)phenols and 5-

year body weight (BW) change has been studied in 349,165 participants from a large European 

cohort, the European Prospective Investigation into Cancer and Nutrition (EPIC). In addition, the 

link between concentration of 36 (poly)phenols in plasma and 5-year BW change has been studied 

in a smaller sample of the EPIC population (n 761). Overall, these associations were assessed 

through general linear mixed models, adjusting for relevant confounders. An inverse association 

was observed between the majority of dietary (poly)phenols and 5-year BW change, highlighting 

the class flavonoids and those compounds found in whole grains, tea, fruits especially berries, and 
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cocoa. In addition, a tendency towards BW loss was observed for higher concentrations of plasma 

(poly)phenols, despite results not surpassing multiple comparison corrections and not reaching 

statistical significance.  

Secondly, this thesis included the cross-sectional associations of dietary intakes of flavonoids and 

flavonoid subclasses with adiposity parameters, assessed in ~ 11,000 adult participants from the 

Fenland study, in the UK. Outcome variables included body fat percentage, visceral abdominal 

and subcutaneous abdominal fat thickness (VAT and SCAT, respectively), VAT:SCAT ratio, 

BMI, waist circumference (WC), waist-to-hip ratio (WHR), and a body shape index. Associations 

were assessed through robust linear regression analyses. Higher dietary intake of total flavonoids 

and most flavonoid subclasses was inversely associated with most outcomes, especially body fat 

percentage, VAT, BMI, WC and WHR.  

Thirdly, a (poly)phenol-rich supplement was formulated considering different findings: results 

from the EPIC observational analyses, previous literature including cohort studies and 

randomised-controlled trials (RCTs), and compounds present in a Mediterranean dietary pattern. 

A 400mg (poly)phenol-rich supplement was formulated with seven different compounds from 

plant extracts. The aim was to assess this supplement on participants with severe obesity, in 

combination with the traditional weight-loss dietary approach. A double-blinded, placebo-

controlled clinical trial was designed, that included 40 adult participants with severe obesity (body 

mass index (BMI) ≥ 40 kg/m2). Participants were randomly assigned to the intervention group 

(IG, 3 supplement capsules (1,200 mg) + 1,200 kcal Mediterranean diet a day) or the control 

group (CG, 3 placebo capsules + 1,200 kcal Mediterranean diet a day). The duration of the trial 

was 12 weeks and participants were assessed in three opportunities: at baseline, after six weeks, 

and after 12 weeks. The primary outcomes were body weight and composition. Secondary 

outcomes included other anthropometric measurements, cardiometabolic and inflammatory 

biomarkers, metabolic pathways, and gut microbiota diversity. In the three visits, dietary data was 
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through a 24-hour dietary recall and a 3-day dietary record. Also, fasting blood and 24-hour urine 

samples was collected. Body weight and composition was measured through a bioimpedance 

scan, waist and hip circumferences using an ergonomic measuring tape, and blood pressure using 

a clinically validated blood pressure monitor. Faecal samples were collected at baseline and week 

12. This trial was approved by the Bellvitge University Hospital Ethics Committee. Written and

voluntary consent was obtained from each participant prior to the beginning of the study. The trial 

has been registered at www.ClinicalTrials.gov (NCT05428540).  

Overall, and through different analyses and levels of scientific evidence, this doctoral thesis can 

conclude that higher dietary intakes of (poly)phenols through plant-based foods, particularly those 

classified as flavonoids, are associated with body weight maintenance and less adiposity and can 

be considered an interesting approach in the prevention or treatment of obesity and its associated 

cardiometabolic risk.  





1. Introduction
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1.1. Overweight and Obesity 

1.1.1. Definition  

Overweight and obesity are defined as an excessive fat accumulation with consistent body weight 

(BW) gain, commonly classified using body mass index (BMI) values, a measure that uses BW 

(kg) divided by the square of height (metres)(1). The World Health Organization (WHO) 

classifies obesity based on BMI in kg/m²: overweight ranges from 25 to 29.9, type I obesity from 

30 to 34.9, type II obesity from 35 to 39.9, and type III or severe obesity is defined as 40 or 

above(2). Obesity mostly implies high levels of adiposity, and usually represents a risk factor for 

several diseases, such as cardiometabolic or musculoskeletal pathologies, as well as several types 

of cancer(3). There are several parameters that can be used to assess the metabolic risks associated 

with excess weight and adiposity related to this condition, that can be either correlated with or 

independent of BMI(4,5). Waist circumference (WC) is a measure of abdominal obesity 

expressed in centimetres, and recommended cut-offs for increased health risk are a WC >102 cm 

for men and >88 cm for women(6,7). Abdominal obesity has a much worse prognosis than gluteal-

femoral obesity, and therefore one premise associated with adiposity is that its most important 

characteristic is its distribution(6). A measure that takes this distribution into account is the waist-

to-hip ratio (WHR) that represents the circumference of the waist divided by that of the hips. 

WHR exceeding 0.90 in men and 0.85 in women imply a substantially increased risk of metabolic 

complications(6–8). In the context of disease prevention, understanding body fat (BF) percentage 

is another critical parameter to consider(6,9). A higher BF percentage, particularly when 

concentrated around vital organs, has been linked to an increased risk of metabolic disorders, 

cardiovascular diseases, type 2 diabetes, certain cancers, and overall mortality(6,9). The 

distribution of BF significantly impacts on disease risk. The Dual-Energy X-ray Absorptiometry 

(DEXA) scan stands out as the gold-standard method for analysing body composition, known for 

its accuracy and reliability(10,11). In addition, the analysis of various tissue compartments, 

including visceral and subcutaneous abdominal fat thickness (VAT and SCAT, respectively) may 
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play an important role in the measurement of obesity-related health risk, for example by the use 

of ultrasound or bioelectrical impedance analysis methods(12). Higher concentrations of visceral 

compared to subcutaneous adipose tissue have been associated with greater metabolic 

risks(13,14).  

1.1.2. Epidemiology 

According to the World Health Organisation (WHO), obesity is one of today's most blatantly clear 

– yet most ignored – public health problems: an escalating global epidemic that affects virtually 

all age and socioeconomic groups and threatens to overwhelm both developed and developing 

countries(1,15). As stated by the latest World Obesity Atlas Report (2023)(16), no country has 

reported a decline in obesity prevalence across their entire population, and none are on track to 

meet the WHO’s target of ‘no increase on 2010 levels by 2025’. In Europe, around 27% of adults 

presented obesity in 2020, and is predicted to affect ~10% more people by 2035. In Spain, about 

16% of adult population presented obesity according to the Spanish National Health Survey and 

the European Health Survey carried out in 2017 and 2020, respectively(17). The estimates for 

global levels of overweight (BMI between 25.0 and 29.9) and obesity (BMI ≥ 30.0) suggest that 

over 4 billion people may be affected by 2035, compared with over 2.6 billion in 2020(16). 

Scientific projections indicate that the worldwide obesity prevalence is expected to rise from 14% 

to 24% by 2035.  

1.1.3. Clinical implications  

Obesity is a human body's normal response to an abnormal environment, shaped by several 

factors that, over the past 40 years, have changed substantially and are rapidly 

transmissible(18,19). It has a multifactorial aetiology, including genetic, environmental, 

socioeconomic, and behavioural or psychological influences(20). Among these factors, the food 

system plays a crucial role. Increased supply of cheap, palatable and energy-dense, often ultra-

processed foods, improved distribution systems to make food much more accessible, and more 
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persuasive food marketing(18,21) can be identified as one of the main drivers of this epidemic. 

Marketing environments that promote intake of hyper caloric, nutritionally poor foods rich in 

sugar, saturated fat and refined grains, often accompanied by sedentary behaviour (transport, 

work, and leisure activities) lead to an energy imbalance(21). In consequence, energy is stored in 

the form of triglycerides in the white adipose tissue (WAT), which expands by either hypertrophy 

(an increase in adipocyte size) or hyperplasia (an increase in adipocyte number due to the 

recruitment of new adipocytes) leading to dysfunctional WAT and BW gain. When the capacity 

of expansion is overwhelmed, fat accumulates in ectopic sites such as visceral depots, the liver, 

skeletal muscle, and pancreatic beta cells(22). An infiltration of new inflammatory cells, the major 

one initially being macrophages (M1 type, pro-inflammatory), accompanies the expansion of 

WAT(23). These changes create a pro-inflammatory state where adipocytes increase the secretion 

of cytokines such as tumour necrosis factor-alpha (TFN-α), interleukin 6 and 1-beta (IL-6 and IL-

1β) or monocyte chemotactic protein-1 (MCP-1), while secretion of adiponectin, an insulin-

sensitizing hormone, is decreased(24). The chronic and systemic inflammatory state characteristic 

of obesity, as well as the increase in visceral fat and BW, can lead to endothelial dysfunction, 

insulin resistance, and different pathways that promote angiogenesis and DNA damage. All these 

mechanisms increase the risk of serious non-communicable diseases, including type 2 diabetes 

mellitus, cardiovascular disease, hypertension and stroke(3). Obesity is also associated with 

certaintypes of cancer, sleep apnoea and osteoarthritis, as well as disorders of the digestive system 

such as gallbladder disease, non-alcoholic fatty liver disease, hepatic steatosis, or gastro-

oesophageal reflux disease. Health consequences of obesity and obesity-related diseases range 

from increased risk of premature death to serious chronic conditions that reduce the overall quality 

of life(3,24). A study in the UK estimated, using mendelian randomisation(25), that a unit increase 

in BMI decreased quality-adjusted life years by 0.65% and increased the annual total healthcare 

costs by £42.23 per person(26). In Spain, observational data analyses showed that having a BMI 

≥ 35 reduced health-related quality of life even in the absence of chronic diseases(27). Figure 1 
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shows a summary of the potential causes and physiopathology of obesity, as well as its associated 

health risks.   

Figure 1. Aetiology, biological mechanisms, and health risks associated with obesity. 

 
AT: adipose tissue; CHD: coronary heart disease; DNA: Deoxyribonucleic Acid; FFA: free fatty acids; GERD: gastro-oesophageal reflux 

disease; GM: gut microbiota; IR: insulin resistance; LDL: low-density lipoprotein; M1: type 1 macrophage; NAFLD: non-alcoholic fatty liver 

disease; NASH: non-alcoholic steatohepatitis; OS: oxidative stress; WAT: white adipose tissue. Images adapted from istockphoto.com. Content 

adapted from Cahit and den Hartigh, 2020 (24). 

Obesity management encompasses diverse approaches. A meta-analysis of 72 studies involving 

1,189,942 participants worldwide provided valuable insights into the prevalence of weight control 

efforts(28). The findings indicate that approximately 42% of adults in the general population and 

44% among ethnic minority populations are actively attempting to lose weight, while about 23% 

reported trying to maintain their weight at some point. Mitigating obesity risk factors, including 

adherence to a nutritious dietary pattern, regular physical activity, stress management, and 

sufficient sleep, poses notable challenges, demanding substantial commitment and prolonged 

periods to observe discernible outcomes(29). Nonetheless, a multimodal lifestyle intervention 

constitutes the foremost preventive strategy against obesity(30). When addressing treatment 

interventions, other approaches are frequently pursued to complement lifestyle changes, such as 

pharmacological interventions. Prescribed medications can be used as an adjunct to diet and 

exercise, helping to suppress appetite or reduce fat absorption(31). Currently available and 
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commonly prescribed examples include orlistat(32), semaglutide (33) and liraglutide(34,35). 

Orlistat acts by reducing the absorption of dietary fat(32).  

Semaglutide and liraglutide are both glucagon-like peptide-1 (GLP-1) receptor agonists that 

appear to act on the parts of the brain that regulate appetite. They work by attaching to GLP-1 

receptors in brain cells, thereby increasing feelings of fullness and lowering feelings of hunger 

(33–35). A third option for obesity treatment, particularly for severe obesity, is bariatric 

surgery(36). Surgical procedures like gastric bypass or gastric sleeve can lead to significant 

weight loss and improvement in obesity-related health conditions(36). However, surgical 

interventions entail inherent risks and potential complications, necessitating thorough evaluation, 

comprehensive preoperative preparation, and diligent long-term post-operative care. 

Furthermore, it is crucial to recognize that not all people meet the criteria or express a preference 

for surgical interventions(36). To support these traditional approaches, a more recent strategy is 

the use of health behaviour change interventions (HBCIs)(37). It focuses on the understanding of 

the complexity behind people’s decisions and engagement in behaviours that affect their health 

and well-being, including sustained weight management(37).  

Obesity is a complex condition that not only impacts physical well-being but also tends to be 

accompanied by significant social and psychological challenges(38). Several studies have 

extensively documented the presence of detrimental stereotypes associated with body weight, 

specifically targeting people who present overweight or obesity(39). These stereotypes suggest 

that such people are characterized as lazy, lacking willpower, unsuccessful, unintelligent, lacking 

self-discipline, and noncompliant with weight loss treatments(39). The prevalence of this form of 

stigma remains largely unchallenged in our society and the public health implications associated 

with weight stigma have been largely disregarded(39). Instead, societal attitudes often assign 

blame to individuals with obesity for their body weight, with common perceptions suggesting that 

weight stigmatization is justified, or even necessary, due to the belief that people with obesity 

bear personal responsibility for their weight(38). The stigma of obesity has not been addressed as 
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a legitimate concern that requires the attention of those working to combat obesity and is not 

frequently discussed in the context of public health. Recognizing that individual behaviours are 

heavily influenced by the obesogenic environment is essential in shaping effective strategies to 

combat obesity(38).  

The third Sustainable Development Goal for 2030 set by the United Nations Member States in 

2015 is to ensure healthy lives and promote well-being for all at all ages(40). In 2019, the EAT-

Lancet Commission presented a global planetary health diet that is healthy for both people and 

planet(41). It emphasizes a plant-forward diet where whole grains, fruits, vegetables, nuts, and 

legumes comprise a greater proportion of foods consumed. A healthy plant-based diet (PBD) 

includes, as mentioned, unprocessed plant foods and excludes or limits refined grains and 

sugars(42). Increasing consumption of healthy plant-based foods have proven effective in 

preventing or treating obesity(43,44). Higher adherence to the EAT-Lancet diet has been 

inversely associated with WC, and did not contribute with the development of obesity in a Danish 

population(45). An observational study has shown that a dietary pattern rich in healthy plant-

derived foods is associated with reduced long-term obesity after a median follow-up of 10 years 

in Spanish participants(46). Likewise, cross-sectional results from the European Prospective 

Investigation into Cancer and nutrition (EPIC)-Oxford cohort showed that participants following 

dietary patters predominantly plant-based had lower BMI than meat-eaters(47). Clinical evidence 

has demonstrated that interventions with PBDs improve obesity-related parameters. An 18-week 

dietary intervention using a low-fat PBD in participants with overweight/obesity resulted in 

improved BW, lipid profile and glycaemic control(48). Likewise, five-arm RCT that compared 

effectiveness of different PBDs on BW showed that participants following a fully PBD (vegan) 

for 6 months had grated weight loss than more modest recommendations (i.e., vegetarian, pesco-

vegetarian, semi-vegetarian and omnivorous)(49). In a 16-week RCT, a low-fat PBD intervention 

reduced BW and increased insulin sensitivity in participants with overweight or obesity(50). 
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Thus, evidence has proposed PBDs as an effective tool for prevention or treatment of obesity and 

obesity-related diseases.  

1.2. (Poly)phenols 

1.2.1. Definition and chemical structure 

A particular class of compounds naturally occurring in plants, phenols and polyphenols, from 

now on mentioned as (poly)phenols, may be considered an important factor for the expression of 

PBD benefits on human health. (Poly)phenols constitute a large class of at least 10,000 organic 

compounds that have more than one aromatic ring structures with single or multiple hydroxyl 

(OH) groups bound to them(51,52). These natural products are highly diverse and, according to 

the quantity of phenol rings and the type of linkages that join multiple rings to each other, they 

can be classified in several classes. The predominant class found in human diet is phenolic acids, 

followed by flavonoids, stilbenes, lignans and others in minority(53–56). Flavonoids represent 

around 60% of all (poly)phenols from the human diet. They are commonly found in different 

fruits and vegetables, cocoa, soy, and teas. As for phenolic acids, they represent around 30% of 

(poly)phenols found in the diet, mainly present in foods like coffee, tea, wholegrain cereals, and 

seeds. Stilbenes represent a minor proportion, mainly present in grapes in the form of resveratrol, 

as well as lignans, found predominantly in seeds, cereals, and legumes. In addition, there are other 

(poly)phenols that represent a rather small proportion of compounds, among which, for example, 

tyrosol from olives or alkylresorcinols in cereals and cereal products stand out(57,58). Figure 2 

shows the main classes of (poly)phenols with their respective general chemical structure and main 

food sources according to the Phenol-Explorer database(59,60).  

(Poly)phenols in plants are generally involved in defence against aggression by environmental 

factors, and constitute active substances and modulate the activity of a vast amount of enzymes 

and cell receptors(61). In the last decades, the presence of these compounds in the human diet 

through plant-based foods has led to an increased interest regarding their role in human health, as 
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they have shown to act as antioxidants and are thought to have anti-inflammatory 

properties(61,62). Growing scientific evidence is focusing on the establishment of the effects of 

(poly)phenol consumption on health and the identification of which of the hundreds of existing 

(poly)phenols are likely to provide the greatest protection in the context of preventive 

nutrition(62). (Poly)phenols are not considered essential nutrients, and daily intake 

recommendations have not yet been established(63). While thousands of molecules exist in 

nature, around 500 individual (poly)phenols have been identified in the human diet so far(59,62).  

Figure 2. Chemical structure of major classes of (poly)phenols with individual examples, and 

main food sources. 

 
HBAs: hydroxybenzoic acids; HCAs: hydroxycinnamic acids. 

 

1.2.2. Bioavailability 

Once (poly)phenols enter the digestive system, they undergo several processes that can affect 

their bioavailability and health effects(64). Most of the (poly)phenols present in our diet exists as 

polymers or glycosides, with a sugar moiety (glycone) bound to an aglycone (the (poly)phenol). 

For these native forms to be absorbed, they need to be hydrolysed by the intestinal enzymes or by 
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the gut microbiota(64,65). Phenolic aglycones are partially absorbed by glucose transporters in 

the small intestine. Then, they are metabolized through sulfation, glucuronidation or methylation 

by phase II metabolic enzymes (sulfotransferases, uridine-5’-diphosphate 

glucuronosyltransferases, and catechol-O-methyltransferases) before glucose transport into the 

hepatic portal vein and circulation(66). Both the specific chemical structure of (poly)phenols and 

the type of sugar in the glycoside define their level and magnitude of intestinal absorption(64). 

Compounds with a high degree of polymerization that are not absorbed in at the small intestine 

reach the colon to undergo microbial catabolism. As a result, smaller compounds, such as phenolic 

acids, can be absorbed and, later, reach the liver to also be partially conjugated by phase II 

enzymes(67). Phase-II enzymes and microbial-derived metabolites either reach systemic 

circulation to be distributed to different organs and tissues or reach the kidneys to be excreted 

through urine. In addition, enterohepatic recirculation may result in some recycling back to the 

small intestine through bile excretion, with subsequent faecal excretion(66). Figure 3 illustrates 

the processes of absorption, distribution, metabolism, and excretion (ADME) of (poly)phenols, 

using citrus flavanones as an example. 

In humans, the bioavailability of (poly)phenols shows considerable intra-individual variability, 

meaning that the absorption and metabolism of these compounds can differ significantly from one 

occasion to another in the same person(65). Additionally, there is substantial inter-individual 

variability, with different people experiencing varying degrees of absorption and efficacy of 

(poly)phenols due to genetic, dietary, and environmental factors(65). These variations highlight 

the complexity of studying and understanding the health effects of polyphenols. Studies in 

humans have reported data on bioavailability of different (poly)phenol classes and subclasses, 

measuring metabolites mainly in plasma and urine(65). Regarding flavonoids, for example, after 

ingestion of 500 mg Aronia melanocarpa extract containing 9.02% anthocyanins, these 

compounds were detectable in overnight urine in healthy adults, former smokers (0.332 ± 0.136 

mg mg−1 creatinine)(68). Likewise, in healthy adults, after ingestion of 250 ml of blackcurrant 
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juice containing 20% of anthocyanins, the urinary percentage of anthocyanins excreted after 120 

min was 0.021 ± 0.003%(69). 

Figure 3. ADME of (poly)phenols using citrus flavanones as example. 

 
ADME: absorption, distribution, metabolism and excretion; Agly: aglycones; C-: conjugated; CBG: cytosolic beta-glucosidases; CF: citrus 

flavanones; Gly: glycosides; GM: gut microbiota; LPH: lactase-phlorin hydrolase; mrp1: multidrug resistance-associated protein 1; PAs: 

phenolic acids; SCFAs: short chain fatty acids; SLGT1: sodium/glucose cotransporter 1; SULT: sulphotransferases; UGT: uridin-diphospho-

-glucuronosyl-transferases. 

Engler et al observed that after consumption of flavonoid-rich dark chocolate containing 213 mg 

procyanidins and 46 mg epicatechin, in healthy adults, plasma epicatechin concentrations were 

markedly increased at 2 weeks in the high-flavonoid group (204.4 ± 18.5 nmol/L, p ≤ 0.001) 

versus control group(70). In a randomised controlled crossover trial, participants at risk of 

cardiovascular disease (CVD) were given 4.89 mg/kg body weight/day of enzymatic modified 

iso-quercetin(71). After 3 hours, quercetin metabolites concentration was significantly higher in 

plasma versus placebo group (quercetin aglycone 144.9 ± 12.3 nM vs 12.6 ± 12.3 nM; and 

isorhamnetin 245.5 ± 16.5 nM vs. 41.7 ± 16.5 nM) (p < 0.001). Flavanone-derived metabolites 

have also been detected in plasma after consumption of flavanone-rich food. Schär et al observed 

that after 5 hours of ~ 450 ml of orange juice consumption by men at CVD risk, 8 flavanones and 

15 phenolic metabolites were significantly increased in plasma (including hesperidin, naringenin 
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and dihydroferulic glucuronides) – they collectively reached a concentration of 15.20 ± 2.15 

μmol/L(72). As per phenolic acids, for example, in a crossover trial healthy adults received either 

0.45 or 0.90 g of purified 5-chlorogenic acid (p5-CgA)(73). Authors observed that after 1 and 4 

hours from the consumption of 0.90 g 5-CgA, total CgA metabolites reached 1.5 µM and 1.25 

µM, respectively. After 0.45 g, metabolites reached 0.75 µM and 1 µM after 1 and 4 hours 

respectively. In both cases, the most representative CgA metabolite was 5-caffeoylquinic acid. In 

another study, healthy participants were given 400 ml of Arabica coffee containing 0.42 g of a 

combination of chlorogenic acids (containing, among others, 5-O-caffeoylquinic, caffeic and 

ferulic acid)(74). After 1 hour, plasma concentrations of ferulic and caffeic acid were 202.38 ± 

12.87 nM and 49.76 ± 6.44 nM, respectively.  Results on bioavailability of other classes such as 

stilbenes have also been reported. Wightman et al observed that after a daily consumption of 500 

mg of pure trans-resveratrol for 28 days by adult participants, resveratrol 3-O-sulfate was the 

predominant metabolite in all volunteers, contributing 73–77% of total metabolites in plasma(75). 

Total resveratrol metabolites increased in plasma from 3 to 13 µM 110 minutes after 

administration. 

1.2.3. Dietary intake and safety 

Consumption of (poly)phenols as healthy dietary components is consistent with the advice to eat 

five or more portions of fruits and vegetables per day(76), but it is currently difficult to 

recommend what type and dose of specific (poly)phenols should be consumed to derive maximum 

benefit. Dietary intake of (poly)phenols has been studied in different large populations, with high 

variabilities in the amount consumed. In a large population sample from 10 Western European 

countries, mean total daily (poly)phenol intake varied between ~ 1,700 mg in Denmark and ~ 700 

mg in Greece(53). In a Japanese population, (poly)phenol dietary intake was, on average, ~ 750 

mg per day(77).  Similarly, in large cohort from Mexico, consumption of (poly)phenols varied 

between 530 and 750 mg/d across this country(78).  
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This is a relatively new topic of research, and safety and health claims of only a few polyphenols 

have been officially established. The European Food Safety Authority (EFSA) has published 

different Scientific Opinion (SO) Reports regarding safety of several (poly)phenols and 

(poly)phenol-rich extracts for human consumption. In 2011, a SO on (poly)phenols in olives 

highlighted their safety for human consumption as well as their protective effects against 

oxidative stress. They also concluded that, to reach these beneficial effects, a daily dose of 5 mg 

of hydroxytyrosol and its derivatives in olive oil should be consumed(79). A SO on quercetin was 

also published, where they concluded that it is safe for general population and that it is associated 

with protection against oxidative damage(80). Resveratrol was also considered a safe compound 

for human consumption – the panel concluded that 150 mg/d of trans-resveratrol was safe for 

human adults(81). In 2018, a SO on the safety of green tea catechins(82) concluded that, when 

prepared in a traditional way or when reconstituted with an equivalent composition to traditional 

green tea infusions, green tea catechins are in general considered to be safe. In addition to EFSA, 

the European Medicines Agency (EMA) evaluated the safety of some of these compounds. 

(Poly)phenols might be not only consumed from food products or extracts, but also at 

pharmacological doses, for example, in dietary supplements. The EMA reported in 2017 that olive 

leaf extract is safe for consumption in adults as a herbal medicinal product, except during 

pregnancy or lactation(83). In addition, different botanical databases on herbal compounds 

assessed for human consumption have included (poly)phenol-rich extracts and individual 

compounds. One such example would be the EFSA Compendium, that includes different 

botanicals and botanical preparations intended for use in food, with its correspondent dosage and 

concerns for human consumption, to help with their safety assessment(84). Another example is 

Belfrit database, developed by the national authorities of Belgium, France and Italy, that aims to 

provide a list of plants that are permitted for use in food supplements based on the lists established 

by each of the three countries(85).  
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1.2.4. Measurement of (poly)phenol intake 

The measurement of (poly)phenol consumption involves a spectrum of methodologies, ranging 

from subjective dietary assessments to more objective laboratory measurements(86,87). 

Subjective dietary assessment methods vary in their focus, with some measuring habitual diet, 

assessing long-term dietary patterns, and others capturing acute or specific day intake, offering a 

detailed view of intake on a particular day(86,87). Subjective assessments include diverse 

methods, such as food frequency questionnaires (FFQ) to measure habitual diet. In FFQs, 

participants report how often they consume specific foods and beverages over a defined 

period(88,89). Another approach is 24-hour dietary recalls, where participants recall all foods and 

beverages consumed in the past day, providing a snapshot of their diet(86). Additionally, 

researchers employ food diaries, where participants meticulously record their daily food and drink 

intake for a specific duration (e.g., 3 days), offering detailed dietary insights(86). Databases play 

a crucial role in estimating dietary intake of (poly)phenols from foods collected through dietary 

assessment methods and their (poly)phenol content. Examples of reliable sources include the 

Phenol-Explorer(60) and the United States Department of Agriculture (USDA)(90) databases, 

which provide clear information on the flavonoid composition in different food and beverages. 

The Phenol-Explorer database, one of the most important and widely used, contains data on 502 

(poly)phenol glycosides, esters, and aglycones in 452 food items(60).  

While self-reported dietary data is susceptible to bias and tends to underreporting(91,92), and 

databases often provide limited information on food (poly)phenol content and factors affecting 

the (poly)phenol content of foods such as species, processing or storage(87), these data can be 

compared and improved with the use of objective methods. Biomarkers in biological samples, 

including plasma and urine, serve as valuable resources to measure (poly)phenol metabolites, 

providing insights into absorption, systemic circulation, and bioavailability(93).  Chemical 

analyses encompass a range of methodologies, starting with broad spectrophotometric approaches 

such as the Folin-Ciocalteu method, which measures total (poly)phenol content (94,95). 
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Progressing to more specific techniques, chromatography methods like high-performance liquid 

chromatography (HPLC), thin-layer chromatography (TLC) (96), and notably, liquid 

chromatography coupled to tandem mass spectrometry (LC-MS/MS) (97) are employed. LC-

MS/MS, in particular, stands out for its exceptional analytical power, achieving excellent results 

with low quantification limits(97). Reaching the highest level of specificity, metabolomics offers 

a comprehensive analysis of the entire metabolite set in a biological sample(98). This advanced 

approach provides a holistic view of the metabolic impacts of (poly)phenol consumption, 

encapsulating the investigative progression from general to highly detailed analytical 

techniques(98). Using biomarkers to measure dietary intake of (poly)phenols comes with 

limitations. One major challenge is the complexity of (poly)phenol metabolism, which can vary 

widely among individuals due to genetic differences, gut microbiota composition, and other 

metabolic factors(93). This variability can lead to discrepancies between actual intake and what 

is measured by biomarkers. Additionally, (poly)phenols undergo extensive transformations in the 

body, and the biomarkers often measure only specific metabolites, not reflecting the complete 

intake or the diversity of consumed (poly)phenols(93). Furthermore, the short half-life of many 

(poly)phenols means that biomarkers may only provide a snapshot of recent intake, missing the 

broader context of dietary habits(93). These limitations suggest that while biomarkers are a 

valuable tool for assessing (poly)phenol consumption, they should be used in conjunction with 

other dietary assessment methods to obtain a more comprehensive understanding of (poly)phenol 

intake(93,99). Integrating subjective dietary assessments with biomarker analysis can offer a 

broader view of (poly)phenol consumption, triangulating data to enhance the reliability and 

accuracy of findings(99).  

A very important aspect in nutrition epidemiological studies to ensure the accuracy and 

reproducibility of results is the validation of assessment methods(88,100,101). It involves 

assessing the performance of a method against a reference standard or established criteria. In 

(poly)phenol research, the validation of measurement methods is important to generate 
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trustworthy data, make meaningful comparisons across studies, and draw accurate conclusions 

about the impact of (poly)phenols in health(99,102). However, unlike other dietary components 

such as nitrogen, no gold standard biomarkers have been established for estimating (poly)phenol 

exposure(99). The Phenol-Explorer database used to estimate content of (poly)phenols in food 

items has undergone a validation process to ensure accuracy and reliability of its data(59,60,102). 

The validation included an extensive review of the scientific literature, standardization of the data 

as well as rigorous quality control measures to identify potential errors (e.g., cross-referencing 

data with multiple sources and applying statistical methods to identify outliers or discrepancies). 

In addition, it includes expert review, an update mechanism (the database is regularly revised and 

expanded), as well as user feedback and collaboration. This multifaceted approach ensures that 

the database is the best alternative to date as a resource of information(59,60,102). Figure 4 

provides a summary of the most common methods used to estimate dietary intake of 

(poly)phenols and highlights key considerations.  

Figure 4. Most common methods used to estimate dietary intake of (poly)phenols. 

 
DB: database; DR: dietary record; FFQ: food frequency questionnaire; 24HR: 24-hour dietary recall; LC/MS-MS: liquid chromatography 

tandem mass spectrometry; USDA: United States Department of Agriculture.  
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1.3. (Poly)phenols and Obesity 

There is a growing research interest in identifying (poly)phenolic compounds that exhibit potent 

efficacy with minimal side effects in the management of obesity. Different mechanistic studies 

have suggested or demonstrated several biological pathways by which (poly)phenols may act as 

protective compounds against obesity and obesity-related conditions(103–105). Some of these 

include lowering oxidative stress, inflammation, fatty storage, lipid oxidation, and endothelial 

dysfunction, and improving microbiota composition. In addition, different levels of evidence have 

suggested or demonstrated the inverse association that higher intake of (poly)phenols may have 

with different obesity-related parameters, such as BMI, WC, or body weight(106). The latest 

evidence on observational and clinical studies is presented below.  

1.3.1. Observational evidence 

Analysing the consumption of (poly)phenols in large populations is the first step to suggest 

possible associations with improvement of obesity and obesity-related diseases. The 

Mediterranean healthy eating, aging and lifestyle (MEAL) study cohort examined the link 

between habitual intake of dietary flavonoids and  obesity in ~ 2,000 adult participants from a 

Mediterranean area (southern Italy)(107). Participants with high intake of total flavonoids and 

flavonols resulted less likely to present obesity. Likewise, in around 13,000 participants from a 

French cohort, higher intakes of flavanones, flavones and lignans were inversely associated with 

6-year changes in BMI and WC(108). Three prospective cohorts from the US including more than 

124,000 participants observed that higher intake of foods rich in flavonols, flavan-3-ols, 

anthocyanins, and flavonoid polymers may contribute to BW maintenance after up to 24 years of 

follow-up(109). In a group of UK adults, mainly women (n~1,800), consumption of stilbenes and 

flavonoids was linked to lower odds of prevalent obesity, in part mediated by modulation of gut 

microbiome(110). These studies underscore the potential influence of consuming (poly)phenols 

in managing obesity. In the EPIC-PANACEA cohort, higher intakes of flavonoids and their 

subclasses were inversely associated with a modest body weight change, although the subclass 
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HCAs showed positive associations(111). A small number of studies have also objectively 

assessed intake of (poly)phenols through biological biomarkers. In the PREDIMED trial, for 

example, urinary (poly)phenol levels were inversely correlated with body weight and obesity, 

measured through BMI, WC and WHR, in an elderly population over 5 years(112). Another study 

assessed twenty-two (poly)phenol biomarkers in urine samples established and validated to 

effectively assess the habitual (poly)phenol intake in a population of Chinese adults. The levels 

of urinary (poly)phenol biomarkers, particularly those derived from gut microbial metabolites of 

(poly)phenols, showed an inverse association with overweight and obesity. The association was 

more pronounced in participants with inflammatory conditions, indicating the importance of 

maintaining high (poly)phenol biomarker levels or ensuring sufficient (poly)phenol intake in 

cases of obesity with chronic inflammation(113). 

1.3.2. Clinical evidence 

The association between the consumption of (poly)phenols and parameters associated with 

obesity has also been evaluated in numerous randomised controlled trials (RCTs). In such studies, 

the intake of (poly)phenols is frequently measured through the administration of supplements, 

capsules, or extracts derived from individual foods that contain specific classes, subclasses, or 

individual compounds. For example, capsules of berry extract containing anthocyanins(114); 

capsules of green tea extract rich in epigallocatechin-gallate and other catechins(115); tablets of 

pure trans-resveratrol(116); capsules of onion peel extract containing quercetin(117); or capsules 

of hydroxytyrosol from olives(118). A recent meta-analysis of human clinical trials included 40 

RCTs published between 2010 and 2021 that measured the effectiveness of (poly)phenols in 

obesity management(106). Authors concluded that consumption of (poly)phenols decreased BW, 

BMI, and WC. In addition, they highlighted that the most effective class for decreasing obesity-

related anthropometric measures was flavonoids. The synthesis of these findings underscores the 

potential role of (poly)phenols in obesity management. In contrast, a meta-analysis of RCTs 

examining the impact of (poly)phenol supplementation alongside calorie-restricted diets and/or 
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physical activity found that, while supplementation alone did not enhance weight or fat loss, 

isoflavone and soy products delivered additional anti-obesity effects in postmenopausal 

women(119). As we delve deeper in this thesis, subsequent sections will intend to provide a more 

comprehensive understanding of the complex interplay between (poly)phenols and obesity, 

through different levels of scientific evidence.  



 

 

 

2. Hypothesis and Objectives 
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2.1. Hypothesis  

(Poly)phenols are bioactive compounds prevalent in plant-based foods, renowned for their 

potential health benefits, especially regarding their antioxidant and anti-inflammatory properties. 

Experimental research has revealed that certain subclasses of (poly)phenols may also exhibit anti-

obesogenic effects, even though human studies in this area remain scarce. Consequently, this 

project proposes the following hypothesis: a diet rich in (poly)phenols is anticipated to be 

associated with enhanced body weight management or greater body weight loss, less adiposity, 

and improved cardiometabolic indicators. This proposal is supported by a wide range of scientific 

evidence, encompassing both observational and interventional studies in humans.   

2.2. Objectives 

The main objective of this investigation was to evaluate the association between exposure to 

dietary (poly)phenols and anthropometric parameters associated with obesity in adults.  

The specific objectives were: 

1. To investigate the prospective association between individual (poly)phenols and body 

weight changes during follow-up in a sub-cohort of the European Prospective 

Investigation into Cancer and Nutrition (EPIC). 

2. To investigate the prospective associations between plasma concentrations of 

(poly)phenols as biomarkers of their dietary intake, and body weight changes during 

follow-up in a sub sample of the EPIC cohort.  

3. To investigate the cross-sectional association between dietary intake of flavonoids and 

their subclasses, and adiposity-related parameters in the UK Fenland study. 

4. To formulate a dietary supplement based on the data obtained from the observational 

analyses and the available literature, including a combination of potentially beneficial 

(poly)phenols, to improve obesity markers in adults with severe obesity. 
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5. To design and conduct a double-blinded, placebo-controlled randomised trial to assess 

the effects of such supplement in combination with a hypocaloric diet on severe obesity 

markers.  



 

 

 

3. Material and Methods 
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3.1. Observational studies 

3.1.1. EPIC study 

The European Prospective Investigation into Cancer and Nutrition (EPIC) is a massive cohort 

study that spanned 10 European countries, including Denmark, France, Germany, Greece, Italy, 

Norway, Spain, Sweden, The Netherlands, and the United Kingdom, with 23 centres(121). It 

involved over half a million (521,000) participants and had a lengthy observational follow-up 

period of nearly 15 years, making it one of the largest and most extensive studies of its kind 

globally. EPIC aims to investigate the relationships between diet, nutritional status, lifestyle and 

environmental factors, and the incidence of cancer and other chronic diseases. Approval for this 

study was obtained from the ethical review boards of the International Agency for Research on 

Cancer (IARC) and from local institutions. The EPIC-Physical Activity, Nutrition, Alcohol, 

Cessation of Smoking, Eating out of home And obesity (EPIC-PANACEA) study is a sub-cohort 

of the EPIC that included participants with data on BW at baseline and follow up, making it 

possible to assess BW changes. It excluded pregnant women, participants with extreme or 

implausible diet values (extreme ratio of reported energy intake/energy requirement), with 

unreliable anthropometric measures (height<1.3 m, BMI<16.0 kg/m2, WC<40 or >160 cm, 

WC<60 cm & BMI>25 kg/m2), and without lifestyle information at baseline, as well as 

participants from Greece, leaving a total of 349,165 participants included in the sub-cohort.  

The EPIC cohort also allowed the conduction of nested case-control studies on different types of 

cancer. To assess plasma (poly)phenol concentrations, a convenient sample of cancer-free 

controls was selected from two EPIC nested case-control studies on colon and thyroid cancer 

(n=1,321)(122,123) with collection of plasma samples at baseline and available data on 

polyphenol concentrations. Participants with no plasma (poly)phenol measurements (n=430) and 

with no follow-up BW (n=73) were excluded. Also, data from Greece could not be included in 

these analyses (n=57). The final sample to assess the association between plasma (poly)phenols 

and BW change included 761 participants. Dietary intakes were estimated through validated FFQ 
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and the standardized EPIC Nutrient Database(124,125). To estimate (poly)phenol content, the 

Phenol-Explorer database was used(60). Plasma (poly)phenols were measured by a highly 

sensitive method based on differential isotope labelling with 12 and 13 C-dansyl chloride and an 

ultra-performance liquid chromatography–tandem mass spectrometry system (UPLC-MS/MS) 

with prior enzymatic hydrolysis(126). The explanatory variables assessed in the EPIC population 

included, firstly, dietary intake (mg/d) of 91 individual (poly)phenols. Secondly, plasma 

concentrations of 36 (poly)phenols (mmol/L). The outcome variable assessed in all EPIC analyses 

was BW change over 5 years. To calculate it, follow-up weight was subtracted from baseline 

weight. This result was then divided by years of follow up, and then multiplied by 5 (mean years 

of follow-up). Both individual dietary polyphenols (mg/d) and plasma biomarkers (mmol/L) 

underwent a log2 transformation to address right skewness. Baseline characteristics of population 

were stratified by quintiles (Q) of BW change (kg/5y) for dietary data (Q1 for loss, Q2 and Q3 

for maintenance, Q4 for moderate gain, and Q5 for gain). For plasma biomarkers, population 

characteristics were reported by categories of BW change: loss, maintenance, and gain. For both 

studies, correlations were evaluated among compounds and different (poly)phenol-rich dietary 

sources. Missing values were omitted for continuous variables and classified as unknown for 

categorical variables. To assess the association of both dietary and plasma compounds with BW 

change, general linear mixed models were applied, adjusting for predefined confounders. The 

relationship between plasma (poly)phenol concentrations and BW change was further examined 

using multinomial logistic regression models, treating BW change as a categorical variable (i.e., 

loss, maintenance, gain). Post-hoc analyses for the study with dietary (poly)phenols included 

estimation of compounds according to energy intake (EI), as well as a sensitivity analysis 

excluding misreporters of EI (according to Goldberg(127) cut-off points). In addition, interactions 

were explored for sex, baseline age, BMI, menopausal status, smoking status at follow-up, and 

tertiles of fibre intake. Another analysis was performed excluding participants with chronic 

diseases at baseline (diabetes, cancer, stroke, or myocardial infarction). Finally, to clarify the role 
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of some (poly)phenols from coffee in BW change, further analyses were performed with coffee 

consumers and non-consumers, as well as adding certain food groups often consumed with coffee 

as confounders in the final model (i.e. sugar, milk, confectionery, and cake intake). For the study 

with plasma (poly)phenols, a sensitivity analysis was performed excluding participants with 

chronic diseases at baseline. In addition, interactions were explored with sex, baseline age, and 

smoking status at follow-up. 

3.1.2.  Fenland study 

The Fenland Study, led by the MRC Epidemiology Unit from the University of Cambridge(128), 

is an on-going population-based cohort study designed to investigate the influence of lifestyle and 

genetic factors on the development of obesity, diabetes, and other metabolic disorders(129). 

Baseline measurements were conducted between 2005 and 2015 and included 12,435 participants, 

with a response rate of 27%. Eligible participants, born between 1950 and 1975, were invited 

from general practice lists in and around Cambridgeshire, in the East of England. Three locations 

were selected for recruitment and data collection: Cambridge, Ely, and Wisbech. Exclusion 

criteria included history of diabetes, psychotic or terminal illness, inability to walk unaided, and 

pregnancy or lactation. The Cambridge Local Ethics Committee approved the study, and all 

participants gave written informed consent. Participants underwent quantitative assessment of 

total and regional adiposity using ultrasound and DEXA scanning. In addition, key lifestyle 

determinants of metabolic disease were characterised objectively, such as free-living physical 

activity energy expenditure estimated by combined heart rate and movement sensing(129). The 

phase 1 of this study allowed evaluating cross-sectional relationships between different exposures 

and changes in metabolism. In addition, follow-up phases are being undertaken to be able to study 

these associations longitudinally(130). Dietary intakes were estimated using the FFQ EPIC Tool 

for Analysis (FETA)(131) that incorporates the standardized EPIC Nutrient Database(125). 

Specifically for flavonoid estimation, a food composition database for flavonoids that was based 

on US Department of Agriculture (USDA) databases was used(90). To assess cross-sectional 
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associations of flavonoid intake and adiposity parameters only participants classified as complete 

cases were included (n=11,568). The explanatory variable assessed in the Fenland study 

population was intake of total flavonoids, as well as flavonoid subclasses, including: flavanols 

(flavan-3-ol monomers, proanthocyanidins and theaflavins), anthocyanidins, flavonols, 

flavanones, flavones, and isoflavones. The outcome variables included different adiposity-

associated parameters: the gold standard measure DEXA for body fat percentage, visceral and 

subcutaneous abdominal fat thickness (VAT and SCAT, respectively), VAT:SCAT ratio, ABSI, 

and conventional indicators like BMI, WC, and WHR. All data was collected at baseline, and 

therefore the associations assessed were cross-sectional. Continuous dietary intake of total 

flavonoids as well as the subclasses were log2-transformed to improve right skewness. Baseline 

characteristics of population were stratified by quintiles of total flavonoid intake. Total flavonoid 

intake was also assessed as a categorical variable (quintiles of intake). Correlations were 

evaluated among flavonoids and different (poly)phenol-rich dietary sources. Missing values were 

omitted and therefore a complete case analysis was performed. The cross-sectional association of 

flavonoids and adiposity was assessed through robust linear regression models adjusted for 

confounders defined based on biological plausibility. Post-hoc analyses included a further 

adjustment for BMI for all outcomes except BMI and ABSI. BMI was not included in the main 

model due to its high correlation coefficients with other adiposity parameters (e.g., WC). In 

addition, compounds were estimated according to energy intake (EI), and a sensitivity analysis 

was performed excluding misreporters of EI (top and bottom 1%). Three additional analyses were 

conducted, excluding participants with specific clinical conditions: HbA1c > 48 mmol/mol or 

taking oral antidiabetic medication; total cholesterol > 5.5 mmol/L or taking lipid-lowering 

medication; and average blood pressure ≥ 140 (systolic) or ≥ 90 (diastolic) mmHg or taking anti-

hypertensive medication. Interactions were explored for sex, age, and smoking status. 
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3.2. Randomised-Controlled Trial 

A comprehensive description of the methodology for the RCT titled "Effects of a (poly)phenol-

rich supplement on anthropometric, biochemical, and inflammatory parameters in participants 

with morbid obesity" is presented below in the format of a scientific publication. Additionally, 

Figure 5 visually illustrates a schematic representation of the trial design. The study employs a 

rigorous double-blinded, placebo-controlled, and randomised design, constituting a superiority 

trial. Its primary objective is to assess whether combining a conventional weight-loss treatment 

(hypocaloric diet) with a (poly)phenol-rich dietary supplement demonstrates superiority over the 

conventional treatment alone.  

Figure 5. Schematic representation of the trial design. 

 

DCR: data collection record; IC: informed consent; PIS: participant information sheet. 124-hour recall and 3-day dietary record. 2Minnesota 

Leisure Time Physical Activity Questionnaire (Spanish shortened version)(132). 3Bioelectrical impedance analysis. 4Stool samples collected 

only at baseline and at week 12.  
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Effects of a (poly)phenol-rich supplement on anthropometric, biochemical, 
and inflammatory parameters in participants with morbid obesity: Study 
protocol for a randomised controlled trial 
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A R T I C L E  I N F O   
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A B S T R A C T   

Background: Morbid obesity (body mass index ≥40 kg/m2) represents a severe health risk and implies the need of 
urgent therapeutic action. (Poly)phenols may play a relevant role in the management of this disease modulating 
physiological and molecular pathways involved in energy metabolism and adiposity. The purpose of this double- 
blinded, placebo-controlled, randomised trial is to determine if (poly)phenol supplementation, in combination 
with a dietary intervention, can improve anthropometric and cardiometabolic parameters in participants with 
morbid obesity. 
Methods: Adults (n = 40) with morbid obesity, bariatric surgery candidates, will be recruited from the Bellvitge 
University Hospital, Spain, and randomly assigned (stratified by sex) to intervention (poly)phenol-rich supple-
ment 1,200 mg/day + hypocaloric diet) or control group (placebo + hypocaloric diet) for 12 weeks. The primary 
outcome is body weight. Secondary outcomes are: other anthropometric markers and body composition 
measured through standardized methods and a bioimpedance analysis, cardiometabolic and inflammatory bio-
markers, metabolic pathways, and gut microbiota diversity. Anthropometric parameters, dietary, physical ac-
tivity and lifestyle questionnaires, blood pressure, and blood and urine samples will be collected at baseline, 6 
weeks, and 12 weeks. Faecal samples will be collected at baseline and at 12 weeks. Informed consent of par-
ticipants will be obtained before the start of the study. 
Discussion:: The present study is expected to provide evidence on the effects of a combination of (poly)phenols on 
several well-established obesity and cardiometabolic markers, and to unravel possible underlying mechanisms by 
metabolomic analyses. Gut microbiota diversity will be considered as a potential future endpoint. The study will 
contribute to future strategies for prevention or treatment of obesity and related conditions.   

1. Introduction 

Obesity is a multifactorial disease defined as excess body fat accu-
mulation, with a body mass index (BMI) higher or equal to 30 kg/m2 [1]. 
It is considered to be one of the main risk factors for different chronic 
diseases such as type 2 diabetes, cardiovascular diseases and several 
types of cancer [2,3]. Worldwide, obesity has nearly tripled since 1975 
[4]. The World Health Organisation reported in 2016 that 13% of 

world’s adult population (aged 18 years and over) presented obesity [4]. 
In 2020, the European Health Survey estimated that about 16% of 
Spanish population presented obesity [5]. This condition is mainly a 
consequence of the high availability and consumption of low-nutritional 
quality and highly caloric foods, and the shift towards sedentary life-
styles [1]. Different health protection and promotion programmes have 
aimed to address this health problem. Unfortunately, the prevalence of 
obesity is reaching unprecedented levels, turning into one of the major 
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global public health problems [1]. Morbid obesity is defined as having a 
BMI ≥40 kg/m2 due to excess of body fat [6]. It is associated with 
several morbidities which are life-threatening, and indicates an urgent 
need of therapeutic action [6]. Body fat excess stimulates adipose tissue 
to release inflammatory mediators such as tumour necrosis factor alpha 
(TNF-α) and interleukin 6 (IL-6), and reduces the synthesis of adipo-
nectin increasing oxidative stress and leading to a pro-inflammatory 
state [7]. Systemic inflammation leads to higher risk of tissue damage 
and dysfunction, consequently increasing metabolic disorders and 
chronic diseases [7]. 

Traditionally, strategies to prevent or treat obesity have been focused 
on the intake of total energy, macro and micronutrients, or pharmaco-
logical and surgical interventions that tend to be expensive and invasive. 
Anti-obesity medications often deliver insufficient efficacy and dubious 
safety, and they mostly act as a complement to behaviour modifications 
[8]. A randomised clinical trials (RCTs) studying the effects of 
short-term anti-obesity medications alone (i.e., appetite suppressants) 
showed 5% weight reduction after 12 weeks versus placebo [9]. A recent 
meta-analysis of RCTs with serotonin receptor agonists (i.e., locarserin) 
provided for ≥1 year showed a modest improvement on body weight, 
but with loss of maintenance of weight reduction after a certain 
time-point. In addition, these types of anti-obesity medications can often 
be linked to neuropathies as they interfere with serotonin pathways 
[10]. As per surgical interventions, different interventional studies in 
participants with morbid obesity concluded that clinical significant 
weight loss and improvements in risk factors achieved with surgery can 
also be achieved with lifestyle interventions [11,12]. Although 
non-surgical interventions may result in weight regain, clinical signifi-
cant weight loss is possible when the conservative treatment is well 
planned and can be sustained in the long-term [13]. Recently, the use of 
functional foods and their bioactive compounds is considered a new 
approach in the management of obesity [14]. Several investigations 
have suggested that dietary components such as (poly)phenols may play 
a relevant role [14,15]. (Poly)phenols are bioactive phytochemicals that 
are widely present in plant-based foods [16]. Approximately 500 
different individual (poly)phenols have been identified and, according 
to their chemical structure, they can be classified as flavonoids, phenolic 
acids, stilbenes, lignans, and others [16]. In Europe, daily intake of these 
compounds has been estimated to be around 1 g, with phenolic acids and 
flavonoids representing the most abundant classes [17]. (Poly)phenols 
are partially absorbed in the small bowel, metabolized by phase I and II 
enzymes and excreted in the bile or urine [18]. Those that remain in the 
lumen are metabolized by the gut microbiota when they reach the colon, 
and their secondary metabolites (simple phenolic compounds) can be 
absorbed at this level [18]. Many studies on cellular and animal models 
have shown the anti-obesity effects of different (poly)phenols, such as 
lowering total energy intake, reducing fat and glucose uptake into adi-
pose tissue, and increasing caloric expenditure and glucose uptake into 
skeletal muscle [19]. Studies in humans indicated that (poly)phenols 
could reduce or maintain body weight [12–14]. Results from the 
Netherlands Cohort Study [20] suggested that flavonoid intake may 
contribute to body weight maintenance, particularly in female partici-
pants. Similarly, three cohort studies including US health professionals 
showed that higher intakes of flavonoid-rich foods contributed to body 
weight maintenance [21]. Results from the EPIC cohort (unpublished 
results) showed that several classes, subclasses and individual (poly) 
phenols, particularly flavonoids, were associated with prevention of 
body weight gain over 5 years. A systematic review of interventional 
studies observed a reduction in body weight of 1.5 kg over 12 weeks for 
several RCTs, adding (poly)phenol supplementation in participants with 
overweight or obesity compared to placebo [22]. A recent systematic 
review of RCTs evaluated the effect of (poly)phenol supplementation in 
combination with hypocaloric diets or physical activity interventions on 
body weight and obesity parameters [23]. It concluded that isoflavone 
supplementation together with weight-loss therapies, especially phys-
ical activity, may promote weight reduction, particularly in 

post-menopausal women. Associations between other phenolic com-
pounds and anthropometric parameters were not observed, but the 
majority of studies found protective changes in different parameters 
associated with obesity, such as insulin sensitivity and inflammatory 
biomarkers [23]. In light of this evidence, the hypothesis of the current 
RCT is that the addition of a (poly)phenol-rich supplement to a tradi-
tional body weight-loss treatment (hypocaloric diet) will favour weight 
loss and improve health parameters associated with obesity (e.g., lipid 
profile, inflammatory biomarkers, blood pressure, insulin resistance). 

2. Methodology 

2.1. Ethics and consent 

The present study has been approved by the Bellvitge University 
Hospital Ethics Committee. All protocol modifications will be reviewed 
and approved by the ethics board. Written and voluntary consent will be 
obtained from each participant prior to the beginning of the study. The 
trial has been registered at www.ClinicalTrials.gov (NCT05428540). 

2.2. Design, participants, and setting 

This study is a double-blinded, randomised, placebo-controlled trial 
that will be conducted at the Bellvitge University Hospital in the Bar-
celona area, Spain. Forty adult participants (≥18 y) with morbid obesity 
(BMI ≥40 kg/m2) referred to the Unit of Endocrinology and Nutrition of 
the hospital for a weight-loss treatment (in most of the cases prior to 
bariatric surgery), will be randomly assigned to an intervention or 
control group (n = 20 per arm). They will receive either a (poly)phenol- 
rich supplement (1,200 mg/day) or placebo, respectively, for 12 weeks, 
in combination with a hypocaloric diet. An overview of the study is 
presented in Fig. 1. To detail the study protocol, the Standard Protocol 
Items: Recommendations for Interventional Trials (SPIRIT) [24] 
checklist was used (Table 1). Any protocol amendments will be dis-
cussed by the ethics committee before their application. 

Before recruitment, a meeting with the medical staff from the Unit of 
Endocrinology and Nutrition will take place to widely discuss the aim, 
methodologies and technical aspects related to the development of this 
trial. After this meeting, the medical staff will start the assessment of 
potential participants and a detailed information sheet will be given to 
those plausible candidates meeting the inclusion criteria (see below). 
Candidates that demonstrate interest in the study will be given an 
informed consent reporting all the information on the intervention, and 
the protocol that they will be asked to undertake. Volunteers will be 
selected according to the inclusion and exclusion criteria (Table 2). Each 
participant enrolled will be assigned to an ID number and the encoding 
will be hidden to both the researchers involved in data collection and 
analysis, and the participants. All clinical and personal data of the 
participants will be collected and stored anonymously. The participants 
will be stratified by sex and randomly assigned to either supplement 
group (n = 20) or placebo group (n = 20). 

2.3. Intervention 

The trial duration will be 12 weeks. Each participant will attend 
three visits: baseline or visit 1 (V1, start of intervention), visit 2 after 6 
weeks (V2), and visit 3 after 12 weeks (V3, end of intervention). Infor-
mation regarding diet, physical activity, lifestyle factors, anthropo-
metric measurements, blood pressure, and blood and urine samples will 
be collected in the three visits. In visits 1 and 3, faecal samples will be 
also collected. Recruitment and visits will take place in an outpatient 
clinic at the Bellvitge University Hospital. Trained staff will carry out 
questionnaires and anthropometric measurements, and fasting blood 
samples collection. Participants will bring 24 h urine and faecal samples 
collected the day before each visit (faecal samples only V1 and V3). 
Blood samples will be analysed in the clinical laboratory from the 
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hospital. Urine and faecal samples will be stored in the ultra-freezers of 
the Unit of Nutrition and Cancer at IDIBELL. Urine samples will be 
analysed by the Nutritional Biomarkers and Metabolomics group from 
the University of Barcelona, Spain. Faecal samples will remain stored for 
future microbiota analyses. All data collected will be recorded on the 
Research Electronic Data Capture (REDCap) software platform [25]. 

The (poly)phenol-rich supplement selected for the present study is 
based on a combination of individual compounds commonly used in 
previous trials, such as green tea extract, or blueberry extract, that 
proved to be effective for improvement of obesity parameters [26–29]. 
In addition, the inclusion of compounds from typical (poly)phenol-rich 
foods characteristic of the Mediterranean dietary pattern, such as olive 
oil, fruit and vegetables (particularly citrus fruit and onions), red wine 
and grapes, and whole grain cereals [30] was also considered. An 

identification of the specific compounds was carried out, and the precise 
amounts were calculated to formulate the supplement taking into 
consideration safety and effective dosages. In addition, the ~1,000 mg a 
day mean intake of dietary (poly)phenols from the European population 
was considered to calculate the (poly)phenol supplementation [31]. 
Here, we aimed to double this amount by including 1,200 mg of extracts 
with ~850 mg of (poly)phenols. The Centre of Functional Food Research 
and Development (CIDAF by its Spanish initials, Granada, Spain) per-
formed the quality assessment of the raw material, evaluated the sta-
bility and purity of compounds, and developed both the supplement and 
the placebo capsules. 

2.3.1. Composition 
The supplement comprises seven different extracts: 400 mg of green 

tea extract (10% catechins and 75% epigallocatechin-gallate (EGCG)); 
200 mg of blueberry extract (50% anthocyanidins), 100 mg of olive leaf 

Fig. 1. Flow chart of the study design.  

Table 1 
Standard protocol items: recommendations for interventional studies (SPIRIT).   

Enrolment Visit 1 
(baseline) 

Visit 2 
(week 6) 

Visit 3 
(week 12) 

Eligibility screening X    
Informed consent X    
Information sheet X    
Capsules provision  X   
Hypocaloric diet 

explanation  
X   

Dietary, physical activity, and lifestyle assessment 
Lifestyle and backgrounds  X   
Physical Activity  X X X 
24-h Dietary Recall  X X X 
3-day Dietary Record  X X X 
Physical assessment 
Anthropometrics  X X X 
Bioimpedance  X X X 
Blood pressure  X X X 
Biochemical assessment 
Blood lipids and sugar  X X X 
Renal, hepatic, and 

thyroid function 
markers  

X X X 

Inflammatory biomarkers  X X X 
Metabolomics  X X X 
Microbiota composition  X  X  

Table 2 
Inclusion and exclusion criteria.  

Inclusion criteria Exclusion criteria 

Age ≥18 years. Record of type I diabetes mellitus. 
Body mass index ≥40 kg/m2. Endocrinopathy-related obesity. 
Derived to the Unit of Endocrinology 

and Nutrition (Bellvitge University 
Hospital) for a weight-loss treatment, 
in many cases prior to bariatric 
surgery. 

Severe infectious process that may affect 
the inflammatory state during the 4 
weeks prior to inclusion.  

Acute metabolic complications.  
Cardiovascular event in the 6 months 
prior to the study.  
History of liver disease.  
Pregnant, breastfeeding or wishing to be 
pregnant in the 12 weeks following 
inclusion.  
Recent history of neoplasia (<5 years) 
except skin cancer or melanoma.  
Use of oral or intravenous glucocorticoids 
for more than 14 consecutive days in the 
3 months prior to the study.  
Alcoholism, drug addiction, or major 
psychiatric disorder.  
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extract (20% hydroxytyrosol and derivates); 100 mg of rice bran extract 
(98% ferulic acid); 200 mg of citrus aurantium extract (50% hesperidin); 
100 mg of polygonum cuspidatum extract (100% resveratrol); and 100 mg 
of sophora japonica extract (70% quercetin dihydrate). 

Participants in the intervention group will take a 400 mg capsule 
three times per day with meals (breakfast, lunch and dinner), a total of 
1,200 mg of a combination of extracts (~830 mg (poly)phenols) a day. 
The placebo capsules consist of microcrystalline cellulose 101 (Avicel 
PH-101) and will be taken by the control group under the same condi-
tions as the intervention group. Both the supplement and the placebo are 
optically identical opaque bicoloured gelatine capsules to ensure the 
double-blind design. 

2.3.2. Bioavailability and safety of compounds 
The bioavailability of (poly)phenols in humans can be affected by a 

series of factors, including food availability, food processing related 
factors, food matrix, interaction with other compounds, host-related 
factors and (poly)phenol-related factors [32]. As to this last point, 
mechanistic studies reported that different (poly)phenols may present 
synergistic interactions when consumed together, enhancing their 
bioavailability and activity [33,34]. Absorption, digestion, metabolism 
and excretion among (poly)phenols might differ due to their structural 
diversity. The 7 compounds included in this supplement present het-
erogenic characteristics. Some of them with low molecular weight (e.g., 
ferulic acid) are easily absorbed through the gut barrier. In contrast, 
large molecular weight (poly)phenols (e.g., anthocyanidins) have a 
much lower direct absorption, but they can be partly absorbed in the 
colon as small phenolic acids after microbiota metabolization [35]. 
Bioavailability varies among the different subclasses, ranking from 
resveratrol (~75–90%) > tyrosols (~75%) > phenolic acids 
(~25–40%) > flavonols (~20–40%) > catechins (~15–40%) > flava-
nones (~8%) > anthocyanidins (~2%) [34,36–38]. 

To formulate this supplement, we reviewed studies in humans 
regarding safety and safe doses of the extracts and compounds chosen, as 
well as official reports from the European Food Safety Authority (EFSA) 
for specific compounds. All of the compounds selected for this supple-
ment are included in the European Botanical Databases: the BELFRIT list 
from Belgium, France and Italy [39]; the German Stoffliste [40]; and the 
EFSA Compendium [41]. There are EFSA Scientific Opinion reports that 
support the safety of green tea catechins, (poly)phenols from olives 
(hydroxytyrosol and derivates) and resveratrol for human consumption 
[42–44]. As per other compounds, i.e., anthocyanins from blueberries 
and citrus fruit flavonoids (including hesperidin), different interven-
tional studies in humans have reported safe doses or no adverse effects 
[45] [–] [47]. Ferulic acid has shown low levels of toxicity in animal 
models [48] and recent literature has linked this compound to low 
toxicity in humans [49]. As per quercetin, the Food and Drugs Admin-
istration determined that its use in different dietary products can be 
classified as Generally Recognized As Safe [50]. 

2.3.3. Hypocaloric diet 
Participants will take the capsules together with a hypocaloric diet, 

developed by dietitians/nutritionists from both the Bellvitge University 
Hospital and the Bellvitge Biomedical Research Institute (IDIBELL). It 
consists of a 1,200 kcal/d hypocaloric diet and includes a large variety of 
foods to ensure that all nutritional requirements are covered. Previous 
evidence supports that low-calorie diets start with a 4 to 12-week weight 
reduction phase and should be planned in order to set energy deficit 
using diet upon principles of balanced nutrition, proportion of nutrients 
and meal replacements to make it easier to return to habitual diets [51]. 
Here, participants will be given a printed guide with general dietary 
recommendations, food choices and portions to follow. Table 3 sum-
marises the hypocaloric dietary guide. 

2.4. Data collection 

2.4.1. General information 
During the baseline visit, participants’ personal and lifestyle data, 

and personal and family medical record will be collected through an 
initial questionnaire. 

2.4.2. Anthropometric measurements 
The primary outcome of this study is to assess the effect of the sup-

plement on body weight. Secondary outcomes include other anthropo-
metric parameters and body composition. In the three visits, body 
weight and body composition will be measured by trained staff using a 
highly accurate Multi Frequency Segmental Body Composition Analyser. 
Moreover, an ergonomic measuring tape will be used to collect data on 
waist and hip circumferences, and an integrated measuring rod will be 
used to measure height. 

2.4.3. Dietary intake assessment 
Data on food intake will be assessed using a 3-day dietary record that 

participants must have completed prior to each visit. In addition, a 24-h 
dietary recall will be carried out during each visit by a trained dietitian. 
To estimate nutritional intake, the Nutritional Calculation Programme 
(PCN) Pro 1.0 from the University of Barcelona [52] will be used. (Poly) 
phenol intake will be assessed using the Phenol-Explorer database [53], 
following the methodology used in the EPIC study [54]. 

2.4.4. Physical activity 
During the three visits, a trained dietitian will collect information on 

participants’ physical activity level through a shortened Spanish version 
of the Minnesota Leisure Time Physical Activity Questionnaire [55], 
including information on both leisure-time and occupational physical 
activity. 

Table 3 
Hypocaloric dietary guide: food groups and portions and general 
recommendations.  

Food group Portions/ 
day 

1 portion equivalent to (example) 

Carbohydrates 2  ⋅ 2 slices of wholemeal bread  
⋅ 4 tablespoons of brown rice/quinoa/ 

pasta (cooked) 
Proteins 2  ⋅ 4 tablespoons of pulses (cooked)  

⋅ 100 g tofu/chicken/fish  
⋅ 1 egg 

Fruits 2  ⋅ 1 piece standard size (apple, pear, 
banana)  

⋅ 2 pieces medium/small size (plum, 
kiwi)  

⋅ 1 glass of berries  
⋅ 1–2 slices of watermelon 

Vegetables 3  ⋅ ½ plate cooked vegetables  
⋅ 1 bowl raw vegetables  
⋅ 1 big size (aubergine, courgette)  
⋅ 2 small size (onion, tomato, carrot) 

Dairy/plant-based 
alternatives 

2  ⋅ 1 cup of milk/plant beverage (no 
added sugar)  

⋅ 1 small pot of yoghurt (no added 
sugar)  

⋅ 1 small pot of white cheese  
⋅ 2 slices of cheese 

Nuts and seeds 1  ⋅ 1 handful of nuts (no fried, no added 
salt/sugar)  

⋅ 3 whole walnuts  
⋅ 1 tablespoon of seeds 

Olive oil 2  ⋅ 1 tablespoon of extra virgin olive oil 

General recommendations. 
⋅ More: whole (less processed) food, and combination of natural colours and 
textures; home-made foods; safe water as main drink choice. 
⋅ Less: ultra-processed foods, added sugar and saturated fat, red and processed 
meat, alcohol and sweetened beverages. 
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2.4.5. Blood pressure 
During the three visits, both systolic and diastolic pressure will be 

measured to each participant by a trained dietitian, obtained in a 
resting, seated position using an OMRON HBP-1300 semi-automatic 
blood pressure monitor. 

2.4.6. Blood samples 
Fasting blood samples will be collected in the three visits. Trained 

nurses will extract 20 ml from the antecubital vein of each participant 
following standardized procedures. Samples will be stored and analysed 
in the clinical laboratory of the Bellvitge University Hospital. They will 
be centrifuged for 15 min at 5000 g, stored in two aliquots, and frozen at 
− 80 ◦C until analysis. Through these samples, we will measure meta-
bolic and functional markers [i.e., blood count, lipid profile, thyroid 
(thyroxine, thyrotropin), liver (transaminases) and renal (creatinine) 
function, glucose, insulin, homeostatic model assessment of insulin 
resistance (HOMA-IR), glycosylated haemoglobin, uric acid, and 
vitamin D) and inflammatory biomarkers (i.e., TNF-α receptor I and II, 
IL-6, adiponectin, and ultra-sensitive CPR]. 

2.4.7. Urine samples 
In the three visits, participants will bring a 24-h urine sample. Three 

aliquots (2 ml each) will be stored at − 80 ◦C in the ultra-freezers of the 
Unit of Nutrition and Cancer, IDIBELL. One aliquot will be used to 
measure cortisol in the clinical laboratory of the Bellvitge University 
Hospital, only for visit 1. Another aliquot will be used to perform a 
metabolomic analysis by the Nutritional Biomarkers and Metabolomics 
group from the University of Barcelona. About 500 metabolites (e.g., 
(poly)phenols and derived microbiota metabolites, organic acids, ener-
getic and protein metabolism compounds) will be quantified using ultra- 
high performance liquid chromatography coupled to tandem mass 
spectrometry (UHPLC-MS/MS). This will allow us to monitor metabolite 
alterations derived from the (poly)phenol-rich supplement and associate 
these changes with improvements in clinical and biochemical outcome 
measurements. 

2.4.8. Faeces samples 
Participants will bring a faecal sample in the first and third visit. 

These samples will be analysed in future microbiota studies. They will be 
kept stored at − 80 ◦C in the ultra-freezers of the Unit of Nutrition and 
Cancer at IDIBELL. 

2.5. Sample size, randomisation and statistics 

In the statistical power study, a minimum of 18 participants per arm 
will be needed to detect, with a study power of 0.85, a variation of 
5–10% in anthropometric and laboratory measurements, in a population 
with 10% standard deviation, assuming an alpha error of 0.05. 
Assuming a possible drop-out rate of 15%, the required sample size is 40, 
with equal number of participants in each group (n = 20). Participants 
will be randomly divided by using a computer random number gener-
ator, with an allocation ratio of 1:1 for intervention and control group. 
They will be stratified based on sex (male and female). Randomisation 
and allocation will be performed by the principal investigator of the trial 
and blinded to the participants and researchers involved in both data 
collection and analysis. Compliance will be assessed primarily through 
number of capsules left in the third visit – with a 75% of the capsules 
taken and a remaining of ≤25%. Secondarily, it will be assessed through 
the analysis of urinary poly(phenol) concentrations. Statistical analyses 
will be performed with R Software [56]. 

2.5.1. Intention-to-treat and per-protocol population 
The main analysis will be performed according to the intention-to- 

treat (ITT) principle. In the ITT analysis, all patients will be analysed 
according to their initially assigned study arm at baseline, regardless of 
the adherence to the study protocol. Participants who withdrew consent 

or participants with a protocol violation concerning eligibility will be 
excluded from the ITT analysis. Participants with missing baseline in-
formation or lost to follow-up (no outcome data available at any time 
point: visit 2 and 3) will be excluded from the ITT analysis. Differences 
in participant characteristics between those lost to follow-up and those 
included will be assessed. Participants without protocol violations and 
meeting the requirements of compliance will be included for a per- 
protocol (PP) analysis (Fig. 2). 

2.5.2. Superiority trial 
This trial is designed to evaluate if the addition of a (poly)phenol- 

rich supplement to a traditional weight-loss treatment (hypocaloric diet) 
is superior to the conventional treatment alone. 

2.5.3. Missing data 
Different methodologies will be assessed to deal with missing data. 

The definitive decision will be made depending on the type of missing 
data and the robustness of results. A priori, it is not expected that the 
number of missing exceeds 10%. 

2.5.4. Baseline characteristics 
Baseline information of included participants will be reported per 

randomisation group. The following characteristics will be presented: 
age, sex, lifestyle factors, anthropometric parameters, energy and food 
group intake, and biochemical and inflammatory biomarkers. Categor-
ical variables will be expressed as number and percentage of participants 
for each category. Continuous variables will be presented as mean ±
standard deviation in case of normal distribution, and as median and 
interquartile range in case of non-normal distribution. Normality will be 

Fig. 2. Participant inclusion for intention-to-treat (ITT) and per-protocol 
(PP) analysis. 
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assessed by plotting distributions and by the Kolmogorov-Smirnov test. 
Differences between baseline characteristics of both groups will be 
assessed by the chi-square test or t-test for independent samples. 

2.5.5. Outcome assessment 
To analyse the differences in outcome variables between the two 

groups, the independent samples t-test will be used. Here, outcome 
variables will be expressed as differences between baseline and follow- 
up values (e.g., body weight change after 12 weeks). Besides, to assess 
pre- and post-intervention differences, the paired t-test will be used. 

3. Discussion 

This study will aim to evaluate the effects of a (poly)phenol-rich 
supplement, in combination with a hypocaloric diet, on anthropometric 
parameters, and cardiometabolic and inflammation biomarkers, in 
participants with morbid obesity. Previous evidence supports the asso-
ciation between the intake of different (poly)phenols, included in our 
supplement, and the improvement of several obesity parameters. For 
example, a combination of EGCG and resveratrol showed effectiveness 
downregulating pathways related to energy metabolism, oxidative 
stress, inflammation and immune system in participants with over-
weight and obesity [57]. Moreover, human intervention studies have 
shown individual anti-obesity effects of several (poly)phenol-rich foods 
including citrus fruits, green tea, berries, apples, and onions [14]. This is 
in line with what we propose to investigate in the current RCT. The main 
novelty of this intervention is precisely the combination of compounds 
that have shown to be effective alone (such as green tea catechins or 
blueberry anthocyanins) [17–20] and those that are included in a 
Mediterranean dietary pattern (such as citrus flavonoids, whole grain 
phenolic compounds, grapes and red wine resveratrol, and olive oil 
tyrosol) [30]. A recent review of RCTs on the effect of (poly)phenol-rich 
supplements combined with traditional weight-loss strategies (hypo-
caloric diet and/or physical activity interventions) on body weight loss 
and other obesity anthropometric parameters, concluded that (poly) 
phenol supplementation is not yet supported as a complementary 
approach for enhancing the effectiveness of traditional strategies [23]. 
Thus, through this study we aim to provide further evidence on this topic 
but studying participants with morbid obesity, a population with more 
need for treatment but for which evidence is still very little. 

The sample size of this study has been calculated taking into account 
several assumptions, as mentioned above, to provide enough power to 
detect a mean difference in the primary outcome of 5–10% between the 
two groups. Sample size may be considered a limitation for some sec-
ondary outcomes and potential a posteriori subgroup analysis. Targeting 
bariatric surgery candidates with a BMI equal to or higher than 40 kg/ 
m2 may be a challenge when it comes to recruitment. Even so, this type 
of participant is often motivated and willing to participate, to have the 
opportunity to improve health, optimize quality of life, and lengthen 
lifespan [58,59]. Previous studies have reported that changes in body 
weight beginning at 2–5% can bring improvements in several associated 
risk factors [60,61]. Nonetheless, it should be bear in mind that weight 
loss per se should not be the only target, but general health improvement 
[61]. We will measure waist and hip circumference and therefore 
waist-to-hip ratio (WHR) as indicator of abdominal obesity and 
cardio-metabolic risk to provide a better assessment. In the EPIC study, a 
5 cm larger waist circumference was associated with a 17% and 13% 
higher risk of death among men among women, respectively [62]. 
Likewise, a 0.1 unit higher WHR was associated with a 34% more risk of 
mortality among men and 24% among women [62]. Another charac-
teristic that should be taken into consideration is that women are ex-
pected to outnumber men. In general, women tend to go through more 
frequent stigma experiences associated with body weight, often referred 
to negative beliefs/attitudes about the person, as well as perceived 
rejection, prejudice and discrimination (aroused from stereotypes and 
beliefs) [63]. In consequence, they are more likely to use weight loss 

programmes and strategies than men. Accordingly, despite not being a 
gender-based research, we will stratify randomisation by sex (female/-
male) in order to create a balance between groups. As per risks associ-
ated with the intervention, ethical issues have been considered and 
according to the nature of the intervention, no side-effects are expected. 
Every potential participant will be provided with detailed information 
about it and informed consent will be obtained prior to inclusion. A 
major strength of this trial is its design: double-blinded, randomised, 
parallel, and placebo-controlled which enables to establish causation 
with an improved credibility and minimising biases. Through this trial, 
we may detect moderate/small effects that may be clinically relevant in 
participants with morbid obesity. The effects of (poly)phenols are usu-
ally stronger when measured in participants with higher needs; there-
fore, including participants with morbid obesity might allow us to see 
effects that may not be relevant after 12 weeks if measured in partici-
pants with small overweight or without excess of body fat, such as 
changes in cardiometabolic and inflammatory biomarkers. As length of 
the trial will be 12 weeks, the risk of loss to follow-up is very low. 
Moreover, as participants will be bariatric surgery candidates, we expect 
that the majority will accomplish adherence; the results of this trial will 
not affect participants’ right to subsequently get the bariatric surgery 
according to medical opinion. This trial aims to be a pilot study that 
could open up new investigations. For example, it might be worth 
exploring their effectiveness in subjects with other degrees of over-
weight/obesity or in other outcomes, such as cardiovascular diseases or 
diabetes. Moreover, it could be interesting to test the efficacy of (poly) 
phenol-rich diets in future clinical nutrition research which could lead to 
enhancement of nutritional policies, as well as safer, more economic, 
and less aggressive approaches for morbid obesity treatment. 

4. Conclusion 

This study will evaluate the hypothesis that higher amounts of (poly) 
phenols could help reduce body fat, and therefore body weight, and lead 
to a cardiometabolic health improvement in participants with morbid 
obesity. Hence, this study will contribute to future strategies for pre-
vention or treatment of obesity and related conditions. 
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[8] T.D. Müller, M. Blüher, M.H. Tschöp, R.D. DiMarchi, Anti-obesity drug discovery: 
advances and challenges, Nat. Rev. Drug Discov. 21 (2022) 201–223, https://doi. 
org/10.1038/s41573-021-00337-8. 

[9] J.G. Kang, C.Y. Park, J.H. Kang, Y.W. Park, S.W. Park, Randomized controlled trial 
to investigate the effects of a newly developed formulation of phentermine diffuse- 
controlled release for obesity, Diabetes Obes. Metabol. 12 (2010) 876–882, https:// 
doi.org/10.1111/j.1463-1326.2010.01242.x. 

[10] A.K. Singh, R. Singh, Efficacy and safety of lorcaserin in obesity: a systematic 
review and meta-analysis of randomized controlled trials, Expet Rev. Clin. 
Pharmacol. 13 (2020) 183–190, https://doi.org/10.1080/ 
17512433.2020.1703109. 

[11] C. Martins, M. Strømmen, O.A. Stavne, R. Nossum, R. Mårvik, B. Kulseng, Bariatric 
surgery versus lifestyle interventions for morbid obesity - changes in body weight, 
risk factors and comorbidities at 1 year, Obes. Surg. 21 (2011) 841–849, https:// 
doi.org/10.1007/s11695-010-0131-1. 

[12] B. Øvrebø, M. Strømmen, B. Kulseng, C. Martins, Bariatric surgery versus lifestyle 
interventions for severe obesity: 5-year changes in body weight, risk factors and 
comorbidities, Clin. Obes. 7 (2017) 183–190, https://doi.org/10.1111/cob.12190. 

[13] J.W. Anderson, L. Grant, L. Gotthelf, L.T.P. Stifler, Weight loss and long-term 
follow-up of severely obese individuals treated with an intense behavioral 
program, Int. J. Obes. 31 (2007) 488–493, https://doi.org/10.1038/sj. 
ijo.0803423. 

[14] M. Boccellino, S. D’Angelo, Anti-obesity effects of polyphenol intake: current status 
and future possibilities, Int. J. Mol. Sci. 21 (2020) 1–24, https://doi.org/10.3390/ 
IJMS21165642. 

[15] S. Wang, N. Moustaid-Moussa, L. Chen, H. Mo, A. Shastri, R. Su, P. Bapat, I. 
S. Kwun, C.L. Shen, Novel insights of dietary polyphenols and obesity, J. Nutr. 
Biochem. 25 (2014) 1–18, https://doi.org/10.1016/j.jnutbio.2013.09.001. 

[16] R. Zamora-Ros, M. Touillaud, J.A. Rothwell, I. Romieu, A. Scalbert, Measuring 
exposure to the polyphenol metabolome in observational epidemiologic studies: 
current tools and applications and their limits, Am. J. Clin. Nutr. 100 (2014) 
11–26, https://doi.org/10.3945/AJCN.113.077743. 

[17] R. Zamora-Ros, V. Knaze, J.A. Rothwell, B. Hémon, A. Moskal, K. Overvad, 
A. Tjønneland, C. Kyrø, G. Fagherazzi, M.C. Boutron-Ruault, M. Touillaud, 
V. Katzke, T. Kühn, H. Boeing, J. Förster, A. Trichopoulou, E. Valanou, E. Peppa, 
D. Palli, C. Agnoli, F. Ricceri, R. Tumino, M.S. de Magistris, P.H.M. Peeters, H. Bas 
Bueno-De-Mesquita, D. Engeset, G. Skeie, A. Hjartåker, V. Menéndez, A. Agudo, 
E. Molina-Montes, J.M. Huerta, A. Barricarte, P. Amiano, E. Sonestedt, L. 
M. Nilsson, R. Landberg, T.J. Key, K.T. Khaw, N.J. Wareham, Y. Lu, N. Slimani, 
I. Romieu, E. Riboli, A. Scalbert, Dietary polyphenol intake in europe: the European 
prospective investigation into cancer and nutrition (EPIC) study, Eur. J. Nutr. 55 
(2016) 1359–1375, https://doi.org/10.1007/s00394-015-0950-x. 

[18] C. Manach, G. Williamson, C. Morand, A. Scalbert, C. Rémésy, Bioavailability and 
bioefficacy of polyphenols in humans. I. Review of 97 bioavailability studies, Am. 
J. Clin. Nutr. 81 (2005), https://doi.org/10.1093/ajcn/81.1.230s. 

[19] M. Meydani, S.T. Hasan, Dietary Polyphenols and Obesity, Nutrients. 2 (2010) 737, 
https://doi.org/10.3390/NU2070737. 

[20] L.A.E. Hughes, I.C.W. Arts, T. Ambergen, H.A.M. Brants, P.C. Dagnelie, R. 
A. Goldbohm, P.A. Van Den Brandt, M.P. Weijenberg, Higher dietary flavone, 
flavonol, and catechin intakes are associated with less of an increase in BMI over 
time in women: a longitudinal analysis from The Netherlands Cohort Study, Am. J. 
Clin. Nutr. 88 (2008) 1341–1352, https://doi.org/10.3945/ajcn.2008.26058. 

[21] M.L. Bertoia, E.B. Rimm, K.J. Mukamal, F.B. Hu, W.C. Willett, A. Cassidy, Dietary 
flavonoid intake and weight maintenance: three prospective cohorts of 124 086 US 
men and women followed for up to 24 years, BMJ (2016) 352, https://doi.org/ 
10.1136/bmj.i17. 

[22] G. Farhat, S. Drummond, E.A.S. Al-Dujaili, Polyphenols and their role in obesity 
management: a systematic review of randomized clinical trials, Phyther. Res. 31 
(2017) 1005–1018, https://doi.org/10.1002/ptr.5830. 

[23] F. Llaha, R. Zamora-Ros, The effects of polyphenol supplementation in addition to 
calorie restricted diets and/or physical activity on body composition parameters: a 
systematic review of randomized trials, Front. Nutr. (2020) 84, https://doi.org/ 
10.3389/FNUT.2020.00084, 0. 

[24] A.W. Chan, J.M. Tetzlaff, P.C. Gøtzsche, D.G. Altman, H. Mann, J.A. Berlin, 
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[33] E. Brglez Mojzer, M. Knez Hrnčič, M. Škerget, Ž. Knez, U. Bren, Polyphenols: 
extraction methods, antioxidative action, bioavailability and anticarcinogenic 
effects, Molecules 21 (2016), https://doi.org/10.3390/molecules21070901. 

[34] C. Di Lorenzo, F. Colombo, S. Biella, C. Stockley, P. Restani, Polyphenols and 
human health: the role of bioavailability, Nutrients 13 (2021) 1–30, https://doi. 
org/10.3390/NU13010273. 

M. Gil-Lespinard et al.                                                                                                                                                                                                                         

https://www.who.int/health-topics/obesity#tab=tab_2
https://www.who.int/health-topics/obesity#tab=tab_2
https://doi.org/10.1016/j.ypmed.2008.01.023
https://doi.org/10.1016/j.ypmed.2008.01.023
https://doi.org/10.1146/annurev.med.080708.082713
https://doi.org/10.1146/annurev.med.080708.082713
https://www.who.int/health-topics/obesity#tab=tab_2
https://www.ine.es/en/index.htm
https://www.ncbi.nlm.nih.gov/mesh?Db=mesh&amp;Cmd=DetailsSearch&amp;Term=%22Obesity,+Morbid%22%5BMeSH+Terms%5D
https://www.ncbi.nlm.nih.gov/mesh?Db=mesh&amp;Cmd=DetailsSearch&amp;Term=%22Obesity,+Morbid%22%5BMeSH+Terms%5D
https://www.ncbi.nlm.nih.gov/mesh?Db=mesh&amp;Cmd=DetailsSearch&amp;Term=%22Obesity,+Morbid%22%5BMeSH+Terms%5D
https://doi.org/10.5114/aoms.2016.58928
https://doi.org/10.1038/s41573-021-00337-8
https://doi.org/10.1038/s41573-021-00337-8
https://doi.org/10.1111/j.1463-1326.2010.01242.x
https://doi.org/10.1111/j.1463-1326.2010.01242.x
https://doi.org/10.1080/17512433.2020.1703109
https://doi.org/10.1080/17512433.2020.1703109
https://doi.org/10.1007/s11695-010-0131-1
https://doi.org/10.1007/s11695-010-0131-1
https://doi.org/10.1111/cob.12190
https://doi.org/10.1038/sj.ijo.0803423
https://doi.org/10.1038/sj.ijo.0803423
https://doi.org/10.3390/IJMS21165642
https://doi.org/10.3390/IJMS21165642
https://doi.org/10.1016/j.jnutbio.2013.09.001
https://doi.org/10.3945/AJCN.113.077743
https://doi.org/10.1007/s00394-015-0950-x
https://doi.org/10.1093/ajcn/81.1.230s
https://doi.org/10.3390/NU2070737
https://doi.org/10.3945/ajcn.2008.26058
https://doi.org/10.1136/bmj.i17
https://doi.org/10.1136/bmj.i17
https://doi.org/10.1002/ptr.5830
https://doi.org/10.3389/FNUT.2020.00084
https://doi.org/10.3389/FNUT.2020.00084
https://doi.org/10.1136/BMJ.E7586
https://doi.org/10.1016/J.JBI.2019.103208
https://doi.org/10.1016/J.NUTRES.2018.03.012
https://doi.org/10.1016/J.CLNU.2008.03.007
https://doi.org/10.1016/J.CLNU.2008.03.007
https://doi.org/10.3945/JN.114.205674
https://doi.org/10.3945/JN.114.205674
https://doi.org/10.3945/JN.110.125336
https://doi.org/10.3390/NU10101523
https://doi.org/10.1007/s00394-015-0950-x
https://doi.org/10.3390/ijms11041321
https://doi.org/10.3390/molecules21070901
https://doi.org/10.3390/NU13010273
https://doi.org/10.3390/NU13010273


Contemporary Clinical Trials Communications 30 (2022) 101034

8

[35] A. Scalbert, C. Morand, C. Manach, C. Rémésy, Absorption and metabolism of 
polyphenols in the gut and impact on health, Biomed. Pharmacother. 56 (2002) 
276–282, https://doi.org/10.1016/S0753-3322(02)00205-6. 

[36] C. Manach, G. Williamson, C. Morand, A. Scalbert, C. Rémésy, Bioavailability and 
bioefficacy of polyphenols in humans. I. Review of 97 bioavailability studies, Am. 
J. Clin. Nutr. 81 (2005), https://doi.org/10.1093/ajcn/81.1.230s. 

[37] M. Robles-Almazan, M. Pulido-Moran, J. Moreno-Fernandez, C. Ramirez-Tortosa, 
C. Rodriguez-Garcia, J.L. Quiles, Mc Ramirez-Tortosa, Hydroxytyrosol: 
bioavailability, toxicity, and clinical applications, Food Res. Int. 105 (2018) 
654–667, https://doi.org/10.1016/j.foodres.2017.11.053. 

[38] C.H. Cottart, V. Nivet-Antoine, C. Laguillier-Morizot, J.L. Beaudeux, Resveratrol 
bioavailability and toxicity in humans, Mol. Nutr. Food Res. 54 (2010) 7–16, 
https://doi.org/10.1002/mnfr.200900437. 

[39] Search the Database - European Commission, (n.d.). https://ec.europa.eu/growt 
h/tools-databases/tris/en/search/?trisaction=search.detail&year=2017 
&num=276 (accessed October 11, 2022). 

[40] Federal Office of Consumer Protection and Food Safety - (BVL), List of Substances 
of the Competent Federal Government and Federal State Authorities, 2014, 
https://doi.org/10.1007/978-3-319-10732-5. 

[41] Compendium of botanicals reported to contain naturally occurring substances of 
possible concern for human health when used in food and food supplements, EFSA 
J. 10 (2012), https://doi.org/10.2903/j.efsa.2012.2663. 

[42] M. Younes, P. Aggett, F. Aguilar, R. Crebelli, B. Dusemund, M. Filipič, M.J. Frutos, 
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P. Moldeus, A. Mortensen, A. Oskarsson, I. Stankovic, I. Waalkens-Berendsen, R. 
A. Woutersen, R.J. Andrade, C. Fortes, P. Mosesso, P. Restani, D. Arcella, F. Pizzo, 
C. Smeraldi, M. Wright, Scientific opinion on the safety of green tea catechins, 
EFSA J. 16 (2018), https://doi.org/10.2903/J.EFSA.2018.5239. 

[43] N. and A. (NDA), EFSA Panel on Dietetic Products, Scientific Opinion on the 
substantiation of health claims related to polyphenols in olive and protection of 
LDL particles from oxidative damage (ID 1333, 1638, 1639, 1696, 2865), 
maintenance of normal blood HDL cholesterol concentrations (ID 1639), mainte, 
EFSA J. 9 (2011), https://doi.org/10.2903/j.efsa.2011.2033. 

[44] Safety of synthetic trans-resveratrol as a novel food pursuant to Regulation (EC) No 
258/97, EFSA J. 14 (2016), https://doi.org/10.2903/J.EFSA.2016.4368. 

[45] M.F. Carvalho, A.B.A. Lucca, V.R. Ribeiro e Silva, L.R. de Macedo, M. Silva, 
Blueberry intervention improves metabolic syndrome risk factors: systematic 
review and meta-analysis, Nutr. Res. 91 (2021) 67–80, https://doi.org/10.1016/J. 
NUTRES.2021.04.006. 

[46] M. Cheraghpour, H. Imani, S. Ommi, S.M. Alavian, E. Karimi-Shahrbabak, 
M. Hedayati, Z. Yari, A. Hekmatdoost, Hesperidin improves hepatic steatosis, 
hepatic enzymes, and metabolic and inflammatory parameters in patients with 
nonalcoholic fatty liver disease: a randomized, placebo-controlled, double-blind 
clinical trial, Phytother Res. 33 (2019) 2118–2125, https://doi.org/10.1002/ 
PTR.6406. 

[47] A. Garg, S. Garg, L.J.D. Zaneveld, A.K. Singla, Chemistry and pharmacology of the 
Citrus bioflavonoid hesperidin, Phytother Res. 15 (2001) 655–669, https://doi. 
org/10.1002/PTR.1074. 

[48] C. Mancuso, R. Santangelo, Ferulic acid: pharmacological and toxicological 
aspects, Food Chem. Toxicol. 65 (2014) 185–195, https://doi.org/10.1016/J. 
FCT.2013.12.024. 
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3.3. Statistical Analyses 

The statistical analyses conducted for this research are reflected in each of the manuscripts 

included in the results section. Here, a summary of the methodology is presented. 

In the EPIC study, to assess the associations of both dietary and plasma (poly)phenols with body 

weight change, multilevel mixed linear regression models with random effects on the intercept 

were performed. EPIC centres were taken as random effects to control for differences in follow-

up procedures and questionnaire designs among centres. To evaluate associations between plasma 

(poly)phenols and body weight change, multinomial logistic regression models, using change in 

BW as a categorical variable (BW loss, maintenance, gain) were also performed.  

In the Fenland study, to examine the cross-sectional associations between flavonoid intake and 

adiposity, robust multiple linear regression was used, minimizing the impact of outliers.  

For both EPIC and Fenland studies, (poly)phenols were log2-transformed due to their right 

skewness, therefore results were presented as beta values for doubling the intake. The initial 

probability of false positive findings was set at 5%. However, given the number of tests 

conducted, a correction for multiple comparisons was applied using the false discovery rate (FDR) 

and all associations were considered significant if they surpassed this correction (FDR q<0.05). 

All statistical analyses were conducted using R (RStudio 2022.07.2)(120).  

For the randomised clinical trial, a minimum of 34 participants was needed to detect, with a study 

power of 0.85, a variation of 5-10% in anthropometric and laboratory measurements, assuming 

an alpha error of 0.05. Assuming a possible drop-out rate of 15%, the required sample size was 

40, with equal number of participants in each group (n = 20). Participants were randomly divided 

with an allocation ratio of 1:1 for intervention and control group. They were stratified based on 

sex (male and female). Randomisation and allocation were blinded to the participants and 

researchers involved in both data collection and analysis. Compliance was assessed primarily 

through number of capsules left in the third visit – with a 75% of the capsules taken and a 
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remaining of ≤25%. The main analysis will be performed according to the intention-to-treat (ITT) 

principle. Participants without protocol violations and meeting the requirements of compliance 

will be included for a per-protocol (PP) analysis. 
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In this section, the manuscripts related to objectives 1, 2, and 3 will be presented. The first 

manuscript from the EPIC is in the form of scientific publication. The second one is currently 

accepted, in press. Additionally, the manuscript for the Fenland study is in the process of 

preparation for submission to a journal.  
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4.1. Manuscript 2: Dietary intake of 91 individual polyphenols and 5-year body weight 

change in the EPIC-PANACEA cohort. 

Gil-Lespinard M, Castañeda J, Almanza-Aguilera E, Gómez JH, Tjønneland A, Kyrø C, et al. 

Dietary intake of 91 individual polyphenols and 5-year body weight change in the EPIC-

PANACEA cohort. Antioxidants [Internet]. 2022 Dec 8;11(12):2425. Available from: 

https://doi.org/10.3390/antiox11122425  

Impact Factor: 7.0  

Category: Biochemistry & Molecular Biology. Q1 46/285 

Category: Chemistry, Medicinal. Q1 6/60 

This work has been presented as communications at: 

 The 6th Edition IDIBELL PhD Day, held on October 22, 2021, at the Bellvitge 

Biomedical Research Institute in L'Hospitalet de Llobregat, Spain, in the form of poster. 

 The Scientific Session of the Cancer Epidemiology Research Programme, held on 

February 14, 2022, at the Bellvitge Biomedical Research Institute in L'Hospitalet de 

Llobregat, Spain, in the form of oral communication. 

 The 8th Edition IDIBELL PhD Day, held on November 10, 2023, at the Bellvitge 
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communication as part of the talk ‘Impact of (Poly)phenols on Body Weight and 
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Communication. 
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Abstract: Polyphenols are bioactive compounds from plants with antioxidant properties that may
have a protective role against body weight gain, with adipose tissue and systemic oxidative stress
as potential targets. We aimed to investigate the dietary intake of individual polyphenols and their
association with 5-year body weight change in a sub-cohort of the European Prospective Investigation
into Cancer and Nutrition (EPIC). This study included 349,165 adult participants from nine European
countries. Polyphenol intake was estimated through country-specific validated dietary questionnaires
and the Phenol-Explorer database. Body weight was obtained at recruitment and after a mean follow-
up time of 5 years. Associations were estimated using multilevel mixed linear regression models.
From 91 polyphenols included, the majority (n = 67) were inversely associated with 5-year body
weight change after FDR-correction (q < 0.05). The greatest inverse associations were observed
for quercetin 3-O-rhamnoside (change in weight for doubling in intake: −0.071 (95% CI: −0.085;
−0.056) kg/5 years). Only 13 polyphenols showed positive associations with body weight gain,
mainly from the subclass hydroxycinnamic acids (HCAs) with coffee as the main dietary source,
such as 4-caffeoylquinic acid (0.029 (95% CI: 0.021; 0.038) kg/5 years). Individual polyphenols with
fruit, tea, cocoa and whole grain cereals as the main dietary sources may contribute to body weight
maintenance in adults. Individual HCAs may have different roles in body weight change depending
on their dietary source.

Keywords: polyphenol; intake; body weight; obesity; cohort; EPIC

1. Introduction

Different studies have suggested that polyphenols, bioactive compounds from plants
with antioxidant and anti-inflammatory properties, may play a protective role against
obesity with adipose tissue and systemic oxidative stress as possible therapeutic targets [1,2].
Excessive production of reactive oxygen species (ROS) leads to oxidative stress which
may generate lipid, protein, and DNA damage, inflammation, and alterations in energy
homeostasis, as well as promoting adipocyte differentiation and adipogenesis associated
with obesity development [2,3]. Approximately 500 individual polyphenols have been
identified in the habitual human diet so far, in commonly and regularly consumed plant-
based foods, such as fruits, coffee and tea, vegetables, cocoa, or whole grain cereals [4].
Depending on their chemical structure, they can be classified as flavonoids, phenolic acids,
stilbenes, lignans, and others [5]. Bioavailability and bio-efficacy differs greatly from
one polyphenol to another [6]. Thus, the most abundant polyphenols in our diet are not
necessarily those leading to the highest concentrations in the target tissues or the most
active ones [6].

Evidence on the link between polyphenols and body weight in humans is not clear,
in part due to the heterogeneity between studies (design, populations, and supplements,
among others) [7]. Previous observational studies have reported data on polyphenol intake
and different anthropometric parameters (i.e., body mass index, waist circumference, and
body weight change), mainly studying classes and subclasses. In general, higher intake of
polyphenols have been associated with a lesser increase in those parameters. A longitudinal
study from the Netherlands reported an inverse association between flavonoid intake and
body mass index (BMI) in women [8]. Similarly, a Mediterranean cohort study showed
that a higher dietary intake of flavonoids were significantly associated with lower body
weight and obesity [9]. The SU.VI.MAX study also reported inverse associations between
different flavonoid subclasses (flavanones, flavones), lignans and BMI [10]. They have also
shown that those polyphenols, hydroxycinnamic acids (HCAs) and total polyphenols were
inversely associated with waist circumference. In a previous investigation, we evaluated
associations between the intake of total polyphenols, classes and subclasses, and body
weight change in the EPIC-PANACEA cohort [11]. In this previous study, higher intake of
flavonoids was inversely associated with body weight change. Conversely, HCAs were the
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main contributors to total phenolic acids and total polyphenols, all of which were positively
associated with body weight gain.

In general, individual polyphenols have been analysed in mechanistic studies that
have shown how compounds even from the same class might act differently, or in inter-
ventional studies in humans mostly studying different doses of a single compound. For
example, catechins, major tea and cocoa polyphenols could be potentially relevant for the
prevention of body weight gain and could promote anti-obesity mechanisms, including
control of adipocyte differentiation and lipid oxidation and modulation of human gut
microbiota [2,12]. Likewise, epigallocatechin from green tea showed effectiveness on body
fat and weight reduction in human trials [13]. A review on the relationship between dietary
polyphenols from the Mediterranean diet and obesity highlighted the role of several indi-
vidual compounds, including epigallocatechin gallate, hydroxytyrosol and resveratrol, in
molecular mechanisms associated with obesity [7]. However, evidence on other different in-
dividual polyphenols and body weight and obesity in humans and from population-based
studies is limited.

The current study aimed to delve deeper into the relationships between polyphenols
and body weight control, focusing on polyphenols individually.

2. Materials and Methods
2.1. Population

The European Prospective Investigation into Cancer and Nutrition (EPIC) is a multi-
centre cohort including ~521,000 men and women from 10 Western European countries
with 23 centres, recruited between 1992 and 2000, mainly from the general population.
Details of the recruitment and study design have been published previously [14]. The
Physical Activity, Nutrition, Alcohol, Cessation of smoking, Eating out of home in relation
to Anthropometry (PANACEA) project is a sub-cohort of the EPIC study, where body
weight was collected at baseline and at one follow-up (between 2–11 years after the re-
cruitment), making it possible to investigate body weight changes [15]. For the present
study we excluded pregnant women, participants with extreme or implausible diet values,
with unreliable anthropometric measures, and without lifestyle information at baseline
(n = 23,713). We also excluded participants with missing body weight values at follow-up
(n = 121,866) and with extreme/implausible values for annual weight change (≤−5 or
>5 kg/year) or body mass index (BMI) (<16 kg/m2) at follow-up (n = 2066). Finally, data
from Greece was not available for the current study (n = 24,638). The final analyses included
349,165 participants (Figure S1).

2.2. Dietary Data

At baseline, validated country/centre specific dietary questionnaires were used to
collect dietary data regarding the previous year [16]. The standardized EPIC Nutrient
Database [17] was used to estimate total energy and nutrient intake. Dietary intake of
polyphenols was estimated using the Phenol-Explorer database [18], where more than
500 individual polyphenols have been included from over 400 different dietary sources,
considering the effects of food processing and cooking. Further details were described
previously [19].

2.3. Anthropometric Characteristics and Body Weight Change

Two weight measures were available for each participant: one at baseline and one at
follow-up. At baseline, anthropometric characteristics were mostly measured by trained
specialists using standardized methods [20]. The body weight and height of participants
were measured at baseline in most centres, with participants wearing no shoes. The
exceptions were the centres from France, Oxford (UK) and Norway, where baseline weight
and height were self-reported. At follow-up body weight was mostly self-reported; it was
measured only in participants from Doetinchen (the Netherlands) and Cambridge (UK) [20].
Assessment of self-reported weight was conducted through mailed questionnaires, with
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several exceptions: Spain completed the questionnaire on the phone and Varese used a
combination of postal surveys and telephone interviews [21]. The accuracy of self-reported
body weight was improved with prediction equations derived from participants from
EPIC-Oxford where body weight at baseline was both measured and self-reported [20].
To calculate body weight change, baseline weight was subtracted from follow-up weight,
divided by follow-up years to obtain annual weight change and multiplied by 5 to obtain
body weight change over 5 years.

2.4. Other Covariates

A broad spectrum of sociodemographic, lifestyle, and clinical characteristics were col-
lected through standardized questionnaires [14] at baseline. Physical activity was collected
through the validated EPIC-Physical Activity Questionnaire [22] and classified using the
Cambridge index [23]. Smoking status was collected at both baseline and follow-up.

2.5. Statistical Analysis

Dietary data on 419 individual polyphenols were available for this study. For inclusion
in the analysis, a cut-off point was made for polyphenols for which over 50% of the study
participants were consumers and with a mean intake ≥ 1 mg/d. A total of 91 individual
polyphenols met these criteria and were analysed as continuous variables. To improve
right skewness, polyphenol data was log2-transformed, meaning that one unit increase
corresponded to a doubling in the intake. To manage very small intakes, values below
0.0001 mg/d were transformed into zero. Then, half the minimum intake of the corre-
sponding polyphenol was added to each zero value. Pearson’s correlation coefficients were
calculated between polyphenols and were considered strong when r ≥ 0.8. Correlated
polyphenols were clustered in groups. From each group, those individual polyphenols
presenting the strongest correlations and the highest median intake were selected (on behalf
of the others) for the final analysis. Main food sources were selected from our previous
EPIC study, where dietary data at baseline were linked to the Phenol-Explorer database [24].
Distributions of participants’ characteristics were calculated according to quintiles of body
weight change over 5 years, with quintiles 2 and 3 as reference categories (i.e., maintenance,
range −2.23 to 1.77 kg/5 years). We performed multilevel mixed linear regression models
with random effects on the intercept. EPIC centres were taken as random effects to control
for differences in follow-up procedures and questionnaire designs among centres. ANOVA
and Akaike’s information criterion were used to verify their design. Model assumptions
were checked visually by plotting residuals. Missing values were classified as unknown for
categorical variables and omitted (n = 225) for continuous variables. Restricted cubic splines
were used to evaluate linearity of the associations for continuous covariates. Baseline BMI
and follow-up years showed a non-linear relationship with body weight change over
5 years. Thus, splines with 3 knots (percentile 10, 50 and 90) were included as covariates
for these two variables. Knot positions were determined using the Harrell criteria [25].
We fitted several multivariable-adjusted models that controlled for potential confounders
selected a priori, based on previous clinical and epidemiological evidence [26–30]. Model 1
was adjusted for sex, age, and BMI (at baseline). Model 2 was further adjusted for follow-up
years, smoking status at follow-up, physical activity, education level, alcohol consumption,
and menopausal status. Model 3 was additionally adjusted for energy intake and plausibil-
ity of energy intake reporting. The latter included three categories according to the ratio of
reported energy intake to predicted basal metabolic rate (EI:BRM): under (EI:BMR < 1.14),
plausible (1.14 to 2.1) and over reporters (>2.1), with the use of cut-off points proposed
by Goldberg [31]. Finally, we fitted another fourth model adjusted for dietary factors as a
proxy of diet quality: vitamin C and fibre intake. An additional analysis for model 4 was
performed estimating polyphenols according to energy density. We divided polyphenols
by energy intake and multiplied by 2000 (average daily caloric consumption for adults).
Interactions were explored between individual polyphenols and different variables that
have been shown to influence body weight changes [32–35]: sex (male vs. female), age
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(< vs. ≥50 years), BMI categories (underweight, normal weight, overweight, obesity),
menopausal status (pre-, post-, and peri-menopausal), smoking status at follow-up (never,
former, current), and tertiles of fibre intake, in relation to body weight change. To explore
interactions for both fibre and BMI, the categorical variable was added to model 4 (ter-
tiles of fibre intake and BMI categories (underweight, normal weight, overweight, and
obesity)). p values for interactions were calculated using the likelihood ratio test. Sensi-
tivity analyses were performed excluding participants with chronic diseases at baseline
(diabetes, cancer, stroke and/or myocardial infarction, n = 57,617), or with self-reported
body weight at follow-up (n = 320,512). Further analyses were performed with coffee
consumers and non-consumers to clarify the role of some polyphenols from coffee in body
weight change. For these polyphenols in particular, in secondary analyses, model 4 was
further adjusted for sugar, milk, confectionery, and cake intake. Coffee is often consumed
together with these foods [36–38] which have been shown to increase calorie intake and
have therefore been suggested to increase risk of body weight gain when chosen over
healthier alternatives [37,39]. The false discovery rate (FDR) was computed to control for
multiple comparisons. Differences were considered statistically significant at FDR q < 0.05.
Statistical analyses were performed with R Statistical Software [40] (version 1.3.1093) using
the LmerTest package [41].

3. Results

In total, 349,165 participants were included in this investigation, with female partici-
pants constituting 73.2% of the sample. Mean age (years) at recruitment was 51.7 (SD = 9.1);
mean years of follow-up was 5.1 (2.3) and mean body weight change (kg) over 5 years was
2.6 (5.0). Table 1 shows the distribution of characteristics by quintiles of 5-year body weight
change for the total population. The majority of polyphenols were consumed by more than
90% of the population (75 out of 91). The most consumed polyphenols were those from
coffee (4-caffeoylquinic acid, median intake: 113 mg/d; 5-feruloylquinic acid: 22 mg/d; and
4-feruloylquinic acid: 16 mg/d), and ferulic acid (22 mg/d), mainly present in whole grain
cereals (Tables 2 and S1). These were followed by hesperidin (16 mg/d) mainly present
in citrus fruits and (+)-catechin (11 mg/d), mostly present in cocoa and tea. The highest
level of non-consumers was observed for sanguiin H-6, a polyphenol widely present in
raspberries (non-consumers = 48.6%), followed by some polyphenols present in black
tea, such as theaflavin, or kaempferol and quercetin 3-O-glucosyl-rhamnosyl-glucoside
(non-consumers = 40.4%) (Tables 2 and S1).

Table 1. Baseline characteristics of the study population by quintiles of body weight change after
5 years.

Characteristics Total Population
Q1: Q2 + Q3: Q4: Q5:

Loss Maintenance Moderate Gain High Gain

Participants (n) 349,165 69,834 139,665 69,842 69,824

Body weight change (kg/5 years) (range) −24.99; 24.93 −24.99; −2.22 −2.23; 1.77 1.78; 4.16 4.17; 24.93

Body weight change (kg/5 years) 2.62 (5.03) −6.01 (3.96) −0.005 (1.09) 2.89 (0.68) 7.56 (3.45)

Age (years) 51.7 (9.1) 53.1 (9.0) 52.1 (9.0) 51.1 (9.1) 50.1 (9.3)

Weight (kg) 69.4 (13.4) 75.2 (14.3) 67.6 (12.7) 67.1 (12.4) 69.4 (13.1)

BMI (kg/m2) 25.1 (4.1) 27.2 (4.5) 24.5 (3.8) 24.3 (3.7) 25.0 (4.0)

Follow-up time (years) 5.1 (2.3) 4.4 (1.9) 5.5 (2.4) 5.4 (2.4) 4.8 (2.1)

Alcohol intake (g/d), median (IQR) 11.8 (16.7) 13.6 (19.3) 11.9 (16.1) 11.2 (15.7) 10.7 (16.1)

Energy intake (kcal/d), median (IQR) 2076.2 (606.1) 2073.2 (615.4) 2086.1 (596.7) 2087.2 (602.3) 2048.6 (618.0)

Vitamin C intake (mg/d), median (IQR) 111.7 (73.6) 111.4 (75.5) 111.5 (72.8) 112.0 (72.0) 112.0 (75.9)
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Table 1. Cont.

Characteristics Total Population
Q1: Q2 + Q3: Q4: Q5:

Loss Maintenance Moderate Gain High Gain

Fibre intake (g/d), median (IQR) 22.0 (9.6) 22.0 (10.0) 22.2 (9.5) 21.9 (9.4) 21.7 (9.5)

Sex (female) (%) 73.2 67.2 73.6 75.2 76.5

Education level (%)

None 4.2 7.9 3.2 2.8 3.6

Primary school 23.2 27.1 23.2 21.5 21.0

Technology school 22.2 22.9 22.2 21.5 22.2

Secondary school 21.7 15.7 21.6 24.7 25.1

Longer education 25.1 22.8 26.3 26.0 24.2

Unknown 3.6 3.6 3.5 3.5 3.9

Physical activity level (%)

Inactive 18.6 22.6 17.5 17.2 18.4

Moderately inactive 34.2 33.9 34.4 34.8 33.5

Moderately active 27.4 24.1 28.0 29.6 28.5

Active 18.2 18.3 18.6 17.8 17.5

Unknown 1.6 1.1 1.5 1.6 2.1

Smoking at follow-up (%)

Never 48.3 46.9 48.7 50.1 47.3

Former 30.2 28.6 29.0 30.0 34.2

Current 17.3 20.9 16.8 15.8 16.3

Unknown 4.2 3.6 5.5 4.1 2.2

Prevalent disease 1 (%)

No 83.5 82.7 84.4 84.3 81.8

Yes 7.6 10.0 7.1 7.0 7.9

Unknown 8.9 8.3 8.5 8.7 10.3

Menopausal status 2 (%)

Pre-menopausal 32.6 29.7 31.3 34.0 36.4

Post-menopausal 43.7 49.3 45.7 41.3 37.2

Peri-menopausal 20.6 17.2 19.9 21.8 23.6

Surgical post-menopausal 3.1 3.8 3.1 2.9 2.8

Data are expressed as mean (SD) and collected at recruitment if not stated otherwise. BMI: body mass index; IQR:
interquartile range; Q: quintile. 1 Diabetes, cancer, stroke and/or myocardial infarction at baseline. 2 Only for
female participants (n = 255,730).

Table 2. Change in body weight over 5 years according to baseline polyphenol intake in 349,165 par-
ticipants from the EPIC-PANACEA cohort.

Individual Polyphenols (n = 62) 1
Intake (mg/d),

N-C (%) Model 4 beta (95% CI) 2 q-Value 3 Main Food Sources 4

Median (p5; p95)

(-)-Epicatechin 3-O-gallate 3.3 (0.0; 66.2) 0.2 −0.018 (−0.023; −0.013) <0.001 Coffee, tea, SF

(+)-Catechin 10.9 (2.2; 35.7) 0.0 −0.060 (−0.076; −0.043) <0.001 Apples, pears, chocolate

2,5-di-S-Glutathionyl caftaric acid 0.3 (0.0; 6.5) 23.4 −0.012 (−0.015; −0.009) <0.001 Whole grain cereals, rice

3,4-DHPEA-EDA 0.4 (0.0; 4.1) 1.0 −0.022 (−0.031; −0.016) <0.001 Tea, wine, FV

3-Feruloylquinic acid 8.0 (0.2; 22.7) 0.0 0.026 (0.018; 0.033) <0.001 Coffee, SF, berries

3-p-Coumaroylquinic acid 1.0 (0.1; 11.4) 0.4 −0.030 (−0.040; −0.021) <0.001 Whole grain cereals, rice

4-Caffeoylquinic acid 113.2 (2.9; 328.4) 0.0 0.029 (0.021; 0.038) <0.001 Coffee, tea, legumes

4-Feruloylquinic acid 16.0 (0.1; 46.1) 0.1 0.017 (0.011; 0.023) <0.001 Coffee, tea
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Table 2. Cont.

Individual Polyphenols (n = 62) 1
Intake (mg/d),

N-C (%) Model 4 beta (95% CI) 2 q-Value 3 Main Food Sources 4

Median (p5; p95)

4-Hydroxybenzoic acid 0.4 (0.0; 4.0) 0.0 −0.033 (−0.044; −0.023) <0.001 Wine, grapes

4-p-Coumaroylquinic acid 1.3 (0.0; 8.6) 2.6 −0.022 (−0.027; −0.015) <0.001 Tea, apples, pears

5-Feruloylquinic acid 21.8 (0.2; 63.0) 0.1 0.019 (0.012; 0.025) <0.001 Whole grain cereals, rice

5-Heneicosenylresorcinol 0.23 (0.0; 6.5) 19.9 −0.000 (−0.005; 0.004) 0.873 Wine, cocktails, sauces

5-Heneicosylresorcinol 9.5 (0.4; 28.8) 0.1 −0.039 (−0.050; −0.028) <0.001 Apples, pears, FJ

5-Heptadecylresorcinol 2.1 (0.2; 17.1) 0.8 −0.038 (−0.048; −0.029) <0.001 Soups, cakes, biscuits

5-Nonadecylresorcinol 8.5 (0.3; 30.4) 0.1 −0.037 (−0.048; −0.027) <0.001 Coffee, cream desserts

5-O-Galloylquinic acid 1.8 (0.0; 104.2) 4.4 −0.012 (−0.016; −0.008) <0.001 Whole grain cereals, olives, beer

5-Pentacosylresorcinol 1.0 (0.0; 5.8) 8.7 −0.011 (−0.017; −0.005) 0.002 Olives, legumes, bread

5-Tricosylresorcinol 2.4 (0.2; 8.8) 0.8 −0.034 (−0.044; −0.025) <0.001 Coffee, beer, cream desserts

Apigenin 6,8-C-arabinoside-C-glucoside 1.8 (0.3; 7.6) 1.0 −0.023 (−0.032; −0.012) <0.001 Wine, apples, pears

Apigenin 6,8-C-galactoside-C-arabinoside 2.5 (0.4; 9.6) 1.0 −0.023 (−0.033; −0.014) <0.001 Vegetable oils, olives, sauces

Apigenin 6,8-di-C-glucoside 2.1 (0.1; 10.0) 2.1 −0.017 (−0.023; −0.011) <0.001 FV, olives

Caffeic acid 1.9 (0.7; 6.5) 0.0 −0.058 (−0.084; −0.033) <0.001 Coffee, cream desserts, beer

Caffeoyl tartaric acid 1.1 (0.0; 9.4) 0.7 −0.021 (−0.028; −0.015) <0.001 LV, berries, FV

Cyanidin 3-O-glucoside 1.4 (0.1; 9.4) 0.2 −0.021 (−0.030; −0.009) <0.001 Olives, berries

Cyanidin 3-O-rutinoside 4.0 (0.0; 48.9) 2.4 −0.007 (−0.013; −0.002) 0.009 Olives, sauces, mixed vegetables

Delphinidin 3-O-glucoside 0.7 (0.0; 5.4) 2.1 −0.007 (−0.015; −0.002) 0.024 Soya products, vegetarian dishes

Delphinidin 3-O-rutinoside 0.2 (0.0; 13.8) 17.6 −0.007 (−0.011; −0.003) <0.001 Whole grain cereals, rice

Didymin 2.0 (0.1 9.2) 2.1 −0.017 (−0.023; −0.011) <0.001 Wine, olives, beer

Dihydromyricetin 3-O-rhamnoside 0.5 (0.0; 10.4) 10.0 −0.013 (−0.017; −0.010) <0.001 Wine, apples, pears

Ellagic acid 0.9 (0.0; 11.5) 1.9 −0.024 (−0.031; −0.018) <0.001 Wine, cocktails, sauces

Ferulic acid 22.5 (0.2; 134.0) 0.0 −0.033 (−0.051; −0.014) <0.001 Whole grain cereals, olives

Gallic acid 5.6 (0.2; 43.9) 0.1 −0.016 (−0.024; −0.009) <0.001 Vegetable oils, sauces, bread

Hesperidin 16.5 (0.9; 9.2) 0.8 −0.017 (−0.023; −0.011) <0.001 Citrus fruits, beer, olives

Kaempferol 3-O-glucoside 1.8 (0.1; 10.5) 0.3 −0.024 (−0.034; −0.015) <0.001 Mixed vegetables, soups

Malvidin 3-O-(6-p-coumaroyl-glucoside) 0.7 (0.0; 13.5) 6.4 −0.008 (−0.012; −0.003) <0.001 Berries, cakes, pastries

Naringin 0.5 (0.0; 9.0) 0.8 −0.020 (−0.026; −0.014) <0.001 Legumes, soups, citrus fruits

Narirutin 2.8 (0.1; 14.2) 0.9 −0.017 (−0.024; −0.012) <0.001 FJ, citrus fruits, soft drinks

O-Coumaric acid 0.7 (0.0; 5.2) 2.8 −0.004 (−0.009; 0.002) 0.178 Mixed vegetables, berries, LV

Oleuropein-aglycone 0.2 (0.0; 4.9) 1.0 −0.016 (−0.022; −0.009) <0.001 Wine, sauces

P-Courmaric acid 2.2 (0.5; 6.1) 0.0 −0.003 (−0.022; 0.015) 0.733 Soups, berries, legumes

Pelargonidin 3-O-glucoside 2.2 (0.1; 13.5) 1.4 −0.012 (−0.019; −0.004) 0.003 FV, legumes

Phloridzin 1.0 (0.1; 3.8) 1.7 −0.024 (−0.032; −0.018) <0.001 Berries, soft drinks, FJ

Phlorin 0.6 (0.0; 3.3) 1.6 −0.016 (−0.022; −0.009) <0.001 LV, whole grain cereals, rice

Proanthocyanidin Polymers (>10 mers) 69.0 (18.2; 198.5) 0.1 −0.000 (−0.016; 0.014) 0.952 Spices, herbs, soups

Proanthocyanidins 04–06 oligomers 42.0 (11.0; 119.2) 0.1 −0.005 (−0.020; 0.011) 0.608 Sweets, bread, seeds

Proanthocyanidins 07–10 oligomers 30.0 (7.6; 82.8) 0.1 −0.011 (−0.026; 0.004) 0.178 Sweets, bread, seeds

Procyanidin dimer B3 3.4 (0.3; 23.2) 0.0 −0.056 (−0.068; −0.045) <0.001 Berries, jams

Procyanidin dimer B4 3.9 (0.0; 23.9) 0.5 −0.030 (−0.036; −0.023) <0.001 LV, vegetarian products

Procyanidin dimer B7 1.9 (0.2; 7.2) 0.4 −0.046 (−0.056; −0.035) <0.001 Wine, spirits, cocktails

Prodelphinidin dimer B3 0.6 (0.0;14.9) 0.5 −0.019 (−0.025; −0.012) <0.001 Sweets, bread, seeds

Protocatechuic acid 0.5 (0.1; 4.7) 0.0 0.006 (−0.010; 0.022) 0.434 FV, mixed vegetables, soups

Quercetin 1.2 (0.2; 4.9) 0.0 −0.041 (−0.056; −0.028) <0.001 Beer, peanuts, mixed fruits

Quercetin 3,4-O-diglucoside 1.7 (0.3; 8.7) 0.2 −0.011 (−0.023; 0.002) 0.100 Spices, herbs, sauces

Quercetin 3-O-galactoside 1.5 (0.1; 7.9) 0.1 −0.049 (−0.058; −0.039) <0.001 Berries, sweets, bread

Quercetin 3-O-glucoside 3.7 (0.3; 13.0) 0.0 −0.062 (−0.074; −0.051) <0.001 FV, legumes

Quercetin 3-O-rhamnoside 1.1 (0.2; 3.9) 0.0 −0.071 (−0.085; −0.056) <0.001 Beer, cocktails

Quercetin 3-O-rutinoside 0.4 (0.4; 16.6) 0.0 −0.050 (−0.064; −0.038) <0.001 Soup, bread, flours
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Table 2. Cont.

Individual Polyphenols (n = 62) 1
Intake (mg/d),

N-C (%) Model 4 beta (95% CI) 2 q-Value 3 Main Food Sources 4

Median (p5; p95)

Quercetin 4-O-glucoside 1.2 (0.2; 6.3) 0.2 −0.011 (−0.023; 0.001) 0.091 Berries, jams

Sanguiin H-6 0.1 (0.0; 4.2) 48.6 0.000 (−0.005; 0.007) 0.523 Sauces, condiments, soups

Sinapic acid 0.73 (0.11; 4.15) 0.1 0.021 (0.009; 0.033) <0.001 Olives, FV, legumes

Stigmastanol ferulate 0.7 (0.0; 9.6) 16.1 0.004 (−0.000; 0.008) 0.074 Wine, spirits, cocktails

Tyrosol 1.1 (0.0; 8.5) 0.1 −0.038 (−0.046; −0.029) <0.001 Mixed fruits

P5 and p95: percentile 5th and 95th; FJ: fruit juices; FV: fruiting vegetables; LV: leafy vegetables; N-C: non-
consumers; SF: stone fruits. Overall mean 5-year weight gain corresponded to 2.6 (5.0) kg and negative beta-values
indicate less weight gain (kg) over 5 years based on log2-transformed polyphenol intakes. 1 Selection criteria:
consumers mean ≥ 1 mg/d; consumers ≥ 50%; Pearson’s correlation coefficient < 0.8. 2 Multilevel linear mixed
models with random effects on the intercept according to EPIC centre adjusted for age, sex, body mass index
(3-knot restricted cubic spline), follow-up time in years (3-knot restricted cubic spline), alcohol intake at baseline
(g/d), education level, physical activity level, smoking status at follow-up, menopausal status, total energy intake
(kcal/d), plausibility of energy intake reporting, vitamin C intake (mg/d), and fibre intake (g/d). 3 false discovery
rate q value considered statistically significant at ≤0.05. 4 Main food sources in descending order of polyphenol
content according to our previous EPIC study.

Figure 1 shows q values (FDR) and beta coefficients for doubling in intake of the
91 polyphenols for model 4, with their respective main food source. Most polyphenols
(n = 80) showed statistically significant associations with body weight change, of which
67 were inversely and 13 were positively associated with body weight change. Figure 2
shows polyphenol–polyphenol correlations for the 91 individual compounds, as well as
their main food sources. After performing Pearson’s correlations, 35 polyphenols with
coefficients ≥ 0.8 were separated into six correlation groups. From each group, polyphe-
nols with the highest median intakes were chosen. Thus, six individual polyphenols
were selected on behalf of the 35, and therefore 29 were excluded (Table S1). A total of
62 polyphenols remained after excluding highly correlated polyphenols, of which 51 were
significantly associated with body weight change and 11 showed null results after adjusting
for potential confounders and correcting for multiple comparisons (Tables 2 and S2). From
these, 46 polyphenols were inversely associated with 5-year body weight change for a
doubling in intake. Their main dietary sources were fruits, tea, cocoa and whole grain cere-
als. The greatest inverse associations were observed for a doubling in intake of quercetin
3-O-rhamnoside: −0.071 kg/5 year (95% CI: −0.085; −0.056), quercetin 3-O-glucoside:
−0.062 (−0.074; −0.051) and (+)-catechin: −0.060 (−0.077; −0.043) (Figure S2).

Only 5 out of 51 individual polyphenols showed positive associations with body
weight gain, in general with coffee as their main food source, except for sinapic acid, for
which the main food source was olives (Tables 2 and S2). Classified as a hydroxycinnamic
acid (HCA), doubling in intake of 4-caffeoylquinic acid showed the greatest positive
associations with body weight gain for model 4: 0.029 kg/5 year (95% CI: 0.021; 0.038).
Results remained the same after further adjusting these five polyphenols for sugar, milk,
confectionery, and cake intake. We performed extra analysis including only coffee non-
consumers (n = 25,414), for which main dietary sources of these polyphenols were plums,
berries and black tea. Median intakes of HCAs and 4-caffeoylquinic acid from other dietary
sources than coffee, in coffee non-consumers, were 124 and 3 mg/d, respectively. Median
intakes in coffee consumers were 520 mg/d for HCAs and 120 mg/d for 4-caffeoylquinic
acid. Associations were not statistically significant for coffee non-consumers. In coffee
consumers (n = 323,751), we observed positive associations with body weight gain for the
five polyphenols (Table S3).

Our findings were robust and remained statistically significant for the majority of
polyphenols after the sensitivity analyses, excluding participants with chronic diseases
at baseline or with self-reported body weight at follow-up (Table S4). After estimating
polyphenols according to energy density, results were consistent and very similar to those
obtained in model 4 (Table S5). Only statistically significant interactions are reported
in Tables S6–S11. According to sex, 29 polyphenols showed significant interactions: the
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majority (n = 19) showed larger negative beta values for men versus women (Table S6).
For age as a categorical variable (<50 vs. ≥50 years), significant interactions were ob-
served for 27 polyphenols. The majority (n = 16) showed lower beta values for younger
participants (Table S7). According to BMI categories, 35 polyphenols showed statistically
significant interactions.
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Figure 1. False discovery rate (FDR) q values and beta values (kg/5 year) of associations between
91 polyphenols and 5-year body weight change and their main food sources. Beta values correspond
to a doubling in intake. q values (adjusted p value for FDR) are shown as -log10-transformed values to
improve visualization. 1 Multilevel linear mixed model with random effects on the intercept according
to EPIC centre adjusted for age, sex, body mass index (3-knot restricted cubic spline), follow-up time
in years (3-knot restricted cubic spline), alcohol intake (g/d), education level, physical activity level,
smoking status at follow-up, menopausal status, total energy intake (kcal/day), plausibility of dietary
energy reporting, vitamin C intake (mg/d), and fibre intake (g/d) (Model 4).

The lowest beta values were observed for the categories normal and overweight,
versus underweight or obesity (Table S8). Predominantly post-menopausal women had
the biggest negative beta values when interactions were explored by menopausal status
(Table S9). According to the category of smoking status at follow-up, the most noteworthy
were those polyphenols classified as HCAs (4-caffeoylquinic acid, 3-feruloylquinic acid,
4-feruloylquinic acid, 5-feruloylquinic acid) which showed positive associations with body
weight gain for non-smoking participants (Table S10). With regard to tertiles of fibre
consumption, 30 polyphenols resulted in significant interactions. In general, higher intakes
(tertiles 2 and 3) showed lower beta values than tertile 1 (Table S11). All interactions were
also penalized for multiple testing using FDR.
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Figure 2. Pearson’s correlation heat-map between the intakes of 91 polyphenols in the EPIC-
PANACEA population. Numbers (1 to 91) represent individual polyphenols (Table S12). The
right panel shows their main food sources.

4. Discussion

In this large prospective cohort, we found that of 51 individual polyphenols investi-
gated, doubling in intake of 46 of these polyphenols was inversely associated with 5-year
body weight change. Consumption of quercetin 3-O-rhamnoside, quercetin 3-O-glucoside,
both included in the flavonol subclass, and (+)-catechin and procyanidin dimer B3, included
in the flavanol subclass (all of them classified as flavonoids), showed the strongest inverse
associations. Conversely, the intake of five polyphenols from the HCAs subclass (class
phenolic acids) was positively associated with 5-year body weight gain. Investigating
polyphenols individually enables the identification of how relatively similar compounds
that belong to the same class, may behave differently in relation to body weight change. Un-
like classes and subclasses, this approach can highlight some minor individual compounds
that may not be the most abundant ones in the diet but may have a relevant association
with body weight changes.

A pooled analysis of randomised-controlled trials (RCTs) showed that the current
evidence on the effect of quercetin on body weight is inconclusive, and its effects on body
weight have not yet been assessed as primary outcome for a large number of intervention
studies [42]. As we observed that higher intakes of quercetin glycosides were inversely
associated with body weight gain, it may be an interesting compound to study in future
clinical trials on body weight. Our results also showed that (+)-catechin was correlated
with (-)-epigallocatechin 3-O-gallate (EGCG), a flavanol widely present in tea. A meta-
analysis of RCTs analysed the effects of green tea catechins supplementation on body
weight [43] and found a positive effect on body weight loss and maintenance (average
effect size = −1.31 kg; p < 0.001). A systematic review of RCTs showed that daily intakes
of green tea, and therefore high doses of EGCG, presented beneficial results in 12-week
weight loss interventions [13]. Likewise, an RCT showed that eight weeks of 44 mg
daily of green tea catechins (~1 cup of tea) reduced body weight and increased energy
expenditure and fat oxidation in participants with obesity [44]. A meta-analysis of RCTs
concluded that supplementation with grape seed extract, mainly consisting of catechins,
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epigallocatechins, and procyanidin dimers, demonstrated a significant improvement in
obesity-related cardiometabolic biomarkers [45]. Grape seed extract is also rich in other
polyphenols such as resveratrol. Even though we did not include it due to the intake
cut-off point, several RCTs demonstrated that resveratrol intake reduces body weight, BMI,
waist circumference and body fat [46]. It has been reported that dietary polyphenols have
potential for acting on mitochondrial dysfunction and inflammation, as well as kidnapping
free radicals, increasing the activity and expression of antioxidant enzymes and inhibiting
ROS-producing ones [2]. In addition, polyphenols control adipocyte differentiation and
lipid metabolism and oxidation through decrease in the activity of the pancreatic lipase
and permeability of the intestine, and through their interaction with the gut microbiota [2].
Recent evidence suggests that gut microbiota-derived polyphenol metabolites may affect
appetite control and body weight management [47], and can modulate the development
of adipose tissue and the obesity-induced inflammatory genes [48]. However, as far as
we know, several of the individual compounds included in this investigation are not yet
studied neither by observational nor by interventional studies in humans assessing body
weight changes, or evidence on their influence on body weight is still scarce.

Out of 51 individual polyphenols, five compounds classified as HCAs were pos-
itively associated with body weight gain: 4-caffeoylquinic acid, 3-feruloylquinic acid,
4-feruloylquinic acid, 5-feruloylquinic acid, and sinapic acid. Most of them have coffee
as the main dietary source, except for sinapic acid (mainly from olives). For coffee non-
consumers, there was little evidence that these polyphenols were associated with body
weight change. As coffee is often part of the Western diet, a pattern rich in sugar and
saturated fat [38] that has been associated with body weight gain and obesity [49], we
performed an additional analysis adjusting for sugar, milk, confectionery, and cake intake.
However, beta coefficients remained the same after this adjustment. In our previous study,
we also analysed caffeinated and decaffeinated coffee as exposures, as caffeine is a dietary
component that might be associated with body weight loss [50]. We observed higher values
for decaffeinated (body weight gain for doubling in intake: 0.012 kg/5 year; 95% CI: 0.007,
0.016) versus caffeinated coffee (0.005; 95% CI: 0.002, 0.009) [11]. Beyond this, mechanistic
evidence for these positive associations is lacking and further research is needed.

Despite having found significant interactions with different confounding variables,
these results must be interpreted with caution. Differences between subgroups might be
due to the large number of participants included in this study. Thus, a minimum change in
beta values shows statistically significant values, even though, in general, categories of the
same variable followed the same trend. Interactions have been discussed in more detail in
our previous study regarding polyphenol classes and subclasses and body weight change
in the EPIC-PANACEA cohort [11].

The prospective design of this investigation, its large sample of participants from
different European countries, and its sufficient statistical power is a major strength. How-
ever, this study has some limitations. Assessing the relationship between diet and health
outcomes is challenging in epidemiological studies, due to biases linked to dietary mea-
surement errors [51]. To minimize them, we included validated dietary questionnaires
and a standardized database to assess food and nutrient intakes [16,17], as well as the use
of Phenol-Explorer database [18] to estimate polyphenol intakes. We had data on a large
variety of variables related to diet and lifestyle, but most of them were only collected at
baseline, and therefore changes during the follow-up were not accounted for. However,
when possible, we took variables measured at follow-up, such as smoking status. As
in every observational epidemiological study, residual confounding must be considered.
Another limitation is that most of the centres used self-reported body weight at follow-up,
a value which usually tends to be underestimated [52]. Average weight gain was higher
in EPIC centres where follow-up weight was measured. Thus, Oxford-corrected body
weight was used to improve the accuracy of these values. Moreover, after performing a
sensitivity analysis excluding participants who self-reported body weight at follow-up,
results followed the same trend as in the total population for the majority of polyphenols.
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The large sample size of this study is both a strength and a limitation, as beta coefficients
obtained should be interpreted with prudence: statistically significance is easy to obtain
with such a large sample, even after FDR-correction. Still, a daily serving of polyphenol-rich
foods can often provide a variety of individual polyphenols and higher quantities than
the daily medians assessed in this investigation (e.g., 200 g of apple can provide ~3 mg of
quercetin-3-O-rhamnoside [17], whereas its median intake in our population was ~1 mg/d).

5. Conclusions

Our results suggest that choosing polyphenol-rich foods, such as fruits, tea and whole
grain cereals, may contribute to 5-year body weight maintenance (or less gain) in European
populations. These results also suggest that individual HCAs may have different roles in
body weight change depending on their dietary source. Our findings provide information
about which individual polyphenols may be relevant for future mechanistic studies and
interventional studies on body weight change.
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Abstract
Introduction: Dietary intake of (poly)phenols has been
linked to reduced adiposity and body weight (BW) in
several epidemiological studies. However, epidemiological
evidence on (poly)phenol biomarkers, particularly plasma
concentrations, is scarce. We aimed to investigate the
associations between plasma (poly)phenols and prospec-
tive BW change in participants from the European Pro-
spective Investigation into Cancer and Nutrition (EPIC)
cohort.Methods: This study included 761 participants with
data on BW at baseline and after 5 years of follow-up.
Plasma concentrations of 36 (poly)phenols were measured
at baseline using liquid chromatography-tandem mass
spectrometry. Associations were assessed through general
linear mixed models and multinomial logistic regression
models, using change in BW as a continuous or as a cat-
egorical variable (BW loss, maintenance, gain), respectively.
Plasma (poly)phenols were assessed as log2-transformed
continuous variables. The false discovery rate (FDR) was
used to control for multiple comparisons. Results: Dou-
bling plasma (poly)phenol concentrations showed a bor-
derline trend towards a positive association with BW loss.
Plasma vanillic acid showed the strongest association
(−0.53 kg/5 years; 95% confidence interval [CI]:
−0.99, −0.07). Similar results were observed for plasma
naringenin comparing BW loss versus BW maintenance
(odds ratio: 1.1; 95% CI: 1.0, 1.2). These results did not
remain significant after FDR correction. Conclusion: Higher
concentrations of plasma (poly)phenols suggested a ten-
dency towards 5-year BW maintenance or loss. While
certain associations seemed promising, they did not
withstand FDR correction, indicating the need for caution

in interpreting these results. Further studies using (poly)
phenol biomarkers are needed to confirm these suggestive
protective trends. © 2024 The Author(s).

Published by S. Karger AG, Basel

Introduction

Phenols and polyphenols, referred to as (poly)phenols
hereafter, are secondary metabolites from plants with
bioactive properties [1]. More than 500 individual (poly)
phenols have been identified from different plant foods in
the human diet, with flavonoids and phenolic acids
representing the major classes [1]. Fruits, vegetables,
wholegrain cereals, olive oil, cocoa, tea, and coffee are
some of the main dietary sources of (poly)phenols [2].

Several epidemiological studies estimating intakes
through dietary questionnaires or urine biomarkers have
reported associations between dietary (poly)phenols and
body weight (BW) change [3–6]. A French cohort study
observed an association between higher intake of different
(poly)phenols and a smaller increase in body mass index
(BMI) and waist circumference [3]. An Italian cohort study
concluded that higher flavonoid intake was associated with
a lower BW [4]. Despite not assessing specifically anthro-
pometric outcomes, three recent cohort studies have re-
ported data on dietary (poly)phenols and central obesity as
marker of metabolic syndrome (MetS). In a Danish cohort,
dietary intake of total (poly)phenols, flavonoids, and phe-
nolic acid was associated with lower odds of MetS, defined
as the presence of at least three markers including highWC,
high plasma triglycerides or HDL-cholesterol, high systolic
or diastolic blood pressure, and/or high HbA1c [7]. Like-
wise, higher flavonoid consumption in Chinese adults [8]
and dietary intake of the subclass flavonol in a Polish cohort
[9] were found to be potentially protective against MetS,
probably mainly impacting central obesity.
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We recently investigated the associations between
dietary intake of (poly)phenols (i.e., total, classes, sub-
classes, and individually) and 5-year BW change in the
European Prospective Investigation into Cancer and
Nutrition (EPIC) cohort [5, 6]. In general, intakes of most
of the individual (poly)phenols and total flavonoids were
inversely associated with 5-year BW change, except for
(poly)phenols from coffee (i.e., hydroxycinnamic acids).

Our motivation to investigate the hypothesis of an
inverse association between plasma (poly)phenols and
BW gain is multifaceted. Previous research has suggested
that dietary (poly)phenols may possess anti-obesity
properties [3–6, 8, 9], but reliance on self-reported die-
tary data can introduce bias [10]. To mitigate this and
obtain a more objective measure of dietary intake, we
turned to plasma biomarkers. These nutritional bio-
markers offer a reliable quantification of (poly)phenol
exposure, allowing for a more accurate assessment of
their impact on BW changes. Notably, limited research
has explored the relationship between plasma (poly)
phenols and obesity markers, underscoring the need for a
more comprehensive investigation. Utilizing data from
approximately 800 participants with information on
36 well-characterized plasma (poly)phenols and BW
change, our study aimed to elucidate the potential role of
these (poly)phenol biomarkers in BW management.

Methods

Population and Data Collection
The EPIC study is a multicentre prospective cohort that in-

cludes over half a million participants from 10 Western European
countries [11]. It primarily aimed to evaluate the association
between dietary and lifestyle factors and the risk of cancer and
cancer-related diseases. Details on recruitment and study design
have been published previously [11]. For the present study, a
convenient sample of cancer-free controls was selected from two
EPIC-nested case-control studies (colon and thyroid cancer
studies) (n = 1,321) [12, 13]. Participants with no plasma (poly)
phenol measurement (n = 430) and with no follow-up BW were
excluded (n = 73). Data from Greece were not available at the time
of this study, and therefore, Greek participants were excluded (n =
57). The final sample included 761 participants (online suppl. Fig.
S1; for all online suppl. material, see https://doi.org/10.1159/
000535803).

The majority of lifestyle factors were collected at recruitment
through standardized questionnaires, andmedical history was self-
reported at baseline [11]. For this study, we included data on
baseline age, sex, physical activity, education level, menopausal
status, and alcohol consumption. We also included data on
changes in smoking status at follow-up. Dietary data were collected
at baseline through validated country-specific dietary question-
naires [14]. To estimate nutrient and total energy intake, the
standardized EPIC Nutrient Database was used [15]. Baseline BW

and height were collected by trained staff using standardized
methods, except for centres from in France, Oxford, and Norway,
where they were self-reported [11]. At follow-up, BW was self-
reported in all centres, with the exception of Doetinchem and
Cambridge, where it was measured [16]. The accuracy of self-
reported BW was improved with prediction equations derived
from EPIC-Oxford participants, in which BW at baseline was both
measured and self-reported [17]. To calculate the 5-year BW
change, baseline BW was subtracted from follow-up BW for each
participant. The result was then divided by the number of follow-
up years to obtain the annual BW change and multiplied by 5 to
finally obtain the BW change over 5 years.

Plasma (poly)phenol measurements were available to partici-
pants from 19 EPIC centres (from Denmark, Germany, Italy,
Norway, Spain, Sweden, the Netherlands, and the UK). Blood
samples were collected at baseline following standardized proce-
dures [18]. Plasma concentrations of (poly)phenols (nmol/L) were
measured by a highly sensitive method based on differential
isotope labelling with 12 and 13 C-dansyl chloride and an ultra-
performance liquid chromatography-tandem mass spectrometry
system (UPLC-MS/MS) with prior enzymatic hydrolysis. This
method allowed the quantification with high accuracy and re-
producibility of a large selection of compounds representative of
the main classes of dietary (poly)phenols in low volumes of plasma
[18]. Limits of quantification (LOQ) for the individual (poly)
phenols varied between 0.11 nmol/L for apigenin and 44.4 nmol/L
for quercetin. Intra-batch coefficients of variability (CV) varied
between 2.3 and 9.0%, and inter-batch CV was <20% for the
majority of (poly)phenols, except for quercetin (23.4%) and en-
terodiol (20.3%). Details about the laboratory methodology have
been published elsewhere [18].

Statistical Analysis
Baseline characteristics were calculated according to categories

of BW change over 5 years. BW change was categorized into three
groups: loss (<−1.5 kg/5 years), maintenance (from −1.5 to 1.5 kg/5
years), and gain (>1.5 kg/5 years). Data on 36 plasma (poly)
phenols (nmol/L) spanning the majority of compounds found in
the human diet were available for this study and were analysed as
continuous variables. Right-skewed distributions were standard-
ized using log2-transformations with zero values imputed with half
the LOQ for each (poly)phenol. Therefore, results were expressed
as doubling plasma (poly)phenol concentrations. Spearman rank
coefficients were calculated to assess correlations between indi-
vidual plasma (poly)phenol concentrations. Correlations were also
evaluated between plasma (poly)phenol levels and the intake of the
following 12 (poly)phenol-rich food groups: potatoes and other
tubers, vegetables, legumes, cereals, fats and oils, condiments,
fruits, nuts and seeds, olives, coffee, tea, and herbal teas.

Two general linear mixed models (GLMM) were fitted to
evaluate the association between plasma (poly)phenols (nmol/L)
and continuous BW change (kg/5 years). In addition, we fitted
multinomial logistic regression models using BW change over
5 years as a categorical variable with three categories: BW
maintenance (from −1.5 to 1.5 kg/5 years) as the reference cat-
egory, BW loss (<−1.5 kg/5 years), and BW gain (>1.5 kg/5 years).

For model adjustment, we selected variables a priori [19–23]: age
(continuous, years), sex, baseline BMI (continuous, kg/m2), follow-
up years (continuous), energy intake (continuous, kcal/day), fibre
intake (continuous, g/day), vitamin C intake (continuous, mg/day),

Plasma (Poly)phenols and Weight Change
in EPIC

Ann Nutr Metab
DOI: 10.1159/000535803

3

D
ow

nloaded from
 http://karger.com

/anm
/article-pdf/doi/10.1159/000535803/4171882/000535803.pdf by U

niversitat de Barcelona user on 26 February 2024

https://doi.org/10.1159/000535803
https://doi.org/10.1159/000535803
https://doi.org/10.1159/000535803


physical activity using the Cambridge index [24] (categories: in-
active, moderately inactive, moderately active, active), menopausal
status (categories: pre, post and peri-menopausal), change in
smoking status at follow-up (categories: stable never smoker, stable
current smoker, starter, quitter, former at follow-up), laboratory
batch, plausibility of energy intake reporting (categories according
to the ratio of reported energy intake (EI) to predicted basal
metabolic rate (BMR): under (EI:BMR <1.14), plausible (1.14–2.1)
and over reporters (>2.1), with the use of cut-off points proposed by
Goldberg et al. [25]), education level (categories: none, primary,
technical, secondary, longer), alcohol consumption (continuous, g/
day), EPIC centres, and type of cancer project (thyroid/colon). Some
of these variables were excluded after stepwise regression screening
(i.e., menopausal status, education level, and alcohol consumption).
Participants with missing values in categorical adjustment variables
were placed in a separate category, while continuous adjustment
variables presented no missing values. Aikaike Information Crite-
rion was used to compare and select the best-fitting models. Re-
stricted cubic splines were used to evaluate the non-linearity of the
associations for continuous covariates. BMI, follow-up years, and
energy intake showed a non-linear relationship with BW change.
Thus, splines with 3 knots (percentile 10, 50, and 90) were included
as covariates for these three variables. Knot positions were deter-
mined using the Harrell criteria [26].

For GLMM, inModel 1, age, sex, and baseline BMI were used as
covariates. EPIC centres and type of cancer project (thyroid or
colon cancer control groups) were included as random effects to
control for potential confounding due to differences in follow-up
procedures, questionnaire design, and blood sample collection and
analysis. Model 2 was additionally adjusted for years of follow-up,
physical activity level, change in smoking status at follow-up,
laboratory batch, energy intake, and plausibility of energy intake
reporting. To account for certain dietary variables that may be
related to both exposure and outcome, we fitted a third model,
adding intake of fibre (g/day) and intake of vitamin C (mg/day) as
further confounding variables. A sensitivity analysis was per-
formed for each model to exclude participants with chronic dis-
eases at baseline (diabetes, stroke, or myocardial infarction, n = 92,
leaving n = 669 included). We further fitted interactions between
(poly)phenol concentrations and sex, baseline age, and smoking
status at follow-up [27, 28]. p values for interactions were cal-
culated using the likelihood ratio test. The adjustment variables for
multinomial logistic regression models were the same as the
GLMMs, except for EPIC centres and type of cancer project that
was included here as fixed effects.

For all models, p values were adjusted by computing the false
discovery rate (FDR) to control for multiple comparisons and
considered statistically significant at an FDR q value <0.05. All
statistical analyses were performed with R Statistical Software
version 4.2.2 [29].

Results

Descriptive Data Analysis
Table 1 shows characteristics of the 761 participants

included in this study according to categories of BW
change over 5 years. Overall, mean (SD) 5-year BW

change was 0.6 (4.5) kg and ranged from − 18.2 to 21.8 kg.
A total of 293 participants (38.6%) gained >1.5 kg of
weight over 5 years, whereas 194 (25.5%) lost >1.5 kg/5
years. Baseline BW and BMI were higher in participants
in the BW loss category. More than 50% of participants in
the BW loss category had lower levels of education,
whereas more than 50% of participants in the BW gain
category presented higher educational levels. According
to change in smoking status at follow-up, a high pro-
portion of participants were classified as never smokers
(48%), followed by former smokers (including never at
baseline and former at follow-up, 23%). The majority of
participants were females (77%), as the thyroid cancer
control group included only female participants and
represented 40% of the study population, while also 60%
of the colon cancer group were females. Table 2 shows the
median and 5th and 95th percentiles of plasma con-
centrations of (poly)phenols among participants. The
highest plasma concentration values were observed for
caffeic acid (median 367.0 nmol/L) and 4-hydroxy-
phenylacetic acid (287.0 nmol/L), whereas the lowest
concentrations were observed for equol (0.4 nmol/L) and
enterodiol (1.0 nmol/L). Figure 1 illustrates the statisti-
cally significant (p ≤ 0.05) correlations between each of
the plasma (poly)phenols and between plasma (poly)
phenols and (poly)phenol-rich food groups. The stron-
gest correlation was observed between 3,5-dihydroxy-
benzoic acid and 3,5-dihydroxy-phenylpropionic acid
(r = 0.90). Correlation coefficients between plasma (poly)
phenols and food groups were mostly low (r < 0.40), only
highlighting correlations for tea (epicatechin r = 0.46; 3,5-
dihydroxy-benzoic acid r = 0.45) and coffee (ferulic acid
r = 0.51). The strongest inverse correlations were iden-
tified between protocatechuic acid and caffeic acid
(r = −0.52), while isoharmentin displayed notable inverse
correlations with three compounds: 3,4-dihydroxy-phe-
nilacetic acid (r = −0.52), gallic acid (r = −0.55), and 3,4-
dihydroxy-phenilpropionic acid (r = −0.56).

Plasma Concentration of (Poly)phenols and BW
Change
We obtained nearly identical results for models 2 and

3. Consequently, we present the more extensively ad-
justed model, namely, model 3. Figure 2 shows results
after modelling continuous 5-year BW change against
log2-transformed plasma concentrations of (poly)phe-
nols and adjusting for relevant confounders. Only plasma
vanillic acid concentration appeared to be inversely as-
sociated with BW change in model 3 (beta per doubling
concentration: −0.53 kg/5 years; 95% confidence interval
[CI]: −0.99, −0.07), and a borderline association was
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Table 1. Characteristics of 761 participants from the EPIC study according to categories of BW change over 5 years

Characteristic BW loss
(<−1.5 kg/5 years)

BW maintenance
(−1.5 to 1.5 kg/5 years)

BW gain
(>1.5 kg/5 years)

p valuea

Participants, n (%) 194 (25.5) 274 (36.0) 293 (38.5) 0.001

Follow-up time, years 5.1 (2.7) 7.1 (3.2) 6.3 (2.9) <0.001
BW change, kg/5 years −4.7 (3.2) 0.1 (0.8) 4.5 (3.2) <0.001
Age, years 54.8 (8.5) 53.5 (7.9) 52.9 (8.5) 0.059

Energy intake, kcal/day, median (IQR) 1,905 (745) 2,045 (855) 1,935 (790) 0.349

Alcohol consumption, g/day, median (IQR) 5.7 (14.0) 4.3 (15.1) 5.3 (15.0) 0.668

Fibre intake, g/day, median (IQR) 22.4 (9.1) 22.5 (9.9) 21.6 (9.5) 0.491

Vitamin C intake, mg/day, median (IQR) 123.8 (75.0) 118.8 (72.8) 110.3 (75.7) 0.026

BW, kg 73.6 (12.7) 67.1 (11.2) 68.7 (12.0) <0.001
BMI, kg/m2 28.2 (4.5) 25.4 (3.6) 25.3 (3.8) <0.001
Sex, n (%) 0.358

Female 157 (80.9) 207 (75.5) 224 (76.5)
Male 37 (19.1) 67 (24.5) 69 (23.5)

Project, n (%) 0.436
Colon cancer control 117 (60.3) 155 (56.5) 181 (61.7)
Thyroid cancer control 77 (39.7) 119 (43.5) 112 (38.3)

Plausibility of energy intake reportingb, n (%) 0.127
Under reporters 33 (17.0) 28 (10.2) 46 (15.7)
Plausible reporters 148 (76.3) 216 (78.8) 219 (74.7)
Over reporters 13 (6.7) 30 (11.0) 28 (9.6)

Physical activity level, n (%) 0.001
Inactive 50 (25.8) 74 (27.0) 27 (19.5)
Moderately inactive 76 (39.1) 103 (37.6) 123 (41.9)
Moderately active 30 (15.5) 51 (18.6) 55 (18.8)
Active 38 (19.6) 46 (16.8) 57 (19.5)

Change in smoking status at follow-up, n (%) <0.001
Stable never smoker 105 (54.0) 122 (44.0) 138 (47.0)
Stable current smoker 33 (17.0) 30 (11.0) 34 (12.0)
Starter 5 (2.5) 2 (0.8) 5 (1.5)
Quitter 5 (2.5) 3 (1.2) 12 (4.0)
Former at follow-upc 35 (18.0) 66 (24.0) 75 (25.5)

Prevalent diseased, n (%) 0.104
No 172 (88.6) 245 (89.4) 252 (86.0)
Yes 12 (5.7) 14 (5.1) 11 (3.7)

Education level, n (%) 0.004
None 37 (19.1) 25 (9.1) 23 (7.8)
Primary school 73 (37.6) 103 (37.6) 111 (37.8)
Technical school 21 (10.8) 35 (12.8) 39 (13.3)
Secondary school 35 (18.0) 59 (21.5) 78 (26.6)
Longer education 25 (12.9) 51 (18.6) 39 (13.3)

Menopausal statuse, n (%) 0.001
Pre-menopausal 91 (46.9) 94 (34.3) 94 (32.1)
Post-menopausal 97 (50.0) 177 (64.6) 186 (63.5)
Peri-menopausal 6 (3.1) 3 (1.1) 13 (4.4)

Data are expressed as mean (SD) and collected at recruitment if not stated otherwise. BMI, body mass index; EPIC,
European Prospective Investigation into Cancer and Nutrition; IQR, interquartile range (P25–P75). Percentagesmay not add
up to 100 due to missing values. ap values by ANOVA, χ2 or Kruskal-Wallis test among BW change categories for each
variable. bCategories according to the ratio of reported energy intake (EI) to predicted basal metabolic rate (BRM): under (EI:
BMR <1.14), plausible (1.14–2.1), and over reporters (>2.1), with the use of cut-off points proposed by Goldberg et al. [26].
cIncludes never at baseline but former at follow-up. dDiabetes, stroke, or myocardial infarction at baseline. eOnly for female
participants (n = 588).
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observed for tyrosol (beta: −0.29 kg/5 years; 95% CI:
−0.62, 0.00). It is worth mentioning that the majority of
(poly)phenols displayed a suggestive trend towards in-
verse associations with BW gain. However, it is important
to emphasize that, following the application of FDR
adjustment, none of these associations reached statistical
significance. Furthermore, similar trends were observed
in the sensitivity analysis, which excluded participants
with chronic diseases at recruitment (online suppl. Table
S1). No statistically significant interactions were observed

with respect to sex, age, or changes in smoking status at
follow-up.

Table 3 shows the results from multinomial logistic
regression analyses comparing BW loss versus BW
maintenance (reference category). Most of the (poly)
phenols showed a tendency towards BW loss. Plasma
naringenin concentration was associated with BW loss in
model 3 (odds ratio [OR]: 1.1; 95% CI: 1.0, 1.2). Addi-
tionally, plasma levels of ferulic acid (OR: 1.3; 95% CI: 1.0,
1.7), caffeic acid (OR: 1.7; 95% CI: 1.0, 3.0), and
kaempferol (OR: 1.7; 95% CI: 1.0, 2.9) exhibited bor-
derline associations. Table 4 presents results comparing
BW gain with BW maintenance. We observed a pattern
consistent with our previous analysis. Specifically, there
were no statistically significant associations for BW gain,
either before or after the application of the FDR cor-
rection, except for a suggestive inverse association for 3,5-
dihydroxybenzoic acid (OR: 0.9; 95% CI: 0.8, 1.0).

Discussion

The current study suggested a tendency towards BW
maintenance or reduction over 5 years at higher con-
centrations of plasma (poly)phenols. We would like to
draw attention to the potential protective associations
observed between plasma concentrations of vanillic acid
and naringenin and BW loss. It is important to note that
while the results related to vanillic acid are derived from
GLMMs, those concerning naringenin are derived from
multinomial models. It is noteworthy that both vanillic
acid and naringenin have been proposed as metabolites of
dietary flavonoids, as discussed below. Given their shared
potential dietary sources, it is plausible that they may
exhibit similar behaviours. However, we must approach
these associations with caution due to the complexity of
the relationships involved.

Even though both GLMMs and multinomial models
included the same covariates and followed the same ten-
dency, results were different. One possible explanation for
these differences might be that plasma concentrations do
not necessarily represent the same compounds present in
foods. Natural vanillic acid is a phenolic compound widely
present in vanilla beans and in different fruits and grains
[30], but it can also be a derivative metabolite from different
precursors. For example, as a result of the host metabolism,
intake of caffeic acid from coffee has been shown to generate
a high increase in urine levels of vanillic acid in vivo [31].
Likewise, one study using animal models observed that after
red wine consumption, which is naturally rich in flavonoids
and phenolic acids, vanillic acid was found in animal urine

Table 2.Medianand5thand95thpercentilesofplasmaconcentration
(nmol/L) of (poly)phenols among 761 participants from the
EPIC study

(Poly)phenol Median P5th P95th

(−)-Epicatechin 14.3 5.5 82.5
(−)-Epigallocatechin 11.1 11.1 48.3
(−)-Gallocatechin 11.1 11.1 15.6
(+)-Catechin 15.5 5.5 58.0
3,4-dihydroxy-phenylacetic acid 31.6 13.9 65.9
3,4-dihydroxy-phenylpropionic acid 146.5 12.5 321.8
3,5-dihydroxy-benzoic acid 23.2 6.6 158.8
3,5-dihydroxy-phenylpropionic acid 31.6 9.2 162.0
3-hydroxy-benzoic acid 19.7 6.8 62.4
3-hydroxy-phenylacetic acid 58.8 2.2 238.9
4-hydroxy-benzoic acid 272.0 160.1 518.8
4-hydroxy-phenylacetic acid 287.0 156.3 888.0
Apigenin 13.5 9.2 18.7
Caffeic acid 367.0 106.0 558.0
Daidzein 10.7 2.9 135.9
Enterodiol 1.0 0.2 8.9
Enterolactone 9.4 1.0 55.9
Equol 0.4 0.1 2.5
Ferulic acid 102.5 52.0 423.5
Gallic acid 28.0 12.2 82.6
Gallic acid ethyl ester 1.1 1.1 7.1
Genistein 5.4 1.3 59.7
Hesperetin 2.2 0.5 122.4
Homovanillic acid 80.5 51.0 162.5
Isorhamnetin 63.0 48.3 94.0
Kaempferol 87.0 59.1 126.9
m-Coumaric acid 8.10 0.5 76.4
Naringenin 3.70 1.1 77.9
Hydroxy-tyrosol 20.2 5.5 50.9
p-Coumaric acid 21.2 12.8 45.2
Phloretin 1.1 1.1 8.8
Protocatechuic acid 178.0 126.0 279.4
Quercetin 250.0 107.0 524.4
Resveratrol 2.6 1.1 13.6
Tyrosol 3.2 1.6 9.7
Vanillic acid 189.0 114.0 367.3

EPIC, European Prospective Investigation into Cancer and
Nutrition.
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together with other microbial metabolites [32]. One study
in vivo showed that after intake of an oral dose of cyanidin
3-glucoside (an anthocyanin widely found in fruits, par-
ticularly berries), vanillic acid was present in both human
urine and serum [33].

Naringenin occurs naturally in an inactive form as
naringin (the glycoside form) and is converted into its
active form (aglycone) by bacteria belonging to the gut
microbiome [34]. Naringin is a component of the ev-
eryday human diet, mainly present in citrus fruits. The

Fig. 1. Heat map showing Spearman rank correlations between plasma (poly)phenols and habitual intakes of
selected food groups among participants from the EPIC study. Only significant correlations are shown (p ≤ 0.05).
Colour of the circles indicates the strength and direction of the correlations, and the size indicates the strength of
the p value (the bigger, the stronger).
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gut microbiota metabolizes naringin and breaks it down
to naringenin which is absorbed in the gut [35]. One
study using animal models observed that the major
components in plasma and urine after 18 h of gastric
gavage of naringenin were glucuronides as well as the
colonic metabolite 3-(4-hydroxyphenyl) propionic acid

[36]. Thus, compounds present in plasma are not
necessarily classified as those precursors present in
diet – while naringenin is classified as a flavonoid in
diet, one of its major human gut microbial metabolites
is 3-(4-hydroxyphenyl) propionic acid, classified as
phenolic acid [37].

Fig. 2. Beta coefficients of BW changes associated with baseline
log2-transformed plasma (poly)phenol concentrations for 761
participants from the EPIC study. General linear mixed models
with the cancer project and EPIC centre as random effects. Beta
values indicate 5-year BW change (kg) based on log2-transformed
(poly)phenol plasma concentrations and, therefore, correspond to
a doubling in plasma concentration of (poly)phenols. Model 3:

Adjusted for age, sex, BMI (3-knot restricted cubic spline), follow-
up time in years (3-knot restricted cubic spline), physical activity
level, change in smoking status at follow-up, (poly)phenols lab-
oratory batch, total energy intake (3-knot restricted cubic spline),
plausibility of dietary energy reporting, intake of fibre (g/day), and
intake of vitamin C (mg/day). BW, body weight; CI, confidence
interval; FDR, false discovery rate.
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As far as we know, there is a lack of evidence on plasma
(poly)phenols and obesity-related parameters. Previous
cohort studies have investigated similar relationships but
with dietary or urinary (poly)phenols. The SU.VI.MAX
study [3] concluded that higher dietary (poly)phenol in-
take, particularly flavonoids and their subclasses, may help

reduce BW gain. The MEAL study observed that higher
flavonoid intake was associated with a lower BW [4]. In line
with this, the large randomized PREDIMED study con-
cluded that higher (poly)phenol intakes, objectively mea-
sured through total urinary (poly)phenol excretion, were
inversely correlated with BW and obesity [38]. Bertoia et al.

Table 3. ORs for BW lossa (n = 194) versus BW maintenance (reference categoryb, n = 274) for log2-transformed
plasma (poly)phenol concentrations in participants from the EPIC study

Plasma (poly)phenols Model 1c Model 3d

OR (95% CI) p value FDR OR (95% CI) p value FDR

(−)-Epicatechin 1.0 (0.8; 1.3) 0.80 0.92 1.0 (0.8; 1.3) 0.20 0.68
(−)-Epigallocatechin 1.0 (0.7; 1.5) 0.95 0.97 1.0 (0.7; 1.5) 0.97 0.99
(−)-Gallocatechin 1.3 (0.6; 2.8) 0.52 0.89 1.3 (0.6; 2.8) 0.54 0.82
(+)-Catechin 0.9 (0.7; 1.1) 0.21 0.74 0.9 (0.7; 1.1) 0.21 0.68
3,4-dihydroxy-phenylacetic acid 1.0 (0.8; 1.3) 0.88 0.96 1.0 (0.8; 1.3) 0.83 0.93
3,4-dihydroxy-phenylpropionic acid 1.0 (0.9; 1.2) 0.69 0.91 1.0 (0.9; 1.3) 0.64 0.82
3,5-dihydroxy-benzoic acid 1.0 (0.8; 1.2) 0.97 0.97 1.0 (0.9; 1.2) 0.90 0.95
3,5-dihydroxy-phenylpropionic acid 1.0 (0.9; 1.3) 0.71 0.91 1.1 (0.9; 1.3) 0.61 0.82
3-hydroxy-benzoic acid 1.1 (0.9; 1.3) 0.41 0.84 1.1 (0.-9; 1.3) 0.52 0.80
3-hydroxy-phenylacetic acid 1.0 (0.9; 1.2) 0.56 0.91 1.1 (0.9; 1.2) 0.36 0.76
4-hydroxy-benzoic acid 1.0 (0.9; 1.1) 0.81 0.92 1.0 (0.9; 1.1) 0.87 0.95
4-hydroxy-phenylacetic acid 1.0 (0.8; 1.2) 0.82 0.92 1.0 (0.8; 1.2) 0.80 0.93
Apigenin 1.1 (0.8; 1.6) 0.43 0.84 1.2 (0.8; 1.6) 0.39 0.77
Caffeic acid 1.8 (1.0; 3.1) 0.05 0.47 1.7 (1.0; 3.0) 0.05 0.51
Daidzein 0.9 (0.8; 1.0) 0.05 0.47 0.9 (0.8; 1.0) 0.07 0.51
Enterodiol 1.0 (0.9; 1.1) 0.59 0.91 1.0 (0.9; 1.1) 0.60 0.82
Enterolactone 0.9 (0.9; 1.1) 0.91 0.96 1.0 (0.9; 1.1) 0.99 0.99
Equol 1.0 (0.8; 1.1) 0.65 0.91 1.0 (0.8; 1.1) 0.68 0.84
Ferulic acid 1.3 (1.0; 1.7) 0.04 0.47 1.3 (1.0; 1.7) 0.15 0.51
Gallic acid 1.2 (0.8; 1.6) 0.39 0.84 1.2 (0.8; 1.7) 0.30 0.72
Gallic acid ethyl ester 0.9 (0.7; 1.2) 0.44 0.84 0.9 (0.7; 1.2) 0.51 0.82
Genistein 1.0 (0.9; 1.1) 0.75 0.92 1.0 (0.9; 1.2) 0.80 0.93
Hesperetin 1.0 (1.0; 1.1) 0.43 0.84 1.0 (1.0; 1.1) 0.43 0.78
Homovanillic acid 1.2 (0.8; 1.4) 0.66 0.91 1.1 (0.8; 1.4) 0.63 0.82
Isorhamnetin 0.7 (0.4; 1.4) 0.35 0.84 0.7 (0.3; 1.4) 0.30 0.72
Kaempferol 1.6 (0.9; 2.7) 0.09 0.59 1.7 (1.0; 2.9) 0.06 0.51
m-Coumaric acid 1.1 (1.0; 1.2) 0.28 0.84 1.1 (1.0; 1.2) 0.39 0.68
Naringenin 1.1 (1.0; 1.2) 0.05 0.47 1.1 (1.0; 1.2) 0.04 0.51
Hydroxy-tyrosol 1.1 (0.9; 1.4) 0.47 0.84 1.1 (0.9; 1.4) 0.43 0.78
p-Coumaric acid 1.2 (0.9; 1.5) 0.20 0.74 1.2 (0.9; 1.5) 0.21 0.68
Phloretin 1.1 (0.9; 1.3) 0.36 0.84 1.1 (0.9; 1.4) 0.23 0.68
Protocatechuic acid 1.3 (0.7; 2.6) 0.39 0.84 1.4 (0.7; 2.8) 0.35 0.76
Quercetin 0.8 (0.7; 1.0) 0.10 0.59 0.8 (0.7; 1.0) 0.12 0.66
Resveratrol 1.0 (0.9; 1.2) 0.67 0.91 1.0 (0.9; 1.3) 0.64 0.82
Tyrosol 1.2 (0.9; 1.4) 0.18 0.74 1.2 (0.9; 1.4) 0.20 0.68
Vanillic acid 1.3 (0.9; 1.8) 0.14 0.72 1.3 (0.9; 1.9) 0.15 0.66

CI, confidence interval; EPIC, European Prospective Investigation into Cancer and Nutrition; FDR, false
discovery rate; OR, odds ratio. ORs correspond to a doubling in (poly)phenol concentration. aBW loss: weight
change < −1.5 kg/5 years. bReference category: BW maintenance from −1.5 to 1.5 kg/5 years. cAdjusted for
age, sex, BMI (3-knot restricted cubic spline), cancer project, and EPIC centre. dFurther adjusted for follow-up
time in years (3-knot restricted cubic spline), physical activity level, change in smoking status at follow-up,
(poly)phenols laboratory batch, total energy intake (3-knot restricted cubic spline), plausibility of dietary
energy reporting, intake of fibre (g/day), and intake of vitamin C (mg/day).

Plasma (Poly)phenols and Weight Change
in EPIC

Ann Nutr Metab
DOI: 10.1159/000535803

9

D
ow

nloaded from
 http://karger.com

/anm
/article-pdf/doi/10.1159/000535803/4171882/000535803.pdf by U

niversitat de Barcelona user on 26 February 2024

https://doi.org/10.1159/000535803


[39] observed, in three prospective cohorts, that higher
intake of foods rich in flavonoids may contribute to BW
maintenance and prevention of obesity. A longitudinal
study from the Netherlands found that a higher intake of
flavonols and flavones was associated with lower increase in
BMI over 14 years in the general female population [40].

In comparing our current study to our previous work
utilizing dietary (poly)phenol data from the EPIC-PAN-
ACEA cohort [5, 6], we observed few distinct differences
in the findings. Our previous dietary-based research found
a strong, statistically significant inverse link between
(poly)phenol intake and BW gain. However, in this study

Table 4. ORs for BW gaina (n = 293) versus BWmaintenance (reference categoryb, n = 274) for log2-transformed
(poly)phenol concentrations in participants from the EPIC study

Plasma (poly)phenols Model 1c Model 3d

OR (95% CI) p value FDR OR (95% CI) p value FDR

(−)-Epicatechin 1.0 (0.8; 1.1) 0.61 0.98 1.0 (0.8; 1.1) 0.57 0.94
(−)-Epigallocatechin 0.9 (0.6; 1.2) 0.33 0.93 0.9 (0.6; 1.2) 0.33 0.93
(−)-Gallocatechin 0.9 (0.5; 1.8) 0.82 0.98 0.9 (0.5; 1.8) 0.74 1.00
(+)-Catechin 0.9 (0.8; 1.1) 0.56 0.97 0.9 (0.8; 1.1) 0.55 0.94
3,4-dihydroxy-phenylacetic acid 0.9 (0.8; 1.1) 0.51 0.96 0.9 (0.8; 1.1) 0.54 0.94
3,4-dihydroxy-phenylpropionic acid 1.0 (0.8; 1.1) 0.50 0.96 1.0 (0.8; 1.1) 0.52 0.94
3,5-dihydroxy-benzoic acid 0.9 (0.8; 1.0) 0.07 0.93 0.9 (0.8; 1.0) 0.07 0.93
3,5-dihydroxy-phenylpropionic acid 0.9 (0.8; 1.1) 0.29 0.93 0.9 (0.8; 1.1) 0.31 0.93
3-hydroxy-benzoic acid 1.0 (0.9; 1.2) 0.64 0.98 1.0 (0.9; 1.2) 0.64 0.96
3-hydroxy-phenylacetic acid 1.0 (0.9; 1.1) 0.42 0.96 1.0 (0.9; 1.1) 0.55 0.94
4-hydroxy-benzoic acid 0.9 (0.8; 1.1) 0.24 0.93 0.9 (0.8; 1.0) 0.24 0.93
4-hydroxy-phenylacetic acid 0.9 (0.8; 1.1) 0.23 0.93 0.9 (0.8; 1.1) 0.24 0.93
Apigenin 0.9 (0.8; 1.1) 0.46 0.96 0.9 (0.8; 1.1) 0.47 0.94
Caffeic acid 1.0 (0.7; 1.5) 0.80 0.98 1.1 (0.7; 1.5) 0.78 1.00
Daidzein 0.9 (0.9; 1.0) 0.12 0.93 0.9 (0.9; 1.0) 0.14 0.93
Enterodiol 1.0 (0.9; 1.1) 0.81 0.98 1.0 (0.9; 1.1) 0.84 1.00
Enterolactone 1.0 (0.8; 1.0) 0.11 0.93 0.9 (0.8; 1.0) 0.12 0.93
Equol 1.0 (0.9; 1.1) 0.86 0.98 1.0 (0.9; 1.1) 0.86 1.00
Ferulic acid 1.0 (0.8; 1.2) 0.90 0.98 1.0 (0.8; 1.2) 1.00 1.00
Gallic acid 1.0 (0.7; 1.3) 0.93 0.99 1.0 (0.7; 1.3) 0.97 1.00
Gallic acid ethyl ester 1.0 (0.8; 1.2) 0.98 0.99 1.0 (0.8; 1.2) 0.99 1.00
Genistein 1.0 (0.9; 1.1) 0.78 0.98 1.0 (0.9; 1.1) 0.77 1.00
Hesperetin 1.0 (0.9; 1.0) 0.33 0.93 1.0 (0.9; 1.0) 0.38 0.94
Homovanillic acid 0.9 (0.8; 1.1) 0.30 0.93 0.9 (0.7; 1.1) 0.31 0.93
Isorhamnetin 0.8 (0.5; 1.3) 0.37 0.94 0.8 (0.5; 1.3) 0.34 0.93
Kaempferol 1.1 (0.8; 1.6) 0.54 0.97 1.1 (0.8; 1.6) 0.53 0.94
m-Coumaric acid 1.0 (0.9; 1.2) 0.43 0.96 1.0 (0.9; 1.2) 0.41 0.94
Naringenin 1.0 (0.9; 1.1) 0.76 0.98 1.0 (0.9; 1.1) 0.87 1.00
Hydroxy-tyrosol 1.0 (0.8; 1.2) 0.90 0.98 1.0 (0.8; 1.2) 0.90 1.00
p-Coumaric acid 1.0 (0.8; 1.1) 0.67 0.98 1.0 (0.8; 1.1) 0.64 0.96
Phloretin 0.9 (0.7; 1.0) 0.11 0.93 0.9 (0.7; 1.0) 0.14 0.93
Protocatechuic acid 0.8 (0.6; 1.2) 0.28 0.93 0.8 (0.6; 1.1) 0.25 0.93
Quercetin 0.9 (0.8; 1.1) 0.24 0.93 0.9 (0.7; 1.1) 0.26 0.93
Resveratrol 1.0 (0.9; 1.2) 0.99 0.99 1.0 (0.9; 1.2) 1.00 1.00
Tyrosol 0.9 (0.7; 1.1) 0.34 0.93 1.0 (0.7; 1.1) 0.31 0.93
Vanillic acid 1.0 (0.8; 1.3) 0.84 0.98 1.0 (0.8; 1.3) 0.82 1.00

CI, confidence interval; EPIC, European Prospective Investigation into Cancer and Nutrition; FDR, false
discovery rate; OR, odds ratio. ORs correspond to a doubling in (poly)phenol concentration. aBW gain: weight
change >1.5 kg/5 years. bReference category: BWmaintenance from −1.5 to 1.5 kg/5 years. cAdjusted for age,
sex, BMI (3-knot restricted cubic spline), cancer project, and EPIC centre. dFurther adjusted for follow-up time
in years (3-knot restricted cubic spline), physical activity level, change in smoking status at follow-up, (poly)
phenols laboratory batch, total energy intake (3-knot restricted cubic spline), plausibility of dietary energy
reporting, intake of fibre (g/day), and intake of vitamin C (mg/day).
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using plasma (poly)phenol concentrations, associations
were less pronounced and borderline statistically sig-
nificant. Two key factors contribute to these disparities.
Firstly, we had dietary data for a much larger subgroup
(around 350,000) of the EPIC cohort, while plasma
(poly)phenol analysis was limited to under 800 partic-
ipants due to logistical constraints. This variation in
sample size could affect our ability to detect associations.
Secondly, using biomarkers like plasma (poly)phenols
offers a more objective measure of diet but may not
capture its full complexity due to individual differences
in bioavailability and metabolism [41]. In contrast, di-
etary data provide a comprehensive view of dietary
patterns [42]. In spite of these differences, both mea-
surements (dietary data and nutritional biomarkers)
provide evidence that (poly)phenols may have a pro-
tective impact in BW maintenance.

In addition, the discrepancies in explaining these
associations can be attributed to differences in (poly)
phenol bioavailability. In general, (poly)phenols show
low bioavailability (<20%) which can be affected by
several factors, including chemical structure (including
sugar moiety), food matrix, interaction with other
compounds, and individual conditions like intestinal
activity, gut microbiota composition, sex, or age [41].
According to pharmacokinetic studies, (poly)phenols
that are most absorbed in humans are isoflavones and
phenolic acids, followed by catechins, flavanones, and
quercetin glucosides. Low-molecular-weight (poly)
phenols are easily absorbed through the gut barrier [43,
44]. When they reach the basal membrane of the
enterocytes and when they enter the liver, they are
conjugated to glucuronic acid, sulphate, and methyl
groups to facilitate their transport and excretion and
limit their potential toxicity [43, 44]. Conversely, large
molecular weight (poly)phenols such as proanthocya-
nidins are poorly absorbed in the small intestine, and
they reach the colon to be metabolized by the gut
microbiota into lower molecular weight compounds,
generally phenolic acids, which can be partially ab-
sorbed in the colon [45].

Increasing evidence supports the idea that the gut
microbiome plays a key role in the relationship between
(poly)phenols and metabolism, body fat, and obesity. It
has been shown, for example, that diets high in (poly)
phenol-rich whole plant-based foods improve gut
microbiota profiles when compared to diets high in
animal-based products [46]. Interactions between
(poly)phenols and the gut microbiome have also been
shown to decrease obesity-related conditions such as
development of adipose tissue and obesity-induced

inflammatory genes [47]. Plasma concentrations of
different (poly)phenols may be a reflection of these
metabolites resulting from dietary (poly)phenols-mi-
crobiome interactions [48].

The robust positive correlations observed between
certain plasma (poly)phenols, such as the noteworthy
correlation between 3,5-dihydroxy-benzoic acid and
3,5-dihydroxy-phenylpropionic acid, can be attributed
to a complex interplay of dietary factors, metabolic
processes, and individual variability. In a previous
study assessing the pharmacokinetics of novel me-
tabolites in urine, it was observed that these two
compounds were new candidate biomarkers for whole-
grain wheat and rye intake [49]. Therefore, both 3,5-
dihydroxy-benzoic acid and 3,5-dihydroxy-phenyl-
propionic acid were proposed as potential biomarkers
to increase the accuracy of whole-grain wheat and rye
intake in epidemiology studies. These findings un-
derscore the multifaceted nature of (poly)phenol
metabolism and its dependence on dietary patterns,
metabolic pathways, and individual characteristics,
offering valuable insights for future research in (poly)
phenol metabolism and its potential health implica-
tions. The strong correlations observed between certain
compounds and tea and coffee may reflect some
characteristics of dietary patterns in our population.
Tea and coffee are frequently consumed by individuals
as part of their daily routines [11]. Consistent and
habitual consumption of these beverages may result in a
continuous supply of (poly)phenols to the body, po-
tentially leading to higher and steadier plasma levels
over time [50].

As previously mentioned, one limitation of our
investigation is the interpretation of human study data
when working with these compounds. For example, as
the occurrence of these metabolites in circulating
blood is the result of digestive and hepatic activity, the
complex interaction between (poly)phenols, individ-
ual gut microbiota, and host metabolism cannot be
disregarded [1]. Another limitation is the relatively
small sample size with available measurements of
plasma (poly)phenols, particularly for subgroup an-
alyses. The EPIC sampling characteristics do not allow
the total generalizability of these findings to other
populations. In addition, the fact that female partic-
ipants constituted the vast majority of the study
population means males were underrepresented.
Concentrations of (poly)phenols were measured in
single plasma samples at baseline; thus, intra-
individual variations in circulating levels of these
compounds were not available, which could also lead
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to attenuation of the observed associations [51]. Be-
cause of the observational nature of the study design,
although we were able to adjust our models for rele-
vant lifestyle and dietary covariates, the possibility of
residual confounding cannot be ruled out.

A major strength of this study is its prospective and
multicentre design, including participants from dif-
ferent European countries with wide variation in diet. In
addition, we had data on a relatively large number of
(poly)phenols (n = 36), spanning all major classes found
in the human diet. While plasma (poly)phenols in this
study may indicate a plant-based diet, it is important to
consider a broader context. While we incorporated fibre
and vitamin C intake into our model, we recognize a
lack of detailed knowledge regarding the potential bi-
ological mechanisms connecting plasma (poly)phenols
to BW loss. Consequently, attributing our findings
solely to a healthier diet may be overly simplistic.
Nevertheless, further research is needed to explore how
(poly)phenols and plant-based compounds influence
BW regulation. In epidemiological studies, prediction of
(poly)phenol intake mainly relies on food records and
composition tables, often failing to assess total intake
accurately [52]. Thus, assessing the relationship be-
tween diet-related compounds and health outcomes can
be challenging. The measurement of plasma concen-
trations of (poly)phenols represents an objective mea-
surement of a snapshot of internal exposure to these
compounds that could come directly from different
dietary sources or their precursors [51]. This has been a
way of reducing the potential bias from dietary
questionnaire-based data. While the evidence on the
determination of plasma (poly)phenols is not extensive,
a recent review described the common analytical
technique utilizing LC-MS/MS [53]. However, the use
of differential isotope labelling in our methodology is an
extra advantage. This methodology reinforces the ro-
bustness, sensitivity, and specificity of our analytical
approach and its applicability to quantifying low plasma
(poly)phenol concentrations [54].

In conclusion, this prospective investigation suggested
a tendency towards 5-year BW loss or maintenance at
higher plasma (poly)phenol concentrations at baseline.
Among specific (poly)phenols, vanillic acid and nar-
ingenin can be highlighted, which may act as biomarkers
of flavonoid intake. While these specific associations
seemed promising, they did not withstand FDR correc-
tion, indicating the need for caution in interpreting these
results. These findings are preliminary, and further
studies using (poly)phenol biomarkers are needed to
better understand the potential observed trends. This

study may contribute to the identification of specific
(poly)phenols for future mechanistic studies or clinical
trials on obesity-related pathways in humans.
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ABSTRACT 

Prospective and experimental evidence supports beneficial effects of flavonoids on weight 

management and metabolic health, but their impact on specific adiposity parameters remains 

unclear. We aimed to investigate associations of total and subclasses of dietary flavonoids with 

adiposity. We evaluated cross-sectional data from 11,568 adults aged 30-65 years recruited to the 

Fenland Study between 2005 and 2015 in Cambridgeshire, UK. Habitual diets were evaluated 

using food frequency questionnaires. Flavonoid intakes were calculated using a British food 

composition database. The associations were examined using robust regression adjusted for 

relevant confounders and corrected for false discovery rate for multiple flavonoids and adiposity 

parameters. The median of flavonoid intake was 428 mg/d (interquartile range 282). Doubling in 

total flavonoid intakes was inversely associated with body fat (BF) (dual-energy X-ray 

absorptiometry) with betalog2 -0.54% (95% CI -0.70; -0.40); visceral fat (VAT) -0.13 cm (-0.17; -

0.08); subcutaneous fat (SCAT) -0.05 cm (-0.08; -0.02); VAT:SCAT ratio -0.02 (-0.04; -0.00); 

body mass index (BMI) -0.33 kg/m2 (-0.44; -0.22); waist circumference (WC) -0.84 cm (-1.13; -

0.55); and waist-to-hip ratio -0.004 (-0.006; -0.002). Most of flavonoid subclasses showed similar 

results, except isoflavones that were positively associated with BF [0.15 % (0.06; 0.23)], VAT 

[0.03 cm (0.01; 0.06)] and WC [0.19 cm (0.04; 0.35)]. Associations weakened when adjusted for 

BMI. Our study suggests that the influence of flavonoids on adiposity might be a potential pathway 

for the relationship between flavonoid-rich foods and metabolic risk. These findings should 

stimulate further investigation in prospective, interventional, and mechanistic studies to understand 

the link between flavonoids and adiposity. 

Keywords: dietary flavonoids, adiposity, cross-sectional, Fenland study 

  



INTRODUCTION 

The role of diet as a prominent modifiable risk factor for obesity and adiposity-related conditions is 

widely recognized (1). Extensive evidence supports the relevant contribution of plant-based foods 

and their bioactive substances in preventing or treating these conditions (2,3). Flavonoids, 

polyphenolic compounds abundantly found in plant-based foods, such as fruits, vegetables, tea, and 

cocoa products, are of particular importance among these bioactive substances (4). Flavonoids are 

classified into six subclasses based on their chemical structure: flavanols, flavonols, flavanones, 

anthocyanidins, flavones, and isoflavones (4). These subclasses exhibit distinct profiles of 

bioavailability and bioactivity (5). There is a general agreement of observational studies suggesting 

an inverse association between total dietary flavonoid intake and body weight (BW) gain, body 

mass index (BMI), and waist circumference (WC) (6–10). However, further research is needed to 

clarify links, if any, between subclasses of flavonoids and specific adiposity parameters, such as 

body fat (BF) percentage and distribution. These associations have frequently been observed in 

specific flavonoid-rich foods, such as tea (rich in flavanols) or citrus fruits (rich in flavanones) 

(11,12). Several mechanistic studies have proposed potential metabolic pathways that explain 

causality of these associations (13,14). Flavonoids play a role in the increment of energy 

expenditure, the alteration of lipid metabolism, and some anti-inflammatory and antioxidant 

processes (13,14). Randomised clinical trials (RCTs) also have provided compelling evidence 

supporting that dietary flavonoids exert obesity lowering effects, particularly in relation to reducing 

BMI and WC (15). However, evidence for adiposity parameters such as visceral and subcutaneous 

abdominal fat thickness (VAT and SCAT, respectively) is still limited. We aimed to investigate the 

associations between dietary intake of flavonoids and different adiposity parameters, including total 

BF %, VAT and SCAT, VAT:SCAT ratio, body shape index (ABSI) and the traditional BMI, WC, 

and waist-to-hip ratio (WHR), in a large population-based study in the UK.  



METHODS 

Study design and population 

The Fenland Study is an on-going population-based cohort study designed to investigate the 

influence of health behaviour or lifestyle and genetic factors on the development of obesity, 

diabetes, and other metabolic disorders (16). Between 2005 and 2015, 12,435 adult volunteers born 

between 1950 and 1975 (aged 30 to 65 years) were invited from general practice lists in and around 

Cambridgeshire, England, from three test sites: Cambridge, Ely, and Wisbech, with a response rate 

of 27%. Exclusion criteria included presence of diabetes, psychotic or terminal illness, inability to 

walk unaided, and pregnancy or lactation. In this current study, we excluded those with missing 

values of dietary intakes, outcomes or covariates (n=866), keeping 11,568 participants as analysis 

sample. The Cambridge Local Ethics Committee approved the study, and all participants gave 

written informed consent (16). 

Dietary intakes 

Participants self-reported habitual diet over the previous 12 months using a 130-item semi-

quantitative food frequency questionnaire (FFQ), originally designed for the European Prospective 

Investigation into Cancer and Nutrition study in the UK (EPIC-Norfolk) (17). Validity of 

estimating foods and nutrients from the FFQ was assessed with 24-hour recalls and 7-day food 

records previously (17,18). Total energy, nutrient and flavonoid intakes were estimated using the 

in-house programme (19) that incorporated the standardised EPIC Nutrient Database (20). 

Specifically for this analysis, we used a food composition database for flavonoids (21), primarily 

based on US Department of Agriculture databases (22). The flavonoid databases were enriched by 

considering retention factors due to varied cooking methods, affecting flavonoid stability 

differently. Comprehensive analyses of entire recipes and estimation of missing values based on 

similar foods revealed subtle flavonoid variations, offering valuable insights into culinary practices' 

complexities and their influence on flavonoid intake (22). In this study, we expressed flavonoid 

intake as aglycones (mg/d) computed as total and by subclasses.  



Anthropometric measures 

Height and weight were measured with participants in lightweight clothing and barefoot. Weight 

was measured using a calibrated electronic scale (TANITA model BC-418 MA; Tanita, Tokyo, 

Japan). Height was assessed with a wall-mounted stadiometer (SECA 240; Seca, Birmingham, 

UK). BMI was calculated as weight (kg) divided by height squared (m2). Using a non-stretchable 

fibreglass insertion tape (D loop tape; Chasmors Ltd, London, UK), WC was measured midway 

between the lower rib margin and the iliac crest and hip circumference was measured at the widest 

level over the greater trochanters. WHR was calculated as the ratio of the WC to the hip 

circumference. Total BF % was measured using dual energy x-ray absorptiometry (DEXA) (Lunar 

Prodigy Advanced fan beam scanner; GE Healthcare, Bedford, UK) as described previously (16). 

VAT and SCAT were measured using a LOGIQ Book XP ultrasound system (GE Healthcare, 

Bedford, United Kingdom) (16). VAT was defined as the depth (cm) from the peritoneum to the 

lumbar spine, and SCAT was defined as the depth (cm) from the skin to the linea alba. The 

VAT:SCAT ratio was calculated as an additional marker of health risk linked to abdominal obesity. 

We also calculated ABSI using the following formula: ABSI = WC/(BMI2/3 × Height1/2) with WC 

and height in metres and BMI in kg/m2 (23).   

Other variables 

A standardised questionnaire was used to collect baseline data on self-reported age, sex, ethnicity, 

socioeconomic variables, and behavioural lifestyle factors, including alcohol and smoking history. 

Physical activity was assessed objectively using combined heart rate and uniaxial movement sensor 

for over 6 days (Actiheart, CamNTech, Cambridge, UK) with individual calibration for heart rate 

using a treadmill test (24). To estimate intensity time series, free-living data were pre-processed 

and modelled using a branched equation framework then summarised over time as daily physical 

activity energy expenditure (kJ/kg/d) (24).  



Statistical Analysis 

As exposures, we considered intake of total flavonoids as well as intake of its subclasses i.e. 

flavanols (flavan-3-ol monomers, proanthocyanidins and theaflavins), anthocyanidins, flavonols, 

flavanones, flavones, and isoflavones. Different adiposity-related parameters were assessed as 

outcomes, including total BF %, VAT, SCAT, VAT:SCAT ratio, BMI, WC, ABSI, and WHR. We 

reported characteristics of the population by quintiles of total flavonoid intake. We conducted 

Spearman correlations between dietary flavonoids (total and subclasses) and different food groups 

that would include plant-based items, comprising beans, cereal products, cocoa products, coffee, 

fats and oils, fruit, non-alcoholic beverages, nuts and seeds, potatoes, soups and sauces, soya 

products, teas, vegetables, and wine.  

To examine the cross-sectional associations between flavonoid intake and adiposity, we used 

robust multiple linear regression (25). The exposure variables were log2-transformed due to their 

right skewness, therefore we presented results as beta values for doubling the intake of flavonoids. 

For total flavonoids, we also reported results by quintiles of intake testing linear trend by assigning 

the median of each quintile as a score. The initial probability of false positive findings was set at 

5%. Given the number of tests conducted, we applied a correction for multiple comparisons using 

the Benjamini & Hochberg false discovery rate (FDR) (26,27). Associations were considered 

significant if they surpassed this correction (FDR q<0.05). Models were adjusted for potential 

confounders selected based on previous knowledge and biological plausibility (28–32). We fitted a 

first model adjusted for age and sex. We further adjusted for sociodemographic and behavioural 

factors including ethnicity (European origin/non-European origin), age at completion of full-time 

education (years), household income (£/year), site (Cambridge/Ely/Wisbech), smoking status 

(never/former/current), and physical activity energy expenditure (kJ/kg/d). Finally, we fitted a third 

model further adjusting for dietary factors including intake of: energy (kcal/d), fibre (g/d), vitamin 

C (mg/d), and different food groups (g/d): alcoholic beverages except wine, dairy products, red and 

processed meat, fats and creams, poultry and egg, sugar, sugar-sweetened beverages, and 



artificially sweetened beverages. Food groups for adjustment were chosen because they generally 

lacked flavonoid content and may have a detrimental impact on adiposity (33). We visually 

assessed the linearity assumption by plotting residuals and fitting restricted cubic splines (knots at 

percentiles 10, 50, and 90) to the most adjusted model. To further manage confounding by energy 

intake (EI), apart from adjusting the standard multivariate model, we performed an exploratory 

analysis calculating flavonoids by energy density, standardising the EI in 2,000 kcal/d (flavonoids 

× 2,000/EI) (34). We also applied a regression residual technique for total EI adjustment (34). We 

performed further adjustments for BMI for all outcomes except BMI and ABSI. For outcomes like 

BF %, VAT, SCAT, WC and WHR, this further adjustment meant to isolate the influence of 

flavonoid intake on those specific aspects of body composition, independent of overall body size. 

Adjustment was not included for BMI and ABSI to avoid redundancy and collinearity as BMI is 

inherent in both measurements.   

We conducted sensitivity analyses excluding 232 participants who were likely to misreport EI 

(participants in the bottom and top 1% of total EI). Such misreporting might be common and could 

introduce bias in estimating the relationship between dietary factors (e.g., flavonoid consumption) 

and adiposity-related parameters (35). Furthermore, we conducted three additional analyses, 

excluding participants with specific clinical conditions: HbA1c > 48 mmol/mol or taking oral 

antidiabetic medication (n=4,293); total cholesterol > 5.5 mmol/L or taking lipid-lowering 

medication (n=5,255); and average blood pressure ≥ 140 (systolic) or ≥ 90 (diastolic) mmHg based 

on three measurements of blood pressure, or taking anti-hypertensive medication (n=1,697). For a 

more comprehensive understanding of how the relationship between total flavonoid consumption 

and adiposity would vary across different subgroups (sex, age, and smoking status) (28,36), we 

conducted post hoc analyses to explore interactions. We incorporated the interaction term into our 

model using p-interactions as the assessment metric. We categorised participants according to sex 

(male/female), age (<48/≥48 years), and smoking status (never/former/current). We set the age cut-



off point based on the mean age of the study population (48 years). All analyses were conducted 

using R (RStudio version 1.2.5033) (37).  

RESULTS 

Descriptive characteristics 

We included 11,568 adult participants, aged between 29 and 64 years. Median (IQR) of total 

flavonoid consumption was 428 (282) mg/d. In the highest quintile of total flavonoid intake 

(median (IQR) ~700 (135) mg/d) (Table 1), participants were more likely to be women (56%) than 

the lowest quintile (~170 (94) mg/d) (% women=50). Flavanols had the highest median intake [340 

(252) mg/d], particularly the subclasses flavan-3-ols [163 (198) mg/d] and proanthocyanidins [139 

(102) mg/d]. In contrast, isoflavones had the lowest median intake [1 (2) mg/d]. According to 

Spearman correlation analysis (Figure 1), most food groups showed positive correlations with 

different flavonoids. The strongest ones were observed for the food group ‘teas’ and theaflavins 

(coefficient 1.00), flavan-3-ols (0.97), flavonols (0.88), flavanols (0.85) and total flavonoids (0.80). 

The group ‘fruit’ also showed strong correlations with anthocyanidins (0.79) and 

proanthocyanidins (0.76). Isoflavones showed a moderate-strong correlation with cocoa products 

(0.65). 

Flavonoid intake and adiposity 

In the most adjusted model and after FDR correction, total flavonoid intake was inversely 

associated with the majority of the adiposity parameters assessed. Specifically, per doubling total 

flavonoid intake, total BF % was lower by betalog2 -0.55 (95% CI: -0.70; -0.40); VAT -0.13 cm (-

0.17; -0.08); and SCAT -0.05 cm (-0.08; -0.02) (Figure 2 and Table 2). It also showed negative 

associations with BMI -0.33 kg/m² (-0.44; -0.22); WC -0.84 cm (-1.13; -0.55); and WHR -0.004 (-

0.006; -0.002) (Figure 2 and Supplementary table 1). The VAT:SCAT ratio showed betalog2 -0.02 

(95%CI: -0.04; -0.00)] with FDR q value = 0.05. When categorising total flavonoid intakes, similar 

associations were indicated (Table 3). Regarding subclasses, most of them displayed inverse 



associations with various adiposity outcomes (Figure 2 and Table 2) highlighting BF %, VAT, 

BMI, WC and WHR. The exception were the isoflavones, which showed positive associations with 

total BF %, VAT, and WC.  

Other analyses 

After calculating flavonoid intake according to energy density or taking residuals regressed on EI, 

results followed the same direction as the standard multivariate model (Supplementary table 2). 

BMI exhibited strong correlations with WC at 0.85 and total BF % at 0.78, along with moderate 

correlations with VAT at 0.60, WHR at 0.52 and SCAT at 0.54. Upon the additional adjustment for 

BMI, we observed some considerable changes (Supplementary table 3). Most associations were 

attenuated. We observed the most evident changes for WC, as associations of flavonoid variables 

with WC were substantially weakened or nullified after adjusting for BMI. Specifically, intakes of 

proanthocyanidins and anthocyanidins showed the strongest negative associations with BF %, 

VAT, VAT:SCAT, WC and WHR, independently of measured BMI. 

After excluding probable misreporters of EI (n=11,336 remaining) (Supplementary table 4), 

following FDR correction, SCAT showed a notable change with non-significant results for all 

exposure variables. In addition, isoflavones showed stronger positive associations with total BF %, 

VAT, and WC. The exploratory analyses excluding participants with alteration of different 

metabolic parameters attenuated results (Supplementary table 5). In participants with levels of 

Hb1Ac < 48 mmol/mol or no oral antidiabetic use (n=7,275), total flavonoid intake, as well as most 

subclasses, showed log2-linear inverse associations with the majority of adiposity parameters, 

except ABSI, SCAT, and VAT:SCAT ratio, where associations were mostly null. Similar results 

were observed when only participants with total cholesterol levels <5.5 mmol/l or without use of 

lipid lowering medication were assessed (n=6,313). In participants with average blood pressure < 

140 (systolic), < 90 (diastolic) mmHg or without use of antihypertensive medication (n=9,871), 

associations were very similar to those observed for total population.  In interaction analyses 



(Supplementary tables 6 to 8) when comparing sexes, total flavonoids intakes were inversely 

associated with VAT and VAT:SCAT ratio in women but not men (p interaction <0.05 for each), 

and inverse associations were stronger in older versus younger participants for VAT, VAT:SCAT, 

ABSI, and WHR (p interaction <0.05 for each). In addition, we observed inverse associations 

between total flavonoid intake and total BF %, SCAT, and BMI for never and former smokers, but 

not for current smokers (p interaction<0.05 for each).  

DISCUSSION 

Intakes of total flavonoids and most of flavonoid subclasses were associated with lower adiposity 

parameters, especially total BF %, VAT, BMI, WC, and WHR according to this cross-sectional 

analysis of the British population-based cohort. Exceptionally, positive associations were observed 

between isoflavone intakes and total BF %, VAT and WC. Whereas we could not establish 

causality, this study would suggest a negative association between total flavonoids and most of 

flavonoid subclasses and different adiposity parameters. 

Previous observational studies have reported inverse associations between flavonoids and 

adiposity. In longitudinal findings from a sub-cohort of the EPIC study, evaluating approximately 

350,000 European participants, higher intakes of total flavonoids and subclasses, as well as most 

individual compounds, were inversely associated with 5-year BW gain (7,8). Similarly, in three 

prospective studies in health professionals from the US, higher consumption of most flavonoid 

subclasses including flavonols, flavan-3-ols, anthocyanins and flavonoid polymers was inversely 

associated with BW change over 4-year time intervals (6). A cross-sectional study in Korea linked 

higher flavonoid intake to lesser abdominal obesity and overall obesity, determined by BF % in 

women, but not in men among whom a positive association was seen (38). Our analysis of 

flavonoid intake and adiposity parameters showed similar associations between men and women. 

Similar sex non-specific findings were observed in cross-sectional studies in Poland and the UK 

twin study (39,40). The latter UK study and ours are, to our knowledge, the only studies that 



evaluated DEXA-derived adiposity measures. Evidence based on DEXA and other imaging 

instruments is required to advance our understanding of flavonoid-adiposity associations.  

Different interventional studies have explored the link between flavonoids and adiposity 

parameters, interventions that often include a single flavonoid-rich food or supplementation with 

specific compounds. For example, an RCT including 30 Japanese healthy adults evaluated the 

effect of a daily dose of 50 or 100 mg theaflavin-rich supplement on BW, fat and muscle measured 

by bioelectrical impedance analysis (41). They observed a significant improvement of total BF and 

subcutaneous abdominal fat vs placebo after 10 weeks. A meta-analysis of RCTs assessed the 

effects of flavanol consumption in the form of supplement (e.g., capsules) or specific foods (e.g., 

tea) on different obesity-related outcomes (BMI, WC, BF %) (42). Flavanols decreased BMI and 

WC in participants with overweight or obesity (> 25 kg/m2) and at doses ≥ 500 mg/day. This study 

reported a null effect of isoflavones that only significantly decreased BMI in subgroups of non-

Asian populations and at doses ≥ 75 mg/day. These trials often tested pharmacological doses of 

flavonoids that are difficult to achieve through habitual dietary intake (43,44). Nonetheless, the 

combined data from clinical trials and observational studies support the benefits of consuming 

flavonoids for weight maintenance and favourable fat distribution. Further evaluation focusing on 

detailed adiposity measurements is warranted for certain flavonoids, such as isoflavones, with weak 

or unexpected evidence.  

In our study, after further adjusting for BMI, results changed and some significant associations 

were lost, particularly with WC. These changes may reflect the limited power to detect an adiposity 

specific association independent of an overall body mass, because of their biological and statistical 

correlations (45). In this study, moderate to strong correlations were observed between BMI and 

WC (rho=0.85) and the other variables (rho=0.52 to 0.78), as reported in previous studies (45,46). 

Despite the correlations, proanthocyanidins and anthocyanidins intakes were associated with lower 

central and visceral adiposity measures, independent of measured BMI. Further mechanistic studies 



would be required to explain these specific observations, also focusing on positively correlated 

bioactive compounds and food sources, such as flavanols or flavonols and teas, or anthocyanidins 

or proanthocyanidins and fruits. 

Atypical results were observed for consumption of isoflavones, which showed positive associations 

with total BF % and WC. This would raise questions about the potential interplay between this 

subclass and other dietary factors, notably the correlation observed with cocoa products, and 

implied the need for accounting for the context of consumption (47). Previous studies primarily 

explored isoflavones in the context of soybean intakes in Asian populations (48,49). However, our 

results may have reflected a different setting, such as population characteristics and dietary choices.  

Mechanistic studies have provided biologically plausible explanations for the observed inverse 

associations between flavonoids and adiposity (50), including reduction of food intake, by inducing 

satiety or reducing craving urges (51) and modulation of adipogenesis and adipocyte lifecycle (52). 

The latter effect would be likely observed in this study as we modelled an isocaloric condition (53). 

A significant portion of the consumed flavonoids remains unchanged and reaches the colon, where 

they are partially metabolised by gut microbiota (54,55). Some metabolites resulting from 

flavonoid metabolism in the gut include short-chain fatty acids and phenolic compounds that when 

reabsorbed may act as signalling molecules. They may influence the expression of genes related to 

lipid metabolism and adiposity, as well as the modulation of inflammation (55). Flavonoids may 

exhibit prebiotic properties, promoting growth and activity of beneficial gut bacteria, as well as 

enhancing the integrity of the gut barrier (56). This may prevent the leakage of harmful substances 

into the bloodstream which can trigger inflammatory responses associated with obesity (55). This 

flavonoid-microbiota crosstalk, emerging in the literature, underscores the potential role of 

flavonoids in the regulation of adiposity (13,55).  



Strengths and limitations 

Some strengths of this study are its large sample size (n=11,568) compared to other studies 

analysing similar associations (57–59), and the inclusion of several flavonoid subclasses, which 

allowed the investigation of potentially different associations with adiposity parameters for 

different flavonoids. The use of DEXA and body fat thickness measurements allowed for a more 

accurate assessment of BF distribution as markers of central adiposity related to metabolic risk 

(60). Adjustment for a wide range of potential confounders would be another strength of this study.  

This study also has limitations. The cross-sectional design and residual confounding due to 

unmeasured or imprecisely measured factors limited inference for causal association. The source of 

confounding most difficult to control might be other constituents of flavonoid-rich foods (61). 

Despite performing several sensitivity analyses, errors due to dietary misreporting were possibly 

influential because of using self-reported methods of dietary assessment. In addition, it is important 

to acknowledge the potential underestimation of flavonoid intake as the flavonoid database did not 

encompass all potentially consumed flavonoid-rich foods, whereas we employed a comprehensive 

database with over 1,500 food items, including flavonoid sources in the UK (62,63). Validity, 

sensitivity and specificity of flavonoid intake estimates must be ascertained in future research. 

Finally, these results may not be generalizable to different populations (e.g., South Asia, South 

America or Africa) as the current study sample presented largely European origin, who might 

overall follow Westernised dietary patterns (64).  

CONCLUSION 

We observed an inverse association of total flavonoids and most of the flavonoid subclasses, with 

many adiposity parameters including total BF %, VAT, BMI, WC, and WHR. This suggests that 

abdominal adiposity might be a potential pathway for the inverse association between flavonoid-

rich foods and adiposity-associated metabolic risk. These findings are important for hypothesis 



generation and should stimulate further investigation in prospective studies, RCTs, and mechanistic 

studies of the link between flavonoids and adiposity.  
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TABLES AND FIGURES 

Table 1. Characteristics of 11,568 participants from the Fenland study across quintiles of total 

flavonoid consumption. 

Characteristics 
Total flavonoid intakes by quintile values (Q)  

Q1 (n=2,314) Q2 (n=2,313) Q3 (n=2,314) Q4 (n=2,313) Q5 (n=2,314) 

Total flavonoid intake, mg/d (cut-off points) ≤ 253.8 >253.9 to 371.3 >371.3 to 481.3 >481.3 to 603.8 >603.8 

Sex, % women 50  50 55 57 56 

Site, %      

  Cambridge 35 37 40 38 38 

  Ely 38 40 38 37 39 

  Wisbech 27 23 22 25 23 

Ethnicity, % non-European origin 7 8 7 6 7 

Household income, £/year      

  <20,000 15 11 12 13 14 

  20,000 to 40,000 34 35 33 35 33 

  >40,000 51 54 55 52 53 

Smoking status      

  Never 51 55 58 57 56 

  Former 33 34 32 32 34 

  Current 16 11 10 11 10 

Age, years 47.7 (12.3) 48.7 (12.6) 49.1 (12.1) 49.2 (11.8) 50.1 (11.0) 

PAEE, kJ/kg/day 49.2 (29.8) 49.9 (27.6) 49.9 (28.8) 52.1 (28.3) 52.0 (29.4) 

Age end of full-time education, years 17.0 (5.0) 18.0 (5.0) 18.0 (6.0) 18.0 (5.0) 18.0 (5.0) 

Dietary intakes      

  Energy, kcal/d 1,626 (662) 1,758 (686) 1,841 (702) 1,906 (726) 2,185 (943) 

  Fibre, g/d  4.7 (8.8) 5.6 (9.4) 5.7 (9.5) 5.5 (9.2) 5.6 (11.2) 

  Alcohol, g/d 13.4 (6.0) 15.4 (6.6) 17.0 (7.2) 17.6 (7.6) 21.6 (9.7) 

  Vitamin C, mg/d  90.6 (54.3) 106.0 (60.2) 117.7 (65.0) 119.2 (69.7) 155.8 (91.9) 

BMI, kg/m2 26.7 (6.3) 26.3 (5.8) 25.8 (5.7) 25.8 (5.4) 26.0 (5.6) 

WC, cm 91.6 (18.6) 90.6 (19.0) 89.2 (18.7) 88.9 (17.8) 89.7 (18.2) 

Flavonoid subclasses intakes      

  Flavanols 122.4 (72.3) 246.9 (50.0) 342.2 (57.2) 445.9 (63.1) 572.4 (105.1) 

  Flavan-3-ols 29.3 (37.2) 145.0 (89.5) 164.9 (26.5) 265.5 (101.9) 239.8 (80.5) 

  Proanthocyanidins 75.7 (53.5) 112.2 (72.3) 145.3 (69.3) 158.4 (86.4) 232.0 (119.6) 

  Theaflavins 0.65 (4.0) 23.2 (19.2) 24.2 (20.5) 41.7 (18.5) 42.0 (13.9) 

  Anthocyanidins 10.9 (9.7) 15.0 (12.8) 18.1 (13.4) 18.5 (15.1) 27.5 (19.8) 

  Flavonols 14.8 (7.3) 24.8 (7.2) 32.6 (7.7) 41.5 (8.4) 50.9 (10.3) 

  Flavanones 12.0 (18.0) 19.7 (22.4) 22.4 (30.4) 22.5 (31.0) 38.7 (37.6) 

  Flavones 1.7 (2.1) 2.4 (2.6) 2.9 (2.8) 3.0 (2.7) 4.2 (3.0) 

  Isoflavones 1.3 (2.2) 1.4 (2.4) 1.5 (2.6) 1.5 (2.7) 1.6 (2.8) 

Continuous variables expressed as median (IQR) if not stated otherwise. Abbreviations: BMI, body mass index; PAEE, 

physical activity energy expenditure; WC, waist circumference; WHR, waist-to-hip ratio. 

 



Table 2. Associations of total dietary flavonoids and their subclasses with adiposity parameters in 11,568 participants from the Fenland study 

Study variables 
Body fat % Visceral fat (VAT), cm Subcutaneous fat (SCAT), cm VAT/SCAT ABSI‡ 

β (95% CI)* Q† β (95% CI) Q β (95% CI) Q β (95% CI) Q β (95% CI)×10-6 Q 

Mean (SD) 33.0 (10.4) %  4.8 (2.8) cm  2.7 (1.7) cm  1.8 (1.4)  0.08 (0.001)   

Total Flavonoids -0.55 (-0.70, -0.40) <0.001 -0.13 (-0.17, -0.08) <0.001 -0.05 (-0.08, -0.02) <0.001 -0.02 (-0.04, -0.00) 0.054 -9.1 (-19.2, 0.98) 0.101 

Subclasses           

Flavanols -0.45 (-0.58, -0.32) <0.001 -0.10 (-0.14, -0.07) <0.001 -0.04 (-0.06, -0.01) <0.001 -0.02 (-0.04, -0.00) 0.058 -8.61 (-17.12, 0.04) 0.067 

Flavan-3-ols -0.22 (-0.31, -0.14) <0.001 -0.05 (-0.08, -0.03) <0.001 -0.03 (-0.04, -0.01) <0.001 -0.01 (-0.02, 0.01) 0.367 -2.23 (-7.87, 3.32) 0.469 

Proanthocyanidins -0.64 (-0.81, -0.47) <0.001 -0.16 (-0.20, -0.11) <0.001 -0.02 (-0.06, 0.01) 0.163 -0.04 (-0.06, -0.02) <0.001 -23.82 (-34.64, -13.07) <0.001 

Theaflavins -0.03 (-0.05, -0.02) <0.001 -0.01 (-0.01, -0.00) <0.001 -0.00 (-0.01, -0.00) 0.011 -0.00 (-0.00, 0.00) 0.64 -0.44 (-1.41, 0.55) 0.426 

Anthocyanidins -0.24 (-0.37, -0.11) <0.001 -0.06 (-0.10, -0.03) <0.001 0.01 (-0.01, 0.04) 0.314 -0.03 (-0.05, -0.01) <0.001 -18.63 (-26.50, -11.00) <0.001 

Flavonols -0.32 (-0.49, -0.15) <0.001 -0.08 (-0.13, -0.03) <0.001 -0.04 (-0.08, -0.01) 0.011 -0.01 (-0.04, 0.01) 0.331 -0.03 (-11.32, 10.71) 0.996 

Flavanones -0.17 (-0.25, -0.09) <0.001 -0.03 (-0.05, -0.00) 0.038 -0.00 (-0.02, 0.01) 0.754 0.00 (-0.01, 0.01) 0.727 -5.12 (-11.01, 0.09) 0.072 

Flavones -0.59 (-0.74, -0.44) <0.001 -0.10 (-0.15, -0.06) <0.001 -0.05 (-0.08, -0.03) <0.001 -0.00 (-0.02, 0.02) 0.849 -4.15 (-13.63, 5.48) 0.433 

Isoflavones 0.15 (0.06, 0.23) <0.001 0.03 (0.01, 0.06) <0.001 0.01 (-0.01, 0.03) 0.214 0.01 (-0.00, 0.02) 0.284 4.18 (-1.67, 9.90) 0.195 

*Results for body mass index, waist circumference, and waist-to-hip ratio are presented in Figure 2 and Supplementary Table 1. Total flavonoids and subclasses were log2-transformed and therefore 

beta coefficients corresponded the effect size per doubling intake levels. Robust linear regression model adjusted for: age (years), sex, site (Cambridge, Ely, Wisbech), physical activity energy 

expenditure (kJ/kg/d), age at end of full-time education (years), ethnicity (European origin/non-European origin), household income (<20,000/20,000 to 40,000/>40,000  £/year), smoking status 

(never/former/current), and dietary intakes of total energy, fibre, vitamin C, alcoholic beverages except wine, dairy products, red and processed meat, fats and cream, poultry and egg, sugar, sugar-

sweetened beverages, and artificially-sweetened beverages. †Q value considered statistically significant at <0.05 after false-discovery correction for two-sided alpha=0.05 applied to 11 flavonoid 

variables and 8 adiposity parameters. ‡Mean and standard deviation for ABSI are in units of m·(kg/m2)-2/3·m-½, where m represents waist circumference in metres, (kg/m2)-2/3 is body mass index 

raised to -2/3, and m-½ is height in metres raised to -1/2 (23). Abbreviations: ABSI, a body shape index; CI, confidence interval; SD, standard deviation. 

 

  



Table 3. Associations of quintiles of total dietary flavonoids with adiposity parameters in 11,568 participants from the Fenland study 

Study variables 
β (95% confidence interval) per doubling total flavonoid intake across quintile (Q) groups 

p-trend* 
Q1 n 2,314 Q2 n 2,313 Q3 n 2,314 Q4 n 2,313 Q5 n 2,314 

Total flavonoids median (IQR), mg/d 173 (94) 315 (57) 428 (54) 538 (58) 698 (135) 
 

Adiposity parameters       

  Body mass index, kg/m2 Ref -0.38 (-0.62; -0.13) -0.55 (-0.80; -0.30) -0.65 (-0.90; -0.41) -0.50 (-0.76; -0.24) <0.001 

  Waist circumference, cm Ref -0.80 (-1.46; -0.15) -1.35 (-2.01; -0.70) -1.61 (-2.26; -0.95) -1.33 (-2.04; -0.61) <0.001 

  Waist-to-hip ratio Ref -0.002 (-0.006; 0.002) -0.004 (-0.008; -0.001) -0.005 (-0.009; -0.002) 0.006 (-0.011; -0.002) <0.001 

  Total body fat, % Ref -0.56 (-0.91; -0.21) -0.86 (-1.21; -0.50) -0.93 (-1.29; -0.58) -1.12 (-1.51; -0.73) 0.002 

  VAF thickness, cm Ref -0.09 (-0.19; 0.01) -0.15 (-0.25; -0.05) -0.19 (-0.29; -0.09) -0.26 (-0.37; -0.15) <0.001 

  SCAF thickness, cm Ref -0.05 (-0.12; 0.01) -0.10 (-0.16; -0.03) -0.08 (-0.14; -0.01) -0.09 (-0.16; -0.02) 0.013 

  VAT:SCAT ratio Ref -0.02 (-0.07; 0.02) -0.01 (-0.05; 0.04) -0.03 (-0.08; 0.02) -0.06 (-0.01; 0.00) 0.054 

  ABSI‡ (×10-6)  Ref -3.23 (-25.82; 20.47) -6.87 (-31.07; 17.25) -5.16 (-29.05; 18.72) -20.07 (-46.75; 5.33) 0.144 

Robust linear regression model adjusted for: age (years), sex, site (Cambridge, Ely, Wisbech), physical activity energy expenditure (kJ/kg/d), age at end of full-time education (years), ethnicity 

(European origin/non-European origin), household income (<20,000/20,000 to 40,000/>40,000  £/year), smoking status (never/former/current), and dietary intakes of total energy, fibre, vitamin 

C, alcoholic beverages except wine, dairy products, red and processed meat, fats and cream, poultry and egg, sugar, sugar-sweetened beverages, and artificially-sweetened beverages. *Linear 

trend test was performed by assigning the median of each quintile as a score. ‡ABSI coefficients are in units of m·(kg/m2)-2/3·m-½, where m represents waist circumference in metres, (kg/m2)-2/3 

is body mass index raised to -2/3, and m-½ is height in metres raised to -1/2; multiplied by 10-6 to help improve readability and consistency of the table (23).  

  



Figure 1. Spearman correlation coefficients among total flavonoids and subclasses, and habitual 

intakes of selected food groups among 11,568 participants from the Fenland study, UK.  

The dietary items are arranged by hierarchical clustering order. Filling of cells indicates the 

strength of the p-value (the bigger, the stronger), whereas colour indicates the strength and 

direction of the correlations (red, positive; blue, negative).



 
Figure 2.  Associations of dietary flavonoids and subclasses with adiposity parameters in 11,568 

participants from the Fenland study, UK.  

Total flavonoids and subclasses were log2-transformed and therefore beta coefficients corresponded 

the effect size per doubling intake levels. Forest plots represent robust linear regression coefficients 

with their 95% CI adjusted for: age (years), sex, site (Cambridge, Ely, Wisbech), physical activity 

energy expenditure (kJ/kg/d), age at end of full-time education (years), ethnicity (European origin/non-

European origin), household income (<20,000/20,000 to 40,000/>40,000  £/year), smoking status 

(never/former/current), and dietary intakes of total energy, fibre, vitamin C, alcoholic beverages except 

wine, dairy products, red and processed meat, fats and cream, poultry and egg, sugar, sugar-sweetened 

beverages, and artificially-sweetened beverages. 
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This doctoral thesis focused on understanding how (poly)phenols, estimated both as dietary 

intakes and plasma concentrations, relate to changes in body weight in a European multi-country 

population. The study also investigated the connection between the intake of flavonoid classes 

and adiposity in a British population. Insights gained from the EPIC study are noteworthy and go 

along with previous investigations in the topic. These, together with the evidence from human 

intervention studies and an examination of the (poly)phenol profile of the Mediterranean diet, 

have guided the development of a (poly)phenol-rich dietary supplement. This supplement holds 

promise for potential anti-obesity effects, supported by previous scientific evidence. The results 

derived from the Fenland study provide new evidence to better understand the role of flavonoids, 

the most consumed class of (poly)phenols, in adiposity and therefore in cardiometabolic risk. 

They are valuable for hypothesis generation and should set the stage for future longitudinal and 

interventional studies.  

Each of the studies presented in this doctoral thesis included a discussion section. Nevertheless, 

it is essential to further discuss several general considerations related to the different areas 

covered. In addition, it is important to indicate the potential strengths and limitations derived from 

this work.  

5.1. Global discussion 

The present study represents a synthesis of diverse scientific evidence, encompassing cross-

sectional findings, prospective observations, and a design of a human intervention, with the 

protocol of a randomised-control trial. The observational component, carried out in various 

populations in Europe, revealed the following:  

1) In the EPIC cohort, when analysing dietary intakes, a beneficial inverse association was 

observed between higher intake of the majority of individual dietary (poly)phenols, particularly 



Discussion 
 

122 
 

those classified as flavonoids, and BW change. Additionally, a positive association was observed 

between HCAs and BW gain.  

2) In the EPIC cohort, and working with plasma biomarkers, a suggestive tendency towards body 

weight loss was noted at higher concentrations of plasma (poly)phenols. 

3) In the Fenland study, a strong inverse cross-sectional association was found between higher 

intake of flavonoids and various adiposity parameters in a British population.  

The prospective inverse associations observed in the EPIC population, combined with previous 

scientific evidence, facilitated the formulation of a dietary supplement incorporating seven 

(poly)phenolic compounds. These compounds show promise as an effective complementary 

treatment to diet for people with severe obesity(133–137). 

Results from the manuscript 2 presented in the EPIC cohort showed that dietary intake of various 

individual compounds, mostly classified as flavonoids, such as quercetin glycosides and catechin, 

exhibited strong inverse associations with BW changes. The results suggested potential benefits 

for flavonoids and BW management, aligning with the cross sectional observations in the Fenland 

population, presented in the manuscript 4. Despite measuring different outcomes, both adiposity 

parameters and BW changes are closely related with obesity(6). Previous observational studies 

have reported similar associations in different populations. For example, the MEAL study 

observed that participants with higher consumption of flavonoids resulted less likely to present 

obesity (BMI ≥ 30 kg/m2)(107); or in three prospective cohorts from the US, where higher intake 

of flavonoids contributed to BW maintenance(109). In addition, (poly)phenols have not only been 

analysed individually, but a recent publication explored total, classes and subclasses using a 

similar methodology in the EPIC-PANACEA cohort, reaching conclusions in the same 

direction(111). Despite the cross-sectional design of the Fenland study, the incorporation of 

diverse adiposity parameters, including the gold standard for body fat measurement (DEXA) 

(10,11) and assessments of visceral and subcutaneous adipose tissues, lends substantial support 
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to the hypothesis of flavonoids as potential anti-obesity agents. It opens the way to the 

longitudinal study of these same associations in the subsequent phases of the Fenland study(130) 

and aligns with the selected compounds for formulating the supplement designed for the clinical 

trial.  

The associations between plasma (poly)phenols and BW change showed a suggestive trend, 

though statistical significance was not achieved. Nevertheless, a tendency toward BW loss was 

observed. Consistent with the earlier assertion, the two biomarkers that exhibited the most 

pronounced trend, vanillic acid and naringenin, have been investigated in previous studies as 

metabolites associated with flavonoid intake(138,139). The metabolites present in the blood do 

not necessarily represent a specific consumed food. As a significant portion of dietary 

(poly)phenols reaches the colon with minimal alterations to their chemical structure, it has been 

suggested that the intestinal microbiota may play a crucial role in their metabolism(67,140,141). 

This is why many of the biomarkers detected in plasma may result from this colonic interaction. 

Previous research has proposed a link between (poly)phenols, gut microbiota, and obesity 

management(67,140). The bioactive compounds generated from gut microbiota breakdown of 

(poly)phenols may exert anti-inflammatory, antioxidant, and metabolic effects, influencing host 

physiology and potentially interfering in obesity management(104). While the evidence is 

promising, it is important to note that research in this field is ongoing, and the specific 

mechanisms underlying the interactions between (poly)phenols, gut microbiota, and obesity 

management are complex and multifaceted. 

A common approach in nutritional epidemiology involves using findings from observational 

studies to pinpoint dietary compounds that may influence certain outcomes, and test them in 

interventional trials(142). The work presented in this thesis suggests that the pursuit of 

comprehensive insights into the potential benefits of (poly)phenols on obesity management would 

benefit from a strategic shift toward an RCT employing combinations of (poly)phenolic 



Discussion 
 

124 
 

compounds. Singular (poly)phenols, while individually showcasing promising bioactive 

properties, often interact with diverse physiological pathways(143). The synergistic effects of 

combining different compounds may have the potential to amplify their overall impact on obesity-

related markers(144). That way, the complex interplay observed in a diverse diet can be 

mimicked, providing a more holistic understanding of how (poly)phenols collectively influence 

metabolic and adiposity outcomes. A multimodal strategy may reflect the reality of dietary 

(poly)phenol intake, offering a more pragmatic and applicable framework for designing 

interventions that resonate with real-world dietary patterns. 

5.2. Strengths and limitations 

The present work has major strengths that are highlighted in the following. This thesis 

encompasses different levels of scientific evidence, and the first strength to be underlined is the 

design of both EPIC and Fenland studies. In nutritional epidemiology, a key factor in investigating 

the relationship between diet and disease is the availability of data from large cohort studies as 

well as the repeatability and generalizability of results(142). The prospective nature of the EPIC 

study accounts for selection and recall biases. Its extensive sample size along with prolonged 

follow-up period stand out as major strengths in ensuring the reliability and applicability of 

findings across different European populations. Similarly, while the Fenland study's sample is 

smaller compared to EPIC, it remains representative of the Cambridgeshire population, as the 

difference lies in the population they represent. Another strength is the utilization of validated 

FFQs for collecting dietary data, and comprehensive, validated databases such as Phenol-Explorer 

and the USDA, which were employed to estimate the (poly)phenol content. The methodology 

employed for estimating plasma (poly)phenols enables the measurement of key representatives 

for most classes of dietary (poly)phenols in blood. It is distinctive for its requirement of a low 

plasma volume, high sensitivity, and validation across a large number of plasma samples(126). 

In the Fenland study, the use of DEXA and fat thickness measurements allowed for a more 
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accurate assessment of BF distribution as markers of central adiposity related to metabolic risk 

(60,61). Another major strength of this work is the employment of thorough statistical approaches. 

The use of multilevel mixed linear regression models (EPIC study) incorporating both fixed and 

random effects, addressed the complexities of real-world data structures and enhanced the 

precision in the estimations(145). The use of FDR to correct for multiple comparisons enhances 

the reliability of statistical findings by controlling the rate of false discoveries. The design of both 

EPIC and Fenland studies allowed adjusting the statistical models for a large number of relevant 

confounders related to lifestyle, diet, and health status. Finally, a major strength of the work 

conducted in this thesis is the transition from an observational study to an interventional study. 

The design of a parallel, double-blinded, placebo-controlled clinical trial allowed for the 

culmination of the hypothesis with a study situated at one of the highest levels of scientific 

evidence.  

Several limitations are derived from this work. The impact of measurement error and misreporting 

needs to be considered when interpreting results of observational studies(142). In the case of 

EPIC, various variables, such as dietary intakes and plasma concentrations of (poly)phenols, 

along with several confounders, were only assessed at baseline, limiting the ability to account for 

changes during follow-up. Regarding the Fenland study, the data utilized originated from phase 

I, introducing a cross-sectional study design that exacerbates the potential for reverse causation. 

While employing validated FFQs to gather dietary data, it is important to note that these 

questionnaires were not specifically validated for (poly)phenols, representing a common 

limitation in observational studies assessing these compounds(87). Due to the observational 

nature of both EPIC and Fenland studies, the possibility of residual confounding cannot be ruled 

out. Additionally, these results are not generalizable to diverse populations (e.g., South Asia, 

South America or Africa), as the majority of the sample comprises White European participants, 

who overall have Westernized dietary patterns(65). Despite transitioning from observational 

findings to the design of an intervention, it is important to note that the proposed clinical trial's 



Discussion 
 

126 
 

duration is much shorter than that of a cohort follow-up. Therefore, within the 12-week 

monitoring period of the clinical trial, the anticipated outcomes are expected to result from the 

combination of a hypocaloric diet and the (poly)phenol supplement. Also, unlike EPIC and 

Fenland population, participants selected for the RCT will present severe obesity, with a BMI 

equal to or higher than 40 kg/m2, which limits the generalizability of the findings to people with 

lower levels of obesity or different demographic profile. 
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The conclusions drawn from the investigations included in this thesis are presented in response 

to each objective specified at the beginning of this document.  

6.1. Conclusion 1 

In response to objective 1, higher intakes of the majority of individual dietary (poly)phenols were 

inversely associated with 5-year body weight change in the EPIC population, highlighting those 

derived from whole grain cereals, berries, teas, and cocoa. Individual HCAs may have different 

roles in body weight change depending on their dietary source.  

6.2. Conclusion 2 

In response to objective 2, higher concentrations of the majority of plasma (poly)phenols showed 

a tendency towards body weight loss in the EPIC population, though observations were not 

statistically significant. Among specific (poly)phenols, vanillic acid and naringenin can be 

highlighted, which may act as biomarkers of flavonoid intake. These findings are preliminary and 

further studies using (poly)phenol biomarkers are needed to better understand the potential 

observed trends. 

6.3. Conclusion 3 

In response to objective 3, higher intakes of total flavonoids and most of the subclasses, were 

inversely associated with many adiposity parameters including total BF percentage, VAT, BMI, 

WC, and WHR in the Fenland study. Abdominal adiposity might be a potential pathway for the 

inverse association between flavonoid-rich foods and adiposity-associated metabolic risk.  

6.4. Conclusion 4 

In response to objective 4, a (poly)phenol-rich dietary supplement was meticulously formulated. 

This formulation is grounded in a blend of individual compounds widely used in previous trials 

(such as green tea and blueberry extract), combined with key compounds derived from 
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Mediterranean dietary elements (including olives, citrus fruits, grapes, wholegrain cereals, and 

onions). Noteworthy components encompass catechin, epigallocatechin, anthocyanidins, 

hydroxytyrosol, ferulic acid, hesperidin, and quercetin. A resultant 400 mg capsule will be 

recommended at a daily intake of 3 capsules, amounting to 1,200 mg of combined extracts 

(approximately 830 mg of (poly)phenols). This dosage mirrors the average daily intake of dietary 

(poly)phenols observed in the European population, providing a promising intervention for 

improving obesity markers in adults with severe obesity. 

6.5. Conclusion 5 

In response to objective 5, a double-blinded, randomised, placebo-controlled clinical trial was 

designed and conducted. This intervention study is expected to provide evidence on the effects of 

a combination of (poly)phenols on several well-established obesity and cardiometabolic markers, 

and to unravel possible underlying mechanisms by metabolomic analyses. 
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The global obesity epidemic and its associated cardiometabolic risks can be mitigated through 

lifestyle changes, with dietary choices serving as a crucial pillar in prevention and treatment 

strategies. The findings from this thesis contribute valuable scientific evidence, shedding light on 

the role of (poly)phenols as bioactive compounds present in plant-based foods. Specifically, their 

impact on preventing obesity and influencing adiposity-related parameters in European adults is 

explored. This evidence not only adds to our understanding but also holds potential for guiding 

future studies across diverse populations. Moreover, it has implications for shaping (poly)phenol 

dietary recommendations aimed at preventing or treating health risks associated with obesity.  

Based on the results presented in this thesis, several important aspects can be taken into 

consideration for future research: 

 The various investigations conducted primarily involved participants of White-European 

descent. To generalise findings to the broader population, it is essential to conduct similar 

large observational studies in diverse cohorts, encompassing participants from different 

ethnicities, geographical areas, and dietary patterns. 

 To assess the potential benefits of (poly)phenols in people with diverse health statuses, the 

design of longer randomised, controlled trials is needed to complement shorter pilot studies 

conducted in specific populations. 

 To advance the understanding of obesity management and associated health risks, future 

mechanistic studies are needed. A particularly promising pathway is the exploration of the 

microbiota-(poly)phenol relationship, a novel area of research. Unravelling the specifics of 

this relationship holds the potential to elucidate key associations. Such understanding is 

important in designing innovative preventive and therapeutic measures to address chronic diet-

related diseases and enhance human health. 

 To overcome the limitations of subjective dietary measurement methods, the inclusion of 

metabolomics emerges as a valuable tool. Metabolomics not only facilitates the identification 

of the metabolic fingerprint associated with varied (poly)phenol consumption but also 
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strengthens the capacity to obtain a comprehensive and objective representation of dietary 

patterns. 

  



 

 

 

8. Take Home Message 
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Take Home Message 

The findings of this research bear several implications for public health, offering valuable insights 

into preventive and therapeutic strategies for obesity-associated health risks. (Poly)phenols found 

in plant-based foods emerge as promising agents in these strategies, presenting opportunities for 

dietary recommendations aimed at obesity management. The development of a (poly)phenol-rich 

dietary supplement further supports evidence-based obesity treatment. The incorporation of 

metabolomics enhances our understanding of the metabolic impact of (poly)phenols, paving the 

way for personalized health strategies. Advocating for studies in diverse populations 

acknowledges the importance of global representation, ensuring the generalizability of findings. 

The emphasis on a holistic approach in randomised control trials, utilizing combinations of 

(poly)phenolic compounds, reflects the complexity of real-world dietary patterns. Overall, these 

specific, detailed insights contribute to public health by suggesting ways for future research and 

intervention strategies, ultimately promoting healthier lifestyles and addressing the challenges of 

obesity on a broader scale. 
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Supplementary Table 1. Association of total dietary flavonoids and subclasses with BMI, WC and WHR in 

11,568 participants from the Fenland study. 

Study variables 
Body mass index Waist circumference, cm Waist-to-hip ratio 

β (95% CI) Q† β (95% CI) Q β (95% CI) Q 

Mean (SD)       

Total Flavonoids -0.33 (-0.44; -0.22) <0.001 -0.84 (-1.13; -0.55) <0.001 -0.004 (-0.006; -0.002) <0.001 

Subclasses       

Flavanols -0.27 (-0.36; -0.17) <0.001 -0.70 (-0.95; -0.45) <0.001 -0.003 (-0.005; -0.002) <0.001 

Flavan-3-ols -0.17 (-0.23; -0.11) <0.001 -0.41 (-0.57; -0.26) <0.001 -0.002 (-0.003; -0.001) <0.001 

Proanthocyanidins -0.24 (-0.36; -0.13) <0.001 -0.72 (-1.04; -0.41) <0.001 -0.005 (-0.007; -0.003) <0.001 

Theaflavins -0.02 (-0.03; -0.01) <0.001 -0.05 (-0.08; -0.03) <0.001 -0.000 (-0.000; -0.000) 0.011 

Anthocyanidins -0.02 (-0.11; 0.07) 0.703 -0.17 (-0.41; 0.08) 0.222 -0.003 (-0.004; -0.002) <0.001 

Flavonols -0.26 (-0.38; -0.14) <0.001 -0.61 (-0.92; -0.29) <0.001 -0.002 (-0.004; -0.000) 0.038 

Flavanones -0.08 (-0.14; -0.03) <0.001 -0.22 (-0.37; -0.06) <0.001 -0.002 (-0.003; -0.001) <0.001 

Flavones -0.43 (-0.54; -0.33) <0.001 -0.97 (-1.26; -0.68) <0.001 -0.004 (-0.006; -0.003) <0.001 

Isoflavones 0.04 (-0.02; 0.10) 0.183 0.20 (0.04; 0.35) 0.019 0.001 (-0.000; 0.002) 0.216 

Total flavonoids and subclasses were log2-transformed and therefore beta coefficients corresponded the effect size per doubling 

intake levels. Robust linear regression model adjusted for: age (years), sex, site (Cambridge, Ely, Wisbech), physical activity 

energy expenditure (kJ/kg/d), age at end of full-time education (years), ethnicity (European origin/non-European origin), 

household income (<20,000/20,000 to 40,000/>40,000  £/year), smoking status (never/former/current), and dietary intakes of 

total energy, fibre, vitamin C, alcoholic beverages except wine, dairy products, red and processed meat, fats and cream, poultry 

and egg, sugar, sugar-sweetened beverages, and artificially-sweetened beverages. †Q value considered statistically significant 

at <0.05 after false-discovery correction for two-sided alpha=0.05 applied to 11 flavonoid variables and 8 adiposity parameters. 

Abbreviations: CI, confidence interval; SD, standard deviation. 
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Supplementary Table 2. Association of total dietary flavonoids and subclasses according to energy density*, 

with adiposity parameters in 11,568 participants from the Fenland study. 

Outcome Exposure β (95% CI) Q† 

Total body fat (%) 

Total Flavonoids -0.33 (-0.48; -0.17) <0.001 

Flavanols -0.26 (-0.39; -0.13) <0.001 

Flavan-3-ols -0.11 (-0.19; -0.02) 0.024 

Proanthocyanidins -0.47 (-0.63; -0.31) <0.001 

Theaflavins -0.01 (-0.03; 0.00) 0.186 

Anthocyanidins -0.15 (-0.27; -0.02) 0.051 

Flavonols -0.11 (-0.28; 0.06) 0.277 

Flavanones -0.16 (-0.24; -0.08) <0.001 

Flavones -0.39 (-0.54; -0.24) <0.001 

Isoflavones 0.24 (0.15; 0.33) <0.001 

VAT (cm) 

Total Flavonoids -0.09 (-0.13; -0.04) <0.001 

Flavanols -0.08 (-0.11; -0.04) 0.001 

Flavan-3-ols -0.04 (-0.06; -0.01) 0.008 

Proanthocyanidins -0.11 (-0.16; -0.07) <0.001 

Theaflavins 0.00 (-0.01; 0.00) 0.075 

Anthocyanidins -0.02 (-0.06; 0.01) 0.309 

Flavonols -0.05 (-0.10; -0.00) 0.047 

Flavanones -0.02 (-0.04; 0.00) 0.151 

Flavones -0.04 (-0.09; 0.00) 0.088 

Isoflavones 0.04 (0.02; 0.07) 0.001 

SCAT (cm) 

Total Flavonoids -0.02 (-0.05; 0.01) 0.281 

Flavanols -0.02 (-0.04; 0.01) 0.277 

Flavan-3-ols -0.01 (-0.03; 0.00) 0.239 

Proanthocyanidins -0.01 (-0.04; 0.02) 0.454 

Theaflavins -0.00 (-0.00; 0.00) 0.338 

Anthocyanidins 0.01 (-0.02; 0.03) 0.622 

Flavonols -0.01 (-0.04; 0.02) 0.638 

Flavanones -0.01 (-0.02; 0.01) 0.460 

Flavones -0.04 (-0.07; -0.01) 0.012 

Isoflavones 0.03 (0.01; 0.04) 0.004 

VAT:SCAT ratio 

Total Flavonoids -0.02 (-0.04; 0.00) 0.055 

Flavanols -0.02 (-0.04; 0.00) 0.053 

Flavan-3-ols -0.01 (-0.02; 0.00) 0.192 

Proanthocyanidins -0.03 (-0.05; -0.01) 0.018 

Theaflavins -0.00 (0.00; 0.00) 0.460 

Anthocyanidins -0.01 (-0.03; 0.01) 0.316 

Flavonols -0.02 (-0.04; 0.00) 0.126 

Flavanones 0.01 (0.00; 0.02) 0.261 

Flavones 0.01 (-0.01; 0.03) 0.320 

Isoflavones 0.00 (-0.01; 0.01) 0.920 

Body mass index (kg/m2) 

Total Flavonoids -0.21 (-0.31; -0.10) 0.001 

Flavanols -0.17 (-0.26; -0.08) 0.002 

Flavan-3-ols -0.10 (-0.16; -0.05) 0.002 

Proanthocyanidins -0.15 (-0.27; -0.04) 0.024 

Theaflavins -0.01 (-0.02; 0.00) 0.069 

Anthocyanidins 0.01 (-0.09; 0.10) 0.92 
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Outcome Exposure β (95% CI) Q† 

Flavonols -0.16 (-0.27; -0.04) 0.018 

Flavanones -0.08 (-0.14; -0.03) 0.012 

Flavones -0.30 (-0.40; -0.19) <0.001 

Isoflavones 0.14 (0.08; 0.20) <0.001 

Waist circumference (cm) 

Total Flavonoids -0.50 (-0.79; -0.21) 0.003 

Flavanols -0.42 (-0.67; -0.17) 0.004 

Flavan-3-ols -0.24 (-0.40; -0.08) 0.008 

Proanthocyanidins -0.45 (-0.76; -0.14) 0.012 

Theaflavins -0.02 (-0.05; 0.00) 0.135 

Anthocyanidins -0.02 (-0.26; 0.22) 0.915 

Flavonols -0.31 (-0.63; -0.00) 0.083 

Flavanones -0.22 (-0.37; -0.06) 0.015 

Flavones -0.57 (-0.85; -0.29) <0.001 

Isoflavones 0.37 (0.21; 0.53) <0.001 

ABSI‡ (×10-6) 

Total Flavonoids -4.79 (-15.01; 5.48) 0.437 

Flavanols -5.13 (-13.95; 3.68) 0.320 

Flavan-3-ols -0.29 (-5.99; 5.41) 0.920 

Proanthocyanidins -18.12 (-28.93; -7.25) 0.004 

Theaflavins -0.05 (-1.08; 0.96) 0.920 

Anthocyanidins -10.62 (-18.42; -2.83) 0.018 

Flavonols 3.49 (-7.85; 1.48) 0.607 

Flavanones -4.39 (-9.64; 0.87) 0.156 

Flavones 3.52 (-6.04; 0.13) 0.530 

Isoflavones 1.63 (-4.41; 7.66) 0.638 

Waist-to-hip ratio  

Total Flavonoids -0.002 (-0.004; -0.001) 0.017 

Flavanols -0.002 (-0.003; -0.001) 0.017 

Flavan-3-ols -0.001 (-0.002; 0.000) 0.095 

Proanthocyanidins -0.004 (-0.005; -0.002) <0.001 

Theaflavins -0.000 (-0.000; 0.000) 0.313 

Anthocyanidins -0.002 (-0.003; -0.000) 0.031 

Flavonols -0.001 (-0.003; 0.001) 0.454 

Flavanones -0.001 (-0.002; -0.001) 0.006 

Flavones -0.002 (-0.004; -0.001) 0.018 

Isoflavones 0.001 (0.000; 0.002) 0.037 
*Intakes of flavonoids were calculated by energy density, standardizing the energy intake in 2,000 kcal/d 

(flavonoids×2,000/energy intake) (34). Total flavonoids and subclasses were log2-transformed and therefore beta coefficients 

corresponded the effect size per doubling intake levels. Robust linear regression model adjusted for: age (years), sex, site 

(Cambridge, Ely, Wisbech), physical activity energy expenditure (kJ/kg/d), age at end of full-time education (years), ethnicity 

(European origin/non-European origin), household income (<20,000/20,000 to 40,000/>40,000  £/year), smoking status 

(never/former/current), and dietary intakes of total energy, fibre, vitamin C, alcoholic beverages except wine, dairy products, 

red and processed meat, fats and cream, poultry and egg, sugar, sugar-sweetened beverages, and artificially-sweetened 

beverages. †Q value considered statistically significant at <0.05 after false-discovery correction for two-sided alpha=0.05 

applied to 11 flavonoid variables and 8 adiposity parameters. ‡ABSI coefficients are in units of m·(kg/m2)-2/3·m-½, where m 

represents waist circumference in metres, (kg/m2)-2/3 is body mass index raised to -2/3, and m-½ is height in metres raised to 

-1/2; multiplied by 10-6 to help improve readability and consistency of the table (23). Abbreviations: ABSI, a body shape index; 

CI, confidence interval; SD, standard deviation; VAT, visceral abdominal fat thickness; SCAT, subcutaneous abdominal fat 

thickness. 
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Supplementary Table 3. Association of total dietary flavonoids and subclasses with adiposity parameters in 

11,568 participants from the Fenland study additionally adjusted for BMI. 

Outcome Exposure β (95% CI) Q† 

Total body fat (%) 

Total Flavonoids -0.15 (-0.25; -0.06) 0.006 

Flavanols -0.13 (-0.21; -0.05) 0.008 

Flavan-3-ols -0.00 (-0.07; 0.03) 0.609 

Proanthocyanidins -0.34 (-0.44; -0.24) <0.001 

Theaflavins -0.00 (-0.01; 0.01) 0.682 

Anthocyanidins -0.18 (-0.26; -0.11) 0.000 

Flavonols -0.02 (-0.12; 0.09) 0.868 

Flavanones -0.06 (-0.11; -0.01) 0.060 

Flavones -0.07 (-0.16; 0.03) 0.310 

Isoflavones 0.09 (0.04; 0.15) 0.003 

VAT (cm) 

Total Flavonoids -0.05 (-0.09; -0.02) 0.015 

Flavanols -0.05 (-0.08; -0.02) 0.013 

Flavan-3-ols -0.01 (-0.03; 0.01) 0.314 

Proanthocyanidins -0.11 (-0.14; -0.07) <0.001 

Theaflavins -0.00 (-0.01; 0.00) 0.543 

Anthocyanidins -0.06 (-0.09; -0.03) <0.001 

Flavonols -0.02 (-0.06; 0.02) 0.543 

Flavanones -0.01 (-0.03; 0.01) 0.603 

Flavones -0.00 (-0.04; 0.03) 0.980 

Isoflavones 0.02 (0.00; 0.04) 0.098 

SCAT (cm) 

Total Flavonoids 0.01 (-0.01; 0.03) 0.604 

Flavanols 0.01 (-0.01; 0.03) 0.682 

Flavan-3-ols 0.00 (-0.01; 0.01) 0.858 

Proanthocyanidins 0.01 (-0.01; 0.04) 0.496 

Theaflavins 0.00 (-0.00; 0.00) 0.978 

Anthocyanidins 0.01 (-0.01; 0.03) 0.307 

Flavonols 0.00 (-0.02; 0.03) 0.903 

Flavanones 0.01 (-0.00; 0.02) 0.314 

Flavones 0.01 (-0.01; 0.03) 0.478 

Isoflavones 0.00 (-0.01; 0.02) 0.813 

VAT:SCAT ratio 

Total Flavonoids -0.03 (-0.05; -0.00) 0.060 

Flavanols -0.02 (-0.04; -0.00) 0.066 

Flavan-3-ols -0.01 (-0.02; 0.00) 0.386 

Proanthocyanidins -0.04 (-0.06; -0.02) 0.001 

Theaflavins -0.00 (-0.00; 0.00) 0.623 

Anthocyanidins -0.03 (-0.05; -0.01) 0.003 

Flavonols -0.01 (-0.04; 0.01) 0.373 

Flavanones 0.00 (-0.01; 0.01) 0.868 

Flavones -0.01 (-0.03; 0.02) 0.743 

Isoflavones 0.01 (-0.00; 0.02) 0.384 

Waist circumference (cm) 

Total Flavonoids -0.06 (-0.19; 0.07) 0.543 

Flavanols -0.06 (-0.18; 0.05) 0.438 

Flavan-3-ols -0.01 (-0.08; 0.06) 0.868 

Proanthocyanidins -0.19 (-0.33; -0.05) 0.030 

Theaflavins -0.00 (-0.02; 0.01) 0.869 

Anthocyanidins -0.15 (-0.26; -0.05) 0.013 

Flavonols 0.03 (-0.11; 0.17) 0.805 

Flavanones -0.05 (-0.11; 0.02) 0.355 
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Outcome Exposure β (95% CI) Q† 

Flavones 0.05 (-0.08; 0.17) 0.623 

Isoflavones 0.05 (-0.02; 0.13) 0.307 

Waist-to-hip ratio 

Total Flavonoids -0.001 (-0.003; 0.000) 0.150 

Flavanols -0.001 (-0.002; 0.000) 0.126 

Flavan-3-ols 0.000 (-0.001; 0.000) 0.623 

Proanthocyanidins -0.003 (-0.005; -0.002) <0.001 

Theaflavins 0.000 (0.000; 0.000) 0.665 

Anthocyanidins -0.003 (-0.004; -0.002) <0.001 

Flavonols 0.000 (-0.002; 0.002) 0.996 

Flavanones -0.001 (-0.002; 0.000) 0.031 

Flavones -0.001 (-0.002; 0.000) 0.344 

Isoflavones 0.000 (-0.001; 0.001) 0.996 

Total flavonoids and subclasses were log2-transformed and therefore beta coefficients corresponded the effect size per doubling 

intake levels. Robust linear regression model adjusted for: age (years), sex, site (Cambridge, Ely, Wisbech), physical activity 

energy expenditure (kJ/kg/d), age at end of full-time education (years), ethnicity (European origin/non-European origin), 

household income (<20,000/20,000 to 40,000/>40,000  £/year), smoking status (never/former/current), and dietary intakes of 

total energy, fibre, vitamin C, alcoholic beverages except wine, dairy products, red and processed meat, fats and cream, poultry 

and egg, sugar, sugar-sweetened beverages, and artificially-sweetened beverages, and BMI. †Q value considered statistically 

significant at <0.05 after false-discovery correction for two-sided alpha=0.05 applied to 11 flavonoid variables and 8 adiposity 

parameters. Abbreviations: BMI, body mass index; CI, confidence interval; SD, standard deviation; VAT, visceral abdominal 

fat thickness; SCAT, subcutaneous abdominal fat thickness. 
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Supplementary Table 4. Association of total dietary flavonoids and subclasses with adiposity 

parameters in 11,336 participants* from the Fenland study 

Outcome Exposure β (95% CI) Q† 

Total body fat (%) 

Total Flavonoids -0.32 (-0.48; -0.17) <0.001 

Flavanols -0.26 (-0.39; -0.13) 0.001 

Flavan-3-ols -0.10 (-0.19; -0.02) 0.032 

Proanthocyanidins -0.46 (-0.63; -0.30) <0.001 

Theaflavins -0.01 (-0.03; 0.00) 0.200 

Anthocyanidins -0.15 (-0.28; -0.02) 0.048 

Flavonols -0.11 (-0.29; 0.06) 0.277 

Flavanones -0.17 (-0.25; -0.09) <0.001 

Flavones -0.39 (-0.55; -0.24) <0.001 

Isoflavones 0.25 (0.16; 0.33) <0.001 

VAT (cm) 

Total Flavonoids -0.08 (-0.12; -0.03) 0.004 

Flavanols -0.06 (-0.1; -0.03) 0.004 

Flavan-3-ols -0.03 (-0.06; -0.01) 0.026 

Proanthocyanidins -0.10 (-0.14; -0.05) <0.001 

Theaflavins 0.00 (-0.01; 0.00) 0.099 

Anthocyanidins -0.02 (-0.06; 0.02) 0.413 

Flavonols -0.04 (-0.08; 0.01) 0.214 

Flavanones -0.02 (-0.05; 0.00) 0.152 

Flavones -0.04 (-0.08; 0.00) 0.132 

Isoflavones 0.05 (0.02; 0.07) <0.001 

SCAT (cm) 

Total Flavonoids -0.02 (-0.05; 0.01) 0.227 

Flavanols -0.02 (-0.04; 0.01) 0.227 

Flavan-3-ols -0.01 (-0.03; 0.00) 0.216 

Proanthocyanidins -0.01 (-0.05; 0.02) 0.452 

Theaflavins -0.00 (-0.00; 0.00) 0.360 

Anthocyanidins 0.01 (-0.02; 0.03) 0.705 

Flavonols -0.01 (-0.05; 0.02) 0.467 

Flavanones -0.01 (-0.02; 0.01) 0.560 

Flavones -0.04 (-0.07; -0.01) 0.016 

Isoflavones 0.03 (0.01; 0.04) 0.004 

VAT:SCAT ratio 

Total Flavonoids -0.02 (-0.04; 0.01) 0.208 

Flavanols -0.01 (-0.03; 0.00) <0.001 

Flavan-3-ols -0.01 (-0.02; 0.01) 0.368 

Proanthocyanidins -0.02 (-0.05; 0.00) 0.070 

Theaflavins -0.00 (-0.00; 0.00) 0.520 

Anthocyanidins -0.01 (-0.03; 0.01) 0.437 

Flavonols -0.01 (-0.04; 0.01) 0.415 

Flavanones 0.01 (-0.01; 0.02) 0.360 

Flavones 0.01 (-0.01; 0.03) 0.355 

Isoflavones 0.00 (-0.01; 0.01) 0.750 

Body mass index (kg/m2) 

Total Flavonoids -0.21 (-0.32; -0.10) 0.001 

Flavanols -0.17 (-0.26; -0.07) 0.003 

Flavan-3-ols -0.10 (-0.16; -0.05) 0.003 

Proanthocyanidins -0.15 (-0.27; -0.03) 0.028 

Theaflavins -0.01 (-0.02; 0.00) 0.064 

Anthocyanidins 0.00 (-0.10; 0.09) 0.939 



Appendix I 

161 
 

Outcome Exposure β (95% CI) Q† 

Flavonols -0.16 (-0.28; -0.05) 0.019 

Flavanones -0.09 (-0.15; -0.03) 0.007 

Flavones -0.31 (-0.41; -0.20) <0.001 

Isoflavones 0.14 (0.08; 0.20) <0.001 

Waist circumference (cm) 

Total Flavonoids -0.47 (-0.76; -0.18) 0.006 

Flavanols -0.39 (-0.64; -0.14) 0.008 

Flavan-3-ols -0.23 (-0.39; -0.08) 0.012 

Proanthocyanidins -0.41 (-0.72; -0.09) 0.028 

Theaflavins -0.03 (-0.05; 0.00) 0.122 

Anthocyanidins -0.03 (-0.28; 0.21) 0.812 

Flavonols -0.29 (-0.60; 0.03) 0.132 

Flavanones -0.23 (-0.39; -0.08) 0.011 

Flavones -0.58 (-0.86; -0.29) <0.001 

Isoflavones 0.39 (0.23; 0.55) <0.001 

ABSI‡ (×10-6) 

Total Flavonoids -2.41 (-13.12; 8.03) 0.705 

Flavanols -3.44 (-12.31; 5.64) 0.520 

Flavan-3-ols 0.38 (-0.54; 6.14) 0.921 

Proanthocyanidins -15.28 (-27.14; -4.42) 0.018 

Theaflavins -0.00 (-1.01; 1.01) 0.999 

Anthocyanidins -10.21 (-18.47; -2.25) 0.028 

Flavonols 6.32 (-5.24; 18.23) 0.368 

Flavanones -4.24 (-9.52; 1.27) 0.201 

Flavones 4.83 (-4.86; 15.50) 0.413 

Isoflavones 2.93 (-3.21; 9.01) 0.418 

Waist-to-hip ratio  

Total Flavonoids -0.002 (-0.004; 0.000) 0.028 

Flavanols -0.002 (-0.003; 0.000) 0.028 

Flavan-3-ols -0.001 (-0.002; 0.000) 0.132 

Proanthocyanidins -0.003 (-0.005; -0.002) 0.001 

Theaflavins 0.000 (0.000; 0.000) 0.345 

Anthocyanidins -0.002 (-0.003; 0.000) 0.032 

Flavonols -0.001 (-0.002; 0.001) 0.538 

Flavanones -0.001 (-0.002; -0.001) 0.006 

Flavones -0.002 (-0.004; -0.001) 0.022 

Isoflavones 0.001 (0.000; 0.002) 0.022 

*Only plausible reporters of energy intake: participants in the top and bottom 1% of energy intake (n=232) were 

considered misreporters and excluded from this analysis. Total flavonoids and subclasses were log2-transformed and 

therefore beta coefficients corresponded the effect size per doubling intake levels. Robust linear regression model 

adjusted for: age (years), sex, site (Cambridge, Ely, Wisbech), physical activity energy expenditure (kJ/kg/d), age at 

end of full-time education (years), ethnicity (European origin/non-European origin), household income 

(<20,000/20,000 to 40,000/>40,000  £/year), smoking status (never/former/current), and dietary intakes of total energy, 

fibre, vitamin C, alcoholic beverages except wine, dairy products, red and processed meat, fats and cream, poultry and 

egg, sugar, sugar-sweetened beverages, and artificially-sweetened beverages. †Q value considered statistically 

significant at <0.05 after false-discovery correction for two-sided alpha=0.05 applied to 11 flavonoid variables and 8 

adiposity parameters. ‡ ABSI coefficients are in units of m·(kg/m2)-2/3·m-½, where m represents waist circumference in 

metres, (kg/m2)-2/3 is body mass index raised to -2/3, and m-½ is height in metres raised to -1/2; multiplied by 10-6 to 

help improve readability and consistency of the table (23). Abbreviations: ABSI, a body shape index; CI, confidence 

interval; SD, standard deviation; VAT, visceral abdominal fat thickness; SCAT, subcutaneous abdominal fat thickness.  
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Supplementary Table 5. Association of total dietary flavonoids and subclasses with adiposity parameters excluding participants with altered different metabolic 

parameters from the Fenland study, UK.  

Outcome Exposure 

HbA1c < 48 mmol/mol or no use of 

oral antidiabetics  

n 7,275 

Total cholesterol <5.5 mmol/l or no 

use of lipid lowering medication  

n 6,313 

BP <140 (sys) or <90 (dia) mmHg or 

no use of antihypertensives  

n 9,871 

β (95% CI) Q† β (95% CI) Q β (95% CI) Q 

Total body fat (%) 

Total Flavonoids -0.46 (-0.66; -0.26) <0.001 -0.55 (-0.77; -0.33) <0.001 -0.81 (-0.97; -0.70) <0.001 

Flavanols -0.38 (-0.55; -0.21) <0.001 -0.47 (-0.65; -0.28) <0.001 -0.70 (-0.84; -0.56) <0.001 

Flavan-3-ols -0.17 (-0.27; -0.06) 0.003 -0.24 (-0.35; -0.12) <0.001 -0.26 (-0.36; -0.16) <0.001 

Proanthocyanidins -0.66 (-0.88; -0.44) <0.001 -0.69 (-0.93; -0.45) <0.001 -1.09 (-1.24; -0.93) <0.001 

Theaflavins -0.02 (-0.04; 0.00) 0.035 -0.03 (-0.05; -0.01) 0.009 -0.04 (-0.06; -0.02) <0.001 

Anthocyanidins -0.28 (-0.45; -0.10) 0.002 -0.32 (-0.51; -0.12) 0.002 -0.63 (-0.75; -0.51) <0.001 

Flavonols -0.18 (-0.39; 0.04) 0.114 -0.26 (-0.50; -0.02) 0.037 -0.58 (-0.77; -0.40) <0.001 

Flavanones -0.18 (-0.3; -0.07) 0.001 -0.19 (-0.31; -0.06) 0.003 -0.24 (-0.31; -0.16) <0.001 

Flavones -0.53 (-0.73; -0.33) <0.001 -0.62 (-0.84; -0.39) <0.001 -0.56 (-0.70; -0.43) <0.001 

Isoflavones 0.12 (0.01; 0.23) 0.034 0.16 (0.04; 0.28) 0.008 0.08 (-0.01; 0.17) 0.091 

VAT (cm) 

Total Flavonoids -0.12 (-0.17; -0.06) <0.001 -0.10 (-0.152; -0.042) 0.001 -0.13 (-0.17; -0.09) <0.001 

Flavanols -0.10 (-0.14; -0.05) <0.001 -0.08 (-0.130; -0.036) 0.001 -0.11 (-0.15; -0.07) <0.001 

Flavan-3-ols -0.05 (-0.08; -0.02) 0.002 -0.04 (-0.069; -0.011) 0.006 -0.04 (-0.06; -0.01) 0.005 

Proanthocyanidins -0.16 (-0.22; -0.10) <0.001 -0.13 (-0.189; -0.069) <0.001 -0.18 (-0.22; -0.14) <0.001 

Theaflavins -0.01 (-0.01; 0.00) 0.025 -0.00 (-0.009; 0.001) 0.114 -0.01 (-0.01; -0.00) 0.002 

Anthocyanidins -0.06 (-0.11; -0.01) 0.019 -0.06 (-0.113; -0.012) 0.015 -0.11 (-0.14; -0.08) <0.001 

Flavonols -0.06 (-0.12; 0.00) 0.039 -0.05 (-0.111; 0.009) 0.093 -0.06 (-0.11; -0.02) 0.005 

Flavanones -0.04 (-0.07; 0.00) 0.027 -0.03 (-0.054; 0.004) 0.093 -0.04 (-0.05; -0.02) <0.001 

Flavones -0.10 (-0.16; -0.05) <0.001 -0.08 (-0.139; -0.027) 0.003 -0.08 (-0.11; -0.04) <0.001 

Isoflavones 0.03 (0.00; 0.06) 0.068 0.04 (0.013; 0.067) 0.003 0.05 (0.03; 0.07) <0.001 

SCAT (cm) 

Total Flavonoids -0.05 (-0.09; -0.01) 0.016 -0.04 (-0.08; -0.00) 0.036 -0.07 (-0.10; -0.05) <0.001 

Flavanols -0.04 (-0.08; -0.01) 0.013 -0.04 (-0.07; -0.00) 0.031 -0.07 (-0.09; -0.04) <0.001 

Flavan-3-ols -0.03 (-0.05; -0.01) 0.01 -0.03 (-0.05; -0.01) 0.016 -0.03 (-0.05; -0.01) 0.001 

Proanthocyanidins -0.04 (-0.08; 0.01) 0.103 -0.04 (-0.08; 0.01) 0.108 -0.10 (-0.12; -0.07) <0.001 

Theaflavins 0.00 (-0.01; 0.00) 0.031 -0.00 (-0.01; 0.00) 0.058 -0.01 (-0.01; -0.00) 0.002 

Anthocyanidins 0.01 (-0.03; 0.04) 0.673 -0.01 (-0.04; 0.03) 0.627 -0.05 (-0.07; -0.03) <0.001 

Flavonols -0.03 (-0.07; 0.01) 0.189 -0.02 (-0.06; 0.03) 0.399 -0.06 (-0.09; -0.03) <0.001 

Flavanones -0.01 (-0.03; 0.01) 0.396 -0.01 (-0.03; 0.02) 0.631 -0.03 (-0.04; -0.01) <0.001 

Flavones -0.05 (-0.09; -0.01) 0.008 -0.06 (-0.10; -0.03) 0.001 -0.07 (-0.09; -0.05) <0.001 
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Outcome Exposure 

HbA1c < 48 mmol/mol or no use of 

oral antidiabetics  

n 7,275 

Total cholesterol <5.5 mmol/l or no 

use of lipid lowering medication  

n 6,313 

BP <140 (sys) or <90 (dia) mmHg or 

no use of antihypertensives  

n 9,871 

β (95% CI) Q† β (95% CI) Q β (95% CI) Q 

Isoflavones 0.02 (0.00; 0.04) 0.077 0.01 (-0.01; 0.03) 0.501 -0.00 (-0.02; 0.02) 0.931 

VAT:SCAT ratio 

Total Flavonoids -0.02 (-0.05; 0.01) 0.169 -0.009 (-0.038; 0.019) 0.528 -0.009 (-0.029; 0.011) 0.372 

Flavanols -0.02 (-0.04; 0.01) 0.215 -0.007 (-0.032; 0.017) 0.559 -0.009 (-0.026; 0.009) 0.323 

Flavan-3-ols 0.00 (-0.02; 0.01) 0.722 0.003 (-0.012; 0.018) 0.693 -0.002 (-0.013; 0.009) 0.725 

Proanthocyanidins -0.04 (-0.07; -0.01) 0.006 -0.033 (-0.064; -0.002) 0.039 -0.012 (-0.030; 0.007) 0.213 

Theaflavins -0.00 (-0.00; 0.00) 0.911 0.001 (-0.002; 0.003) 0.535 -0.001 (-0.003; 0.002) 0.629 

Anthocyanidins -0.04 (-0.06; -0.01) 0.005 -0.022 (-0.046; 0.003) 0.087 -0.010 (-0.024; 0.005) 0.187 

Flavonols -0.01 (-0.04; 0.02) 0.371 -0.005 (-0.036; 0.025) 0.738 0.001 (-0.021; 0.023) 0.923 

Flavanones 0.00 (-0.01; 0.02) 0.811 0.002 (-0.013; 0.016) 0.817 0.007 (-0.002; 0.015) 0.110 

Flavones -0.01 (-0.04; 0.02) 0.565 0.005 (-0.024; 0.034) 0.746 0.015 (-0.001; 0.031) 0.064 

Isoflavones 0.00 (-0.01; 0.01) 0.981 0.012 (-0.002; 0.026) 0.097 0.018 (0.007; 0.028) 0.001 

Body mass index 

(kg/m2) 

Total Flavonoids -0.26 (-0.40; -0.12) <0.001 -0.26 (-0.40; -0.11) 0.001 -0.32 (-0.43; -0.22) <0.001 

Flavanols -0.21 (-0.33; -0.09) 0.001 -0.22 (-0.34; -0.09) 0.001 -0.28 (-0.38; -0.19) <0.001 

Flavan-3-ols -0.13 (-0.20; -0.05) 0.001 -0.16 (-0.23; -0.08) <0.001 -0.13 (-0.20; -0.07) <0.001 

Proanthocyanidins -0.21 (-0.36; -0.06) 0.006 -0.15 (-0.31; 0.00) 0.054 -0.39 (-0.49; -0.29) <0.001 

Theaflavins -0.01 (-0.03; 0.00) 0.035 -0.02 (-0.03; -0.00) 0.040 -0.03 (-0.04; -0.01) <0.001 

Anthocyanidins 0.00 (-0.13; 0.13) 0.969 0.01 (-0.12; 0.14) 0.905 -0.20 (-0.28; -0.12) <0.001 

Flavonols -0.16 (-0.31; -0.01) 0.035 -0.21 (-0.37; -0.05) 0.010 -0.23 (-0.35; -0.12) <0.001 

Flavanones -0.11 (-0.19; -0.03) 0.007 -0.08 (-0.16; -0.00) 0.042 -0.10 (-0.15; -0.05) <0.001 

Flavones -0.38 (-0.52; -0.24) <0.001 -0.34 (-0.48; -0.20) <0.001 -0.30 (-0.38; -0.22) <0.001 

Isoflavones 0.03 (-0.04; 0.11) 0.364 0.05 (-0.03; 0.12) 0.226 0.02 (-0.03; 0.08) 0.422 

Waist circumference 

(cm) 

Total Flavonoids -0.61 (-0.99; -0.24) 0.001 -0.78 (-1.17; -0.40) <0.001 -0.90 (-1.18; -0.61) <0.001 

Flavanols -0.51 (-0.82; -0.19) 0.002 -0.69 (-1.03; -0.36) <0.001 -0.79 (-1.05; -0.53) <0.001 

Flavan-3-ols -0.28 (-0.48; -0.09) 0.005 -0.44 (-0.64; -0.23) <0.001 -0.32 (-0.49; -0.15) <0.001 

Proanthocyanidins -0.63 (-1.05; -0.22) 0.003 -0.66 (-1.09; -0.23) 0.003 -1.14 (-1.42; -0.86) <0.001 

Theaflavins -0.03 (-0.07; 0.00) 0.085 -0.05 (-0.07; -0.01) 0.011 -0.06 (-0.09; -0.03) <0.001 

Anthocyanidins -0.13 (-0.45; 0.20) 0.452 -0.14 (-0.49; 0.22) 0.450 -0.64 (-0.86; -0.43) <0.001 

Flavonols -0.32 (-0.71; 0.08) 0.117 -0.54 (-0.97; -0.12) 0.013 -0.57 (-0.89; -0.26) <0.001 

Flavanones -0.29 (-0.49; -0.10) 0.003 -0.18 (-0.39; 0.03) 0.095 -0.27 (-0.40; -0.14) <0.001 

Flavones -0.83 (-1.20; -0.47) <0.001 -0.78 (-1.17; -0.39) <0.001 -0.72 (-0.94; -0.49) <0.001 

Isoflavones 0.14 (-0.06; 0.33) 0.178 0.23 (0.02; 0.44) 0.030 0.22 (0.06; 0.38) 0.007 

ABSI‡ (×10-6) Total Flavonoids -3.41 (-17.12; 9.82) 0.610 -12.14 (-26.01; 2.12) 0.096 -20.34 (-29.21; -9.61) <0.001 
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Outcome Exposure 

HbA1c < 48 mmol/mol or no use of 

oral antidiabetics  

n 7,275 

Total cholesterol <5.5 mmol/l or no 

use of lipid lowering medication  

n 6,313 

BP <140 (sys) or <90 (dia) mmHg or 

no use of antihypertensives  

n 9,871 

β (95% CI) Q† β (95% CI) Q β (95% CI) Q 

Flavanols -3.21 (-15.12; 8.02) 0.573 -12.24 (-24.47; -0.51) 0.041 -17.88 (-26.01; -8.07) <0.001 

Flavan-3-ols -1.31 (-58.14; 8.45) 0.718 -4.02 (-12.32; 3.57) 0.297 -2.32 (-8.57; 3.82) 0.456 

Proanthocyanidins -22.25 (-36.14; -7.94) 0.002 -28.14 (-42.19; -1.34) <0.001 -35.22 (-45.14; -26.17) <0.001 

Theaflavins -0.023 (-1.25; 1.31) 0.971 -0.62 (-2.04; 0.76) 0.379 -0.56 (-1.71; 0.57) 0.330 

Anthocyanidins -21.21 (-31.24; -11.74) <0.001 -22.45 (-33.14; -12.17) <0.001 -27.21 (-34.32; -20.02) <0.001 

Flavonols 4.92 (-9.51; 19.32) 0.504 0.73 (-14.32; 16.47) 0.925 -7.30 (-19.36; 3.92) 0.201 

Flavanones -9.11 (-16.21; -2.81) 0.005 -3.45 (-11.02; 4.08) 0.371 -8.12 (-13.05; -3.46) 0.001 

Flavones -6.75 (-19.21; 5.41) 0.275 -0.98 (-14.23; 12.05) 0.884 -12.08 (-20.25; -4.28) 0.002 

Isoflavones -1.58 (-9.01; 6.05) 0.694 3.36 (-4.48; 11.21) 0.403 6.71 (0.94; 12.21) 0.023 

Waist-to-hip ratio  

Total Flavonoids -0.003 (-0.005; -0.001) 0.012 -0.003 (-0.005; -0.001) 0.005 -0.006 (-0.007; -0.004) <0.001 

Flavanols -0.002 (-0.004; 0.000) 0.018 -0.003 (-0.005; -0.001) 0.003 -0.005 (-0.006; -0.003) <0.001 

Flavan-3-ols -0.001 (-0.002; 0.000) 0.108 -0.002 (-0.003; 0.000) 0.005 -0.002 (-0.003; -0.001) 0.001 

Proanthocyanidins -0.005 (-0.007; -0.003) <0.001 -0.004 (-0.006; -0.002) 0.001 -0.008 (-0.010; -0.006) <0.001 

Theaflavins 0.000 (0.000; 0.000) 0.313 -0.000 (-0.000; -0.000) 0.048 -0.000 (-0.000; -0.000) 0.001 

Anthocyanidins -0.003 (-0.005; -0.002) <0.001 -0.003 (-0.005; -0.001) 0.006 -0.006 (-0.007; -0.004) <0.001 

Flavonols -0.001 (-0.003; 0.002) 0.524 -0.001 (-0.004; 0.001) 0.271 -0.003 (-0.005; -0.001) 0.001 

Flavanones -0.002 (-0.003; -0.001) <0.001 -0.001 (-0.002; 0.000) 0.127 -0.002 (-0.003; -0.001) <0.001 

Flavones -0.004 (-0.006; -0.002) <0.001 -0.003 (-0.005; -0.001) 0.004 -0.005 (-0.006; -0.003) <0.001 

Isoflavones 0.000 (-0.001; 0.001) 0.755 0.001 (-0.001; 0.002) 0.301 0.001 (0.000; 0.002) 0.048 
Total flavonoids and subclasses were log2-transformed and therefore beta coefficients corresponded the effect size per doubling intake levels. Robust linear regression model adjusted 

for: age (years), sex, site (Cambridge, Ely, Wisbech), physical activity energy expenditure (kJ/kg/d), age at end of full-time education (years), ethnicity (European origin/non-European 

origin), household income (<20,000/20,000 to 40,000/>40,000  £/year), smoking status (never/former/current), and dietary intakes of total energy, fibre, vitamin C, alcoholic beverages 

except wine, dairy products, red and processed meat, fats and cream, poultry and egg, sugar, sugar-sweetened beverages, and artificially-sweetened beverages. †Q value considered 

statistically significant at <0.05 after false-discovery correction for two-sided alpha=0.05 applied to 11 flavonoid variables and 8 adiposity parameters. ‡ ABSI coefficients are in units 

of m·(kg/m2)-2/3·m-½, where m represents waist circumference in metres, (kg/m2)-2/3 is body mass index raised to -2/3, and m-½ is height in metres raised to -1/2; multiplied by 10-6 to 

help improve readability and consistency of the table (23). Abbreviations: ABSI, a body shape index; BP, blood pressure; CI, confidence interval; dia, diastolic; SD, standard deviation; 

sys, systolic; VAT, visceral abdominal fat thickness; SCAT, subcutaneous abdominal fat thickness. 
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Supplementary Table 6. Association of total dietary flavonoids with adiposity parameters by sex in 

11,568 participants from the Fenland study, UK.  

Outcome 
Male participants  

n 5,357 
β (95% CI) 

Female participants  

n 6,211 
β (95% CI) 

p-interaction 

Total body fat (%) -0.12 (-0.19; -0.05) -0.13 (-0.18; -0.08) 0.287 

VAT (cm) 0.03 (-0.01; 0.06) -0.12 (-0.16; -0.07) <0.001 

SCAT (cm) -0.00 (-0.01; -0.00) -0.01 (-0.01; -0.00) 0.394 

VAT:SCAT 0.01 (-0.02; 0.02) -0.07 (-0.12; -0.03) 0.002 

Body mass index (kg/m2) -0.23 (-0.37; -0.09) -0.47 (-0.67; -0.30) 0.083 

Waist circumference (cm) -0.52 (-0.91; -0.13) -1.22 (-1.65; -0.80) 0.105 

ABSI‡ (×10-6)  -15.70 (-30.92; -1.32) -20.64 (-36.40; -4.88) 0.509 

Waist-to-hip ratio -0.36 (-0.56; -0.16) -0.74 (-0.95; -0.52) 0.084 
Total flavonoids were log2-transformed and therefore beta coefficients corresponded the effect size per doubling intake 

levels. Robust linear regression model adjusted for: age (years), sex, site (Cambridge, Ely, Wisbech), physical activity 

energy expenditure (kJ/kg/d), age at end of full-time education (years), ethnicity (European origin/non-European origin), 

household income (<20,000/20,000 to 40,000/>40,000  £/year), smoking status (never/former/current), and dietary 

intakes of total energy, fibre, vitamin C, alcoholic beverages except wine, dairy products, red and processed meat, fats 

and cream, poultry and egg, sugar, sugar-sweetened beverages, and artificially-sweetened beverages. ‡ ABSI coefficients 

are in units of m·(kg/m2)-2/3·m-½, where m represents waist circumference in metres, (kg/m2)-2/3 is body mass index 

raised to -2/3, and m-½ is height in metres raised to -1/2; multiplied by 10-6 to help improve readability and consistency 

of the table (23). Abbreviations: ABSI, a body shape index; CI, confidence interval; VAT, visceral abdominal fat 

thickness; SCAT, subcutaneous abdominal fat thickness. 

  



Appendix I 

166 
 

Supplementary Table 7. Association of total dietary flavonoids with adiposity parameters by age in 

11,568 participants from the Fenland study, UK.  

Outcome 
< 48 years 

n 5,338 
β (95% CI) 

≥ 48 years 

n 6,230 
β (95% CI) 

p-interaction 

Total body fat (%) -0.53 (-0.76; -0.29) -0.51 (-0.71; -0.31) 0.754 

VAT (cm) -0.06 (-0.12; -0.01) -0.17 (-0.24; -0.11) 0.040 

SCAT (cm) -0.05 (-0.10; -0.01) -0.04 (-0.07; 0.00) 0.256 

VAT:SCAT -0.01 (-0.04; 0.02) -0.04 (-0.07; -0.01) 0.037 

Body mass index (kg/m2) -0.28 (-0.44; -0.12) -0.34 (-0.49; -0.19) 0.812 

Waist circumference (cm) -0.68 (-1.10; -0.26) -0.88 (-1.28; -0.48) 0.397 

ABSI‡ (×10-6) -3.31 (-11.52; 18.47) -16.14 (-30.04; -1.88) 0.007 

Waist-to-hip ratio -0.00 (-0.00; 0.00) -0.01 (-0.01; -0.00) 0.015 
Total flavonoids were log2-transformed and therefore beta coefficients corresponded the effect size per doubling intake 

levels. Robust linear regression model adjusted for: age (years), sex, site (Cambridge, Ely, Wisbech), physical activity 

energy expenditure (kJ/kg/d), age at end of full-time education (years), ethnicity (European origin/non-European origin), 

household income (<20,000/20,000 to 40,000/>40,000  £/year), smoking status (never/former/current), and dietary 

intakes of total energy, fibre, vitamin C, alcoholic beverages except wine, dairy products, red and processed meat, fats 

and cream, poultry and egg, sugar, sugar-sweetened beverages, and artificially-sweetened beverages. ‡ ABSI coefficients 

are in units of m·(kg/m2)-2/3·m-½, where m represents waist circumference in metres, (kg/m2)-2/3 is body mass index 

raised to -2/3, and m-½ is height in metres raised to -1/2; multiplied by 10-6 to help improve readability and consistency 

of the table (23). Abbreviations: ABSI, a body shape index; CI, confidence interval; VAT, visceral abdominal fat 

thickness; SCAT, subcutaneous abdominal fat thickness. 

  



Appendix I 

167 
 

Supplementary Table 8. Association of continuous total dietary flavonoids and adiposity parameters by smoking 

status in 11,568 participants from Fenland study, UK.  

Outcome 
Never smokers 

n 6,394 
β (95% CI) 

Former smokers 

n 3,821 
β (95% CI) 

Current smokers 

n 1,353 
β (95% CI) 

p-interaction 

Total body fat (%) -0.09 (-0.15; -0.03) -0.20 (-0.28; -0.12) -0.11 (-0.21; -0.00) 0.515 

VAT (cm) -0.06 (-0.10; -0.03) -0.07 (-0.12; -0.02) 0.05 (-0.03; 0.12) 0.001 

SCAT (cm) -0.01 (-0.01; -0.00) -0.01 (-0.01; -0.00) 0.00 (-0.00; 0.01) 0.446 

VAT:SCAT 0.00 (-0.03; 0.03) -0.04 (-0.07; 0.00) -0.06 (-0.11; -0.01) 0.002 

Body mass index (kg/m2) -0.40 (-0.55; -0.25) -0.38 (-0.56; -0.19) -0.06 (-0.35; 0.24) 0.003 

Waist circumference (cm) -1.00 (-1.39; -0.60) -1.11 (-1.61; -0.62) 0.10 (-0.68; 0.89) 0.003 

ABSI‡ (×10-6)  -9.03 (-23.24; 5.34) -17.02 (-34.12; -0.49) 6.32 (-18.22; 30.41) 0.006 

Waist-to-hip ratio -0.67 (-0.88; -0.46) -0.66 (-0.91; -0.40) -0.04 (-0.44; 0.36) 0.001 
Total flavonoids were log2-transformed and therefore beta coefficients corresponded the effect size per doubling intake levels. 

Robust linear regression model adjusted for: age (years), sex, site (Cambridge, Ely, Wisbech), physical activity energy expenditure 

(kJ/kg/d), age at end of full-time education (years), ethnicity (European origin/non-European origin), household income 

(<20,000/20,000 to 40,000/>40,000  £/year), smoking status (never/former/current), and dietary intakes of total energy, fibre, 

vitamin C, alcoholic beverages except wine, dairy products, red and processed meat, fats and cream, poultry and egg, sugar, sugar-

sweetened beverages, and artificially-sweetened beverages. ‡Mean and standard deviation for ABSI are in units of m·(kg/m2)-2/3·m-

½, where m represents waist circumference in metres, (kg/m2)-2/3 is body mass index raised to -2/3, and m-½ is height in metres 

raised to -1/2; multiplied by 10-6 to help improve readability and consistency of the table (23). Abbreviations: ABSI, a body shape 

index; CI, confidence interval; VAT, visceral abdominal fat thickness; SCAT, subcutaneous abdominal fat thickness. 
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Mediterranean diet and olive oil, microbiota, and obesity-related cancers. 
From mechanisms to prevention 
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A B S T R A C T   

Olive oil (OO) is the main source of added fat in the Mediterranean diet (MD). It is a mix of bioactive compounds, 
including monounsaturated fatty acids, phytosterols, simple phenols, secoiridoids, flavonoids, and terpenoids. 
There is a growing body of evidence that MD and OO improve obesity-related factors. In addition, obesity has 
been associated with an increased risk for several cancers: endometrial, oesophageal adenocarcinoma, renal, 
pancreatic, hepatocellular, gastric cardia, meningioma, multiple myeloma, colorectal, postmenopausal breast, 
ovarian, gallbladder, and thyroid cancer. However, the epidemiological evidence linking MD and OO with these 
obesity-related cancers, and their potential mechanisms of action, especially those involving the gut microbiota, 
are not clearly described or understood. The goals of this review are 1) to update the current epidemiological 
knowledge on the associations between MD and OO consumption and obesity-related cancers, 2) to identify the 
gut microbiota mechanisms involved in obesity-related cancers, and 3) to report the effects of MD and OO on 
these mechanisms.   

1. Introduction 

The Mediterranean diet (MD) is primarily a plant-based dietary 
pattern, consisting of a high intake of fruit, vegetables, legumes, nuts 
and seeds, whole grains, spices, herbs, and olive oil (OO). Seafood, 
poultry, eggs, wine (during meals), and dairy products preferably in the 
form of low-fat cheese and yoghurt are consumed in moderation, while 
red and processed meats, refined grains and sugars are little or occa-
sionally consumed [1]. Owing to its food composition, the MD is a 

dietary pattern rich in protective nutrients and bioactive compounds 
able to prevent several diseases, including obesity and cancer [2]. 

OO is the main source of fat in the MD [3–6]. OO’s chemical 
composition differs according to olive variety, environmental condi-
tions, ripening, and processing methods. OO has both a saponifiable 
fraction and a phenolic one. Oleic acid is the main component of the 
saponifiable fraction; phenolic acids, tyrosols, flavonoids, and lignans 
are the main components of the phenolic part of virgin olive oil (VOO) 
[7–9]. Depending on the processing methods, OOs can be classified into 

Abbreviations: AICR, American Institute of Cancer Research; BMI, Body mass index; CRC, Colorectal cancer; EFSA, European Food Safety Authority; EPIC, Eu-
ropean Prospective Investigation into Cancer and Nutrition; EVOO, Extra virgin olive oil; GERD, Gastroesophageal reflux disease; GM, Gut microbiota; HR, Hazard 
Ratio; HT, Hydroxytyrosol; IARC, International Agency for Research on Cancer; IGF-I, Insulin-like growth factor-I; IL, Interleukin; LPS, Lipopolysaccharides; MAMP, 
Microorganism-associated molecular patterns; MD, Mediterranean Diet; OO, Olive oil; PC, Phenolic compounds; PREDIMED, Prevention with Mediterranean Diet; 
RR, Relative Risk; SCFA, Short chain fatty acid; SHBG, Sex hormone-binding globulin; TMAO, Trimethylamine-N-oxide; TNF-α, Tumour necrosis factor-alpha; VOO, 
Virgin olive oil; WCRF, World Cancer Research Fund. 
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refined OO, common OO, VOO, or extra virgin OO (EVOO). EVOO and 
VOO are obtained by direct pressing or centrifugation of the olives and 
are rich in phenolic compounds (PC). Hydroxytyrosol (HT), a phenol, is 
the main component responsible for VOO’s antioxidant effect on 
low-density lipoproteins, as endorsed by a European Food Safety Au-
thority (EFSA) health claim in 2011. The Fatty acid composition and its 
richness in antioxidants are responsible for VOO’s stability upon heating 
and may counteract the generation of oxidation-derived pro-carcino-
genic molecules such as polycyclic aromatic hydrocarbons and hetero-
cyclic amines [10]. As a result, VOO exhibits high resistance against 
oxidation in comparison with other oils, and during its use for frying, 
when the oil is frequently reloaded, its chemical composition is less 
altered. 

The relationship between MD and obesity and obesity-related dis-
orders has been extensively investigated over the past two decades [11]. 
MD is an effective tool in reducing body weight, particularly when en-
ergy is restricted and in combination with increased physical activity 
[12,13]. Reassuringly, even when MD is not energy-restricted, it is not 
associated with adulthood weight gain in the short or long term [14]. In 
addition, a growing body of evidence suggests that higher adherence to 
MD is related to a lower risk of cancer mortality in the general popu-
lation, and cancer-specific and all-cause mortality among cancer survi-
vors [15,16]. 

One of the contributing factors of obesity is gut microbiome dys-
biosis. Then, microbiota modulation through diet could play a relevant 
role in obesity and obesity-related cancer prevention and treatment. The 
holobiont and the symbiotic relationship between microbiota and host 
must be seriously considered when studying human metabolism and 
obesity. Concretely, the holobiont is defined as an assemblage of a host 
and the other species living in or around it, which collectively form a 
discrete ecological unit [17]. The holobiont includes the host, virome, 
microbiome, and any other organisms which contribute to functioning 
as a whole [18]; this concept was initially introduced by Adolf 
Meyer-Abich and refined by Dr. Lynn Margulis in the early nineties [17]. 

In this review, we provide an overview of the epidemiological evi-
dence on the associations between obesity and cancer, and between MD 
and OO and obesity-related cancers. In addition, we describe the 
microbiota mechanisms involved in the link between obesity and cancer 
and highlight how MD and olive oil can modulate gut microbiota (GM). 
The elucidation of these relationships could be relevant for the devel-
opment of preventive, diagnostic, and therapeutic strategies against 
obesity-related cancers. 

2. Obesity and cancer risk: epidemiological evidence 

Obesity is a complex multifactorial disease defined as an excessive 
body fat accumulation that causes a health risk. A body mass index 
(BMI) ≥ 30 kg/m2 is considered obese [19]. Among the well-established 
factors influencing obesity are the increase in the consumption of 
hypercaloric and nutritionally poor foods and a sedentary lifestyle. 
These often coexist with distress, hormonal imbalance, gut microbiome 
dysbiosis, poor sleep quality, or the consumption of certain medications, 
and can be boosted by genetic conditions [20]. The prevalence of obesity 
has risen dramatically worldwide in the last decades: in 2014, over 640 
million adults had obesity, a six-fold increase since 1975 [19,21]. In 
addition, in 2016, over 124 million children and adolescents were obese 
[19]. These increments go hand in hand with the increased morbidity 
and mortality rate caused by cancer, and may be promoting 
obesity-related cancers at a younger age [22]. Currently, cancer is a 
leading cause of death worldwide, just behind cardiovascular diseases, 
and obesity is a major public health concern [19]. The association be-
tween obesity and cancer risk is supported by a large body of epidemi-
ological evidence, which has been reviewed and meta-analysed by both 
the International Agency for Research on Cancer (IARC) and the World 
Cancer Research Fund/American Institute of Cancer Research 
(WCRF/AICR) [23]. Adult body fatness has been established by the IARC 

as a strong risk factor for 13 different cancer types in humans, sum-
marised in Table 1. In 2012, about 3.6% (481,000) of all new cancers 
(excluding non-melanoma skin cancer) in adults (≥30 years old) were 
attributable to excess BMI (defined as 25 kg/m2 or greater) [24]. In 
women, postmenopausal breast, endometrial and colon cancers 
accounted for 72.5% of the total attributable cases to high BMI, whereas 
in men kidney and colon cancers accounted for 66.0% [24]. Body fatness 
during childhood or early adulthood has also been associated with a 
higher risk of several malignancies in adulthood, including leukaemia, 
Hodgkin’s disease, and colorectal cancer (CRC) [25,26]. For some can-
cer types, sex-related differences in association with obesity and cancer 
risk appear only later in life. An estimation of new cancers in the Eu-
ropean Union using population-attributable risks showed that the inci-
dence of new cancers attributable to excess weight (BMI ≥ 25 kg/m2) 
was 2.5% for men and 4.1% for women, which suggested a higher risk of 
obesity-related cancers in adult women [27]. The WCRF/AICR made 
separate conclusions for body fatness in young women for breast cancer, 
owing to effect modification by menopausal status: they established that 
a 5 kg/m2 increment in BMI probably decreases the risk of premeno-
pausal breast cancer, whereas it increases the risk of post-menopausal 
breast cancer with a convincing level of evidence [23]. 

Table 1 
Strength of evidence of the association between obesity and cancer risk.  

Cancer site Evidence for increased risk Risk Estimate (95% 
CI)a 

IARC 
2020 

WCRF/AICR 
2018 

Colorectum Strong Strong- 
Convincing 

1.05 (1.03 – 1.07) 

Endometrium Strong Strong- 
Convincing 

1.50 (1.42 – 1.59) 

Breast (post-menopausal) Strong Strong- 
Convincing 

1.12 (1.09 – 1.15) 

Oesophageal 
adenocarcinoma 

Strong Strong- 
Convincing 

1.48 (1.35 – 1.62) 

Kidney Strong Strong- 
Convincing 

1.30 (1.25 – 1.35) 

Liver Strong Strong- 
Convincing 

1.30 (1.16 – 1.46) 

Pancreas Strong Strong- 
Convincing 

1.10 (1.07 – 1.14) 

Thyroid Strong - 1.06 (1.02 – 1.10)c 

Multiple myeloma Strong - 1.09 (1.03–1.16)d 

Meningioma Strong - 1.54 (1.32 – 1.79)b,e 

Gastric cardia Strong Strong-Probable 1.23 (1.07 – 1.40) 
Ovary Strong Strong-Probable 1.06 (1.02 – 1.11) 
Gallbladder Strong Strong-Probable 1.25 (1.15 – 1.37) 
Prostate (advanced) Moderate Strong-Probable 1.12 (1.04 – 1.21) 
Mouth, pharynx, and 

larynx 
Moderate Strong-Probable 1.15 (1.06 – 1.24) 

Diffuse large B-cell 
lymphoma 

Moderate - 1.29 (1.16 – 1.43)b,f 

Male breast Moderate - 1.19 (1.10 – 1.30)g 

Cervix Limited Limited- 
suggestive 

1.02 (0.97 – 1.07) 

IARC: International Agency for Research on Cancer; WCRF/AICR: World Cancer 
Research Fund/American Institute for Cancer Research 
Adapted from: World Cancer Report IARC 2020 [253] and Continuous Update 
Project Expert Report WCRF/AICR 2018[2] 
aRisk Estimate (95%CI) for 5-unit increment in BMI (kg/m2) adapted from 
WCRF/AICR [254] if not stated otherwise. 
bRisk estimate (95%CI) for highest vs lowest category of BMI 
cSource: Kitahara et al. 2016 [255] 
dSource: Teras et al. 2014 [256] 
eSource: Niedermaier et al. 2015 [257] 
fSource: Castillo et al. 2013. Only in participants with obesity (BMI≥30 kg/m2) 
[258] 
gSource: Brinton et al. 2014. [259] 
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3. Mediterranean diet and obesity-related cancers: 
epidemiological evidence 

A growing body of evidence reinforces that an overall healthy dietary 
pattern, characterised by a low consumption of red and processed meats, 
high consumption of fruit and vegetables, whole grains rather than 
refined grains, and plant sources of protein and fat is inversely associ-
ated with the risk of cardiometabolic diseases and cancer [28]. At this 
point, there is solid evidence suggesting that a two-point increment of 
the MD score is associated with a 4% lower risk of cancer [29]. A recent 
meta-analysis including data from 3202,496 participants belonging to 
117 studies (comprising randomised control trials, cohorts, and 
case-control studies), comprehensively examined the relationships be-
tween adherence to the MD and different cancer risks. As results, the 
authors showed that high adherence to MD is inversely associated with 

the risk of cancer mortality in the general population (Relative Risk (RR) 
= 0.87, 95% CI 0.82, 0.92), and all-cause mortality among cancer sur-
vivors (RR = 0.75, 95% CI 0.66, 0.86) [16] (Table 2). MD has been 
studied for its protective capacity against the risk of several 
obesity-related cancers, such as aerodigestive and gastrointestinal, 
gynaecological, and other cancers. 

3.1. MD and aerodigestive and gastrointestinal cancers 

Two different meta-analyses including data from case-control and 
prospective cohort studies showed that a high MD adherence was 
inversely associated with a 10–17% total risk of CRC [16,30], but not 
with total and CRC mortality [30] (Table 2). The protective effect of the 
MD against CRC was also observed in specific anatomical locations, 
including the proximal and distal colon, and rectum. Moreover, high 

Table 2 
Summary of results from last meta-analyses showing associations between Mediterranean diet adherence or olive oil intake and major outcomes of overall cancer and 
obesity-related cancer types in observational studies.  

Cancer type/site Outcome Dietary factor 
(Highest vs Lowest)a 

Number and design of studies OR/RR (95% CI) Reference 

Overall Cancer mortality MD adherence 18 cohort RRcohort = 0.87 (0.82, 0.92) Morze et al.[14] 
Overall All-cause mortality MD adherence 8 cohort RRcohort = 0.75 (0.66, 0.86) Morze et al.[14] 
Overall Cancer mortality MD adherence 4 cohort RRcohort = 0.96 (0.82, 1.11) Morze et al.[14] 
Overall Cancer reoccurrence MD adherence 1 cohort RRcohort = 0.61 (0.18, 2.07) Morze et al.[14] 
Overall Cancer incidence OO intake 37 case-control 

8 cohort 
ORcase-control = 0.65 (0.57, 0.74) 
RRcohort = 0.90 (0.77, 1.05) 
RRobservational = 0.69 (0.62, 0.77) 

Markellos et al.[42] 

Colorectal Cancer incidence MD adherence 7 case-control 
10 cohort 

ORcase-control = 0.64 (0.52, 0.79) 
RRcohort = 0.92 (0.87, 0.99) 
RRobservational = 0.83 (0.76, 0.90) 

Morze et al.[14] 

Colorectal Cancer incidence OO intake 6 case-control 
1 cohort 

ORcase-control = 0.91 (0.78, 1.06) 
RRcohort = 0.88 (0.68, 1.14) 
RRobservational = 0.90 (0.79, 1.03) 

Markellos et al.[42] 

Colorectal All-cause mortality MD adherenceprediagnosis 

MD adherencepostdiagnosis 

3 cohort 
2 cohort 

RRcohort = 0.80 (0.62, 1.04) 
RRcohort = 0.66 (0.37, 1.17) 

Zhong et al.[18] 

Colorectal Cancer mortality MD adherenceprediagnosis 

MD adherencepostdiagnosis 

3 cohort 
1 cohort 

RRcohort = 0.90 (0.71, 1.14) 
RRcohort = 0.84 (0.50, 1.42) 

Zhong et al.[18] 

Breast Cancer incidence MD adherence 11 case-control 
12 cohort 

ORcase-control = 0.87 0.82, 0.93 
RRcohort = 0.97 (0.94, 1.00) 
RRobservational = 0.94 (0.90, 0.97) 

Morze et al.[14] 

Breast Cancer incidence OO intake 11 case-control 
3 cohort 

ORcase-control = 0.63 (0.45, 0.87) 
RRcohort = 0.67 (0.29, 1.56) 
RRobservational = 0.67 (0.52, 0.86) 

Markellos et al.[42] 

Breast Cancer incidence OO intake 8 case-control 
2 cohort 

ORcase-control = 0.48 (0.09, 2.70) 
RRcohort = 0.76 (0.54, 1.06) 
RRobservational = 0.75 (0.56, 1.00) 

Sealy et al.[43] 

Gastric Cancer incidence MD adherence 3 case-control 
4 cohort 

ORcase-control = 0.63 (0.53, 0.75) 
RRcohort = 0.77 (0.64, 0.92) 
RRobservational = 0.70 (0.61, 0.80) 

Morze et al.[14] 

Gastric Cancer incidence OO intake 3 case-control 
1 cohort 

ORcase-control = 0.65 (0.46, 0.93) 
RRcohort = 1.15 (0.78, 1.69) 
RRobservational = 0.75 (0.53, 1.05) 

Markellos et al.[42] 

Pancreatic Cancer incidence MD adherence 1 case-control 
3 cohort 

ORcase-control = 0.48 (0.35, 0.66) 
RRcohort = 0.92 (0.81, 1.05) 
RRobservational = 0.80 (0.60, 1.06) 

Morze et al.[14] 

Pancreatic Cancer incidence OO intake 1 case-control ORcase-control = 0.58 (0.35, 0.97) Markellos et al.[42] 
Liver Cancer incidence MD adherence 1 case-control 

3 cohort 
ORcase-control = 0.51 (0.34, 0.77) 
RRcohort = 0.67 (0.56, 0.80) 
RRobservational = 0.64 (0.54, 0.75) 

Morze et al.[14] 

Esophageal Cancer incidence MD adherence 1 case-control 
2 cohort 

ORcase-control = 0.26 (0.13, 0.52) 
RRcohort = 0.85 (0.67, 1.09) 
RRobservational = 0.64 (0.35, 1.16) 

Morze et al.[14] 

Esophageal Cancer incidence OO intake 3 case-control ORcase-control = 0.47 (0.24, 0.93) Markellos et al.[42] 
Head and neck Cancer incidence MD adherence 8 case-control 

1 cohort 
ORcase-control = 0.54 (0.40, 0.72) 
RRcohort = 0.73 (0.60, 0.89) 
RRobservational = 0.56 (0.44, 0.72) 

Morze et al.[14] 

Aerodigestive Cancer incidence OO intake 6 case-control ORcase-control = 0.74 (0.60, 0.91) Markellos et al.[42] 
Endometrial Cancer incidence MD adherence 3 case-control 

1 cohort 
ORcase-control = 0.58 (0.35, 0.95) 
RRcohort = 0.98 (0.82, 1.17) 
RRobservational = 0.67 (0.41, 1.11) 

Morze et al.[14] 

Ovarian Cancer incidence MD adherence 1 case-control ORcase-control = 0.91 (0.71, 1.17) Morze et al.[14]  

a Comparing highest vs lowest adherence or intake to Mediterranean diet or of olive oil, as appropriate. CI, confidence interval; MD, Mediterranean diet; OO, olive 
oil; OR, odds ratio, RR, relative risk. 
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adherence to the MD was associated with a lower overall gastric cancer 
risk [16,31], and by anatomical location (i.e., cardia and non-cardia) 
and histological subtype (i.e. intestinal and diffuse) [31,32]. A recent 
meta-analysis pooling data from one case-control and three cohort 
studies found that MD adherence was not statistically significantly 
associated with pancreatic cancer risk (RR = 0.80, 95% CI 0.60, 1.06) 
[16]. However, findings from two more recent prospective studies 
observed reductions for high MD adherence of between 18% and 43% in 
the risk of pancreatic cancer [33,34]. A high MD adherence was 
inversely related to liver cancer risk in a pooled analysis comprising data 
from one case-control and three cohort studies with a statistically sig-
nificant risk reduction of 36% [16]. A similar association was observed 
in a prospective cohort study revealing that higher adherence to the 
alternate MD score was significantly associated with a lower risk of liver 
cancer [35]. A recently published meta-analysis encompassing data 
from one case-control and two cohort studies found no association be-
tween MD adherence and oesophageal cancer risk [16] (Table 2). To our 
knowledge, only one study has examined the association between MD 
and gallbladder cancer risk. The cohort study by Larsson et al. followed 
76,014 subjects for 13.3 years and observed a significant reduction 
(Hazard Ratio (HR) = 0.42, 95% CI 0.23, 0.79) in gallbladder cancer risk 
in individuals following a high adherence to MD [36]. The MD has a 
beneficial role in the risk of head and neck cancer, which encompasses 
cancers in the oral cavity, pharynx, and larynx (all obesity-related 
cancers). Concretely, a recent meta-analysis showed that higher adher-
ence to MD was related to a 44% lower risk of head and neck cancer [16] 
(Table 2). In summary, adhering to MD is associated with a lower risk of 
gastric, colorectal, liver, and head and neck cancers; while the results 
with pancreatic, oesophageal, and gallbladder cancer are still 
inconclusive. 

3.2. MD and gynaecological cancers 

Higher adherence to MD has been reported to be protective against 
breast cancer regardless of the menopausal status (i.e., premenopausal 
and postmenopausal) and hormone receptor expression (i.e., oestrogen, 
progesterone, human epidermal growth factor receptor (HER), and 
mixed) [16,37,38]. Likewise, greater adherence to the MD may posi-
tively impact on the quality of life of breast cancer survivors, specifically 
improving physical functioning, sleep, pain, and overall well-being [39]. 
A meta-analysis of three case-control and one cohort study by Morze 
et al., found no significant difference in endometrial cancer risk between 
low and high MD adherence [16] (Table 2). A prospective cohort study 
by Xie et al., explored the relationship between MD and ovarian cancer 
development in 82,948 women [40]. The results found that high MD 
adherence did not modify the risk of ovarian cancer among participants. 
Overall, the only gynaecological tumour where higher MD adherence is 
associated with lower risk is breast cancer. 

3.3. MD and other obesity-related types of cancer 

Only one study reported results on MD in relation to the risk of 
thyroid cancer. In a large prospective cohort, the European Prospective 
Investigation into Cancer and Nutrition (EPIC) study, Llaha et al., mainly 
found no association between MD adherence and thyroid cancer risk 
[41]. Pooling data from two large prospective studies (N = 2792,257 
person-years of follow-up, with 478 incident multiple myeloma cases), 
Lee et al., observed a suggestive inverse trend with multiple myeloma 
risk [42]. In another EPIC sub-study, a higher MD adherence was found 
to be modestly associated with the risk of overall lymphoma but not by 
subtypes, including diffuse large B-cell lymphoma [43]. To the best of 
our knowledge, there are no published studies on the relationship be-
tween MD adherence and the risk of other obesity-related cancers 
(namely thyroid, multiple myeloma, kidney, meningioma, and male 
breast cancer). 

4. Olive oil and obesity-related cancers: epidemiological 
evidence 

Olive oil is a key component of the MD and its consumption has 
largely been investigated concerning its capacity to reduce cancer risk. A 
recent meta-analysis of 37 case-control (17,369 cases and 28,294 con-
trols) and eight cohort studies (12,461 incident cases in a total cohort of 
929,771 subjects) concluded that higher OO consumption is associated 
with a 31% lower likelihood of any cancer (pooled RR = 0.69, 95%, CI: 
0.62–0.77) [44] (Table 2). In the same meta-analysis, high OO con-
sumption was inversely associated with the risk of oesophageal and 
breast cancers, but not with colorectal and gastric cancers [44]. 

4.1. Olive oil and aerodigestive and gastrointestinal cancers 

Pooled data from observational studies support that high OO con-
sumption may protect against upper aerodigestive (composed of oral 
cavity, pharynx, and larynx) and total gastrointestinal and oesophageal 
subtype cancer risk, but not against colorectal and gastric cancers risk 
[44] (Table 2). An Italian case-control study showed an inverse rela-
tionship between OO and pancreatic cancer [45]. To date, there are no 
previous publications on the relationship between OO consumption and 
the risk of liver, and gallbladder cancers. 

4.2. Olive oil and gynaecological cancers 

Breast cancer is by far the most studied gynaecological cancer in 
relation to the anticancer effects of OO consumption. Two recent meta- 
analyses of 10 (7030 cases among 81,436 participants) and 14 (29,830 
cases among 987,895 participants) observational studies determined 
that women consuming higher amounts of OO reduced their risk to 
develop breast cancer between 25% (RR = 0.75, 95%, CI: 0.56, 1.00) 
and 33% (RR = 0.67, 95%, CI: 0.52, 0.86) compared with those 
consuming less [44,46] (Table 2). Contrary to breast cancer, evidence on 
endometrial and ovarian cancer is limited. Results from two case-control 
studies showed an inverse association between increased OO con-
sumption and endometrial [47] and ovarian cancer [48] risks. 

4.3. Olive oil and other types of cancer 

As far as we know, there is no evidence regarding a potential rela-
tionship between OO consumption and the risk of other obesity-related 
cancer types, such as kidney, thyroid, meningioma, multiple myeloma, 
male breast, and diffuse large B-cell lymphoma cancers. 

5. Obesity-related cancers’ epidemiological evidence: strengths 
and limitations 

Some limitations in methodological aspects may be behind the 
inconclusive results on the association between MD, OO, and several 
obesity-related cancers. For example, as stated in various systematic 
reviews and meta-analyses, two major limitations in most of these 
studies are inconsistencies in the definition of the MD pattern and the 
cut-off points used to differentiate high from low MD adherence [2,16, 
49,50]. To date, up to 34 different scores have been used in the literature 
to assess the degree of adherence to MD [51]. MD scores vary, especially 
as regards the inclusion or not of the alcohol component and the intake 
levels in the population. This variability might affect the results of MD 
and cancer relationships. Furthermore, the lack of information about the 
quality and safety (e.g., product treated or not with chemical agents, 
antibiotics, or hormones) of foods during the food intake assessment for 
MD scores could modify results, reducing the benefits of the MD [2]. 
Another common limitation may relate to dietary measurement errors, 
especially when dietary questionnaires are self-reported. Furthermore, 
dietary measurements are usually collected at baseline, which makes 
accounting for changes in diet during the follow-up not possible. On the 

E. Almanza-Aguilera et al.                                                                                                                                                                                                                    



Seminars in Cancer Biology 95 (2023) 103–119

107

other hand, retrospective assessment of the usual diet, especially in 
subjects with the disease, as occurs in case-control studies, poses a high 
likelihood of recall bias and, hence, largely questioning its validity. 
Regarding OO, most studies acknowledge that they do not differentiate 
between common, virgin, and extra-virgin types. This distinction is 
important because compared to the refined type, VOO and EVOO have 
much higher concentrations of bioactive compounds and may, there-
fore, have more health benefits [52], including greater protection 
against cancer [53]. Finally, a higher adherence to the MD usually goes 
with a higher adherence to a Mediterranean lifestyle (e.g., healthier food 
preparation, eating locally and seasonally, socializing during meals, and 
even being more physically active and having an adequate rest) [1]. 
Although epidemiological studies often control for some of these factors, 
the presence of possible residual confounding cannot be excluded. 

6. Obesity and cancer risk: biological mechanisms 

The mechanistic pathways by which obesity is linked to carcino-
genesis are not yet fully elucidated; current evidence suggests that 
several biological mechanisms might explain this association [54–56]. 
Here, we will focus on those related to chronic inflammation, insulin and 
insulin-like growth factor-I (IGF-I), sex hormone signalling, gut micro-
biome dysbiosis, and specific localised mechanisms. Fig. 1 summarises 
the mechanisms proposed and reflects how dysfunctional adipose tissue 
acts as one of the main triggers of these processes. 

6.1. Chronic inflammation 

Obesity is characterised by an excess of adipose tissue, an active 
organ with metabolic and endocrine activity, and is considered a low 
chronic inflammatory state [57]. During obesity, adipose tissue is 
characterised by infiltration of monocytes that switch to M1 macro-
phages, therefore, leading to dysfunctional adipose tissue [58]. These 
macrophages are often stimulated by cytokines such as interferon-γ 
(INF-γ) or by microorganism-associated molecular patterns (MAMPs) 

such as lipopolysaccharides (LPS) [59]. M1 macrophages alter the 
function of adipocytes, increasing pro-inflammatory cytokine secretion, 
including tumour necrosis factor-alpha (TNF-α), interleukin (IL)− 10 
and IL-6, or monocyte chemoattractant protein (MCP)− 1 [55,58,60, 
61]. This leads to the production of free radicals and DNA damage, 
upregulation of proliferative and anti-apoptotic pathways, angiogenesis, 
and cell migration [61–63]. 

Adipokines (such as leptin and adiponectin) are adipocyte-derived 
hormones involved in metabolism regulation, crosstalk with inflam-
matory pathways, insulin signalling, angiogenesis, and cellular prolif-
eration [57,64]. Leptin is an adipose-derived hormone linked to satiety 
and energy homeostasis control and its levels are increased in in-
dividuals with obesity. Mechanistic studies have shown that it increases 
angiogenesis, cell proliferation, migration, and invasion responses, as 
well as inhibition of apoptosis, which promotes cancer initiation and 
development [65–67]. A recent review of epidemiological and mecha-
nistic studies linked higher levels of circulating leptin to breast, colon, 
thyroid, and pancreatic cancers [67,68]. Adiponectin, on the contrary, is 
produced only by mature adipocytes and its secretion is inhibited by 
insulin, its circulating levels are inversely correlated with the level of 
adiposity [69–71]. It has a potent anti-inflammatory effect, acting as an 
insulin sensitiser, which could indirectly prevent tumour development. 
In addition, a more direct effect is its ability to inhibit growth factor 
function (e.g., binding and sequestrating heparin-binding epidermal and 
basic fibroblast growth factors), decreasing cellular growth and prolif-
eration, preventing DNA damage, and increasing apoptosis [55,70]. 
Several findings suggested a negative correlation between adiponectin 
levels and cancer risk, particularly via hormone-obesity-insulin resis-
tance and suppression of growth and proliferation pathways [72]. 
Different mechanistic and epidemiological studies indicated that hypo-
adiponectinemia may be associated with the risk of different types of 
cancer, such as breast, endometrial, colon, gastric, pancreatic and hae-
matological malignancies, among others [70]. In addition, chronic 
inflammation and oxidative stress, and abnormal secretion of adipocy-
tokines have been included between the biological mechanisms that link 
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obesity with urinary cancers [73]. Local or systemic immune inflam-
mation plays a role in the onset and progression of bladder cancer. 
During inflammation, the activation of inducible nitric oxide synthase 
(NOS) leads to the generation of nitric oxide, which can have several 
effects on bladder cancer development. Nitric oxide can impede DNA 
repair processes and promote angiogenesis, the formation of new blood 
vessels. N-nitrosamines, which are recognized bladder carcinogens in 
animals, can form within the bladder as a result of the interaction be-
tween oxidative byproducts of nitric oxide and secondary amines. This 
interaction may directly contribute to the initiation of bladder cancer 
[74]. 

6.2. Insulin and insulin-like growth factor I 

Greater body fatness and altered adipocyte function is associated 
with higher circulating levels of insulin, and when body fatness is mainly 
distributed centrally, in the abdominal area, insulin resistance is more 
likely to develop [75]. Obesity-associated insulin resistance has been 
shown to be associated with elevated levels of pro-inflammatory cyto-
kines, as a consequence of dysfunctional adipose tissue [58,76,77]. 
Chronic hyperinsulinemia may promote abnormal stimulation of mul-
tiple cellular signalling cascades, and increase the activity of IGF-I, a 
hormone primarily produced by the liver [78]. IGF-I binds to insulin 
receptors in different tissues and promotes cell proliferation, survival, 
migration, metabolism and angiogenesis, and decreases apoptosis, 
therefore, increasing the risk of different types of tumours [78–81]. 
Moreover, insulin decreases sex hormone-binding globulin (SHBG) 
levels, resulting in higher levels of free oestradiol and, therefore, oes-
trogen availability, thus increasing the risk of breast cancer [80]. 
Hyperinsulinemia and higher IGF-I levels have been clearly associated 
with the risk of breast, endometrial, ovarian, and prostate cancers and 
have been suggested to be involved in the development of several 
gastrointestinal cancers, thyroid cancer, and multiple myeloma in 
epidemiological studies [82–87]. In addition, they have been associated 
with increased pancreatic and breast cancer mortality [88,89], and 
overall cancer mortality [81,90,91]. 

6.3. Sex hormones 

An increased dysfunctional adipose tissue leads to an increase in 
aromatase enzyme (also called oestrogen synthetase) expression and 
activity. Concretely, aromatase triggering may be induced by increased 
levels of adipose tissue TNF-α [92,93]. Aromatase is responsible for the 
conversion of androgens and androgenic precursors to oestrogens in 
adipose tissue. This production, together with decreased serum SHBG as 
a consequence of higher insulin and IGF-I plasma levels [80], increases 
the serum concentration of bioavailable oestradiol [94]. Oestrogens 
increase cell proliferation and reactive oxygen species and inhibit DNA 
repair machinery, leading to DNA damage and tumorigenesis [95]; it has 
been proposed as the mechanistic pathway linking obesity to post-
menopausal breast and endometrial cancers [56,96–98]. Higher levels 
of oestradiol were associated with a higher postmenopausal breast 
cancer risk in a meta-analysis of eight prospective studies in post-
menopausal women [94]. In addition, a review of epidemiological 
studies concluded that obesity class 1 (BMI>30 and <35 kg/m2) was 
associated with a 2.6-fold increase in endometrial cancer risk, while 
obesity class 2 and 3 (BMI>35 kg/m2) was associated with a 4.7-fold 
increase, when compared with women without obesity [99]. Sex hor-
mones have also been implicated in the pathogenesis of urologic 
obesity-related cancers. Aromatase converts androgens into oestradiol, 
and, for example, enhanced prostate cancer risk has been associated 
with an increased oestrogen/testosterone ratio [73]. 

6.4. Gut microbiome dysbiosis 

Recent research has demonstrated that obesity and its metabolic 

consequences are also related to alterations in GM and intestinal 
inflammation. GM dysbiosis can be a consequence of several factors, 
including antibiotic consumption, acute gastrointestinal infections, in-
flammatory bowel diseases, and diet [100]. Even so, obesity has been 
previously linked to GM dysbiosis [101]. GM dysbiosis is characterised 
by an imbalance between pathogens and natural and healthy micro-
biota, reducing symbionts (health-promoting) and increasing invasive, 
inflammation-inducing, genotoxic bacteria, and cancer-promoting me-
tabolites [100]. The mechanisms linking obesity-associated GM dys-
biosis to cancer development include altered microbial metabolism and 
generation of pro-carcinogenic metabolites, metabolic dysregulation, 
and induction of inflammation, as well as host immune response 
disturbance [102,103]. GM dysbiosis leads to a series of reactions that 
ultimately result in a cancer-promoting state with increased intestinal 
permeability. This phenomenon can be physical or at the level of anti-
bacterial defence systems, and favour bacterial translocation [100]. This 
leads to increased inflammation, mediated by MAMPs, which activate 
macrophages and promote the secretion of pro-inflammatory cytokines 
[104,105]. GM dysbiosis can also result in genotoxicity mediated by 
bacterial genotoxins that induce DNA damage in organs in direct contact 
with the bacteria, like the gastrointestinal tract [103]. Microbial density 
is much higher in the gastrointestinal tract than in other organs and the 
occurrence of gastrointestinal cancers linked to GM dysbiosis is more 
likely than in other cancers [100,103]. For instance, dysbiosis, intestinal 
permeability, chronic inflammation, and bacterial genotoxicity were 
previously linked to CRC in mice [100]. However, the microbiota also 
mediates other pathways such as bile acids or oestrogen metabolism, 
and tumorigenic mediators that may exert long-distance effects, trig-
gering tumorigenesis in organs with low or null microbial density, such 
as breast, liver, lung, or pancreas [100,106]. Dysbiosis of the gastroin-
testinal and urinary tract microbiome have been linked to higher risk of 
kidney and bladder cancers. An altered microbiome leads to a 
dysfunctional modulation of the endogenous anti-tumour immune 
response, as well as mucosa biofilm formation, pathogenic bacterial 
colonization, and induction of chronic inflammation via the reactive 
oxygen species molecular pathway among others [107,108]. 

6.5. Specific localised mechanisms 

Obesity enhances hepatic secretion of cholesterol-supersaturated 
bile and gallbladder stasis, which may impact on cholesterol gallstone 
formation, increasing the risk of gallstone-related complications [109]. 
Gallstones produce mechanical irritation and delayed biliary emptying, 
resulting in dysplastic changes in the gallbladder [110]. In this sense, 
results from a recent meta-analysis of observational studies showed that 
the presence of gallstones is a major risk factor for gallbladder cancer 
(OR: 7.26; 95% CI: 4.33; 12.18) [111]. 

Obesity also increases the risk of oesophageal adenocarcinoma, an 
association that seems to be stronger than for other obesity-related 
cancers. A potential mechanism explaining this association is the 
increased occurrence of gastroesophageal reflux disease (GERD) [112]. 
High abdominal pressure caused by intra-abdominal adiposity relaxes 
the lower oesophageal sphincter, thus exposing the oesophageal 
mucosal to gastric content and irritating the mucosa. Recurrent exposure 
to gastric acid and chronic tissue injury can lead to Barrett’s metaplasia 
and premalignant state [113]. In addition, increased metabolically 
active visceral fat leads to increased levels of adipokines, including IL-6 
and TNF- α, which may also play a role in GERD and the consequent 
development of oesophageal cancer [114]. A meta-analysis of 
population-based studies showed that daily GERD symptoms presented a 
seven-fold increased risk of oesophageal AC (OR: 7.40; 95% CI: 4.94; 
11.1) compared with participants without GERD or with less frequent 
symptoms [115]. 
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6.6. Palmitic acid and tumour growth 

Palmitic acid, a saturated fatty acid, has been investigated for its 
potential role in tumour progression and metastasis formation. Among 
the profound changes that occur to cells during development of cancer, 
lipid metabolism experiences a dramatic shift toward enhancement of 
lipid biosynthesis pathways. Increased lipid uptake, storage, and lipo-
genesis are strongly up regulated in tumour cells to maintain the 
structure and fluidity of cell membrane [116]. Studies on the molecular 
mechanisms underlying the effects of palmitic acid-derived metabolite 
on cell proliferation have suggested that the fatty acid possesses mito-
genic activity upon exposure of fibroblasts to growth factors, even 
though the biological effect was not attributable to the free fatty acid 
itself but to a palmitoleic acid-containing inositol phospholipid species 
that accumulated in the cells upon cell activation. Palmitic acid can 
activate various signalling pathways within cells that are associated 
with cell proliferation, survival, and apoptosis resistance. One such 
pathway is the mammalian target of rapamycin (mTOR) pathway, which 
regulates cell growth and metabolism. Palmitic acid can stimulate 
mTOR signalling, leading to increased protein synthesis and cell pro-
liferation. Moreover, excessive levels of palmitic acid can lead to the 
production of ROS, which can cause cellular damage and DNA mutation. 
Palmitic acid has been shown to induce epithelial-mesenchymal tran-
sition in certain cancer models, such as prostate cancer, where cancer 
cells lose their epithelial characteristics and acquire mesenchymal 
properties, facilitating their invasive and migratory capabilities [117]. 

Palmitic acid has also been linked to metastasis formation. It in-
fluences the expression of genes involved in cell adhesion, extracellular 
matrix remodelling, and metastatic colonization. One study in animal 
models observed that when oral tumour cells and melanomas from 
humans were exposed to a palmitic acid rich diet and transplanted into 
mice, they showed a greater capacity to metastasize, even when this diet 
was administered for a short period prior to the transfer [118]. Epige-
netic modifications of metastatic cells caused by the fatty acid were 
permanent and cells maintained the most aggressive properties. 

7. The effects of the mediterranean diet and olive oil on the 
biological mechanisms that link obesity and cancer 

The Mediterranean diet has been linked to a decreased risk of various 
cancers associated with obesity. While the precise mechanisms remain 
incompletely understood, several potential pathways related to obesity 
have been proposed to mediate the favourable effects of the Mediter-
ranean diet on cancer risk [2]. One such mechanism involves the 
anti-inflammatory properties of the Mediterranean diet [119]. As pre-
viously mentioned, obesity is linked to a condition of persistent 
low-level inflammation, marked by the secretion of pro-inflammatory 
cytokines and adipokines like interleukins, TNF-α, and leptin. These 
substances are produced by adipocytes in white adipose tissue and by 
inflammatory cells that infiltrate adipose tissue [120]. The Mediterra-
nean diet, abundant in anti-inflammatory foods like fruits, vegetables, 
whole grains, and healthy fats such as olive oil, contains bioactive 
compounds such as polyphenols and omega-3 fatty acids that possess 
anti-inflammatory properties. By mitigating inflammation, the Medi-
terranean diet may lower the risk of obesity-related cancers. As 
mentioned, several types of cancer have been specifically related to 
obesity, where the immune and inflammation response produce cyto-
kines and chemokines that enable cancer development, cellular prolif-
eration, angiogenesis and modify tumour microenvironment [121]. This 
observation may provide a plausible explanation for the reduced cancer 
risk associated with the Mediterranean diet, which consists of foods 
possessing anti-inflammatory properties and other factors with potential 
anti-cancer effects. Furthermore, the Mediterranean diet’s abundant 
antioxidants contribute to its anti-carcinogenic properties. Oxidative 
stress, implicated in cancer development, is counteracted by the anti-
oxidants present in the Mediterranean diet. Components such as 

polyphenols found in fruits like grapes or extra virgin olive oil have been 
shown to possess anti-carcinogenic effects, including the inhibition of 
tumour growth and promotion of cancer cell death. 

In addition, the Mediterranean diet’s positive influence on insulin 
sensitivity and blood glucose regulation also plays a role in mitigating 
cancer risk associated with obesity. Through the consumption of fibre- 
rich foods, low-glycaemic carbohydrates, and healthy fats, the Medi-
terranean diet stabilizes blood sugar levels, improves insulin sensitivity, 
and potentially lowers the risk of obesity-related cancers. Higher 
adherence to a Mediterranean dietary pattern has been linked to 
improvement of insulin sensitivity and markers of inflammation (lower 
NF-κβ, higher adiponectin) in participants with overweight and obesity 
without diabetes [122]. 

Another significant mechanism that can contribute to the beneficial 
effects of the Mediterranean diet in obesity and related conditions is the 
modulation of gut microbiota composition [123]. Obesity alters the gut 
microbiota, contributing to chronic inflammation and metabolic 
dysfunction. The Mediterranean diet has been linked to a favourable 
profile of gut microbiota, primarily attributed to its high content of di-
etary fibre and bioactive compounds characteristic of a plant-based di-
etary pattern [123]. It may support a balanced immune system, 
improved nutrient absorption, and reduced inflammation, thereby 
impacting cancer risk, by generating metabolites through the fermen-
tation of nutrients, particularly short-chain fatty acids [124,125]. The 
Mediterranean dietary pattern has been shown to be a major modulator 
of gut microbiota composition and metabolite production, related to the 
development of several intestinal and extra-intestinal diseases that may 
deriver on obesity-associated cancers such as colorectal cancer [126]. 

In summary, the beneficial effects of the Mediterranean diet on 
cancer risk, particularly in relation to obesity-related cancers, may be 
mediated through mechanisms such as anti-inflammatory effects, 
improved insulin sensitivity and glucose regulation, antioxidant prop-
erties, and modulation of gut microbiota composition. 

8. Obesity and cancer: microbiota mechanisms 

Among the biological mechanisms linking obesity and cancer, in this 
review, we will focus on those related to microbiota. 

The bacterial profile of a “healthy” GM has not been defined yet 
[127–129], mainly due to the elevated inter- and intraspecific vari-
ability. It depends on age, sex, environment, and daily habits (e.g., diet, 
physical activity, and antibiotics), among others [127,130,131]. Each 
subject owns a unique fingerprint of microbiota and, perhaps, there is no 
single “healthy” GM profile. This is why the actual trends of nutritional 
interventions tend to be personalised [132–134], which explains why 
individuals following the same diet display very different responses 
[135,136]. GM, or more specifically, colon microbiota, is the most 
abundant and, probably, the most relevant in terms of physiological 
activity. It has been estimated that more than 3.9⋅1013 microbial cells 
live in the human colon, which means that their proportion to human 
eukaryotic cells is 10:1 [137]. 

Factors that determine our microbiota’s fate include some that have 
an effect even before birth [138]. Some of these, like inherited genetics, 
are nonmodifiable; however, other factors can be modified, such as the 
environment and the way we were born and fed during the first 1000 
days of life [138]. Interestingly, the bacterial population of our micro-
biota strongly depends on the community where we live, such as rural, 
urban, industrialised, and non-industrialised areas [139]. Indeed, when 
we talk about the mechanisms that lead to the onset of cancer in in-
dividuals with obesity, we should consider that the direct cause is not 
due to alterations occurring in the microbiota or human cells alone, but 
in the cells and their environment as the holobiont [140]. Besides, the 
disequilibrium of the complex interactions maintained over time be-
tween microbiota and human cells causes health disorders and diseases 
[141]. 

The classic definition of obesity does not consider the metabolic 
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status of individuals. Therefore, when analysing GM in obese in-
dividuals, this differentiation should be considered [142]. In individuals 
with obesity, the GM proportion of the generally most abundant bac-
terial phyla is often altered, displaying a higher Firmicutes/Bacter-
oidetes ratio when compared with non-obese individuals. However, the 
opposite relationship has also been stated [143,144]. Remarkably, no 
differences were detected in the aforementioned ratio between obese 
subjects with and without metabolic syndrome [145]. An increase in 
Firmicutes levels is usually associated with a higher bacterial ability to 
extract energy from the diet, especially these rich in carbohydrates. This 
fact is associated with a boosted production of short-chain fatty acids 
(SCFAs) via saccharolytic bacterial fermentation [146]. Sometimes, this 
rise in SCFAs may also be due to diets high in fat and, particularly, 
saturated lipids. Unexpectedly, this could be a part of a compensatory 
mechanism to eliminate excess energy from the diet [147]. Another 
explanation of this process could be that the abundance of taxa related to 
SCFA production, such as the genera Oscillospira and Clostridium, was 
increased only in obese subjects without metabolic syndrome [145]. 

As stated by Crovesy et al., [144], Proteobacteria and Fusobacteria 
were also increased in subjects with obesity, probably due to a dysbiotic 
state. During dysbiosis, these phyla are found associated with opportu-
nistic bacteria and low-grade inflammation. In contrast, the phylum 
Verrucomicrobia, with its best-known member Akkermansia muciniphila, 
tends to have a reduced abundance in obese subjects. Indeed, its high 
relative abundance is associated with a lower BMI and, therefore, its 
supplementation may improve some key metabolic parameters [144, 
148,149]. 

8.1. Bacteria, obesity, and cancer… The good, the bad, and the ugly 

Tumour development may be triggered either by dysbiotic imbal-
ances of the bacterial community or the bacterial species themselves 
[150]. Some of these species, also called oncobacteria, are Helicobacter 
pylori and hepaticus, Fusobacterium nucleatum, Streptococcus gallotycus 
and bovis, Enterococcus faecalis, Bacteroides fragilis, and some pathogenic 
Escherichia coli strains [150,151]. The extensively studied type I 
carcinogen H. pylori causes gastric cancer in 3% of individuals in which 
this species is present [152]. 

Another concept that requires further research is the fact that 
microbiota can be found not only in the intestinal lumen and different 
areas in the body but also in tumours themselves. Even though bacteria 
can be found in tumours, their microbiota has remained unanalysed 
until recently [153]. Thanks to one of the pioneering studies regarding 
the microbiota in various tumour localisations, we know that the 
microbiota of each tumour type i) tends to be more similar to each other 
than to other types, iii) has distinct compositions at different taxonomic 
levels, and iii) can be differentiated based on their different bacterial 
communities [153]. In fact, using cancer tissues and blood samples, a 
microbiome-based diagnostic tool capable of discerning between in-
dividuals with or without cancer has been developed [154]. While, we 
currently do not know how to control tumoral microbiota, recent ad-
vances in the development of techniques to modulate it have been made, 
such as the use of genetically modified bacteria [155]. Besides, it is also 
essential to consider that bacteria are not the only members of the 
microbiota that have an impact on tumours, as an example, fungal 
composition is another emerging field. Recently, the finding of distinc-
tive combinations of fungi in 35 cancer types was confirmed [156,157]. 

It is worth mentioning that GM can connect our digestive system 
with other parts of the body via both the circulatory and nervous sys-
tems, as it is densely vascularised and innervated [158], with a high 
presence of immune system cells [159]. Both translocation of 
gut-derived bacteria and MAMPs, which are also relevant to connect the 
gut lumen back with the rest of the body, are able to generate systemic 
inflammatory responses [160]. 

Until recently, GM was almost unexplored in other obesity-related 
cancers than those of the digestive system, despite the non-invasive 

nature of stool analysis. There are some cohort-like GM studies, such 
as the MetaHit European cohort [161], LifeLines-DEEP Dutch cohort 
[162], Spanish cohort [163], AWI-Gen South-African cohort [164] and 
Human Microbiome Project USA cohort [165], but they did not include 
the cancer perspective. 

Studies comparing the GM in each type of obesity-related cancer vs. 
that in controls face the common limitation of non-easy comparability. 
GM cannot be analysed to draw conclusions without considering certain 
variables that affect healthy and sick individuals differently. Impor-
tantly, not all studies used the same statistical analysis and analytical 
methodologies. In CRC, GM may play an important role in its develop-
ment [166–168]. Some cancer types, such as meningioma [169,170], 
thyroid carcinoma [171,172], kidney tumour [155], and multiple 
myeloma [173], have been recently analysed from a GM perspective, but 
the available evidence is still scarce and inconclusive. To our knowledge, 
there are no studies on other obesity-related cancers, such as oesopha-
geal adenocarcinoma and gallbladder cancer. 

8.2. Inflammation and bacterial metabolites 

Although there are still many unresolved questions, there is a 
growing understanding of the impact GM may have on tumour growth 
and development. Faecal microbiota transplants provide strong evi-
dence that GM can trigger obesity and/or cancer phenotypes [174–176]. 
Many systems are interconnected with the digestive system, so the 
mechanisms that are sometimes beneficial in one organ could favour 
tumour onset in another. In order to classify these mechanisms linking 
the microbiota to the establishment of obesity-related cancers, we will 
focus on the one hand, on those processes related to inflammation and, 
on the other, on those associated with the deregulation of metabolites of 
bacterial origin. 

8.2.1. Inflammation 
GM and host cells are in constant cross-talk, allowing the organism to 

detect any significant change that alters its correct function [177]. 
Various receptors, such as toll-like (TLRs) and nod-like receptors (NLRs), 
recognise the molecular patterns associated with the GM, thus main-
taining a context-specific immune response [177]. In a healthy situation, 
a small amount of LPS derived from gram-negative bacteria passes into 
the bloodstream [178]. But if the LPS concentration in the blood in-
creases, endotoxemia may occur and become serious because it is 
associated with the development of systemic inflammation [178]. As 
higher concentrations of LPS are often detected in subjects with obesity, 
their metabolism tends to be at a pro-inflammatory stage [179]. Endo-
toxemia also promotes diabetes, underlying the phenomenon of insulin 
resistance [178]. 

The increase in LPS concentration may be the consequence of several 
mechanisms. It could be due to the poor state of the intestinal epithelial 
barrier, which is covered by a mucous layer. Its regeneration is associ-
ated with a sufficient presence of Akkermansia muciniphila [180], bac-
teria usually present in lower concentrations in subjects with obesity. 
Tight junction proteins, such as zonulin and occludin, which are 
involved in the control of intestinal permeability (higher protein levels, 
higher permeability), are often increased in individuals with obesity 
[181,182]. LPS leakage involves the activation of, among others, TLR-4, 
triggering the activation of the Nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-KB) protein com-
plex, which is usually involved in DNA transcription and whose hyper-
activation is associated with the inhibition of apoptosis, promoting the 
release of various pro-inflammatory cytokines. The other mechanism 
likely to be behind the increase in blood LPS levels is related to the 
absorption of dietary lipids since, when chylomicrons, responsible for 
their transport to the liver, are formed, LPS sneaks in along with fats 
[178,183]. This mechanism triggers local macrophages and activates an 
inflammatory response, which, in turn, alters the metabolism of other 
specialised cells, such as liver Kupffer and stellate cells, activating 
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progressive processes that may eventually trigger cancer [178]. 

8.2.2. Dysregulation of bacterial metabolite production 
In the microbiota-host relationship, bacteria are known for their 

ability to metabolise specific compounds from the diet, host cells, and 
the metabolism of other microorganisms, as well as, for producing 
essential molecules for health, such as vitamins B and K. However, they 
can also synthesise some compounds (SCFAs, secondary bile acids and 
trimethylamine) that can have harmful effects [184]. 

The GM may contain different bacteria with the ability to metabolise 
both the same and distinct compounds. Firstly, a number of genera, such 
as Clostridium and Eubacterium, are capable of transforming primary bile 
acids into secondary ones, such as deoxycholic and lithocholic acid, 
which are usually positively, but in some cases, negatively associated 
with tumours [185,186]. In obsess individuals, the metabolism of bile 
acids and GM change concomitantly [187]. Secondly, phosphatidyl-
choline-, choline-, and carnitine-fermenting bacteria metabolise trime-
thylamine from dietary origin substrates; trimethylamine is a precursor 
of trimethylamine-N-oxide (TMAO) and appears to be increased in some 
cancers, like CRC [188,189]. These bacteria mostly belong to the Fir-
micutes and Proteobacteria phyla, but not to Bacteroidetes [188]. A 
recent meta-analysis revealed a positive correlation between TMAO 
levels and BMI [190]. Thirdly, oestrogen-metabolising bacteria, known 
as the oestrobolome [191], interact with the inactive form of oestrogen, 
allowing it to be reabsorbed, increasing its serum levels and the risk of 
postmenopausal breast cancer [192]. It is worth highlighting that, 
during menopause, the synthesis of this hormone is transferred to the 
adipose tissue, which is increased in obese subjects [193]. Fourthly, 
SCFA-producing bacteria convert dietary fibre into SCFAs. These levels 
and their impact on health are sometimes controversial but, low SCFA 
concentrations are associated with higher CRC risk [194,195]. 
SCFA-producing bacteria are increased in metabolically healthy obese 
individuals but not in those with metabolic syndrome [145]; Finally, 
Sulphate-reducing bacteria, which can convert sulphur-containing sub-
stances into hydrogen sulphide (H2S), and nitro-compound-producing 
bacteria, which synthesise N-nitroso compounds, nitroamides, and ni-
trosamines. Sulphate-reducing and nitro-compound-producing bacteria 
produce metabolites that are implicated in carcinogenic processes and 
are related to obesity since weight loss is associated with lower serum 
H2S levels [196–198]. 

9. The effects of the mediterranean diet and olive oil on the 
microbiota that link obesity and cancer 

In a previous review, our team explored the benefits of OO on the 
pathophysiology and incidence of cancer, placing special emphasis on 
the cellular processes involved in its benefits [50]. This current review 
aims to broaden this picture by the inclusion of the effect of both MD and 
OO on the GM and microbiota-related mechanisms that link obesity and 
cancer in humans. Despite not finding any specific studies on the effects 
of MD/OO on GM in humans with cancer, the evidence presented herein 
regarding patients with other diseases and healthy volunteers would 
serve as proof of concept for its potential cancer prevention. 

9.1. Preclinical models 

The lipid fraction found in OO (mainly monounsaturated fatty acids, 
but also polyunsaturated fatty acids and saturated fatty acids) and PCs, 
such as oleuropein or hydroxytyrosol, are noteworthy for cancer pre-
vention. Their potential effects are being studied in vitro and/or in non- 
human animal models [166]. Among the fatty acids present in OO, oleic 
acid is the most abundant monounsaturated fatty acid. There is evidence 
from the 40 s regarding its positive effect on the growth of lactic acid 
bacteria [199]. More recently, its antibacterial activity has been proven 
in vitro and in vivo on the opportunistic pathogen Staphylococcus aureus 
[200]. Among polyunsaturated fatty acids, linolenic acid also presented 

an antibacterial effect in vitro and in vivo against H. pylori [201,202]. 
PCs have a direct prebiotic action, most of them reaching the gut un-
transformed, where GM enzymes make them partially bioavailable 
[203,204]. Dietary PCs and their associated metabolites may strongly 
influence GM composition, inhibiting harmful and stimulating benefi-
cial bacteria, such as Bifidobacterium and Lactobacillus genera [166,203], 
and in some cases, also Faecalibacterium and Roseburia [203–205]. 
Similarly, in some of the studies summarised in Table 3 with MD and/or 
OO, the level of these taxa also increased, except for Faecalibacterium 
[206–211]. Conversely, some pathogens decrease in the presence of PC 
in vitro, such as Staphylococcus aureus, E. coli and Listeria monocytogenes, 
and there are beneficial species that also decrease, such as Lactobacillus 
acidophilus and Bifidobacterium bifidum [143]. 

9.2. Observational and interventional studies 

In recent years, the modulatory potential effect of various food items 
on GM has been reviewed [212–214]. However, the isolation of the ef-
fects of a specific food within different dietary patterns is complex. An 
increasing number of studies support the benefits of MD in GM [206, 
209,210,215,216]. The largest investigations regarding MD were the 
Prevention with Mediterranean Diet (PREDIMED) and PREDIMED-plus 
studies, in which the MD effect on GM was studied under particular 
conditions, such as insulin resistance or weight loss [216–218] 
(Table 2). 

Regarding studies focused on MD, Haro et al., [206] analysed MD’s 
effects in obese men in Spain. GM was found to be modulated by MD by 
decreasing Prevotella and increasing Roseburia and Oscillospira abun-
dances; and, at the species level, Parabacteroides distasonis was 
increased. In another trial conducted in US healthy volunteers with a 
high risk of CRC [215], no differences were detected in bacterial 
abundance or diversity after an MD intervention. In a clinical trial 
conducted in Italy, after an MD including EVOO, the lactic acid bacteria 
abundance was higher in the overweight and obese compared with 
normal weight subjects and with pre-intervention [209] (Table 3). Later, 
in an observational study in Spain, levels of some beneficial bacteria 
increased in individuals with high MD adherence, such as Bifidobacte-
rium animalis, but also some butyrate-producing ones such as Roseburia 
faecis, Ruminococcus bromii, and Oscillospira plautii [210]. In the 
PREDIMED-Plus study, both interventions, MD and a low-energy MD 
accompanied by exercise, produced GM changes in individuals with 
metabolic syndrome (with overweight or obesity) predominantly in the 
Lachnospiraceae and Ruminococcaceae families. In both interventions, 
the abundance of SCFA producers Lachnospira and Lachnospiraceae 
NK4A136 was increased [216] (Table 3). 

Few clinical studies specifically analysed the effect of OO on GM 
(Table 3) [207,208,211,219], but none were conducted in subjects with 
cancer. In the crossover study with hypercholesterolemia patients, three 
VOOs with different phenolic contents were compared. The most 
remarkable observation of this investigation was the increase in Bifido-
bacterium spp and Parascardovia denticolens after the VOO enriched with 
PC from thyme and OO (500 ppm), compared with the VOO interven-
tion [207]. In another study, an intervention of EVOO consumption in 
men with undetectable human immunodeficiency virus (HIV) only 
affected bacterial diversity. In addition, several taxa showed changes at 
the genus and species level in the overall group and when sex was 
considered [208] (Table 3). In another trial carried out in overweight 
women from Brazil who followed an energy-restricted normal fat diet, 
EVOO consumption did not affect the diversity and relative abundance 
of GM [219]. In a trial with Chinese hypercholesterolaemia subjects, 
refined OO increased GM diversity and Clostridium leptum [211]. Inter-
estingly, decreased GM diversity is not always an unhealthy sign; for 
example, a diet rich in EVOO has been linked to a significant reduction 
in GM diversity, causing a switch to a more protective group of bacteria 
in animal models [166]. 

While there is great variability in the results, most bacteria that 
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became more abundant in both MD and OO trials were SCFA producers 
and particularly, butyrate producers [206–211,216]. From the studies 
that measured SCFAs in faeces, none detected changes in the fatty acid 
types tested [207,219]. It is striking that no SCFA changes were found 
linked to the increase in Bifidobacterium spp. [207], despite its known 
SCFA-producing capacity [220]. This finding underlines, once again, the 
complexity of GM modulation. 

In these OO trials, its consumption could improve several car-
diometabolic parameters, such as triglycerides, total cholesterol, 

cholesterol-associated LDL and HDL, and coprostanol [207,208,216, 
221]. However, Luisi et al., found no differences after an MD with EVOO 
[209]. As cholesterol is the precursor of bile acids, the effects of OO on 
the above-mentioned metabolites, via the GM, could be beneficial. In-
terventions with OO in other clinical trials disrupted the levels of bile 
acid-related bacteria, e.g., Lachnoclostridium and Bilophila [216], Oscil-
lospira [210], and C. leptum [211]. 

There is scant evidence from trials regarding the effects of OO on 
either intestinal permeability or LPS. In a study with MD in high CRC- 

Table 3 
The effects of MD and OO on GM in observational and interventional studies.  

Reference Subjects and Dosage Methodology GM changes Other changes 
MD 

Haro et al.[188] 
CORDIOPREVSpain 

Interventional study with randomised 
obese adult men (n = 20)MD for one 
year 

16 S rRNA sequencing 
Stool samples 

↓ Prevotella ↑ Roseburia and 
Oscillospira↑ Parabacteroides distasonis 

Changes in the abundance of 7 of 572 
stool metabolites (amino acid, peptide, 
and sphingolipid metabolism 
associated) 

Djuric et al.[197]Healthy 
Eating StudyUnited 
States of America 

Randomised, not-controlled, not- 
blinded trial with healthy adults with 
a high risk of colorectal cancer 
(n = 82)MD for six months 

16 S rRNA sequencing 
Colonic biopsy 
samples 

No significant differences in abundance 
nor in α-diversity 

Bacterial communities differed by 
several parameters between subjects 
based on their serum carotenoids levels 

Luisi et al.[191]Italy Interventional study with overweight 
and obese adults (n = 18) and 
normal-weight control adults (n = 8) 
MD enriched with 40 g/day EVOO for 
three months 

qPCR (primers for 
lactic acid bacteria) 
Stool samples 

↑ Lactic acid bacteria ↓ Markers of inflammationand 
oxidative stress (subjects after vs. 
before intervention)↓ Proinflammatory 
cytokines (overweight and obese vs. 
controls)↑ IL-10 and adiponectin 
(overweight and obese vs. controls) 

Rosés et al.[192] 
ObekitSpain 

Observational study with normal 
weight, overweight, and obese adults 
divided by adherence to MD, high 
(n = 94) or low (n = 128)MD, with 
different adherence levels, for one 
year 

16 S rRNA sequencing 
Stool samples 

↑ Bifidobacterium animalis↑ Butyrate- 
producing taxa (Roseburia faecis, 
Ruminococcus bromii, and Oscillospira 
plautii)No species related to OO intake in 
high-adherence MD  

Muralidharan et al.[198] 
PREDIMED-PlusSpain 

Randomised, controlled, parallel, not- 
blinded trial with overweight and 
obese adults with metabolic 
syndrome (n = 343)MD or energy 
restricted-MD with physical activity 
for one year 

16 S rRNA 
sequencingStool 
samples 

No significant differences in α-diversity↑ 
Lachnospira and Lachnospiraceae 
NK4A136↓ Butyricicoccus, 
Haemophilus, Ruminiclostridium 5, and 
Eubacterium hallii (in energy restricted 
MD compared to MD)↑ Coprobacter (in 
energy restricted MD vs. MD)↓ 
Haemophilus and Coprococcus 3 
(associated with decreased adiposity 
parameters)↑ Lachnospiraceae NK4A136 
(associated with adherence) 

↑ in energy-restricted MD vs. MD:- 
Weight loss- Reduction in some 
parameters: BMI, fasting glucose, 
glycated haemoglobin, and 
triglycerides - HDL-cholesterol 

OO 
Martín-Peláez et al.[189, 

209]VOHFSpain 
Randomised, controlled, double- 
blind, cross-over trial with adults 
with hypercholesterolemia (n = 12) 
25 ml/day VOO (80 mg PCs/kg), 
FVOO (500 mg PCs/kg), or FVOOT 
(500 mg PCs/kg from OO and thyme) 
for three weeks for each oil type 

Fluorescence in situ 
hybridization 
combined with flow 
cytometryStool 
samples 

↑ Bifidobacterium and Parascardovia 
denticolens (in FVOOT compared to 
VOO)↑ IgA coated bacteria (in FVOO 
compared to baseline) not significantNo 
changes in Firmicutes/Bacteroidetes 

↓ Oxidised LDL (FVOOT vs. baseline)↑ 
Protocatechuic acid (FVOOT vs. 
VOO)↑ Coprostanone (FVOO vs. 
FVOOT)↑ Faecal hydroxytyrosol and 
dihydroxyphenylacetic acids (FVOO 
vs. baseline and VOO)↑ CRP protein 
(FVOO vs. baseline, VOO, and FVOOT) 

Olalla et al.[190]Spain Interventional study with adults with 
HIV, aged ≥ 50 years with 
undetectable viral load (n = 32)50 g/ 
day EVOO for 12 weeks 

16 S rRNA sequencing 
Stool samples 

↑ α-diversity (males)↑ Eggerthella, 
Ruminococcus, Lachnospiraceae, 
Parabacteroides, and Akkermansia 
(females)↑ Prevotella, Bacteroidetes, 
Bifidobacterium, Erysipelotrichaceae, 
and Eubacterium (males)↑ Gardnerella 
and Bulleidia moorei ↓ Mogibacterium, 
Dethiosulfovibrionaceae, Coprococcus, 
and some Bacilli species 

↓ Total cholesterol 

Netto Cândido et al. 
[201]Brazil 

Randomised, parallel, double-blind 
trial with overweight adult women 
(total n = 52; EVOO n = 19)25 ml/ 
day EVOO for nine weeks inside a 
breakfast drink with biscuits, inside 
an energy-restricted and normal fat 
diet 

16 S rRNA 
sequencingStool 
samples 

No significant differences in α-diversity 
nor richness (compared to baseline)No 
significant differences in abundance (in 
OTU, phyla, and genera levels; compared 
to baseline) 

↑ Paracellular and transcellular 
permeability LPS concentrations 
remained unchanged 

Lim et al.[193]Haldar 
et al.[203]China 

Randomised, controlled, double-blind 
trial with adults with borderline 
hypercholesterolemia (total n = 146; 
ROO n = 44)30 ml/day ROO for 
eight weeks 

16 S rRNA 
sequencingStool 
samples 

↑ Clostridium leptum ↑ Veillonella, 
Clostridium, and Roseburia (negatively 
associated with pathological blood lipid 
parameters) 

↓ Total and LDL-cholesterol, 
triglycerides, apolipoprotein B, ApoB/ 
ApoA1 ratio and total cholesterol/ 
HDL-cholesterol ratio 

BMI, body mass index; CRP, C reactive protein; EVOO, extra-virgin olive oil; FVOO, functional virgin olive oil, FVOOT, functional virgin olive oil with thyme; LPS, 
lipopolysaccharide; MD, mediterranean diet; OO, olive oil; PC, phenolic compounds; ROO, refined olive oil; VOO, virgin olive oil; 
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risk subjects, LPS-binding proteins were less abundant in the group with 
higher serum carotenoid concentrations at baseline (which is negatively 
associated with CRC) [215]. In a Brazilian trial, paracellular and 
transcellular permeability were increased after EVOO intervention, 
although LPS levels remained unchanged in serum [219]. MD with 
EVOO, and also VOO interventions, can buffer LPS-associated endo-
toxemia [222,223] and prevent atherosclerosis, which is also linked to 
cancer [224] and both seem to be interconnected via the GM [225,226]. 

Both obesity and GM-associated endotoxemia aggravate processes 
related to systemic inflammation and oxidative stress, but OO has the 
potential to modulate both. Luisi et al., [209] found that the OO inter-
vention affected both subjects with and without overweight/obesity, 
promoting a decrease in myeloperoxidase, 8-hydroxy-2-deoxyguano-
sine, and pro-inflammatory cytokines. IL-10 and adiponectin levels 
were also increased after OO intervention [209]. In another study by 
Martin-Peláez [227], the consumption of various VOOs did not cause 
any improvement in the variables associated with inflammation. They 
also pointed out that the use of pharmacological doses of a single source 
of PC increased the concentration of C-reactive protein, but this was not 
observed when two PC sources were combined. In another study, the 
decrease in C-reactive protein was associated with lower levels of 
Dethiosulfovibrionaceae [208]. Some of the GM modulations detected 
in this review, e.g., increased Ruminococcus bromii, Roseburia genus, 
Clostridium leptum, and Bifidobacterium spp, and decreased Dethiosulfo-
vibrionaceae, including the compounds they produce, such as butyrate, 
have been associated with an anti-inflammatory effect [206–208,210, 
211]. The modulation of these bacteria is likely to be directed by fatty 
acids, as they have an antimicrobial effect, which in turn has an 
anti-inflammatory effect [219]. 

Insulin resistance is another metabolic complication frequently 
associated with obesity and inflammation. Interventions with OO and 
MD have been reported to reduce resistance, favouring sensitivity [206, 
209,210,215]. There are known negative associations with high serum 
carotenoid concentration [215], MD high adherence [210], and cyto-
kines TNFα and IL-6 that impair insulin receptor signalling [209]. MD 
adherence increased insulin sensitivity and the Roseburia genus abun-
dance in parallel, which is usually low in subjects with type 2 diabetes, 
suggesting a role in its prevention [206]. Some GM taxa associated with 
insulin resistance in non-diabetic subjects were reported in the 
PREDIMED-Plus study [218]. It is notable that the GM reported as 
beneficial for the insulin resistance stage, like Oscillospiraceae, had the 
same trend in some of the aforementioned studies [206,210]. 

10. Conclusions and future perspectives 

We conclude that the current epidemiological knowledge shows as-
sociations between MD and OO consumption and most obesity-related 
cancers. In addition, the GM is involved in obesity-related cancers, 
and there are in vitro but also clinical studies that demonstrate that MD 
and OO can modify this microbiota. This microbiota modulation could 
play a role in the prevention and treatment of obesity-related cancers. 

Primary cancer prevention involves adopting healthier lifestyle 
patterns, promoting greater physical activity and healthier food choices, 
and maintaining optimum body weight. In this context, the concept of 
“healthy lifestyle score” is gaining interest among researchers because 
the combination of various modifiable factors (i.e., smoking, BMI, 
physical activity, and diet), instead of dietary patterns alone, could lead 
to a greater reduction in the risk of many chronic diseases [228,229], 
including cancer [230]. It is important to bear in mind that MD has been 
included in most of the healthy lifestyle scores used today. We are 
convinced, therefore, that future research examining the relationship 
between the MD and olive oil adherence and cancer risk should integrate 
other factors of a traditional Mediterranean lifestyle, such as tobacco 
and alcohol consumption, physical activity, resting, and social activities. 

In addition, microbiota modulation via the diet may play a role in 
cancer prevention and treatment. The symbiotic relationship between 

microbiota and the host must be seriously considered when studying 
human metabolism and obesity. Indeed, bacteria can be friend or foe 
since dysbiosis forms a part of carcinogenesis and, if we could achieve its 
correct management, we could decrease the cancer risk. 

Given the unique characteristics of the microbiota and host, 
continued commitment is required for the personalisation of cancer 
management, both at the individual level and for different population 
clusters. Microbiota-based tools are being developed to facilitate the 
detection of different cancers [154,157]. Moreover, there is growing 
evidence that there is some inter-individual variability in the efficacy of 
anticancer treatments, and the consumption of probiotics [231] may 
increase their effectiveness [232–235]. 

Besides probiotics, there are others gaining importance: prebiotics, 
substrates selectively utilised by colonic microorganisms; synbiotics, a 
mixture of probiotics and prebiotics; and postbiotics, non-viable mi-
croorganisms and/or their microbial metabolites. Postbiotics have been 
around in Europe for some time; however, in the European Union, no 
specific regulation covers probiotics, prebiotics, synbiotics, or post-
biotics [236,237]. Recently, in 2021, the use of Akkermansia muciniphila, 
known for its positive effects against obesity, was approved by the EFSA, 
as a novel food pursuant to Regulation (EU) 2015/2283 [238]. 

The classic, and often overlooked, way of modulating our microor-
ganisms through diet and other habits also deserves a mention. As we 
have reviewed, both the MD and one of its main fats, OO, are involved in 
the relationship between GM and cancer. Furthermore, there are other 
dietary patterns, such as fasting-mimicking diets, ketogenic diets, and 
higher fibre diets, with this capacity [233]. A non-sedentary lifestyle and 
healthy lifestyle patterns associated with higher resting and less stress 
are other habits that should be considered [239–242]. It is also likely 
that, over time, other microbiota members, such as fungi (mycobiome) 
and even viruses (virome), will gain prominence and be analysed 
together in all those areas where the GM currently has a predominant 
role [243–245]. Therapies based on bacteriophage viruses are becoming 
increasingly more known [246,247]. 

Faecal microbiota transplants could become a fruitful modulatory 
tool of GM as some trials have already demonstrated [248,249]; indeed, 
they have usually been used to treat Clostridium difficile-resistant in-
fections [250]. Another potential option that might seem like science 
fiction right now, is the use of models based on organ-on-a-chip, gut--
microbiota-on-a-chip, and tumour-on-a-chip, which allows the design of 
prototypes more like humans, making them more applicable. Something 
yet more innovative about these chips is that they can be interconnected 
[251]. But if there is one thing that all these approaches have in common 
is that they will require the handling of a vast quantity of GM data 
combined with host metadata. This challenge can be tackled by omics 
technologies, such as microbiomics, nutrigenomics, and metabolomics. 
Collaterally, another indispensable tool for handling such complex data 
will be the use of artificial intelligence and machine learning techniques 
[252]. It is critical that both data and analytical tools be of open access 
so that researchers from any part of the world can benefit and contribute 
to these advances. 
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Soltero, et al., A critical mutualism - competition interplay underlies the loss of 
microbial diversity in sedentary lifestyle, Front Microbiol 10 (2019) 3142, 
https://doi.org/10.3389/fmicb.2019.03142. 
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Abstract

Objective: The aim of this study was to evaluate the associations among the intake

of total polyphenols, polyphenol classes, and polyphenol subclasses and body weight

change over 5 years.

Methods: A total of 349,165 men and women aged 25 to 70 years were recruited in

the Physical Activity, Nutrition, Alcohol, Cessation of Smoking, Eating Out of Home

and Obesity (PANACEA) project of the European Prospective Investigation into

Cancer and Nutrition (EPIC) cohort from nine European countries. Body weight was

measured at baseline and at follow-up after a median time of 5 years. Polyphenol

intake, including four main polyphenol classes and eighteen subclasses, was esti-

mated using validated dietary questionnaires and Phenol-Explorer. Multilevel mixed

linear regression models were used to estimate the associations.

Results: Participants gained, on average, 2.6 kg (±5.0 kg) over 5 years. Total flavo-

noids intake was inversely associated with body weight change (�0.195 kg/5 years,

95% CI: �0.262 to �0.128). However, the intake of total polyphenols (0.205 kg/

5 years, 95% CI: 0.138 to 0.272) and intake of hydroxycinnamic acids (0.324 kg/

Jazmin Castañeda and Mercedes Gil-Lespinard contributed equally to this study.

For affiliations, refer to page 1155.

Received: 29 July 2022 Revised: 3 November 2022 Accepted: 29 November 2022

DOI: 10.1002/oby.23689

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2023 The Authors. Obesity published by Wiley Periodicals LLC on behalf of The Obesity Society.

1146 Obesity (Silver Spring). 2023;31:1146–1158.www.obesityjournal.org

https://orcid.org/0000-0002-8521-9946
https://orcid.org/0000-0002-7387-2139
https://orcid.org/0000-0002-4805-0774
https://orcid.org/0000-0003-0534-6484
https://orcid.org/0000-0001-8442-8327
https://orcid.org/0000-0001-5905-444X
https://orcid.org/0000-0003-4385-2097
https://orcid.org/0000-0001-6429-7921
https://orcid.org/0000-0002-6509-6555
https://orcid.org/0000-0002-0830-5277
https://orcid.org/0000-0002-5758-9069
https://orcid.org/0000-0003-4472-1179
https://orcid.org/0000-0003-2666-414X
https://orcid.org/0000-0002-8008-5096
https://orcid.org/0000-0003-2476-4251
https://orcid.org/0000-0003-0114-5271
https://orcid.org/0000-0003-0482-4229
https://orcid.org/0000-0002-0428-2426
https://orcid.org/0000-0001-9242-3040
https://orcid.org/0000-0001-6750-1270
https://orcid.org/0000-0002-0747-4562
https://orcid.org/0000-0003-1215-8625
https://orcid.org/0000-0002-9227-8434
https://orcid.org/0000-0002-9599-0961
https://orcid.org/0000-0002-5041-248X
https://orcid.org/0000-0001-6517-1300
https://orcid.org/0000-0001-8648-4998
https://orcid.org/0000-0003-2237-0128
https://orcid.org/0000-0001-6651-6710
https://orcid.org/0000-0002-6236-6804
mailto:rzamora@ub.edu
mailto:rzamora@idibell.cat
mailto:rzamora@idibell.cat
http://creativecommons.org/licenses/by-nc/4.0/
www.obesityjournal.org
http://crossmark.crossref.org/dialog/?doi=10.1002%2Foby.23689&domain=pdf&date_stamp=2023-01-24


5 years, 95% CI: 0.267 to 0.381) were positively associated with body weight gain. In

analyses stratified by coffee consumption, hydroxycinnamic acid intake was posi-

tively associated with body weight gain in coffee consumers (0.379 kg/5 years,

95% CI: 0.319 to 0.440), but not in coffee nonconsumers (�0.179 kg/5 years,

95% CI: �0.490 to 0.133).

Conclusions: Higher intakes of flavonoids and their subclasses are inversely associ-

ated with a modest body weight change. Results regarding hydroxycinnamic acids in

coffee consumers require further investigation.

INTRODUCTION

Overweight and obesity are defined as abnormal or excessive body

fat accumulation. Obesity is one of the principal contributors to the

global burden of chronic diseases, particularly cardiovascular disease,

type 2 diabetes, and certain types of cancers [1]. The prevalence has

increased rapidly: the World Health Organization reports that more

than 2 billion adults have overweight and obesity worldwide, whereas,

in Europe, nearly 60% of adults are classified as having overweight or

obesity [2, 3]. Obesity results from a complex interaction of several

factors such as diet, lifestyle, socioeconomics, genetics, and environ-

ment [4].

Even a moderate weight loss of 5% to 10% has been shown to

lead to the significant improvement of several cardiometabolic param-

eters (e.g., triglycerides, blood pressure, waist circumference, insulin

sensitivity, β-cell function) [5] and a lower risk of comorbidities,

including cardiovascular disease [6], diabetes mellitus [6], hyperten-

sion [7], dyslipidemia [8], and overall mortality [9].

Polyphenols are bioactive phytochemicals found in plant foods

and beverages such as fruit, vegetables, seeds, herbs, spices, whole

grains, tea, coffee, and wine [10]. They comprise a large variety of

chemical structures and they are divided into four main classes: flavo-

noids, phenolic acids, stilbenes, and lignans [10, 11]. Increasing pre-

clinical and clinical evidence has suggested a role of polyphenols as

antiobesity compounds. Indeed, several in vitro and in vivo studies

have shown that polyphenols may stimulate thermogenesis and

energy expenditure, inhibit adipocyte differentiation and growth,

increase lipolysis, induce β oxidation, and decrease appetite [12, 13].

The antiobesity effects of polyphenols, particularly flavonoids, have

also been supported by numerous clinical trials [11, 14].

In contrast, few observational epidemiological studies have

examined the role of polyphenol intake in body weight control. The

Supplementation with Antioxidant Vitamins and Minerals (Supple-

mentation en Vitamines et Mineraux Antioxydants [SU.VI.MAX])

study observed that a high intake of total polyphenols was associated

with lower waist circumference and body mass index (BMI) after

6 years of follow-up [15]. Similarly, an inverse association among

total flavonoid intake and body weight, BMI, and waist circumference

was observed in the National Health and Nutrition Examination Sur-

vey (NHANES) [16]. Likewise, results from the Prevenci�on con Dieta

Mediterránea (REDIMED) study indicated that total urinary polyphe-

nol excretion was inversely associated with changes in body weight,

BMI, waist circumference, and waist to height ratio over 5 years [17].

Furthermore, the Health, Alcohol and Psychosocial factors in Eastern

Europe (HAPPIEE) study reported an inverse association among high

total polyphenol intake, particularly from stilbenes and lignans, and

BMI and waist circumference [18]. However, these epidemiological

studies have some limitations, including a limited number of classes

Study Importance

What is already known?

• Several experimental studies have reported that polyphe-

nols can stimulate different mechanisms in body weight

loss, such as thermogenesis, energy expenditure, and

induced β oxidation, among others.

• Some clinical trials have described the antiobesity effects

of pharmacological doses of some polyphenols.

• There is scarce epidemiological research investigating the

associations between classes and subclasses of polyphe-

nols and body weight change, especially with non-

flavonoids.

What does this study add?

• This study provides evidence suggesting that the intake

of flavonoids is associated with the maintenance of body

weight in both men and women.

• Hydroxycinnamic acid intake from coffee is associated

with an increase in body weight in coffee consumers, but

not in coffee nonconsumers.

How might these results change the direction of

research?

• For a better understanding on the influence of polyphe-

nols on body weight loss, future randomized controlled

trials using combinations of polyphenols or plant extracts

mimicking polyphenol-rich diets are needed.

• Further research evaluating the effect of hydroxycin-

namic acids in body weight change is also warranted.
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and/or subclasses of polyphenols investigated and a low variability of

polyphenol intake due to small geographic variations. Therefore, the

present study aimed to examine the associations among intakes of

total polyphenols and all polyphenol classes and subclasses estimated

using the Phenol-Explorer database and body weight change over

5 years in the large, multicountry European Prospective Investigation

into Cancer and Nutrition-Physical Activity, Nutrition, Alcohol, Cessa-

tion of Smoking, Eating Out of Home and Obesity (EPIC-PANACEA)

cohort.

METHODS

Study population

EPIC is a prospective cohort study with 521,448 participants, aged

from 25 to 70 years, recruited between 1992 and 2000 in 23 centers

from 10 Western European countries: Denmark, France, Germany,

Greece, Italy, the Netherlands, Norway, Spain, Sweden, and the

UK. The EPIC Study was approved by the local ethics committees

from the participating centers and the ethical review board of the

International Agency for Research on Cancer. All participants signed

an informed consent. Further details on the study design and methods

have been described previously [19].

The EPIC-PANACEA study is a subcohort of EPIC with follow-up

data of anthropometric measurements, and it was originally designed to

investigate the determinants of obesity and weight change in EPIC coun-

tries. In the present study, we excluded pregnant women and participants

with missing diet or lifestyle questionnaires, missing data on weight and

height, or unreliable anthropometric values at baseline (n = 23,713). In

addition, we excluded participants with missing data on weight at follow-

up (n = 122,154) and those with unrealistic body weight changes (<�5 or

>5 kg/y over several years) or implausible/unusual anthropometry at

follow-up (BMI at follow-up < 16 kg/m2; n = 2288). More details regard-

ing the EPIC-PANACEA study design have been described elsewhere

[20]. Finally, participants from Greece (n = 24,128) did not provide data

for the present study; therefore, they were also excluded. The final analy-

sis included 93,435 men and 255,730 women.

Anthropometric measures and body weight change

Body weight in EPIC-PANACEA was measured at baseline and at

follow-up. The time between the first and second measurements

ranged from 2 years (Germany) to 11 years (Italy), with an overall

median of 5 years. Standardized methods were used to take anthro-

pometric measurements (body weight and height), except for the

centers of France, Norway, and Oxford (UK), where participants

self-reported their anthropometric values at baseline. In the follow-

up, body weight was self-reported in all centers except in

Cambridge (UK) and Doetinchem (the Netherlands), where weight

was measured via standardized methods [20]. For the accuracy of

self-reported anthropometric measurements (at baseline and follow-

up), Oxford correction equations were used to predict measured

weight and to calculate the corrected weight change [21]. Our pri-

mary outcome was weight change in kilograms per 5 years, calcu-

lated as weight at follow-up minus weight at baseline divided by

the follow-up time in years to obtain the annual weight change and

then multiplied by 5 years.

Dietary assessment and other covariates

Habitual diet was recorded at baseline by validated country- or

center-specific dietary questionnaires that captured food and bever-

age intakes over the previous 12 months [19]. In most centers, these

were self-administered food frequency questionnaires, except for

Ragusa (Italy), Naples (Italy), and Spain, where face-to-face interviews

were conducted and meal-structured questionnaires were used. A

combined method of a semiquantitative food frequency questionnaire

and a 7-day record was used in the UK and Malmö (Sweden) [19].

Nutrients and total energy intakes were estimated using the standard-

ized EPIC Nutrient Database [22]. Dietary polyphenol intake was esti-

mated using the Phenol-Explorer database, which contains content

values for 502 polyphenols in 452 foods and beverages, together with

retention factors for cooked and processed food [23]. Dietary poly-

phenols were divided into four major classes: total flavonoids, pheno-

lic acids, stilbenes, and lignans, plus a minority class of polyphenols

and 18 subclasses, specified in Table 2; all classes and subclasses were

then summed to calculate total polyphenol intake.

Moreover, validated questionnaires were used at baseline to col-

lect data on tobacco use, education level, menstrual history, physical

activity (inactive, moderately inactive, moderately active, active), and

clinical data. In addition, information on smoking status (never, former,

current) was also collected at follow-up.

Statistical analyses

Polyphenol intake was assessed as a categorical variable based on quin-

tiles distributed throughout the entire EPIC-PANACEA study. In addition,

linear trend tests were calculated assigning the median of each quintile as

scores. Polyphenol intake was also analyzed as a continuous variable after

log2 transformation to reduce the skewness of intake distributions.

Before log2 transformation, zero values were replaced with half of the

nonzero minimum of the polyphenol class or subclass. One-unit increase

corresponded to the absolute body weight change (kilograms per 5 years)

associated with doubling in intake.

Multilevel mixed linear regression models were used to estimate

the association among total, classes, and subclasses of polyphenol

intake and body weight change over 5 years, using the EPIC center as

a random effect and polyphenol intake and relevant confounders as

fixed effects. Missing values (3.5% for educational level, 1.5% for

physical activity, 2.1% for education, 4.7% for smoking status) were

classified into a separate category (unknown) and included in the

models. BMI at baseline and follow-up time in years had a nonlinear

association with weight change. Consequently, they were included in

the models as restricted cubic splines with three knots (10th, 50th,
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and 90th percentiles) according to Harrell [24]. We fitted multivariable

models adjusting for potential confounders (as fixed effects) selected a

priori. Model 1 was adjusted for sex (male and female), age at baseline

(years), and BMI (kilograms per meters squared). In model 2, we also

adjusted for lifestyle characteristics: follow-up time (years), alcohol con-

sumption (grams per day), education level (none, primary education, techni-

cal or professional school, secondary school, higher education, and

unknown), physical activity (inactive, moderately inactive, moderately

active, active, and unknown), smoking status at follow-up (never, former,

and current), and menopausal status (pre-, post-, and peri-surgically post-

menopausal and unknown). Model 3 was further adjusted for variables

related to energy: total energy intake (kilocalories per day) and plausibility

of energy intake reporting (yes and no) [19]. In addition, for model 3, we

replaced total energy (kilocalories per day) with the all-components model

(adjusting for all individual components providing energy of the diet) [25];

however, the results remained similar to the previous model; therefore, we

did not present them. Finally, model 4 was model 3 additionally adjusted

for other dietary factors: vitamin C (milligrams per day) and fiber (grams per

day) intake. Furthermore, polyphenol intake was included in the statistical

models as energy density (2000 mg/kcal/d). Results from both methods

were almost identical, and energy density results were not reported.

The main food source of phenolic acids is coffee, which plays a

role in body weight change [26]. Therefore, we performed analyses

separately for hydroxycinnamic acid (HCA) class intake in coffee con-

sumers and nonconsumers. Also, because caffeine has been associ-

ated with body weight loss [26], we evaluated the associations

between total coffee and the type of coffee (caffeinated

vs. decaffeinated) and body weight in order to investigate the effect

of caffeine in body weight and differentiate the relationships between

HCAs and caffeine from coffee intake.

Interaction analyses were performed between classes and subclasses

of polyphenol intake (continuous, milligrams per day) and sex, age (<50

and ≥50 years), menopause status (peri-, post-, and premenopause), phys-

ical activity (inactive, moderately inactive, moderately active, and active),

smoking status at follow-up (never, former, and current smokers), and

BMI at baseline (underweight, normal weight, overweight, and obesity) in

relation to body weight change. P values for the interaction were calcu-

lated using the likelihood ratio test. Sex, menopause, smoking status, and

BMI had a statistically significant interaction; therefore, models were fur-

ther fitted separately for each category of the variables. Finally, to assess

the robustness of the results, we conducted a sensitivity analysis exclud-

ing participants with chronic diseases at baseline (type 2 diabetes, cardio-

vascular disease, and/or cancer) and participants who either quit smoking

or started smoking or had missing data on smoking during follow-up. All

p values presented were considered statistically significant at p < 0.05.

Statistical analyses were performed using SAS software version 9.3 (SAS

Institute Inc., Cary, North Carolina).

RESULTS

Participants in the highest quintile of polyphenol intake were more

likely to be men and older and they had, on average, a lower BMI and

a higher education, alcohol consumption, and total energy intake

(Table 1). In addition, they were more likely to be more physically

active and current smokers. Women with higher total polyphenol

intakes were less likely to be premenopausal than those with lower

intakes. In all quintiles of total polyphenol intake, phenolic acids were

the main contributors, followed by flavonoids, whereas lignans and

stilbenes were consumed in low amounts (between 1 and 3 mg/d).

On average, study participants gained 2.6 kg (±5.0 kg) per 5 years

of body weight during the follow-up. Body weight changes over

5 years by quintile of total, classes, and subclasses of polyphenol

intakes are shown in Table 2 and Supporting Information Table S1.

Total polyphenol intakes were positively associated with body weight

gain; participants in the highest intake quintile had a 0.205-kg (95%

confidence interval [CI]: 0.138 to 0.272) greater 5-year weight gain

compared with those in the lowest quintile after multivariable adjust-

ments (model 4; Table 2). Analysis by polyphenol classes showed that

higher intakes of flavonoids (β Q5 vs. Q1 �0.195 kg/5 years, 95% CI:

�0.262 to �0.128) and stilbenes (only when modeled continuously, β

log2 �0.032 kg/5 years, 95% CI: �0.039 to �0.024) were inversely

associated with body weight change. Similarly, intakes of individual

subclasses of flavonoids, except for isoflavonoids, were statistically,

significantly, and inversely associated with body weight change

(Table 2). A body weight gain was observed comparing participants in

the extreme quintiles of total phenolic acid intake (β Q5 vs. Q1 0.328

kg/5 years, 95% CI: 0.268 to 0.386) and its subclass HCAs (β Q5 vs. Q1

0.324 kg/5 years, 95% CI: 0.267 to 0.381). However, other subclasses

of phenolic acids showed an inverse association with body weight

change, such as hydroxybenzoic acid (β Q5 vs. Q1= �0.244 kg/5 years,

95% CI: �0.317 to �0.170) and hydroxyphenylacetic acid (β Q5

vs. Q1= �0.204 kg/5 years, 95% CI: �0.275 to �0.132). Minor poly-

phenol classes such as tyrosols and hydroxycoumarins showed an

inverse association with body weight change. Analyses by quintiles of

classes, subclasses, and total polyphenol intake were supported by

the results using the continuous variable after the log2 transformation

(Figure 1).

Women presented a slightly stronger positive association

between total polyphenol intake and body weight gain compared with

men (p value interaction < 0.001; Supporting Information Table S2).

Total polyphenol and phenolic acid intakes were strongly associated

with body weight gain among women in perimenopause (Supporting

Information Table S3). For smoking status at follow-up, we found that

total polyphenol and phenolic acid class intakes were more strongly

associated with weight gain in former smokers, whereas the opposite

occurred with total flavonoid intake (Supporting Information

Table S4). For BMI, there was an inverse trend between total flavo-

noid intake and body weight change in participants with underweight,

normal weight, and overweight, but a positive trend was detected

among participants with obesity (Supporting Information Table S5).

Additional analyses for HCAs were performed by dividing the

analysis by coffee consumption, in which we observed a positive

association with weight gain in coffee consumers, but not in coffee

nonconsumers (Supporting Information Table S6). Subsequently, we

separately analyzed the association for total coffee and type of coffee

POLYPHENOL CLASSES AND WEIGHT CHANGE IN EPIC-PANACEA 1149

 1930739x, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/oby.23689 by C

onsorci D
e Serveis U

niversitaris de C
atalunya, W

iley O
nline L

ibrary on [15/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T AB L E 1 Baseline characteristics of the population according to quintiles of total polyphenol intake in the EPIC-PANACEA study
(n = 349,165)

Quintile of intake

Category
Quintile 1
(n = 69,832)

Quintile 2
(n = 69,826)

Quintile 3
(n = 69,826)

Quintile 4
(n = 69,841)

Quintile 5
(n = 69,840)

Total polyphenol intake

(mg/d)

558.2

(441.2-706.0)

854.8

(788.8-970.7)

1117.5

(1049.4-1248.4)

1427

(1342-1607.3)

1923.8

(1759.7-2856.3)

Follow-up time (y) 5.1 ± 2.4 5.5 ± 2.7 5.3 ± 2.4 4.9 ± 2.0 4.6 ± 1.5

Weight change (kg/5 years)a 2.4 ± 5.2 2.5 ± 4.9 2.6 ± 5.0 2.7 ± 4.9 2.8 ± 5.0

Age (y) 50.4 ± 8.9 50.8 ± 9.2 51.7 ± 9.3 52.6 ± 9.2 52.9 ± 8.6

BMI (kg/m2) 25.6 ± 4.4 25.1 ± 4.1 25.0 ± 4.0 24.8 ± 3.9 24.7 ± 3.8

Alcohol use (g/d) 6.4 ± 12.2 9.5 ± 13.7 12.3 ± 15.6 14.3 ± 17.6 16.7 ± 20.8

Energy intake (kcal/d) 1777 ± 517 1964 ± 544 2092 ± 567 2182 ± 592 2366 ± 634

Women (%) 79.4 74.1 72.0 70.9 69.7

Education level (%)

None 11.6 4.5 2.4 1.3 0.8

Primary school 28.4 26.9 22.8 19.6 18.3

Technical school 20.2 23.0 23.0 23.2 22.1

Secondary school 20.7 22.1 22.1 21.9 21.9

Higher education 17.5 26.2 26.2 28.3 31.0

Missing 1.4 3.2 3.2 5.4 5.7

Physical activity level (%)

Inactive 23.6 19.3 17.3 16.8 16.0

Moderately inactive 32.6 35.0 34.9 34.6 33.6

Moderately active 29.5 27.7 26.1 26.1 26.9

Active 12.5 16.2 19.3 20.4 22.3

Missing 1.5 1.6 1.8 1.8 1.0

Smoking at follow-up (%)

Never 54.1 47.8 47.6 47.8 44.2

Former 25.5 28.4 30.1 32.2 34.3

Current 15.7 17.2 16.8 16.7 20.0

Missing 4.5 6.4 5.3 3.1 1.3

Prevalent diseases at baseline (%)b

No 85.6 86.7 85.3 81 78.7

Yes 8.0 7.5 7.7 7.5 7.2

Missing 6.3 5.6 6.9 11.3 14.0

Menopause (%)

Premenopausal 29.1 26.3 23.1 21.0 19.9

Postmenopausal 30.6 30.1 32.4 33.8 32.9

Perimenopausal 17.4 15.6 14.1 13.5 14.5

Surgery 2.1 2.0 2.3 2.4 2.3

Classes of polyphenol intake (mg/d)

Phenolic acids 249.7

(142.4-500.7)

462.0

(328.0-704.5)

585.6

(430.3-917.6)

708.0

(525.7-1215.6)

1025.7

(675.9-1918.3)

Flavonoids 224.8

(150.6-449.6)

340.7

(234.7-649.6)

468.2

(325.5-856.3)

647.8

(424.7-1132.2)

896.6

(548.0-1633.7)

Other polyphenol classes 32.2

(19.9-72.0)

40.1

(26.5-93.5)

45

(28.3-106.4)

48.8

(29.5-117.5)

57

(34.8-134.3)

(Continues)
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(caffeinated vs. decaffeinated) as exposure variables with body weight

changes. Decaffeinated coffee intake was associated with a slightly

greater body weight gain than caffeinated coffee (when modeled con-

tinuously; Supporting Information Table S6).

In the sensitivity analysis, after excluding participants with

chronic disease at baseline (n = 57,617) and participants who quit

smoking or started smoking during follow-up or with missing values

(n = 35,489), we observed that the associations among total polyphe-

nol intake and polyphenol classes and body weight change were simi-

lar to our main results (Supporting Information Tables S7 and S8).

DISCUSSION

In this large prospective study, a mean body weight gain of 2.6 kg during

the 5 years of follow-up was observed. Progressive age-related weight

gain in adulthood is a well-observed phenomenon in many nonobese

populations such as in the Nurses’ Health Study II cohort, which showed

a weight change of 4.4 lb (2.0 kg) per 4.4 years of follow-up [27], and in

NHANES, the weight change of which was 2.5 kg per 9.8 years of

follow-up [28]. In the current study, a positive association among total

polyphenol and phenolic acid intakes and body weight gain was

observed. Conversely, higher intakes of flavonoids, including anthocya-

nins, dihydrochalcones, and dihydroflavonols, and other minor polyphe-

nol classes such as tyrosols and stilbenes were inversely associated with

body weight change, supporting the evidence from experimental studies

that some polyphenol classes and subclasses may play a role in obesity

prevention; several mechanisms have been proposed, such as activation

of β oxidation processes, stimulation of energy expenditure, and inhibi-

tion of adipocyte differentiation [12]. Recently, it has been discussed

that polyphenols may modulate type 2 taste receptors responsible for

bitter taste recognition, which may play a role in energy/body weight

homeostasis [29]. Similar to our findings, a cohort study by Adriouch

and colleagues reported that high intakes of flavanones, flavones, and

lignans were associated with lower waist circumference and lower BMI.

In their study, total polyphenol and phenolic acid intakes were associ-

ated with both a lower body weight gain and a lower increase in

adiposity over 6 years [15]. Our study showed that total polyphenols

were positively related to body weight gain; however, after excluding

phenolic acids, we observed an inverse association with body weight

change. Such changes were driven by phenolic acids (specifically HCAs),

the main contributors to total polyphenols; therefore, the results with

total polyphenols need to be interpreted with caution.

Flavonoids are the most-studied polyphenol class in relation to

their effects on body weight [13]. In our study, we observed that a

higher intake of flavonoids, particularly anthocyanins, flavan-3-ol mono-

mers, theaflavins, flavones, and flavonols, was strongly and inversely

associated with body weight change over 5 years. Similarly, in a large

prospective cohort, statistically significant inverse associations among

subclasses of anthocyanins, flavanols (including proanthocyanidins), and

flavonols and body weight change were observed after a 24-year

follow-up [27]. Another cohort from the Netherlands observed an asso-

ciation among a higher intake of flavonol/flavone and catechin and a

lower increase in BMI in women, but not in men [30]. Similarly, the

Mediterranean healthy Eating, Aging and Lifestyle (MEAL) cohort study,

with a follow-up over 14 years, reported that women with a high intake

of total flavonoids were less likely to have obesity and that flavonol

intake was inversely associated with obesity [31]. Although the magni-

tudes of body weight loss were small, they may contribute to body

weight maintenance, which has been reported as a protective factor for

diseases such as type 2 diabetes, hypertension, and cardiovascular dis-

ease [32]. Some trials have also investigated these body weight effects

showing, in general, a body weight reduction after the intervention with

supplements rich in polyphenols [11, 14].

Contrary to our expectations, this study found an inverse associa-

tion among the minor subclasses of phenolic acids

(i.e., hydroxybenzoic acids and hydroxyphenylacetic acids) and body

weight change, whereas total phenolic acid and HCA intakes were

associated with an increase in body weight. Their main food source is

coffee [10] and, because other compounds of coffee such as caffeine,

trigonelline, and magnesium may possess antiobesogenic proper-

ties [33], after we stratified by coffee consumption, non-coffee con-

sumers showed a null association between HCA intake and body

weight change, whereas, in coffee consumers, phenolic acid intake

T AB L E 1 (Continued)

Quintile of intake

Category
Quintile 1
(n = 69,832)

Quintile 2
(n = 69,826)

Quintile 3
(n = 69,826)

Quintile 4
(n = 69,841)

Quintile 5
(n = 69,840)

Lignans 1.2

(0.9-3.1)

1.3

(1-4.6.0)

1.4

(1.1-4.5)

1.5

(1.2-3.8)

1.7

(1.4-3.7)

Stilbenes 0.2

(0.05-3.5)

0.4

(0.1-6.5)

0.7

(0.2-8.4)

1.1

(0.2-9.9)

1.4

(0.3-11.2)

Notes: Means ± SD are presented for continuous variables, and percentages are presented for categorical variables. Medians and percentiles (25th to 95th

percentile) are presented for polyphenol intake.

Abbreviations: EPIC, European Prospective Investigation into Cancer and Nutrition; PANACEA, Physical Activity, Nutrition, Alcohol, Cessation of Smoking,

Eating Out of Home and Obesity.
aCalculated as weight at follow-up minus weight at baseline divided by the follow-up time in years and multiplied by 5 years.
bType 2 diabetes, cardiovascular disease, and cancer.
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was positively associated with body weight gain. Some in vivo studies

have suggested potential mechanisms of HCAs from coffee in weight

loss through regulation of lipid and glucose metabolism, e.g., via sterol

regulatory element binding transcription factor 1 (SREBP-1C), peroxi-

some proliferator activated receptor α (PPAR-α), increased fatty acid

oxidation, and increased insulin secretion; however, there is not infor-

mation reported about possible mechanisms of HCAs associated with

body weight gain [34]. The direct role of coffee consumption on body

composition has been studied in previous cohorts; however, the

results are still inconclusive. For instance, two previous cohorts have

concluded that higher coffee consumption was associated with lower

weight gain, BMI, and waist circumference [26, 35], whereas con-

sumption of more than six cups of coffee per day was associated with

higher BMI compared with the group consuming less than two cups

per day among Swedish women [35]. Similarly, other studies con-

ducted in Asia have reported that higher coffee consumption (>3

cups/d) was associated with higher risk of obesity compared with

lower coffee consumption [36, 37]. However, these results need to be

taken with caution, as they considered instant coffee blends that con-

tain sugar and cream. In this sense, the method of coffee preparation,

the types of coffee varieties, roasting degree, the size of the serving,

and use of milk or cream and sugar added to coffee are factors that

may influence the coffee-obesity relationship [38]. For example, the

types of coffee have been evaluated (caffeinated vs. decaffeinated),

and it was found that decaffeinated coffee was associated with higher

body weight gain compared with caffeinated coffee [39]. In our study,

we observed an increase in body weight for both types of coffee;

however, it is important to highlight that the consumption of caffein-

ated coffee was much higher (mean = 222.1 mL/d) compared with

decaffeinated coffee (mean = 32.3 mL/d). Therefore, phenolic acids

and caffeine seem to not have harmful effects on body weight, but it

is unclear which potential coffee compounds, if any, might have an

obesogenic effect.

The current study found an inverse association of stilbenes with

body weight change, which is consistent with that reported in the

HAPIEE study for change in waist circumference [18]. However, their

results were not statistically significant. Furthermore, it has been pre-

viously observed that consumption of stilbenes from berries, red

grapes, and wine has antiadipogenic and antilipogenic effects, improv-

ing changes in BMI and waist circumference [12, 40]. Future studies

on the current findings are still warranted.

Our results also showed that tyrosols are inversely associated

with body weight change. The main food sources of tyrosols include

olives and olive oil, of which the principal component is hydroxytyro-

sol [10]. It has been largely studied for its protective effects on low-

density lipoprotein oxidation and reduction of oxidative stress [41],

and it may be responsible for the antiobesogenic properties of olive

oil [41]. Moreover, extra-virgin olive oil is the main source of dressing

and cooking fats in the Mediterranean diet, which has been reported

to have a protective effect against weight gain, particularly in younger

people [42]. The PREDIMED study evaluated the long-term effects of

an unrestricted-calorie Mediterranean diet rich in extra-virgin olive oil

F I GU R E 1 The association between intakes of total polyphenols, polyphenol classes, and subclasses (milligrams per day) as continuous
variables (after log2 transformation) and body weight change (kilograms) over 5 years in the EPIC-PANACEA study. Model 4: generalized linear
mixed models with random effect on the intercept and slope according to center and adjusted for age, sex, and BMI at baseline (three-knot
restricted cubic spline), follow-up time in years (three-knot restricted cubic spline), educational level, smoking status, physical activity, alcohol
consumption, menopausal status, total energy intake, plausibility of dietary energy reporting, vitamin C, and total fiber intakes
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on adiposity measures and observed a small reduction in body weight

in participants given the Mediterranean diet interventions compared

with the control groups [23]. However, more clinical and epidemiolog-

ical evidence is needed in order to clarify the effect of tyrosols on

body weight.

Results of the interaction analyses should be interpreted with

caution because even very small body weight differences among

subgroups are statistically significant because of our large sample

size. We observed that women with perimenopause had a slightly

greater weight gain associated with total polyphenol intake. Sev-

eral polyphenols have estrogenic effects [12], and they would help

to prevent body weight gain related to menopause. However, our

results pointed out the opposite, probably because of reverse cau-

sality. Women with perimenopause might improve their diets and

lifestyles [43], but, when they become menopausal, they tend to

return to their regular habits [43]. Moreover, analyses by smoking

status at follow-up showed that current smokers benefitted more

from higher intakes of total polyphenols and phenolic acids, proba-

bly because of their ability to reduce tobacco oxidative stress [44].

Finally, interactions by BMI showed that flavonoid intakes were

associated with a lower body weight in all groups, except those

with obesity. Our hypothesis was that participants with obesity

would benefit more from the intake of potential antiobesity com-

pounds [12]. However, our contradictory results could be because

participants with obesity tend to underestimate unhealthy foods

and overestimate healthy foods more than those without obe-

sity [45].

Strengths of our study include the multicenter prospective design,

two measurements of body weight (to calculate body weight change),

and a large sample size, which provided sufficient statistical power to

perform multiple subgroup and sensitivity analyses. Another strength is

the use of Phenol-Explorer, the most comprehensive database on poly-

phenol content in foods, to measure polyphenol intake. However, our

study also had some limitations. First, weight was self-reported at

follow-up in most centers; however, we improved the accuracy of these

data by using a prediction equation, and the results in the two EPIC

centers with measured weight (Cambridge and Doetinchem) were con-

sistent with the rest of the cohort [21]. Second, the use of both self-

report diet and lifestyle questionnaires with a single measurement at

baseline did not allow us to consider dietary or lifestyle (except tobacco

consumption) changes during follow-up. Third, participants diagnosed

with severe diseases during follow-up might have changed their dietary

and lifestyle habits. However, we performed sensitivity analyses

excluding participants with preexisting conditions, and the results

remained robust to those of the entire cohort. Fourth, the information

regarding the method of preparation and type of coffee was limited,

and the quantification of HCAs in coffee was probably underestimated

[10]. Fifth, breastfeeding, a part of pregnancy, can also interfere in the

standard body weight trajectory. Pregnant women were excluded from

our analysis; therefore, most of the breastfeeding women were conse-

quently excluded, except those lactating only at baseline. We assume

that this number is very low because the mean average was 50 years

old, and, in some centers (such as Spain and Italy), participants were

mostly blood donors, and it is not possible to do a blood donation until

6 to 9 months after giving birth. For this reason, we recommend

complementing the results from dietary questionnaires with nutritional

biomarkers in future studies. Although validated center- and

country-specific questionnaires were used to collect polyphenol-rich

food data [19], we cannot exclude some measurement error leading to

a potential underestimation of any true association. Finally, all models

were adjusted for potential confounders; however, some potential

residual bias cannot be ruled out.

In conclusion, this study identified a small inverse association

between flavonoid intake and body weight change, specifically for

anthocyanin, flavan-3-ol monomer, flavanone, flavone, and flavonol

subclasses. These results suggest that flavonoids from foods may be

promising compounds for weight control. Future randomized con-

trolled trials using combinations of polyphenols or plant extracts mim-

icking polyphenol-rich diets may provide more definitive evidence to

validate these results. In addition, HCAs from coffee showed a posi-

tive association with weight gain in coffee consumers. Future research

related to coffee constituents, including HCAs, and weight change is

warranted.O
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Abstract: The consumption of sweet beverages, including sugar-sweetened beverages (SSB), artificial-
sweetened beverages (ASB) and fruit juices (FJ), is associated with the risk of different cardiometabolic
diseases. It may also be linked to the development of certain types of tumors. We carried out a
systematic review and meta-analysis of observational studies aimed at examining the association
between sweet beverage intake and cancer risk. Suitable articles published up to June 2020 were
sourced through PubMed, Web of Science and SCOPUS databases. Overall, 64 studies were identified,
of which 27 were selected for the meta-analysis. This was performed by analyzing the multivariable-
adjusted OR, RR or HR of the highest sweet beverage intake categories compared to the lowest one.
Random effects showed significant positive association between SSB intake and breast (RR: 1.14,
95% CI: 1.01–1.30) and prostate cancer risk (RR: 1.18, 95% CI: 1.10–1.27) and also between FJs and
prostate cancer risk (RR: 1.03, 95% CI: 1.01–1.05). Although the statistically significant threshold
was not reached, there tended to be positive associations for the following: SSBs and colorectal and
pancreatic cancer risk; FJs and breast, colorectal and pancreatic cancer risk; and ASBs and pancreatic
cancer risk. This study recommends limiting sweet beverage consumption. Furthermore, we propose
to establish a homogeneous classification of beverages and investigate them separately, to better
understand their role in carcinogenesis.

Keywords: systematic review; meta-analysis; cohort; case-control; sugar-sweetened beverages;
artificial sweetened beverages; fruit juice; cancer

1. Introduction

The consumption of sweet beverages has increased in the last decades, with sugar-
sweetened beverages (SSB) and artificially sweetened beverages (ASB) among the most
widely consumed [1,2]. SSBs contain high levels of sugar that usually come from added
sucrose or high fructose corn syrup (HFCS). Another type of sweet beverage is fruit juice
(FJ), including fresh and commercial FJs and nectars. Despite their natural and healthy
image, they contain high levels of sugar in the form of fructose. Although whole fruit also
contains fructose, the fiber present limits the insulin response and increases satiety [3].
High sugar consumption may contribute to excessive energy intake, leading to long-term
weight gain [4], higher risk of type 2 diabetes [5] and cardiovascular disease [6].

It has been demonstrated that obesity and type 2 diabetes are well-known risk factors
for cancer [7–9]. Diets high in added sugar usually result in weight gain and an increase in
adiposity-related metabolic parameters, insulin resistance, bioactivity of steroid hormones,
oxidative stress and inflammation, which finally leads to cancer development and pro-
gression [9]. The International Agency for Research on Cancer (IARC) reported as strong
evidence that excess body fat is a major risk factor for many cancers, including esophageal,
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pancreatic, colorectal, post-menopausal breast, endometrial, renal, ovarian, gallbladder,
hepatic and gastric cardia, among others [10].

High sugar intake impairs glucose and insulin tolerance and augments insulin and
insulin-like growth factor (IGF) levels. Insulin and IGF are major determinants of prolifer-
ation and apoptosis, and may therefore influence carcinogenesis [11]. Beverages high in
sugar, including SSBs and FJs, have high glycemic indexes [12] which is also suggested to
be linked to cancer [13]. Moreover, both caloric and noncaloric sweet palatable substances
have been demonstrated to activate the dopaminergic reward system. This can trigger
addictive-like behaviors, which might be responsible for increased body fat [14]. ASBs
contain low or non-caloric sweeteners (e.g., aspartame) and have been marked as healthier
alternatives to SSBs. However, some studies have suggested that ASBs are also deleterious
as regards obesity [15] and type 2 diabetes risk [5]. Moreover, it has also been suggested that
long-term consumption of aspartame, used in many ASBs, might be carcinogenic [16]. As-
partame in liquids can quickly break down into methanol, and the subsequent metabolized
formaldehyde is a documented carcinogenic substance [17].

In light of all this evidence, the association between consumption of sweet beverages
and cancer risk has been investigated and reviewed by different studies. A meta-analysis
from 2014 studied the association between SSB/ASB consumption and overall and specific
cancer but no links were found [18]. Likewise, a 2019 meta-analysis did not find any
significant association between SSB/ASB intake and pancreatic cancer risk [19]. However,
the two mentioned studies did not perform a separate analysis of SSBs and ASBs which
might have elucidated their particular role on cancer. A pooled analysis from 2012 [20]
suggested a modest positive association between SSB intake and the risk of pancreatic
cancer. Another similar study from 2010 [21] showed no significant association with
colon cancer risk. A qualitative review of longitudinal studies from 2018 [22] reported
inconsistent results for SSB/FJ intake and cancer risk. A recent French publication [23]
reported a positive association between FJs and overall cancer risk. Regarding ASB intake,
their results for breast, colorectal and prostate cancer risk were nonsignificant. However,
another study [24] showed an increased risk for leukemia in the total population as well as
for non-Hodgkin lymphoma and multiple myeloma in men only.

Evidence suggests that the link between sweet beverages consumption and cancer
onset is biologically plausible. However, each type of beverage may have different mecha-
nisms of action and different roles in cancer onset. Therefore, our study aimed to investigate
these associations, by conducting separate analyses for SSB, ASB and FJ intake and cancer
incidence. We analyzed case-control and cohort studies and performed a meta-analysis
when feasible. Through this study we intend to update and develop a better understanding
of the association between the consumption of sweet beverages and cancer incidence, a dis-
ease that caused 9.6 million deaths in 2018, a figure projected to nearly double by 2040 [25].

2. Materials and Methods
2.1. Search Method for Identification of Studies

This study was conducted according to the Preferred Reporting Items for System-
atic Reviews Meta-Analysis (PRISMA) guidelines. To identify the suitable articles, we
searched in PubMed, Web of Science and SCOPUS databases up to 31 June 2020, using
the following keywords: (((((“soft drinks”[All Fields] OR “sugary drinks”[All Fields])
OR “sugary beverages”[All Fields]) OR “fruit juice”[All Fields]) OR “sugar-sweetened
beverages”[MeSH Terms]) OR “artificially sweetened beverages”[MeSH Terms]) AND
((((“neoplasms”[MeSH Terms] OR “neoplasm”[All Fields]) OR “cancer”[All Fields]) OR
“cancers”[All Fields]) OR “tumor”[All Fields]). We also applied search filters by article
type (excluding books, reviews, systematic reviews and meta-analyses) and by species
(including only humans). Moreover, reference lists of included manuscripts and relevant
reviews were examined for any possible unidentified study. The search process was limited
to English and Spanish languages.
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2.2. Eligibility Criteria and Data Extraction

Eligible cohort and case-control studies were selected if they met the following criteria:
(1) included adult participants free of cancer (if prospective) or with no history of previous
cancer (if case-control) at recruitment, except for nonmelanoma skin cancer; (2) overall
or site-specific cancer incidence as an outcome; and (3) estimated and reported hazard
ratio (HR), risk ratio (RR) or odds ratio (OR) with 95% confidence interval (CI) for the link
between any type of sweet beverages and any type of cancer incidence. The exclusion
criteria were: (1) participants with previous cancer history or currently undergoing cancer
treatment; (2) cancer survival and cancer mortality as an outcome; and (3) duplicated
studies. The following data were extracted: first author’s name, publication year, study
name, country, age and sex of the participants, study sample size, number of cases and
controls, follow-up duration, cancer site, type of exposure and amount of intake, dietary
assessment methods, confounders’ adjustment and HR/RR/OR with 95% CI for the larger
degree of adjustment. When time-varying results were reported, those related to baseline
data were extracted.

Three review authors independently performed the literature search, study selection
and data extraction (FL, MG-L, and PU). Disagreements were discussed between all authors
until a consensus was reached.

2.3. Quality Assessment of Included Studies

Two independent review authors (FL and MG-L) examined the methodological quality
of the individual studies using the Risk Of Bias In Non-randomized Studies—of Exposures
(ROBINS-E) [26] tool for cohort studies and the Newcastle–Ottawa Scale (NOS) [27] adapted
for case-control studies. The ROBINS-E tool evaluates the risk of bias by assessing different
domains: confounding variables, selection of participants into the study, classification of
exposures, departures from intended exposures, missing data, measurement of outcomes
and selection of the reported result. Low, moderate or serious risk of bias was established
in each study considering all domains. The NOS assesses the selection of groups (0–4 stars),
adequacy of comparability between groups (adjustment for confounders) (0–2 stars) and
ascertainment of the exposure of interest for case–control studies (0–3 stars). For selection
domain, we considered studies with 0–1, 2–3 and 4 stars as serious bias risk, moderate bias
risk and high-quality risk, respectively. For comparability between groups, we considered
those with 0, 1 and 2 as serious, moderate, and low bias risk, respectively. And finally, for
ascertainment of exposure, we considered those 0, 1–2 and 3 as serious risk, moderate risk
and low bias risk, respectively. In both tools, when data were not enough for judgment, the
domain was classified as ‘no information’.

2.4. Data Synthesis and Statistical Analysis

The first obstacle that we had to overcome was the lack of a unique definition for bev-
erages and a variety of other terms. In this text, the following group terms are used to gen-
eralize these products: SSB for sugar-sweetened beverages (regular soft drinks/sodas, and
non-diet soft drinks/sodas), ASB for artificially sweetened beverages (low and noncaloric
soft drinks/sodas, and diet soft drinks/sodas) and FJ for fruit juices. In addition, two other
terms are used: SB for sweetened beverages that includes both SSBs and ASBs; SFJ for
high-sugar (added or natural) beverages that includes both SSBs and FJs. The quantity
of each beverage was provided mostly as categories of frequency of consumption, either
in amount (mL or g/day) or serving sizes (cans for SSBs and ASBs, glasses for FJs). To
unify the data, we converted the categories to mL/day, based on the study-specific serving
size for each beverage. When the serving size was not reported, we referred the national
data of each study. Thus, we considered one can equal to 330 mL and one glass equal
to 200 mL for European countries [28], one can equal to 360 mL and one glass equal to
240 mL for the United States [29], and one can equal to 375 mL for Australia [30]. One US
study [31] expressed consumption as grams of sugar, and we weighed up an average of
10.5 g of sugar per 100 mL of SSB and an average of 9.6 g of sugar per 100 mL of FJ. This
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was calculated based on the sugar content of different commercially available products of
popular brands [32].

Prior to the analysis, the selected studies were classified by outcome (cancer incidence
by site) and exposure (SB, SSB, ASB, FJ and SFJ). Data were summarized in a narrative
manner and a meta-analysis was performed only if at least three studies reported data
for the same exposure and outcome. In the meta-analysis, results for the total number of
participants were considered. Separate analyses were considered (e.g., European-American
and African-American women) when the article did not report indices for total population.
In the same manner, if studies reported data for specific beverages (e.g., caffeinated and non-
caffeinated SSBs), results for the total beverage group (e.g., total SSBs) were weighted up.
Despite having extracted data on fruit and vegetables juices together, for the meta-analysis
we considered the studies that indicated FJs as the predominant beverage consumed. The
meta-analysis was performed by pooling the multivariable-adjusted RR/HR/OR of the
highest category of the exposure versus the lowest one, and random effects models were
assumed. If statistical outliers were identified, secondary analyses were performed (without
outliers) to remove possible sources of heterogeneity. An outlier was considered when
its 95% CI lied outside the 95% CI of the pooled effect. To further explain heterogeneity,
we performed subgroup and sensitive analyses, dividing studies according to design
(cohort/case-control), country (US/non-US, mostly European), level of overall risk of bias
(serious/low-moderate) and beverage intake category (high vs. non-consumer/high vs.
low). We used Cochran’s Q, I2 and Tau2 statistics to measure between-study heterogeneity.
The statistical analysis was performed with the Metafor package [33] of the R software,
version 4.0.1. P values < 0.05 were considered statistically significant.

3. Results
3.1. Literature Search and Study Characteristics

The study selection process according to PRISMA guidelines is reported in Figure 1.
In total, 869 potential publications were identified from the databases (PubMed, Web of
Science and SCOPUS) and other sources. After removing duplicates, 596 articles were
selected, from which 435 were excluded based on titles and 26 on abstracts. Of 135 eligible
articles, 71 were excluded due to the following reasons: 59 did not report risk index
for sweet beverages and cancer incidence, 3 full-texts were not available, 7 considered
other outcomes, 1 case-control study included controls with cancer at recruitment and
1 publication was not in English or Spanish. Finally, 64 studies were included in the
systematic review, 27 cohort [23,24,28,31,34–56] and 37 case-control studies [57–93]. Of
these, 27 studies were meta-analyzed.

Of the included studies, 29 were performed in the United States (US), 17 in Europe, 6 in
Asia, 5 in Canada, 3 in Australia, 2 in Latin-America, 1 in Egypt and 1 was multinational
(Italy, Spain, Poland, Northern Ireland, India, Cuba, Canada, Australia and Sudan). They
usually included both male and female participants. Ages ranged from 18 to 97 years. The
27 cohort studies were published between 2003 and 2020 and enrolled 4,458,056 participants
in total, of which 30,646 developed cancer. Mean duration of the follow-up in cohort studies
varied from 2 to 20 years. The 37 case-control studies were published between 1985 and
2019. In total, they enrolled 20,827 cancer cases and 34,315 controls. Most of the controls
were selected from the general population.
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Figure 1. Prisma diagram.

Sweet beverage consumption in both cohort and case-control studies was expressed
as categorical or continuous variables. Exposure assessment was collected using food
frequency questionnaires (FFQ), 24-h dietary recalls (24-H DR), dietary questionnaires
(DQ), interviews, or surveys. Among all the studies, 37 types of cancer were considered
as an outcome and 4 cohorts reported data for overall cancer risk, including different
types of cancer [23,50,52,54]. In most of the studies, the outcome was confirmed by a
medical diagnosis. Overall characteristics of the included studies are summarized in
Table 1. Results of the meta-analysis for the random-effect model are summarized in
Table 2 and for the subgroup analysis in Table S1.
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Table 1. Overall characteristic of the included studies.

Breast Cancer (Breast, Pre- and Post-Menopausal)

Source Country, Study Name Cancer Type Study Design Population Follow-Up
(Years) Cases Age (Mean/SD

or Range) Sex (%) Dietary Assessment
Method

Type and Amount of Beverages Intake
+

HR/RR/OR
(95% CI) Adjustments

Chandran et al., 2006
[57]

US,
WCHS

Breast

PB case-control 3148

1558

20–75 F (100) 125-item FFQ

SSB: ≥152 vs. <152 mL/day OR: 0.97 (0.74–1.27) (AA)
OR:1.31 (0.91–1.89) (EA)
OR: 1.17 (0.79–1.74) (AA)
OR: 0.95 (0.58–1.56) (EA)
OR: 0.76 (0.51–1.12) (AA)
OR: 2.05 (1.13–3.7) (EA)

Age, ethnicity, country,
education, age at menarche,
menopause and first birth,

MS, parity, BF status, history
of benign breast disease,

family history of BC, HRT, OC
use, BMI, and study site.

Pre-M 797 SSB: ≥152 vs. <152 mL/day

Post-M 761 SSB: ≥152 vs. <152 mL/day

Chazelas et al., 2019
[23]

France,
NNS

Breast

Cohort 101,257
5.1 (median)

693

42.2/14.4 F (78) 24H-DR

SFJ: >123 vs. <38.1 mL/day (cut-off)
SFJ: increase by 100 mL/day

SSB: >57.1 vs. <13.6 mL/day (cut-off)
SSB: increase by 100 mL/day

ASB: >11.6 vs. <4.6 mL/day (cut-off)
ASB: increase by 10 mL/day

FJ: >81.9 vs. <17.0 mL/day (cut-off)
FJ: increase by 100 mL/day

SFJ: >123 vs. <38.1 mL/day (cut-off)
SFJ: increase by 100 mL/day

SSB: >57.1 vs. <13.6 mL/day (cut-off)
SSB: increase by 100 mL/day

ASB: >11.6 vs. <4.6 mL/day (cut-off)
ASB: increase by 10 mL/day

FJ: >81.9 vs. <17.0 mL/day (cut-off)
FJ: increase by 100 mL/day

SFJ: >123 vs. <38.1 mL/day (cut-off)
SFJ: increase by 100 mL/day

SSB: >57.1 vs. <13.6 mL/day (cut-off)
SSB: increase by 100 mL/day

ASB: >11.6 vs. <4.6 mL/day (cut-off)
ASB: increase by 10 mL/day

FJ: >81.9 vs. <17.0 mL/day (cut-off)
FJ: increase by 100 mL/day

HR: 1.37 (1.08–1.73)
HR: 1.22 (1.07–1.39)
HR: 1.10 (0.87–1.39)
HR: 1.23 (1.03–1.48)
HR: 1.33 (0.98–1.75)
HR: 0.97 (0.86–1.09)
HR: 1.13 (0.91–1.39)
HR: 1.15 (0.97–1.35)
HR: 1.28 (1.09–1.83)
HR: 1.26 (1.04–1.51)
HR: 1.68 (1.45–1.74)
HR: 1.34 (1.15–1.70)
HR: 1.23 (0.52–2.53)
HR: 0.95 (0.81–1.13)
HR: 0.98 (0.67–1.43)
HR: 1.10 (0.85–1.41)
HR: 1.44 (1.05–1.99)
HR: 1.19 (0.98–1.44)
HR: 0.99 (0.72–1.39)
HR: 1.08 (0.79–1.47)
HR: 1.10 (0.55–2.12)
HR: 1.01 (0.86–1.18)
HR: 1.24 (0.95–1.61)
HR: 1.19 (0.96–1.48)

Smoking, education, PA, BMI,
and height.

Pre-M 283

Post-M 410

Hirvonen et al., 2006
[51] France, SUVIMAX Breast Cohort 4396

6.6 95 35–60 F (100) 24H-DR FJ: >150 mL/day vs. none RR: 1.29 (0.80–2.09)
Age, smoking, number of
children, OC use, family
history of BC, and MS.

Makarem et al., 2018
[52] US Breast Cohort 3184

4 128 54.3 F (53) FFQ
SFJ: >324 vs. <135 mL/day (cut-off)

SSB: >51.4 mL/day vs. none
FJ: >180 vs. <38.6 mL/day (cut-off)

HR: 1.00 (0.65–1.57)
HR: 1.04 (0.64–1.71)
HR: 1.03 (0.67–1.62)

Age, smoking, BMI, EI,
alcohol, PA, education, MS, nº

of live births, WC, DM and
CVD, antioxidant use, energy
from fat, and diet soda intake.

Marzbani et al., 2019
[58] Iran Breast HB case-control 620 212 40.2 F (100) 11-item healthcare

form
SB 7: favorable intake vs. ≤1

time/month OR: 2.8 (1.9–4.3) Age, education, and BMI

McLaughlin et al., 1992
[69] US Breast PB case-control 3234 1617 56.7 F (100) SQ-interview SB 2: ever vs. never OR: 1.08 (0.92–1.26)

Age, alcohol, country, race,
MS, age at first live birth,

diagnosis of benign cancers,
and family history of BC.

Potischman et al., 2002
[80] US Breast PB case-control 2019 568 20–44 F (100) 100-item FFQ SSB: ≥320 mL/day vs. none OR: 1.09 (0.8–1.5)

Age at diagnosis, study site,
race, education, alcohol

consumption, years of OC
use, smoking, BMI, and EI.
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Table 1. Cont.

Romanos-Nanclares
et al., 2019 [53]

Spain

Breast

Cohort 10,713
2

100

33.0 (median) F (100) FFQ

SSB: >47.1 vs. <11 mL/day HR: 1.36 (0.74–2.50)
Age, height, family history of
BC, smoking, PA, BMI, age at

menarche and menopause,
MS, HRT, number of

pregnancies >6 month and
before 30 years old, months of

BF, alcohol, education, DM,
GI, EI, U-P food and coffee

consumption, and Med-diet
adherence.

Pre-M 57 SSB: ≥11 mL/day vs. none HR: 1.16 (0.66–2.07)

Post-M 43 SSB: >47.1 vs. <11 mL/day HR: 2.12 (1.01–4.41)

Hodge et al., 2018 [54] Australia, MCCS Post-M Cohort 35,593
19 946 54.6 F (100) 121-item FFQ SSB: ≥200 vs. <6.7 mL/day

ASB: ≥200 vs. <6.7 mL/day
HR: 1.11 (0.85–1.45)
HR: 0.95 (0.73–1.25)

Socioeconomic indexes,
country of birth, alcohol

intake, smoking, PA,
Med-diet score, and sex. ASB
also for SSB consumption and

WC.

Nomura et al., 2016 [55] US,
BWHS

Breast
Pre-M
Post-M

Cohort 49,103
13.8

1827
678
826

21–69 F (100) FFQ
SSB: ≥250 mL/day vs. none
SSB: ≥250 mL/day vs. none
SSB: ≥250 mL/day vs. none

HR: 0.71 (0.50–1.02)
HR: 1.72 (0.91–3.23)
HR: 1.11 (0.77–1.61)

Age, geographic region of
residence, EI, smoking, family
history of BC, education, MS,

OC use, parity, HRT, BMI,
alcohol, PA, and sedentary

time.

Colorectal and Rectal Cancer

Source Country, Study Name Cancer Type Study Design Population Follow-Up
(Years) Cases Age (Mean/SD

or Range) Sex (%) Dietary Assessment
Method

Type and Amount of Beverages
Intake +

HR/RR/OR
(95% CI) Adjustments

Bener et al.,
2010 [88] Qatar Colorectal HB case-control 428 146 53.4 M (58) DQ SB: ≥330 vs. ≤47.1 mL/day OR: 1.62 (1.19–2.17) Not reported

Chazelas et al., 2019
[23]

France Colorectal Cohort 101,257
5.1 (median) 166 42.2 (14.4) F (78) 24H-DR

SFJ:
>123 vs. <38.1 mL/day (F);

>141.7 vs. <46.1 mL/day (M) (cut-off)
increase by 100 mL/day

SSB:
>57.1 vs. <13.6 mL/day (F);

>65.5 vs. < 14.0 mL/day (M) (cut-off)
increase by 100 mL/day

ASB:
>11.6 vs. <4.6 mL/day (F);

>7.9 vs. < 2.7 mL/day (M) (cut-off)
increase by 10 mL/day

FJ:
>81.9 vs. <17.0 mL/day (F);

>97.8 vs. <19.9 mL/day (M) (cut-off)
increase by 100 mL/day

HR: 1.07 (0.63–1.80)

Smoking, education, PA, BMI,
and height.

HR: 1.10 (0.84–1.46)

HR: 1.01 (0.59–1.71)

HR: 1.11 (0.72–1.71)

HR: 0.80 (0.44–1.46)

HR: 1.02 (0.94–1.10)

HR: 1.19 (0.78–1.82)

HR: 1.05 (0.75–1.46)

Hodge et al., 2018 [54] Australia, MCCS Colorectal Cohort 35,593
19 1055 54.6 M/F 121-item FFQ SSB: ≥200 vs. <6.7 mL/day

ASB: ≥200 vs. <6.7 mL/day
HR: 1.28 (1.04–1.57)
HR: 0.79 (0.60–1.06)

Socioeconomic indexes,
country, alcohol, smoking, PA,
Med-diet score, and sex. ASB
also for SSB consumption and

WC.

Makarem et al., 2018
[52] US Colorectal Cohort 3184

4 68 54.3 F (53) FFQ
SFJ: >362.6 vs. <154.3 mL/day (cut-off)

SSB: >180 vs. <25.7 mL/day (cut-off)
FJ: >180 vs. < 48.9 mL/day (cut-off)

HR: 1.39 (0.68–2.82)
HR: 0.96 (0.51–1.82)
HR: 1.66 (0.88–3.12)

Age, smoking, BMI, EI,
alcohol, PA, education, MS, nº

of live births, WC, DM and
CVD, antioxidant use, energy
from fat, and diet soda intake.

Mahfouz et al., 2014
[89] Egypt Colorectal HB case-control 450

1 150 <20–>60 F (52) DQ SB: daily vs. not daily
FJ: daily vs. not daily

OR: 4.6 (1.9–11.01)
OR: 0.18 (0.09–0.36) Not reported
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Pacheco et al., 2019 [56] US Colorectal Cohort 99,798
20.1 (median) 1318 52.0 (13.5) F (100) FFQ SSB: ≥60 mL/day vs. never/rare HR: 1.14 (0.86–1.53)

Age, BMI, EI, smoking,
alcohol, family history of CR

polyps, multivitamin use, and
HT.

Tayyem et al., 2018 [90] Jordan Colorectal HB case-control 501
2 220 52 F (51) Q-DQ SB: daily vs. rarely

OJ: daily vs. rarely
OR: 1.39 (0.73–2.63)
OR: 1.07 (0.45–2.55)

Age, sex, work status, income,
PA, marital status, EI,

education, other diseases, and
history of CR cancer.

Theodoratou et al.,
2014 [91] Scotland Colorectal PB case-control 4838

7.0 2062 64.3 M/F FFQ SSB: increase by 330 mL/day
FJ: increase by 200 mL/day

OR: 1.12 (1.05–1.19)
OR: 1.19 (1.11–1.27)

Age, sex, BMI, PA, family
history of CR cancer, EI,

NSAIDs, eggs, FJ, SSB, white
fish, coffee, and magnesium

intake.

Murtaugh et al., 2004
[92] US Rectal PB case-control 2157

4 952 30–79 M (57) Interview

SSB: yes vs. no (M)
SSB: yes vs. no (F)

ASB: yes vs. no (M)
ASB: yes vs. no (F)

J: >449 vs. ≤58.3 mL/day (M);
J: >596.6 vs. ≤44.6 mL/day (F)

OR: 1.00 (0.80–1.26)
OR: 0.96 (0.73–1.27)
OR: 1.28 (0.98–1.68)
OR: 0.90 (0.67–1.22)
OR: 0.92 (0.63–1.34)
OR: 1.56 (1.00–2.41)

Age, PA, EI, and dietary fiber
and calcium intake.

Esophageal Cancers (Esophagus-Gastric Junction, Esophageal Adenocarcinoma, Squamous Cell Carcinoma)

Source Country, Study Name Cancer Type Study Design Population Follow-Up
(Years) Cases Age (Mean/SD

or Range) Sex (%) Dietary Assessment
Method

Type and Amount of Beverages
Intake +

HR/RR/OR
(95% CI) Adjustments

Ibiebele et al., 2008 [93] Australia

AEGJ

PB case-control 2341
4

325

18–79 M (71) FF

SB 7: ≥375 mL/day vs. none

SSB 7: yes vs. no

ASB 7: yes vs. no

SB 7: ≥375 mL/day vs. none

SSB 7: yes vs. no

ASB 7: yes vs. no

SB 7: ≥375 mL/day vs. none

SSB 7: yes vs. no

ASB 7: yes vs. no

OR: 1.07 (0.67–1.73)
OR: 0.63 (0.43–0.92)
OR: 0.77 (0.46–1.29)
OR: 0.94 (0.53–1.66)
OR: 1.20 (0.79–1.81)
OR: 0.71 (0.37–1.37)
OR: 0.40 (0.20–0.78)
OR: 0.70 (0.47–1.03)
OR: 0.46 (0.25–0.85)

Age, sex, BMI, EI, alcohol,
smoking, education,

heartburn, and acid reflux
symptoms.

EAC 294

SCC 238

Mayne et al., 2006 [59] US

EAC

PB case-control 1782

228
65 Q1, 59.3 Q4 M (78 Q1,

82 Q4)
Proxy and

self-interviewed

SSB 7: ≥355 vs. 10.7 mL/day OR: 0.47 (0.29–0.76)
Age, sex, center, race, proxy

interview status, BMI, EI,
alcohol and meat intake,

cigarettes/day, education,
income, and frequency of

reflux symptoms.
SCC 206 SSB 7: ≥355 vs. 10.7 mL/day OR: 0.85 (0.48–1.52)

Ren et al., 2010 [34] US,
NIH-AARP-DHS

EAC

Cohort 481,563
2

305

50–71 M (59) 124-item FFQ
SB: ≥355 vs. ≤355 mL/day HR: 1.11 (0.66–1.85) Age, sex, smoking, alcohol, EI,

BMI, education, ethnicity, PA,
and daily intake of fruit,

vegetables, red meat, and
white meat.

SCC 123 SB: ≥355 vs. ≤355 mL/day HR: 0.85 (0.46–1.56)

Stomach Cancers (Gastric Cardia, Gastric Noncardia)

Source Country, Study Name Cancer Type Study Design Population Follow-Up
(Years) Cases Age (Mean/SD

or Range) Sex (%) Dietary Assessment
Method

Type and Amount of Beverages Intake
+

HR/RR/OR
(95% CI) Adjustments

Hodge et al., 2018 [54] Australia, MCCS Gastric cardia Cohort 35,593
19 165 54.6 M/F 121-item FFQ SSB: ≥200 vs. <6.7 mL/day

ASB: ≥200 vs. 6.7 mL/day
HR: 1.17 (0.73–1.89)
HR: 1.03 (0.53–1.98)

Socioeconomic indexes,
country, alcohol, smoking, PA,
Med-diet score, and sex. ASB

also for SSB consumption
and WC.
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Mayne et al., 2006 [59] US Gastric cardia
Gastric noncardia

PB case-control 1782

255

65 Q1, 59.3 Q4 M (78 Q1,
82 Q4)

Proxy and
self-interviewed

SSB 7: ≥355 vs. <10.7 mL/day OR: 0.74 (0.46–1.16) Age, sex, center, race, proxy
interview status, BMI, EI,
alcohol and meat intake

cigarettes/day, education,
incomes, and frequency of

reflux symptoms.352 SSB 7: ≥355 vs. <10.7 mL/day OR: 0.65 (0.43–0.98)

Ren et al., 2010 [34] US,
NIH-AARP-DHS

Gastric cardia
Gastric noncardia Cohort 481,563

2

231
50–71 M (59) 124-item FFQ

SB: ≤355 vs. ≥355 mL/day HR: 0.89 (0.55–1.45) Age, sex, smoking, alcohol, EI,
BMI, education, ethnicity, PA

and daily intake of fruit,
vegetables, and white meat.

224 SB: ≥355 vs. ≤355 mL/day HR: 0.75 (0.45–1.24)

Pancreatic Cancer

Source Country, Study Name Cancer Type Study Design Population Follow-Up
(Years) Cases Age (Mean/SD

or Range) Sex (%) Dietary Assessment
Method

Type and Amount of Beverages Intake
+

HR/RR/OR
(95% CI) Adjustments

Bao et al., 2008 [42] US,
NIH-AARP-DHS Pancreatic Cohort 487,922

7.2 1258 50–71 F (41) 124-item FFQ
SB: 816.9 mL/day (median) vs. none

SSB: 512.8 mL/day (median) vs. none
ASB: 816.9 mL/day (median) vs. none

RR: 1.07 (0.86–1.33)
RR: 1.01 (0.77–1.31)
RR: 1.11 (0.86–1.44)

Age, sex, race, education,
BMI, alcohol, smoking, PA, EI,

and foliate intake. SSB and
ASB were mutually adjusted.

Chan et al., 2009 [76] US,
SFB Pancreatic PB case-control 2233 532 21–85 M (53) 131-item FFQ

SB: ≥355 mL/day vs. none

SB 7: ≥355 mL/day vs. none

SSB 7: ≥355 mL/day vs. none

ASB 7: ≥355 mL/day vs. none

SSB 4: ≥355 mL/day vs. none

OR: 1.0 (0.7–1.3)
OR: 1.1 (0.8–1.5)
OR: 0.9 (0.6–1.3)
OR: 1.5 (1.1–2.1)
OR: 1.0 (0.6–1.8)

Age, sex, EI, BMI, race,
education, smoking, history
of DM, PA, red and white
meat, fruit and vegetables,

eggs, dairy, whole and refine
grained, and sweets. SSB and
ASB were mutually adjusted.

Gallus et al., 2011 [77] Italy Pancreatic HB case-control 978
7 326 63 (median) M (53) FFQ SB 7: ≥150 vs. <150 mL/day OR: 1.02 (0.72–1.44)

Age, sex, study center,
education, BMI, smoking,

alcohol, EI, family history of
pancreatic cancer, and DM.

Gold et al., 1985 [78] US Pancreatic HB, PB case-control 676 274 66.1 F (53) Interview ASB: ever vs. never OR: 0.66 (0.38–1.2) Religion, occupation,
smoking, and alcohol.

Larsson et al., 2006 [41] Sweden,
SMC, COSM Pancreatic Cohort 77,797

7.2 131 60.8 F (45) FFQ SB: ≥500 mL/day vs. none HR: 1.93 (1.18–3.14) Age, sex, education, smoking,
BMI, and EI.

Lyon et al.,
1992 [79] US Pancreatic PB case-control 512 149 40–79 M/F DQ SB (caff): ever vs. never OR: 1.31 (0.89–1.94) Unadjusted.

Mack et al., 1986 [81] US Pancreatic PB case-control 980 490 18–65 M (58) Proxy and direct
Interview SB 7: ≥1650 vs. <1320 mL/day RR: 2.6 (0.9–7.4) Not reported

Mueller et al., 2010 [43] China and Singapore,
SCHS Pancreatic Cohort 60,524

14 140 56.5 F (56) FFQ
SB: ≥67.7 mL/day vs. none

J 5: ≥67.7 mL/day vs. none
HR: 1.87 (1.10–3.15)
HR: 1.31 (0.74–2.30)

Age, sex, smoking, BMI,
alcohol, EI, PA, DM,

education, added sugar, and
candy. SB and J were
mutually adjusted.

Nothlings et al., 2007
[44] US Pancreatic Cohort 162,150

8 434 59.8 F (55) FFQ
SSB: ≥151.4 mL/2000 kcal/day vs.

none
FJ: ≥120 vs. < 9.4 mL/2000 kcal/day

RR: 1.07 (0.82,1.41)
RR: 1.08 (0.83,1.41)

Age, sex, smoking, BMI, EI,
time on study, race, family

history of pancreatic cancer,
intake of red, and processed

meat.

Navarrete-Muñoz et al.,
2016 [45]

10 European countries
† , EPIC

Pancreatic Cohort 477,206
11.4 865 51 F (70) DQ- country specific

SB: >196.4 vs. 0.1–13.1 mL/day
SB: increase by 100 mL/day

SSB: >121.4 vs. 0.1-4.5 mL/day
SSB: increase by 100 mL/day

ASB: >92.2 vs. 0.1-2.0 mL/day
ASB: increase by 10 mL/day

FJ 6: >123.1 vs. 0.1-8.3 mL/day

FJ 6: increase by 100 mL/day

HR: 0.90 (0.68–1.19)
HR: 1.02 (0.98–1.06)
HR: 0.90 (0.65–1.25)
HR: 1.02 (0.97–1.08)
HR: 0.99 (0.61–1.60)
HR: 1.02 (0.96–1.08)
HR: 0.74 (0.57–0.97)
HR: 0.91 (0.84–0.98)

Age, sex, smoking, BMI,
alcohol, EI, study center, PA,

and DM. FJ and SB were
mutually adjusted.

Schernhammer et al.,
2005 [46]

US,
HPFS, NHS Pancreatic Cohort

136,587
14 HPFS,
20 NHS

379 53.7 F (65) FFQ SSB: <143.6 vs. > 11.2 mL/day
ASB: <143.6 vs. > 11.2 mL/day

RR: 1.13 (0.81–1.58)
RR: 1.02 (0.79–1.32)

Age, sex, smoking, BMI,
follow-up cycle, PA, DM, and

other soft drink intake.
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Table 1. Cont.

Genitourinary Cancers (Prostate, Renal Cell, Urinary Bladder, Urothelial Cell)

Source Country, Study Name Cancer Type Study Design Population Follow-Up
(Years) Cases Age (Mean/SD

or Range) Sex (%) Dietary Assessment
Method

Type and Amount of Beverages
Intake +

HR/RR/OR
(95% CI) Adjustments

Bruemmer et al., 1997
[60] US Bladder PB case-control 620 215 45–65 M (62) Interview SSB: >240 vs. < 8 mL/day

OR: 0.4 (0.2–1.1) (M)
OR: 5.7 (1.2–26.9) (F)

OR: 1.6 (0.7–3.6) (M) OR: 2.3
(0.8–6.3) (F)

Age, country, and smoking.
ASB: >240 < 8 mL/day

De Stefani et al., 2007
[61] Uruguay Bladder HB case-control 756 255 30–89 M (88) 64-item FFQ SB: ≥142 vs. <142 mL/day OR: 1.1 (0.7–1.7)

Age, sex, residence, education,
familiar history of UBC, BMI,
occupation, smoking, intake
of mate, coffee, tea, and milk.

Hemelt et al., 2010 [62] China Bladder HB case-control 792
3 400 65.8 M (79) DQ SB: consumers vs. none

FJ: daily vs. none
OR: 2.01 (1.10–3.68)
OR: 0.66 (0.26–1.66)

Age, sex, smoking, and
frequency and duration of

smoking.

Radosavljević et al.,
2003 [63] Serbia Bladder HB case-control 260 130 64.9 M (79) 101-item FFQ SB: >15.7 mL/day (mean) vs. none

FJ: >11.6 mL/day (mean) vs. none
OR: 4.73 (2.72–8.18)
OR: 0.30 (0.18–0.50) Smoking

Turati et al., 2015 [64] Italy Bladder HB case-control 1355 665 67 (median) M (76) DQ SB 2: ≥47 mL/day vs. none OR: 1.04 (0.73–1.49)

Age, sex, study center, year of
interview, smoking,

education, alcohol, BMI, and
family history of UBC and

cystitis.

Wang, 2013 [65] US Bladder HB case-control 2306 1007 64.4 M (78) FFQ
SB: ≥255.6 mL/day vs. none
SSB: ≥126 mL/day vs. none

ASB: ≥309.6 mL/day vs. none

OR: 1.34 (1.05–1.70)
OR: 1.27 (1.02–1.58)
OR: 1.06 (0.85–1.32)

Age, sex, ethnicity, EI, and
smoking.

Chazelas et al., 2019
[23] France Prostate Cohort 101,257

5.1 (median) 291 42.2/4.4 M (100) 24H-DR

SFJ: >141.7 vs. <46.1 mL/day (cut-off)
SFJ: increase by 100 mL/day

SSB: >65.5 vs. <14.0 mL/day (cut-off)
SSB: increase by 100 mL/day

ASB: >7.9 vs. <2.7 mL/day (cut-off)
ASB: increase by 10 mL/day

FJ: >97.8 vs. <19.9 mL/day (cut-off)
FJ: increase by 100 mL/day

HR: 1.39 (0.96–2.02)
HR: 1.10 (0.92–1.31)
HR: 1.19 (0.83–1.72)
HR: 1.24 (0.95–1.62)
HR: 1.33 (1.01–1.75)
HR: 0.57 (0.24–1.34)
HR: 1.04 (0.76–1.42)
HR: 0.97 (0.79–1.2)

Smoking, education, PA, BMI,
and height.

Drake et al., 2012 [35] Sweden,
MDC Prostate Cohort 8128

14.9 817 45–73 M (100)
168-item FFQ,

7-d menu book
Interview

SSB: 297.8 mL/day (median) vs. none
FJ: 200 mL/day (median) vs. none

HR: 1.13 (0.92–1.38)
HR: 0.99 (0.81–1.22)

Age, year of study entry, time
of data collection, EI, height,
WC, PA, smoking, education,

birth in Sweden, alcohol,
calcium and selenium intake,

and risk by death from all
causes except PC.

Ellison et al., 2000 [36] Canada,
NCSS Prostate Cohort 3400

23 201 50–84 M (100) FFQ
SB 2: ≥100 mL/day vs. none

SB 2: ≥any vs. none
RR: 1.29 (0.74–2.26)
RR:1.09 (0.78–1.35)

Age, alcohol, smoking, BMI,
fiber, and EI.

Hodge et al., 2018 [54] Australia, MCCS Prostate Cohort 35,593
19 433 54.6 M (100) 121-item FFQ SSB: ≥200 vs. <6.7 mL/day

ASB: ≥200 vs. <6.7 mL/day
HR: 1.08 (0.78–1.50)
HR: 0.81 (0.49–1.33)

Socioeconomic indexes,
country of birth, alcohol,

smoking, PA, and Med-diet
score. ASB also for SSB
consumption and WC.

Jain et al., 1998 [66] Canada Prostate PB case-control 1253 617 69.8 M (100) Q-DH SB 2: >200 mL/day vs. none OR: 0.79 (0.53–1.17) Age, EI

Makarem et al., 2018
[52] US Prostate Cohort 3184

4 157 54.3 M (100) FFQ
SFJ: >401 vs. <212.1 mL/day (cut-off)
SSB: >180 vs. <25.7 mL/day (cut-off)
FJ: >180 vs. <48.9 mL/day (cut-off)

HR: 1.06 (1.03–1.09)
HR: 1.38 (0.80–2.38)
HR: 1.03 (1.01–1.06)

Age, smoking, BMI, EI,
alcohol, PA, education, WC,
DM, CVD, antioxidant use,

and energy from fat and diet
soda intake.
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Table 1. Cont.

Miles et al., 2018 [31] US Prostate Cohort 22,720
9

1996 65.6 (5.9) M (100) FFQ SSB: >183 vs. <6 mL/day (cut-off)
FJ: >190 vs. <24 mL/day (cut-off)

HR: 1.21 (1.06–1.39)
HR: 1.07 (0.94–1.22)

Age, sex, smoking, BMI, EI,
DM, education, race, family

history of PC, and PSA
screens.

Sharpe et al., 2002 [67] Canada Prostate PB case-control 875 399 61.5 M (100) Interviews
or DQ

SB 7: daily drank vs. never drank
weekly OR: 1.0 (0.7–1.4)

Age, ethnicity, socioeconomic
status, BMI, cumulative
cigarette smoking, and

alcohol.

Hodge et al., 2018 [54] Australia, MCCS Renal cell Cohort 35,593
19 146 54.6 M/F 121-item FFQ SSB: ≥200 vs. <6.7 mL/day

ASB: ≥200 vs. <6.7 mL/day
HR: 1.48 (0.87–2.53)
HR: 0.92 (0.46–1.84)

Socioeconomic indexes,
country of birth, alcohol,

smoking, PA, Med-diet score,
and sex. ASB also for SSB

consumption and WC

Hu et al., 2009 [68] Canada Renal cell PB case-control 6177 1138 20–80 M (51) FFQ

SB: >230 mL/day vs. none
SB: increase by 230 md

J: >236 vs. ≤23 mL/day
J: increase by 118 mL/day

OR: 1.26 (0.96–1.67)
OR: 1.05 (0.97–1.13)
OR: 1.53 (1.18–1.99)
OR: 1.08 (1.04–1.13)

10-year age groups, province,
education, BMI, sex, EI,

smoking, intake of alcohol
meat, vegetables, and fruits.

Lee et al., 2006 [37] US Renal cell Cohort
136,587

14 HPFS
20 NHS

248 53.7 F (65) FFQ

SB: ≥670 vs. <47.9 mL/day
SSB: increase by 335 mL/day
ASB: increase by 335 mL/day

FJ: increase by 335 mL/day

RR: 1.03 (0.64–1.68)
RR: 0.95 (0.69–1.31)
RR: 0.97 (0.82–1.15)
RR: 1.06 (0.88–1.28)

BMI, EI, alcohol, smoking,
history of HT, DM,

multivitamin use, and parity.

Maclure and Willet,
1990 [70] US Renal cell PB case-control 430 203 30–>80 M (67) FFQ

SB: >480 vs. <68.6 mL/day
ASB: >480 vs. <68.6 mL/day
FJ: ≥ 480 vs. ≤ 34.3 mL/day

OR: 2.6 (1.4–4.8)
OR: 2.7 (1.1–6.5)

OR: 0.56 (0.22–1.4)

Age, sex, body weight/height,
EI, and education

Ros et al., 2011 [38]
10 European countries

† , EPIC
Urothelial cell Cohort 233,236

9.3 513 25–70 F (71) DQ-country specific

SB: ≥99 vs. <8 mL/day (M);
≥20 vs. <8 mL/day (F)

FJ: ≥72 vs. <8 mL/day (M);
≥79 vs. 8 mL/day (F)

HR: 1.03 (0.83–1.30)
HR: 1.32 (1.05–1.66)

Smoking, EI from fat and
nonfat sources. Stratified by
age at entry, sex, and center.

Gynecological Cancers (Cervical, Endometrial, Epithelial Ovarian, Ovarian)

Source Country, Study Name Cancer Type Study Design Population Follow-Up
(Years) Cases Age (Mean/SD

or Range) Sex (%) Dietary Assessment
Method

Type and Amount of Beverages
Intake +

HR/RR/OR
(95% CI) Adjustments

Herrero et al., 1991 [71] Colombia, Costa Rica,
Mexico and Panama Cervical HB, PB case-control 2033 622 46.5 F (100) FFQ FJ: >240 vs. <0.8 mL/day OR: 0.90 (0.7–1.2)

Age, study site, age at 1st
intercourse, number of sexual

partners and pregnancies,
presence of HPV 16/18,

interval since last Pap smear,
and number of household

facilities.

Verreault et al. 1989
[72] US Cervical PB case-control 416 189 20–74 F (100) 66-items FFQ FJ: ≥ 355 vs. ≤ 48 mL/day RR: 0.3 (0.2–0.6)

Age, education, smoking,
frequency of Pap smears, use
of barrier and OC, history of

cervical-vaginal infection, age
at first intercourse, and

number of sexual partners.

Inoue-Choi et al., 2013
[39]

US

Endometrial type I

Cohort 23,039
14

506

61.6 F (100) FFQ

SFJ: >424.3 vs. ≤55.7 mL/day
SSB: >87.4 mL/day vs. none
ASB: >144 mL/day vs. none
FJ: >288 vs. ≤20.6 mL/day

SFJ: >424.3 vs. ≤55.7 mL/day
SSB: >87.4 mL/day vs. none
ASB: >144 mL/day vs. none
FJ: >288 vs. ≤20.6 mL/day

HR: 1.48 (1.09–2.00)
HR: 1.78 (1.32–2.40)
HR: 0.77 (0.59–1.01)
HR: 1.16 (0.87–1.56)
HR: 1.09 (0.55–2.15)
HR: 1.31 (0.63–2.69)
HR: 0.89 (0.48–1.68)
HR: 0.97 (0.50–1.88)

Age, smoking, BMI, PA,
alcohol, HRT, age at menarche
and at menopause, number of

live births, DM, and
coffee intake.Endometrial type II 89
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Hodge et al., 2018 [54] Australia, MCCS

Endometrial

Cohort 35,593
19

167

54.6 F (100) 121-item FFQ

SSB: ≥200 vs. <6.7 mL/day
ASB: ≥200 vs. <6.7 mL/day
SSB: ≥200 vs. <6.7 mL/day
ASB: ≥200 vs. <6.7 mL/day

HR: 1.02 (0.54–1.91)
HR: 0.81 (0.42–1.55)
HR: 1.35 (0.71–2.56)
HR: 1.37 (0.72–2.61)

Socioeconomic indexes,
country of birth, alcohol,

smoking, PA, Med-diet score,
and sex. ASB also for SSB

consumption and WC.Ovarian 130

King et al., 2013 [73] US Epithelial ovarian PB case-control 595
7 205 >21 F (100) FFQ and Interview

SSB: ≥151.2 vs. <21.6 mL/2000
kcal/day

SSB: increase by 360 mL/day

OR: 1.31 (0.77–2.24)
OR: 1.63 (0.94–2.83)

Age, education, race, age at
menarche, MS, parity, OC use,
HRT, BMI, smoking, PA, DM,
tubal ligation, intake of fiber,

fat, and saturated fat.

Leung et al., 2016 [74] Canada Epithelial ovarian PB case-control 2111
11 524 40–79 F (100) FFQ and Interview SB: >9.9 mL/day vs. none OR: 0.97 (0.72–1.31)

Age, race, education, BMI,
smoking, alcohol, history of
ovarian/breast cancer, OC
use, parity, MS, HRT, and

study site.

Song et al., 2008 [75] US Epithelial ovarian PB case-control 2050
3 781 35–74 F (100) FFQ

SB 3 (caff): ≥720 mL/day vs. none

SB 3 (not caff): ≥720 mL/day vs. none
OR: 1.51 (1.03–2.22)
OR: 2.60 (1.25–5.39)

Age, BMI, education,
smoking, race, country, years

of diagnosis, number of
pregnancies, OC use,

hysterectomy, and family
history of

breast/ovarian cancer.

Hepatobiliary Cancers (Biliary Tract, Gallbladder, Liver)

Source Country, Study Name Cancer Type Study Design Population Follow-Up
(Years) Cases Age (Mean/SD

or Range) Sex (%) Dietary Assessment
Method

Type and Amount of Beverages
Intake +

HR/RR/OR
(95% CI) Adjustments

Stepien et al., 2014 [28]
10 European countries

† , EPIC

Biliary tract

Cohort
477,206

11.4

236

51 F (70) DQ-country specific

SB: 282.9 mL/day vs. none

FJ 1: 171.7 mL/day vs. none
SB: 282.9 mL/day vs. none

FJ 1: 171.7 mL/day vs. none
SB: 282.9 mL/day vs. none
SB: increase by 300 mL/wk

SSB: increase by 330 mL/wk
ASB: increase by 330 mL/wk

FJ 1: 171.4 mL/day vs. none

FJ 1: increase by 200 mL/wk

HR: 0.96 (0.90–1.00)
HR: 0.99 (0.95–1.03)
HR: 0.97 (0.90–1.06)
HR: 1.04 (1.00–1.08)
HR: 1.83 (1.11–3.02)
HR: 1.05 (1.02–1.07)
HR: 1.00 (0.95–1.06)
HR: 1.06 (1.03–1.09)
HR: 1.38 (0.80–2.38)
HR: 1.03 (1.01–1.06)

BMI, alcohol, EI, PA, DM, and
education.IHBT 66

HCC 191

Larsson et al., 2016 [49] Sweden, SMC,
COSM

IHBT
EHBT

Gallbladder
Cohort 70,832

13.4

21
127
71

45–83 M (56) 96-item FFQ
SB: ≥400 mL/day vs. none
SB: ≥400 mL/day vs. none
SB: ≥400 mL/day vs. none

HR: 1.69 (0.41–7.03)
HR: 1.79 (1.02–3.13)
HR: 2.24 (1.02–4.89)

Age, sex, education, smoking,
BMI, dietary protein intake,

and EI.

Hematologic Cancers (Leukemia, Lymphoma, Myeloma)

Source Country, Study Name Cancer Type Study Design Population Follow-Up
(Years) Cases Age (Mean/SD

or Range) Sex (%) Dietary Assessment
Method

Type and Amount of Beverages
Intake +

HR/RR/OR
(95% CI) Adjustments

Schernhammer et al.,
2012 [24]

US,
HPFS, NHS

Leukemia

Cohort
136,587

14 HPFS
20 NHS

339

53.7 F (65) FFQ

SSB: ≥335 mL/day vs. none
ASB: ≥335 mL/day vs. none
SSB: ≥335 mL/day vs. none
ASB: ≥335 mL/day vs. none
SSB: ≥335 mL/day vs. none
ASB: ≥335 mL/day vs. none

RR: 1.06 (0.56–2.00)
RR: 1.42 (1.00–2.02)
RR: 1.47 (0.76–2.83)
RR: 1.29 (0.89–1.89)
RR: 1.34 (0.98–1.83)
RR: 1.13 (0.94–1.34)

Age, BMI, EI, PA, alcohol,
race, fruit and vegetables
consumption, menopause,
and HT. SSB were adjusted

for use of ASB and vice-versa.

Multiple myeloma 285

NHL 1324

McCullough et al., 2014
[40]

US,
CPS-II NCH NHL Cohort 100,442

10 1196 47–95 F (57) Willett FFQ ASB: >355 mL/day vs. none
SSB: >355 mL/day vs. none

RR: 0.92 (0.73–1.17)
RR: 1.10 (0.77–1.58)

Education, race, WC, PA, BMI,
EI, DM, family history of

cancer, HTR and NSAIDs use,
cholesterol-lowering

medication, intake of alcohol,
read and processed meat,

milk, saturated fat, fruits and
vegetables, and tea and coffee.
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Upper Aerodigestive Cancers (Larynx, Oral Cavity, Oropharyngeal Squamous Cell, Pharynx)

Source Country, Study Name Cancer Type Study Design Population Follow-Up
(Years) Cases Age (Mean/SD

or Range) Sex (%) Dietary Assessment
Method

Type and Amount of Beverages
Intake +

HR/RR/OR
(95% CI) Adjustments

Zvrko et al., 2008 [82] Montenegro Larynx HB case-control 216
2 108 59.9 (9.7) M (82) DQ SB: yes vs. no OR: 0.38 (0.16–0.92)

Age, sex, smoking, alcohol,
coffee, diet, personal and
familiar medical history,

education, housing and work
conditions, and exposure to

toxic components.

Ren et al., 2010 [34] US,
NIH-AARP-DHS

Larynx
Pharynx

Oral cavity
Cohort 481,563

2

307
178
391

50–71 M (59) 124-item FFQ
SB: ≥355 vs. ≤355 mL/day
SB: ≥355 vs. ≤355 mL/day
SB: ≥355 vs. ≤355 mL/day

HR: 0.82 (0.55–1.23)
HR: 0.76 (0.46–1.25)
HR: 0.77 (0.54–1.09)

Age, sex, smoking, alcohol
drinking, BMI, EI, education,
ethnicity, PA, intake of fruit,

vegetables, and red and
white meat.

Lissowska et al., 2003
[83] Poland Oral cavity HB case-control 246 122 23–80 M (64) 25-item DQ FJ: >57 vs. <28.6 mL/day OR: 0.35 (0.15–0.80) Age, sex, residence, drinking,

and smoking habit.

Kreimer et al., 2006 [84] 9 countries ‡ ,
IARC-MOCS OOSC HB case-control 3402 1670 NR M/F FFQ FJ: height vs. low intake OR: 0.8 (0.6–1.1)

Age, sex, country, education,
BMI, smoking, chewing, and

alcohol.

Other Cancers

Source Country, Study Name Cancer Type Study Design Population Follow-Up
(Years) Cases Age (Mean/SD

or Range) Sex (%) Dietary Assessment
Method

Type and Amount of Beverages Intake
+

HR/RR/OR
(95% CI) Adjustments

Vincenti et al., 2008 [85] Italy Cutaneous
melanoma PB case-control 118 59 56 F (53) 188-item FFQ FJ (no OJ): increase by 10 mL/day

OJ: increase by 10 mL/day
RR: 0.95 (0.87–1.03)
RR: 0.94 (0.88–1.00)

EI, family history of
melanoma, skin type, history

of sunlight exposure, and
sunburns.

Dubrow et al., 2012 [47] US Glioma Cohort 545,771
10 904 62.8 (median) M (60) FFQ SB: >720 mL/day vs. none HR: 0.87 (0.65–1.15)

Age, sex, race, EI, height, fruit
and vegetables intake, and
nitrite intake from plants

Luqman et al., 2014 [86] Pakistan Lung HB case-control 1200 400 <40–>70 M (73) DQ J: yes vs. no OR: 0.3 (0.3–0.4) Not reported

Wu A. et al., 1997 [87] US Small
intestine PB case-control 1034 36 30–65 M (69) Interview SSB 7: daily vs. never OR: 3.6 (1.3–9.8) Age, ethnicity, and sex.

Zamora-Ros et al., 2018
[48]

10 European countries
† , EPIC

Thyroid Cohort 477,206
11.4 748 51 F (70) DQ- country specific

FJ 1: > 94 vs. < 1 mL/day

FJ 1: increase by 50 mL/day
HR: 1.23 (0.98–1.53)
HR: 1.02 (0.99–1.06)

Age, sex, smoking status, BMI,
EI, alcohol, PA, education,

center, menopausal status and
type, OC use, and infertility

problems.

Overall Cancers

Source Country, Study Name Cancer Type Study Design Population Follow-Up
(Years) Cases Age (Mean/SD

or Range) Sex (%) Dietary Assessment
Method

Type and Amount of Beverages Intake
+

HR/RR/OR
(95% CI) Adjustments

Bassett et al., 2020 [50] Australia, MCCS Non-obesity
related * Cohort 35,109

19 4789 27–76 F (61) 121-item FFQ SSB: >375 vs. none or < 12.5 mL/day
ASB: >375 vs. none or < 12.5 mL/day

HR: 1.02 (0.86–1.21)
HR: 1.23 (1.02–1.48)

Alcohol, country of birth,
Med-diet score, PA,

socio-economic position, sex,
and smoking. ASB also
adjusted for SSB intake.
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Table 1. Cont.

Makarem et al., 2018
[52] US Breast, Colorectal,

Prostate Cohort 3184
4 565 54.3 F (53) FFQ

SFJ: >501 vs. <73.2 mL/day
SSB:>180 mL/day vs. none

FJ: >216 vs. <23 mL/day (cut-off)

HR: 1.28 (0.97–1.70)
HR: 1.00 (0.79–1.27)
HR: 1.05 (0.80–1.38)

Age, sex, EI, alcohol, smoking,
and BMI.

Hodge et al., 2018 [54] Australia, MCCS Obesity-related Cohort 35,593
19 3283 54.6 F (100) 121-item FFQ SSB: ≥200 vs. <6.7 mL/day

ASB: ≥200 vs. <6.7 mL/day
HR: 1.14 (0.93–1.39)
HR: 1.00 (0.79–1.27)

Socioeconomic indexes,
country of birth, alcohol,

smoking, PA, Med-diet score,
and sex. ASB also for SSB

consumption and WC.

Chazelas et al., 2019
[23]

France,
NNS

Breast, Colorectal,
Prostate Cohort 101,257

5.1 (median) 2193 42.2/14.4 F (78) 24H-DR

SFJ: >141.7 vs. <46.1 mL/day (cut-off)
SFJ: increase by 100 mL/day

SSB: >65.5 vs. <14.0 mL/day (cut-off)
SSB: increase by 100 mL/day

ASB: >7.9 vs. <2.7 mL/day (cut-off)
ASB: increase by 10 mL/day

FJ: >97.8 vs. <19.9 mL/day (cut-off)
FJ: increase by 100 mL/day

HR: 1.30 (1.17–1.52)
HR: 1.18 (1.10–1.27)
HR: 1.06 (1.02–1.21)
HR: 1.19 (1.08–1.32)
HR: 1.00 (0.84–1.19)
HR: 1.02 (0.94–1.10)
HR: 1.14 (1.01–1.29)
HR: 1.12 (1.03–1.23)

Smoking, education, PA, BMI,
and height.

+ Expressed in milliliter (mL) per day (d) or week (wk) or none (nonconsumers). † Denmark, France, Germany, Greece, Italy, Norway, Spain, Sweden, The Netherlands, and the United Kingdom. ‡ Italy, Spain,
Poland, Northern Ireland, India, Cuba, Canada, Australia, and Sudan. * All identified cancers except esophagus (adenocarcinoma), pancreas, colorectum, breast (post-menopausal), endometrium, kidney, ovary,
gallbladder, liver, gastric cardia, meningioma, thyroid, multiple myeloma. 1: Fruit juice and vegetables juice. Vegetables juice <2%. 2: Colas. 3: Colas and root beer. 4: Not carbonated beverages. 5: Sugarcane juice
(20.3%), honeydew melon juice (14.1%), apple juice (12.8%), watermelon juice (9%), carrot juice (9%), pineapple juice (6.4%), star fruit juice (5.1%), and lemon juice drink (5.1%). The remaining canned grape,
tomato, and prune juice, along with papaya, plum, and fresh celery juice, each comprised 1.3–2.6% of the total juice consumption reported. 6: Fruit juice and nectars. 7: Carbonated beverages. AA: African
American; AEGJ: adenocarcinoma of the esophagus-gastric junction; ASB: artificially sweetened beverages; BC: breast cancer; BF: breastfeeding; BMI: body mass index; BWHS: Black Women’s Health Study; Caff:
caffeinated; CI: confidence interval; COSM: Cohort of Swedish Men; CPS-NCS: Cancer and Prevention Study, Nutrition Cohort Study; CR: colorectal; CVD: cardiovascular disease; EA: European American; EAC:
esophageal adenocarcinoma; EI: energy intake; EPIC: European Prospective Investigation into Cancer and nutrition; DH: diet history; DM: diabetes mellitus; DQ: dietary questionnaire; 24H-DR: 24 h dietary
recall; F: female; FFQ: food frequency questionnaire; FJ: natural fruit juice; GI: glycemic index; HB: hospital-based; HCC: Hepatocellular Carcinoma; HCS: Hokkaido Cohort Study; HPFS: Health Professionals
Follow-up Study; HPV: Human Papilloma Virus; HR: hazard ratio; HRT: hormone replacement therapy; HT: hypertension; IARC-MOCS: International Agency for Research on Cancer, Multicenter Oral Cancer
Study; IHBT: intrahepatic biliary tract; J: natural fruit and vegetable juice; M: male; MCCS: Melbourne Collaborative Cohort Study; MDC: Malmö Diet and Cancer; Med: Mediterranean; MS: menopausal status;
NCFD: not carbonated fruit drinks; NCSC: Nutrition Canada Survey Study; NHL: non-Hodgkin lymphoma; NNS: Nutri Net-Santé; NIH-AARP-DHS: National Institute of Health-American Association of
Retired Persons, Diet and Health Study; NSAIDs: nonsteroidal anti-inflammatory drugs; NHS: Nurses’ Health Study; OC: oral contraceptive; OJ: orange juice; OOSC: oral and oropharyngeal squamous cell; OR:
odds ratio; PA: physical activity; PB: population-based; PC: prostate cancer; Post-M: post-menopausal breast cancer; PSA: prostate-specific antigen; Pre-M: pre-menopausal breast cancer; Q: quantitative; Q1: first
quartile; Q4: quartile four; RR: relative risk; SB: total sweetened beverages, sugar and artificially sweetened beverages; SCC: squamous cell carcinoma SCHS: the Singapore Chinese Health Study; SD: standard
deviation; SFQ: structured food questionnaire; SFB: San Francisco Bay Study: SFJ: beverages high in sugar, added or natural, SSB + FJ; SSB: sugar-sweetened beverages; SMC: Swedish Mammography Cohort; SQ:
semiqualitative; SUVIMAX: Supplementation en Vitamines et Mineraux Antioxydants Study; UBC: urinary bladder cancer; UP: ultraprocessed; US: the United States; WC: waist circumference; WCHS: Women’s
Circle of Health Study.
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Table 2. Summary of the results of the meta-analysis (random effects model).

Cancer Type Exposure
N◦ of Studies

RR (95% CI) I2 (%) Tau2 p within
Group + 95% PI

Cohort Case-Control

Breast SSB 4 3 1.14
(1.01−1.30) 0.0 0.0073 0.69 0.88, 1.47

Breast FJ 3 0 1.13
(0.93−1.38) 0.0 0.0017 0.79 0.52, 2.46

Breast Pre-M SSB 3 2 1.37
(0.99−1.88) 55.7 0.0358 0.06 0.68, 2.76

Breast Post-M SSB 4 2 1.18
(0.79−1.75) 54.8 0.1080 0.05 0.43, 3.23

Colorectal SSB 4 0 1.18
(0.99−1.41) 0.0 0.0039 0.71 0.82, 1.69

Colorectal FJ 2 2 0.79
(0.16−3.87) 88.5 0.8629 <0.001 0.008, 73.94

Colorectal * FJ 2 1 1.29
(0.78−2.12) 0.0 0.0120 0.63 0.17, 9.81

Colorectal SB 0 3 2.02
(0.45−9.01) 62.9 0.2711 0.07 0.00, 5753.1

Colorectal * SB 0 2 1.57
(0.74−3.35) 0.0 0.0010 0.67 –

Bladder SB 0 5 1.66
(0.78−3.56) 83.4 0.3226 <0.001 0.22, 12.37

Bladder * SB 0 4 1.27
(0.85−1.90) 25.3 0.0425 0.26 0.45, 3.60

Prostate SSB 5 0 1.18
(1.10−1.27) 0.0 0.0012 0.92 1.03, 1.35

Prostate FJ 4 0 1.03
(1.01−1.05) 0.0 0.0001 0.93 0.98, 1.09

Prostate SB 1 2 0.97
(0.56−1.69) 2.9 0.0241 0.36 0.07, 12.7

Renal cell SB 1 2 1.44
(0.46−4.50) 65.4 0.1559 0.056 0.00, 604.16

Pancreatic SB 4 4 1.28
(0.95−1.72) 58.6 0.0962 0.02 0.56, 2.90

Pancreatic SSB 4 2 1.01
(0.92−1.11) 0.0 0.0016 0.92 0.87, 1.17

Pancreatic ASB 3 2 1.07
(0.77−1.48) 43.6 0.0480 0.13 0.48, 2.36

* Results excluding outliers; + p values of Cochran’s Q-test heterogeneity. ASB: artificial sweetened beverage; FJ: fruit juice; PI: prediction
intervals; Post-M: post-menopausal; Pre-M: pre-menopausal; RR: risk ratio; CI: confidence interval; SB: sweetened beverage (including both
SSBs and ASBs); SSB: sugar-sweetened beverage.

3.2. Sweet Beverages and Risk of Breast Cancer

Nine publications reported data on breast cancer, four case-control [57,58,69,80] and
five cohort studies [23,51–53,55]. In the meta-analysis with six publications, including
four cohort studies [23,52,53,55] and two case-controls [57,80], a significant positive associa-
tion between high SSB consumption and breast cancer risk was observed (RR: 1.14, 95% CI:
1.0–1.3) (Table 2). No associations were found for FJ intake (Table 2). Marzbani et al. [58]
reported a positive association with SBs (OR: 2.8, 95% CI: 1.9–4.3), but no associations
were found for ASBs. Subgroup analyses for SSB consumption did not explain further
heterogeneity (Table S1).

3.2.1. Sweet Beverages and Risk of Pre-Menopausal Breast Cancer

Three cohort publications [23,53,55] and one case-control (taken as two as indices
were separated by ethnicity) [57] were included in the analysis of SSB intake and pre-
menopausal breast cancer. Their pooled analysis showed a borderline statistically non-
significant positive association (RR: 1.37, 95% CI: 0.99–1.88) (Figure S1), which reached
the significance in the subgroup analysis including only cohort studies (RR: 1.60, 95% CI:
1.08–2.37) (Table S1). A cohort study from 2019 [23] also reported data for ASB, FJ and SFJ
intake and only indicated a positive association for SFJs (HR: 1.28, 95% CI: 1.09–1.83).
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3.2.2. Sweet Beverages and Risk of Post-Menopausal Breast Cancer

A meta-analysis of four cohort studies [23,53–55] and one case-control (taken as
two as indices were separated by ethnicity) [57] of SSBs showed non-significant results
(Table 2). We performed subgroup analyses based on study design, country, and beverage
intake categories. No statistically significant results were found from the heterogeneity
test between groups (Table S1). Chazelas et al. [23] investigated the relationship with
SFJ consumption and observed a positive association (HR: 1.44, 95% CI: 1.05–1.99). No
significant results were reported for ASBs.

3.3. Sweet Beverages and Risk of Intestinal and Colorectal Cancer

Eight publications reported data on colorectal cancer, four case control [88–91] and
four cohort studies [23,52,54,56]. A borderline positive association was observed with
SSB intake using the random-effect model (RR: 1.18, 95% CI: 0.99−1.41) (Figure S1). No
significant results were found either for SBs or for FJs (RR: 2.02, 95% CI: 0.45−9.01 (SB); RR:
0.79, 95% CI: 0.16−3.87 (FJ) (Figure S2). After the exclusion of one outlier, results for the
random-effect model remained non-significant. No associations were found for colorectal
cancer risk and ASBs. With regard to rectal cancer, no associations were observed with
ASBs, SSBs or fruit and vegetables juices [92]. A case-control study on small intestine
cancer [65] indicated a significant positive association with SSB consumption (OR: 3.6,
95% CI: 1.3−9.8).

3.4. Sweet Beverages and Risk of Esophageal Cancer

Three publications, one cohort [34] and two case-control studies [59,93] reported data
on different types of esophageal cancers, including esophagus-gastric junction, esophageal
adenocarcinoma and squamous cell carcinoma. No significant associations were shown
between SB, SSB and ASB consumption and esophageal cancers risk.

3.5. Sweet Beverages and Risk of Gastric Cancer

One case-control [59] and two cohort studies [34,54] reported data on different types
of gastric cancer (overall, cardia and non-cardia) and SBs, ASBs or SSBs showing no
significant associations.

3.6. Sweet Beverages and Risk of Pancreatic Cancer

Eleven publications, six cohort [41–45] and five case-control studies [76–79,81] re-
ported data on pancreatic cancer. No significant results were observed for SBs, SSBs or
ASBs (Table 2). Although high heterogeneity was observed for SBs (I2 = 58.6, p = 0.02)
and ASBs (I2 = 43.6, p = 0.13) (Table 2), after performing subgroup analyses results slightly
improved but remained non-significant (Table S1). No association was observed between
FJ intake and pancreatic cancer risk.

3.7. Sweet Beverages and Risk of Genitourinary Cancer
3.7.1. Bladder

Six case-control studies [60–65] reported data on bladder cancer. No association
between SB consumption and bladder cancer risk was observed in the random-effect
meta-analysis including five case-control studies [61–65] (Figure S2). We observed a high
heterogeneity in the meta-analysis (I2 = 83.4%, p = 0.0001). Although heterogeneity was
reduced after excluding outliers and doing subgroup analyses, the associations were
positive but non-significant (Table S1). A US study suggested a statistically significant
relation between SB intake and bladder cancer risk [65]. Two case-control studies [60,65]
also considered SSBs and ASBs separately. In a Chinese case-control study [62], SSB intake
was suggested as a risk factor for bladder cancer, although no association was found for
FJs. Similarly, in a Serbian study [63], no significant association was observed between FJs
and bladder cancer risk.
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3.7.2. Prostate

Eight publications, six cohorts [23,31,35,36,52,54] and two case-controls [66,67] showed
data on prostate cancer. No significant associations were reported for SBs from quantitative
analysis. However, positive relations were observed in the random-effect model for SSBs
(RR: 1.18, 95% CI: 1.10−1.27) and FJs (RR: 1.03, 95% CI: 1.01−1.05). The results remained
the same in a subgroup analysis with 3 non-US (France, Spain, Australia) studies (RR: 1.13,
95% CI: 1.03−1.24) (Table S1). Two cohorts [23,54] reported data on ASB intake and only
one [23] found an increased prostate cancer risk of 33% (HR: 1.33, 95% CI: 1.01−1.75).

3.7.3. Renal and Urothelial Cell Cancer

Four publications, two case control [68,70] and two cohort studies [37,54] provided
data on renal cell cancer. For our meta-analysis, we selected three publications, two
case-control [68,70] and one control study [37] on SBs, but the random-effect meta-analysis
showed non-significant results (Table 2). Despite observing a high heterogeneity
(I2 = 65.4%, p-value = 0.058), no outliers were found, and the number of studies was too
low to perform subgroup analyses (n = 3). One case control study [70] reported a positive
association with the intake of ASBs (OR: 2.7, 95% CI: 1.1−6.5) but not the other two [37,54].
No significant results were reported for SSBs or FJs, despite one case-control [68] finding
a positive association with the consumption of fruit and vegetable juices taken together
(OR: 1.53, 95% CI: 1.18−1.99). The EPIC cohort study [38] reported data on urothelial cell
cancer and its association with SBs and FJs. A significant positive association was found
only with FJ intake (HR: 1.32, 95% CI: 1.05−1.66).

3.8. Sweet Beverages and Risk of Gynecological Cancers

Two case-control studies [71,72] investigated the relationship between FJ intake and
cervical cancer risk. Only one of them [72] found an inverse association (RR: 0.3, 95% CI:
0.2−0.6). Two cohort studies [39,54] reported data on different types of beverages (SSBs,
ASBs, FJs and SFJs) and endometrial cancer risk. Only one of them [39] found significant
positive associations with both SSBs (HR: 1.78, 95% CI: 1.32−2.40) and SFJs (HR: 1.48,
95% CI: 1.09−2.00). Finally, three case-control studies [69–71] reported data on epithelial
ovarian cancer risk. Only one of them [71] found positive associations for caffeinated
(OR: 1.51, 95% CI: 1.03−2.22) and non-caffeinated SBs (OR: 2.60, 95% CI: 1.25−5.36). No
significant associations were reported for ovarian cancer risk [50].

3.9. Sweet Beverages and Risk of Hepatobiliary Cancers

Two cohort studies [28,49] reported data on different types of sweet beverages and
various types of hepatobiliary cancers. The EPIC cohort [28] found no significant results
regarding the consumption of either SBs or FJs and biliary tract cancer risk. However, a
positive association was observed between both SBs (HR: 1.89, 95% CI: 1.11−3.02) and FJs
(RR: 1.03, 95% CI: 1.01−1.06) and hepatocellular carcinoma risk. The Swedish Mammogra-
phy Cohort and the Cohort of Swedish Men [49] found significant positive associations
with both gallbladder (HR: 2.24, 95% CI: 1.02−4.89) and extrahepatic biliary tract cancer
risks (HR: 1.79, 95% CI: 1.02−3.13). No significant results were reported for intrahepatic
biliary tract cancer risk.

3.10. Sweet Beverages and Risk of Hematologic Cancers

One cohort study [24] reported data on leukemia and multiple myeloma and its
association with SSB and ASB intake. Significant associations were found between the
consumption of ASBs and leukemia risk (RR: 1.42, 95% CI: 1.00−2.02). No associations were
observed in two cohorts [24,40] as regards SSBs or ASBs and non-Hodgkin lymphoma risk.
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3.11. Sweet Beverages and Risk of Upper Aerodigestive Cancers

Four studies [34,82–84] reported data on upper aerodigestive cancers. One US-based
cohort [34] showed no significant association between SB intake and pharyngeal, laryn-
geal and oral cavity cancer risks. A case-control study from Montenegro [82] suggested
an inverse relation between SBs and larynx cancer risk. The consumption of FJs was
inversely associated with oral cavity cancer risk in one case-control study [83] though not
in another [84].

3.12. Sweet Beverages and Risk of Other Cancers

Single studies reported data on different types of cancer and their link with sweet bev-
erages. No significant associations were reported for cutaneous melanoma [85], glioma [47]
or thyroid cancer risk [48] and any type of sweetened beverages. One case-control study [86]
reported an inverse association between natural juices (fruit and vegetables) and lung can-
cer risk (OR: 0.3, 95% CI: 0.3−0.4).

3.13. Sweet Beverages and Risk of Overall Cancer

An Australian cohort [50] investigated the association between SSBs and ASBs and
the risk of non-obesity-related cancers; they reported a positive association only with ASBs
(HR: 1.23, 95% CI: 1.02−1.48). Two cohorts [23,52] assessed the relationships between the
intake of several types of sweet beverages and obesity-related cancer risk. Only one of
them [23] showed positive associations with SSBs (HR: 1.06; 95% CI: 1.02−1.21), FJs (HR:
1.14, 95% CI: 1.01−1.29) and SFJs (HR: 1.30, 95% CI: 1.17−1.52). No association was found
for ASBs and obesity-related cancer risk.

3.14. Quality of Included Studies

According to the ROBINS-E tool (Figure 2a, Table S2), 13 of 27 cohort studies presented
a moderate overall risk of bias. This is due to some bias being detected mostly in the
classification of the exposure domain, deviation from the intended intervention and missing
data. Missing data bias was not evaluated for 5 cohorts [36,39,43,51,52], as the publications
did not report enough information. All studies fulfilled the criteria of low risk of bias
for selection of participants’ domain. In addition, 3 [36,37,54] of 27 studies did not adjust
the statistical analysis for all potential confounders. Therefore, they were classified at
moderate risk of bias. Only one study [50] was classified as moderate risk of bias for
outcome measurement, and another [56] for the selection of reported outcomes.

According to the NOS (Figure 2b, Table S3) most of the case-control studies (29 of
37) presented a moderate overall risk of bias; 7 publications presented a serious risk,
whereas 1 indicated a low risk. The risk of bias due to the selection of the groups was
classified as moderate for 35 studies, high for 2 [58,82] and low for another 2 [59,66]. Most
of the case-control studies adjusted their results for relevant and additional confounders
and were classified as moderate or low risk of bias for comparability between groups.
In addition, 5 were considered as serious risk for this domain, because 4 of them did
not adjust for all important confounders [60,63,66,92] and 1 [79] reported results from an
unadjusted analysis. Moreover, 5 studies [81,86,88,89] did not report this information and
were classified as ‘no information’ category. The risk of bias due to ascertainment of the
exposure was considered moderate in all case-control studies.
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4. Discussion
4.1. Association between Consumption of Sweet Beverages and Cancer Risk

The aim of this study was to assess the relationships between different groups of
sweet beverages and site-specific or overall cancer risk. We conducted a meta-analysis
when at least three studies reported data for the same exposure (sweet beverage type) and
outcome (cancer site). We found several statistically significant and borderline positive
associations between the consumption of SBs, especially SSBs, and in some cases ASBs or
FJs, and several cancer risks.

Regarding breast cancer, the meta-analysis showed a positive association using ran-
dom effects, with a 14% higher risk for SSBs, but non-statistically significant results for
pre- and post-menopausal breast cancer. However, after performing subgroup analyses
by study type, cohort studies showed significant positive results for pre-menopausal
breast cancer and SSBs. Chazelas et al. [23] reported a positive linear trend between SSB
intake and breast/pre-menopausal breast cancer risk when SSB consumption increased
by 100 mL/day. In line with our results, current evidence supports the World Cancer
Research Fund/American Institute for Cancer Research (WCRF/AICR) recommendations
of reducing or avoiding SSB intake for breast cancer prevention [94]. One US case-control
study [57] conducted a separate analysis for African-American and European-American
women. This showed a positive link between SSB intake and post-menopausal breast
cancer risk for European-American women only. Likewise, two other cohorts that included
mostly Caucasian women [53,54] showed similar results. This evidence suggests that
ethnic differences may play a role. However, we could not explore this association as
no other studies included women of African descent. In fact, evidence on the role of
nutritional factors in breast cancer for this population is limited and inconclusive [95]. Our
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meta-analysis did not find significant associations between FJs and breast cancer risk. With
regards to the SFJ group, comparing highest versus lowest consumption, Chazelas et al. [23]
reported positive relations for SFJs and total, pre- and post-menopausal breast cancer risk.
Conversely, Makarem et al. [52] showed no significant associations. A publication from
the US [69] found no positive associations for SBs and breast cancer risk; however, a recent
case-control study [58] found positive associations.

For colorectal cancer risk, our meta-analysis found no positive results using random
effects for SB, SSB or FJ intake. Despite having performed secondary analyses excluding
outliers and having explained between-studies heterogeneity, results for the random-effect
model remained non-significant. This is in a way consistent with results from a previous
meta-analysis, which found no association between SSBs and colon cancer risk using a
random-effects model [21]. On the other hand, a cohort study from 2014 found a positive
association for an increase in 330 mL/day of SSBs [91]. Likewise, an Australian study that
compared extreme categories of SSB intake (≥200 mL/day versus <6.7 mL/day) showed
positive results [54]. We included only one study assessing rectal cancer incidence [92].
Here, a separate analysis for women and men was performed. The majority of the results
were not significant, and the only positive association was found for juice (fruit and
vegetables) consumption in female participants.

In regard to esophageal cancers, publications included in this review were also part of
a meta-analysis from 2014 [18]. This meta-analysis reported no association between SBs and
esophageal adenocarcinoma and squamous cell carcinoma risk. After extracting separated
data for SSB and ASB intake, we found similar results. Despite these observations, positive
associations were found in a pooled analysis of US-based case-control studies. This study
assessed the association between sugar dietary intake and Barret’s esophagus incidence, a
precursor for esophageal adenocarcinoma tumor [96]. Even though data from the included
studies reported non-significant results for stomach cancer incidence, a Japanese cohort
study observed that carbonated drinks and juices appeared to be related to an elevated risk
of death from stomach cancer [97].

With respect to pancreatic cancer, we performed a meta-analysis for SBs, SSBs and
ASBs. These associations, especially for SBs, tended to be positive but did not reach
statistically significant levels using random effect models. These results go along with a
recent meta-analysis from 2019 [19] which also showed no association between SB intake
and pancreatic cancer risk. Besides that, a pooled analysis from 2012 [20] reported a 56%
higher risk of pancreatic cancer for males consuming ≥375 mL/day of SSBs compared to
non-consumers. Likewise, a Swedish cohort [41] found a 93% higher risk of pancreatic
cancer incidence among those who consumed ≥500 mL/day of SSBs compared to non-
consumers. However, we performed a subgroup analysis taking into account beverage
intake category (high vs. non- consumer), but no significant associations were observed
(Table S1). In addition, only one study reported separate results for carbonated and
noncarbonated SBs, but no significant results were shown [76].

For bladder cancer risk, 3 out of the 6 included case-control studies [62,63,65] showed
positive associations for highest versus lowest amounts of SB intake. However, the meta-
analysis of these studies together with 2 other case-control studies [61,64] showed no
significant associations. Despite performing a second analysis excluding one study that
presented some serious bias, the results remained non-significant (Table S1). Hence, our
meta-analysis of observational studies reported that SBs appeared to be unrelated to
bladder cancer risk. It is not clear how SSBs, ASBs or FJs act in isolation as the evidence
is limited.

With reference to prostate cancer, our meta-analysis demonstrated an 18% higher risk
for SSBs comparing the highest with the lowest intake. Similarly, we found a small positive
association for FJs (a 3% higher risk). No associations were found for SBs, which may
suggest that the role of ASBs might not be relevant. However, one study [23] reported a
positive association between ASB intake and prostate cancer risk.
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Renal cell cancer appeared to be unrelated to SB consumption according to the meta-
analysis results. We observed a high between-study heterogeneity (I2= 65.4%). However,
not enough studies (n = 3) were included to perform subgroup analyses. Even so, Maclure
and Willet [70] reported a significant positive association between highest versus lowest
SB intake and renal cell cancer risk (RR: 2.6, 95% CI: 1.4−4.8). More studies analyzing this
association are required for further clarification.

The association between SSB consumption and both endometrial and ovarian cancer
risk tended to be positive but did not reach statistically significant levels. One study
stratified results by types of endometrial cancer (I and II) [39]. They reported positive
associations between highest versus lowest SSB and SFJ consumption and endometrial type
I cancer in post-menopausal women, but not in type II. These might be because subtypes
may have different risk factors, even though evidence on this etiologic heterogeneity is
quite limited [98]. Data from two studies [71,72] suggested that FJ intake might be a
protective factor for cervical cancer. FJ consumption is often considered part of a healthy
diet and lifestyle [99]. However, none of the mentioned studies [71,72] adjusted for such
confounders. Thus, it is not clear if the protective effect was due to FJ intake or other factors.
For epithelial ovarian cancer, one US study [75] stratified the results by caffeinated and non-
caffeinated colas. Both results were positive statistically significant, but non-caffeinated
colas showed a stronger association. Although this might suggest a protective effect of
caffeine, a recent meta-analysis of prospective studies found no link between caffeine intake
and ovarian cancer risk [100].

In respect of hepatobiliary cancers, data from the included studies showed a posi-
tive association with SB consumption, especially for gallbladder cancer, where the risk
was doubled [49]. This might be explained by the detrimental association between su-
crose/glycemic load and the increased risk of symptomatic gallstone disease [101], which
is strongly correlated with gallbladder cancer [102]. Stepien et al. [28] showed slightly
positive dose–response associations between SBs, ASBs or FJs and HCC incidence.

As regards hematologic cancers, no associations were found either for sugary or for
artificially sweetened beverages, except for leukemia risk, for which one study [24] reported
significant positive associations with ASBs. However, a recent review of clinical trials and
observational studies observed no association between artificial sweeteners intake and
both leukemia and non-Hodgkin lymphoma incidence [103].

The evidence is more limited regarding cancer of the oral cavity, pharynx, larynx, lung,
thyroid, glioma and cutaneous myeloma. The available data mainly showed nonsignificant
results for SB and FJ intake. Only one study from Montenegro indicated an inverse
association between SB intake and laryngeal cancer risk [82]. However, the results from this
study should be treated with caution as they presented some methodological inadequacies
and its overall risk of bias was classified as ‘serious risk’ (Table S3). One case-control study
from 1997 observed a strong positive association between small intestine cancer risk and
SSBs (OR: 3.6, 95% CI: 1.3−9.8), although further high quality evidence is needed [87]. One
study that reported incidence of overall non-obesity-related cancers showed no association
for SSBs but a positive association for ASBs [50]. Moreover, the largest of 3 studies [23,52,54]
on overall obesity-related cancer risk showed positive associations with SFJs, SSBs and
FJs, but not with ASB consumption [23]. Similarly, a meta-analysis of clinical trials and
observational studies showed no association between artificial sweetener intake, body
weight and different types of cancers [103]. Our findings are in accordance and we agree
with the previous study [103] upon the uncertainty of the evidence that links artificial
sweeteners with different types of cancer.

4.2. Limitations of the Current Data

To the best of our knowledge, this is the first systematic review to evaluate the
isolated association between different groups of sweet beverages and cancer risk. Several
limitations should be considered while interpreting our findings. Some studies included
in this systematic review were difficult to compare due to their design (cohort and case-
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control studies), methodology, classification and categories of beverages intake. Therefore,
it was a challenge to perform such comparisons. According to the ROBIN-E tool, cohort
studies were at low-moderate risk of bias. As per the NOS, the case-control studies
were at moderate risk of bias and 6 studies [58,60,66,79,82,86] out of 37 presented serious
methodology inadequacies. The number of publications included in most meta-analysis
was relatively low (between 3 and 6). On this basis, the pooled effect size was calculated
based on risk ratios of cohort and case-control studies together. Not having enough
studies was a major limitation to perform subgroup analyses when high between-study
heterogeneity was observed. Moreover, the small amount of studies may have been a
potential source of unexplained heterogeneity [104]. We did not have enough data to
perform subgroup analyses based on different population characteristics (e.g., sex, lifestyle
factors or history of cancer). However, we did perform subgroup analyses based on
geographical area.

The majority of the included participants were from the US or European countries.
Hence, extrapolating our findings to other geographical areas may not be appropriate.
We attempted to classify beverages into specific groups. However, some studies did not
report precise information on this topic, which might have given rise to misclassifications.
Similarly, we attempted to convert original exposure information into amounts of intake
(mL/day) based on national data. Nevertheless, this was not possible in all studies which
prohibited performance of a dose–response meta-analysis. Another limitation may be
the measurement error in collecting dietary data since self-reported questionnaires were
used. Moreover, in the longitudinal studies we were limited to the baseline estimation of
beverages consumption, and there is a possibility that their consumption changed over time.
It is suggested that the link between SSBs or FJs and cancer risk is possible due to their high
glycemic indexes [13] and to obesity-inducing pathways [4]. However, these variables were
not adequately integrated as confounders in all the studies. Indeed, glycemic index was
only considered in one cohort [53]. Despite BMI being a common indicator of obesity and
most studies considering it as confounder, only 4 of them [35,40,52,54] adjusted for other
obesity indicators such as waist circumference. Most of the studies assessed the association
between consumption of SSB and common cancers such as breast, colorectal, prostate and
pancreatic cancer. Data were more limited for FJs or ASBs and other types of cancers,
especially non-obesity-related ones. FJ consumption may coexist with healthy habits, such
as healthy diet or exercise [99]. Therefore, it would have been even better if some studies
had adjusted their analysis for such variables. In fact, only 3 publications [52–54] used diet
quality as a confounder.

5. Conclusions

The current meta-analysis of cohort and case-control studies indicated a statistically
significant positive association between higher consumption of SSB and breast and prostate
cancer incidence. As regard pre-menopausal breast cancer, results from cohort studies alone
showed a significant association. Likewise, it showed a statistically significant positive
link between high intakes of FJs and prostate cancer risk. Although the associations
between other sweet beverages and other cancer types were also positive, they did not
reach statistically significant levels. The small number of studies and cancer cases might
have been a reason why we did not find statistically significant results for several cancer
types. Study location (US/non-US, mostly European) did not appear to influence the
results. Current evidence indicates that higher incidence of some cancers is related to a
high consumption of SSBs. However, the evidence is limited to make recommendations
regarding ASBs and FJs. This subject requires further investigation.

We encourage future research in this field to perform more separated analysis on SSB,
ASB and FJ consumption. We believe it would be prudent to establish a homogeneous
classification of beverages in order to better understand their role in carcinogenesis. We
also recommend considering other obesity-related factors besides body mass index, such
as waist circumference, glycemic index and quality of diet as confounders. We could not
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study the different roles of non-carbonated soft drinks (sport, fruit and tea-based drinks),
sometimes used as healthier alternatives to carbonated drinks [105]. Therefore, it would be
advisable for future studies to further explore this research area.

This systematic review supports the WCRF/AICR recommendations to limit sugary
drinks consumption for cancer prevention [106] and to raise consumers’ awareness of
their low nutritional quality and high sugar content. We recommend replacement of
sweet beverages with plain safe drinking water and infusions without added sugars as
the main liquid source for body hydration. Even though some guidelines maintain that
moderate consumption of FJs may be part of a healthy diet [107], FJs contain little or no
dietary fiber and are positively associated with tooth decay in children [108]. Professional
societies have recently recommended limiting children’s FJ consumption as means of
addressing the obesity epidemic [3]. Whole fruits and plain safe drinking water should
also be affirmed as a healthier alternative to sweet beverages in adults. This would
aim to promote the appropriate consumption of essential nutrients, to reduce intake
of excessive sugars/calories and to therefore lower cardiometabolic disease and cancer
incidences [109,110]. The increase in cancer [25], obesity [111] and type 2 diabetes [112]
requires policy action. We recommend policymakers worldwide to consider (or continue
with) taxation and marketing restriction for sweet beverages, especially SSBs.
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CHAPTER 5

Total Antioxidant Capacity
Measurements in Food and
Beverages

GABRIELLE PONCET, JAZMIN CASTAÑEDA, FJORIDA LLAHA,
MERCEDES GIL-LESPINARD AND RAUL ZAMORA-ROS*

Unit of Nutrition and Cancer, Cancer Epidemiology Research Programme,
Catalan Institute of Oncology (ICO), Bellvitge Biomedical Research
Institute (IDIBELL), Barcelona, Spain
*Email: rzamora@idibell.cat

5.1 Contribution of Antioxidants to the Total
Antioxidant Capacity

Food and beverages contain many individual antioxidants with unique
chemical properties, which contribute to the total antioxidant capacity (TAC).
There is a large list of foods, with a very high TAC content, such as pecan
nut (179.4 mmol Trolox Equivalent (TE)/g), pistachio (79.8 mmol TE/g), plum
(62.4 mmol TE/g), blueberry (62.2 mmol TE/g), raspberry (49.3 mmol TE/g),
potato (13.2 mmol TE/g), almond (44.5 mmol TE/g), strawberry (35.8 mmol TE/g),
broccoli (15.9mmol TE/g), russet (13.2mmol TE/g), carrot (12.2mmol TE/g), coffee
with milk (16.3 mmol Fe/100 g), red wine (1.8 to 3.7 mmol Fe/100 g), prepared
green tea (0.6 to 2.6 mmol Fe/100 g), grape juice, prune juice and black tea (0.7 to
1.2 mmol Fe/100 g).1,2 These foods contain a variety of natural antioxidants
including phenolic compounds, carotenoids, a-tocopherol and ascorbic
acid, among others. These compounds can potentially have health-promoting
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effects3,4 and also play an important role in the food industry as natural
preservatives.

Natural antioxidants, together with other compounds present in food can
interact in additive, synergic or antagonist ways, which also affect the TAC
value. Thus, measuring the TAC gives a better overall result than the sum of
the antioxidant capacity of each individual compound. TAC data in food do
not necessarily indicate the expected health effects in humans, as other
aspects such as food matrix and bioavailability/bioactivity of antioxidants
need to be considered.5

The largest contributor to the TAC is generally polyphenols. They are
bioactive compounds exclusively found in plant foods including fruits,
vegetables, whole grains and beverages (tea, coffee, wine) and have been
shown to possess different biological functions.6,7 One of their main bio-
logical activities is the neutralization of reactive oxygen species, which are
compounds that can damage DNA, proteins and lipids.8 However, dietary
polyphenols do not have a direct effect in oxidative damage; they exhibit their
antioxidant properties by boosting the body’s antioxidant system, consisting
of enzymes such as catalase, glutathione peroxidase/reductase, superoxide
dismutase, quinone reductase, and Phase I and Phase II enzymes, and low
molecular weight antioxidants such as vitamins A, C and E, glutathione,
bilirubin, selenium and urate, among others.9,10

Polyphenols comprise a wide variety of chemical structures (more than
10 000 compounds have been identified), and these differences affect the
TAC. For example, the contribution of catechol (31,41-dihydroxy)-ring-B
found in some polyphenols such as flavonoids, has shown a high
TAC measured with different assays such as Trolox Equivalent Antioxidant
Capacity (TEAC), 2,2-diphenyl-1-picrylhydrazyl (DPPH) method and Ferric
Reducing Antioxidant Power (FRAP).11 Moreover, the temperature, light
conditions, food processing and the type and number of polyphenols are
other factors that affect their contribution to TAC in foods.

Ascorbic acid (vitamin C) and total carotenoids have been shown to react
as mediators in the absorption of different antioxidant components. For
example, ascorbic acid is known as a strong water-soluble antioxidant that
acts preferentially by hydrogen donation.12 A study evaluating the TAC
content of orange juice, milk and an orange juice milk beverage found that
interactions among ascorbic acid, gallic acid, b-carotene, lutein, zeaxanthin
and albumin can affect the evaluation of TAC through different assays, due
to the different kinetics and reaction mechanisms of those antioxidants.13

In summary, it is known that each antioxidant has a variable contribution to
the TAC in different foods and beverages. It is difficult to decipher which is the
single most effective antioxidant compound in a food, because they are not
alone and therefore, they can have complex interactions among them.14 There
are further factors which affect their contribution to TAC, including tem-
perature, food processing and ripening processes that can also affect the type
and concentration of natural antioxidants present in food. In addition, not all
TAC methods have the same characteristics and measure exactly the same
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chemical species. These aspects and their differences in TAC measurement
methods will be briefly discussed in the following sections.

5.2 Methods for TAC Measurement in Food and
Beverages

To date, many methods for measuring TAC in food and beverages have been
developed and are currently used. Methods can be classified into: i) methods
based on electron transfer (ET) and ii) methods based on hydrogen atom
transfer (HAT). Assays based on ET measure the capability of antioxidants to
release an electron. In the HAT-based assays, the goal is to measure the
capability of antioxidants to neutralize free radicals, generally peroxyl rad-
icals, by hydrogen atom donation. The HAT-based assays offer more com-
petitive mechanisms. Some methods, referred to as mixed-model assays,
combine the mechanisms of ET and HAT. In these assays, the capacity of
antioxidants to scavenge a stable radical chromophore or fluorophore has
been quantified combining the mechanisms of HAT and ET, playing a dif-
ferent role depending on the reagent present in the solution used.15,16

Among the wide variety of methods for measuring TAC, the most com-
monly used are: the oxygen radical absorbance capacity (ORAC), TEAC,
FRAP, 2,20-azino-bis(3-ethylbenzothiazolin-6 sulfonic acid) (ABTS), total
radical-trapping antioxidant parameter (TRAP) and DPPH.17,18

Some specific methods are better suited to achieve the highest TAC value
for certain food and beverages. For example, a recently developed method
called Quencher allows the highest measurement of TAC in solids such as
meat or nuts. Its procedure consists of direct contact between solid food and
the radical reagent solution, in addition there is no extraction and hydrolysis
before the measurement of the antioxidant capacity, because in this way the
soluble fraction of the sample exerts its antioxidant capacity by quenching
the radicals present in the solvent according to the usual liquid–liquid type
reaction.19 In addition, it may provide a better assessment of the TAC due to
the possible interactions between the inaccessible antioxidants and the re-
agent. Although most assays can measure both hydrophilic and lipophilic
antioxidants,20 it is preferable to use different methods for different frac-
tions or foods as they might be more appropriate for one section or another.

For instance, the DPPH assay is more appropriate for lipophilic anti-
oxidants, while the FRAP method is more pertinent for hydrophilic anti-
oxidants.21 As can be observed in Table 5.1, different assays give different
TAC values for the same food, (e.g., the values of strawberry cv. maya or
spinach) due to the variabilities between the assays, in particular the dif-
ferent reaction between the antioxidant and the reagent.22 Consequently, to
obtain the most representative TAC value, it is better to combine at least two
methods rather than using only one to generate an ‘‘antioxidant score’’ in-
cluding reactivity toward both aqueous and lipid/organic radicals for ob-
taining a more accurate estimate. There are several options to compute the
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‘‘antioxidant score’’, for example i) averaging data from both methodologies;
ii) if the range/size of units of both methods is very different, a standard
score (z-score) could be calculated. Each method has its own drawbacks, but
combining several TAC methodologies may reduce some of them.20

The technical differences between studies lead to changes in the preser-
vation of the product, sample preparation, extraction method, chemicals
used and the sample itself.17 The variety, the degree of ripeness of fruit and
vegetables, the geographical area, the terroir and the weather also influence
the TAC content.

5.3 TAC Data of Raw Foods
TAC data of raw foods are available in many studies. Most of them measure
the TAC of a particular food type, which may not be consistent with what is
the intake in the current diet of different populations, e.g., various tropical
foods (such as prickly pears, nopal, squash blossoms, mamey, zapote, guava,
jicama) are a large part of the Mexican diet, and the information on TAC
is lower compared to other foods such as oils or blueberries.12,26–28 This
could eventually lead to misleading TAC values for a real diet in other
populations.29–32 This section is focused in discussing the influence of the
varieties of certain foods, the ripeness, the time of harvest and the farming
practices on TAC. Several studies that used the same assays to evaluate TAC
have reported a wide range of TAC values for some varieties of the same food
(such as strawberries, apples, pears and Chinese jujube).33–35 For example,
Nowicka et al.36 reported a TAC value from 390.7 mmol TE/100 g to
1287.7 mmol TE/100 g using the DPPH assay in 90 different cultivars of
strawberries Fragaria x ananassa Duch. Kevers et al.34 measured the TAC in
apples and pears using the ORAC assay and obtained values in the range of
1101� 105 mmol TE/100 g fresh weight (FW) to 4917� 249 mmol TE/100 g FW
for apples, and from 1468� 121 mmol TE/100 g FW to 4251� 221 mmol
TE/100g FW for pears. In addition, Kim et al.35 reported a range between
266� 14.5 mg vitamin C equivalent (VCE)/100 g and 559� 12.9 mg
VCE/100 g for five cultivars of plums using the ABTS assay.

Similarly, beverages produced from different varieties differ in their TAC
values. A clear example is wine, produced from different grape varieties and
divided into three main types: red, rosé and white wine. There is a clear
difference between the TAC value depending on the wine type.37 Other
studies focused on the grape variety also showing large differences. For ex-
ample, Kondrashov et al.38 analyzed the TAC content of six Cabernet
Sauvignon and four Merlot red wines from different countries and reported a
range from 8 to 16.6 mmol TE/L for Cabernet Sauvignon and from 7.5 to
11.2 mmol TE/L for Merlot. Similar results were obtained when using the
FRAP assay; 7.0 to 15.2 mmol TE/L for Cabernet Sauvignon wines and 6.9 to
9.8 mmol TE/L for Merlot wines. Coletta et al.39 also showed differences
between both varieties and viticulture practices, including the training sys-
tems and the bud load. They concluded that the variety, the bud load and the
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training systems affect the concentration of phenolic compounds in grapes
and wine, and consequently, in the TAC.

Agricultural practices, particularly growing conditions, may also influence
TAC.40–42 Gündüz and Özdemir40 investigated the growth of different types
of strawberries under different light conditions and temperatures using a
greenhouse, a plastic tunnel and an open field for two years. They found that
in the first year of the study the plastic tunnel and the open field signifi-
cantly influenced the TAC content, but not in the second year. An important
finding from this work was that strawberry genotypes have more effect on
TAC values than environmental factors; although to confirm this statement,
more evidence is needed.

Other studies41,42 have focused on comparing the impact of organic vs.
conventional farming on TAC values. These studies were generally similar
and concluded that organic strawberries/blueberries provided higher levels
of phytonutrients such as anthocyanins, phenolic compounds and TAC,
than conventional farming. A positive correlation between the total content
of phenolic and anthocyanins compounds and the TAC was found, meaning
that both compounds contributed to the TAC and the variation induced by
cultivation also caused changes in the TAC content. Overall, it is worth
noting that organic farming seems to have many advantages, not only for the
environment, but also for the higher concentrations of phytonutrients
compared to conventional farming.

Additionally, factors like differences in water stress, availability of mineral
nutrients and ultraviolet radiation influence plant growth, consistently in-
fluencing phytochemical and TAC values. The environmental conditions,
such as the season and time of harvest, can also influence the TAC and total
phenolic content.34,43–45 Large differences in the TAC content can occur
depending on the ripening stage.34,36,44,46–51 Some fruits and vegetables re-
duce or increase the TAC during ripening, which correlates with phenolic
content. Phenolic concentrations and TAC usually increase when fruits are
exposed to higher temperatures, such as in summer. However, the total
phenolic content (flavonoids and gallotannins) decreases during the ripen-
ing of some fruits (e.g., strawberry, pomegranate) due to their oxidation by
polyphenol oxidase. However, it has been shown that some polyphenols,
such as anthocyanins, can increase their levels during ripening by as much
as 100 times compared to the early stages.44,47 Despite all the current
knowledge, the influence of variations induced by the harvest year is not
completely understood and deserve further investigation.52

Data from a database created by Carlsen et al.2 that includes a large
number of foodstuffs suggest that plant products (such as spices, herbs and
traditional herbal medicines) have the highest TAC, followed by fruits such
as berries and berry products, especially blueberries, blackcurrants, cran-
berries and goji berries. Among beverages, tea and coffee are at the top of the
list. Other foods with a high TAC are nuts, preferably with their pellicle,
chocolate and cocoa, dried and fresh fruits such as plums and apricots,
vegetables like spinach and red wine.
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The evaluation of TAC in nuts, seeds, legumes and cereals can be prob-
lematic due to their difficult extraction process. The highest TAC values for
nuts, seeds and pulses are reported by Açar et al.53 who used the Quencher
approach (useful for solid matrices) for TAC evaluation.

Legumes with dark color (red, bronze and black) have a higher TAC than
legumes with a pale color (green, yellow and white).54 This is due to the fact
that the black-colored legumes have significantly higher total phenolic, total
flavonoid and condensed tannin contents. In addition, legumes are rich in
fiber, which improves antioxidant capacity due to the synergistic physio-
logical process in the gastrointestinal tract.55

Even though many researchers have screened a large number of foods and
beverages, to date, there is not a standardized database for TAC values.
Carlsen et al.2 screened around 3100 food products including fruits, vege-
tables, spices and animal products with the FRAP assay. Also, the US De-
partment of Agriculture’s Nutrient Data Laboratory published a database of
hundreds of foodstuffs using the ORAC assay, but it was withdrawn for
technical and conceptual reasons.56 However, all TAC databases have several
technical and conceptual drawbacks.57 Moreover, it is challenging to es-
tablish a reference database for TAC as there are several parameters that
differ from one study to another, such as the assay used to measure TAC, the
extraction process and the varieties measured, among others. For a complete
database, it would also be necessary to include TAC data from raw and
processed food, considering food processing, storage and preservation
methods, which can cause important changes in certain products.

5.4 Effect of Food Processing on TAC Measurements

5.4.1 Cooking Methods

Nowadays, food products can undergo specific processes that influence their
composition. It is generally believed that cooking methods lead to a loss of
nutrient components, which is normally due to high temperatures and a loss
of water and/or fat in the food. Cooking methods such as boiling, frying,
microwaving, roasting, steaming and baking, induce chemical changes in
the texture and chemical composition of food that can affect the TAC con-
tent. In Table 5.2 are summarized some examples of cooking methods and
their effect in the TAC value.

Water content in foods is an important factor that influences TAC meas-
urement. Processes using water, such as boiling and steaming, cause changes
in the content of some antioxidants, such as the total content of phenolics
and carotenoids. The effect of boiling on TAC depends on the food item. On
one hand, boiling for 5 minutes might cause structural matrix changes in the
cell wall and can increase total carotenoid content (TCC). Moreover, the total
phenol content (TPC) in some vegetables (e.g., green beans, broccoli and
peppers) increases during cooking or wet heating due to the possible
decomposition of complex phenolic components, such as tannins.58,59
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On the other hand, the TAC value of spinach, turnip tops, zucchini and
asparagus is reduced during boiling, probably due to the instability of
the water-soluble vitamins in contact with boiling water.60 Furthermore, the
lixiviation phenomenon59,60 during boiling needs to be considered, which
extracts some components from the food (such as polyphenol, vitamin C or
carotenoids content) to the water.

Steaming is the gold standard for cooking vegetables and some fruits due to
its capacity to retain most of the natural antioxidants and even increase the
TAC value in some foods.65 Steaming can preserve TPC, particularly in flavo-
noids as they are sensitive to high temperatures.66 Heating causes a disruption
of cell wall structures that leads to the destruction of complex phenols and
releases some components such as high soluble glucuronide derivatives.58

The use of the microwave has become a common cooking method, and its
effects on natural antioxidants are still under research. Cooking time in a
microwave has an impact on the TAC values. Cooking broccoli in a micro-
wave for more than 5 minutes decreases TCC and vitamin C content and
consequently the TAC content;67 while the TAC values of tomatoes and
carrots increase after microwaving.63,64 Similarly to other techniques,
microwave causes changes in the food matrix due to the high pressure,
high temperature and/or microwave radiation, which may contribute to
maintaining or even increasing the TAC.68

Roasting in the oven is another method of cooking that can increase TPC
and antioxidant capacity of different foods, such as seeds. Roasting increased
the antioxidant activity, TPC, oil content and tocopherol content in sesame
seeds.69,70 Red peppers, carrots and cauliflower also increased their TPC dur-
ing roasting, which could be related to the release of free phenolics from hy-
drolysable tannins.68 Additionally, roasting is a very common cooking method
used in coffee, a beverage with a high potential antioxidant activity, due to the
high content of polyphenols, such as chlorogenic acids. Some antioxidant
molecules, such as phenylalanines and heterocyclic compounds, are formed
during the roasting process. The roasting process and stage affect the TAC and
TPC. The TAC increases in coffees prepared in light roasting conditions, but
decreases in medium/dark roasting conditions.71 Increasing roasting time and
darkness and lowering the roasting temperature are suggested to provide the
highest TAC of coffee beverages.72 Lastly, as other methods, a long cooking
time and high temperatures during roasting can induce the loss of vitamin C
and a significant decrease in the TCC of some foods affecting the TAC value.

Finally, non-water methods such as pan-frying and deep-frying reduce
both TCC and TPC. Deep- and pan-frying have a negative effect on the TAC of
mushrooms, red peppers and cauliflower, but a remarkably positive effect
for potatoes, eggplants and artichokes.60,73 The positive effect of frying in
TAC could be explained by the fact that food immersed in oil at high tem-
perature requires a short cooking time, which increases the retention of the
antioxidant compounds in the food matrix.60 Besides this positive effect,
foods absorb and exchange fats and lose water during frying, which also
results in a large reduction of TAC during the final frying stage.
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Overall, the effect of cooking on the TAC in food depends on the cooking
method and the food item used in each method. Steaming can be considered as
the most favorable cooking method as it can increase the availability of poly-
phenols in all vegetables, and avoid important losses of phenolic components
that play an important role in the TAC content.65,67 Steaming is followed by
microwaving, boiling and roasting, considering the cooking time and the tem-
peratures as key factors influencing the TAC content, and finally, frying and
deep-frying as the culinary techniques with the highest TAC losses.69 The content
of bioactive compounds also depends on the treatment time, size of the sample
and the analytical assays. The available databases on TAC generally gather raw
food data. Due to the significant changes in TAC content after cooking, it is
crucial that TAC databases also include the composition of cooked foods.

5.4.2 Storage and Preservation Methods

Food storage and preservation inhibit the growth of harmful bacteria that
speed up decomposition and provide foods with a longer shelf life. They are
traditional domestic skills and an industrial activity essential for ensuring
food availability and security.

Freezing is currently one of the most important storage methods. For some
fruit juices, such as orange juice, freezing reduces the content of flavonoids
and hydroxycinnamic derivatives, but it does not affect the total vitamin C
content.74 The TPC can increase in some frozen samples, especially in frozen
kale, which exhibits a higher TAC than the fresh sample.65 In addition,
Mazzeo et al.66 observed that steaming for frozen vegetables maintained the
TAC content and the bioaccessibility of polyphenols and carotenoids. How-
ever, these methods have some limitations, as fresh foods are inherently
sensitive to cold, which may cause a reduction of natural antioxidants.

Another common storage method is refrigeration. Temperature and refriger-
ation time are the two main discussed factors that determine the effect of re-
frigeration on TAC. Galani et al.75 showed a decrease in TPC, vitamin C and total
anthocyanins in fruit and vegetables at 4 1C for 15 days, and an increase in the
phenolic acid profile, in particular ellagic, gallic, sinapic and vanillic acids.
Interestingly, Kevers et al.76 studied the storage of a variety of food samples with
different days and temperatures, and the results showed a temporary increase in
TAC content in yellow peppers (34 days, 4 1C), broccoli (27 days, 4 1C) and plums
(30 days, room temperature); and a temporary decrease of TAC in leeks (23 days
4 1C) and lettuces (8 days, 4 1C); and finally, a significant decrease of 20% in
spinach (19 days, 4 1C) and 40% in melons (7 days, room temperature). The TAC
value of other fruits and vegetables remained stable during the temporary
changes in the refrigeration conditions, indicating that refrigeration did not
affect the TAC of these foods. Cold storage at 6� 1 1C can increase anthocyanins,
flavanones, hydroxycinnamic acids and total phenolics of blood pigmented or-
anges and in some cases, an increase in the TAC content was observed during
prolonged storage of blood pigmented oranges.77 Refrigeration is usually a
stable method for preserving foods and their TAC values.
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To maintain the quality of the harvest, foods can be stored in a controlled or
modified atmosphere, with a reduced concentration of oxygen and an in-
creased concentration of carbon dioxide. A controlled atmosphere is a method
of storage where the concentration of carbon dioxide, nitrogen, oxygen,
temperature and humidity is controlled.78 Modified atmosphere storage refers
to an initial and continuous change in the gas composition due to the res-
piration rate of food products and the permeability of food packaging.79 For
some fruits, such as oranges and apples, TAC increases from 36 to 50% during
a two-month period in air storage.75 The mechanisms that induce this in-
crease in polyphenols are unknown, but it is clear that these conditions may
influence the release of bioactive compounds, in particular polyphenols. In a
study with blueberries, an increase of 15–30% of CO2 in controlled atmos-
phere storage makes fruits softer than CO2-free fruits. Also, a high concen-
tration of CO2 (30%) and variable of O2 (2% and 21%) preserved polyphenol
concentrations during storage, also preserving the TAC content. TAC content
can increase when the storage temperature is between 01 and 31 C, which
demonstrates that blueberries stored in a controlled atmosphere can signifi-
cantly extend their shelf life.80 A controlled atmosphere of nitrogen also
maintains the total phenolic and total flavonoid content, but the storage is
recommended to be at low temperature (1 1C).81 In summary, to prevent the
loss of TAC in a controlled atmosphere, the storage temperature is suggested
to be fixed between 0 1C and 5 1C with low O2 levels.

Lastly, another common preservation method of commercial products (fruit
juices, dairy products, confectionery, meat and meat products) consists of
adding additives as preservatives, denoted in Europe by an ‘‘E’’ followed by at
least three numbers. Some of the most common ones are: i) antioxidants such
as ascorbic acid (E300), propyl gallate (E310), sodium ascorbate (E301), toco-
pherols (E306), butylated hydroxyanisole (BHA, E320), butylated hydro-
xytoluene (BHT, E321), etc., ii) antimicrobial agents such as acetic acid (E260),
potassium acetate (E261), calcium acetate (E263), lactic acid (E270), carbon
dioxide (E209) and malic acid (E296) and (iii) antimicrobial agents to prevent
browning of food which may occur at any time during handling, processing
and storage.82 To date, data on the role of these additives and their effect on
the TAC are very limited. In some studies, sodium benzoate was shown to
reduce losses in TPC during storage at low temperature compared to foods
without additives, e.g., there is a lower decrease of phenolics, flavonoids and
ascorbic acid in commercial fruit juices commercialized with additives com-
pared to those without additives.83,84 Therefore, sodium benzoate may have a
protective effect on natural antioxidants. Likewise, there might be a syn-
ergistic or combined effect between additives (BHA and BHT, or BHA and
propyl gallate), that might be explained by an increase in oxidative stability of
the antioxidants by the mutual protection against the antioxidant radicals
produced in the food.85 However, the evidence supporting the influence of
this synergistic effect on TAC is unclear. For this reason, the interest of using
natural antioxidants as additives has increased over the years, hoping to offer
powerful antioxidant activity and reduce free radicals. Some natural
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antioxidants can compete with the effect of synthetic antioxidants, but they
need to remain in the food during the different phases of the production. The
general population usually believes that ‘‘all natural’’ is better than ‘‘artificial’’
in food processing, but this is not always true. The effect of natural anti-
oxidants on the TAC and their effectiveness in food processing are not totally
clear and need further investigation.

In summary, TAC content in foods and beverages can be maintained,
increased or decreased during the cooking, preservation and storage pro-
cesses. TAC variation is caused by the conversion of large compounds into
small compounds and their extractability, which are influenced by the
temperature, water content, cooking and storage time.

5.5 The Use of TAC Data in Food Science, Nutrition
and Health

5.5.1 Screening of Ingredients

TAC data could be very useful in the food and pharmaceutical industry in
order to screen ingredients and foods with a high TAC content. By ingredi-
ents, we refer to natural products (fruits, vegetables, cereals, nuts, spices and
herbs) used to obtain a final transformed product. Screening ingredients will
allow us to select the varieties and ingredients with higher TAC values.

Some plant-based foods like berries and green leafy plants, sometimes re-
ferred to in the media as ‘‘superfoods’’, are very rich in antioxidants and
subsequently in TAC. However, in some cases this information is missing or is
not complete. For example, the antioxidant potential of the leaves of Pereskia
aculeata Miller (Barbads gooseberry) is very high, but its complete nutritional
analysis is not available yet.86 As well as for berries and green leaves, multiple
articles report very high TAC values in herbs, spices and nuts.27,87

Several studies have analyzed local foodstuffs commonly used in specific
areas that can be higher in TAC than same foods in other areas or other
similar foods. For instance, a Greek study analyzed local herbs which have
higher antioxidant capacity than in other areas.87 Furthermore, local fruits or
vegetables that are commonly consumed by a population may have a greater
antioxidant capacity, such as the jujube in China or pitaya in Mexico, com-
pared to other similar foods.26,33 Screening many ingredients and obtaining a
database with detailed TAC values are relevant particularly to improve food
development and research due to a better characterization of current or po-
tential ingredients. Moreover, it can be helpful to accurately estimate the
dietary TAC intake and its relationships with health outcomes. 87

5.5.2 Application of TAC Data in Quality Control and Food
Processes

The quality of a final product is the main goal for all food producers, pro-
cessors and consumers. Industrial companies, farmers and agronomists are
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constantly striving to ensure that the selection of raw products and materials,
processing methods, packaging, storage and distribution are adequate in order
to achieve a high standard quality in the final product.88 There are numerous
food laws and regulatory procedures to assess the quality control of products.
The general quality assurance systems are Hazard Analysis of Critical Control
Points (HACCPs), Good Agricultural Practices (GAPs) and International Or-
ganization for Standardization (ISO), which cover the relevant laws on food
production, labeling, use of food additives and food supplements.88–90

It is difficult to apply these systems for quality control in relation to TAC
because there is not a standard assay for TAC measurement available, and the
TAC content for each food and beverage differs based on the particular
antioxidant assay used. For quality control of TAC values in food and bever-
ages, correlations between assays provide more reliable quality control. ORAC,
FRAP and TEAC methods have been shown to be correlated or uncorrelated
depending on the type of food, e.g., a positive correlation has been shown for
various fruits and vegetables, but not for commercial beverages.28 A recent
study recommends FRAP as the TAC method of ref. 91 However, this approach
needs to be carefully considered as the different methods affect the TAC
content, as mentioned throughout this chapter. As we have discussed previ-
ously, a combination of at least two TAC methods should be recommended.

Another factor influencing the TAC content is food processing, which also
needs to be taken into account in the quality control of TAC. Thermal food
processing such as cooking, blanching, drying, roasting and pasteurization can
damage the antioxidant content, including that of vitamin C, lycopene and
polyphenols, in particular many flavonoids. Ahmed et al.92 showed that roasting
at high temperatures (120–160 1C) for more than 20 minutes reduced the content
of flavonoids and peeling and trimming reduced the content of flavonoids to
39% in onions. Non-thermal methods (ultraviolet, pulsed electric field, high
hydrostatic pressure, irradiation and combined non-thermal methods) are
gaining attention because of the reduced decay of antioxidants in food, including
some improvements in their activity and availability.93 For instance, irradiation
(100–700 Gy) of navel orange fruit followed by 3 weeks of storage at 5 1C showed
no effect on its color, juiciness, phenolic content and antioxidant capacity.94

Consequently, the new methods of processing in industry can be useful tools for
maintenance of TAC in foods and provide a healthier final product.

Overall, TAC can be used as a quality parameter to monitor the different
processes in the food industry, from the control of raw ingredients to the
distribution since TAC content is relatively labile to some processes (cook-
ing, storage, etc.). The ideal food processing method should be the one that
safeguards the highest TAC (i.e., the antioxidant quality and quantity).

5.5.3 Use of TAC Data in Developing New Foods and
Pharmaceutical Supplements

Among the multitude of different food products and beverages, antioxidants
are presented in two forms: natural or synthetic. The most used synthetic
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antioxidants are BHA, BHT, propyl gallate and tertbutylhydroquinone
(TBHQ). Evidence from animal research has shown that high doses of BHA
and BHT have harmful health effects95,96 which have led to the European
Food Safety Agency (EFSA) and the European Union regulating their use
(Regulation EU 1129/2011). In some countries, the use of several synthetic
additives is banned due to their toxicity.97

Antioxidants are used as food additives in order to prolong the shelf life of
a product due to their stability and ability to scavenge reactive oxygen species.
This led to the belief that increasing the TAC value of a product can ameli-
orate its preservation. Studies on different food products such as biscuits and
pork frozen patties98,99 have shown that the addition of natural antioxidants
increased the TAC value and also prolonged the shelf life of the products,
without any deterioration of their organoleptic properties. Multiple studies
on different types of oils also showed that adding an antioxidant to the
product increased their oxidative stability while stocking or cooking.100–102 A
recent review by Grosshagauer et al.103 highlighted that the improvement in
the oil extraction process increases the quantity of antioxidants like vitamin E
and phenolic compounds, which can be helpful to enhance the oxidative
stability. The last studies also compared natural and synthetic antioxidants,
and they reported that natural antioxidants can be as powerful and efficient
as the synthetics. These are important findings for the food industry, con-
sidering the increased demand for natural products. Good alternatives to
synthetic antioxidants can be spices and aromatic herbs, as they have a very
high TAC content.2 Yanishlieva and Marinova104 summarized the data about
the use of natural instead of synthetic antioxidants in various oils, and they
concluded that the addition of natural antioxidants can protect the quality of
the oils the same as or even better than synthetic antioxidants. However, the
safety of some natural antioxidants still needs to be completely investigated
before replacing the currently used synthetic antioxidants.

TAC data can also be useful in food science for the innovation and de-
velopment of nutraceuticals, supplements and functional foods. Indeed,
antioxidants are known to possess potential benefits for diverse health
conditions,105,106 and the supplementation with antioxidants might be
helpful in cases of a poor diet in fruits and vegetables. Supplements are often
produced as pills or capsules, ensuring safe storage capable of resisting
different conditions. However, selecting antioxidants for new products
should be carefully assessed since they can interact with each other via
additive, synergistic or antagonistic mechanisms. The available antioxidant-
rich supplements are mostly limited to vitamins or green tea extracts, but
there are plenty of antioxidant types and sources such as phenolic deriva-
tives, peptides/protein hydrolysates, phospholipids and polysaccharides that
can be considered and transformed into diverse product concepts.107

In conclusion, TAC data can bring current knowledge regarding natural
and industrial antioxidant potential products to the next level. Taking into
account the increasing demand for more natural products, companies may
use rich TAC ingredients to produce better market-oriented products.
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5.5.4 Food Policies and Marketing

Nutrition and health claims are statements about the relationships between
foods/ingredients and health benefits. Indeed, health claims are a valuable
marketing tool, and therefore, their use has to be strictly regulated to ensure
that consumers are informed and protected from misleading and false infor-
mation. The EFSA provides the highest scientific opinions regarding nutrition
and health claims and works in parallel with the European Commission. In the
European Union countries, the nutrition and health claims are regulated by a
Regulation (European Commission No 1924/2006). In the United States, the
Food and Drugs Administration (FDA) is responsible for food safety and health
promotion and evaluates the food claims in three categories; nutrient content
claims, health claims, and structure/function claims (Figure 5.1).108

To date, there is not an established health claim regarding TAC. However,
EFSA and the Panel at Dietetic Products, Nutrition and Allergies have created a
guidance document109 on the scientific requirements for health claims related
to antioxidants, oxidative damage and cardiovascular health, based on the
capacity of foods and ingredients to scavenge free radicals. However, the
evidence originated from in vitro models and their capacity to produce
beneficial effects in humans has not been fully demonstrated yet.109 To date,
the FDA does not provide nutritional and health claims about TAC.

The separate evaluation of food and components can lead to different
statements. For example, EFSA has recognized the antioxidant properties of
polyphenols, and the Panel at Dietetic Products, Nutrition and Allergies has
recognized the antioxidant properties of food components rich in polyphenols
(e.g., olive fruit, olive mill effluent or olive oil, Olea europaea L. extract and

Figure 5.1 Assessment criteria of health/nutritional claims by the European Food
Safety Authority (EFSA) and Food and Drugs Administration (FDA).
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leaves) and high content of hydroxytyrosol (e.g., oleuropein complex).110

Nevertheless, in both cases the claims cannot be translated into TAC claims.
For marketing purposes, the TAC is sometimes used as an indicator of food

quality and to promote health benefits associated with total antioxidants.
Although food antioxidant intake is recognized to be beneficial for health, it is
not totally correct to directly correlate the phytochemical content in foods and
the body fluid concentration (e.g., serum, plasma, urine) with health effects,
since their biological activity also depends on their bioavailability and bio-
functionality, that varies between different foods and antioxidant types.111

Indeed, the bioavailability of antioxidants can be influenced by various
factors, such as the molecular structure, the food matrix and processing
techniques, enzyme activity, genetic, gut microbiome and hormonal charac-
teristics of the host and the external environmental exposure.112

Currently, food labels are used to proclaim the nutritional facts and nu-
tritional/health claims of products, both of which are linked to consumer
choice of healthy food.113 For this reason, it is important to emphasize that,
beyond the available evidence, nutrition and health claims on antioxidants
cannot be advanced, as the evidence does not yet meet the criteria formulated
by EFSA and FDA, described in Figure 5.1. Furthermore, the mechanism of
action and bioavailability of some natural antioxidants are not fully under-
stood and require further investigation. In conclusion, nutrition and health
claims made for antioxidants and/or TAC for marketing purposes are not
scientifically and officially approved, but in the future they could be useful.

5.6 TAC Data, Nutrition and Health

5.6.1 Estimation of the Intake

The importance of natural antioxidants in reducing the risk of chronic
diseases has been extensively studied.114–117 However, the adequate valid-
ation of dietary TAC is not yet possible due to the lack of a reference TAC
method and database. Attempts to estimate the TAC have been made in
several populations worldwide.111,118–120

As can be observed in Table 5.3, dietary TAC intake can be expressed in
different units and estimated by different TAC assays, making their com-
parison extremely difficult. Jun et al.29 compared TAC intake between Korean
and other populations, reporting 389.2, 345.4 and 772.1 mg VCE per day for
Korean, US and Brazilian females respectively. For males, the values were
380.1 mg and 414.6 mg VCE per day for Korea and US populations, re-
spectively. However, a comparison based on food choices may also be feas-
ible, as the studies often described the food contributors to the dietary TAC
intake. For example, fruits, vegetables, wine, beer and coffee are the main
sources of antioxidants in the Mediterranean diets including those in Spain,
Italy and Greece.114,115,118 In Asian countries, like Korea and Japan, fruits
and vegetables, soy and soy products, rice, seaweed, nuts and teas are typi-
cally the main contributors to TAC intake.29,30,116
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Although Mediterranean and Asian diets are both dietary patterns dom-
inated by a large consumption of plant-based foods, their TAC intakes are
highly influenced by the consumption of a few particularly antioxidant-rich
products, and minor differences can also be due to variations in geographic
characteristics (e.g., food varieties, terroir, climate, etc.).

Regarding the diet of North and South American countries, there is a big
difference compared to the Mediterranean and Asian diets. After beverages,
fruit and vegetables are the main contributors to the Mexican rural dietary
TAC, although their consumption is relatively low.117 In the United States,
alcoholic, non-alcoholic beverages and supplements are highlighted as big
contributors to dietary TAC.32 Supplements in the United States provide
about 25% of dietary TAC.32 In a Korean study, supplements represented
around 38% of dietary TAC, mainly coming from vitamins and vitamin–
mineral supplements.121 When including supplements in the dietary TAC
estimation, a rigorous measure of their TAC content is recommended, since
the antioxidant content indicated on the label may be inaccurate.122

To obtain dietary data, observational epidemiologic studies mostly use
food frequency questionnaires, 24 h dietary recalls and food records.123

These questionnaires are usually self-administered and are based on the
capacity of the population to report/remember their intakes, which may
result in biases and measurement errors. In the near future, these ques-
tionnaires will be improved using interactive computer and camera-based
technologies.124 A good option can also be the combination of food fre-
quency questionnaires and 24 h dietary recalls or a dietary recall question-
naire longer than one week and shorter than one month, suggested as the
period needed to properly evaluate antioxidant content.125 Questionnaire-
based methods have a common limitation in that they do not consider the
bioavailability of individual antioxidants in the foodstuffs listed and con-
sidered in the study. Biomarkers presented in blood or urine that reflect the
intake of antioxidants are an alternative of self-reported dietary intake, al-
though, in large-scale studies they are much more expensive. Measuring
biomarkers also have limitations due to the lack of a comprehensive and

Table 5.3 Estimation of dietary Total Antioxidant Capacity intake of
different populations.a

Population Method Dietary TAC Reference

Korean adults ABTS 384.7 mg VCE per day 29, 30
DPPH 20 763 mM TE per day
ORAC 54 335 mM TE per day
TEAC 876.4 mM TE per day

US adults ABTS 503.3 mg VCE per day 32
Spanish adults FRAP 6014 mmol TE per day 118

ABTS 3549 mmol TE per day
aAbbreviations: VCE vitamin C equivalent; TE Trolox equivalent; DPPH 2,2-di-
phenyl-1-picrylhydrazyl; ORAC oxygen radical absorbance capacity; TEAC Trolox
Equivalent Antioxidant Capacity; FRAP Ferric Reducing Antioxidant Power; ABTS
2,20-azinobis(3-ethylbenzothiazoline-6-sulfonic acid).
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validated analytical method and the rapid pharmacokinetics of some anti-
oxidants, like polyphenols.126

An accurate estimation of the dietary TAC relies also on the availability of a
standardized TAC database, which is not currently available. Additionally, as
has been described throughout this chapter, measuring the TAC content in
foods is challenging due to many factors that influence TAC values such as
plant variety, season of harvest, or food processing and cooking. While in-
vestigating the relation between TAC values and health, it is essential to
consider the quality of TAC sources, as some unhealthy items such as al-
coholic beverages also contribute a lot to dietary TAC.

5.6.2 Total Antioxidant Capacity Intake and its Health
Benefits

Evidence that reactive oxygen and nitrogen species and oxidative damage are
involved in various inflammatory and degenerative diseases is leading to
growing scientific interest in the potential relationships between TAC and
various health outcomes.127,128

Nutritional TAC is becoming a key measurement in assessing food quality
and its link with health, but the lack of a standardized TAC method can lead
to discrepancies in the results. For example, the use of FRAP, TRAP and the
TEAC test showed that coffee, tea, fruit and vegetables can contribute to 75%
of dietary TAC, while the ORAC assay indicates that fruit, vegetables and tea
account for the majority of dietary TAC.129

Numerous epidemiological studies120,128,130 and clinical trials128,131,132

have already shown the positive correlation between the antioxidants con-
tained in foods and the attenuation and prevention of metabolic disorders
and the improvement of cognitive function.133 TAC protects against oxida-
tive damage to lipids and DNA damage, improves the levels of certain bio-
markers such as low-density lipoproteins and triglycerides134–136 and has a
protective influence on cardiovascular disease and cancer develop-
ment.137,138 Dietary TAC has also shown the potential to reduce pre-diabetes
morbidity by lowering glucose tolerance.129,139 A recent meta-analysis of
observational studies showed an inverse association between antioxidant
consumption and the risk of colon, gastric and endometrial cancer.140

Dietary TAC has also been studied in terms of nutritional therapy for
obesity, metabolic syndrome, dyslipidemia, cardiovascular diseases and
cancer. The randomized controlled trial RESMENAS (MEtabolic Syndrome
REduction in NAvarra-Spain) showed a positive correlation between dietary
TAC and the reduction of weight, body mass index, waist circumference and
fat mass in participants with obesity.128 Several cohort studies have found a
relationship between dietary TAC (Z13.48 mmol per day based on the FRAP
assay and Z18 000 mmol per day based on the ORAC assay) and the treat-
ment of cardiovascular disease by lowering blood pressure and concen-
trations of oxidized LDL141,142 and reactive protein C, a biomarker of
inflammation.142,143 Nevertheless, the health benefits of TAC have mostly
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been demonstrated by observational studies, and its mechanisms are not
completely known. More studies are needed to fully understand all the
factors involved in their metabolism, bioavailability and the relationship
with health biomarkers and outcomes.

In summary, dietary TAC has been shown to play an important role in
various health outcomes, and developing TAC data taking into account all
the factors mentioned in this chapter can be a good tool to improve dietary
TAC, as well as to establish new dietary guidelines.

5.6.3 Future Recommendations and Applications of TAC
Data in Biomedical Research

TAC can be considered as a useful tool for clinical and research applications
in the health sector. The available information on TAC has increased in
recent years. In fact, it has been shown that the sum of antioxidants in the
diet has a protective effect against various diseases associated with oxidative
stress.105,144 The current knowledge allows us to identify and classify food
sources with high antioxidant capacity in diets, which can be a first step
toward healthier diets. In order to standardize and implement the potential
benefits of TAC data, the future focus should be on the creation of a single
reliable TAC database. Apart from the database, more investigation is nee-
ded to understand antioxidant metabolism, bioavailability and their effect
on health. It will be helpful to optimize and personalize dietary recom-
mendations and to increase the quality in food production.
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project, funded by La Marató de TV-3. We thank CERCA Program/Generalitat
de Catalunya for the institutional support. J.C. is thankful for the CONACYT
fellowship (ID 693636) from the Mexican Government. M.G.-L. is grateful for
the predoctoral scholarship PFIS (FI19/00185) from the Instituto de Institute
of Health Carlos III. R.Z.-R. would like to thank the ‘‘Miguel Servet’’ program
(CP15/00100) from the Institute of Health Carlos III (co-funded by the
European Social Fund (ESF) – ESF investing in your future).

References
1. X. Wu, L. Gu and J. Holden, J. Food Compos. Anal., 2004, 17(3–4), 407.
2. M. H. Carlsen, B. L. Halvorsen and K. Holt, Nutr. J., 2010, 9, 3.
3. D. Huang, Antioxidants, 2018, 7, 9.
4. D. W. Wilson, P. Nasg and H. Singh, Antioxidants, 2017, 6, 1.
5. M. B. Arnao, A. Cano and M. Acosta, Food Chem., 2001, 73, 239.
6. W. Kalt, A. Cassidy and L. R. Howard, Adv. Nutr., 2020, 11(2), 224.
7. K. Kawabata, Y. Yoshioka and J. Terao, Molecules, 2019, 24(2), 370.
8. A. A. Dayem, M. K. Hossain, S. B. Lee and K. Kim, Int. J. Mol. Sci., 2017,

18(1), 1.
9. M. Serafini, D. Villano, G. Spera and N. Pellegrini, Nutr. Cancer, 2006,

56(2), 232.
10. E. B. Kurutas, Nutr. J., 2016, 15, 1.
11. K. Csepregi, S. Neugart, M. Schreiner and É. Hideg, Molecules, 2016,
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2016, 64, 997.
16. R. Apak, E. Capanoglu and F. Shahidi, Measurement of Antioxidant

Activity and Capacity, Recent Trends and Applications, John Wiley & Sons
Ltd, UK, 1st edn, 2017.
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