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Abstract

The intake of red and processed meat has been associated with several adverse health outcomes such as colorectal cancer and type II diabetes. Processed meat is a very heterogeneous food group and the estimation of its intake in epidemiological studies is often limited by the insufficient details of dietary questionnaires or recall bias of study participants. Biomarkers of intake could provide a valuable tool to estimate intake of different processed meat products and help disentangle the mechanisms linking processed meat intake and disease, but no such biomarkers have been proposed yet. Untargeted metabolomics was applied in this thesis to identify biomarkers of processed meat intake in an agnostic way.

In the first part of this thesis, untargeted metabolomics analyses of 10 in vitro digested meat products revealed that different processed meat products showed chemical profiles and metabolites specific for smoking, fermentation and the use of pepper as ingredient.

The second part aimed at the identification of biomarkers for processed meat intake in a randomized cross-over dietary intervention study and in a cross-sectional study. In the first study, 12 volunteers consumed 3 different processed meat products (salami, bacon, hot dogs) and control foods (non-processed pork, tofu) during 3 days. Syringol metabolite levels were elevated in plasma and urine after intake of smoked meat (bacon, hot dogs) and levels of pepper-derived metabolites were elevated in urine and plasma after salami intake, when compared to non-processed meat intake. Biomarkers were then tested for replication in 24-hr urine (n = 474) and serum samples (n = 397) of the European Prospective Investigation into Cancer and nutrition (EPIC) cross-sectional study by assessing their association with processed meat intake based on food frequency questionnaire data. Urinary syringol metabolites and urinary and plasma pepper-derived metabolites were discriminating smoked meat consumers and sausage consumers, respectively, from non-consumers.

The third part aimed at the investigation of the impact of meat intake on human metabolism. A large panel of acylcarnitines, metabolites involved in energy and fatty acid metabolism, were assessed for their association with meat intake. First, acylcarnitines that showed different levels in blood and urine after intake of pork and tofu in the dietary intervention study were identified. These were then tested for an association with red and processed meat intake in the EPIC cross-sectional study. Several short and medium chain acylcarnitines were elevated in urine samples after pork intake compared to tofu intake in the intervention study and associated with red and processed meat intake in the EPIC cross-sectional study. Stearoylcarnitine (C18:0) in blood was consistently associated with meat intake in the intervention and cross-sectional study.

The new biomarkers identified in this thesis may contribute to improve assessment of intake of processed meat in future epidemiological studies on cancer and other health outcomes. Increased levels of acylcarnitines associated with meat intake show that meat intake influences this important metabolic pathway and this may provide new clues to explain effects of meat intake on disease risk. Future research should investigate the generalizability of these results in other population settings (e.g. other eating cultures in Asia).
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Résumé en français

Les viandes transformées sont des produits fumés, salés, fermentés ou transformés par d'autres procédés qui visent à améliorer les propriétés organoleptiques ou la durée de conservation de la viande. La diversité des procédés de fabrication en fait un groupe alimentaire très hétérogène caractérisé par des profils chimiques variés. Différentes études épidémiologiques ont montré que la consommation de viande rouge et de viande transformée était associée à un risque plus élevé de développer certaines maladies comme le cancer colorectal ou le diabète de type II. La viande transformée a été classée cancérogène avéré (groupe 1) par le Centre International de Recherche sur le Cancer (CIRC). Des composés carcinogènes comme les hydrocarbures aromatiques polycycliques, les amines hétérocycliques ou les composés N-nitrosés formés lorsque la viande est grillée, fumée, chauffée ou conservée avec des nitrates ou des nitrites, pourrait expliquer au moins en partie ces effets. Néanmoins, les mécanismes par lesquels ces composés agissent ne sont pas encore complètement connus.

Pour mieux comprendre le rôle de la viande transformée dans le développement du cancer colorectal et définir de meilleures stratégies de prévention, il est nécessaire d'étudier les effets des différents types de viande transformée dans des études épidémiologiques. Ceci requiert de caractériser précisément la consommation des différents types de viande. L'estimation de la consommation d'aliments dans les études épidémiologiques repose principalement sur l'usage de questionnaires alimentaires limités dans le nombre d'aliments considérés, et sujets à un biais de rappel des participants. L'utilisation de biomarqueurs de l'alimentation pour quantifier plus précisément la consommation alimentaire dans les études épidémiologiques est donc un outil prometteur. Aucun biomarqueur de la consommation de viande transformée n'a été proposé à ce jour.

La métabolomique est l'étude globale des variations de profils métaboliques constitués de toutes les molécules de petite taille (<1000 Da) sous l'effet d'un stimulus. La métabolomique nonciblée basée sur la spectroscopie de masse couplée à la chromatographie liquide permet de détecter plusieurs milliers de signaux chimiques dans des échantillons de sang ou d'urine. Elle est devenue une approche importante pour identifier des biomarqueurs de consommation alimentaire dans des études d'intervention ou d'observation. La métabolomique permet également d'étudier les effets de l'alimentation sur le métabolisme endogène. Par exemple, plusieurs études ont montré que la consommation de viande était associée à des concentrations élevées de certaines acylcarnitines dans le sang et l'urine. Des concentrations élevées de ces molécules, qui jouent un rôle important III dans le métabolisme des acides gras, ont été associées à l'obésité, au diabète de type II et à un risque élevé de cancer. L'objectif de cette thèse était donc (I) d'identifier des nouveaux biomarqueurs de la consommation de viande transformée, et de (II) mieux comprendre l'impact de la consommation de viande sur les taux d'acylcarnitines dans le sang et l'urine.

La première partie de cette thèse a permis d'analyser 33 échantillons de viandes digérées in vitro (viandes transformées ou non, 10 types différents) via une approche métabolomique nonciblée basée sur la chromatographie liquide couplée à la spectroscopie de masse. L'analyse des profils chimiques globaux a mis en évidence différents clusters d'échantillons de viande : les produits transformés comme le jambon étaient plus proches de viandes non-transformées que ne l'étaient les saucisses et saucissons, qui formaient un cluster à part. Les saucisses frites et les saucissons présentaient tous deux des taux élevés de piperamides (alcaloïdes provenant du poivre). Le syringol et ses dérivés, constituants de la fumée de bois, étaient quant à eux spécifiques des produits issus de viandes fumées. Enfin, certaines amines biogènes étaient spécifiques des produits fermentés.

La deuxième partie de cette thèse visait à identifier des biomarqueurs de la consommation de différents types de viandes transformées. Pour cela, une étude interventionnelle croisée randomisée a été réalisée sur 12 sujets qui ont consommé pendant 3 jours consécutifs cinq types de viande ou substitut : trois viandes transformées (bacon, hot-dogs, saucisson), une viande nontransformée (porc frit), et un aliment substitut (tofu) comme témoin. Des échantillons d'urine et de plasma ont été collectés lors des 5 périodes d'intervention. Les échantillons ont été analysés en utilisant l'approche métabolomique non-ciblée. De plus fortes teneurs en métabolites conjugués de syringol et de ses dérivés ont été mesurées dans les échantillons d'urine et de plasma collectés après la consommation de hot dogs, par comparaison à ceux collectés après consommation de porc nontransformé. De la même manière, de plus fortes teneurs en piperamides ont été mesurées après la consommation de saucisson, par comparaison au porc non-transformé. Dans un deuxième temps, les biomarqueurs identifiés dans l'étude interventionnelle ont été testés pour réplication dans des échantillons d'urine (n = 474) et de sérum (n = 397) issus d'une étude transversale nichée dans la cohorte prospective European Prospective Investigation into Cancer and nutrition (EPIC). Les sujets de l'étude EPIC étaient domiciliés en France, Italie, Allemagne et Grèce. Leur consommation alimentaire (habituelle et récente) était établie via des questionnaires de fréquence de consommation des aliments et des rappels nutritionnels de 24 heures (24HDR). Nous avons observé que les teneurs en métabolites conjugués de syringol et de ses dérivés dans les échantillons d'urine étaient associés à la consommation de viande fumée. Ces métabolites ont montré un bon pouvoir IV prédictif (AUC : 0.79) pour la prédiction de la consommation habituelle de viande fumée. De plus, les alcaloïdes du poivre et leurs métabolites, ont été retrouvés dans l'urine et étaient associés à la consommation récente de saucisses. Ces métabolites également retrouvés dans le sérum, étaient associés à la consommation habituelle de saucisses ou viande transformée. L'analyse des associations avec tous les principaux groupes d'aliments a montré que trois de ces métabolites des alcaloïdes du poivre présents dans le sang étaient systématiquement associés à la consommation de saucisses, mais aussi et dans une moindre mesure à la consommation de champignons et de vin, ce qui pourrait signifier un risque de confusion par ces deux dernières aliments dans de futures études d'associations avec le risque de cancer.

Enfin, la troisième partie de cette thèse avait pour objectif d'étudier l'impact de la consommation de viandes rouges et transformées sur les taux d'acylcarnitines dans le sang et l'urine. Nous avons pu évaluer la corrélation entre la consommation de viande et la teneur dans le sang et l'urine d'une large variété d'acylcarnitines, incluant des acylcarnitines avec des groupes acyles saturés, insaturés et oxydés. Dans l'urine, nous avons observé que la présence de plusieurs acylcarnitines à chaines courtes et moyennes était élevée après la consommation de porc, en comparaison à celle de tofu dans l'étude interventionnelle. Onze de ces acylcarnitines étaient également associées à la consommation de viande dans l'étude transversale issue d'EPIC. Dans le sang, nous avons observé que l'acylcarnitine C18:0 était associée à la consommation de viande à la fois dans l'étude interventionnelle et dans l'étude transversale. Enfin, aucune association n'a été observée entre la consommation de poulet et les concentrations d'acylcarnitines dans l'étude transversale.

Dans l'analyse des viandes digérées in vitro (première partie de la thèse), plusieurs métabolites se sont avérés être spécifiques de méthodes de transformation ou de l'ajout d'ingrédients particuliers (poivre), ce qui rend pertinente l'utilisation de ces métabolites comme biomarqueurs de consommation de ces aliments. Dans l'étude interventionnelle (deuxième partie), des métabolites du syringol ont été identifiés dans l'urine, comme pouvant être des biomarqueurs candidats de la consommation de viandes fumées. Les concentrations dans le sérum étaient en revanche trop faibles pour permettre être détectées dans cette matrice et pour évaluer la spécificité de tels biomarqueurs dans le sang. D'autres études avec des méthodes analytiques plus sensibles seront nécessaires pour faire une telle évaluation.

Des métabolites issus du poivre étaient associés avec la consommation de saucisses dans des échantillons de sang et d'urine de l'étude interventionnelle et de l'étude transversale. Ils pourraient donc être utilisés comme biomarqueurs de la consommation de saucisses. L'utilisation de ces V marqueurs devra être testée dans d'autres populations exposées à différents régimes alimentaires.

Plusieurs études métabolomiques avaient montré dans d'autres cohortes des associations entre la piperine et le risque de développer des maladies comme le cancer. Ces associations pourront être recherchées dans la cohorte EPIC, en prêtant attention aux possibles effets confondants d'autres constituants de la viande transformée.

Les biomarqueurs identifiés dans ce travail pourraient contribuer à caractériser plus précisément la consommation de viandes fumées et de saucisses dans des études épidémiologiques.

Il reste nécessaire d'identifier d'autres biomarqueurs spécifiques d'autres types de viande transformée tels que le pâté ou le boudin noir. Un autre moyen d'identifier de nouveaux biomarqueurs pertinents pourrait être d'établir des associations entre la présence de certains métabolites dans le sang ou l'urine et la consommation de viandes transformées spécifiques, dans des études transversales utilisant à la fois des questionnaires plus détaillés sur les viandes transformées et une taille d'échantillons plus grande que celle de l'étude transversale EPIC.

Enfin, nous avons vu que de plus fortes concentrations d'acylcarnitines ont été mesurées dans l'urine et le sang après consommation de viande rouge et de viande transformée. Cela indique que ces aliments ont un effet sur cette voie importante du métabolisme des acides gras. Malgré les diverses approches expérimentales utilisées dans cette thèse (étude d'intervention et étude observationnelle, échantillons d'urine et de sang, grande variété des acylcarnitines détectées), il n'a pas été possible de déterminer précisément si l'augmentation des concentrations d'acylcarnitines résulte de la carnitine ou des lipides présents dans la viande, ou s'il s'agit d'un effet de la consommation de viande sur le métabolisme énergétique de l'hôte. Une étude interventionnelle avec du poulet et de la viande rouge pourrait également confirmer les résultats de l'étude transversale EPIC dans laquelle aucune association entre la consommation de poulet et la teneur en acylcarnitines dans le sang et l'urine n'a été trouvée. Cela pourrait aider à comprendre pourquoi la consommation de poulet n'est pas associée aux mêmes risques de développer des maladies comme le cancer que la consommation de viande rouge.

Cette thèse a donc permis d'identifier de nouveaux biomarqueurs de la consommation de viandes fumées (métabolites du syringol) et de saucisses (piperamides). Ils pourraient aider à quantifier la consommation de ces produits dans des études épidémiologiques. Nous avons également pu montrer l'impact de la consommation de viandes rouges et transformées sur le taux d'acylcarnitines, qui sont d'importants métabolites impliqués dans le métabolisme énergétique. 5 : Associations of HCA exposure with colorectal cancer risk or colorectal adenoma risk ......... Table 6 : Intake of different processed meat products (PM) in women across selected centres of the European Pospective Investigation into Cancer and nutrition (EPIC) study (g/day). ........................... Table 7 : Some criteria for the validation of biomarkers and the type of study needed for its assessment proposed by Dragsted et al [ 10 : Pathways influenced by (red) meat intake and reported associations with disease ........... Table 11 : Numbers of metabolite features significantly elevated in urine and plasma samples after intake of different processed meats compared to samples collected after intake of pork. ................
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Chapter I -Introduction

General background

Meat is derived from the muscle tissue of slaughter animals and contains many important nutrients [1,2]. It is an important part of the diet in many countries and especially red and processed meat are major parts of the western diet pattern [3]. The main reasons cited by meat consumers to justify meat consumption are that they feel meat intake is natural as humans are omnivores, that it is necessary for a good health, that it is part of human culture and tradition and that they enjoy the consumption of meat [4]. In the last decades, scientific evidence of adverse effects of meat consumption on human health and the environment has been accumulating [3]. The intake of red and processed meat has been associated with increased risk of cancer, type II diabetes, cardiovascular disease and overall mortality [3,[5][6][7]. The production of meat and in particular bovine meat has been shown to be harmful to the environment. Bovine meat has higher negative impacts than any other food when factors such as greenhouse emissions, land use or energy use per serving are considered [3]. Despite these known facts, diets in western countries are still meat-based and consumption of meat is not decreasing [8]. Many meat eaters challenge the view that a reduction in meat intake has a positive impact on the environment and health [4] Even though there is a broad consensus in the scientific community about the positive association of red and processed meat intake with increased risk of diseases such as colorectal cancer, some researchers challenge these findings. A recent example occurred in October 2019 when a selfappointed panel of researchers who call themselves NutriRECS published a series of review articles claiming that there was not sufficient evidence to state that meat intake causes cancer [9][10][11][12][13]. Even though the cancer risk associated with meat intake estimated by the group of researchers led by Bradley Johnston was similar to the one of the IARC monographs, the panel classified the evidence as weak according to the GRADE methodology. This methodology is mainly used for meta-analysis or evaluation of pharmaceuticals and by default categorizes prospective cohort studies as weak evidence compared to randomized control trials as strongest evidence [14]. In response to the series of reviews, a large number of health organisations such as the World Cancer Research Fund (WCRF) and numerous experts and researchers signed a statement that declares their disagreement with the interpretation of the scientific evidence [15]. In a response to the reviews, Neuhouser emphazised the importance of observational studies in nutritional epidemiology and argues that NutriRECS has Roland Wedekind -PhD Thesis -Introduction 2 not considered biological plausibility, consistency and effect size in their interpretation of the results [16]. In general, only few studies or reviews question the link between meat intake and colorectal cancer risk, some of which are financed by the meat industry [17][18][19][20] or whose authors are affiliated to institutes financed by industry [9]. This recent scientific discussion demonstrates there is still a heated discussion on the benefits and disadvantages of meat consumption. Providing clear and unambiguous research results on this subject could help shape a future diet that is both healthy and sustainable [3]. Even though the research on meat and health is accumulating, better knowledge on which meat types are most strongly associated with disease risk and the identification of the underlying mechanisms are still needed to inform for better policies and convince consumers to adapt their behaviour. This thesis aims to address some of these challenges and in this first chapter, different meat products, their association with disease, potential mechanisms and new research tools will be introduced.

Meat and meat products: A large diversity of foods 1.2.1 Classification and description of meat products

Meat is mainly obtained from the domesticated animals pig, cattle and poultry and to a lower extent from sheep, goat, horse and some game animals [21]. Other animal tissues used for food are fat tissues and some internal organs. Meat can be divided into red and white meat. The scientific definition is based on the content of myoglobin in the meat and red meat includes pork, beef, veal, mutton, horse and some species of game whereas poultry is considered white meat [21]. In culinary terms, veal and pork might be referred to as white meat.

Meat products can further be classified into processed and non-processed meat. Non-processed meat is all meat that has only been cut, ground or mixed before preparation and consumption. This includes steaks, stews, roasts and hamburgers made out of pure minced meat. Processed meat are all products that have undergone food processing methods such as curing, smoking, drying and fermentation in order to enhance palatability and shelf life [5]. Before the availability of refrigeration, meat processing was the main possibility to improve preservation of meat. Processed meats have become part of the culinary tradition in many cultures and are appreciated nowadays mainly for their particular flavour and texture. The most important meat processing methods will be presented in the following paragraphs.
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Curing/salting

The main processing method applied to all processed meat products except some dried meats is salting [22]. The addition of salt decreases the water activity of the product which prevents microbial growth. Salting also increases denaturation of the proteins. Many processed meat products are treated with curing salt which contains nitrate or nitrite as sodium or potassium salts (E249-E252).

Following oxidation, these bind to heme through several reactions forming nitrosyl-myoglobin which prevents the oxidation to Fe (III) myoglobin which would make the meat appear grey [22]. Nitrosylmyoglobin leads to the desired pink color of cured meat products. The use of nitrate and nitrite has been criticized because of the formation of carcinogenic NOC and is not necessary to produce safe meat products if proper production conditions are assured. Some traditional dry-cured hams such as Parma ham are produced without the addition of nitrate or nitrite and develop their characteristic red colour through the formation of Zinc-protoporphyrin IX complexes [23,24]. These heat-stable complexes only form after a long maturation process in the absence of nitrite. Nitrite and nitrate are used widely in most modern meat products as a cheap and fast mean to achieve the desired taste, pink colour and to ensure the prevention of Clostridium botulinum growth.

Smoking

Smoking of meat is one of the oldest methods to preserve meat that has been used mainly in northern Europe. In the smoking process, meat is dried and smoke compounds with antibacterial properties deposit on the surface of meat products [25]. Today, smoked meat is still appreciated for its particular flavour and the use of liquid smoke extracts has become more widespread in order to reduce the amount of PAHs in smoked meats, but keeping the same distinctive flavour compounds [26]. Liquid smoke is a condensate of wood smoke that has been cleared of tar. It contains a number of volatile and non-volatile aroma compounds such as aldehydes and methoxy phenols [27,28]. Some of these compounds have been shown to be present in smoked meat products [29,30].

Fermentation

Fermentation of meat is mainly used in the processing of dry-cured sausages. Traditional products were fermented by creating optimal growth conditions for microorganisms already present in the environment [31]. In modern food processing technology, starter cultures of lactic acid bacteria are added which ferment the added sugar to lactate and thereby lower the pH which, together with drying and addition of salt, prevents growth of harmful bacteria. Starter cultures of mold that do not produce mycotoxins are applied to some fermented sausages to prevent growth of harmful mold.

Through microbial metabolism, fermentation also leads to the desired and characteristic aroma profile of dry-cured sausages [32]. However, some biogenic amines formed by microbial fermentation are toxic to human health and must be avoided in food processing [33].

Drying

Many European processed meat products such as dry-cured sausages and cured ham are dried to decrease water activity. Some products including Biltong from South Africa or Jerky from North America rely solely on salting and drying of meat for its preservation.

Classes of processed meat

Heinz and Hautzinger [1] propose to classify processed meat products into fresh processed meat products, cured meat pieces, raw cooked products, precooked products, raw (dry) fermented sausages and dried meat (figure 1) depending on the processing methods applied during production.

Fresh processed meat products are mixtures of meat and animal fat with additives such as salt, spices and binders. The products are not cured and only heated directly before consumption.

Examples are kebabs and fried sausages. Cured meat pieces are whole parts of a muscle tissue that are cured (addition of a mixture of salt and sodium nitrite) and ripened. They may be cooked (cooked ham, corned beef) or raw (raw ham). Additional methods such as smoking might be applied (northern European ham, bacon). Raw cooked products are processed ready-to-eat products that are obtained by heating a mixture of meat, fat, salt and spices. These products might be smoked and cured (frankfurter) or not (meat loafs, meat balls). Precooked-Cooked products which include blood sausage and liver sausage are sausages, terrines and pâtés that are made from the largest variety of animal tissue such as meat, organs or blood and other non-meat ingredients. The ingredients are cooked and mixed. A second heating and packaging in cans or glass jars leads to a long shelf life that does not require refrigeration. Raw (dry) fermented sausages are uncooked sausages from a mixture of lean meat and fat that obtain their characteristic flavours and long shelf life by drying and fermentation. Southern European sausages of this type like salami are air-dried and the northern European equivalents are usually smoked. Dried meat is produced by drying stripes of lean meat.

These might be meat only such as South African biltong or cured and seasoned like American beef jerky. 

Ingredients, nutritional and chemical composition of meat products

Chemical composition of non-processed meat

Meat is a valuable source of protein and essential micronutrients [21]. Content of nutrients in different meat products is given in table 1. Fresh red meat is made up of about 75% water and 20 % protein which contains all essential amino acids (lysine, threonine, methionine, phenylalanine, tryptophan, leucine, isoleucine, and valine) and which is highly bioavailable [21]. Depending on the cut of meat, the fat content of beef and pork can range from 1 % -16 % and 1% -21 %, respectively [1,34]. Fatty acids present in meat are mainly saturated fatty acids (SFA) and mono-unsaturated fatty acids (MUFA) and low amounts of polyunsaturated fatty acids (PUFA). The exact composition depends on the breed and the feeding of animals. Beef has been reported to contain about 47 % SFA, 48 % MUFA and 5 % PUFA with palmitic acid (16:0), stearic acid (18:0) and oleic acid (18:1) being the most abundant fatty acids [34]. Red meat contains only very small amounts of carbohydrates. Meat is an important source of B-vitamins (B6, B12, niacin and thiamine). Pork is particularly rich in thiamine. Meat is also a very rich source of highly bioavailable minerals such as iron, zinc and selenium [21]. Meat is the richest source of some non-essential nutrients such as taurine, carnitine and creatine. These compounds can be produced by the human body but it has been suggested that their intake is linked with potential benefits [2]. Carnitine is of particular interest because it plays a crucial role in the energy metabolism by enabling the import of fatty acids into the mitochondria where beta-oxidation takes place. Associations of acylcarnitines with adverse health outcomes are discussed in chapter 1.4.2. ND: No data in literature a based on the German Nutrient database [35] b Demarquoy et al [36] c Rebouche et al [37] d Cross et al [38] e Lombardi-Boccia et al [39] f Based on packaging labels of locally purchased products [40].

Meat might be contaminated with veterinary drugs, pesticide residues, dioxins and heavy metals [21]. The presence of these compounds and elements results from exposure during the raising of the Roland Wedekind -PhD Thesis -Introduction 7 animals and maximum residue limits are established for most of them. Process-induced toxicants that are formed after the slaughter of the animals will be discussed in detail in chapter Error! Reference source not found..

Ingredients of processed meat

The main ingredient of most processed meat products is meat (muscle tissue) from mammals, but meat from poultry is increasingly used as well [1]. Pork is the main meat used in most traditional European processed meat products. Many processed meat products contain also animal fat and some contain offal such as liver [1]. The majority of processed meats contain salt or curing salt (mixture of sodium chloride and the sodium and potassium salts of nitrate or nitrite). Spices and herbs are added to most processed meat products to achieve the desired flavour. Many natural compounds from herbs and spices have antimicrobial and anti-oxidative properties and prevent spoilage or rancidification during storage [41]. Some products like hot dogs may contain extenders and fillers. Meat extenders such as soy protein or gluten are high in protein, relatively cheap and add volume to the final products. Fillers are plant products that bind the product and provide volume such as starches or flour. Other functional ingredients like casein or egg can be added to bind water and to prevent separation of fat [1]. Most traditional meat products contain no food additives except curing salt. New functional processed meat products may contain food additives which are added to enhance technological or quality characteristics and which present usually less than 1 % of the final product [1]. Phosphates, carrageenan or gelatine may be added for better water binding and gelling of the product. Vitamin C is added to improve oxidative stability of meat products and to accelerate the curing reaction of nitrite and heme in order to achieve a uniform pink colour.

Especially in Asian products, flavour enhancers such as monoglutatamate are added to meat products. Enzymes such as transglutamase form bonds between surfaces of muscle protein and are added to produce reconstituted products from smaller pieces of meat. The main preservative of meat is salt (sodium chloride). However, sodium lactate can also be added to prevent microbial growth. Potassium sorbate may be applied to surface areas to prevent growth of mold.

Meat and disease risk 1.3.1 Meat and overall disease risk

The intake of red and processed meat has been associated with various adverse health outcomes in several meta-analyses of prospective cohort studies (table 2) [3]. They have shown that a higher intake of red and processed meat was associated with higher all-cause mortality, cardiovascular disease related death and stroke. In addition, these studies have shown that type II diabetes risk was associated with red and processed meat intake. In most of these studies, the intake of processed meat was associated with a greater increase of risk than the intake of red meat and the intake of white meat/poultry did not show any association with disease risk (table 2). The association of red and processed meat intake with colorectal cancer has been reported most consistently and will be discussed in the following chapter. 

Colorectal cancer

Processed meat +18 % Increase of 100g/day [45] Red meat +17 % Increase of 50 g/day [45] 1 Hazard ratio

Meat and colorectal cancer risk

Colorectal cancer (CRC) is the 4th most common cancer worldwide and is the third leading cancer in mortality (figure 2). The association between colorectal cancer risk and a diet rich in red meat has been discussed as early as the 1970s [46]. In 2015, the expert group of the IARC monograph classified red meat as probably carcinogenic (group 2a carcinogen) and processed meat as carcinogenic (group 1 carcinogen) [5]. The experts of the working group reviewed data of cohort studies, experimental animal studies and cell culture studies on potential mechanisms.

Figure 2 : Age-standardized incidence rate for colorectal cancer by country. Data and graphics provided by the Global Cancer Observatory, IARC, WHO [START_REF] Niedzwiecki | High-resolution metabolomic profiling of Alzheimer's disease in plasma[END_REF].

The association of red and processed meat intake and CRC risk has been assessed in several prospective cohort studies. In a meta-analysis, Chan et al estimated the summary relative risk of CRC for the highest intake vs the lowest intake to be 1.22 based on 13 prospective studies [45]. A 100g increase of red meat intake was associated with a relative CRC risk of 1.17, whereas a 50 g increase of intake of processed meat was associated with a relative risk of 1.18. More recent meta-analyses showed significant associations with relative risk in a similar range [10,20,[START_REF] Schwingshackl | Food groups and risk of colorectal cancer[END_REF][START_REF] Vieira | Foods and beverages and colorectal cancer risk: a systematic review and meta-analysis of cohort studies, an update of the evidence of the WCRF-AICR Continuous Update Project[END_REF]. Fewer studies have investigated the associations of different types of red meat with CRC. In a meta-analysis, Carr et al reported a significant association of beef and lamb intake with CRC [START_REF] Carr | Meat subtypes and their association with colorectal cancer: Systematic review and meta-analysis[END_REF]. No significant associations were observed for pork, but some heterogeneity between studies was noted. There was no association with chicken intake either. This is in line with other reports that do not find associations of white meat intake with colorectal cancer risk [START_REF] Daniel | Prospective Investigation of Poultry and Fish Intake in Relation to Cancer Risk[END_REF][START_REF] Huxley | The impact of dietary and lifestyle risk factors on risk of colorectal cancer: a quantitative overview of the epidemiological evidence[END_REF] or even find inverse associations of white meat intake and cancer mortality [START_REF] Sinha | Meat intake and mortality: a prospective study of over half a million people[END_REF] The Third Expert Report Diet, Nutrition, Physical Activity and Cancer: a Global Perspective, published by the WCRF, compiled evidence for nutritional and lifestyle risk factors of colorectal cancer.

Together with the risk factors alcoholic drink consumption, body fatness and adult attained height, processed meat was the only food for which the panel found convincing strong evidence for a link with colorectal cancer (table 3). Several mechanisms have been proposed to explain the link of red and processed meat intake with colorectal cancer. A role of polycyclic aromatic hydrocarbons (PAH), N-nitroso compounds (NOC), heterocyclic amines or the products of heme-assisted lipid oxidation are seen as the most probable hypothesis in the literature [START_REF] Cross | Meat-related mutagens/carcinogens in the etiology of colorectal cancer[END_REF][START_REF] Demeyer | Mechanisms Linking Colorectal Cancer to the Consumption of (Processed) Red Meat: A Review[END_REF] and will be discussed below. Other less probable hypotheses such as oncogenic viruses [START_REF] Zur Hausen | Red meat consumption and cancer: reasons to suspect involvement of bovine infectious factors in colorectal cancer[END_REF] or excess of salt intake have also been proposed but are not seen as convincing by most authors [START_REF] Demeyer | Mechanisms Linking Colorectal Cancer to the Consumption of (Processed) Red Meat: A Review[END_REF].

Polycyclic aromatic hydrocarbons (PAH)

PAHs constitute a large group of compounds that are formed during incomplete combustion of organic material. They are procarcinogens that are metabolized by human cytochrome P450 enzymes to form epoxides that are electrophilic and can bind to DNA [START_REF]Food safety: contaminants and toxins[END_REF]. Benzo[a]pyrene (BP), a very common PAH that has been studied extensively (Figure 3A), has been classified as a group 1 carcinogen by IARC [START_REF] Straif | Carcinogenicity of polycyclic aromatic hydrocarbons[END_REF]. Humans are exposed to PAHs via diet, tobacco smoke, occupational exposures and environmental pollution. For non-smokers without occupational exposure, it was estimated that 70% of PAH exposure is via the diet in the USA [START_REF] Phillips | Polycyclic aromatic hydrocarbons in the diet[END_REF]. Depending on country and study, dietary intakes of PAHs were estimated between 0.02 and 17 μg/person/day [START_REF]IARC Working Group on the Evaluation of Carcinogenic Risks to Humans Some non-heterocyclic polycyclic aromatic hydrocarbons and some related exposures[END_REF]. Smoking with an estimated exposure to PAH of 2-5 μg/day per pack is a major contributor of PAH exposure in smokers [START_REF] Menzie | Exposure to carcinogenic PAHs in the environment[END_REF]. There is no official no adverse effect level (NOAEL) defined for PAHs and experimental data is lacking for many PAHs. Short term toxicity tests in rats showed decreased liver weight at 3 mg/kg BW for BP [START_REF] Kroese | Tumorigenic effects in Wistar rats orally administered benzo[a]pyrene for two years (gavage studies): Implications for human cancer risks associated with oral exposure to polycyclic aromatic hydrocarbons[END_REF]. The same study determined the "virtually safe dose" at 5 ng/kg BW/day based on a 2-year carcinogenicity study in rats. PAHs might be induced in food through pollution on fields or during food processing. It has been estimated that cereal products and barbecued meat contribute most with 28 and 21 %, respectively, to total dietary PAH intake [START_REF] Kazerouni | Analysis of 200 food items for benzo[a]pyrene and estimation of its intake in an epidemiologic study[END_REF]. PAHs in meat products are introduced during smoking from wood smoke or during barbecuing when fat that drips on the heat source forms PAHs that deposit on the meat [START_REF] Alomirah | Concentrations and dietary exposure to polycyclic aromatic hydrocarbons (PAHs) from grilled and smoked foods[END_REF][START_REF] Jakszyn | Development of a Food Database of Nitrosamines, Heterocyclic Amines, and Polycyclic Aromatic Hydrocarbons[END_REF][START_REF] Hitzel | Polycyclic aromatic hydrocarbons (PAH) and phenolic substances in meat products smoked with different types of wood and smoking spices[END_REF]. Commercial extracts of wood smoke ("liquid smoke") contain lower amounts of PAHs than wood smoke and are increasingly used in industrial food processing to replace traditional smoking of meat. Several studies have shown an association of BP intake from smoked and barbecued meat with colorectal adenoma [START_REF] Gunter | Meat intake, cooking-related mutagens and risk of colorectal adenoma in a sigmoidoscopy-based case-control study[END_REF][START_REF] Sinha | Meat Cooking Methods and Preservation, and Risk for Colorectal Adenoma[END_REF] or with colorectal polyps [START_REF] Fu | Association of Meat Intake and Meat-Derived Mutagen Exposure with the Risk of Colorectal Polyps by Histologic Type[END_REF]. However a large prospective cohort study on colorectal cancer did not show any association [START_REF] Cross | A Large Prospective Study of Meat Consumption and Colorectal Cancer Risk: An Investigation of Potential Mechanisms Underlying this Association[END_REF] (Table 4). PAH are not specific to meat intake and are not present in all types of meat, but the existing evidence shows that the intake of well-done barbecued meat should be avoided and PAH levels in smoked meat should be further reduced [START_REF] Demeyer | Mechanisms Linking Colorectal Cancer to the Consumption of (Processed) Red Meat: A Review[END_REF]. 

N-Nitroso compounds (NOC)

NOCs are a group of compounds that contain N-nitroso amines or N-nitroso amides. After metabolic activation, NOCs become strong alkylating agents and potent carcinogens by an alkylation of guanine which can lead to G -> A transitions in the RAS gene [START_REF] Demeyer | Mechanisms Linking Colorectal Cancer to the Consumption of (Processed) Red Meat: A Review[END_REF][START_REF] Tricker | N-nitroso compounds and man: sources of exposure, endogenous formation and occurrence in body fluids[END_REF]. Humans are exposed to exogenously and endogenously formed NOCs. Tobacco smoke, heat-preserved foods and processed meats are the major sources of exogenous NOCs. It was estimated that 70 % of the exogenous exposure of Nnitrosamines is via the diet [START_REF] Tricker | N-nitroso compounds and man: sources of exposure, endogenous formation and occurrence in body fluids[END_REF]. In meat products, NOCs are formed when nitrite or nitrate added during curing is oxidized and reacts with amines derived from proteins. All reactants are abundant in cured meat and the process is increased by heating of the products. Antioxidants such as ascorbic acid are added to many processed meat products to decrease the formation of NOCs [START_REF] Mey | Volatile N-nitrosamines in meat products: Potential precursors, influence of processing, and mitigation strategies[END_REF]. In a large prospective cohort, intake of nitrate from processed meats was associated with CRC risk [START_REF] Cross | A Large Prospective Study of Meat Consumption and Colorectal Cancer Risk: An Investigation of Potential Mechanisms Underlying this Association[END_REF] (table 4). Endogenous formation of NOCs from N-nitrosatable precursors (amines, amides) and oxidation products of nitrate and nitrite takes place in the stomach or the intestine and it was estimated that 45-75 % of human exposure to NOCs is through endogenously formed compounds. Nitrosation can occur via catalysis by the low pH of the stomach, chemical and microbial catalysis. Bingham and colleagues showed that NOCs in feces increase with increasing amount of red but not white meat that was consumed by volunteers [START_REF] Hughes | Dose-dependent effect of dietary meat on endogenous colonic N-nitrosation[END_REF]. Cross and colleagues then went on to show that the formation of NOCs does not depend on the protein or inorganic iron content of red meat, but on the content of heme [START_REF] Cross | not Protein or Inorganic Iron, Is Responsible for Endogenous Intestinal N-Nitrosation Arising from Red Meat[END_REF]. Their results on the difference between dietary iron and heme iron are supported by observational studies in which heme, but not dietary iron was associated with an increased risk of colorectal cancer or distal colon adenoma (table 4). However, there is still no consensus about the role of endogenously formed NOCs in the link of red meat intake and colorectal cancer because fecal water has shown no increased genotoxicity after increased consumption of red meat [START_REF] Demeyer | Mechanisms Linking Colorectal Cancer to the Consumption of (Processed) Red Meat: A Review[END_REF][START_REF] Cross | Variability in fecal water genotoxicity, determined using the Comet assay, is independent of endogenous Nnitroso compound formation attributed to red meat consumption[END_REF].

Heterocyclic aromatic amines (HCA)

HCAs are formed by the Maillard reaction from creatinine, amino acids and reducing sugars under heat exposure. Meat and meat products contain all the educts necessary for this reaction and HCAs are formed when meat is prepared with high temperatures such as frying, grilling and barbecuing.

The most abundant HCAs in meat are PhIP (2-Amino-1-methyl-6-phenylimidazo [4,5-b]pyridine, figure 3C) and MeIQx (2-Amino-3,8-dimethylimidazo[4,5-f]quinoxaline). HCAs are procarcinogens that are metabolically activated by cytochrome P450 1A2 (CYP 1A2) and N-acetyltransferase 1 or 2 (NAT1 and NAT2) to become potent carcinogens [START_REF] Cross | Meat-related mutagens/carcinogens in the etiology of colorectal cancer[END_REF]. These metabolic enzymes show polymorphisms and can be induced by smoking and other factors. The rapid phenotypes of these enzymes were associated with CRC risk among consumers of well-done red meat [START_REF] Marchand | Well-done red meat, metabolic phenotypes and colorectal cancer in Hawaii[END_REF]. However, the data on the role of HCA and its metabolizing enzymes on the link between red meat intake and CRC are inconsistent [START_REF] Cross | Meat-related mutagens/carcinogens in the etiology of colorectal cancer[END_REF]. HCA exposure has been associated with increased risk of CRC or colorectal adenoma in some studies while others have not found an association [START_REF] Ferrucci | Meat consumption and the risk of incident distal colon and rectal adenoma[END_REF][START_REF] Wu | Meat Mutagens and Risk of Distal Colon Adenoma in a Cohort of U.S. Men[END_REF][START_REF] Ollberding | Meat consumption, heterocyclic amines and colorectal cancer risk: The Multiethnic Cohort Study[END_REF] (Table 5). It has been suggested that HCA is not a very important factor for the carcinogenic property of general red meat intake, but that the reduction of HCA in meat preparation processes should still be promoted [START_REF] Demeyer | Mechanisms Linking Colorectal Cancer to the Consumption of (Processed) Red Meat: A Review[END_REF]. 1 case-control study, 2 prospective cohort study

Heme/Lipid oxidation by-products

Unsaturated lipids are prone to oxidation which is catalysed by transition metals, notably iron, in the presence of oxygen. In a radical chain reaction, oxygen is added to unsaturated lipids which then decompose to form reactive aldehydes and ketones. Some of the major resulting lipid oxidation products such as malondialdehyde (MDA) and 4-hydroxy nonenal (4-HNE, Figure 3D) are cytotoxic and genotoxic [START_REF] Guéraud | Chemistry and biochemistry of lipid peroxidation products[END_REF]. These reactions can occur in meat if not properly processed or stored [START_REF] Faustman | Myoglobin and lipid oxidation interactions: mechanistic bases and control[END_REF], but the major proportion of lipid oxidation occurs during digestion of meat. Urinary excretions of 1,4dihydroxynonane mercapturic acid, a metabolite of 4-HNE and a marker of lipid oxidation, were elevated in volunteers after consuming a diet enriched with heme [START_REF] Pierre | New Marker of Colon Cancer Risk Associated with Heme Intake: 1,4-Dihydroxynonane Mercapturic Acid[END_REF]. In vitro duodenal and colonic digests of beef showed highest levels of MDA, 4-HNE and hexanal, followed by pork digests, and lowest levels in digests of chicken [START_REF] Van Hecke | Nitrite curing of chicken, pork, and beef inhibits oxidation but does not affect N-nitroso compound (NOC)-specific DNA adduct formation during in vitro digestion[END_REF]. These reactive lipid oxidation products can covalently bind to proteins or DNA. Intake of heme, but not total dietary iron intake, has been shown to be associated with CRC risk in observational studies [START_REF] Cross | A Large Prospective Study of Meat Consumption and Colorectal Cancer Risk: An Investigation of Potential Mechanisms Underlying this Association[END_REF][START_REF] Ferrucci | Meat consumption and the risk of incident distal colon and rectal adenoma[END_REF]. In a meta-analysis, intake of heme iron has been associated with an increased risk of colorectal cancer and the catalysis of lipid oxidation by heme iron is suggested as one of the mechanisms [36].

Meat intake and carcinogenesis

Carcinogenesis is seen as a multi-step process which includes initiation, promotion and progression [START_REF] Scott | Mechanisms for the initiation and promotion of carcinogenesis: a review and a new concept[END_REF]. In the first step, cancer initiation, damages are introduced to the DNA by chemicals or ionizing radiation that can lead to permanent mutations. In cancer promotion, the effect of the mutational event is amplified through cell proliferation. This can happen through stimulation of cell division by factors such endocrine disruptors. During cancer progression, additional mutations are induced due to genomic instability and further cell division in an inflammatory environment. The mechanisms discussed above for the chemical agents PAHs, HCAs, NOCs and lipid-oxidation by-products act at the first stage through damages of the DNA. There is however accumulating evidence that meat intake can also have cancer promoting effects and several factors have been proposed to explain these effects. Meat and especially processed meat products are high in fat content. As early as 1985, the high content of fat has been proposed to exert a tumour promoting effect [46]. It has been hypothesized that a diet high in fat induces colonic cell proliferation through the increased secretion of secondary bile acids [START_REF] Demeyer | Mechanisms Linking Colorectal Cancer to the Consumption of (Processed) Red Meat: A Review[END_REF]. Even though a high fat diet is likely to have a tumour promoting effect via this mechanism, it is not specific to meat intake and is therefore not likely to explain to be a major factor linking meat intake and CRC risk.

N-Glycolylneuraminic acid (Neu5Gc) is a sialic acid found in high amounts in red meat and bovine milk and nearly absent in other foods. It accumulates in the human body and leads to the formation of antibodies which can induce local inflammation. It has been suggested that local inflammation linked to red meat intake is another factor that can lead to cancer promotion [START_REF] Hedlund | Evidence for a human-specific mechanism for diet and antibody-mediated inflammation in carcinoma progression[END_REF].

Lipid-oxidation by-products formed through the action of heme can not only induce DNA mutations but can also have a cytotoxic effect on cells of the colon. These effects have been proposed to add to cancer promotion through inflammation and cell proliferation when damaged cells are replaced.

Recent advances in microbiome research suggest that a diet with low fibre intake and high fat and meat intake leads to cell proliferation in the intestine and to changes in the microbiota and metabolites that are associated with increased cancer risk [START_REF] O'keefe | Fat, fibre and cancer risk in African Americans and rural Africans[END_REF]. These studies are promising to explain some of the links between diet and cancer via the microbiome but most studies have assessed the influence of plant based vs animal product based diets. More studies are needed to assess if meat alone alters the microbial diversity or microbial metabolism in a way that increases CRC risk. Figure 4 : Different mechanisms proposed for the associations between red and processed meat intake and colorectal cancer based on a carcinogenesis model that includes the two steps cancer initiation and cancer progression. For simplicity, cancer promotion is included in cancer progression in this figure. The contribution of different meat products is shown by the colour of the arrows. Abbreviations: PAH, polycyclic aromatic hydrocarbons; HCA, heterocyclic aromatic amines; NOC, Nnitroso compounds; Neu5GC, N-glycolylneuraminic acid

Current scientific consensus

In epidemiological studies, both the intake of processed meat and the intake of red meat are associated with a higher risk of colorectal cancer, but associations are stronger with processed meat and barbecued/very well-done meat (Table 4). The process-induced toxicants PAHs and HCAs are likely to play a role in the mechanism of this association for some of the meat products but are likely not to be the main cause of the red meat carcinogenic properties [START_REF] Cross | Meat-related mutagens/carcinogens in the etiology of colorectal cancer[END_REF][START_REF] Demeyer | Mechanisms Linking Colorectal Cancer to the Consumption of (Processed) Red Meat: A Review[END_REF][START_REF] Bastide | Heme iron from meat and risk of colorectal cancer: a meta-analysis and a review of the mechanisms involved[END_REF]. In a recent review, the authors propose a mechanism where cancer initiation is related to the potent mutagens PAHs, NOCs and HCAs [START_REF] Demeyer | Mechanisms Linking Colorectal Cancer to the Consumption of (Processed) Red Meat: A Review[END_REF]. Tumour promotion and progression might then be favoured by a cytotoxic and inflammatory environment in the intestine due to heme induced lipid oxidation by-products, secondary bile acids and Neu5Gc. A role of the intestinal microbiota and its metabolic activity has been suspected but further research is needed. The main current hypotheses on meat-induced carcinogenesis are shown in figure 4. Further mechanistic and epidemiological studies are needed to better understand the role of different compounds in meat-induced carcinogenesis.

The role of the different proposed mechanisms for meat induced CRC risk is not clear and some results from observational studies are inconclusive (table 4 and5). Animal studies and observational studies suggest that different processed meat products are associated with different risk of CRC but so far, only few studies have assessed cancer risk associated with specific processed meat products (table 4). Cross et al pointed out that epidemiological studies with more detail in dietary questionnaires and biomarker measurements are needed to better assess associations with intake of particular meat products or exposure to specific mutagens [START_REF] Cross | Meat-related mutagens/carcinogens in the etiology of colorectal cancer[END_REF]. The limitations of dietary questionnaires and new approaches in molecular epidemiology will be discussed in chapter 1.2.

Consumption patterns and recommendations for meat intake

Total meat consumption varies largely worldwide from 51g/day in Africa to more than 300 g/day in North America and Oceania [21]. Red and processed meat is a major part of the Western diet pattern which is characterized by a high intake of refined grains, high-fat dairy products, red and processed meat as well as sweets and desserts [START_REF] Van Dam | Dietary patterns and risk for type 2 diabetes mellitus in U.S. men[END_REF]. In Europe, dietary patterns vary by country. In the European Prospective Investigation into Cancer and nutrition (EPIC) study, a multicentre study in 10 European countries for which participants were recruited in the 1990s, total meat intake ranged from 47 and 79 g/d in Greece to 124 and 234 g/d in Spain, for women and men respectively [START_REF] Linseisen | Meat consumption in the European Prospective Investigation into Cancer and Nutrition (EPIC) cohorts: results from 24-hour dietary recalls[END_REF].

Intakes of different processed meat products vary by centres in the EPIC study [START_REF] Linseisen | Dietary intake of different types and characteristics of processed meat which might be associated with cancer risk -results from the 24-hour diet recalls in the European Prospective Investigation into Cancer and Nutrition (EPIC)[END_REF] (Table 6).

Whereas participants in southern European centres tended to report a higher intake of raw ham and dry-cured sausages, participants in northern European centres reported a higher intake of heated sausages and minced processed meats. Intake of processed meat was lowest in Greece and highest in Germany. Linseisen et al also showed that in northern European countries, more than half of the processed meat consumed was smoked whereas in southern European centres, only a small fraction of the products consumed were smoked [START_REF] Linseisen | Dietary intake of different types and characteristics of processed meat which might be associated with cancer risk -results from the 24-hour diet recalls in the European Prospective Investigation into Cancer and Nutrition (EPIC)[END_REF].

Considering the association of red meat intake with adverse health outcomes such as colorectal cancer, heart disease and type II diabetes on the one hand and its role in providing several important nutrients, most public health organisations recommend to limit, but not completely avoid the intake of red meat. The WCRF recommends to not eat more than 350-500g of red meat per week, and to avoid the intake of processed meat [START_REF]Limit red and processed meat[END_REF]. 1.4 Methods to study the effect of meat intake in epidemiological studies 1.4.1 Dietary exposure assessment 1.4.1.1 Dietary questionnaires Diet is a complex exposure that has an important impact on disease risk. Randomized control trials (RCTs) have been conducted to assess the impact of potential beneficial nutrients or dietary patterns on disease risk [START_REF] Lee | Vitamin E in the primary prevention of cardiovascular disease and cancer -The Women's Health Study: A randomized controlled trial[END_REF][START_REF] Foster | A randomized trial of a low-carbohydrate diet for obesity[END_REF][START_REF] Toledo | Mediterranean Diet and Invasive Breast Cancer Risk Among Women at High Cardiovascular Risk in the PREDIMED Trial: A Randomized Clinical Trial[END_REF]. Due to financial and logistic burden, many trials were too short to assess effects on diseases like cancer that take years to develop and rather focus on disease risk factors [16,[START_REF] Prentice | Intake biomarkers and the chronic disease nutritional epidemiology research agenda[END_REF]. To assess the association between disease and potential harmful foods or food contaminants, randomized control trials are un-ethical. Prospective cohort studies including a large number of participants that are followed over many years are therefore the most reliable method in nutritional epidemiology when looking from a food safety perspective [16]. As the relative risks associated with intake of most foods is relatively small compared to risks associated with pollutants or lifestyle factors such as cigarette smoking, an accurate estimation of dietary exposure is essential to identify diet-disease associations [START_REF] Trepanowski | Perspective: Limiting Dependence on Nonrandomized Studies and Improving Randomized Trials in Human Nutrition Research: Why and How[END_REF]. In observational studies, the participants' diet is assessed using dietary questionnaires [100]. The major types of questionnaires are food frequency questionnaires (FFQs), dietary recalls and food diaries [101].

FFQs consist of food lists where subjects report the frequency and potentially portion sizes which they have consumed over a reference time period which is usually the preceding year. FFQs need to be adapted to the target population to include all important foods, and information about preparation methods can be added. Advantages of FFQs are the low burden to the subjects, the low cost, the possibility of automatization and the capture of intake of foods that are not consumed on a daily basis. Main limitations of FFQs are the closed food list, often limited level of details about the foods included (e.g. no brand names, few details about food processing, etc.), the reliance on the subject's memory, recall bias, and that the intake estimates are often semi-quantitative [100].

The diet can also be assessed with 24 hour dietary recalls (24HDR), where participants report their diet of the preceding 24 hours either with an interviewer or self-administered. Portion sizes can be estimated with food photographs. This method enables a more detailed view of food intake compared to FFQs and is relatively quick. A single 24HDR presents a low burden on the subjects. 24HDRs are however also subject to recall bias and this method is costly and increasing respondent burden as several 24HDR recalls are necessary to estimate the habitual diet and trained personnel is needed to code and convert the data [102].

Another method to estimate food intake is the use of food diaries. Subjects record all intakes of foods and beverages at the time of consumption for an extended period of time (e.g. 7 days). The benefit of this method is that it does not rely on the subject's memory, portion sizes are well described and a great detail of foods can be assessed. The limitations of this method is the high amount of time to code and convert the data, the larger burden on the subjects, the poor assessment of food eaten rarely, and that subjects might forget to record all intake. A variation are weighted food diaries where subjects weight food portions and leftovers. This method allows good estimation of intake, is however a high burden on participants which might compromise compliance and it is very time consuming for researchers. In addition, all questionnaire-based methods rely on food composition tables to estimate the intake of nutrients which might induce additional uncertainty [102].

All questionnaire based exposure assessment methods can be defined as subjective [103]. To assess the diet objectively, the method of duplicate diets can be applied. A duplicate portion of all food and beverages consumed by the subjects over a certain time period (e.g. 24h) is retained and later assessed and weighted by the researchers. The food can be chemically analysed which provides additional information. The benefits of this method are the objective assessment of food and nutrient intake that does not rely on the subjects' memory and on food composition databases. It is however a very expensive and time consuming method that relies on a complicated logistic and a high motivation of subjects due to the high burden. These disadvantages limit the use of duplicate diets as an objective dietary exposure assessment for large cohort studies.

All self-reported dietary assessment methods have strengths and limitations in terms of details captured, measurement error, cost, respondent burden, and other factors. Combining different dietary assessment instruments analytically is a strategy that can capitalize on the strengths and minimize the limitations of each instrument. Indeed, evidence suggests that combining short-term instruments (e.g., 24HDRs) with long-term instruments (e.g., FFQs) may be a useful strategy for estimating associations between diet and health outcomes [104]. FFQ data are particularly useful in improving estimates of associations between episodically-consumed dietary components and health outcomes.

A promising area of ongoing research investigates possibilities of combining self-reported data with objective biomarker data in studies assessing associations between diet and health outcomes [105].

For example, concentration biomarkers that are correlated with dietary intake data can sometimes be used in combination with self-report data to improve the statistical power to detect relationships. Also biomarkers of exogenous food components (e.g. elaidic acid for industrial trans-fat [106]) have good potential for improving dietary intake assessments. The potential of objectively estimated food intakes through biomarkers in large cohort studies will be introduced in the following section.

Biomarkers of dietary intake

Biomarkers of food intake have been proposed as new unbiased tools to help quantify dietary exposure [100,102]. Biomarkers of food intake or nutritional biomarkers are compounds that can be measured in biospecimens such as urine and blood and that allow to quantify an individual's food or nutrient intake or to classify participants according to level of intake. Dietary biomarkers can be natural compounds derived from food, human metabolites of these food constituents or endogenous metabolites that are influenced by food intake and nutritional status. These biomarkers are usually not meant to completely replace questionnaire based exposure estimation. They can be used as a complementary method for studies when questionnaire data is limited or for food and nutrient intakes that are more reliably measured by biomarkers (e.g. 24-hour urinary nitrogen, sodium, and potassium, which are used as recovery biomarkers for protein, sodium and potassium intakes, respectively) [102,107].

An early application of dietary biomarkers was the validation or calibration of dietary questionnaire data [108]. For example in the EPIC study, a subset of subjects took part in the calibration study and urine samples were collected. Comparison of urinary potassium and nitrogen with exposure assessment by 24h dietary recall allowed an estimate of the accuracy of the questionnaires [109]. In another example in the Women's Health Initiative, energy and protein intake were assessed using doubly labelled water and total urinary nitrogen excretion as biomarkers because these exposures are known to be underreported in some populations [107]. The risk of type II diabetes associated with energy and protein intake was higher using the biomarker data compared to FFQ based questionnaire data. The authors conclude that uncalibrated questionnaire data should be viewed with caution due to self-report measurement error [107].

Biomarkers might be used to assess compliance in dietary intervention studies [102]. For example, subjects of an intervention study who consumed either a whole grain or refined grain diet did not show any differences in weight gain between the two groups, even though whole grain intake has been associated with lower BMI in several observational studies [110]. Contrary to questionnaires, measurements of biomarkers for whole-grain intake indicated poor compliance of the whole-grain arm of the study. The authors conclude that objective measures of compliance such as biomarkers are important to provide evidence whether the study has actually tested the hypothesis it was designed to do.

A promising application of dietary biomarkers is the assessment of food intake or nutritional status in epidemiological studies. Polyphenol levels as biomarkers of fruit and vegetable intake have been measured and associated with risk of colorectal cancer [111]. Alkylresorcinols, biomarkers of whole grain intake, were inversely associated with risk of distal colon cancer in a prospective cohort [112].

Several carotenoids, micronutrients found in fruit and vegetable, have been found to be inversely associated with breast cancer risk [113]. These examples show that biomarkers are increasingly used to assess the relationship between food and nutrient intake and disease risk.

In order to be used in epidemiological studies, a potential food biomarker needs to fulfil different criteria such as plausibility, dose-response, robustness and reliability [114] (table 7). The plausibility, i.e. the occurrence of the biomarker in food or the endogenous mechanism leading to increased levels in biospecimens is important in order to exclude that food-biomarker associations are due to intakes of other food intakes that are correlated to the food intake of interest. The biomarker needs to be sufficiently sensitive and specific to classify participants by the consumption of the food of interest and ideally, its levels should not be influenced by other factors such as intake of other foods, drugs, genetic variability, age, lifestyle factors, the microbiome or endogenous metabolism [102].

Populations with varying dietary patterns might be exposed to different food compounds. The robustness of biomarkers needs to be tested for an application in a new population to exclude confounding from foods not present in the diet of the population in which the biomarker was discovered. Adequate analytical methods need to be established to enable sufficient sensitivity and reproducibility of the measurements [114]. In general, all criteria need to be fulfilled in order to validate a potential biomarker. However, the exact criteria to apply biomarkers depend on the type of study. For example, a biomarker used for the assessment of compliance in a dietary intervention might not need to be stable during long term storage of biospecimens whereas this is important for prospective cohort studies. On the other hand, it might be less important for epidemiological studies to know the exact kinetics of the biomarker if the biomarker shows a good potential to discriminate different exposure levels. 

Strategies to identify and validate dietary biomarkers

Data from different studies such as dietary intervention studies and population-based studies need to be combined to assess if a biomarker fulfils all the aforementioned requirements and can be considered as a reliable biomarker (table 7). Highly controlled dietary intervention studies are crucial to establish the causal link between intake of the food and increased levels of the biomarker [115].

Food analysis can strengthen this evidence by demonstrating the compound's origin in the food of interest. Intervention studies can provide information about the kinetics of the potential biomarkers and assess the dose-response relationship. However, intervention studies provide only little information about the robustness and specificity of the potential marker. Observational studies with participants consuming their habitual diet are needed to assess the performance of the marker in population based studies. Observational studies provide information about a particular population and should be replicated if the biomarker was to be applied in a different population. Associations from observational studies such as metabolome-wide association studies (MWAS) can provide information about potential biomarkers, but detailed analysis of observational studies are needed to exclude confounding by intake of other foods or lifestyle factors. Intervention studies can establish a causal relationship between exposure and levels of these biomarkers.

The number of validated biomarkers is low and food biomarker discovery remains an active research area. Some examples of dietary biomarkers can be found in table 8. In conclusion, studies on endogenous metabolism show that there is some evidence of associations of meat intake with acylcarnitine levels as well as levels with some amino acids, ferritin and lipids.

These compounds are also suggested to be involved in the onset of non-communicable diseases such as type II diabetes (table 10) in some studies. Due to complex exposure of diet which is characterised by many correlated food intakes, a better understanding of the link of the metabolites suspected to be involved in disease development and meat intake is needed. Metabolomics methods can be divided in targeted and untargeted metabolomics. Targeted metabolomics aims at the detection or quantification of a known set of metabolites of a few dozens to a few hundred metabolites with optimized methods to detect these compounds with high sensitivity and specificity [165]. Untargeted metabolomics aims at the detection of hundreds to thousands of metabolic features. These metabolic features are all signals that can be detected in a specimen with a particular method. Statistical methods are applied to identify those metabolic features which are associated with the variable (e.g. disease or phenotype) of interest. For example, regression models can be applied to identify features that are associated with an exposure or health outcome of interest. These particular features will then be annotated by comparison with chemical standards or spectral databases.

The most commonly used analytical platforms are mass-spectrometry coupled to liquid chromatography (LC-MS) or gas chromatography (GC-MS) as well as nuclear magnetic resonance spectroscopy (NMR). NMR is highly reproducible and non-destructive, but limited by lower sensitivity and by a smaller number of metabolites (~100) detectable compared to mass spectrometry. Mass spectrometry allows the detection of thousands of metabolic features with high sensitivity, but drift of retention time and intensity might be a challenge for large sample sets [161].

In the all works presented in this thesis, the same untargeted metabolomics method based on high resolution mass spectrometry coupled to ultra-high pressure liquid chromatography (HRMS-UHPLC) was applied. The general workflow (Figure 5) is similar to the methods established in many laboratories that use LC-MS for untargeted metabolomics of human urine and blood and will be introduced in the following paragraphs. LC-MS based metabolomics relies on metabolites in solution that is free of solid particles. Most protocols therefore include a sample processing step where the sample matrix of interest is extracted (often with organic solvent) and filtered to remove solids that could clot the chromatographic column. Urine samples might be diluted to adjust for different urine volumes and hydration of subjects. Depending on the chemical class of interest, different chromatographic columns can be used. Reverse phase column offer a higher retention and hence separation for lipophilic compounds whereas hydrophilic interaction chromatography (HILIC) is used for a separation of hydrophilic compounds. A QC-sample, derived from a pool of study samples, is placed in each analytical plate, undergoes the same sample processing and is injected regularly during the analytical run (e.g. every 8 th -12 th injection). On the basis of these samples, the quality of the raw data can be judged and accepted before further processing. In order to decrease a potential effect of the sequence of sample injections and of the batch, samples that will be compared during the statistical analysis (samples of the same volunteer for a cross-over design or cases and controls in a casecontrol study) are analysed in sequence in the same batch, with the remaining potential parameters randomized over the study batches.

The raw data from the experiment is processed by extracting metabolic features from each sample based on chromatographic peaks, exact mass and isotope patterns. The metabolic features of all samples are aligned to form the feature table that contains all chemical signals that were consistently detected in the study. Identification of those features which are of biological significance to answer the research question is carried out by statistical analysis. Compounds of interest are then annotated using data on exact mass, retention time and MS/MS fragmentation pattern. Depending on the amount of evidence available, annotations can be classified by their levels of confidence. Sumner et al have proposed 4 levels of confidence [166]. The highest level of confidence are annotations based on comparison of exact mass, retention time and MS/MS fragmentation spectra with chemical standards (level 1). One bottleneck of mass spectrometry based metabolomics is the limited availability of chemical standards which is especially true for compounds formed by human or microbial metabolism. Therefore, this level of confidence is difficult to obtain. If no commercial standard is available, annotation can be based on matches of exact mass and MS/MS fragmentation spectra in publically available databases such as HMDB, mzCloud or METLIN (level 2) [167,168]. Without an available reference spectrum, some compounds such as acylcarnitines can be assigned a compound class based on exact mass and characteristic neutral losses or fragment ions in MS/MS experiments (level 3). For these compounds, the identity of possible isomers remains unknown. Annotation level 4 is used for all unique features defined by an exact mass and retention time for which no potential structure can be proposed. To highlight the different levels of confidence for annotation, metabolic features that have been annotated with a high confidence (level 1 or 2) can be referred to as metabolites, compounds or by their chemical names (e.g. piperine or propionylcarnitine). Metabolic features which have been annotated with lower confidence can rather be named features, metabolite features or with a generic feature ID (e.g. piperine metabolite 12) to highlight the fact that the identity is not known with certainty.

Otherwise the reader who is less experienced with the interpretation of untargeted metabolomics data might draw false conclusions. This approach has been followed in this thesis and the corresponding articles.

Metabolomics and dietary biomarker discovery

Many non-nutrient compounds absorbed from the diet undergo extensive metabolism before being excreted in urine or feces. Phase I metabolism mainly consists of oxidation reactions which make the xenobiotics more water-soluble and enable conjugation [169]. In phase II, these oxidized metabolites are conjugated with glucuronic acid, sulfate, glutathione or other groups to decrease toxicity and increase excretion. This leads to a great number of potential human metabolites of the many compounds present in food. Earlier work on biomarker identification relied on a priori knowledge on food composition and human metabolism to identify potential biomarker candidates [170].

Recently, untargeted metabolomics has become the main tool in biomarker discovery because of its ability to detect this large number of unknown metabolites [115]. More publications of metabolomics assisted work on biomarkers are published each year (Figure 6). The first publications reporting the use of metabolomics are from the early 2000s when instrumentation and new tools for data-processing first allowed the simultaneous measurement of many metabolites in a large number of samples [171]. Due to advances in sensitivity and resolution, mass spectrometry, particularly in combination with liquid chromatography, has become the main method used in metabolomics (Figure 6) [172]. Mass spectrometry is particularly powerful in detecting novel biomarkers that are present in low concentrations in biospecimens. NMR remains a method used for the measurements of mostly endogenous compounds that are present in high concentrations in blood and urine.

Figure 6 : Number of articles published per year with the topic "metabolomics" and "biomarker" in Web of Science from 2005 until 2019 (green). Publications with "mass spectrometry" or "NMR" as additional topic are coloured in orange and purple, respectively.

Untargeted or semi-targeted MWAS performed in observational studies are able to assess associations between a great number of metabolic features and intakes of selected foods which is a powerful way to create hypotheses for potential biomarkers [172]. The differences in intake of particular foods prior to sampling are less pronounced in observational studies compared to intervention studies and thus MWAS in observational studies require a large sample size to detect associations of metabolites with food intake. A limitation of biomarker discovery in observational studies is that it relies on dietary questionnaires for food exposure estimation which might be inaccurate (chapter 1.4.1.1). Potential biomarkers identified in these studies clearly require validation in dietary intervention studies due to correlation of food intakes and possible cofounders such as other food intakes, lifestyle, drugs and smoking.

In dietary intervention studies, samples can either be collected before and after the intake of an intervention diet or after the intake of several diets. Using a cross-over design for the latter increases statistical power as paired comparisons can be performed. The large amount of metabolic features detected in untargeted studies creates some challenges for the statistical analysis but offers the opportunity to detect novel biomarkers. Thousands of metabolic features in intervention studies with small sample sizes might lead to overfitting of statistical models and create problems of multiple testing. Proper adjustment of multiple tests is crucial, but might reduce statistical power.

The advantage of intervention studies is the controlled absence or presence of the food of interest in the diet which should lead to clearly different levels for potential biomarkers [172].

Knowledge about the chemical composition of the food of interest can help in creating hypotheses for compounds that are specific of a particular food or might provide data to support the plausibility of biomarkers identified in human biospecimen.

Applications of metabolomics in nutritional epidemiology

Metabolomics has been applied in nutritional epidemiology mainly for two kinds of studies: studies that aim to better understand the metabolic pathways that link diet and disease and studies that use metabolomics methods to discover and validate dietary biomarkers. In the following, examples of the application of metabolomics as well as their advantages and limitations will be presented.

An early example of the successful application of metabolomics to identify metabolic pathways of disease in a prospective study showed the association of risk of type II diabetes with 5 amino acids in pre-diagnostic blood samples [152]. The advantage of metabolomics was that metabolites of different pathways were assessed with an agnostic approach and the group of aromatic and branched chain amino acids were identified as the major altered pathways. In the same study, the authors replicated the results in an independent cohort which shows that the results were no single cohort effect. The associations were later replicated in other cohorts [173]. These MWAS studies assessed associations of endogenous metabolites with disease risk to understand biological mechanisms leading to diseases. The same data can be used to identify associations between dietderived metabolites and disease risk and thereby elaborate new hypotheses on dietary risk factors. For example, TMAO, which has been shown to be increased after intake of fish and meat and is influenced by the gut microbiota [129,154], has been associated with risk of prostate cancer in an untargeted metabolomics study on prostate cancer and pre-diagnostic circulating metabolites [174].

In traditional questionnaire-based epidemiological studies, food intakes have been associated with outcomes such as cancer, but the molecular mechanisms often remain unclear. Several studies have used metabolomics data to assess the molecular pathways through which food intake increases or decreases disease risk. For example, Playdon and colleagues have identified several metabolites that were associated with food intake and have then assessed the associations of these metabolites with breast cancer risk which revealed possible diet-related exposures that modify cancer risk [175]. This study design is suitable to create hypotheses on possible mechanisms but one must bear in mind that this kind of study design can only identify associations. Such MWAS studies are able to assess the associations of thousands of metabolites with intake of a large number of foods which might lead to confounded associations or chance findings. For example, the aforementioned study by Playdon and colleagues found a strong association between circulating piperine and intake of wine, even though wine does not contain piperine or related metabolites. To deduct a causal relationship between food intake and circulating metabolites, dietary intervention studies are needed. A similar statistical approach identifies metabolic signatures rather than single metabolites that are both associated with the exposure (diet) and the outcome (cancer) using the so-called meeting-in-themiddle concept. The identification of metabolites simultaneously associated with some components of the diet and with disease outcomes offers valuable insights into possible mechanisms linking diet to disease and takes the possible collinearity of the data into account [176]. Beyond the study of such associations, the combination of different approaches is important to investigate causal relationships linking diet to disease [16]. Diet-disease associations have been assessed in mendelian randomization studies [177], but the application of this method in nutritional epidemiology might be limited due to the lack of suitable genetic proxies [178]. The application of mendelian randomization might however complement evidence for those exposures for which suitable genetic instruments can be identified.

Metabolomics derived data has been used to better understand the link between food or nutrient intake and disease risk using biomarkers. Wittenbecher and colleagues have identified metabolites associated with red meat intake and have shown that the association of meat intake with type II diabetes risk is largely attenuated when adjusting for these metabolites, suggesting that the metabolites are part of a pathway through which red meat intake increases type II diabetes risk [149]. Alcohol-related metabolites have been associated with an increased risk of CRC [179] whereas biomarkers of coffee intake were associated with an decreased risk of CRC [180]. However, both studies used biomarkers that were discovered by their association with food intake in observational studies and not fully validated. An inverse association of biomarkers of wholegrain intake with risk of distal colon cancer has been found in a prospective cohort study, suggesting a protective effect of this food [112]. This kind of study is promising to better understand the link between diet and disease but the low number of thoroughly validated biomarker is a limitation. Extensive research is conducted to validate reliable biomarker [181].

These examples show that metabolomics is a promising tool in nutritional epidemiology to identify new risk factors for disease and to raise novel hypotheses on mechanisms linking dietary exposure to disease [172,182]. However, there are still some limitations of the use of metabolomics that need to be addressed in the future. Even though metabolomics has been around for about two decades, the methods are not harmonized and not fully mature. LC-MS is the most widely used method but protocols differ between most laboratories and data is not directly comparable. The lack of standardization makes replication in different studies and populations difficult. Proper replication and validation of metabolomics results, possibly with targeted methods, has been suggested to be crucial for an advancement of this research area [182]. In addition, the annotation of metabolites remains a bottleneck that limits the use of untargeted metabolomics [172]. Without clear reporting standards, tentative annotations can easily enter the literature and false conclusions can be drawn [182]. Indeed, many examples taken from the literature in this chapter made use of targeted metabolomics methods which measure fifty to hundreds of compounds. Truly untargeted metabolomics is applied in a small proportion of studies but holds a great potential in discovering unknown metabolite-disease associations.

Aim and objectives of this PhD thesis

This thesis focusses on two major issues limiting our understanding of the mechanisms linking meat intake with colorectal cancer risk. The first issue is the lack of methods to accurately assess the intake of specific processed meat products in epidemiological studies. The second issue is the limited understanding of the impact of meat intake on metabolic changes that are associated with disease.

As such, the overall aim of this PhD thesis was to contribute to the understanding of mechanisms involved in the putative link between meat consumption and colorectal cancer risk. More specifically the objectives of this PhD thesis were:

1) To identify new biomarkers for intake of specific processed meat products that could be used to classify study participants into consumer categories.

2) To assess the effect of meat intake on human metabolism and more particularly on the acylcarnitine pathway. This thesis uses the powerful metabolomics approach which enables the detection of thousands of metabolite features in biospecimens such as blood and urine and thereby offers the possibility to detect new associations between processed meat intake and metabolic profiles in a fully agnostic way.

Part I: Identification of metabolic profiles of different meat products digested in vitro

The first part of the thesis aimed at the exploration of the chemical profile of different processed and non-processed meat products after in vitro digestion. The content of aroma compounds or process-induced toxicants of some processed meat products is known, but no study has assessed the general metabolite profile of a large variety of processed meat products. This work aimed at identifying compounds that are specific for particular processing methods in order to provide additional data to evaluate plausibility of potential biomarkers of meat intake identified in the second part of the thesis.

Hypothesis I:

Different processing methods lead to specific metabolite profiles in different in vitro digested meat products.

Part II: Discovery of new biomarkers of intake for different processed meat products using a metabolomics approach

This part of the thesis aimed at the identification of biomarkers of intake for different processed meat products. A dietary intervention study was conducted to identify candidate biomarkers for different meat products. Potential biomarkers were then tested for their association with habitual or recent processed meat intake in free-living subjects of the EPIC calibration study.

Hypothesis II:

Intake of different processed meat products leads to specific metabolites in blood and urine of consumers. These metabolites are able to discriminate consumers from non-consumers in a free living population.

Part III: Investigation of associations between red meat intake and human metabolism

The third part of the thesis aimed at the investigation of the impact of meat intake on the human metabolism. Several studies describe elevated levels of acylcarnitines after recent consumption of red meat or associations of their levels with habitual red meat intake. Acylcarnitines play an important role in the metabolism of fatty acids and have been suggested to be indicators of metabolic health. By changing acylcarnitine levels, red meat intake might influence risk of some chronic diseases. So far, no study has assessed the impact of red meat intake on AC levels in both a dietary intervention and a population-based study. Thus, the associations between acylcarnitine levels in blood and urine and meat intake were assessed in the dietary intervention study and a selection of free-living subjects from the EPIC cross-sectional study.

Hypothesis III:

Intake of red and processed meat is associated with increased levels of acylcarnitines in blood and urine after adjustment for potential confounding factors.

Chapter II -Methods and Results -Part I

__________________________________________________________________________________

Identification of metabolite profiles of different meat products digested in vitro

Results of this part of this thesis have been published in article I in Metabolites [40] __________________________________________________________________________________

Context

The intake of processed meat has been associated with an increased risk of several diseases including colorectal cancer [5]. In these studies, processed meat intake is usually assessed for the combination of all products. However, processed meats form a heterogeneous group of foods and a large variety of processed meat products is consumed in Europe [START_REF] Linseisen | Dietary intake of different types and characteristics of processed meat which might be associated with cancer risk -results from the 24-hour diet recalls in the European Prospective Investigation into Cancer and Nutrition (EPIC)[END_REF]. Different processing methods and ingredients may give rise to specific chemical profiles. The content of specific aroma compounds [29,183,184] or processed induced toxicant [START_REF] Kazerouni | Analysis of 200 food items for benzo[a]pyrene and estimation of its intake in an epidemiologic study[END_REF][START_REF] Hitzel | Polycyclic aromatic hydrocarbons (PAH) and phenolic substances in meat products smoked with different types of wood and smoking spices[END_REF]185,186] of some processed meat products has been reported. However, no study has assessed the general metabolic profile of a larger variety of processed meat products. In addition, a better knowledge on metabolites specifically associated with different processes of meat transformation could inform on potential biomarkers for various types of processed meat.

Objective

The aim of this part of the thesis was to assess the general metabolic profile of processed and nonprocessed meat products and to identify metabolites that are specific for different processing methods.

Methods

In vitro digestion

Thirty-three samples from 10 processed and non-processed meat types were purchased in local butcheries and supermarkets and digested with a standardized static in vitro method [187]. Different non-processed red meat products were chosen to present lean and fatty cuts of beef and pork (4 meat types with 3 products each). Six different processed meat types with 21 products in total were included to represent products with various processing methods (curing, smoking, fermentation)

and the major products consumed in Europe. Following an in vitro digestion which mimicked the oral, gastric and intestinal phase with the corresponding enzymes, electrolytes and pH, the digests were centrifuged to obtain the bioavailable fraction of the meat products.

Mass spectrometry analysis

The bioavailable fraction was then analysed by an untargeted metabolomics approach [188].

Samples were extracted with acetonitrile, centrifuged and filtered before being injected onto a reverse-phase ultra-high performance liquid chromatography (UHPLC) column coupled to a quadrupole time-of-flight (qTOF) mass spectrometer.

The metabolomics method used at IARC has been optimized to detect a large number and wide variety of compounds in human biospecimens while keeping a reasonable runtime in order to be able to analyse large sample sets in epidemiological studies (up to thousands of samples). All experiments included in this thesis made use of a reverse phase C18 column for chromatography using water with an increasing gradient of methanol as mobile phase. With an acquisition of 10.5 minutes, this allows for good separation of lipophilic compounds, but also a clear distinction of similar more hydrophilic compounds such as leucine and isoleucine. A stringent quality control (QC) was carried out with QC samples injected for every 8 study samples.

The raw data from the experiment was processed with 2 steps of a recursive workflow to obtain a table with the metabolic features using the MassHunter software package (Agilent, Santa Clara, CA, USA). First, the metabolic features of the raw data were extracted from each sample, based on chromatographic peaks, exact mass and isotope patterns and a minimum intensity. All those features were then aligned to form a target list of the features present in the study, which was filtered to ensure that only features that are found in at least 3 samples were selected. This list was then used to search for these metabolic features in all samples without a minimum intensity. This process leads to a table of features consistently detected with a low number of missing values due to the second targeted search.

Statistical analysis

Metabolic profiles made of all metabolites present in at least 4 out of the 99 samples were visualized with a principal component analysis (PCA) using log-transformed intensity data. Welch t-tests were conducted to identify metabolic features that were elevated in digests of processed meats compared to non-processed meat. P-values were adjusted for multiple testing using the Benjamini-Hochberg method with a false discovery rate of 0.05. Only features that were at least elevated 2-fold were included in the subsequent analysis. Hierarchical clustering of the significantly elevated metabolites was performed with Euclidean distance. The same Welch t-test was performed to identify metabolic features that were elevated in fermented meat digests compared to digests of non-processed pork. All statistical analyses were carried out using the R software for statistical computing (R Foundation for statistical computing, Vienna, Austria).

Metabolite annotation

Metabolic features were annotated by searching for compounds with matching mass in databases such as HMDB or METLIN [167,168]. Metabolites suspected to be natural compounds from pepper were identified by the comparison of their exact mass, retention time and MS/MS fragmentation spectrum with those features in an extract of black pepper. Other metabolites were identified by comparison of exact mass, retention time and MS/MS spectra with those of commercial standards.

Main results

A principal component analysis of the metabolite features detected in at least 4 out of 99 samples revealed that similar meat products clustered together due to similar chemical profiles. Cured meat pieces such as cooked or raw ham had a chemical profile similar to fatty cuts of non-processed meat.

Sausages showed distinct profiles. The scores for bacon on PC2 were similar to those of ham, but PC1 separated bacon samples from all other processed meats. Many metabolite features with high loadings had exact mass matching with those of lipids and some dipeptides in databases.

Univariate analysis identified more than a hundred metabolite features that discriminated processed meats from non-processed meats and that formed several clusters. One cluster with high intensities in dry-cured sausage and fried sausage contained several piperamides that occur naturally in black and white pepper which are common ingredients of processed meats [1,189]. Metabolites of another cluster mainly present in hot dogs, but also in other smoked processed meats, were identified as syringol and syringol derivatives. These compounds are formed by the combustion of wood [28,29].

A comparison between digests of non-processed pork and fermented sausages revealed elevated levels of some biogenic amines (tryptamine, histamine, tyramine, γ-aminobutyric acid) in fermented sausages. Biogenic amines are formed from amino acids by microbial activity [190].

Conclusions

Analysis of the general metabolite profile of meat products shows that similar products cluster together. Cured-meat pieces have a general profile that is closer to that of non-processed meat and sausages form a product group apart. The clustering appears to be driven by the content of the lipids and proteins. Several compound classes specific for processing methods were identified. Syringol compounds were present in smoked meats, piperamides were elevated in fried sausage and drycured sausages and some biogenic amines were specific for fermented meat products.

On the basis of these results, some potential candidates for biomarkers of intake can be proposed. In addition, the metabolite profiles show that processed meats do not form a homogeneous group, but specific clusters based on ingredients and processing methods.

Contributions: The intake of red and processed meat has been associated with an increased risk of several adverse health outcomes such as cancer [1], type II diabetes [2] and all-cause mortality [3]. Processed meat products form a diverse group of foods obtained from fresh meat using processing methods that include salting, curing, smoking, fermentation and drying to enhance shelf life and palatability. They can be categorized into fresh processed meat, cured meat pieces, raw-cooked products, precooked-cooked products, raw (dry)-fermented sausages and dried meat [4]. The products also vary in terms of pieces of meat used and the ingredients added such as curing salt, fat, spices and fillers.

Conceptualization:
Several mechanisms have been proposed to explain the carcinogenic effects of red and processed meats and the compounds involved in these mechanisms are often highly dependent on the cooking or processing methods applied to the meat products [5]. Some of these compounds can be found in both processed and non-processed meat such as carcinogenic polycyclic aromatic hydrocarbons (PAHs) which are mainly generated during the smoking or barbecuing of meat [6]. Other compounds are more specific to processed meat products. For instance, carcinogenic N-nitroso compounds are mainly due to the curing of meat with nitrite and nitrate [7]. The formation of heme-mediated carcinogenic lipid-oxidation by-products is increased by a high fat content of meat products, grinding and cooking of meat and exposure to oxygen [8,9], conditions which apply to many processed meat products.

Apart from the formation of process-induced toxicants, studies have also assessed the impact of meat processing on other outcomes such as protein digestibility [10], the evolution of the lipid profile [11] or flavor compounds [12]. Several studies have reported specific changes in compounds linked to different processing methods, such as the formation of guaiacol and syringol derivatives as aroma compounds in smoked meats [13,14] and that of biogenic amines during fermentation of dry-cured sausages [15,16].

The aforementioned studies have looked at a selection of compounds in a limited number of meat products. A better knowledge of variations in the composition of processed meat products could inform epidemiological studies elucidating the mechanisms by which intake of processed meat increases the risk of several adverse health outcomes. The aim of this study was to compare through an untargeted metabolomics approach the chemical profiles of 10 processed or non-processed meat product types consumed in Europe and to identify compounds specific to the various types of meat products or meat processing methods which might be useful as potential biomarkers of intake for these foods in epidemiological studies. This metabolomics approach was applied to in vitro digests of meat products in order to mimic profiles of small molecules formed in the gut upon digestion. The identification of metabolites characteristic of different types of meat products may shed new light on mechanisms linking intake of various meat products with risk of diseases.

Results

Metabolite Profiles of Meat Products

In vitro digests of 33 different meat samples from 10 processed meat types (Table 1) were analyzed by high resolution mass spectrometry coupled with ultra-high performance liquid chromatography (UHPLC-HRMS) and 5503 metabolite features present in at least four samples were selected for further analysis. When plotting the scores of the first and second principal components (PC1 and PC2) of a principal components analysis (PCA), it was found that meat products of the same type tend to cluster together (Figure 1). PC1 which accounts for 16% of the metabolite variations separates bacon from the other products. Some metabolite features that contribute to scores with negative loadings had exact masses matching with some lipids, and others with high positive loadings had exact masses matching with lipids and peptides in metabolite databases (Supplementary Materials Table S1). The second principal component, which accounts for 13% of the variability, separates lean non-processed meat with high scores, cured meat pieces and fatty meat cuts with intermediate scores and different types of sausages with low scores. The features contributing with high absolute loading to PC2 are mainly lipophilic compounds that matched some lipids in databases (Supplementary Materials Table S1). The contents of fat and protein were calculated based on nutrition information on packaging for products purchased from supermarkets and based on the German Nutrient Data Base [17] for products purchased from butchers.

Figure 1.

Principal component analysis of 5503 metabolite features detected in meat in vitro digests. Thirty-three meat products were digested in triplicate and the bioavailable fractions were analyzed by untargeted UHPLC-HRMS-based metabolomics. The figure shows the scores plot of the first and the second principal component which represent 16% and 13% of the metabolites' variability, respectively. Metabolite intensities were normalized by total ion count of each sample to account for differences in water content between products.

Metabolites Significantly Elevated in Processed Meat Products

We further analyzed the same data to identify signals characteristic of processed meat products through univariate statistical analyses. There were 4581 metabolite features that had less than four missing values in at least one processed meat product category. We specifically looked for compounds significantly elevated in processed meat digests when compared to non-processed beef and pork digests that may result from meat processing. Out of those 4581 metabolite features, 178 were significantly elevated and 45 were significantly decreased in processed meat digests (Welch's t-test, FDR-adjusted p-value < 0.05) with a fold change >two compared to non-processed meat digests (Supplementary Materials Table S2). Only those metabolites showing a significant and large increase in processed meat, possibly be used as dietary biomarkers, were considered further. A heat map of the intensities of metabolite features elevated in processed meat digests is shown in Figure 2. In hierarchical clustering, six major clusters could be recognized. Cluster 6 includes syringol derivatives only found in smoked meat products; 4-propylsyringol and 4-allylsyringol are mainly found in hot dogs, whereas 4-methyl and 4-ethyl syringol are found in all smoked meats. Cluster 4 contains 14 compounds characteristic of black pepper. Their origin was established by comparison of their retention time and MS/MS fragmentation spectra with those of a black pepper extract (Supplementary Materials Table S3, Supplementary Materials Figures S1-S14). All these compounds with the exception of pepper compound 5 were also detected in extracts of white and green pepper (not shown). Figure 3 shows the intensity of six of the pepper compounds which could be identified at confidence level 1-2 in meat product digests [18][19][20][21]. All these pepper compounds show the highest levels in salami and fried sausage. Heat map showing intensities of metabolite features with significantly higher levels in processed meat digests compared to non-processed meat digests. A Welch's t-test revealed 178 metabolite features with intensities significantly (FDR-adjusted p-value < 0.05) and increased at least twofold in processed meat products (n = 63) compared to non-processed red meat (n = 36). Intensities were log transformed. Meat products are displayed in columns and colored by the product type. Metabolite features (rows) are colored by the FDR-adjusted p-value of the t-test. Names of identified metabolites are indicated. Details on these compounds with clusters they belong to are given in Table 2 and Supplementary Materials Table S2. The dipeptide phenylalanyl-isoleucine was identified in metabolite cluster 2 primarily present in bacon. The remaining three clusters (clusters 2, 3 and 5) that show the highest intensities in sausage include mainly lipophilic, unknown compounds (unknown compounds 1-7, Supplementary Materials Table S2). A summary of the metabolites that have been identified with confidence level 1 or 2 [22] are shown in Table 2. The hierarchical clustering of the meat products reveals a similarity of all types of sausages and a clustering of non-processed meat products with cured meat pieces. Smoked ham samples (smoked products on the right, Figure 2) cluster together with other ham products rather than with smoked sausages or bacon.

Metabolites Specific for Fermented Meat Products

A separate analysis was performed to identify compounds that were significantly elevated in fermented products (n = 12) compared to non-processed pork (n = 18). A Welch's t-test revealed several compounds that were elevated in fermented sausage and not found in all other processed meat products and non-processed meat. Among these are histamine, tryptamine and tyramine, which are all biogenic amines produced from amino acids by microbial metabolism (Table 3). In addition to these compounds, we specifically screened the data set for the presence of the biogenic amine γ-aminobutyric acid (GABA) previously reported in processed meat [15]. We extracted its intensities from the raw data and found it to be significantly elevated in fermented meat compared to non-processed pork. In non-fermented meat products, GABA, histamine and tryptamine were not detected and only trace amounts of tyramine were measured (Figure 4). 

Discussion

Processed meat products constitute a heterogeneous group of food products and their consumption may be associated with specific adverse health outcomes. However, the diversity of ingredients and processing methods such as curing, fermentation and smoking are rarely taken into account in epidemiological studies.

The aim of this study was to explore global metabolite profiles of a large variety of processed meat products using an untargeted UHPLC-HRMS metabolomics approach. Cured meat pieces such as ham showed global metabolite profiles more similar to those of non-processed meat and clearly different from those of bacon and sausages. Score plots suggest that metabolite profiles were strongly influenced by some lipophilic metabolites in meat, with a gradient observed from lean meat cuts with lowest content to sausages with highest content, and cured meat pieces and fatty meat cuts with intermediate content.

The univariate comparison of metabolite profiles of processed and non-processed meat digests revealed more than a hundred metabolite features that were elevated in processed meat digests or only detected in these products. Clustering analysis revealed patterns characteristic of various types of processed meats. One cluster contained syringol derivatives only detected in smoked meats. We have previously published the identification of syringol metabolites in smoked meat and that of their sulfated metabolites in human urine and plasma and showed that they could be used as biomarkers for smoked meat intake [23].

A second cluster of metabolites which showed high intensity in sausages contained several piperamides from black pepper. Pepper is an important ingredient of many processed meat products used for its flavor, but also for its antioxidative and antimicrobial properties [24,25]. Volatile terpenes derived from pepper were previously characterized as aroma compounds of dry-cured sausages [12,26]. However, we are not aware of any study reporting non-volatile pepper compounds such as the piperamides in processed meat products. We could identify fourteen metabolites derived from black pepper that discriminate processed from non-processed meat. These metabolites showed very high intensities in the sausage digests compared to non-processed meat digests. These compounds increase shelf life of processed meat products, and may also exert some beneficial effects on human health as suggested by their in vitro biological properties [27]. More particularly, piperine was shown to have cytotoxic effects on cancer cells [27] and its blood levels have been associated with lower risk of breast cancer in epidemiological studies [28,29]. On the other hand, piperine levels in blood were found to be associated with an increased risk of diabetes [30]. In order to evaluate if the pepper compounds in processed meat products might have an effect on human health, further studies are needed to estimate whether processed meat products contribute a significant proportion to the total dietary pepper exposure.

The comparison of metabolite profiles of fermented sausages and non-processed pork showed higher levels of the biogenic amines tyramine, histamine, tryptamine and γ-aminobutyric acid (GABA) in the fermented products. This is in line with the known microbial decarboxylation of amino acids during meat fermentation [15,16]. Microbial activity of fermented meat products leads to the desired flavor and enhanced shelf life of the products, but high amounts of some biogenic amines such as histamine can be toxic to the consumer [16]. GABA is not only produced by meat fermentation. It is also naturally present in some vegetables and cereals and is increased in fermented foods such as dairy products and soy sauce [31]. It has been shown to have beneficial effects on blood pressure [31]. Biogenic amines may also be present in unintentionally fermented meat products, but in our study no product that does not include fermentation in its processing methods showed increased levels of these metabolites.

This study has a few limitations. The method employed is not universal in its ability to detect all possibly present compounds, and thus some of the expected metabolites known to discriminate processed and non-processed meats were not found. Syringol compounds are detected in this work in contrast to the structurally related guaiacol compounds that have been shown to be present in smoked meat [14]. The aim of this study was to explore the general metabolite profiles of meat products using an established analytical procedure, and data on process-induced toxicants for specific meat products can be found elsewhere [6,7,32]. Another limitation that is common with most untargeted metabolomics studies is the low number of compounds that could be annotated with high certainty. In our study, several compounds that showed high loadings in the PCA were tentatively annotated as lipids, small peptides and pepper-derived compounds, but their exact identity still remains unknown. However, the comparison of MS/MS fragmentation spectra with those of the compounds from the pepper extract gives us high confidence in the specific origin of a number of compounds derived from this specific ingredient. Using an in vitro approach, we were able to identify several compounds that are specific for different processing methods and that might be used as biomarkers of intake for these foods. However, the analysis of human blood and urine samples from dietary intervention and observational studies is needed to assess if these compounds or their metabolites can be detected in human biofluids and if they predict intake of these products.

This study also has several strengths, the main one being the application of an untargeted metabolomics approach which allowed for the detection of thousands of metabolite features in meat and the identification of compounds able to discriminate specific types of meat products. This allowed for the discovery of pepper-derived compounds as some of the main discriminants for processed meats. Another strength of this work is the large variety of meat products studied. We are not aware of other metabolomics studies comparing such a diverse set of meat in vitro digests.

Materials and Methods

Reagents and Meat Products

Analytical standards were purchased from Sigma, France. At least three different varieties of each meat product (pork, lean and fatty cuts; beef, lean and fatty cuts; hot dogs; salami type sausage; raw ham; cooked ham; raw sausages to be fried; bacon) were purchased in local supermarkets and butcher's shops in Lyon, France (Table 1). Meat products were chosen to represent different processing methods (curing, fermentation, and smoking) and to cover the major processed meat products consumed in many European countries [33]. Whole pepper corns (white, black, or green; Ducros, Avignon, France) were purchased in a local supermarket.

In Vitro Digestion

Meat products were first fried in a non-stick pan (no oil added) if commonly consumed heated (pork, beef, fried sausage, bacon and hot dogs). The in vitro digestion of the processed meat products is described in detail elsewhere [23]. All products were minced to a chunky homogenate using a blender and 3 aliquots of 1.5 g were digested following a standardized protocol [34]. The concentration of electrolytes in the buffer are based on human in vivo data and can be found in the original publication [34]. In a salivary phase, each aliquot homogenate was incubated with 1.5 mL of buffer for 2 min (pH = 7, no amylase was used because of the negligible amount of starch in the products). The same homogenate was then treated in the gastric phase with 3 mL of buffer (pH = 3) containing pepsin for 120 min. Finally, in the intestinal phase, 6 mL of buffer containing pancreatin and bile extracts was added, the pH increased to 7 and the mixture shaken for 120 min. All steps were performed at 37 • C. Digests were finally centrifuged (15 min, 15,000× g, 22 • C) and the supernatants stored at -80 • C until analysis.

Liquid Chromatography-Mass Spectrometry Analysis

Supernatants of in vitro digests (30 μL) were mixed with cold acetonitrile (200 μL) and centrifuged (3220× g, 10 min, 4 • C). The supernatant was filtered on 0.2 μm Captiva ND plates (Agilent Technologies, Santa Clara, CA, USA) and filtrates diluted 10 times with acetonitrile. Commercial pepper (white, black, green) was ground with a mortar and pestle, and 9.5 mg were added to 9:1 acetonitrile:water (vol:vol; 10 mL), shaken for 60 min, filtered on 0.2 μm Captiva ND plates, diluted 100 times with the same solvent, and stored at -80 • C. Pepper extracts were diluted 10 times with acetonitrile before analysis.

Sample extracts were analysed by LC-MS using a 1290 Binary LC system coupled with a 6550 quadrupole time-of-flight (QTOF) mass spectrometer equipped with a jet steam electrospray ionization source (Agilent Technologies, Santa Clara, CA, USA), as previously described [35]. In short, samples were ordered randomly in the batch. A quality control (QC) sample consisting of a pool of all samples in one batch was analysed for every eight study samples injected. Two microliters of sample extracts were injected onto a reversed phase C18 column (ACQUITY UPLC HSS T3 2.1 × 100 mm, 1.8 μm, Waters, Saint-Quentin-En-Yvelines, France) maintained at 45 • C. A linear gradient made of ultrapure water and LC-MS grade methanol, both containing 0.05% (v/v) of formic acid, was used for elution at a flow rate of 0.4 mL/min: 0-6 min: 5-100% methanol, 6-10.5 min: 100% methanol, 10.5-13 min: 5% methanol. The mass spectrometer was operated in positive ionization mode, detecting ions across a mass range of 50-1000 daltons.

Data Processing

The raw data were processed using the MassHunter software package (Mass Profiler Professional version B14.9.1, Qualitative Analysis version B06.00 and DA Reprocessor version B.05.00; Agilent technologies, Santa Clara, CA, USA) with Agilent's recursive feature finding method. For this, metabolite features were extracted from the raw data and aligned over all samples of the experiment based on mass (+/-15 ppm) and retention time (+/-0.1 min). In a second, targeted recursive search, all features that were present in more than 3 samples in the experiment were extracted from the raw data. The resulting data were aligned with the same criteria to obtain the final feature table. If no signal was found for a metabolite feature in a sample, the intensity was imputed as 1. Detailed parameters can be found in Supplementary Materials Table S4.

Metabolite Annotation

Metabolite features were annotated by searching metabolites with matching mass in the Human Metabolome Database (HMDB) and METLIN as [M+H] + and [M+Na] + ions with a mass tolerance of 8 ppm [36,37]. For the compounds specific of meat processing, targeted fragmentation (MS/MS) spectra were acquired at 10 and 20 eV and compared to those of commercially available standards, in-house synthesised standards or to compounds extracted from liquid smoke or black pepper. Levels of confidence given to each annotated peak were those defined by Sumner et al. [22] where level 1 corresponds to matching exact mass, retention time and MS/MS fragmentation spectrum with those of an authentic chemical standard. Level 2 corresponds to very probable annotation based on matching exact mass, similar physico-chemical properties and MS/MS spectrum with those curated in HMDB and METLIN or the references cited in Supplementary Materials Table S3. Annotation evidence is given in Supplementary Materials Figures S1-S19.

Statistical Analysis

For principal component analysis (PCA), only metabolite features with an intensity > 1 in at least 4 out of the 99 samples were included and the data were log2-transformed. For the univariate analyses, only metabolite features that had less than 4 missing values in at least one processed meat product category (e.g., out of 9 hot dog samples or 12 raw ham samples, etc.) were included in the analysis of the in vitro digests. Univariate analysis was carried out with log2-transformed data. Non-paired Welch's t-tests were used to identify metabolite features that were significantly elevated in in vitro digests of processed meat products compared to non-processed meat. The results were adjusted for multiple testing using the Benjamini-Hochberg method and a false discovery rate of 0.05. Only compounds that showed at least a twofold increase in the intensity of processed meat compared to non-processed meat after log transformations were retained for annotation. A second Welch's t-test was performed to identify all features that were significantly elevated in salami digests compared to digests of lean and fatty pork. The biogenic amine γ-aminobutyric acid (GABA) has been reported to be a microbial metabolite in fermented meat but was not included in the first feature table. Its intensities were manually extracted from the raw data using the Agilent Profinder software (+/-8 ppm) and added to the feature table for the comparison of fermented sausage vs. pork. All statistical analyses and graphical presentations were carried out using the R open-source statistical computing software version 3.6.1 (R Foundation for Statistical Computing, Vienna, Austria). The heat map image was prepared using the ComplexHeatmap package in R [38], with Euclidean distance for hierarchical clustering.

Conclusions

In this study, we were able to explore the unique metabolite profiles of diverse processed and non-processed meat products after an in vitro digestion. Metabolite profiles of cured meat pieces such as ham were more similar to non-processed meat than to sausages or bacon. A wide variety of metabolites were significantly elevated in processed meat products compared to the non-processed meats, and metabolite profiles of meat products depended on their ingredients and processing methods. Syringol derivatives and biogenic amines were identified as specific markers for smoked and fermented processed meats, respectively. We could identify several natural compounds originating from pepper in processed meats, with the highest levels found in sausages.

Supplementary Materials:

The following are available online at http://www.mdpi.com/2218-1989/10/7/272/s1, Table S1: Metabolite features with highest loadings for the first principal component (PC1) and the second principal component of a principal component analysis (PCA) of untargeted metabolomics analysis of meat in vitro digests, Table S2: Metabolite features with significantly higher levels in processed meat digests compared to pork digests, Table S3: Features significantly elevated in processed meat digests and found in pepper extracts, Table S4: Details on the recursive feature finding used to create the feature table from the HRMS raw data, Figures S1-S19: Annotation evidence of compounds elevated in processed meat. The raw data files have been deposited on MetaboLights (MTBLS1741) [39]. Chapter III -Methods and Results -Part II __________________________________________________________________________________ Discovery of new biomarkers for intake of different processed meat products using a metabolomics approach Results on syringol metabolites as biomarkers for smoked meat intake have been published in article II in the American Journal of Clinical Nutrition [191].

The association of piperamides and their human metabolites in blood and urine with processed meat intake is described in article III which will be submitted to the American Journal of Clinical Nutrition.

__________________________________________________________________________________

Context

Processed meat has been classified as carcinogenic [5] but the exact mechanisms are still not clear [START_REF] Demeyer | Mechanisms Linking Colorectal Cancer to the Consumption of (Processed) Red Meat: A Review[END_REF]. Many dietary questionnaires lack sufficient detail to assess disease associations with intake of specific processed meat products and their accuracy is limited by problems such as subject recall bias [100]. Biomarkers of food intake could offer an unbiased tool to quantitatively assess intake of processed meat products but no such biomarker has been proposed so far.

Objective

The aim of this part of the thesis was to identify new biomarkers for intake of different processed meat products in a dietary intervention study and an observational study.

Methods

Dietary intervention study

A randomized cross-over dietary intervention was conducted at IARC in which 12 volunteers consumed three processed meat products (hot dogs, bacon, salami) and two control diets (fried pork and tofu) for 3 consecutive days each (Figure 7). The intervention foods were chosen to represent different processing methods (curing, smoking, fermentation) and products commonly consumed in Europe [START_REF] Linseisen | Dietary intake of different types and characteristics of processed meat which might be associated with cancer risk -results from the 24-hour diet recalls in the European Prospective Investigation into Cancer and Nutrition (EPIC)[END_REF]. Spot urine samples were provided by the volunteers 2h and 12h after the first meal of each intervention period. At the end of each intervention period, cumulative 12h urine samples and 

Cross-sectional study

Potential biomarkers were tested for their association with processed meat intake in free-living subjects of the EPIC calibration study [192]. The EPIC study is a multi-centre prospective cohort with over 500,000 subjects from 10 European countries that were recruited in the 1990s [193]. Four hundred seventy-four subjects from the EPIC calibration study were selected for this work, based on the availability of 24h urine samples and a 24HDR collected on the same day. These subjects were from the following countries: Greece, Italy, France and Germany. FFQs were also available. For 451 subjects, serum samples with information on fasting status at collection were also available. Due to administrative reasons, subject from Greece were excluded for the analysis of pepper metabolites and 418 urine and 397 serum samples were available for this analysis. Subject characteristics and food intake data were provided by the local centres. Processed meat products in the 24HDR data and FFQs were grouped by processing methods using descriptors given by the national centres or using information from recipes if descriptors were not available.

Metabolomics analysis

Different sample types (urine/blood) and samples of each study type (intervention/cross-sectional) were analysed separately. Urine samples were diluted to the lowest specific gravity of each study in order to adjust for variations in urinary dilution. Sample preparation was adapted for each specimen type, but the UHPLC-MS analysis was performed with the same analytical method and data processing method as described in chapter 2.3.2 for the in vitro meat digests. All samples of the intervention study and urine samples of the cross-sectional study were analysed as part of this thesis, the serum samples of the cross-sectional study were analysed earlier in our laboratory and the data was available for this project. Intensities of syringol metabolites and pepper compounds were extracted from the cross-sectional data in a targeted approach by searching for compounds matching the formula and retention time.

Statistical analysis

Paired Welch t-tests were performed for each processed meat to identify metabolite features that were elevated in plasma or urine collected after processed meat intake compared to intake of fried pork. The resulting p-values were adjusted for multiple testing using the Benjamini-Hochberg method and a false discovery rate of 0.05. Syringol metabolites identified in the intervention study were tested for replication in urine samples of the cross-sectional study. Associations between metabolite levels and recent intake of smoked meat based on 24HDR data were assessed using logistic regression models that included subject characteristics and intakes of major food groups as covariates (adjusted for multiple testing using the Benjamini-Hochberg method and a false discovery rate of 0.05). Ability to predict intake of smoked meat was evaluated by calculating the area under the curve (AUC) of receiver operating characteristics (ROC) curves for habitual and recent intake.

Associations between intake of different processed meat products and pepper compounds in both urine and blood samples of the cross-sectional study were assessed. Associations between metabolite levels (blood and urine) and habitual intake of processed meat based on FFQ data were assessed using linear regression models that included subject characteristic and intake of major food groups as covariates. Associations between metabolite levels (urine only) and recent intake of processed meat based on 24HDR data were assessed using logistic regression models that included subject characteristic and intake of major food groups as covariates. P-values of models were adjusted for multiple testing using the Benjamini-Hochberg method and a false discovery rate of 0.05. Associations between serum levels of 3 pepper compounds and all food groups that were consumed by at least half of the study population were assessed in linear models that included metabolite levels as the dependent variable and subject characteristics and all food intakes as independent variables. 

Metabolite annotation

Main results

Several hundred of urinary metabolite features were found to be elevated after intake of processed meat in an untargeted analysis. In comparison, only 18 plasma metabolite features were found to be associated with processed meat intake in the same untargeted analysis which included stringent correction for multiple testing (table 11). All features that were found to be elevated in urine or plasma after intake of processed meat in the dietary intervention are reported in the supplemental data of article II and III except for plasma metabolites elevated after hot dog intake which can be found in Annex V.

Amongst metabolite features elevated in urine samples after hot dog intake compared to fried pork intake, the sulphated metabolites of syringol and some of its derivatives were identified. In urine samples of the EPIC cross-sectional study, a dose-response relationship between intake of smoked meat and syringol metabolites was shown, controlling for potential confounding of cigarette smoking, intake of all other main food groups and lifestyle factors. Syringol metabolites were also elevated in plasma samples of the intervention study after intake of hot dogs. Associations with serum levels in the EPIC cross-sectional study could not be assessed due to low peak intensities. The same statistical methods as in article III were applied where a paired Welch's t-test was used to assess differences between diets and the p-values were adjusted for multiple testing using the Benjamini-Hochberg method.

In addition, several piperamides that were discriminants of processed meat in in vitro digests were found to be elevated in plasma of the intervention study after intake of salami compared to intake of fried pork. Human metabolites of piperine were identified amongst discriminants of salami intake in plasma and urine samples of the dietary intervention study. Three pepper metabolites in serum samples of the EPIC cross-sectional study were associated with habitual sausage and processed meat intake. When tested for associations with all food groups, pepper metabolites were most consistently associated with sausage intake and two pepper metabolites were associated with wine and mushroom intake. Six pepper metabolites that were identified in urine samples of the crosssectional study did not show associations with habitual processed meat intake. However, five of these urinary metabolites were associated with recent sausage intake.

Conclusion

The two-tiered approach with an intervention study and a cross-sectional study was successful in the identification and replication of biomarkers of smoked meat in urine. Replication of these biomarkers in blood was not possible due to low signal intensities. This might be achieved with more sensitive, dedicated analytical methods.

Pepper metabolites were identified and replicated as biomarkers for total processed meat intake and sausages intake. Cured-meat pieces did not show associations with pepper metabolites. These associations might help to understand findings of recent MWAS studies that found circulating piperine associated with risk of different diseases [175,[195][196][197][198]. Our findings suggest that sausage or total processed meat intake might be a confounder of these associations.

Pepper metabolites and syringol metabolites were important discriminants of in vitro digested processed meat when compared to digests of non-processed meat. Digests of fermented meat digests showed elevated levels of biogenic amines. In the intervention study, biogenic amines were Roland Wedekind -PhD Thesis -Methods and Results
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not identified as discriminants between blood or urine samples collected after intake of fermented meat compared to non-processed meat. This might be due to low levels of biogenic amines in meat or extensive metabolism of these compounds.

The novel biomarkers may help to assess intake of these foods in observational studies. The associations of the biomarkers with processed meat would need to be evaluated for their use in different populations.

Contributions: 

Conceptualization:
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Syringol metabolites as new biomarkers for smoked meat intake Roland Wedekind, 1 Pekka Keski-Rahkonen, 1 Nivonirina Robinot, 1 Vivian Viallon, 1 Pietro Ferrari, 1 Erwan Engel, 2 Marie-Christine Boutron-Ruault, 3,4 Yahya Mahamat-Saleh, 3,4 Francesca Romana Mancini, 3,4 Tilman Kühn, 5 Theron Johnson, 5 Heiner Boeing, 6 Manuela Bergmann, 6 Anna Karakatsani, 7,8 Antonia Trichopoulou, 7 Heleni Peppa, 7 Claudia Agnoli, 9 Maria Santucci de Magistris, 10 Domenico Palli, 11 Carlotta Sacerdote, 12 Rosario Tumino, 13 Marc J Gunter, 1 Inge Huybrechts, 1 and Augustin Scalbert 13 Cancer Registry and Histopathology Department, "Civic-M.P.Arezzo" Hospital, ASP, Ragusa, Italy ABSTRACT Background: Processed meat intake is associated with a higher risk of colorectal and stomach cancers, coronary artery disease, and type 2 diabetes and with higher mortality, but the estimation of intake of different processed meat products in this heterogeneous food group in epidemiological studies remains challenging.

Objective: This work aimed at identifying novel biomarkers for processed meat intake using metabolomics. Methods: An untargeted, multi-tiered metabolomics approach based on LC-MS was applied to 33 meat products digested in vitro and secondly to urine and plasma samples from a randomized crossover dietary intervention in which 12 volunteers consumed successively 3 processed meat products (bacon, salami, and hot dog) and 2 other foods used as controls, over 3 consecutive days. The putative biomarkers were then measured in urine from 474 subjects from the European Prospective Investigation into Cancer and Nutrition (EPIC) cross-sectional study for which detailed 24-h dietary recalls and FFQs were available.

Results: Syringol and 4 derivatives of syringol were found to be characteristic of in vitro digests of smoked meat products. The same compounds present as sulfate esters in urine increased at 2 and 12 h after consumption of smoked meat products (hot dog, bacon) in the intervention study. The same syringol sulfates were also positively associated with recent or habitual consumption of smoked meat products in urine samples from participants of the EPIC cross-sectional study. These compounds showed good discriminative ability for smoked meat intake with receiver operator characteristic areas under the curve ranging from 0.78 to 0.86 and 0.74 to 0.79 for short-term and habitual intake, respectively. Conclusions: Four novel syringol sulfates were identified as potential biomarkers of smoked meat intake and may be used to improve

Introduction

A large body of epidemiological and preclinical evidence shows a role for processed meat consumption in colorectal and stomach cancer etiology and the consumption of processed meat has been classified as carcinogenic to humans by the International Agency for Research on Cancer (IARC) (1). Processed meat intake has also been associated with a higher risk of overall mortality (2), coronary artery disease, and type 2 diabetes (3). Processed meat refers to all meat that has been processed by salting, curing, smoking, etc. to enhance flavor or preservation. As a food group, processed meat is very heterogeneous and can be categorized by processing method and ingredients into fresh processed meat, cured meat pieces, raw-cooked products, precooked-cooked products, raw (dry) fermented sausages, and dried meat (4). There is considerable regional variability in processed meat consumption, with high consumption in northeastern Europe and Central America and low consumption in Africa and most parts of Asia (5). The proportion of processed meat contributing to total meat intake varies between regions. Whereas processed meat contributes more than half of the energy intake from the food group "meat" (including fresh and processed meat) in some European countries such as Germany and Norway, its consumption contributes to <20% of the energy intake from this food group in countries such as Greece (6).

Several mechanisms have been proposed to explain the carcinogenicity of processed meat consumption (7), including the endogenous and exogenous formation of mutagenic N-nitrosocompounds (NOCs) from nitrate and nitrite used for curing, the induction of cell toxicity and proliferation by heme irontriggered lipid oxidation, and the formation of genotoxic heterocyclic amines and polycyclic aromatic hydrocarbons (PAHs) during heating and smoking of meat.

Epidemiological evidence on the carcinogenicity of processed meat largely relies on the use of self-reported questionnaires to assess its intake. However, questionnaires are prone to inaccuracies owing to the recall biases of subjects (8) and often lack sufficient detail (e.g., information on food processing) to estimate the intake of different processed meat products. The use of biomarkers could improve the assessment of exposure to specific processed meat products and could be informative for understanding biological mechanisms.

To identify novel biomarkers for processed meat products, a multi-tiered metabolomic approach was successively applied to processed meat in vitro digests, to biospecimens from a dietary intervention study, and finally to biospecimens in the European Prospective Investigation into Cancer and Nutrition (EPIC) crosssectional study. We focus in this article on the identification of novel biomarkers for smoked meat products.

Methods

Materials

Sulfur trioxide-pyridine complex was purchased from Alfa 4-allylsyringol sulfate were synthesized from the commercially available syringol precursors as previously described ( 9): each syringol precursor (0.15 mmol) dissolved in pyridine (0.5 mL) with 0.15 mmol of pyridine:SO 3 -complex added was heated at 60 • C for 2 h. The reaction was quenched with water and acetonitrile was added before analysis.

Meat in vitro digestion

Different brands of 4 fresh and 6 processed meat products and tofu were bought from local butchers and supermarkets in Lyon, France, and stored immediately at -20 • C. All products were thawed at room temperature and products that are usually consumed heated were fried in a nonstick pan without added fat or oil at medium heat for 5 min on each side. All products were cut into pieces smaller than 1 cm and minced into a chunky homogenate in a blender. Aliquots of 1.5 g each were stored at -20 • C. All samples were processed in triplicate. The in vitro digestion was carried out following the protocol described by Minekus et al. (10). Briefly, in the oral phase, 1.5 g homogenate was incubated with 1.5 mL buffer at 37 • C for 2 min (no amylase was used in the oral phase because the products contain only small amounts of carbohydrate that were not of interest in this study). In the gastric phase, 3 mL of a buffer containing pepsin was added, the pH was adjusted to 3, and the resulting mixture was shaken for 2 h at 37 • C. For the intestinal phase, 6 mL of a buffer containing bile extract and pancreatin was added and the pH was then adjusted to 7. The resulting mixture was shaken for 2 h at 37 • C. The final mixture was centrifuged (15,000 × g, 15 min, 22 • C) and the supernatant stored at -80 • C until analysis.

Randomized crossover dietary intervention study

Twelve nonsmoking healthy adults (6 men, 6 women) who were not using regular medication (mean ± SD BMI: 22.4 ± 2.6 kg/m 2 , mean ± SD age: 31 ± 5.2 y) were recruited among IARC employees for a randomized crossover dietary intervention study (NCT03354130). A detailed FFQ that had been validated for assessing processed meat consumption (11) was completed by the volunteers before the study. Each volunteer consumed in a randomized order 5 different intervention diets containing either pork (135 g, fried), salami (67 g), hot dogs/frankfurter sausage (107 g, heated), bacon (104 g, fried), or tofu (178 g) for dinner on day 1 and lunch and dinner on days 2 and 3 (Supplemental Table 1). The amount of meat or tofu per meal was adjusted to contain 250 kcal. The volunteers all received the same amounts of meat and tofu. The additional food items of all meals during the test periods were provided ad libitum to the volunteers (Supplemental Table 1). Adherence to the intervention diet and the amount consumed were monitored by a food diary that was completed by the volunteers starting the day before, and continuing until the last day of the intervention period. A washout period of ≥10 d during which there was no diet restriction separated the 5 intervention periods. Volunteers were asked not to consume meat or fish on the day before the first intervention meal. Urine spot samples were collected 2 and 12 h (first morning void) after the first intervention dinner (day 1) of each intervention period in sterile urine beakers (BRAND ® ). A cumulative 12-h urine sample was collected after the last intervention dinner (day 3) starting Downloaded from https://academic.oup.com/ajcn/advance-article-abstract/doi/10.1093/ajcn/nqz222/5574659 by library@iarc.fr user on 30 September 2019 from the first void after dinner and including the first morning void on day 4 in sterile urine collection containers (Urisafe®).

During sample collection, containers were kept in a refrigerator. Upon entering the laboratory, urine containers were kept on ice. A fasting blood sample was taken by a certified nurse in the morning of the last intervention day (day 4) of each period (Supplemental Figure 1). Urine samples were collected in sterile containers and kept refrigerated until arrival in the laboratory. They were then centrifuged (10 min, 3220 × g, 4 • C) and the supernatant was stored at -80 • C until analysis. The blood samples were taken in EDTA-containing vacutainer tubes and kept on ice until centrifugation (10 min, 2192 × g, 4 • C). Plasma samples were divided into aliquots and stored at -80 • C until analysis. The study was approved by the IARC Ethics Committee (IEC Project 17-12). All participants signed an informed consent form before their participation and procedures were carried out according to the principles expressed in the Declaration of Helsinki.

EPIC cross-sectional study

Validation of smoked meat biomarkers was carried out in a subsample of the EPIC cohort, one of the largest prospective cohorts with >500,000 men and women from 10 European countries (12). Samples included in this study (n = 474) are a subset from the EPIC calibration study (n = 36,994) for which the 24-h dietary recall (24HDR) and urine sample were collected on the same day between 1995 and 1999 and the urine sample was stored at -20 • C (Supplemental Figure 2). Participants also provided blood samples and FFQs with information about their habitual diet. The blood samples were not analyzed and therefore not included in this analysis. Characteristics of the study population can be found in Table 1. The ethical review boards from the IARC and from all local centers approved the study. All participants signed an informed consent form before their participation in the study.

The food intake data of the participants of the cross-sectional study were provided by the regional centers of the EPIC study. The intake of meat and fish that were described as smoked in the questionnaires or those which are usually smoked in their production (Supplemental Table 2) was calculated for every participant for both the 24HDR and FFQ and for meat and fish separately. For the 24HDR data, participants were grouped into nonconsumers (no smoked meat consumption in 24HDR), low-consumers (consumers below the median intake of all consumers), or high consumers (consumers above the median intake of all consumers). For the FFQ data, the distribution of consumption for all participants was taken into account to create intake categories. Participants that consumed <2 g smoked meat/d on average were classified as nonconsumers. The remaining participants were grouped into low consumers or high consumers if their intake was below or above the median of all consumers, respectively.

LC-MS analyses

Meat in vitro digests and urine and plasma samples were analyzed by LC-MS. In vitro digest supernatants (30 μL) were mixed with cold acetonitrile (200 μL) and centrifuged (3220 × g, 10 min, 4 • C). The supernatant was filtered on 0.2 μm Captiva ND plates (Agilent Technologies) and filtrates diluted 10 times with acetonitrile. Commercial liquid smoke (liquid smoke hickory and liquid smoke hard wood, Hot Danas GmbH; 10 μL) was diluted in 9:1 acetonitrile:water (vol:vol) (10 mL), centrifuged (1260 × g, 5 min, 22 • C), filtered, diluted 100 times with the same solvent, and stored at -80 • C until analysis. Urine samples were diluted with ultrapure water to the lowest specific gravity of any urine sample in the experiment to normalize their concentrations (13), centrifuged (2000 × g, 10 min, 4 • C), and an aliquot of the supernatant was diluted 1:1 (intervention study) and 1:0.25 (cross-sectional study) with acetonitrile and stored at -80 • C until analysis. Plasma samples (50 μL) were mixed with acetonitrile (300 μL), shaken for 2 min, centrifuged (2000 × g, 10 min, 4 • C), and the supernatant was filtered and stored at -80 • C. The samples were thawed at room temperature and dried by evaporation at 4 • C overnight. The residue was reconstituted in 70 μL of a mixture of water with 5% acetonitrile.

Samples were then analyzed by LC-MS on an Agilent 1290 Binary LC system coupled to an Agilent 6550 quadrupole timeof-flight mass spectrometer with jet steam electrospray ionization source (Agilent Technologies), as previously described (14).

All samples of each study were randomized in a single batch (≤560 injections) and a quality control sample consisting of a pool of all samples in 1 batch was analyzed for every 8 study samples injected. Sample extracts [2 μL for all extracts with the exception of plasma samples from the intervention study (6 μL)] were injected onto a reverse-phase C18 column (Acquity UPLC HSS T3 2.1 × 100 mm, 1.8 μm, Waters) maintained at 45 • C. A linear gradient made of ultrapure water and LC-MS grade methanol, both containing 0.05% (vol:vol) formic acid, was used for elution. The mass spectrometer was operated successively for each batch in positive and negative ionization mode, detecting ions across a mass range of 50-1000 daltons.

Annotation of MS features was done by first searching for metabolites with matching exact mass in publicly available databases like the Human Metabolome Database or METLIN as [M + H] + , [M + Na] + (positive mode), or [M-H] - ions (negative mode) with a mass tolerance of 8 ppm (15,16). Targeted fragmentation (MS/MS) spectra were acquired at 10, 20, and 40 eV. MS/MS spectra and retention time were compared to those of commercially available standards or in-house synthesized standards. Levels of confidence in the annotations were defined as proposed by Sumner et al. (17). Level 1 corresponding to a confirmed structure was based on full match of retention time and MS/MS spectrum with those of an authentic chemical standard. For level 2, no standard was available, and probable identification was based on similar physicochemical properties, isotope patterns, and MS/MS spectra. Annotation evidence is given in Supplemental Figures 345678910.

Metabolomics data preprocessing

Raw data from each batch were processed individually. MassHunter software (Mass Profiler Professional version B.14.9.1, Qualitative Analysis version B06.00, and DA Reprocessor version B.05.00; Agilent Technologies) was used to process raw data in 2 steps. First, molecular features were extracted and aligned over all samples of the batch by mass (±15 ppm) and retention time (±0.1 min). All features that were present in ≥3 samples of the whole batch were used as a target in a second, recursive targeted feature search to create a feature table for each data set. Results of this run were aligned with the same criteria and signal areas were used for the subsequent statistical analysis. Missing values were imputed with 1 unless stated differently. Intensities for the intervention study plasma samples and the cross-sectional study samples were extracted from the raw data with the Profinder software (Agilent, version B.08.00), using a targeted feature extraction based on the following formula: mass tolerance ± 10 ppm, retention time ± 0.05 min. Chromatograms were inspected and peak areas for targeted MS features were corrected manually if necessary. Missing values from targeted feature extraction were imputed with the lowest intensity measured for each compound. Feature intensity data were log2 transformed for statistical analysis. MS feature data from in vitro-digested foods and data from intervention study urine samples were filtered by detection frequency; features that had missing data in >3 samples in every processed meat group or diet (e.g., hot dogs or bacon) were excluded.

Statistical analysis

For the in vitro meat digests, an unpaired Welch 2-sample t test was conducted to identify all features that had different intensities in samples of processed meat products (n = 36) compared with nonprocessed meat products (n = 63) (adjusted P value < 0.05 after correction for multiple testing using the Benjamini-Hochberg method with the false discovery rate set to 0.05). In subsequent analysis the same test was conducted to identify all features that had different intensities in samples of smoked meat products (n = 27) compared with nonsmoked meat products (n = 72).

The analysis of the in vitro digests suggests that smoke markers show the highest intensity in hot dog samples. A paired Student's t test was therefore used to identify features of the intervention study that were significantly different in urine samples collected after the hot dog diet compared with samples from the fried pork diet (adjusted P value < 0.05 after correction for multiple testing using the Benjamini-Hochberg method with the false discovery rate set to 0.05). A paired Student's t test was used to assess if syringol sulfate compounds were significantly more elevated in plasma after hot dog intake than in plasma after fried pork intake.

For the analysis of the EPIC cross-sectional study, a Welch 2-sample t test was used to assess if urinary concentrations of syringol sulfate compounds were different between nonconsumers and high consumers of smoked meat according to 24HDR data. For sensitivity analysis, the same test was performed for subgroups by smoking status. To test for other factors that might correlate with intake of smoked meat, logistic regression models were built containing the biomarker intensities in urine, personal data of the participant (study center, smoking status, BMI, age, sex), and habitual intake of the major food groups as covariates and consumption/nonconsumption (as indicated by the questionnaire) as the outcome. To test if addition of the biomarker to the model increased the discriminatory power of the model, a 5-fold cross-validated receiver operating characteristic (ROC) analysis was performed by splitting the data into training sets (80% of samples) and test sets (20% of samples) and computing the mean of the AUC for the 5 permutations. The mean AUC for the complete model including the biomarker was compared with the mean AUC for the model without the biomarker as a covariate. Using the FFQ data for categorization of smoked meat intake, the same Welch 2-sample t test was performed. Similarly to 24HDR data, logistic regression models were built with biomarker intensities, personal data of participants, and habitual food intake as covariates. The same cross-validated ROC analysis was performed for the FFQ data. All statistical analyses were carried out using the R open-source statistical software, version 3.5.0 (R Foundation for Statistical Computing, Vienna, Austria).

Results

Metabolic profiles of in vitro meat digests

In vitro digests of 36 food products (12 fresh meat products, 21 processed meat products, and 3 tofu products; Supplemental Table 3) were analyzed by LC-MS and intensities of 4581 MS features were compared between different groups of meat products. A total of 2022 MS features showed significant Downloaded from https://academic.oup.com/ajcn/advance-article-abstract/doi/10.1093/ajcn/nqz222/5574659 by library@iarc.fr user on 30 September 2019 differences in intensity between processed and nonprocessed meats. The features significantly elevated ≥2-fold in processed meat (n = 178) formed several distinctive clusters when arranged by correlation of intensities (Supplemental Figure 11A). Compounds in 2 intercorrelated clusters highlighted in red in Supplemental Figure 11A showed a striking distribution in meat products. All were almost exclusively present in smoked processed meat (Supplemental Figure 11B). Some of these highly correlated compounds (r = 0.77-0.99) could be identified as syringol (2,6-dimethoxyphenol) and several syringol derivatives including 4-methylsyringol, 4-ethylsyringol, 4-propylsyringol, and 4-allylsyringol (Supplemental Table 4). All these compounds also showed high intensities in a commercial extract of wood smoke analyzed for comparison (Figure 1). These compounds were further explored as possible biomarkers of smoked meat intake in a dietary intervention study and in a crosssectional study.

Biomarkers of smoked meat intake in a randomized crossover dietary intervention study

A randomized crossover dietary intervention study in which volunteers consumed 3 types of processed meat including 2 smoked meat products (hot dog and bacon) and 2 control foods was conducted to identify urinary and plasma biomarkers of smoked meat intake (Supplemental Figure 1). The cumulative 12-h urine samples were analyzed by LC-MS, resulting in a data set of 12,624 MS features detected in ≥75% of samples in ≥1 of the intervention diet groups. To identify biomarkers of smoked meat intake, the cumulative 12-h urine samples collected after intake of the hot dog diet were compared with those collected after intake of pork. Three hundred and sixtyfive MS features significantly differed in their intensities between groups, with 261 of those significantly elevated in hot dog diet samples compared with pork diet samples (Supplemental Table 5). Among the corresponding metabolites with the highest intensity, sulfate esters of syringol and syringol derivatives could be identified by comparison with in-house synthesized standards (Figure 2, Supplemental Table 6). None of these compounds were significantly elevated after bacon intake compared with pork intake after adjustment for multiple testing, although an increased trend was observed for syringol derivatives (Figure 2). Syringol metabolites were also elevated in fasting plasma samples taken 12-15 h after the last meal in subjects consuming smoked meats (Supplemental Figure 12).

In addition to the sulfated syringols, other urinary discriminants of smoked meats were annotated as the corresponding glucuronides (Supplemental Table 7). However, their intensities in urine were 1.3-to 14-fold lower than those of sulfated metabolites. Because of the higher intensities and unambiguous identification of sulfated metabolites, we focused on those as biomarkers of smoked meat intake in subsequent analyses. A significant increase in the concentrations of syringol sulfates was also observed in spot urine samples collected 2 and 12 h after the first test meal consumed in the evening (Supplemental Figure 13). Mean relative intensities of most syringol sulfates decreased from 2 to 12 h after the meal with the exception of 4allylsyringol sulfate, which showed a higher mean intensity at 12 h than at 2 h after the test meal.

Biomarkers of smoked meat intake in the EPIC cross-sectional study

Biomarkers of smoked meat intake identified in the dietary intervention study were tested in 474 subjects from the EPIC cross-sectional study for whom urine samples and 24-HDR and dietary questionnaires were available. Large variations in the consumption of smoked meat were observed between countries, with the highest consumption found in Germany and lowest consumption in Greece and Italy (Table 1). Based on short-term intake data collected with 24HDRs, participants were categorized into nonconsumers of smoked meat, low-consumers (below the median intake of all consumers), and high-consumers (above the median intake of all consumers). The mean intensity of 4 syringol sulfate compounds in urine (Figure 3) was significantly higher in low-consumers than in nonconsumers and significantly higher in high-consumers than in low-consumers (Welch 2-sample t test, P < 0.05).

To exclude the possibility of confounding by cigarette smoke, the same analysis was performed stratified by self-reported smoking status of the participants. The same patterns were observed with increases of urinary excretion of syringol sulfates according to smoked meat intake amounts for the different tobacco smoking status groups, as illustrated for 4-methyl syringol sulfate (Supplemental Figure 14). Possible confounding by other smoked foods was also examined. A significant increase in urinary excretion of 4-methylsyringol sulfate and 4-ethylsyringol sulfate was observed in recent consumers of smoked fish (n = 15) compared with volunteers that did not consume smoked foods as recorded in the 24HDR (Supplemental Figure 15).

To test for the influence of various potential confounders, a logistic regression model was built for every syringol sulfate compound that included a series of covariates related to study design (e.g., study center), participant characteristics (e.g., age, BMI, sex, smoking status), and habitual intake of different food groups as described in the FFQ (e.g., smoked fish, vegetables, fruits, fats) and as the outcome consumption or nonconsumption of smoked foods as reported in the 24HDR. For 4-methylsyringol sulfate, syringol sulfate, 4-ethylsyringol For all compounds, differences between the nonconsumer and low-consumer groups as well as between the low-consumer and high-consumer groups were statistically significant (P < 0.05) after correction for multiple testing using the Benjamini-Hochberg method with the false discovery rate set to 0.05. sulfate, and 4-allylsyringol sulfate, the adjusted P value of the biomarker intensity as a covariate was 3.19 × 10 -09 , 6.86 × 10 -06 , 1.71 × 10 -08 , and 1.56 × 10 -05 , respectively (Supplemental Figure 16). Adding the biomarker as a covariate in the model consistently increased the discriminatory power of the model as measured by an increased AUC, estimated through cross-validation. The ability of the biomarker alone to discriminate short-term smoked meat consumers from nonconsumers was further tested using ROC analyses. The AUCs ranged between 0.78 for 4-allylsyringol sulfate and 0.86 for 4-methylsyringol sulfate (Figure 4A).

A similar analysis was carried out on prediction of habitual intake of smoked meats using the FFQ data. High habitual consumers had significantly higher amounts than nonconsumers for all 4 syringol sulfates (Supplemental Figure 17). This was also the case when the data were stratified by cigarette smoking status (nonsmoker, former smoker, and current smoker). To test for other covariates that could predict consumption of smoked meat, logistic regression models were built that included other participant characteristics and habitual food intake. All 4 syringol compound intensities in urine were significant covariates in models predicting habitual intake of smoked meats. ROC curves for the prediction of habitual intake of smoked meats displayed AUCs of up to 0.79 for 4-methylsyringol sulfate (Figure 4B).

Discussion

In this work, a fully agnostic multi-tiered metabolomics approach was used to identify novel biomarkers for smoked meat intake. Four syringol compounds were found in meat digests to be strong discriminants of smoked meat products when compared with nonsmoked meat products. In the dietary intervention study, concentrations of sulfate metabolites of the same compounds were also increased in urine and plasma of consumers of smoked meat when compared with nonsmoked meat products. Finally, the same compounds showed a significant increase in urinary excretion in free-living subjects from the EPIC cross-sectional study reporting recent and habitual consumption of smoked meat. The syringol sulfate compounds were found to be good predictors of smoked meat intake in the population tested.

Syringol and its related compounds are combustion products of lignins, phenolic polymers found primarily in hardwood. They are major constituents of wood smoke condensate and known constituents of smoked meats and other smoked products (18)(19)(20)(21). In humans, syringol, once absorbed, is rapidly conjugated and excreted as glucuronide or sulfate conjugates (22). Several methoxy phenols (mainly guaiacols and syringols measured in urine after enzymatic deconjugation) have been proposed as biomarkers of exposure to inhaled wood smoke and were also found to be elevated in the urine of 3 volunteers after ingestion of a dose of liquid smoke (23). To our knowledge, our study is the Prediction was done using a logistic regression model with biomarker concentrations as covariates. The AUC for prediction of short-term smoked meat intake was significantly higher for 4-methylsyringol sulfate than for syringol sulfate and 4-allylsyringol sulfate. No other differences in AUC were found to be statistically significant.

first to identify specific biomarkers of smoked meat consumption in urine and blood.

The half-life of syringol compounds in humans tends to be short (22), but all compounds tested were still detected in blood and urine 12 h after consumption of smoked foods. Their urinary excretion was not only correlated with short-term intake of smoked meat, but also with their habitual intake. This may be explained by a sufficient retention of syringol compounds in the body. All compounds still showed an elevated concentration in spot urine samples collected 12 h after consumption of smoked meat. Associations of syringol compounds in urine with habitual smoked meat intake in EPIC could also be explained by the large heterogeneity in smoked meat consumption throughout the different EPIC countries involved and a relatively frequent consumption of smoked meat in Germany, from where most of the smoked meat consumers included in the EPIC-part of the present study originate and where 94% of participants consumed smoked meat habitually (Table 1).

In our analysis, the role of possible confounders was also tested. Cigarette smoking had no effect on the associations of syringol compounds with smoked meat intake in urine. Syringol compounds were found in smoked soy products (Figure 1) and consumption of smoked fish increased concentrations of the syringol compounds in the EPIC cross-sectional study (Supplemental Figure 7). The number of consumers of these particular smoked foods was low among the 474 subjects in the cross-sectional study (Table 1) and thus confounding by these foods is unlikely or limited in our study population (Supplemental Figure 7). Nevertheless, the biomarkers' use in other populations will require examination of potential confounding by other smoked food products when investigating associations with smoked meat intake.

Smoked meat biomarkers may help in exploring the role of smoked meat products in cancer etiology, and more particularly their contribution to the risk of colorectal cancer. Indeed, estimation of intake of different processed meat products is often difficult owing to the lack of sufficient details on these foods in many dietary questionnaires. Biomarkers of smoked meat intake could be used as a valuable complementary tool to quantify the consumption of this food group in epidemiological studies on cancer risk. A high consumption of smoked meats in Germany and Northern Europe of ≤30 g/d in women and ≤50 g/d in men that was reported by Linseisen et al. (24) shows that this food group should be more thoroughly assessed when searching for associations of intake of different meat products and cancer risk.

Syringol sulfates have been found to be nongenotoxic after nitrosation (25). However, smoked meat products also contain known carcinogenic compounds such as PAHs, NOCs, and heterocyclic amines (26). Some of these compounds are also present in other processed meat products and a better estimate of the intake of different processed meat products should help to disentangle their respective contributions to cancer risk in prospective observational studies.

Our study has several strengths. First, the multi-tiered metabolomics approach allows the identification of the most discriminant factors in a fully agnostic way. It combines analysis of liquid smoked extracts, an in vitro digestion of processed meat, a dietary intervention study, and the validation of biomarkers in a cross-sectional study and shows great consistency between all results. The EPIC cross-sectional study was found to be ideal for validation purposes because of the large heterogeneity of dietary habits in the different European countries. Both dietary recall and FFQ data were also available, allowing the evaluation of associations of biomarkers with both short-term and habitual food intake, showing that in this particular population, syringol compounds were able to discriminate habitual consumers from nonconsumers. Lastly, a series of potential confounders were tested, showing the absence of major confounders in the Downloaded from https://academic.oup.com/ajcn/advance-article-abstract/doi/10.1093/ajcn/nqz222/5574659 by library@iarc.fr user on 30 September 2019 population studied, but also emphasizing possible confounding by other smoked food products such as smoked fish.

This study also has a number of limitations. Data on smoked meat intake in the cross-sectional study are incomplete. For some meat products, data on food processing such as smoking were lacking and smoked and nonsmoked products were grouped together. Some consumers might have thus been misclassified as nonconsumers and this may explain elevated biomarker concentrations in some nonconsumers (Figure 3). Another limitation is that we only replicated the findings in the cross-sectional study with 24-h urine samples, and not with spot urine samples which were not available, or with plasma samples because of insufficient sensitivity of the broad-scan MS method used. We also cannot exclude some possible degradation of sulfate esters of syringol and syringol derivatives during storage of urine samples at -20 • C. However, we were able to find sulfate esters of diverse polyphenols at high concentrations in the same urine samples after such long storage at -20 • C (27). The fact that we could measure syringol sulfates and that they successfully discriminated consumers from nonconsumers of various foods made us confident that they could be used as markers even after long-term storage of urine samples. A last limitation is that findings of this study would need to be replicated in other populations which may also consume types of smoked foods other than meat such as smoked fish or cheese (28).

In conclusion, several new biomarkers of smoked meat intake were identified in plasma and urine and replicated in urine samples of a population-based study. The results suggest that the identified biomarkers of smoked meat intake could be used in epidemiological studies to improve classification of participants according to their consumption of smoked meat products and to study the role of smoked meat products as risk factors for diseases such as cancer.

Introduction

Meat is a common constituent of the human diet which provides important nutrients such as high quality protein, vitamin B12 and iron [1]. Processed meat products are part of many culinary traditions because of their extended shelf life and desired organoleptic properties. However, epidemiological studies have linked the intake of processed meat with several adverse health outcomes such as type II diabetes [2], cancer [3] and all-cause mortality [4]. It has been classified as an established group 1 carcinogen by the IARC [5]. Processed meat products are produced from meat applying methods such as curing, smoking, heating, drying, fermentation and the addition of various ingredients such as spices, preservatives and fillers [6]. They form a very heterogeneous group of foods with diverse profiles in nutrients [7], aroma compounds [8] and carcinogens [9]. In a recent metabolomic study on in vitro digested meat products, we have shown that pepper alkaloids are major discriminants of processed and non-processed meats [10]. We identified a number of piperamide alkaloids derived from pepper including piperine which showed highest concentrations in dry cured sausages (salami-style sausages) and in fried sausages.

Black and white pepper are important ingredients of processed meats to increase palatability and shelf life by its anti-oxidative and anti-microbial properties [11,12]. Piperine is the main pungent alkaloid in pepper where it can be present in concentrations of up to 10 % (w/w) [13]. Black pepper has been one of the most widely studied spices for its biological properties. Black pepper extracts, piperine and other piperamides have shown both anticarcinogenic and antimutangenic effects in in vitro and in vivo models [13][14][15][16] but also procarcinogenic effects in mice and promutagenic effects in the Ames test [17,18].

Piperine in blood has been associated with different health outcomes in several metabolome-wide association studies [19][20][21][22], but so far, no clear determinant of piperine concentrations has been identified. A better knowledge of the determinants of piperine levels in blood is needed to interpret associations of piperine and health outcomes and to identify possible confounders of these associations. Based on our recent findings that pepper alkaloids were major discriminants of processed meat compared to non-processed meat [10], this work aimed to investigate if the intake of processed meat is associated with pepper alkaloid metabolites in urine and blood. In a two-tiered approach, we first assessed if intake of processed meat in a highly controlled dietary intervention led to increased levels of pepper metabolites in biofluids. In a second step, associations with processed meat intake and intake of other food groups were tested in free-living subjects of the European Prospective Investigation into Cancer and nutrition (EPIC) cohort.

Material and methods

Materials

All chemicals and reagents were ordered from Sigma-Aldrich, Saint-Quentin Fallavier, France. Black, green and white pepper (Ducros, Avignon, France) were purchased in local supermarkets.

Dietary intervention study

Twelve healthy volunteers were recruited for a randomized dietary cross-over intervention study in which each volunteer consumed five different food products (salami, bacon and hot dogs as processed meats, fried pork as non-processed meat and tofu as vegetarian control) for 3 successive days each (Supplemental figure 1). The study was designed to identify biomarkers of processed meat intake and details have been published elsewhere [23]. The intervention food items were consumed as a part of a highly controlled diet for dinner of day 1, 2 and 3 and for lunch of day 2 and 3 of each intervention period. The amount of all intervention foods was standardized to 250 kcal per meal. Cumulative 12h urine samples were collected after the last intervention meal of day 3 and a fasting plasma sample was collected on the morning of day 4 of each intervention period. Each intervention period was followed by a washout period of 10 days minimum in which the volunteers consumed their habitual diet. The volunteers gave their informed consent prior to their participation and procedures were carried out according to the principles expressed in the Declaration of Helsinki.

The study was approved by the IARC Ethics Committee (IEC Project 17-12). The study was registered at clinicaltrails.gov as NCT03354130.

EPIC cross-sectional study

The EPIC study is one of the largest prospective cohorts with more than 500,000 subjects from 10

European countries [24]. Replication of the intervention study results was carried out in 418 German, Italian and French subjects from the EPIC calibration study (n = 36,994) for which 24h urine samples and 24h dietary recall (24HDR) data were available and collected on the same day (Supplemental figure 2). Urine samples were collected between 1995 and 1999 and kept at -20 °C until analysis. Participants also filled in a food frequency questionnaire (FFQ) about habitual food intake and provided serum samples (n = 397) which were stored in liquid nitrogen until analysis.

National study centers provided food intake data and data on participant characteristics. Processed meat products in the 24HDR data and FFQs were grouped by processing methods using descriptors given by the national centers or using information from recipes. The following groups were used in the analysis: Dry cured sausages (salami-style), fried sausage, cooked ready-to-eat products (hot dogs, pâté, meat pies, terrine) and cured meat pieces (raw ham, cooked ham, bacon). Dry-cured sausages and fried sausages showed the highest amounts of pepper compounds amongst meat products in an earlier study [10]. To obtain a food group with a higher consumption frequency, intake of dry-cured sausages and fried sausages were summarized as "sausage". For the 24HDR data, participants were grouped into consumers and non-consumers. The ethical review boards from the International Agency for Research on Cancer (IARC) and from all local centres approved the study. All participants signed an informed consent form prior to their participation in the study.

LC-MS analyses

Urine and blood samples were analysed by liquid chromatography-mass spectrometry (LC-MS) using an untargeted metabolomics approach with methods optimized to cover a broad range of metabolites [25,26]. Samples from the intervention study and the cross-sectional study were processed separately. Urine samples were diluted with ultrapure water to the lowest specific gravity of any urine sample in the experiment to normalize their concentrations [27], centrifuged (2000 x g) and an aliquot of the supernatant diluted 2-fold (intervention study) and 1.25-fold (cross-sectional study) with acetonitrile and stored at -80 °C until analysis. Blood samples (intervention study: 50 μl plasma, cross-sectional study 20 μl serum) were mixed with cold acetonitrile (intervention study: 300 μl, cross-sectional study 200 μl), shaken for 2 minutes, centrifuged (2000 x g) and the supernatant filtered with 0.2 μm polypropylene filter plates (Captiva, Agilent, Santa Clara, USA) and stored at -80 °C. Samples were analysed by LC-MS on an Agilent 1290 Binary LC system coupled to an Agilent 6550 quadrupole time-of-flight (QTOF) mass spectrometer with jet stream electrospray ionization source (Agilent Technologies, Santa Clara, CA, USA), as previously described [26]. Samples from the different studies (intervention study/cross-sectional study) and sample type (blood/urine) were analysed separately (4 batches). Samples were ordered randomly within each batch (up to 560 injections). A quality control (QC) sample consisting of a pool of all samples in one batch was analysed for every twelve (cross-sectional serum analyses) or eight (all other analyses) study samples injected. Two microliters of sample extracts were injected onto a reversed phase C18 column (ACQUITY UPLC HSS T3 2.1 × 100 mm, 1.8 μm, Waters) maintained at 45°C. A linear gradient made of ultrapure water and LC-MS grade methanol, both containing 0.05 % (v/v) formic acid, was used for elution at a flow rate of 0.4 mL/min: 0-6 min, 5% → 100% methanol; 6-10.5 min, 100% methanol; 10.5-13 min, 5% methanol. All batches were analysed twice with the mass spectrometer successively operated in positive and negative ionization modes, detecting ions across a mass range of 50-1,000 daltons.

Among the features significantly elevated in urine or plasma after intake of salami compared to intake of pork in the intervention study, compounds suspected to be derived from pepper were identified by 3 different approaches. First, mass spectrometry (MS) features were searched for exact mass matches against compounds curated in publically available databases like the Human Metabolome Database (HMDB) or METLIN as [M+H] + , [M+Na] + (positive mode) or [M-H] -ions (negative mode) with a mass tolerance of 8 ppm [28,29]. Second, known compounds from pepper that we have previously identified in in vitro digests of processed meat products and pepper extracts [10] were searched among features detected in urine or blood and associated with salami intake in the intervention study. Third, metabolites of piperine known from the literature [30,31] were similarly searched and compared to those associated with salami intake. Targeted fragmentation (MS/MS) spectra were acquired at 10 and 20 eV. MS/MS spectra and retention time were compared to those of commercially available standards or to publically available spectra [28,30,31]. Levels of confidence in the annotations were defined as proposed by Sumner et al. [32]. Level 1 corresponding to a confirmed structure was based on full match of retention time and MS/MS spectrum with those of an authentic chemical standard. For level 2, no standard was available, and probable identification was based on similar accurate mass (+/-8 ppm), isotope pattern, and MS/MS spectra. Level 3 corresponds to compounds with matching mass and neutral losses in MS/MS fragmentation compared to the literature but for which literature spectra were not available in the same polarity mode. Level 4 corresponds to a unique metabolite feature with a specific mass and retention time but no additional evidence for annotation. Chromatograms and spectra supporting the annotation of pepper compounds can be found in Supplemental figures 3-18.

Metabolomics data pre-processing

Raw data from each batch was processed individually. MassHunter software (Mass Profiler Professional, version B.14.9.1, Qualitative Analysis, version B06.00 and DA Reprocessor, version B.05.00, Agilent Technologies, Santa Clara, CA, USA) was used to process raw data of the dietary intervention study in two steps. First, molecular features were extracted and aligned over all samples of the batch by mass (+/-15ppm) and retention time (+/-0.1 min). All features present in at least 3 samples of the whole batch were used as a target in a second, recursive targeted feature finding step to create a feature table for each dataset. Results of this run were aligned with the same criteria and signal areas were used for the subsequent statistical analysis. More detailed parameters of the recursive feature finding process can be found in Supplemental table 1. Intensities for the cross-sectional study urine samples were extracted with the pepper compounds of the intervention study as targets using the Masshunter Qualitative Analysis and DA processor software (mass tolerance +/-10 ppm, retention time +/-0.6 min). Intensities for the cross-sectional study serum samples were extracted from the raw data with the Profinder software (Agilent, version B.08.00), using targeted feature extraction based on formula (mass tolerance +/-10 ppm, retention time +/-0.05 min). Chromatograms were inspected and peak area for targeted mass spectrometry (MS) features corrected manually if necessary. For both urine and serum samples of the cross-sectional study, samples were injected in a an additional experiment together with the intervention study samples to confirm matching of retention times of compounds identified in both studies.

Statistical analysis

Missing values were imputed with the lowest intensity measured for each compound. Feature intensity data was log2 transformed for statistical analysis. For the intervention study, only metabolite features that were present in at least 75 % of samples of at least one intervention period were carried on to the statistical analysis. A paired Student's t-test was used to identify features of the intervention study that were significantly different in urine and plasma samples collected after the salami diet compared to samples from the fried pork diet (adjusted p-value < 0.05 after correction for multiple testing using the Benjamini-Hochberg method with the false discovery rate set to 0.05). A separate test was performed for positive and negative mode and for both urine and plasma.

For the analysis of the EPIC cross sectional study, only metabolite features that were detected in at least 50 % of the cross-sectional study samples were carried on to the statistical analysis. Linear regression models were used to assess the association of each pepper metabolite in urine and serum with habitual intake of sausage (fried sausage and salami-style sausage combined) as reported in the FFQs. For processed meats, intake data below 1 g/day was imputed with a value of 1 g/day and all intake data was log-transformed. The models were adjusted for country, participant characteristics such as sex, age and BMI and for habitual intake of major food groups that were consumed by at least half of the study population. The p-values of the covariate "habitual sausage intake" were adjusted for multiple testing for each experiment (urine/serum, positive/negative ionisation mode) using the Benjamini-Hochberg method with false discovery method set to 0.05. An adjusted p-value of 0.05 was considered significant. To assess an association between urinary pepper-derived metabolites and recent processed meat or sausage intake as reported in the 24HDR, logistic regression models were built containing urinary intensities of pepper derived metabolites, participant characteristics and recent intake of other foods as covariates and recent consumption/non-consumption as the outcome. The associations between recent intake of sausages and serum metabolites could not be assessed because the blood samples were not collected on the same day as the 24HDR data. All covariates included in the linear regression and logistic regression models can be found in Supplemental table 2. Additional analyses for linear regression models and logistic regression were carried out for intake of different processed meat products. Intake of these products in the EPIC cross-sectional study can be found in Supplemental table 3.

The associations of pepper derived metabolites in serum with habitual intake of all foods that were consumed by at least half of the study population were assessed at the food subgroup level, as indicated in the EPIC FFQ data. Linear regression models were built with serum metabolite levels as dependent variable and intake of foods and participant characteristics (center, sex, age etc.) as covariates. In order to avoid type II errors and not to miss potential food-intake metabolite associations, p-values were not corrected for multiple testing in this analysis and p-values < 0.05 were considered to be significant. Using principal component analysis, the number of effective tests for the linear models was estimated on the basis of principal components necessary to include 95% of the variance for both metabolites and food intake [33]. All statistical analyses were carried out using the R open-source statistical software version 3.5.0 (R Foundation for statistical programming, Vienna). Heat map images were created using the ComplexHeatmap package [34].

Results

Processed meat intake and pepper alkaloids in blood

Twelve participants successively consumed three processed meat products (salami, bacon and hot dogs) and two control foods (pork, tofu) for 3 days each in a randomized cross-over intervention trial (Supplemental figure 1). Fasting plasma samples were collected 12 hours after the last intervention meal. They were analysed by high-resolution mass spectrometry, and 4375 and 2313 metabolite features were detected in > 75% of the plasma samples of at least one intervention period in positive and negative ionization mode, respectively. Salami, as one of the processed meat products with the highest concentrations of pepper compounds [10], was more particularly examined.

Metabolite feature intensities after intake of salami were compared with those measured after consuming non-processed fried pork used as control. Thirteen metabolite features were significantly elevated in plasma samples after intake of salami (Student's paired t-test, corrected for multiple testing using the Benjamini-Hochberg method with a false discovery rate of 0.05) (Supplemental table 4). Five of these features were highly correlated (Supplemental figure 20) and were identified as piperine, piperyline, piperettine and two phase II metabolites of piperine, M01 and M03, conjugated with a sulfate or a glucuronide group, by comparison with authentic chemical standards, pepper extracts and publically available MS/MS spectra (Table 1, Figure 1, Supplemental table 5) [30,31]. The same pepper-derived compounds were also detected in other groups of the intervention study although with lower intensities (Figure 2A).

The pepper alkaloid metabolites associated with salami intake in the dietary intervention study were tested for replication in serum samples of 397 free-living individuals of the EPIC calibration study (Table 2). Three of the pepper alkaloid metabolites measured in the intervention study were detected in serum samples of at least half of the individuals of the cross-sectional study and their concentrations were associated with habitual intake of sausages and to a lesser degree with habitual intake of total processed meat and of cooked ready-to-eat processed meat products such as hot dogs (Table 3). They were not associated with habitual intake of cured meat pieces (bacon and ham).

Associations of the concentrations of the three pepper compounds with intake of food groups reported in the FFQ to be consumed by at least half of the study population were also assessed in a linear model which was mutually adjusted for intake of the other food groups and subject characteristics (Figure 3). Sausage intake was consistently associated with the 3 pepper alkaloid metabolites. Two of the metabolites were also positively associated with wine and mushroom intake and inversely associated with intake of milk. All 3 metabolites were associated with BMI and increased in German subjects.

Processed meat intake and pepper alkaloids in urine

In the 12-hr urine samples collected at the end of each period of the dietary intervention, 13,280 and 12,624 metabolite features were detected in at least 75% of the samples of at least one dietary intervention period in positive and negative ionization mode, respectively. When comparing intensities in samples collected after salami intake to samples collected after non-processed pork intake, 256 and 213 metabolite features were significantly elevated in positive and negative ionization mode, respectively (Supplemental table 6). Out of these, 9 metabolites were identified as highly correlated pepper alkaloid metabolites (Figure 2B, Table 4, Supplemental table 7, Supplemental table 21) with a confidence level of annotation of 1 or 2. Six out of the urinary pepper alkaloid metabolites elevated after salami intake were detected in at least half of the 24-hr urine samples of the cross-sectional study. No urinary metabolite was associated with habitual sausage or processed meat intake (Table 5). When using recent food intake as reported in the 24HDR, 5 urinary pepper metabolites were associated with sausage intake (fried sausage and salami) and 3 were associated with cooked ready-to-eat products such as hot dogs (Table 6). None of the urinary metabolites was associated with recent intake of cured meat pieces such as ham (table 6).

Discussion

In prior work on the comparison of metabolic profiles of meat product in vitro digests, we could show that pepper alkaloids were discriminants of processed and non-processed meat. Highest levels of several pepper alkaloids were observed in salami and fried sausages, followed by hot dogs [10]. In the dietary intervention study presented here, we describe high levels of pepper alkaloid metabolites in blood and urine after consumption of salami and to a lesser extent hot dogs in agreement with previous data on food composition. Similarly, in the free living subjects of the EPIC cohort, pepper alkaloid metabolites in blood and urine were most strongly associated with intake of salami and fried sausages, and to a lower extent with intake of cooked ready-to-eat products such as hot dogs. No association with intake of cured meat pieces such as ham or bacon was observed.

These results suggest that processed meat products such as salami and fried sausages, constitute a major source of piperine and other pepper alkaloids in the Western diet. Considering recipes of meat processing [35,36] and the content of piperine in black pepper [37], it can be estimated that 100 g of salami or fried sausage contain about 20-40 mg of piperine, which means that consumers of these products may commonly ingest about 30 mg of piperine daily, making processed meat an important source of this phytochemical.

Piperine, the pungent and most abundant alkaloid in pepper and other alkaloids such as piperettine and piperyline were found elevated in blood after sausage consumption in the intervention study. These compounds have received considerable attention for their biological properties and potential health effects [13,38]. Anti-oxidative and anti-inflammatory properties have been shown as well as a positive impact of these pepper compounds on gastro-intestinal health and nutrient absorption [13,16]. A neuroprotective and anti-carcinogenic activity of pepper compounds have been proposed based on animal experiments but is not established in humans yet.

Despite the wide interest in bioactive pepper compounds, most data on their metabolism were obtained on rats and data on human metabolism is still scarce [39][40][41]. We describe here for the first time a number of pepper alkaloid metabolites other than piperine after intake of pepper-containing foods. In blood, we detect a mix of pepper alkaloids and their conjugated metabolites whereas in urine, we detect only human metabolites of pepper compounds such as sulfates and glucuronides (Figure 1). Piperine is largely metabolized and excreted in urine in the form of various metabolites.

The lack of detection of human metabolites of other pepper alkaloids such as piperettine and piperyline is likely explained by their lower concentrations in pepper compared to piperine and a lack of knowledge about their metabolites which makes their identification difficult.

An observation of particular interest was the associations of pepper alkaloids in blood with habitual intake of processed meat and sausage. Piperine has been shown to be present in plasma mainly bound to blood proteins which might explain the stability over time of piperine concentrations [42,43]. This, together with the frequent consumption of processed meats and sausages in the German subjects participating to the cross-sectional study may explain the strong association with habitual processed meat intake. Piperine and other pepper alkaloids may be seen as surrogate markers of intake for some processed meat products. In contrast to blood, we found no association of pepper alkaloid metabolites in urine with habitual intake of sausages and processed meat. Urinary metabolites of pepper were however strongly associated with recent sausage intake prior to urine collection. The lack of association of pepper alkaloid metabolites in urine with habitual intake of processed meat might be explained by variations in phase I and II metabolism between individuals [44].

Sausages is the only food group that was consistently associated with all pepper metabolites measured in this study. This suggests that the intake of processed meat and sausages in particular is one of the main source of pepper alkaloids in this population. Piperine was previously shown to be associated with a Western dietary pattern, which includes processed meat [19]. Some associations of pepper alkaloid metabolites in blood levels were also observed with intake of mushrooms and wine. We are not aware of any study describing piperine or other pepper alkaloids in wine or mushrooms which suggests that these associations are confounded by other foods containing pepper that are consumed with mushrooms and wine in these subjects. Similar correlations were previously observed between blood piperine levels and intake of wine or liquor in French, British and American populations [19,20,45]. However, no significant associations of piperine with processed meat were reported in any of these studies and this may be explained by the lack of details in the description of processed meat products consumed in these populations.

In several recent metabolomics studies, piperine has been associated with higher risk of type II diabetes [46] and a lower risk of breast cancer [19,20]. This might be due to the biological activity of piperine or other dietary or lifestyle factors associated with piperine intake. Piperine has also been associated with Alzheimer's disease [START_REF] Niedzwiecki | High-resolution metabolomic profiling of Alzheimer's disease in plasma[END_REF], adipose tissue distribution [21] and blood levels of sex hormones [22] and the authors linked these outcomes to potential physiological effects of piperine.

The results of the present study suggest that some associations with piperine might also be explained by the intake of processed meat and more particularly sausages. This highlights that without adequate adjustment for food intake of piperine rich foods, most importantly sausages, associations between piperine and health outcomes might be heavily confounded.

This study has some limitations. The intake of pepper as an ingredient might vary between different populations and over time. The samples used for this study were collected in the 1990s and further studies would be needed to validate if the same associations can be found in different study populations and at different time points. Discretionary use of pepper was not assessed in the EPIC study and the intervention study. Even though volunteers of the intervention study added as much pepper to their dishes as they preferred, levels of pepper metabolites were clearly elevated after intake of salami which suggests that the amount of pepper ingested with salami was much higher than added pepper by the volunteers. Another limitation is related to the annotation of pepper metabolites in blood and urine. We relied for annotation on the data available in databases such as HMDB and in the literature. A number of annotations could not be confirmed due to the lack of chemical standards and of MS/MS spectra in the literature.

This study has also a number of strengths. First, we combined an intervention study and a crosssectional study to assess associations between processed meat intake and pepper metabolites in blood and urine. Results from the controlled dietary intervention study allowed identification of pepper compounds causally linked to processed meat intake and data from the cross-sectional study showed that this association holds for habitual processed meat intake in a free-living population exposed to complex diets. The cross-sectional study with a decent sample size, detailed food intake data and subjects from 3 different countries is a good setting to estimate associations of pepper metabolites with intake of different foods in Europe. Another strength is the variety of pepper metabolites measured by mass spectrometry in both blood and urine samples.

In conclusion, we show that intake of processed meat and more specifically sausages leads to elevated levels of several metabolites of pepper alkaloids in urine and blood and that serum metabolites might be surrogate biomarkers of habitual intake for these foods in this European population. Considering the associations of piperine levels with health outcomes in several reports, further studies are needed to better understand the role of these pepper alkaloids associated with processed meat intake in health. 1 Mean ± standard deviation, all such values. 2 Habitual intake as reported in food frequency questionnaire. 3 Recent intake as reported in 24h dietary recalls (24HDR). 4 NA: not assessed as blood samples were not taken on the same day as the 24HDR were provided. 

Context

The intake of red and processed meat has been associated with risk of several diseases such as cancer [5,7]. However, the mechanisms are not fully understood today. It has been shown that red and processed meat intake is associated with increased levels of acylcarnitines (ACs) which are important metabolites in fatty acid and energy metabolism [129,130]. Increased levels in blood have been associated with type II diabetes and cancer and they have been proposed to be markers of metabolic health [148,150,200]. Additional studies are needed to understand the association of this large group of metabolites with meat intake.

Objective

The aim of this part of the thesis was to assess the impact of red and processed meat intake on AC levels in blood and urine in a dietary intervention study and to replicate of these associations in a cross-sectional study.

Methods

Intervention study

Samples collected after intake of fried pork and tofu of the intervention study described in chapter 3.3.1 were chosen for this study. Fried pork was chosen as a red meat with high muscle meat content and tofu was chosen as a control also rich in protein but low in carnitine content.

Cross-sectional study

The same 474 urine and 451 serum samples of the EPIC calibration study used for the replication of the smoked meat biomarkers (chapter 3.3.2) were included in this study. Participant characteristics and FFQ-derived food intake data were available for all subjects.

Metabolomics analysis

The metabolomics raw data generated for part II of this thesis (chapter 3.3.3) was used in this study.

Intensities of a large variety of ACs including oxidized and unsaturated acyl-moieties were extracted from the raw data using the Agilent Profinder software (Agilent, Santa Clara, CA, USA) and an in- Only ACs that showed a coefficient of variation of less than 25% in the QC samples of the dietary intervention study were included in this analysis. Intensity values were log-transformed.

Statistical analysis

A paired Welch t-test was used to identify ACs that were showed different intensities in samples collected after intake of fried pork and intake of tofu. P-values were adjusted for multiple testing using the Benjamini-Hochberg method and a false discovery rate of 0.05. As this was a first discovery analysis, p-values < 0.1 were considered significant. The ACs that were changed by meat intake in the intervention study were then tested for an association with habitual red and processed meat intake in the EPIC cross-sectional study using linear regression models with AC intensities in blood and urine as dependent variables and red and processed meat intake, participants characteristics and intake of all other food groups that were consumed by at least half of the study population as covariates. P-values were calculated one-sided because the goal of the analysis was to assess if associations were significant and in the same direction as in the intervention study. Sensitivity analysis was carried out assessing associations between the intake of total meat intake and poultry intake with AC levels.

Main results

A large number of acylcarnitines including hydroxylated and dicarboxyl acylcarnitines was identified in blood and urine samples of the dietary intervention study. AC levels were tested for differences in urine samples collected after intake of fried pork and after intake of tofu. In cumulative 12h urine samples collected on the last day of each intervention period (day 3), levels of 18 ACs were different between the two diets. In spot urine samples collected after the first meal of each intervention period, AC levels were not significantly different between the two diets. The 18 ACs associated with pork intake in the dietary intervention study were tested for association with red and processed meat intake in urine samples of the EPIC cross-sectional study. Eleven of the ACs were positively associated with red and processed meat intake. Poultry intake was not associated with any AC level in urine samples of the EPIC cross-sectional study.

AC C18:0 showed increased and C10:2 decreased levels after pork intake compared to tofu intake in plasma samples of the dietary intervention. AC C18:0 levels in serum were positively associated with red and processed meat in the EPIC cross-sectional study, but no association was found with poultry intake.

Conclusions

In this study, known associations of red and processed meat intake with levels of some ACs in urine were found (C0, C2:0, C3:0, C4:0-OH, and C5:0) and associations with additional ACs were identified (C4:0, C7:0, C8:0-OH, C10:0-OH, and C11:1). In blood, C18:0 was associated with pork intake and a dietary intervention and with red and processed meat intake in the cross-sectional study. None of these ACs was associated with poultry in the cross-sectional study.

This is the most comprehensive study on meat intake and AC levels so far published. It includes a large number of ACs, analysed in both blood and urine in both a dietary intervention study and a cross-sectional study. The results highlight that habitual red and processed meat intake is related to changes in the AC pathway which plays an important role in fatty acid and energy metabolism and which has been associated with risk of diseases such as type II diabetes and cancer. The absence of associations of poultry intake with levels of ACs might be one mechanism which explains that poultry intake has not been associated with the same disease risk as red and processed meat. Further studies are needed to identify other determinants of AC levels in order to understand the impact of red and processed meat on disease risk. 

Introduction

Acylcarnitines (ACs) are esters of carnitine and fatty acids that are essential for the transport of fatty acids into the mitochondria. Fatty acids that are bound to CoA in the cells are esterified with carnitine, which enables them to cross the membrane of the mitochondria where they are converted back to the CoA ester to be oxidized for energy metabolism. ACs are also found in plasma and urine and are thought to participate in detoxification of fatty acid metabolism by-products (1, 2). Their concentrations in blood have been found to be elevated in obese or diabetic individuals (3, 4), which may indicate incomplete fatty acid oxidation, and have been proposed as potential biomarkers of metabolic dysfunction (1,5).

Diet is known to influence AC concentrations in both urine and blood. Intervention studies have shown that AC concentrations in blood and urine are influenced by the intake of specific fatty acids (6), sunflower oil (2), or meat (7). In addition, specific AC profiles were associated with Western dietary patterns (8,9) and the intake of specific foods in several observational studies (10)(11)(12). Red meat which includes beef, pork, lamb, and game is the main dietary source of carnitine in omnivores (13) and has received particular attention with regard to its associations with AC concentrations. Indeed, some of the most prominent metabolic changes associated with meat intake are related to ACs. Acetylcarnitine (C2:0), propionylcarnitine (C3:0), and (iso)valerylcarnitine (C5:0) were positively associated with red meat intake in 50 European individuals (14) and 5 ACs were elevated in meat eaters compared with vegans in a British study (15).

Similarly, associations of ACs with insulin resistance ( 16) (medium-chain ACs) or type 2 diabetes (4) (C2:0, C3:0, and C8:0) have been shown to be specific for particular ACs or groups of ACs. Considering the large diversity of ACs described in human blood or urine (17) and their importance in energy metabolism, a more thorough investigation of the effects of red and processed meat (RPM) intake on AC profiles is needed to help understanding the links between RPM intake and risk of several major chronic diseases such as type 2 diabetes (18) and cancer (19), and all-cause mortality (20).

The current study investigated the effect of RPM intake on AC concentrations using a 2-tiered approach. First, AC concentrations in blood and urine were measured in a randomized crossover dietary intervention study in which 12 volunteers successively consumed a pork-containing and a tofu-containing diet for 3 consecutive days each. ACs that showed differential This work was supported by the International Agency for Research on Cancer. The national cohorts are supported by 3M, Mutuelle Générale de l'Education Nationale, and Institut National de la Santé et de la Recherche Medicale (France); Deutsche Krebshilfe, Deutsches Krebsforschungszentrum (DKFZ), and the Federal Ministry of Education and Research (Germany); Hellenic Health Foundation (Greece); Italian Association for Research on Cancer (AIRC), and National Research Council (Italy). RW is supported by a stipend of La Ligue Nationale contre le Cancer (France).

Data described in the manuscript, code book, and analytic code will be made available upon request pending.

Where authors are identified as personnel of the International Agency for Research on Cancer/WHO, the authors alone are responsible for the views expressed in this article and they do not necessarily represent the decisions, policy, or views of the International Agency for Research on Cancer/WHO. Supplemental Tables 1 

Methods

Intervention study

Twelve healthy volunteers [6 male, 6 female, BMI: 22.4 ± 2.6 kg/m 2 (mean ± SD), age: 31 ± 5.2 y (mean ± SD)] were recruited for a randomized crossover dietary intervention in which each volunteer consumed, during 5 successive intervention periods, different types of meats (fried fresh pork strips, salami, bacon, hot dogs) or tofu for 3 consecutive days each (Figure 1). In a washout period between each of the intervention periods, participants consumed their habitual diet for ≥10 d. The study was designed to identify biomarkers of processed meat intake (21). In the current analysis, a subset of samples only was included from the intervention periods where participants consumed pork or tofu. Fried fresh pork was chosen over the other meats because it is richer in muscle tissue which is the main source of carnitine (13). Tofu was chosen as a control nonmeat food low in carnitine. The pork with a medium fat content was prepared without any added fat; tofu was marinated with a small amount of olive oil before being fried. In each intervention period, the volunteers consumed the same standardized breakfast and the same side dishes for 3 d together with pork (135 g, fried) or tofu (178 g) for lunch (days 2 and 3) and dinner (days 1, 2, and 3). The amount of pork and tofu were standardized to provide 250 kcal per meal. Spot urine samples were collected 2 and 12 h after the first intervention meal of each intervention period (day 1). A cumulative 12-h urine sample starting after the last meal (day 3) and a fasting plasma sample on the morning after the last intervention meal (day 4) were also collected. A washout period of ≥10 d in which the volunteers resumed their habitual diet separated the 2 intervention periods. The participants gave their informed consent prior to their participation and procedures were carried out according to the principles expressed in the Declaration of Helsinki. The study was approved by the International Agency for Research on Cancer (IARC) Ethics Committee (IEC Project 17-12). The study was registered at clinicaltrails.gov as NCT03354130.

Cross-sectional study

EPIC is a multicentric prospective cohort study that includes >520,000 men and women from 10 European countries (22) who provided blood samples and answered FFQ at recruitment. The samples used in this work are from a subset of the calibration study nested in EPIC (23) in which 1 24-h urine sample and a 24h dietary recall (24HDR) were collected per subject (n = 1103) (24). In this analysis we included 474 volunteers from Germany, Italy, France, and Greece who gave the 24-h urine sample and 24-h dietary information on the same day. Of these, serum samples with known fasting status at blood collection were also available for 451 participants (Supplemental Figure 1). Details on participant selection can be found elsewhere (25). Urine samples were collected between 1995 and 1999 and stored at -20 nitrogen and retrieved from the biobank in 2014 for analysis. Food intake data and participant characteristics such as smoking status, BMI, etc. were provided by the national study centers. The proportion of pork-based processed meats was estimated using the food description of the questionnaire data. The ethical review boards from the IARC and from all local centers approved the study. All participants signed an informed consent prior to their participation in the study.

Sample analysis

Urine and blood samples were analyzed by LC-MS using an untargeted metabolomics method optimized to cover a broad range of metabolites (14,26). Urine samples from the intervention study and the cross-sectional study were processed separately. Urine samples were diluted with ultrapure water to the lowest specific gravity of any urine sample in the experiment to normalize their concentrations (27), centrifuged (2000 × g), and an aliquot of the supernatant diluted 2-fold (intervention study) and 1.25-fold (cross-sectional study) with acetonitrile and stored at -80 • C until analysis. Blood samples (intervention study: 50 μL plasma, cross-sectional study 20 μL serum) were mixed with cold acetonitrile (intervention study: 300 μL, crosssectional study 200 μL), shaken for 2 min, centrifuged (2000 × g), and the supernatant filtered with 0.2 μM polypropene filter plates (Captiva, Agilent) and stored at -80 • C. Samples were then analyzed by LC-MS on an Agilent 1290 Binary LC system coupled to an Agilent 6550 quadrupole time-offlight (QTOF) mass spectrometer with a jet stream electrospray ionization source (Agilent Technologies), as previously described (26). Samples from the different studies (intervention study/ cross-sectional study) and sample type (blood/urine) were analyzed separately (4 batches). Samples were ordered randomly within each batch (≤560 injections). A quality control sample consisting of a pool of all samples in 1 batch was analyzed for every 12 (cross-sectional serum analysis) or 8 (all other analysis) study samples injected. Two microliters of sample extracts were injected onto a reversed phase C18 column (ACQUITY UPLC HSS T3 2.1 × 100 mm, 1.8 μm, Waters) maintained at 45 • C. A linear gradient made of ultrapure water and LC-MS grade methanol, both containing 0.05% (v/v) of formic acid, was used for elution. The mass spectrometer was operated in positive ionization mode, detecting ions across a mass range of 50-1000 daltons.

Annotation of ACs

Intensity data of ACs was created by a targeted screening approach using positive ionization full scan LC-MS data. ACs were annotated based on their exact mass (8 ppm tolerance) and an in-house database containing retention times of ACs previously annotated in our laboratory. ACs were identified by their characteristic fragments (m/z = 60.0808 and 85.0284) and neutral losses (m/z = 59.0735) and their retention time in comparison to their homologs with different fatty acid chain lengths. An extensive approach for AC annotation using datadependent MS/MS has been published recently (17). Here, we used the same nomenclature as used in this previous work. AC general structures are described as Cx: y, Cx: y-OH, and Cx: y-DC where x is the number of carbon atoms and y the number of double bonds in the fatty acid moiety, where the suffix-OH indicates ACs with a hydroxyl group on the fatty acid moiety and ownloaded from https://academic.oup.com/ajcn/advance-article-abstract/doi/10.1093/ajcn/nqaa140/5850923 by INRAE Institut National de Recherche pour l'Agriculture, l'Alimentation et l'Environnement user on 04 June 202 DC indicates dicarboxylic acids. Annotations were performed by matching retention time and MS/MS fragmentation when spectra were available. Identities of all ACs that are reported as statistically significant in this work were confirmed by targeted MS/MS fragmentation (see Supplemental Figures 234567891011121314151617181920). Due to the lack of commercial standards for most ACs, many AC isomers of identical molecular mass differing in their retention time could not be fully identified. Therefore, the position of double bonds and hydroxyl groups as well as the number of carbon atoms in side chains of the fatty acids could not be determined. Different levels of confidence in the annotations were defined as proposed by Sumner et al. (28). For level 1, the highest level of confidence, full match of retention time and MS/MS spectrum with those of an authentic chemical standard was required. For level 2, no standard was available, and annotation was based on exact mass, retention time, isotope pattern, and MS/MS spectra.

Compound intensities were extracted from the raw data with the Profinder software as peak area (Agilent, version B.08.00), using a targeted feature extraction based on formula (mass tolerance +/-8 ppm). Feature intensity data was log2 transformed for statistical analysis. Only compounds with a relative SD of <25% in the quality control samples were used for statistical analysis.

Statistical analysis

For the urine and plasma samples obtained from the intervention study, a paired Student's t-test was conducted for each dataset separately to identify ACs whose concentrations were significantly different between the pork and the tofu diet group. As a first discovery analysis, P values were adjusted for multiple comparisons using the Benjamini-Hochberg method with a false discovery rate (FDR) of 0.1.

To validate the findings of the intervention study within the observational study, habitual dietary intake based on FFQs was used. Linear regression models with intake of major food groups and potential confounding variables (BMI, age, sex, and cigarette smoking status) as predictors and the intensity of ACs in serum and urine as dependent variables were built with the data of the cross-sectional study (see Supplemental Table 1 for the covariates included in each model). Food groups included as potential confounders were those that were consumed by at least half of the study population according to questionnaires. Coefficients and 95% CIs were computed for "red and processed meat intake," which includes all fresh red meat (pork, beef, horse, veal, game, mutton) and processed meat (meat processed by curing, smoking, fermentation, canning, or other processes that enhance taste or shelf life). Since the goal of the regression analysis was to assess if associations in the population-based study were significant and in the same direction as in the intervention study, 1-sided P values were computed for the covariate "red and processed meat intake." Q-values were calculated using the Benjamini-Hochberg method and values below 0.05 were considered significant. For sensitivity analyses, the same analysis was carried out for total meat intake (red and processed meat, offal, and poultry) as well as for poultry and red meat only. All statistical analyses and visualization were carried out using the open-source R software, version 3.5.0 (R Foundation for Statistical Computing).

Results

Effect of RPM intake on AC concentrations in urine

In the first study, 2 diets containing either pork as an example of red meat, or tofu taken as control, were successively consumed during 3 d by 12 subjects in a randomized crossover trial. Cumulative 12-h urine samples were collected at the end of each intervention period and analyzed by MS. Forty-four different ACs corresponding to a total of 63 isomers could be annotated in pooled 12-h urine samples (Supplemental Table 2). Eighteen ACs significantly differed in their intensities between the 2 diet groups in the 12-h urine samples (q < 0.1 [FDR]; Figure 2A, Supplemental Table 3). Of these, 14 ACs showed increased intensity in the meat group and 4 decreased intensities compared with the tofu group. Intensities were also compared in spot urine samples collected 2 h and 12 h after the first of 5 meals of each intervention period. Results for spot samples collected at 2 h and 12 h were not significant (Supplemental Table 4).

The 18 ACs that showed significant differences in 12-h urinary concentrations after the intake of pork compared with tofu in the intervention study were tested for their association with habitual RPM intake in 24-h urine samples from the EPIC cross-sectional study. Table 1 shows the characteristics and meat intake of the 474 free-living subjects with 24-h urine samples. Pork accounted for 54% of the RPM intake (red meat: 28% pork; processed meat: 87% pork) and beef represented 25% of RPM intake. Eleven of the 18 ACs tested were positively associated with habitual meat intake in a linear model which included BMI, sex, age, cigarette smoking status, and intake of other foods as covariates to control for potential confounding (q < 0.05 [FDR]; Figure 2B; Supplemental Table 3). The correlation of their relative intensities is shown in Supplemental Figure 21. C0, C2:0, C3:0, and C4:0-OH are highly correlated to each other and C4:0 is highly correlated to C5:0. The remaining ACs are only moderately associated to each other. Sensitivity analysis showed that associations between total meat intake and AC concentrations or red meat intake and AC concentrations were similar in direction and strength to associations between RPM intake and AC concentrations (Supplemental Table 5). Poultry intake was not associated with any urinary AC.

Effect of RPM intake on AC concentrations in blood

Twenty-three different ACs corresponding to a total of 33 AC isomers were annotated in plasma samples from the dietary intervention study (Supplemental Table 6). Their concentrations were first compared in fasting plasma samples collected in the morning following the 3 d of each dietary intervention period. Two of them were found to be significantly different after pork intake compared with tofu intake (Figure 3A and Supplemental Table 7).

The 2 ACs associated with pork intake in the intervention study were tested for their association with habitual RPM intake in free-living subjects of the EPIC cross-sectional study (Figure 3B, Supplemental Table 7). Serum concentrations of C10:2 showed no association with RPM intake. Concentrations of C18:0 showed significant associations with habitual RPM intake when adjusted ownloaded from https://academic.oup.com/ajcn/advance-article-abstract/doi/10.1093/ajcn/nqaa140/5850923 by INRAE Institut National de Recherche pour l'Agriculture, l'Alimentation et l'Environnement user on 04 June 202 A B FIGURE 2 Urinary acylcarnitines associated with red and processed meat intake (A) intervention study: mean relative intensity of ACs with 95% CI in 12-h urine samples after 3 d of intake of pork (circle, n = 12) or tofu (cross, n = 12). Shown are the 18 ACs out of 63 tested that were significantly different between the 2 diets (FDR-adjusted q-values <0.1). (B) Observational study: association of AC concentrations in 24-h urine samples with habitual red and processed meat intake in the European Prospective Investigation into Cancer and nutrition cross-sectional study (n = 474). Coefficients of the predictor "red and processed meat intake" (with 95% CI) in a linear regression model with urinary AC intensities as dependent variable are shown for each AC. The coefficient shows the change in AC concentrations for an increase of 1 SD of red and processed meat intake (46.5 g/d). Intake of major food groups as well as subject characteristics (sex, age, BMI, smoking status, study center) are included as covariates in the linear models. Full circles indicate ACs for which habitual red and processed meat intake is a significant covariate in the model after adjustment for multiple testing (FDR-adjusted q-values <0.05). AC, acylcarnitine; OH, hydroxyl group on fatty acid moiety; DC, dicarboxylic acid;FDR, false discovery rate.

for fasting status, age, sex, BMI, and intake of major animalderived foods and fats (FDR, q = 0.033). Sensitivity analysis for different types of meat intake (Supplemental Table 8) showed the same direction and similar strength of association for total meat intake, but no association was observed between poultry intake and serum concentrations of C18:0 (q = 0.99). Associations of RPM intake in the cross-sectional study with all ACs including the ones that were not increased in the intervention study can be found in Supplemental Table 9.

Discussion

We show in this work that the intake of pork increases urinary concentrations of several ACs (dietary intervention study) and that the same ACs were also associated with habitual RPM intake (cross-sectional study). We could confirm associations of RPM intake with several ACs (C0, C2:0, C3:0, C4:0-OH, and C5:0) described in previous work (7,10,14,29) but also show for the first time positive associations with several other ACs (C4:0, C7:0, C8:0-OH, C10:0-OH, and C11:1). The intensities of newly identified ACs were only moderately correlated with the intensities of the ones already known which suggests that they do not share the same pathways.

These changes in urinary AC concentrations were observed in 12-h urine samples collected after 5 successive intervention meals, but not in spot urine samples collected 2 and 12 h after the first intervention meal. This suggests that the changes detected are only expressed after a certain duration and amount of RPM intake, changes that are compatible with the associations of ACs with habitual RPM intake observed in the cross-sectional study. Poultry intake was not associated with concentrations of any AC identified in the cross-sectional study which is in line with prior studies (14).

In blood samples collected in the intervention study, C10:2 and C18:0 concentrations were elevated after pork intake compared with tofu intake. In the EPIC cross-sectional study, C18:0 concentrations were positively associated with RPM intake but not with poultry intake. These results can be compared with those of previous studies. We showed in a previous study associations of C2:0 and C3:0 with red meat intake 2 h and 24 h after its consumption (14). Their concentrations were consistently higher after the intake of red meat compared with chicken. We could not detect the associations with these 2 ACs in the present work 4 36.6 ± 33.4 37.5 ± 33.9 Red and processed meat 5 81.1 ± 46.5 81.7 ± 47.2 1 For 451 out of the 474 subjects included in this study, serum samples and data on fasting status at blood collection were available. 2 Mean ± SD, all such values. 3 Habitual intake as reported in the FFQ. 4 Processed meat was estimated to be made of 87% pork based on the FFQs. 5 Red and processed meat = beef, veal, pork, lamb/mutton/horse, and processed meat. and this could be explained by the use of fasting samples in the present intervention study. Schmidt et al. (15) observed higher concentrations of C0, C3:0, C4:0, C5:0, and C16:0 in meat eaters when compared with vegans and to a lesser extent when compared with vegetarians in a cross-sectional study. The low number of vegetarians in our study population (<1%) and the adjustment for the intake of all major food groups might be the reason that we do not find the same associations. We do, however, observe a trend for a positive association between habitual RPM intake and concentrations of C0:0, C4:0, and C5:0 (Supplemental Table 9). Wittenbecher et al. (30) found plasma concentrations of C18:0 to be associated with red meat intake in German men (n = 790) from the EPIC-Potsdam cohort, results consistent with our own findings.

Overall, we show that urinary excretion of several ACs are strongly associated with RPM intake, whereas there are only limited variations in AC blood concentrations. This difference might be explained by the tight regulation of AC concentrations in blood through homeostatic control, with excess carnitine and ACs being cleared in urine or in bile (31,32). The increased excretion of ACs in urine after RPM intake indicates that carnitine ingested with meat is involved in fatty acid metabolism and detoxification (1).

Alterations in the AC pathway have been linked to dysregulation of energy metabolism, inflammation, and higher risk of type A B FIGURE 3 Blood acylcarnitines associated with red and processed meat intake (A) intervention study: mean relative intensity of ACs with 95% CI in fasting plasma samples after 3 d of intake of pork (circle, n = 12) or tofu (cross, n = 12). Shown are the 2 ACs out of 33 tested which were significantly different between the 2 diets (q-value <0.1) in a paired Student's t-test. (B) Observational study: association of AC concentrations in serum samples with habitual red and processed meat intake in the European Prospective Investigation into Cancer and nutrition cross-sectional study (n = 451). Coefficients of the predictor "red and processed meat intake" (with 95% CI) in a linear regression model with serum AC intensities as dependent variable are shown for each AC. The coefficient shows the change in AC concentrations for an increase of 1 SD of red and processed meat intake (47.2 g/d). Intake of major food groups as well as subject characteristics (sex, age, BMI, smoking status, study center, fasting status at blood collection) are included as covariates in the linear models. Full circles indicate ACs for which habitual red and processed meat intake is a significant covariate in the model after adjustment for multiple testing (FDR-adjusted q-values <0.05). AC, acylcarnitine; FDR, false discovery rate.

2 diabetes and other adverse health outcomes (1,4,5,33). It is not completely clear whether these increased concentrations of ACs are merely an indicator of impaired fatty acid metabolism or if the increased AC concentrations themselves play a causal role in the etiology of metabolic diseases. It has been proposed that ACs can activate proinflammatory pathways (4,33). Alterations of the AC pathway and fatty acid metabolism might be 1 of the mechanisms through which RPM intake increases the risk of several diseases. Our study shows that in contrast to RPM intake, the intake of poultry has no effect on the carnitine pathway. This might help in understanding the specificity of the association of risk of certain chronic diseases with RPM intake, and the lack of association with white meat intake. Long-term longitudinal studies with repeated measurements of ACs are needed to disentangle the role of AC pathways and RPM in the etiology of metabolic diseases.

This work has several limitations. A first limitation is related to the different nature of meat considered in the intervention ownloaded from https://academic.oup.com/ajcn/advance-article-abstract/doi/10.1093/ajcn/nqaa140/5850923 by INRAE Institut National de Recherche pour l'Agriculture, l'Alimentation et l'Environnement user on 04 June 202 study (fresh pork) and in the cross-sectional study (RPM). Beef was not considered on its own in the intervention study whereas it constituted a significant fraction of RPM consumed in the cross-sectional study which means that no conclusions can be drawn on beef intake alone. However, pork accounted for a large fraction (54%) of the RPM consumed in the cross-sectional study as either fresh pork or processed pork. Inclusion of beef with its higher content of carnitine compared with pork (13) in the intervention study might have led to the identification of more associations with ACs. Poultry was also not included in the intervention study and therefore the null association of poultry intake and AC concentrations is based only on the crosssectional data. However, data from a prior intervention study showed a trend with higher concentrations of 3 ACs in RPM when compared with chicken ( 14), which might be due to higher carnitine content (13). A second limitation of this work is linked to the time frame of our experiments. Pork or tofu were consumed during 3 d in the intervention study whereas habitual RPM intake was measured with a questionnaire over a whole year. Due to the short duration of the intervention study, some effects on ACs that take >3 d to manifest might have been missed. However, RPM was very regularly consumed in our population and associations of ACs with RPM intake may also be the result of repeated shortterm exposure as considered in the intervention study and this likely explains the good agreement between the intervention and cross-sectional studies. Other limitations are related to the nature of the blood samples collected. In the intervention study, we only collected fasted samples and some effects only observed in the fed state may have been missed. In addition, blood samples collected in the intervention study (plasma) were different from those collected in the cross-sectional study (serum). However, this should have little impact on the results, considering the high correlations of ACs concentrations in the 2 matrices (34). A last limitation of this work is the incomplete identification of some AC isomers, due to the lack of commercially available chemical standards. However, the exact mass as well as the characteristic MS/MS fragmentation pattern of the ACs give us high confidence in the proposed annotations.

This study also has several strengths. First, we assessed a broad range of different ACs which gave us the opportunity to report novel associations. Second, we conducted our study with both blood and urine samples, providing a more holistic view on the impact of RPM intake on AC concentrations and metabolism than previous studies. Third, we used a multitiered approach. Discovery in an intervention study gives confidence in the biological plausibility of the association and allows causal inference whereas the confirmation in an observational study shows that RPM intake has an effect on AC concentrations in subjects following their habitual diet. The extensive correction for potential confounders and the coherent results from different models (see Supplemental Table 8) increase confidence for the associations that we report in this work.

In conclusion, we were able to confirm several associations between urinary concentrations of ACs and RPM intake that were already known and also report new associations hitherto not described in the literature (C4:0, C7:0, C8:0-OH, C10:0-OH, and C11:1). We also found an association of C18:0 concentrations in blood with RPM intake. These significant effects of RPM on AC concentrations and the lack of effects of poultry should be further explored. They may help in understanding the specific role of RPM intake in the etiologies of type 2 diabetes, some cancers, and cardiovascular diseases.

Chapter V -Discussion and perspectives __________________________________________________________________________________

Discussion

This thesis aimed to develop biomarkers for processed meat intake as a tool to objectively estimate intake of different meat products (Part I and II). In addition, the impact of meat intake on the acylcarnitine pathway was assessed to better understand the molecular changes that might increase disease risk (Part III). In this chapter of the thesis, the results of the different parts are discussed, the general methodological strengths and limitations are reviewed and the results are put in perspective with future research and applications.

Discussion in relation to the hypotheses

Part I: Identification of metabolite profiles of different meat products digested in vitro

The untargeted metabolomics analysis of in vitro food digests revealed that the general metabolite profile of meat products clusters by product type. PC1 separated products by a gradient of fat and protein content and the metabolites contributing most to this PC were tentatively annotated as lipids and dipeptides. Cured meat pieces such as ham showed a metabolite profile more similar to non-processed meat than to sausages. The results suggest that the general metabolite profile of meat products is most influenced by the choice of meat cut and the proportion of fat and less by metabolites formed by meat processing since the PCA did not show any clustering of smoked meat for example.

We were then able to show that processed meat products are also characterized by the presence of specific metabolites resulting from the deposition or formation of new compounds during processing or by the inclusion of new compounds together with ingredients. Syringol and its derivatives were found only in smoked meat digests. These compounds and other methoxy phenols and aldehydes have been shown to be present in liquid smoke [27,28], smoked meat [START_REF] Hitzel | Polycyclic aromatic hydrocarbons (PAH) and phenolic substances in meat products smoked with different types of wood and smoking spices[END_REF]184,202] and smoked fish [203]. In these studies, the detection of smoke compounds in food was carried out in a small selection of products, mostly produced under laboratory conditions. The work conducted as part of this thesis is to our knowledge the first to measure syringol and its derivatives in a large variety of commercial meat products. They constitute promising markers for smoked meat due the high intensities detected by LC-MS and the specificity for this processing method. Data on syringol content and consumption frequency of other smoked foods (fish, cheese and condiments) is needed to better evaluate the specificity of syringol compounds for smoked meat in the context of a complex diet. Other studies have detected a number of additional compounds in liquid smoke or smoked meats such as guaiacol and derivatives [28]. These compounds showed less favourable ionization properties than syringol compounds in the method used in this thesis and were therefore not detected in this work.

Fourteen piperamides were identified as discriminants between digests of processed and nonprocessed meat with particularly high levels in fried sausages and dry-cured sausages. A large number of piperamides and other natural compounds has been identified in pepper [189,[204][205][206].

The effect of the addition of black pepper used as an ingredient on the content of pepper volatile aroma compounds in dry cured sausages [207,208] and on the shelf life of sausages has been assessed [209]. To the best of our knowledge, the work conducted as part of this thesis is the first to report non-volatile pepper compounds such as piperamides in processed meat products. In the past, piperamides have been characterized and estimated in pepper or spices [189,210] but we are not aware of any study measuring such a large variety of piperamides in any food.

In the present study, 4 biogenic amines were found to be specific for digests of fermented meat products. A large variety of biogenic amines has been shown to be present in fermented meat [190,211]. Fermentation can occur as part of the desired production process or unintentionally due to inadequate storage conditions.

Findings from this exploratory study enabled hypotheses to be made on potential biomarkers of processed meat intake tested in the intervention study. The data also provided evidence for the processed meat origin of potential biomarkers discovered in the dietary intervention study.

Several other aroma compounds and process-induced compounds and toxicants known to be present in processed meats were not detected with the analytical methods used for this work. The measurement of these process-induced toxicants with designated methods would have been interesting but it was outside the scope of this thesis that focussed on the identification of food intake biomarkers. Many studies have been conducted to investigate the impact of processing methods or ingredients on the aroma profile of processed meat products [202,212]. The measurement of volatile aroma compounds such as aldehydes, ketones, hydrocarbons, phenols or alcohols present in relatively low quantities requires adequate sample processing and is usually carried out using gas chromatography [212]. Except for the syringol compounds, volatile aroma compounds were not detected with the LC-MS based metabolomics approach. The molecular changes occurring in processed meat during ripening, especially for traditional Mediterranean drycured hams have been assessed [213][214][215][216][217]. These enzyme-linked changes could not be assessed in this work as the in vitro digestion protocol included enzymatic digestion as well. Of the processinduced toxicants, PAHs have received a lot of attention due to their formation during smoking of meat. PAHs have been measured in different meat products [START_REF] Hitzel | Polycyclic aromatic hydrocarbons (PAH) and phenolic substances in meat products smoked with different types of wood and smoking spices[END_REF]184,218] and the reduction of PAH in processed meat by replacing wood smoke with liquid smoke has been reported [25,219]. Other contaminants analysed in different meat products are heterocyclic amines [START_REF] Jakszyn | Development of a Food Database of Nitrosamines, Heterocyclic Amines, and Polycyclic Aromatic Hydrocarbons[END_REF]186,220] and NOC [221,222]. None of these process-induced toxicants were detected in this study which is probably due to the very low quantities present in meat products that require dedicated methods with greater sensitivity than the untargeted method that was used.

Part II: Discovery of new biomarkers for intake of different processed meat products using a metabolomics approach

In a dietary intervention, several hundred metabolite features could be identified that were elevated in urine samples after intake of hot dogs or salami compared to samples collected after intake of non-processed pork. In plasma, 18 metabolite features were elevated after intake of hot dogs or salami. No metabolite was significantly elevated in urine or plasma samples collected after intake of bacon compared to intake of pork using the untargeted approach.

In the following section, the identification and replication of syringol metabolites and pepper metabolites as biomarkers for processed meat intake and the implications for findings of studies reporting associations of piperine and health outcomes will be discussed.

A group of compounds specific for the intake of hot dogs was identified as human metabolites of syringol and its derivatives which were also associated with smoked meat in the cross-sectional study. Syringol metabolites represent a good tool to classify consumers based on their consumption of smoked meats. Only a few food biomarkers have shown a similar predictive potential in observational studies with AUCs of up to 0.79 for habitual intake (FFQ) and 0.86 for recent intake (24HDR). One major limitation of their use is possible confounding with other smoked foods in populations where those foods are commonly consumed. The cross-sectional study included only 15 subjects with recent intake of smoked fish (supplemental figure 15 of article II), compared to 80 consumers of smoked meat out of the 474 subjects included which shows that the risk of confounding in this population is relatively low. Other populations such as Scandinavians consume more smoked fish. Syringol metabolites might not perform well as a marker of smoked meat in these populations [223]. Data of syringol content in other foods such as smoked cheese and barbecue sauce is scarce and further studies are needed to estimate if these foods are potential confounders.

One possibility to increase specificity of the biomarker could be the combination of syringol metabolites with biomarkers of meat intake. Further studies are needed to explore these options.

Syringol metabolites were measured at high intensity in urine samples of both the intervention and cross-sectional study. We were able to show that discrimination of smoked meat consumers is also possible with blood samples in the dietary intervention. The signal intensity of syringol metabolites was very low in serum samples of the EPIC cross-sectional study which made the replication of smoke biomarkers with these samples impossible. Many prospective cohorts such as the EPIC study only collect blood samples (and no urine samples) for all subjects and it is a major limitation that syringol metabolites were not validated as blood biomarkers using the method applied in this thesis.

Measurement of these markers with targeted and more sensitive methods would be required to detect syringol metabolites in blood and validate them as blood biomarkers of smoked meat intake.

Pepper-derived metabolites measured in blood and urine were elevated after sausage intake compared to non-processed pork intake in the dietary intervention study. In the cross-sectional study, pepper metabolites in blood were strongly associated with habitual sausage intake (FFQ) and metabolites measured in urine were associated with acute sausage intake (24HDR). Out of all food groups included in the FFQ questionnaire, sausage was the only food whose intake was associated consistently with pepper metabolites in serum. However, the potential of urinary pepper metabolites to predict recent sausage intake (AUC=0.67) or processed meat intake (AUC=0.67) is lower than that of syringol metabolites to predict recent smoked meat intake (AUC= 0.86). This could be explained by other dietary sources of pepper metabolites, by variability in the metabolism of pepper metabolites between individuals, or by limitations in the accuracy of measurement of intake of the various meat products.

Piperine, the most abundant pepper alkaloid, has been inversely associated with risk of breast cancer in metabolome wide association studies (MWAS) conducted in prospective cohorts [175,195]. In both studies, piperine was associated with alcohol intake. Other studies have found positive associations of piperine with visceral fatty tissue [196], and inverse associations with Alzheimer's disease risk [198] and testosterone levels in men [197]. Some authors suggested that effects might be linked to its biological properties such as a general beneficial effect on metabolic health [196], neuroprotective effects [198] and induced sterility which was observed in mice [197].

However, the results presented in this thesis suggest that intake of processed meat might be an important confounder in these relationships and some disease risk might be linked to processed meat intake itself. In line with other MWAS [175,195], our results also show some association of piperine levels with alcohol intake which is itself an important risk factor for many diseases. It is not clear why piperine is inversely associated with some diseases and at the same time associated with processed meat and alcohol intake which are known risk factors for some diseases. This highlights the need to better understand the factors influencing levels of circulating piperine. Although a direct role of the bioactive piperine and other piperine metabolites cannot be excluded, our results show that piperine levels are influenced by several foods that need to be taken into account when assessing metabolite-disease associations. Associations between processed meat and pepper metabolites might also be population specific and weaker in populations that consume less pepperrich processed meat products or use more pepper as an ingredient in other recipes.

The work presented in these two articles is the first to propose biomarkers of processed meat that are detectable with a generic untargeted metabolomics method and these biomarkers are some of the few dietary biomarkers in general that show consistent association in food analysis, a dietary In conclusion, syringol metabolites present promising markers for smoked meat intake in urine and their robustness in blood samples of epidemiological studies remains to be evaluated. Processed meat and particularly sausage intake were associated with pepper metabolites and should be taken into account as a potential confounder when assessing associations of piperine with health outcomes. For validation of the novel biomarkers, additional intervention studies are needed to provide data on dose and time response and replication in observational studies could show their reproducibility in different populations.

In the following section, it will be discussed for which kind of processed meats blood and urinary biomarker discovery will be most likely and the results will be compared with markers for processed meat that have been reported in previous studies.

In the in vitro study, digests of cured meat pieces (e.g. ham) show a similar metabolite profile as non-processed meat and the main discriminants for processed meat were identified in digests of salami, fried sausage and hot-dogs, but only to a lesser extent in cured meat pieces. In blood and urine samples of the intervention study, discriminants of processed meats were mainly found for salami and hot dogs and only very few for bacon. The bacon consumed in the dietary intervention was smoked and syringol metabolites were elevated after intake of bacon compared to pork, but the difference was less pronounced than between hot dog and fried pork intake and did not remain significant after adjustment for 12,000 tests. It can be speculated that sausages have a greater surface area and can be penetrated more easily by smoke or liquid smoke whereas bacon is smoked in a large piece of which mainly the outside will be exposed to smoke which leads to a lower content of smoke-derived compounds in bacon compared to hot dogs. Similarly, most processed meat products contain pepper, but pepper metabolites are only increased significantly after sausage intake which is the product type with the highest pepper content. This suggests that the metabolite profile of bacon or other cured-meat pieces might be too similar to non-processed pork to induce major differences in urine or blood samples. The results are in line with the finding of Cheung et al who did not find a specific biomarker for cooked ham intake when compared with pork or beef in an intervention study, even after intake of high doses for 3 days [129]. Cooked ham could be too similar to non-processed pork to allow identification of specific biomarkers with a generic metabolomics approach.

Some NOCs, in combination with other meat markers, might be potential biomarkers for cured meat pieces such as ham [224]. However, their detection needs a targeted assay that requires a large sample volume (7.5 ml of urine) and a more labour-intensive sample preparation than the metabolomics method applied in this work [225]. These requirements are a limitation for the application in large epidemiological studies. In the future, improved and more sensitive methods adapted for high-throughput and low sample volume might enable the use of NOCs as biomarkers for cured meat intake. The results of the in vitro digestion and the intervention study highlight that specific biomarkers of processed meat are more likely to be established for those products that undergo extensive processing which induces changes in the chemical composition and makes the products different from non-processed meat. Xenobiotics such as syringol metabolites and pepperderived metabolites are present in a limited number of foods and unknown as human metabolites.

They are therefore more specifically increased in urine or blood after intake of foods containing these compounds. In contrast, other compounds in (red) meat such as macronutrients, carnitine, creatine, etc are also human metabolites and their levels in human biofluids may be less specifically impacted by intake of meat products [123]. Compounds formed during meat processing, or characteristic of ingredients or food additives used in processed meats are therefore more likely to perform well as biomarkers.

Total processed meat intake has been found to be associated with several blood metabolites in cross-sectional studies [126,131,[226][227][228]]. These metabolites are likely not to be specific for processed meat but rather metabolites associated with general meat intake (creatine, acetylcarnitine, carnitine, anserine and lipids). This might be due to the fact that the overall molecular profile of processed meat is very similar to that of non-processed meat and that the intake of processed meat is often correlated with the intake of red meat in Western countries [229][230][231]. Intakes of red meat and processed meats were also correlated in the EPIC cross-sectional study (correlation of log-transformed habitual intake: r = 0.3, p = 3 x 10 -10 ). However, the results of the dietary intervention study presented in this thesis shows that biomarkers of processed meat can be highly specific for particular processing methods. Grouping all processed meats together is probably another reason why no specific processed meat biomarker was identified in these MWAS. Further studies with sufficient detail in dietary questionnaire are needed to repeat the analysis assessing associations with intake of more specific processed meat products. Another particularity of most of the aforementioned studies [126,131,226,228] is their use of the analytic platform of Metabolon Inc.

which uses a very large library of a priori known chemical standards to annotate signals in metabolic profiles. As part of this thesis, the human metabolites of syringol and piperine were first described in urine and serum of a dietary intervention study. Syringol and syringol derivatives and piperamide metabolites are not part of the metabolites commonly measured by Metabolon Inc. and may therefore have been missed in previous MWAS studies. On the other hand, piperine is part of the Metabolon panel, and shows high signal intensities in human blood.

A few compounds characteristic of some processed meat products such as PAHs, HCAs and nitrosoproline have been suggested as potential biomarkers of intake [224,232,233]. The former 2 compound groups are below the limit of detection for most untargeted metabolomics methods which limits their use in epidemiological studies where limited sample availability is a constraint for targeted assays. Nitrosoproline could be a potential biomarker of interest because it might show higher levels in urine due to exogenous formation in meat products and endogenous formation during digestion [225]. However, these two mechanisms of formation lead to a higher variability of levels in biospecimen. Nitrosoproline was not identified amongst the discriminants of processed meat in any study in this thesis which might be linked to decomposition during storage or low sensitivity of the analytical methods used. In a recent publication, 7.5 ml of urine were extracted for analysis [225] and it remains to be evaluated if new, more sensitive methods could suffice for lower volumes of urine commonly available in epidemiological studies.

In summary, biomarkers for processed meat are most likely to be identified for highly transformed products that contain compounds usually absent from human metabolism. More sensitive analytical methods might enable the detection of process-induced compounds that were under the limit of detection of the method employed in this work.

Part III: Investigation of associations between red meat intake and human metabolism

In this part of the thesis, the impact of meat intake on acylcarnitines in urine and blood was assessed. In the intervention study, levels of 18 acylcarnitines were changed in urine after intake of pork compared to tofu in samples collected on the last day of each intervention period. There was no significant difference after consumption of pork in urine samples collected after the first meal of each intervention period. Urine levels of eleven out of these acylcarnitines were associated with habitual red and processed meat intake in the cross-sectional study. Acylcarnitine C18:0 levels in blood were associated with meat intake in both the intervention and the observational study. None of the acylcarnitines were associated with poultry intake in the cross-sectional study.

In this section, the potential mechanisms of meat intake induced changes of acylcarnitine will be discussed. The results will be compared with finding of previous studies and the areas that need further research will be highlighted. Results from this study show that intake of red and processed meat increases levels of acylcarnitines. More species of acylcarnitines are impacted in urine than in blood which might be due to homeostasis of levels of most acylcarnitines in blood. Changes in urine are observed after the third day of meat intake but not after one meal which suggests that a certain amount or duration of meat intake is needed to see changes in urinary acylcarnitine excretion. Meat intake has an impact on the carnitine pathway but it is not clear if it is the additional amount of carnitine ingested or an overload of fatty acid oxidation by-products in the mitochondria that lead to the increased excretion of acylcarnitines. Red meat is rich in carnitine which is present mainly in its unconjugated form.

However, in urine and plasma, levels of the conjugated acylcarnitines were increased after intake of meat which suggests that the carnitine ingested with meat is somehow involved in fatty acid metabolism before being excreted via the urine.

Acylcarnitines with highest concentrations in urine are short chain ACs and the measured intensities decrease with increased acyl chain length. In this study, we detected only short and medium-chain ACs in urine and assessed their association with red meat intake. In the literature, associations of ACs in urine with red meat intake have been most consistent for C0, C2:0, C3:0 and C5:0 so far [125,129,226,235]. C3:0 and C5:0 can notably be formed from metabolites of branched chain amino acids and have been shown to be associated with blood levels of these amino acids, which were also associated with red meat intake [140]. In this work, we demonstrate that also the medium-chain ACs that are by-products of lipid metabolism are associated with red meat intake. The more lipophilic long-chain ACs are less abundant in urine and predominantly found in blood, where we show an association of C18:0 with red and processed meat intake. Wittenbecher et al also show an association of C18:0 with red meat intake in the EPIC-Potsdam cohort (n = 790) [149] and in another study in the EPIC-Oxford cohort, C16:0 was shown to be elevated in meat-eaters [130]. Red meat intake therefore seems to have an effect on many ACs, whatever the chain length of their fatty acid component. In a dietary intervention where subjects consumed two different diets with increased palmitic acid (C16:0) or oleic acid (C18:1) content, serum concentrations of AC C16:0 and AC C18:1 increased, respectively [236]. The increased blood levels of AC C16:0 and C18:0 in meat eaters might therefore be linked to the high content of the corresponding fatty acids in red meat [237]. AC C16:0 and AC C18:1 were not significantly elevated in blood samples of the intervention study after correction for multiple testing but we observed an association of AC C16:0 in blood with meat intake in the EPIC cross-sectional study (data not shown).

In this present study, red and processed meat intake was associated with increased short and medium chain ACs in urine and long-chain ACs in blood. Short chain ACs in blood have been shown

to be associated with meat intake in some studies [129,130]. However, these studies have not used fasting samples and ACs are known to be influenced by fasting status [130,238]. This might be the reason why in the present study, no significant association of meat intake and short-chain ACs in blood was observed. There were however suggestive differences for these compounds (p = 0.06).

The urine data suggests that changes in AC levels require a certain duration or amount of meat intake in order to manifest. A larger number of subjects, a longer intervention or larger meat portions might have enabled the identification of additional associations, especially of some short and long chain ACs that showed non-significant elevated levels (C0, C2:0, C3:0, C16:0 and C18:1). The type of red meat fed to the volunteers might also have an effect. Beef with a higher content of carnitine [36] might induce larger differences. It remains to be elucidated if it is the lipids or the carnitine in red meat or an overall metabolic effect of meat intake on metabolism that leads to the reported associations. A combination of these factors is possible and further intervention studies might help to disentangle this relationship.

Little is known about the determinants of AC levels in blood. The intake of specific fatty acids, sunflower oil, meat or a western diet pattern have been shown to influence levels of certain acylcarnitines [143,229,235,236,239] which might suggest a fatty acid overload. The work presented as part of this thesis is the first to use a two-tiered approach of intervention study and observational study to show consistent associations of acylcarnitine levels with red meat intake. No associations of poultry intake and AC levels were detected. However, poultry was not included in the intervention study and the results are only based on the cross-sectional study. Other studies are needed to assess the impact of meat intake on acylcarnitine levels compared to other factors such as intake of other foods, BMI, fasting state, age and sex.

AC levels have been associated with several diseases, but it is not clear whether these levels are playing a causal role or if they are rather indicators of impaired fatty acid metabolism or other metabolic effects. It has been proposed that circulating carnitines could have an pro-inflammatory effect [150,240] and activate cell stress [241] but most data relies on in vitro and animal experiments and more evidence is needed to support these mechanisms. If causal or not, the absence of associations between poultry intake and acylcarnitine levels might help to understand the differences of disease associations of this meat type compared to red and processed meat. Further studies are needed to assess whether red and processed meat intake is causally related to disease risk via the acylcarnitine pathway. However, the present study shows that it has an impact on this pathway and should be taken into account at least as a potential confounder when assessing the link between acylcarnitines and disease.

Methodological considerations, strengths and limitations

Some strengths and limitations of our studies have already been discussed in the corresponding articles. In the following, some methodological strengths and limitations of this thesis will be more specifically discussed.

Design of in vitro digestion

The in vitro digestion study was designed as an exploratory study and the number of different products included is much higher than in other studies on in vitro digests of meat products [41,185,242]. A strength of our study is the large variety of commercial products included that represent different processing methods (smoking, fermentation, curing) and the products most commonly consumed in Europe [START_REF] Linseisen | Dietary intake of different types and characteristics of processed meat which might be associated with cancer risk -results from the 24-hour diet recalls in the European Prospective Investigation into Cancer and Nutrition (EPIC)[END_REF]. Several brands or multiple samples of the same (processed) meat products were included. Major variations in common European meat products could thus be included such as smoked dry-cured sausage from Germany and non-smoked dry-cured sausage from Italy and France. Some less frequently consumed products such as precooked-cooked products (e.g. liver sausage) were not included.

Meat products were digested in vitro before being analysed to mimic the formation of low molecular weight compounds formed in the gut and subsequently absorbed and found in the systemic circulation. A limitation of in vitro digestion is that we cannot be sure that the digestion was complete. It has been shown that meat processing has an impact on digestibility of lipids and proteins of the meat [135,243]. Some discriminants between processed and non-processed meats might be compounds related to incomplete digestion (e.g. oligopeptides) and not related to different chemical profiles of the meat products. This is however no major limitation because compounds specific for different processing methods such as syringols are unlikely to be affected by incomplete digestion.

Much of the rich data was left unexplored. However, finding biomarker candidate amongst macronutrients and the metabolites that contributed with high loadings to the PCA is unlikely because they are present in most meat products. The analysis of the meat digest samples with a lipidomic approach might have revealed some specific reaction products such as oxidized lipids.

Design of dietary intervention study

A large number of different dietary intervention studies have been conducted to identify biomarkers of food intake [119,125,129,[244][245][246][247][248][249]. When designing a dietary intervention, some important parameters to decide include the study type (cross-over or parallel design), the duration and quantity of exposure, the types and amount of biospecimen to collect, the sample size, choice of meals and duration of wash out period. The motivations and limitations of the chosen protocol will be discussed in the following.

The dietary intervention was the first of its kind at IARC and conducted without the availability of a clinical research facility and with limited resources. Volunteers were not paid and to reach high compliance, an effort was made to keep the burden on participants reasonable and volunteers were closely followed during the study. Each intervention period lasted 3 days in order to be able to detect metabolic changes that exceed single meal effects. The comparison of urine samples collected after the first meal of each intervention period and the urine sample collected at the end illustrates that the extended period of three days was necessary in order to detect changes in urinary acylcarnitine levels after meat intake compared to tofu intake. An even longer duration of the intervention periods might have enabled the detection of more long-term biomarkers but it was not feasible as part of this thesis without a proper clinical research facility and additional budgetary resources. In addition, repeated urine and blood samples would have been a valuable opportunity to assess the biomarkers' kinetics but it was not feasible due to the goal to keep a low burden on participants. Fasting blood samples collected 12h after the last intervention meal were chosen in order to be sure that the detected biomarkers are not just increased postprandially. In addition, some cohorts collect fasting blood samples and analysing the same sample type increases transferability of the intervention study results. Cumulative 24h urine samples are common to assess excretion over a whole day to capture all compounds that are excreted after different meals and to minimize variability of biomarkers that are sensitive to the timing of sampling [250]. To keep the burden low for volunteers and enable urine collection at home with continuous refrigeration while still taking advantage of a cumulative urine sample, 12h urine samples were chosen in this study.

A pragmatic choice was made on the processed meat portion sizes, considering also the very heterogeneous population at IARC (different origins, eating cultures, body sizes, etc.). Greater portion sizes might have led to higher metabolite signal intensities and therefore more detected biomarkers, but the aim was to find biomarkers that would be measurable in a free-living population so we chose to supply realistic portion sizes to the volunteers. Most processed meat products in Europe contain mainly pork [1] and 87 % of the processed meat in the EPIC cross-sectional study was made from pork. Fried pork was chosen as the control diet for processed meat biomarker discovery because it is similar to processed meat products in regard of meat type (pork) and fat content without being processed. To study the impact of (non-processed) meat on metabolism, marinated tofu was chosen as a non-meat control because it is also rich in protein and is acceptable to most consumers. It was estimated that 5 intervention periods would be acceptable to the volunteers without risking low compliance or dropouts. The 3 processed meat products (bacon, hot dogs and dry-cured sausage) were chosen among common products consumed in Europe that represent different processing methods (curing, smoking, fermentation) and different product types (cured meat pieces, raw-cooked products, dry-cured sausages). Raw and cooked ham are commonly consumed products in Europe [START_REF] Linseisen | Dietary intake of different types and characteristics of processed meat which might be associated with cancer risk -results from the 24-hour diet recalls in the European Prospective Investigation into Cancer and Nutrition (EPIC)[END_REF], however no specific biomarker was found in an intervention study where subjects consumed cooked ham [129]. Bacon was chosen as a similar and commonly consumed product that is more processed than ham due to brine injection and smoking [251]. No precooked-cooked products such as liver sausage or blood sausage were included in the intervention. It is a limitation that the intervention study did not allow the identification of biomarkers for these kinds of products which often contain offal or blood. However, in order to keep the burden on participants low with 5 intervention periods, a choice was made to include the 3 aforementioned products.

Intervention periods were separated by washout periods of at least 10 days in which volunteers consumed their habitual diet and one day before the intervention in which volunteers were asked not to consume meat. It was assumed that a 10 day washout period together with the random order of the periods would be enough to prevent carry over effect.

It is difficult to perform power calculations for untargeted metabolomics studies that aim to identify unknown biomarkers. Studies with a similar aim that identified potential biomarkers were . This creates a great variation of metabolite levels for a given diet and decreases the power to detect differences between diets with only 12 volunteers. Therefore, a higher number of participants in the intervention study or a longer duration of exposure might have allowed the identification of more associations between meat intake and metabolites that are regulated by homeostasis and that are less strongly influenced by the diet.

Use of the EPIC cross-sectional study

The EPIC cross-sectional study is well-suited for the replication of potential biomarkers discovered in the intervention study because of the type of biospecimen and detailed dietary intake data available and because of its adequate sample size (474 urine and 451 serum samples). Available samples were serum samples with known fasting status at blood collection and 24-hour urine samples which were monitored for completeness of collection using p-aminobenzoic acid tablets given to participants [256]. On the same day as the urine samples, 24HDR were collected which have been extensively

validated [109,256,257]. Habitual dietary intake data from FFQs was available which has been standardized between centres by comparison to 24HDR from a subpopulation [192].

The development of food intake biomarkers is mainly motivated by the inaccuracy of questionnaire based food intake assessment for certain food types [100]. Some regularly consumed foods that are usually prepared similarly and are not subject to under or over reporting due to social norms might be well assessed using dietary questionnaires. However, the intake assessment of foods that are consumed rarely and that can be processed or prepared differently is more difficult with dietary questionnaires [258]. To rely on dietary questionnaire data for the replication of biomarkers that are developed to be more accurate than questionnaires is an inherent limitation of the biomarker replication approach. The dietary intake assessment of the EPIC study has been extensively validated [256,259] and the use of such data is widely accepted due to the lack of alternatives [114]. Food intake data was provided from the regional centres and included 254 and 130 different processed meat items in 24HDRs and FFQs, respectively. The 24HDRs contain more detailed information, but their data is less valuable than FFQ for finding biomarkers of habitual processed meat intake. The detail on processed meat products in both types of questionnaires was sufficient to estimate intake of the main processed meat types (e.g. dry-cured sausages, ham).

Using the EPIC cross-sectional study for biomarker replication has a few limitations which include lack of questionnaire detail for some products, low numbers of consumers for particular products and collinearity of different exposures due to country-specific dietary patterns. The zeroinflated food intake distributions can be a problem for standard statistical methods that rely on normal distributions. Data on processing methods such as smoking were not always available and were in those cases assigned by searching for local recipes. This leads to some uncertainty for intake estimates of specific processed meat products. In theory, the origin of samples from different countries could make it possible to assess associations with a wide range of different European Roland Wedekind -PhD Thesis -Discussion and Perspectives 123 products. However, the numbers of consumers for some Southern European products were too low in this population to assess associations of their intake with metabolite levels. A larger sample size would have been needed to assess these associations. Due to the large proportion of German individuals in the study population and the high processed meat intake in this country, some

Northern European products such as smoked meats and fried sausages were frequently consumed.

This provided sufficient consumers to replicate biomarkers for intake of these products. The EPIC cross-sectional study includes samples from countries with distinct dietary patterns which leads to a strong collinearity of food intakes and study centres. Associations of wine intake with pepper metabolites or vegetable intake with syringol metabolites are likely linked to intercorrelated food intakes and may be also explained by centre specific dietary patterns. The sample size per country was not sufficient to perform stratified analyses per country for less commonly consumed processed meat products. It was therefore very important to combine data from the in vitro digestion, the dietary intervention study and the observational study to exclude confounding and to clearly establish the metabolite origin in the meat products.

Earlier studies on discovery/validation of dietary biomarkers have used small number of subjects urine samples, the EPIC cross-sectional study has a similar size as other studies used so far to replicate biomarker and has a sufficient sample size for commonly consumed foods. However, for specific foods such as subtypes of processed meats that are only consumed by a small proportion of the population, a larger sample size would have been needed to assess associations with potential biomarkers.

Use of untargeted metabolomics in biomarker discovery and validation

The untargeted metabolomics platform used for all experiments in this thesis has several strengths such as the measurement of thousands of unknown metabolite features and the applicability for other study types such as epidemiological studies. However, it has also limitations which include the small proportion of metabolites annotatable and the low sensitivity for some metabolites. The strengths and limitations of this method for biomarker discovery will be discussed in the following section.

The untargeted metabolomics approach allowed the detection of thousands of molecular features and the identification of novel biomarkers of processed meat intake such as sulphated syringol metabolites. As seen in the results section, hundreds of metabolic features were increased in urine and plasma in the intervention study after intake of processed meat compared to non-processed pork. However, only a small fraction was identified which is a common limitation of untargeted metabolomics [172]. The identification of metabolic features relies on compound data stored in databases, knowledge on plausible metabolites formed in the body from food compounds, and available chemical standards or mass fragmentation spectra for their annotation [172]. The identity of some of the syringol metabolites was confirmed by comparison to standards synthesized as part of this thesis but the identity of numerous other compounds detected in the intervention study could not be confirmed. In the work published as part of this thesis, all metabolites discussed were annotated with a level of confidence of 1 or 2 according to the levels proposed by Sumner et al [166]. This conservative approach was chosen to limit the possibility to present false positive results.

Detailed evidence to support annotations including mass fragmentation spectra was reported in the supplemental data of the corresponding publications. Spectral data from compounds that could not be annotated with a confidence level of 1 or 2 are also reported in the supplemental and can be used for comparison with findings in future studies. We applied the same metabolomics method in all studies which has the advantage that results can directly be transferred and biomarkers measurable in the cross-sectional study will be detected with In conclusion, the metabolomics platform applied in this thesis has enabled the discovery of several new biomarkers due to its untargeted approach and the biomarkers will be applicable for epidemiological studies run on the same platform. The use of the platform is limited by the large number of metabolites that could not be annotated with confidence and by the low sensitivity for some compounds such as process-induced toxicants.

Statistical considerations

Untargeted metabolomics relies on statistical methods to identify biologically relevant metabolic features. Identification of potential biomarkers for processed meat in the intervention study was performed using univariate tests. One limitation of this approach is that due to the high numbers of metabolic features detected which are in the thousands for blood samples and in the ten thousands for urine samples, the adjustment for multiple testing was rather stringent, even when using less conservative methods such as the Benjamini-Hochberg method. The high collinearity of metabolic features makes this approach even more conservative because the effective number of independent tests is much lower [272]. For this reason, a p-value of 0.1 was considered significant for the detection of acylcarnitines that were affected by meat intake. On the contrary, a stringent p-value adjustment was not considered a major problem in the analysis to identify potential biomarkers of processed meat intake because these biomarkers are supposed to be highly discriminant. Still, some potential discriminants such as potential pepper metabolites were lost in these analyses after adjustment for multiple testing.

Unsupervised multivariate methods such as principal component analysis (PCA) and supervised methods like partial least square-discriminant analysis (PLS-DA) are additional tools to identify compounds or groups of compounds of interest. A PCA gave insight into the general metabolic profile of in vitro meat digests, but it was not able to reveal process-specific metabolites because the influence of other macronutrients was dominating the PCA.

In a PCA of urinary or plasma metabolites in the intervention study, no clear clustering of samples by intervention diet was observed (results not shown in the articles). This shows that even after 5 consecutive intervention meals, the general metabolite profile of the volunteers was still mostly influenced by other factors than the intervention diet (e.g. age, sex, genetics, habitual diet, physical activity, etc.). Short interventions with subtle differences between exposures might not induce changes that can be seen with unsupervised method such as PCA [247] which is why many studies use supervised methods such as PLS-DA to identify discriminants between different diets [119,[244][245][246]. The small sample size of the intervention studies might lead to problems such as overfitting for supervised multivariate methods. In exploratory analyses, some results for PLS-DA were similar to univariate analyses (results not shown in the articles) and the latter approach was chosen for its robustness and interpretability.

Great attention was given to the adjustment of potential confounders of associations between biomarker levels and food intake in the cross-sectional study. Participant characteristics and intake of other foods were included in all models but lack of detail and inaccuracy of the data might be a limitation. We tried to include all possible confounders such as smoked fish for markers of smoked meat intake, but some potential confounders might not be known or the exposure data was not available, leading to inevitable residual confounding.

Research perspectives

Perspectives for biomarkers of processed meat intake

In this section, the research perspectives for the processed meat biomarkers identified as part of this work will be discussed and future studies addressing gaps of knowledge will be proposed.

Few intervention studies have been conducted to identify biomarkers of processed meat [129,224] and so far urinary nitroso-proline was the most promising biomarker candidate. It has however not been tested in observational studies and the high urine volume required for its measurement limits its application in epidemiological studies. The biomarkers identified in this work are the first biomarkers proposed for smoked meats and sausages. For full validation of the biomarkers, further intervention studies would be required to provide additional information on dose-response and time-response of the novel biomarkers. These intervention studies could be conducted with a small number of participants who would be fed the foods of interest (smoked products such as hot dogs and pepper-containing sausages) in different doses in a cross-over design with sufficient wash-out period. Multiple blood and urine samples collected before the meal and several times after the meal (e.g. 1, 3, 6, 12, 24 and 48 hours after the meal) would provide data to validate or not the criteria of dose and time-response of these markers. Data from other observational studies could inform about the marker's reproducibility, especially in different populations that might be characterized by different processed meat consumption patterns. The calculation of intraclass correlation coefficients (ICCs) in observational studies that include sampling on multiple time points would provide valuable information to estimate if a single sample is sufficient to capture an individual's habitual intake.

Additional studies are also needed to identify new processed meat biomarkers, especially for other types of processing methods. The intervention study conducted as part of this thesis has been successful in identifying two groups of biomarkers. A similar study design could be applied to identify biomarker of cooked ready-to-eat products such as liver pate or blood sausage. This way, the identification of biomarkers for this product type as well as biomarkers for the ingredients offal and blood could be achieved. Some biomarkers might be most useful in specific countries or regions where intake of the corresponding food is common (e.g. smoked meat in central Europe or raw ham in some southern European regions). An in vitro study including additional types of products might provide additional evidence for the origin of metabolites from offal and blood containing products.

Data from the in vitro and intervention study in this thesis suggest that it is less likely to identify new biomarkers of for cured meat pieces such as cooked or raw ham using the untargeted metabolomics approach applied in this thesis because they contain lower amounts of process-specific metabolites that discriminate these products from non-processed meat.

In addition, observational studies with sufficient detail in processed meat intake might be used to identify new biomarkers for particular groups of processed meat. These studies would need a large sample size and would best be conducted in populations with a high frequency of processed meat intake in order to have enough statistical power to detect associations after correction for a large number of tests.

Studies using different analytical platforms might identify compound classes that are not covered by the metabolomics approach employed in this work. Oxidized lipids and lipid metabolites have been reported in processed meat products [202,216] and might be detected in biospecimen after processed meat intake after analysis with adequate analytical platforms.

Some studies have presented an improved intake assessment by combining several biomarker [244,273]. A combination of biomarkers of (red) meat intake with biomarkers of processed meat intake could be particularly interesting. For example, the combination of pepper metabolites and meat intake biomarker might increase confidence in pepper as a biomarker for sausage intake for individuals that show high levels of both biomarkers. So far, combined biomarkers have only been used in few studies but they present a promising tool. A goal could be a panel of validated biomarkers or ratios of biomarkers that could also assess adherence to different dietary patterns

[181].

Future developments of biomarkers for food intake

In this section, future challenges and opportunities of dietary biomarker research are discussed which include the lack of promising biomarkers for many foods, the promises of data sharing and data re-use and the potential of specimen other than serum, plasma or urine for biomarker discovery.

Metabolomics methods are becoming more robust and affordable and studies including hundreds to thousands of samples are becoming more common [131,175]. The acquired data enables the identification of food intake biomarkers and their application in epidemiological studies for an unbiased estimate of food intake. One goal for biomarker research could be a collection of biomarkers of intake for a variety of foods, especially for those foods for which intake assessment is not accurate using dietary questionnaires. The criteria for potential markers have recently been described [114] (chapter 1.2.1). The full validation of all of these criteria might not be needed for biomarkers to be used in epidemiological studies. The most important criteria for this application is the sensitivity and specificity [181] and some validation criteria such as data on time-response might be more important for other applications of biomarkers such as testing compliance in intervention studies.

Potential biomarkers for intake of a large variety of foods were recently reviewed as part of the Food Biomarker Alliance (FoodBAll) Project [123,[274][275][276][277][278][279][280][281][282][283][284][285][286]. The authors of these reviews identified a large number of proposed biomarkers, but concluded that the number of promising food biomarker is low. Fourteen foods groups were assessed so far and the potential markers S-allylmercapturic acid (ALMA) for garlic intake, 18-glycyrrhetinic acid (18-GA) for liquorice intake, genistein and daidzein for soy intake, phloretin for apple intake and several markers for tea, coffee and cereal intake were identified [278,[281][282][283]. All markers still require further studies for validation and robustness and reliability were the criteria that were most often lacking for applications in cohort studies. The great difference between a large number of proposed biomarkers and few promising candidates is partially linked to the design used in many studies to identify biomarkers of food intake. Many biomarker candidates were identified in single meal studies in biospecimens collected a few hours after the intake of the test food. Using the powerful tool of metabolomics, a large number of metabolites are detected that show increased levels after one meal. But most of these candidates are not validated because the markers are also found in other foods are therefore not specific [278,282] or because data showing their robustness after intake of complex habitual diet in observational studies is lacking [123,285]. For example, many biomarkers for meat intake such as acylcarnitines, carnosine, creatine, histidine, etc. have been proposed. Carnosine has shown associations with meat intake in several interventions [129] and observational studies [124,129]. For some other compounds the data is not consistent and few of the single biomarkers showed sufficient specificity in observational studies [123]. Potential biomarkers with a long half-life are more likely to perform well in assessing habitual diet in these studies but their discovery requires a different study design with longer exposure and sampling not just a few hours after the meal.

Roland Wedekind -PhD Thesis -Discussion and Perspectives 130 However, potential biomarkers with a short half-life might work in observational studies with repeated sampling or for foods that are consumed frequently [258].

In addition, the large number of metabolites detected in MWAS of observational studies allowed the findings of numerous correlations between metabolite levels and food intake [126,131,175].

Associations of metabolites with intake of foods are usually adjusted for potential confounders such as age, sex and BMI, but rarely for intake of other foods. The intakes of many foods are correlated because they are commonly consumed together which creates a strong collinearity in the dietary data. Metabolites might then be found to be associated with the intake of foods, even if the association is not plausible because the compounds do not originate from the food. For example, in this thesis as well as in 2 cross-sectional studies, piperine was associated with wine intake, even though wine does not contain piperine [175,195]. Subsequent studies with different design are needed to show that the association between food intake and metabolites are not subject to confounding. Food analysis can prove the origin of the compounds in food and provide information about the specificity when compared to other foods. Dietary intervention studies can inform about the causal relationship of food intake and metabolite levels. Markers in red blood cells have shown to be medium term biomarkers for several exposures [291][292][293]. As this type of specimen is available in more studies, development of dietary biomarkers in this matrix is promising. Stable isotope ratios have been shown to perform well as indicators for fish and meat intake and their measurement in red blood cells present a promising method to assess medium-term intake of these foods [294,295]. The identification of biomarkers for habitual intake in biospecimen other than urine, plasma or serum is very promising but was outside the scope of this thesis which aimed at the identification of biomarkers with an untargeted metabolomics approach and which could be measured in existing prospective cohorts.

Application of biomarkers for meat intake in colorectal cancer studies

In this section, a possible future application of meat biomarkers in a colorectal cancer case-control study will be presented.

In several studies, metabolomics methods have been used to assess the relationship between meat related metabolites, metabolism and colorectal cancer risk. Hypothesis driven analyses have used diet-specific metabolites to understand the role of food intake as a CRC risk factor. Cross and colleagues assessed the association between colorectal adenoma risk and urinary 1-methylhistidine and 3-methylhistidine [231]. These metabolites have been shown to be elevated after the consumption of red meat [170]. Even though cases reported higher red meat intake, no association was found which could be explained by the intra-individual variation in biomarker concentrations, by methylhistidine levels being also affected by poultry intake and therefore not a good marker for red meat intake or by the comparably small sample size of the study. Associations of serum TMAO and its precursors carnitine, betaine and choline with colorectal cancer risk were assessed in another study. Out of the 4 metabolites, only choline was associated with CRC risk. Red and processed meats are dietary sources of choline, but also of carnitine which was not associated with CRC risk in that study. Fish intake has been shown to be a more important contributor to TMAO levels that meat intake [129].

A few MWAS have used an agnostic approach and assessed associations of pre-diagnostic circulating metabolites with CRC risk [296-298]. These studies with fairly small sample size (up to 250 casecontrol pairs) have reported some inverse associations of CRC risk with metabolites that included phosphatidylcholines [297] and ultra-long-chain fatty acids [299] as well as positive associations with some aromatic compounds and picolonic acid [297].

Serum samples of a large colorectal cancer case-control study nested within EPIC with 1121 cases and controls will be analysed in the biomarkers group using the same mass spectrometry profiling method as used in this thesis. The rich data created in this analysis can be mined in different ways (figure 8). Applying a hypothesis-driven approach, associations of different meat biomarkers with colorectal cancer risk will be determined. The intake of different meat types will be assessed by measuring carnosine as a marker of total meat intake, piperine and other pepper-derived metabolites as biomarkers for sausage intake, and acetylcarnitine and 3-methylhistidine as markers of red and white meat, respectively. The biomarkers for non-processed meat (carnosine, acylcarnitine and 3-methylhistidine) have not been fully validated yet [123] and therefore their performance to assess total, red and white meat intake will be tested beforehand in the EPIC crosssectional study which has already been used for the replication of the processed meat biomarkers.

To the best of our knowledge, this study would represent the first effort to use biomarkers to assess associations of intake of different meat types with CRC risk a prospective cohort study. In a second analysis, the untargeted data can be mined in an agnostic approach to find metabolites associated with CRC risk. This data set would be the largest of a colorectal cancer case-control study nested in a prospective cohort and the sample size might allow for the identification of novel metabolite-disease risk associations. The metabolites found to be associated with processed meat intake in the intervention study might be of help in annotating some metabolites associated with CRC risk.

Future role of biomarkers in nutritional epidemiology

After discussing specific challenges and applications of biomarkers, a more global view of a possible future role of nutritional biomarkers will be developed in this section.

Nutritional epidemiology delivers evidence for nutritional guidelines [300]. In the past, the quality of evidence provided by observational studies has been questioned and recommendations on dietary intake such as the reduction of red meat intake have been challenged [9,[START_REF] Trepanowski | Perspective: Limiting Dependence on Nonrandomized Studies and Improving Randomized Trials in Human Nutrition Research: Why and How[END_REF]. Most knowledge on the impact of diet on disease risk that inform dietary guidelines is produced by prospective cohort studies [16]. Critics of these studies refer to the main limitations as the impossibility of proving causal relations, the problem of confounding due to correlated, partly unknown exposures and the inaccurate or lacking measurement of relevant exposures and some propose randomized control trials (RCTs) as a solution to these challenges [START_REF] Trepanowski | Perspective: Limiting Dependence on Nonrandomized Studies and Improving Randomized Trials in Human Nutrition Research: Why and How[END_REF]. 

Impact of meat intake on human metabolism

The findings of part III of this thesis present a first step in the understanding of meat intake on human metabolism. Using for the first time a combined approach of intervention and observational study and analysing a large variety of acylcarnitine species in blood and urine, it provided solid data on associations between acylcarnitines and meat intake. The study has several limitations that should be addressed in future research.

The duration and sample size of the dietary intervention conducted for this thesis was chosen with the aim to identify biomarkers of intake. A future intervention study focussing on determining the impact of meat intake on acylcarnitine levels should include more subjects to increase statistical power. The ACs that showed a trend of increased levels (C0, C2:0, C3:0, C16:0 and C18:1) might show significant increases in a study with a longer duration of exposure and with a larger sample size. This study should include pork, beef, chicken and tofu with similar contents of fat in the diet.

This design would enable to find out if it is the carnitine, the fat content or a general metabolic effect of meat that leads to increased AC levels. Including chicken in the study could confirm the findings of this thesis that showed no association of poultry intake with AC levels in the crosssectional study. Acylcarnitine levels are known to be influenced by fasting status at blood collection and sampling at different time points (fasting, postprandial) might give valuable insights of the dynamics of AC levels in relation to meat intake.

Acylcarnitines have been shown to be associated with diet but in very few studies the effect of different dietary exposures on acylcarnitine levels has been assessed and then put into perspective with other factors such as fasting status at blood collection, age, BMI and sex. This analysis in an observational study would provide insights into the relative importance of these different covariates.

Future studies should also analyse other metabolic pathways such as amino acids which are known or suspected to be influenced by meat intake [140]. An exploratory analysis of amino acid levels in the intervention study showed a large inter-person variability, which suggests that the choice of intervention meals or the duration of the intervention were not sufficient to induce clear changes in amino acid levels.

Conclusions

In this work, we show that processing methods such as smoking or addition of spices induce specific molecular profiles in processed meat products. Syringol metabolites as urinary and blood biomarker for smoked meat intake were identified in a dietary intervention and replicated in urine samples of the EPIC cross-sectional study (n = 474). Pepper derived piperamides and their human metabolites in blood and urine were identified as biomarkers of sausage intake in the intervention study and replicated in the EPIC cross-sectional study. 16 : Metabolite features of pepper-derived metabolites elevated in plasma samples after intake of salami when compared to intake of non-processed fried pork in the dietary intervention study. p-value of a paired Student's t-test comparing metabolite levels in plasma samples after intake of salami and after intake of fried non-processed pork (adjusted for multiple testing using the Benjamini-Hochberg method and a false discovery rate of 0.05) SUPPLEMENTAL TABLE 18: Pepper derived metabolites that were elevated in urine samples after intake of salami compared to intake of non-processed pork in the dietary intervention study where several adduct ions of the same metabolite were detected, the one with the highest intensity was plotted. p-value of a paired Student's t-test comparing metabolite levels in urine samples after intake of salami and after intake of fried non-processed pork (adjusted for multiple testing using the Benjamini-Hochberg method and a false discovery rate of 0.05)

Annotations are based on comparison of MS/MS fragmentation spectra with those of metabolites reported in the literature (Shang et al, 2017 [194]). The metabolite numbering of the corresponding reference is indicated. For isomers, all possible matches are listed. The isomeric form of the AC is not known. In cases where several isomers were extracted from the data (see supplemental table 2), statistical analysis was performed for all isomers individually. ** Level 1 identification corresponds to confirmed structure based on retention time and MS/MS matches with those of an authentic chemical standard. For level 3, no standard was available or analysed and annotation was based on physicochemical properties, isotope pattern, and MS/MS fragmentation (Sumner et al, 2007). ***p-value of a paired student's t-test comparing the intensity of acylcarnitines in urine samples after pork intake to urine samples after tofu intake (adjusted by Benjamini-Hochberg method using a false discovery rate of 0.05) ****p-value for the covariate "meat intake" in a linear model with urinary AC levels as dependent variable and participants characteristics and intake of major food groups as covariates in the EPIC cross-sectional study Roland Wedekind -PhD Thesis -Annex 255 SUPPLEMENTAL TABLE 4 : Results of a paired Student's t-test comparing acylcarnitine levels in urine after pork and tofu intake. Results are shown for 12-hr samples collected at the end of each intervention period (after 5 intervention meals on day 3) and for spot urine samples collected 2h and 12h after the first meal of each intervention study. Details on the features that remained significant after FDR adjustment (q < 0.1) are shown in supplemental table 3.
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Figure 1 :

 1 Figure 1 : Groups of processed meat products with typical examples. Common processing methods are shown by different colours. Adapted from Heinz and Hautzinger [1].

Figure 3 :

 3 Figure 3 : Examples of compounds that have been proposed to explain the link of meat intake and colorectal cancer. (A) Benzo[a]pyrene, a polycyclic aromatic hydrocarbon (PAH); (B) Nnitrosodimethylamine (NDMA), an example of N-nitroso compounds (NOC); (C) 2-Amino-1-methyl-6phenylimidazo[4,5-b]pyridine (PhIP), a heterocyclic aromatic amine (HCA); (D) 4-hydroxy nonenal (4-HNE), a lipid-oxidation product.
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 43 Metabolomics and food biomarkers 1.4.3.1 Methods used in metabolomicsThe metabolome is the totality of all low-weight compounds present in a given biological sample.Metabolomics is defined as the holistic study of changes of the metabolome upon a particular stimulus [161]. It has become an important part of systems biology. The metabolome is closer to the phenotype of a particular biological system than its more established counterparts transcriptomics or genomics [162]. The term metabolome was coined in the late 1990's [163] and databases of metabolites were established in the 2000's [114,164]. Metabolomics was rapidly embraced especially by plant biologist and is now applied to many fields such as the study of microbes, plants and mammalian and environmental systems [161,163]. The applications of metabolomics for mammalian systems include the identification of disease biomarkers, the study of molecular disease mechanisms, drug toxicity and effects and the study of the effect of environment (e.g. diet) and genotype on the metabolome [161].

Figure 5 :

 5 Figure 5 : Workflow of different steps of untargeted metabolomics analysis. In the black boxes, common components of each step are detailed.

  Filet mignon (beef), lean cut of entrecote. d Entrecote, flank steak. e All processed meats are salted and cured f

Figure 2 .

 2 Figure 2.Heat map showing intensities of metabolite features with significantly higher levels in processed meat digests compared to non-processed meat digests. A Welch's t-test revealed 178 metabolite features with intensities significantly (FDR-adjusted p-value < 0.05) and increased at least twofold in processed meat products (n = 63) compared to non-processed red meat (n = 36). Intensities were log transformed. Meat products are displayed in columns and colored by the product type. Metabolite features (rows) are colored by the FDR-adjusted p-value of the t-test. Names of identified metabolites are indicated. Details on these compounds with clusters they belong to are given in Table2and Supplementary Materials TableS2.

Figure 3 .

 3 Figure 3. Intensities of pepper metabolites identified in in vitro digests of meat products. All compounds are significantly elevated (FDR-adjusted p-value < 0.05) in processed meat products (n = 63) compared to non-processed red meat products (n = 36).

Figure 4 .

 4 Figure 4. Intensities of biogenic amines in in vitro digests of meat products. Shown are four biogenic amines which showed significantly higher levels (FDR-corrected p-value < 0.05) in fermented sausages (n = 12) compared to non-processed pork (n = 18).

  Author Contributions: Conceptualization, R.W. and A.S.; resources, E.E.; laboratory methodology, F.M., N.R. and P.K.-R.; formal analysis, R.W.; writing-original draft preparation, R.W.; writing-review and editing, A.S. and I.H.; visualization, R.W. All authors have read and agreed to the published version of the manuscript.Funding: R.W. was partly funded by La Ligue Nationale contre le Cancer, Paris.

  Roland Wedekind -PhD Thesis -Methods and Results55fasting plasma samples were provided by the volunteers. They were directly processed in the IARC laboratories upon reception and stored at -80 °C until the analysis. A washout period of at least 10 days in which the volunteers consumed their habitual diet separated the different intervention periods. The diet one day prior to the intervention and adherence to the intervention diet were monitored by food diaries filled in by the volunteers. All volunteers signed a consent form prior to the dietary intervention. The study was carried out according to the principles expressed in the Declaration of Helsinki. The trial was registered as trail NCT03354130 under ClinicalTrails.gov.

Figure 7 :

 7 Figure 7 : Schematic presentation of one of the 5 intervention periods that every participant of the dietary intervention study completed

  Metabolic features were annotated by searching for compounds with matching mass in databases such as HMDB orMETLIN [167,168]. Sulfate esters of syringol and syringol derivatives were synthesized from the commercial syringol standards to confirm the annotation of human metabolites of syringol and syringol derivatives elevated in urine and blood after intake of smoked meat. Identity of these metabolites was assessed by matching exact mass, retention time and MS/MS fragmentation spectra. The identity of piperamides was confirmed by comparing their retention time and spectral data in urine/blood and in pepper extracts. The human metabolites of piperine were confirmed by comparison with MS/MS fragmentation spectra in the literature[167,194].

FIGURE 1

 1 FIGURE 1 Relative intensities of syringol and syringol derivatives in in vitro digests of 33 meat products and tofu.

FIGURE 2

 2 FIGURE 2Relative intensities of syringol sulfates in cumulative 12-h urine samples from the dietary intervention study. The figure shows relative intensity for every urine sample and the mean and 95% CI for each diet (n = 12 per diet). The adjusted P value (p.adj.) for a paired Student's t test comparing the relative intensities of urine samples after smoked meat intake (hot dog and bacon) and pork intake is indicated for each compound (correction for 12,624 tests using the Benjamini-Hochberg method with the false discovery rate set to 0.05). Differences between bacon and pork did not reach significance after correction for multiple testing. Unadjusted P values were 0.093, 0.015, 0.055, and 0.031 for syringol sulfate, 4-methylsyringol sulfate, 4-ethylsyringol sulfate, and 4allylsyringol sulfate, respectively.

FIGURE 3

 3 FIGURE 3Relative intensity of selected syringol sulfates in 24-h urine samples in 474 subjects from the European Prospective Investigation into Cancer and Nutrition cross-sectional study, stratified according to their short-term self-reported smoked meat intake (high-consumers, n = 40; low-consumers, n = 40; nonconsumers, n = 394). Means and 95% CIs are shown for each smoked meat consumer category. For all compounds, differences between the nonconsumer and low-consumer groups as well as between the low-consumer and high-consumer groups were statistically significant (P < 0.05) after correction for multiple testing using the Benjamini-Hochberg method with the false discovery rate set to 0.05.

FIGURE 4

 4 FIGURE 4 Receiver operating characteristic analysis in 474 subjects from the European Prospective Investigation into Cancer and Nutrition crosssectional study for concentrations of urinary sulfated syringol and syringol derivatives as predictors of smoked meat consumption. (A) Prediction of short-term consumers based on 24-h dietary recall data. (B) Prediction of habitual consumers based on FFQ data. AUCs are shown for all 4 metabolites.Prediction was done using a logistic regression model with biomarker concentrations as covariates. The AUC for prediction of short-term smoked meat intake was significantly higher for 4-methylsyringol sulfate than for syringol sulfate and 4-allylsyringol sulfate. No other differences in AUC were found to be statistically significant.

Figure 1 :

 1 Figure 1: Pepper alkaloid metabolites detected in blood and urine. Their identification are based on data from Shang et al, 2017[30]. The two dotted lines of M01/M02 are to illustrate that one of the two ether bonds in the methylenedioxyphenyl group has been hydrolysed and the position of the methoxyl group is unknown.

Figure 2 :

 2 Figure2: Scaled relative intensities of pepper alkaloid metabolites in plasma (A) and urine (B) samples of the 12 volunteers of the dietary intervention study. Volunteers consumed 5 diets for 3 days each in a randomized order and provided fasting plasma and urine samples after each intervention period. Shown are all pepper alkaloid metabolites that are elevated after intake of salami compared to samples collected after intake of pork (Student's paired t-test, adjusted p-values on the bar on the right).

Figure 3 :

 3 Figure 3: Heat map presenting all mutually adjusted significant associations (p < 0.05) of pepper alkaloid metabolites in serum samples of the cross-sectional study (n = 397) with habitual intake of foods (colour indicates direction of association). P-values were not adjusted for multiple testing. A p-value < 0.005 corresponds to a significant p-value after Bonferroni-correction, considering the number of effective tests (n = 8).

  house database which included retention times of the ACs of interest. The nomenclature of ACs was based on a similar, but more extensive approach to identify ACs published recently[201]. ACs are described as Cx:y, Cx:y-OH and Cx:y-DC where x is the number of carbon atoms of the acyl-moiety, y is the number of double-bonds of the acyl-moiety, the suffix -OH indicates hydroxyl groups in the acyl moiety and DC indicates dicarboxylic acids. All ACs reported as significantly changed by meat intake in this work have been confirmed by their characteristic MS/MS fragments (m/z = 60.0808 and 85.0284) and/or neutral losses (m/z = 59.0735). For several ACs, isomers were detected and due to the lack of chemical standards, the exact position of double bonds or hydroxyl groups could not be determined.

  .W., I.H and A.S.; mass spectrometry: R.W., N.R. and P.K.-R.; creation of inhouse AC database: A.K.; data analysis and visualization: R.W.; statistical guidance: V.V; writingoriginal draft preparation: R.W.; writing-review and editing: A.S., M.J.G., I.H. and EPIC collaborators.

FIGURE 1

 1 FIGURE 1Design of the randomized crossover dietary intervention study. Only 1 intervention period is shown but each participant completed 5 intervention periods that were identical except for the intervention food consumed (tofu, fried pork, bacon, salami, and hot dogs). This present study includes only samples from the tofu diet and the pork diet.
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  intervention and an observational study. The FoodBAll consortium recently proposed plausibility, dose-response, time-response, robustness, reliability, stability, analytical performance and reproducibility as criteria for validated food biomarkers [114]. Plausibility has been shown by analysis of meat digests and a dose-response has been shown in the cross-sectional study with different levels for different consumer categories. The robustness was shown in the cross-sectional study with participants following their habitual diet where the markers showed reliable discrimination of consumer categories based on questionnaires. The EPIC urine samples have been stored for more than 20 years and still showed high signal intensities. Stability for syringol metabolites might be lower in blood samples where signals were too low for identification. An additional intervention study with different doses could increase confidence in the dose-response of the markers. Observational studies with sample collection at different time points are needed to address the reproducibility, and an intervention study with multiple sampling would provide timeresponse data. Most importantly, the validity of the biomarkers would need to be assessed in other populations.

  Acylcarnitines are esters of fatty acids and carnitine which are needed to transport fatty acids through the membrane of the mitochondria. The role of fatty acid entry into the mitochondria is well understood as fatty acids are metabolized in the mitochondria via the beta-oxidation pathway for ATP production[200]. The export of acylcarnitines out of the mitochondria into the circulation is less well understood and it has been proposed that the export of acylcarnitines represents a mechanism of detoxification when fatty acids accumulate in the mitochondria due to incomplete fatty acid oxidation[200]. These circulating acylcarnitines have been proposed as a marker of metabolic health and have been shown to be elevated in obese individuals or type II diabetes patients[150,234]. In addition, circulating acylcarnitines have been associated with risk of prostate and breast cancer in case control studies nested in prospective cohorts[148,151].

conducted with 8 -

 8 24 volunteers [119,125,129,244-249]. Taking into account potential drop-outs, we aimed to recruit 12 volunteers. The cross-over design increased power of the analysis and a very close follow-up of the volunteers during the study was performed to prevent drop-outs. The study population was large enough for the detection of specific xenobiotics that show distinct differences between diets such as the syringol metabolites. Endogenous metabolites are influenced by a number of factors such as sex, age, diet, environmental exposures and genetics and some have been shown to be stable over time for individuals[252,253]. For compounds that are regulated by homeostasis such as acylcarnitines or amino acids, inter-person variability might be greater or equal to intraperson variability induced by a dietary intervention[247,254]. The influence of an intervention diet on these metabolites might also be masked by different responses of subjects[255]

(e.g. 10 -

 10 40 high and low consumers of the food of interest) to show the robustness of the biomarker in observational studies [129,260-262]. Today, analytical instruments and computing tools for data processing allow cheaper and faster analysis of larger sample sets and studies for biomarker validation commonly include 300 to thousands of samples [118,119,124]. With 451 serum and 474

  New tools have been developed to aid the annotation of untargeted data. For example, data dependent acquisition of fragmentation spectra measures MS/MS fragmentation spectra for all samples in alternation with full scan mode. Tools like Global Natural Products Social Molecular Networking (GNPS) enable to compare spectra of unknown signals with those of known compound data stored in databases[263]. This approach should help increase the fraction of annotated compounds in a more automatable fashion. Such methods were not yet established in our laboratory and their implementation was outside of the scope of this thesis.The untargeted method applied in all experiments presented in this thesis was optimized to be able to detect thousands of metabolite features over different classes of molecules with minimal sample preparation, from minimal sample volume. The high robustness and reproducibility of the methods also allows running analyses of large sample sets of epidemiological studies. The method allowed the analysis of a large number of samples in this study as well as the identification of different groups of molecules not known a priori. A limitation of the employed method is a lower sensitivity compared to targeted methods that can be optimized to analyse specific compounds or chemical classes with a high sensitivity. Many process-induced toxicants could not be detected in the present work because of their too low concentrations. For example, PAHs and NOC are present at approx. 1 ng/ml in blood[264,265] and HCA are present in urine in the range of 1-100 pg/ml[266,267].Roland Wedekind -PhD Thesis -Discussion and Perspectives 125The use of an untargeted method has the additional limitation that all intensity values are only semiquantitative. The large number of metabolite measured and their a priori unknown identity makes any calibration for quantitative measurement impossible. A lack of calibration requires very stable instruments over long runs and makes pooling of data from different studies more difficult.The advantages of very low sample volume required and the great variety of metabolites that can be measured in the same run makes untargeted metabolomics a very promising tool in molecular epidemiology, particularly for biomarker discovery and exploratory studies on mechanisms[226]. It allows the measurement of different biomarkers in one analytical run instead of several runs with dedicated methods. In addition, the rich untargeted data can be mined later for newly identified compounds to answer new research questions.

  high confidence in similar population based studies run in our laboratory. However, comparison with data obtained on other metabolomics platforms remains difficult. Even after 20 years of metabolomics research, there is still a lack in method standardization and different profiling techniques are used in different laboratories, making the comparison of results difficult [268]. The Consortium of Metabolomics Studies is an attempt to harmonize and pool metabolomics data from different prospective cohort studies and the main methods used are the LC-MS-based platforms of Metabolon Inc, Biocrates Life Sciences AG and the Broad Institute as well as the NMR-based platform of Nightingale Health [269]. In a ring trial, the same samples analysed with the Biocrates p400HR kit in 14 different laboratories showed comparable results and good accuracy for most compound classes [270]. The authors conclude that with the same analytical platform, adequate training of personnel, a rigorous system suitability test and quality control, consistent metabolomics data can be acquired across different laboratories. The results obtained with the Biocrates kits are semi-quantitative or quantitative due to the inclusion of chemical standards. Untargeted metabolomics lacks this standardization in different levels: different laboratories use different analytical platforms, quality control procedures and data processing pipelines. In order to move towards data synthesis and integration, a need for standardized reporting has been pointed out as crucial [172,271]. Also, standardized processes to evaluate system suitability, sharing of data and code and increased access to meta-data are considered important for future meta-analyses of metabolomics data. Chemical standards are still crucial in order to compare results from different platforms. Roland Wedekind -PhD Thesis -Discussion and Perspectives 126

  Further cross-sectional studies that adjust for potential confounders such as intake of other foods might show the robustness and reproducibility of the associations.Sharing and re-use of metabolomics raw data or pre-processed data in accessible repositories could help the development of biomarker discovery and validation[271]. There are now different platforms such as metabolomics workbench[287] or MetaboLights[288] where metabolomics data and the corresponding meta-data can be made available to the scientific community. GNPS allows the sharing of MS/MS data that might help annotation in future studies[263]. So far, many untargeted metabolomics studies have been agnostic and data driven. With accumulating evidence on potential biomarkers, existing metabolomics datasets could be used for hypothesis testing rather than hypothesis generation. Testing only few candidate biomarkers and not all detected metabolites for an association with food intake increases power and reduces the problem of correction for multiple testing. Newly discovered potential biomarkers might be tested for replication in a data set of another study that might, due to the study design, have other limitations and sources of confounding and thereby help to reject or confirm certain hypotheses. The metabolite annotation is still a bottleneck in untargeted metabolomics and many features remain unidentified even if they perform well as biomarker. With access to the raw data of prior studies, potential biomarkers discovered in a new study could be searched for in existing datasets where they might have been detected but not identified and therefore not published. It is advantageous for this kind of replication experiments that the majority of laboratories implicated in biomarker research today used high-resolution mass spectrometry and some kind of LC-MS based method. However, improvement in standardized reporting and data harmonisation are key to a more efficient use of acquired data[271].Most prospective cohort studies collect only one urine or blood sample at baseline. Food biomarker with a long half-life or a high ICC would be needed to accurately assess habitual diet from one or two biospecimen[258]. Many proposed biomarkers discovered by metabolomics in urine, serum or plasma have a relatively short half-life and are rather suited for frequently consumed foods. Dietary biomarker in other matrices might show a much better performance to assess long-term dietary intake. Hair and toenails have been used to monitor more long-term environmental or dietary exposure[289,290]. A limitation is the small number of cohorts that collect this type of specimen.

Figure 8 :

 8 Figure 8 : Untargeted metabolomics data of a colorectal cancer (CRC) case-control study nested within the European Investigation into Cancer and Nutrition (EPIC) can be analysed using both a hypothesis-driven and an agnostic approach.
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*SUPPLEMENTAL FIGURE 3 :

 3 in 12h urine samples **Level 3 annotation corresponds to proposed structure based MS/MS fragmentation. For level 4, metabolic feature were annotated based on exact mass. The increasing RT with increasing lipophilicity and size of the molecule, the very high correlation of the compound to their confirmed corresponding sulfate ester and the specificity for smoked meat products all give high confidence in these annotation even though the identity could not be confirmed using authentic standards. ***adjusted p-value (Student t-test) comparing the mean intensity in 12h urine samples after hot dog vs. pork diet, FDR corrected for 12,624 tests SUPPLEMENTAL FIGURE 1: Design of the dietary intervention study. A: Design of each intervention period. Each volunteer completed 5 intervention periods in a randomized order. Only one of the 5 is shown. Two urine spot samples, one 12h urine sample and one blood sample were collected for each intervention period from volunteers who consumed for 3 days 5 test meals containing one of the 3 processed meats or tofu or fried pork as control foods. B: Flow chart describing the recruitment, conduction and analysis of the dietary intervention study. SUPPLEMENTAL FIGURE 2 : Flow chart describing the selection of EPIC subjects. Subjects were selected on the basis of complete collection of 24h urine samples collected on the same day as a 24h dietary recall Metabolic features significantly elevated in processed meat. A: Correlation heatmap of intensities of molecular features that are significantly elevated in in vitro digests of processed meat when compared to non-processed meat. The two clusters considered in Supplemental Figure 3B are highlighted in red. B: Heatmap of relative intensities of the 41 molecular features highlighted in red in Supplemental Figure 3A in the 36 food products. The meat digests (columns) are ordered by hierarchical clustering. Samples in black are from smoked meats (two clusters on the left and right side of the heatmap), samples in grey are from non-smoked meat products (cluster in the middle of the heat map). Molecular features (rows) form two major clusters. Syringol and syringol derivatives (Supplemental

3 Confidence

 3 are shown in figure1are marked with an *. In cases where several adduct ions of the same metabolite were detected, the one with the highest intensity was plotted in figure 2A. 2 Compounds were annotated based on chemical standards or literature data. Roland Wedekind -PhD Thesis -Annex 222 level of annotation: level 1, comparison of retention time, accurate mass and fragmentation pattern with those of a chemical standard; level 2, comparison of fragmentation pattern with those of publically available spectra (see last column of this table).
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  are shown in figure3are marked with an *. Only metabolites with an annotation confidence level of 1 or 2 were plotted. In cases
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SUPPLEMENTAL FIGURE 19 :SUPPLEMENTAL FIGURE 21 :SUPPLEMENTAL FIGURE 22 :SUPPLEMENTAL FIGURE 23 : 24 : 25 :SUPPLEMENTAL FIGURE 27 :SUPPLEMENTAL FIGURE 29 :SUPPLEMENTAL FIGURE 30 : 31 :SUPPLEMENTAL FIGURE 32 :

 1921222324252729303132 Flowchart showing the selection of subjects for this study. Subjects were selected from the EPIC calibration study based on a complete 24h urine sample collected on the same day as the 24h dietary recall SUPPLEMENTAL FIGURE 20 : Annotation evidence for metabolite M01 (RT = 4.77) and metabolite M02 (RT = 4.88), annotation by comparison to Shang et al [1] (M123). Annotation evidence for Metabolite M03 in plasma, compared to M84 or M86 or M92, Shang et al [194] Annotation evidence for Metabolite M03 in urine, annotation by comparison to Shang et al [1] (M84 OR M86 OR M92) Annotation evidence for Metabolite M04 (Piperyline) , compared to pepper extract Background Fragment Fragment The spectra of the plasma contain some noise (above) due to the low intensity of the Metabolite 4. The characteristic fragment (m/z = 201, in blue above) is however present. Annotation evidence for Metabolite M05 (Piperine), annotation by comparison to chemical standard Annotation evidence for Metabolite M06, annotation by comparison to Shang et al [1] (M118 or M120) SUPPLEMENTAL FIGURE 26: Annotation evidence for Metabolite M07, annotation by comparison to pepper extract Annotation evidence for Metabolite M08, annotation by comparison to Shang et al [1] (M9, M24, M31, M36, M48) SUPPLEMENTAL FIGURE 28 : Annotation evidence for Metabolite M09, annotation by comparison to Shang et al [1] (M6 OR M7) Annotation evidence for Metabolite M10, annotation by comparison to Shang et al [1] (M74 ORM69). Annotation evidence for Metabolite M11, annotation by comparison to Shang et al [1] (M71, M77, M81, M98). No literature spectrum is available for negative ionisation mode so the MS/MS spectrum for positive mode was compared. Annotation evidence for Metabolite M12, annotation by comparison to Shang et al [1] (M75, M85, M107, M115). No literature spectrum is available for negative ionisation mode so the MS/MS spectrum for positive mode was matched. Annotation evidence for Metabolite M13, annotation by comparison to Shang et al [1] (M123).

2 Model 2 : 20 :

 2220 Model 1 further adjusted for country of study, smoking status, intake of potatoes, vegetables, legumes, fruits, pasta/rice, eggs, sugar/confectionary, non-alcoholic beverages, alcoholic beverages. SUPPLEMENTAL FIGURE 18 : Annotation evidence for C12:Annotation evidence for C18 SUPPLEMENTAL FIGURE 21 : Correlation heatmap of relative intensities of acylcarnitines (ACs) in urine samples of the cross-sectional study. Displayed are all 10 ACs which are significantly associated to red and processed meat intake in urine samples of the EPIC cross-sectional study (n = 474). Pearson correlations of relative intensities of these compounds over all samples were calculated and are indicated by different color tones.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 :

 1 Nutrient composition of different processed and non-processed meat products ..................

Table 2 :

 2 Associations of different adverse health outcomes with intake of various types of meat in meta-analyses .

Table 1 :

 1 Nutrient composition of different processed and non-processed meat products

	Product	Product type	Energy density (kJ/100g) a	Protein (g/100g)	Fat (g/100g)	Thiamine (Vit B1) a (mg/100g)	Niacin (Vit B3) (mg/100g) a	Carnitine (mg/100g)	Heme (μg/g)
	Lean pork	Non-processed	110	21.9	a	2.4		a	0.93	9.7	21	b	2	e
	Fatty pork	Non-processed	172	20.3		a	1 0	a		0.83	8.4	21	b	3	e
	Lean beef	Non-processed	124	21.5		a	4 . 2		a	0.10	8.6	79	b	21	e
	Fatty beef	Non-processed	150	22.6		a	6 . 6		a	0.09	8.9	84	b	17	e
	Chicken (filet)	Non-processed	102	23.5		a	0 . 7		a	0.07	14.8	10	b	1.2	e
	Chicken (leg/wing)	Non-processed	173	18.2		a	1 1 . 2	a	0.12	8.9	10	b	2	e
	Cooked ham	Cured meat pieces	113	19.8	f	3 . 0	f		0.33	4.8	34	b	4	d
	Raw ham	Cured meat pieces	153	28.8	f	13.0	f	0.88	8.7	53	b	ND
	Bacon	Cured meat pieces	323	16.8 f	23.4 f	0 . 6 6	5 . 3	2 3 c	5 d
	Fried sausage	Fresh product processed	315	15.5 f	16.2 f	0.63	5.3	7 b	7 d
	Salami,	Raw dry											
	Dry cured	fermented	370	24.5	f	32.8	f	0.51	7.0	ND	ND
	sausage	sausage											
	Hot dogs, frankfurter sausage	Raw cooked product	282	12.5 f	25.3 f	0.55	4.8	ND	4.9 d

Table 2 :

 2 Associations of different adverse health outcomes with intake of various types of meat in meta-analyses

	Health outcome	Meat type	Risk increase	Comparison	Reference
	All-cause	Processed meat	+22 %	Highest vs lowest intake	[42]
	mortality	Processed meat	+ 20 % (HR) 1	Increase of 1 serving (45 g)	[6]
		Red meat	+ 13 % (HR) 1	Increase of 1 serving (85 g)	[6]
		Processed meat	+18 %	Highest vs lowest intake	[42]
	CVD death	Red meat	+16 %	Highest vs lowest intake	[42]
		Total meat	No association	Highest vs lowest intake	[42]
		White meat	No association	Highest vs lowest intake	[42]
	Stroke	Processed meat	+ 14 %	Highest vs lowest intake	[43]
		Red meat	+ 9 %	Highest vs lowest intake	[43]
		Red meat	+ 13 %	Increase of 100g/day	[44]
	Type II Diabetes	Processed meat White meat	+ 32 % No association	Increase of 50 g/day Increase of 100g/day	[44] [44]
		Red meat	+ 19 %	Increase 100g/day	[7]
		Processed meat	+ 51 %	Increase of 50 g/day	[7]

Table 3 :

 3 Dietary and lifestyle factors associated with colorectal cancer (CRC) risk with strong evidence. Compiled for the World Cancer Research Fund/American Institute for Cancer Research Third Expert Report Diet, Nutrition, Physical Activity and Cancer: a Global Perspective [54]. Table adapted from World Cancer Research Fund [55].

		Decreases CRC risk	Increases CRC risk
			Processed meat
	Convincing	Physical activity	Alcoholic drinks Body fatness
			Adult attained height
		Wholegrains	
	Probable	Foods containing dietary fibre Dairy products	Red meat
		Calcium supplements	
	1.3.3 Experimental evidence and proposed mechanisms

Table 4 :

 4 Associations of colorectal cancer and colorectal adenoma with meat preparation methods or meat related mutagens

	Exposure	Category	Risk ratio (lowest vs. highest exposure quartile)	p trend for risk-ratio	Number of cases included	Study
	Meat doneness	Red meat cooked rare/medium	1.12 (0.99-1.28)	0.06	3,696 colorectal adenoma cases 1	[70]
		Red meat cooked well-done	1.21 (1.06-1.37)	0.01	3,696 colorectal adenoma cases 1	[70]
		Strongly or extremely browned	1.36 (1.05, 1.76)	0.04	516 colorectal adenoma cases 2	[82]
		Grilled meat	1.20 (0.97 -1.49)	0.11	1008 distal colon adenoma cases 1	[79]
		Pan fried	1.03 (0.83 -1.28)	0.80	1008 distal colon adenoma cases 1	[79]
		Well/very well done	1.20 (0.95 -1.49)	0.67	1008 distal colon adenoma cases 1	[79]
	Processed meat	Bacon/Sausage	1.14 (1.00-1.30)	0.03	3,696 colorectal adenoma cases 1	[70]
		B a c o n	1.1 (1.0-1.3)	0.048	2,543 colorectal polyps 1	[71]
		H o t d o g s	1.2 (1.0-1.4)	0.05	2,543 colorectal polyps 1	[71]
		Sausage	1.3 (1.1-1.5)	0.006	2,543 colorectal polyps 1	[71]
	PAH	Benzo[a]pyrene	1.15 (1.02-1.29)	0.16	3,696 colorectal adenoma cases 1	[70]
		Benzo[a]pyrene	0.96 (0.85-1.08)	0.29	2,719 CRC cases 2	[72]
		Benzo[a]pyrene	1.2 (1.0-1.4)	0.026	2,543 colorectal polyps 1	[71]
	Iron/Heme	Dietary iron	0.75 (0.65-0.87)	<0.001	2,719 CRC cases 2	[72]
		Heme iron	1.13 (0.99-1.29)	0.022	2,719 CRC cases 2	[72]
		Heme iron from meat	1.23 (0.99 -1.52)	0.03	1008 distal colon adenoma cases 1	[79]
		Iron from meat	1.08 (0.88 -1.33)	0.26	1008 distal colon adenoma cases 1	[79]
	Nitrate	Nitrate from processed meat	1.16 (1.02-1.32)	0.001	2,719 CRC cases 2	[72]
		Nitrate plus nitrite	1.22 (0.94 -1.53)	0.14	1008 distal colon adenoma cases 1	[79]

1 case-control study,

2 

prospective cohort study

Table 5 :

 5 Associations of HCA exposure with colorectal cancer risk or colorectal adenoma risk

	Mutagen	Risk ratio exposure quartile) (lowest vs. highest	risk-ratio p trend for	# cases and outcome	Reference
	PhIP	1.11 (0.98-1.25)	0.3	3,696 colorectal adenoma cases 1	[70]
	PhiP	0.99 (0.87-1.12)	0.5	2,719 CRC cases 2	[72]
	PhiP	1.47 (1.13, 1.93)	0.002	516 colorectal adenoma cases 2	[82]
	PhiP	1.11 (0.85-1.46)	0.25	581 distal colon adenoma cases 2	[80]
	PhiP	1.3 (1.1-1.5)	<0.001	2,543 colorectal polyps 1	[71]
	MeIQx	1.08 (0.95-1.23)	0.12	3,696 colorectal adenoma cases 1	[70]
	MeIQx	1.19 (1.05-1.34)	<0.001	2,719 CRC cases 2	[72]
	MeIQx	1.27 (0.97, 1.68)	0.1	516 colorectal adenoma cases 2	[82]
	MeIQx	1.28 (0.95-1.71)	0.22	581 distal colon adenoma cases 2	[80]
	MeIQx	1.4 (1.2-1.6)	<0.001	2,543 colorectal polyps 1	[71]
	DiMeIQx	1.05 (0.94-1.18)	0.24	3,696 colorectal adenoma cases 1	[70]
	DiMeIQx	1.18 (0.92, 1.53)	0.25	2,719 CRC cases 2	[82]
	DiMeIQx	1.08 (0.86-1.37)	0.22	516 colorectal adenoma cases 2	[80]
	DiMeIQx	1.3 (1.1-1.5)	<0.001	581 distal colon adenoma cases 2	[71]
	DiMeIQx	1.17 (1.05-1.29)	<0.001	2,543 colorectal polyps 1	[72]

Table 6 :

 6 Intake of different processed meat products (PM) in women across selected centres of the European Prospective Investigation into Cancer and nutrition (EPIC) study (g/day). Adapted from Linseisen et al, 2005[START_REF] Linseisen | Dietary intake of different types and characteristics of processed meat which might be associated with cancer risk -results from the 24-hour diet recalls in the European Prospective Investigation into Cancer and Nutrition (EPIC)[END_REF] 

		Total intake				Detailed products			
	Centre	Total PM	Smoked PM, total	Ham, raw	Ham, cooked	Bacon	Sausages, raw and spreadable	Dry cured sausages	Heated sausages	Minced PM	PM, cuts
	Greece	11.1	ND	1	1.3	0.6	0.4	0.2	1.4	5.1	0.7	1.3
	Spain -Asturias	30.2	2.4	5.0	6.7	1.1	0	9.9	4.9	1.3	1.4
	Italy -Turin	21.1	1.1	4.4	7.2	0.6	0	4.2	3.3	0.1	1.3
	France -North-East	27.6	13.9	1.7	8.8	1.7	0	1.8	11.7	0.9	1.2
	Germany -Potsdam	42.1	24.8	1.6	2.6	0.7	1.8	4.3	25.1	5.0	1.0
	The											
	Netherlands	38.2	19.5	1.5	7.3	2.7	0.5	1.2	13.4	5.0	1.0
	-Bilthoven											
	Denmark -Copenhagen	24.7	ND	2.4	2.7	1.0	0	1.6	13.0	1.3	2.7
	Sweden -Umea	43.4	27.1	8.6	3.2	0.7	0.2	0.8	19.2	4.6	6.0

1 

ND, no data: Data on the variable was not given for this centre

Table 7 :

 7 Some criteria for the validation of biomarkers and the type of study needed for its assessment proposed by Dragsted et al[114].

	Criterion	Details	Type of study needed for validation
	Plausibility	The origin of the compound in the food or endogenous	Food analysis
		mechanisms of changing levels	Dietary intervention study
	Dose-	Assessment of intake range:	Dietary intervention study
	response	Sensitivity (minimum intake) and saturation (maximum	with different doses
		intake) of the biomarker	
	Kinetics	I. The half-life in humans	Dietary intervention study
			with multiple sampling
		II. Temporal stability of biomarker measurements	Observational study with
			repeated measurements
	Robustness	Robustness of the marker in a free living population	Observational study
		with food interactions; low level of confounding from	
		other food intakes	
	Reliability	Comparison with gold standard (dietary questionnaires	Observational study
		for epidemiological studies)	
	Stability	Stability during sampling	Comparison of samples
		Stability of marker during storage	collected and stored
			under various conditions
	Analytical	Reliability of performance over several batches	Analytical test with
	performance	Reliability between laboratories	biospecimen of interest

Table 8 : Examples of biomarkers for intake of different foods or nutrients

 8 

	Food/Nutrient	Biomarker	Matrix	Reference
	Protein	Nitrogen	Urine	[116]
	Potassium	Potassium	Urine	[108]
	Fish	n-3 Polyunsaturated fatty acids	Plasma	[117]
	Fruit and vegetable	Carotenoids	Plasma	[118]
	Citrus fruit	Proline betaine	Urine	[119]
	Whole grain cereals	Alkylresorcinols	Plasma	[120,121]
	Soy	Isoflavones	Plasma	[122]

Table 9 :

 9 Potential biomarker of meat intake. Adapted from Cuparencu et al[123].

	Food	Biomarker	Matrix	Comment	Reference
	All meat (including fish)	Anserine Creatine	Urine Blood, urine	Also present in human muscle	[124] [125-127]
	Terrestrial meat	Carnosine	Urine, blood	Inconsistent data in the literature	[124,128]
				Not specific for meat; levels are	
	Red meat	Carnitine, acylcarnitines	Urine, blood	influenced by other factors than meat intake (fasting status,	[129,130]
				metabolic health)	
	Poultry	3-Methylhistidine Anserine	Urine, plasma Urine, plasma	Also present in some other meats Not specific for poultry, also elevated after intake of some fish	[129,131] [124,129]
		Guanidinoacetate	urine	Replication needed	[132]
	Heated meat	Heterocyclic aromatic amines	urine	Processing specific	[133,134]
	1.4.2 Meat intake and human metabolism	
	Meat and meat products consist mainly of protein and fat with only negligible amounts of
	carbohydrates or fibre (Chapter 1.2.3). Meat processing has an effect on digestibility of meat
	products. Dry-curing was shown to inhibit trypsin digestion of pork, whereas raw cooked sausages
	(hot dog style) showed less resistance to digestion [135]. Following consumption, proteins are

Table 10 :

 10 Pathways influenced by (red) meat intake and reported associations with disease

	Pathway/metabolites	Metabolites/Markers	Associated with increased
			risk of outcome
	Acylcarnitines	Blood and urinary acylcarnitines ↑ [129,130]	Type II diabetes [150] Cancer [148,151]
	Amino acids	Branched chain amino acids ↑ [140]	Type II diabetes [142,152]
		Glycine ↓ [130,139,143]	Type II diabetes [153]
			Cardiovascular disease [155]
	TMAO 1	TMAO ↑ [154]	Atherosclerosis [156]
			Colorectal cancer [145]
	Lipids	Glycerophospholipids ↑ [130]	
	1 Dependent on microbiota metabolic activity; not unique to red meat, stronger impact of fish
	intake; TMAO: Trimethylamine N-oxide	
	It has been hypothesized that meat intake increases risk of metabolic diseases by activating
	inflammatory pathways, increasing oxidative stress or disturbing glucose metabolism [157].
	Increased levels of inflammation marker or markers of glucose metabolism have been shown to be
	associated with meat intake, but these associations were attenuated after correction for BMI in
	several studies [141,149,157,158].	
	In western countries, high intake of meat usually correlates with other foods such as French fries,
	alcoholic beverages, sweets, desserts and high fat dairy products [159,160] which form the Western
	diet pattern. Many studies have shown an association of this dietary pattern with diseases such as
	type II diabetes and cancer. Meat and in particular processed meats are major components of this
	pattern but the role of the different components remains to be elucidated.

Table 1 .

 1 Characteristics of meat products purchased in local supermarkets and butcher shops and digested in vitro in triplicate.

	Product

Product Type Number of Samples Number of Processed Products e Number of Smoked Products Number of Fermented Products Number of Products from

  

	Protein Content	(g/100g Product) f
	Fat Content	(g/100g Product) f
		Supermarket
		Butcher
		Lean pork a

Table 2 .

 2 Selected compounds significantly elevated in digests of processed meat compared to digests of non-processed meat.

	Compound	PubChem CID	Measured m/z	RT (min)	Adjusted p-Value a	Metabolite Cluster b	Level of Confidence c	Mass Accuracy (ppm)
	Piperine	638024	308.1262 d	6.01	3.7 × 10 -5	4	1	2
	Piperyline	636537	272.1287	5.74	7.4 × 10 -5	4	2	2
	Piperettine	101878852	312.1597	6.29	6.9 × 10 -7	4	2	1
	Piperanine	5320618	288.1601	5.93	8.0 × 10 -8	4	2	2
	Piperdardine	10086948	314.1751	6.28	1.6 × 10 -7	4	2	0
	Pipercide	5372162	356.222	6.70	9.3 × 10 -6	4	2	0
	Pellitorine	5318516	224.2012	6.34	4.8 × 10 -7	4	1	1
	4-Ethylsyringol	61712	183.1018 205.0841 d	5.08	0.00011	6	1	1
	4-Methylsyringol	240925	169.086 191.0686 d	4.57	5.3 × 10 -6	6	1	0
	4-Allylsyringol	5352905	195.102 217.0846 d	5.32	0.019	6	1	2
	4-propylsyringol	524975	197.1173 219.1001 d	5.54	0.020	6	1	0
	Phenylalanyl-Isoleucine	7010566	279.1712	3.36	0.016	2	2	3

Abbreviations: retention time (RT); parts per million (ppm). a p-Values of Welch's t-test comparing intensities of metabolites in processed meat digests vs. non-processed meat digests adjusted for multiple testing using the FDR-method. b Metabolite clusters correspond to the hierarchical clustering shown in the heat map of Figure

2

. c Level 1 identification corresponds to matching exact mass, retention time and MS/MS fragmentation pattern with an authentic chemical standard, level 2 corresponds to matching exact mass and MS/MS fragmentation pattern to spectral databases

[22]

. d [M+Na] + ions; all other ions are [M+H] + .

Table 3 .

 3 Biogenic amines significantly elevated in digests of fermented sausages compared to digests of non-processed pork. All compounds were identified by comparison of exact mass, retention time and MS/MS fragmentation pattern to those of chemical standards. FDR-adjusted p-value of a welch t-test comparing metabolite intensities in fermented sausage digests to non-processed pork digests; c accuracy of measured mass compared to the theoretical mass of the annotation; d annotation level of confidence: identity confirmed by comparison of RT and MS/MS fragmentation pattern with chemical standard (level 1).

	Compound	m/z	RT a (min)	RT Standard (min)	Adjusted p-Value b	Mass Accuracy c (ppm)	PubChem CID	Level of Confidence d
	GABA(γ-Aminobutyric acid)	104.0709	0.61	0.59	0.0025	4	119	1
	Histamine	112.0869	0.50	0.48	0.019	0	774	1
	Tyramine	138.0914	1.31	1.31	0.016	2	5610	1
	Tryptamine	161.1076	2.39	2.36	0.0025	2	1150	1

a Retention time (RT); b

Table 11 :

 11 Numbers of metabolite features significantly elevated in urine and plasma samples after intake of different processed meats compared to samples collected after intake of pork.

	Biospecimen type	Polarity mode	Number of metabolites elevated compared to fried pork 1 Hot dog Salami Bacon
	Urine	POS	314	256	0
	Urine	NEG	307	213	0
	Plasma	POS	0	11	0
	Plasma	NEG	5	3	0
	1				

TABLE 1

 1 Characteristics of the subjects participating in the cross-sectional study stratified by country1 

		All countries	Germany	Italy	France	Greece
	n	474	178	174	66	56
	Sex, n (female), n (male)	279, 195	86, 92	98, 76	66, 0	29, 27
	Age, y	53.9 ± 8.5	53.0 ± 8.8	54.1 ± 7.5	52.7 ± 7.0	58.0 ± 10.9
	BMI, kg/m 2	26.1 ± 4.3	26.2 ± 4.4	25.8 ± 3.8	23.4 ± 3.5	29.6 ± 3.8
	Short-term meat intake					
	Total meat, g/d	109.7 ± 98.64	122.3 ± 98.8	108.1 ± 105.1	107.7 ± 80.6	76.6 ± 90.1
	Smoked meat, g/d	10.1 ± 32.5	25.4 ± 48.9	0.51 ± 4.04	3.1 ± 10.5	0
	Consumers of smoked meat, %	16.9	38.8	1.72	12.1	0
	Habitual meat intake					
	Total meat, g/d	105.7 ± 54.8	107.3 ± 53.1	101.2 ± 50.0	138.0 ± 66.7	76.8 ± 38.3
	Smoked meat, g/d	8.6 ± 15.1	22.2 ± 17.5	0.19 ± 1.40	1.6 ± 1.40	0
	Consumers of smoked meat, %	40.7	94.4	2.87	30.3	0
	Short-term smoked fish intake, g/d	1.6 ± 12.3	2.1 ± 16.1	0.57 ± 7.60	1.6 ± 7.50	3.3 ± 14.2
	Consumers of smoked fish, %	3.2	3.4	0.57	6.1	7.1

1 

Values are mean ± SD for continuous variables and n for categorical variables.

Table 1 :

 1 Pepper alkaloid metabolites in plasma elevated after salami intake compared to pork intake in the dietary intervention study.

	Metabolite	Annotation level of confidence 1	m/z	Retention time (min)	Dietary intervention p-value 2
	M01	2	464.19106	4.82	0.003
	M03	2	352.08454	5.20	0.015
	Piperyline	2	272.12806	5.73	0.013
	Piperine	1	286.14406	5.99	0.003
	Piperettine	2	312.15946	6.28	0.005

1 

Confidence level according to Sumner et al.

[32]

. See experimental section for details.

2 p-value of a paired Student's t-test comparing plasma levels in samples collected after intake of salami compared to intake of non-processed pork, adjusted for multiple testing using the Benjamini-Hochberg method and a false discovery rate of 0.05.

Table 2 :

 2 Characteristics of the participants of the cross-sectional study.

		Participants with 24-hr	Participants with serum
		urine samples (n = 418)	samples (n = 397)
	Subjects, n (% total)	418	397
	Ma le	168 (40)	166 (42)
	Female	250 (60)	231 (58)
	Germany	178 (43)	174 (44)
	Italy	174 (42)	157 (40)
	France	66 (17)	66 (17)
	Age, years	53.4 ± 8 1	53.7 ± 8.0
	BMI, kg/m 2	25.6 ± 4.15	25.6 ± 4.12
	Habitual meat intake (g/day) 2		
	Total	109.6 + 55.5	110.3 ± 56.6
	Red meat	44.1 ± 31.0	43.8 ± 31.3
	Poultry	20.9 ± 18.4	20.7 ± 18.6
	Total processed meat	41.2 ± 33.0	42.4 ± 33.3
	Salami and fried sausage	10.7 ± 10.7	11.3 ± 10.8
	Recent meat intake 3		
	Consumers of salami and fried		
	sausage [n (%)]	90 (22)	NA 4
	Intake in consumers (g/day)	23.6 ± 27.6	NA 4

Table 3 :

 3 Associations of pepper alkaloid metabolites in serum samples with habitual processed meat intake in the cross-sectional study.

	Metabolite	Detection frequency (%) 1	Total processed 2 meat intake Regression coefficient 2 p-value	2	Sausage intake 3 Regression coefficient 2 p-value	2	Cooked products 4 Regression coefficient 2 p-value 2	Cured meat pieces 5 Regression coefficient 2 p-value 2
	Piperine	98	0.16	0.049	0.23	0.0039	0.15	0.10	0.13	0.10
	Piperettine	98	0.13	0.017	0.17	0.00063	0.13	0.04	0.03	0.40
	M01	5 4	0 . 2	0.017	0.19	0.0056	0.19	0.04	0.13	0.10
	1 Percentage out of 397 samples in which the metabolite was detected			
	2 Adjusted for country, age, sex, BMI and habitual intake of major food groups; p-values corrected for multiple testing

3 

Salami-style sausage and fried sausage

4 

Hot dogs, frankfurter sausage, meat pies and pate

5 

Bacon, cooked ham, raw ham

Table 4 :

 4 Urinary pepper alkaloid metabolites elevated after salami intake compared to pork intake in the dietary intervention study.

	Metabolite ID	Annotation	Annotation level of confidence	m/z	Retention time	p-value 1
	M01	Piperine metabolite	2	464.1911	4.81	0.0065
	M02	Piperine metabolite	2	486.1737	4.92	0.0001
	M03	Piperine metabolite	2	352.0843	5.22	0.0004
	M08	Piperine metabolite	2	370.0951	3.80	0.0029
	M10	Piperine metabolite	2	452.1911	4.63	0.0010
	M11	Piperine metabolite	2	448.1585	4.75	0.0001
	M12	Piperine metabolite	2	460.1594	4.82	7.8 x 10 -7
	M13	Piperine metabolite	2	478.1749	4.85	0.0162
	M14	Piperine metabolite	2	290.1027	4.89	0.0003

1 p-value of a paired Student's t-test comparing metabolite levels in urine samples after intake of salami and after intake of fried non-processed pork (adjusted for multiple testing using the Benjamini-Hochberg method and a false discovery rate of 0.05)

Table 5 :

 5 Associations of urinary pepper alkaloid metabolites with habitual processed meat intake in the cross-sectional study.

	Metabolite	Detection frequency	Association with habitual PM intake 2	Association with habitual sausage intake 2
		(%)	1	Regression coefficient	p-value	Regression coefficient	p-value
	M01	99	0.09	0.49	0.093	0.63
	M03	79	0.11	0.65	0.120	0.63
	M10	76	0.02	0.89	0.044	0.63
	M11	62	0.01	0.89	0.076	0.63
	M13	99	0.09	0.069	0.020	0.63
	M14	87	0.18	0.41	0.089	0.63

1 

Percentage out of 397 samples in which the metabolite was detected

2 

Adjusted for country, age, sex, BMI and habitual intake of major food groups in a linear regression model; p-values corrected for multiple testing

Table 6 :

 6 Associations of urinary pepper alkaloid metabolites with recent processed meat intake in the cross-sectional study.

	Metabolite	Association with 1 recent PM intake	Association with recent sausage intake 1	Cooked ready-to-eat sausage (Hot dogs and pâté) 1	Cured meat pieces (Bacon, Cooked ham, raw ham) 1
		Regression coefficient	p-value	Regression coefficient	p-value	Regression coefficient	p-value	Regression coefficient	p-value
	M01	0.15	0.34	0.36	0.027	0.42	0.030	-0.05	0.89
	M03	0.06	0.45	0.16	0.029	0.15	0.042	-0.034	0.89
	M10	-0.03	0.45	0.11	0.17	0.001	0.99	-0.12	0.50
	M11	0.04	0.5	014	0.039	0.10	0.15	-0.006	0.89
	M13	0.17	0.50	0.93	0.002	0.39	0.15	-0.06	0.89
	M14	0.14	0.088	0.33	0.002	0.26	0.030	0.03	0.89

  -9 and Supplemental Figures 1-21 are available from the "Supplementary data" link in the online posting of the article and from the same link in the online table of contents at https://academic.oup.c om/ajcn/.Address correspondence to AS (e-mail: scalberta@iarc.fr). Abbreviations used: AC, acylcarnitine; EPIC, European Prospective Investigation into Cancer and Nutrition; FDR, false discovery rate; IARC, International Agency for Research on Cancer; RPM, red and processed meat; RT, retention time. between the 2 diets were then tested for association with habitual RPM intake in free-living subjects from the European Prospective Investigation into Cancer and nutrition (EPIC) study.
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concentrations

  • C until analysis. Serum samples were stored in liquid ownloaded from https://academic.oup.com/ajcn/advance-article-abstract/doi/10.1093/ajcn/nqaa140/5850923 by INRAE Institut National de Recherche pour l'Agriculture, l'Alimentation et l'Environnement user on 04 June 202

TABLE 1

 1 Characteristics of participants of the European Investigation into Cancer and nutrition cross-sectional study included in this analysis

		Participants	Participants
		with 24-h	with serum
	Characteristic	urine samples	samples 1
	Subjects, n (% total)		
	Total	474	451
	Male	195 (41)	193 (43)
	Female	279 (59)	258 (57)
	Germany	178 (38)	173 (38)
	Italy	174 (37)	156 (35)
	France	66 (14)	66 (15)
	Greece	56 (12)	56 (12)
	Age, y	53. 9 ± 8.5 2	54.2 ± 8.5
	BMI, kg/m 2	26.1 ± 4.3	26.0 ± 4.3
	Fasting status at blood collection, n (% of		
	total)		
	Fasted		189 (42)
	Not fasted		170 (38)
	In between		92 (20)
	Meat intake, 3 g/d		
	Total	105.7 ± 54.8	106.1 ± 55.8
	Red meat		
	Beef	20.2 ± 20.8	19.7 ± 20.9
	Veal	8.4 ± 14.5	8.5 ± 14.6
	Pork	12.3 ± 12.0	12.3 ± 12.2
	Lamb/mutton/horse	3.7 ± 8.0	3.7 ± 8.2
	White meat		
	Poultry	18.0 ± 15.4	18.0 ± 15.6
	Offal	3.2 ± 5.5	3.1 ± 5.5
	Processed meat		

  Due to the well-known limitations of RCTs in nutritional epidemiology (see chapter 1.2.1.1), most nutritional epidemiologists support the use of observational studies. A major limitation of observational studies in nutrition is the problem of confounding and correlation of exposures [301]. A potential solution could be to embrace the concept of the exposome and to move towards the field of exposomics [301]. The term exposome was first coined by Christopher Wild and describes the totality of one's exposures during the whole lifespan [302].Exposomics is the comprehensive study of all of these exposures and it aims at the integration of different new methods such as sensors, mobile phone applications, questionnaires, profiling of microbiota and analysis of biospecimen to create a comprehensive analysis in epidemiological There is a huge potential for dietary biomarkers to advance the field of nutritional epidemiology. So far, biomarkers have been used in 3 different kinds of studies. First, biomarkers have been applied successfully in the calibration of questionnaire-based intake data. However, this was mainly restricted to nutrients such as protein, vitamins and potassium and biomarkers for many foods are lacking[START_REF] Prentice | Intake biomarkers and the chronic disease nutritional epidemiology research agenda[END_REF]107]. Several studies have assessed diet-disease relationship in MWAS studies. Some studies identified diet-related metabolites using dietary questionnaire data and assessed associations of these markers with disease[175,180,195,308]. Other studies identified metabolites known to be diet-related amongst metabolites associated with a disease outcome[174,228]. Results of these studies have been mostly exploratory and will need to be replicated in the future. Few studies so far have used biomarker data instead of questionnaire-based exposure data in order to assess food intake-disease associations[112,309].The latter type of study offers the opportunity to use food biomarker to improve food exposure assessment. However, for most foods no biomarker has been established. Except for the first kind of

	Roland Wedekind -PhD Thesis -Discussion and Perspectives
	The lack of accuracy of dietary exposure assessment is another major limitation in nutritional
	epidemiology [300]. Too little of detail in questionnaires, recall bias and reliance on memory may
	lead to inaccuracy of questionnaire based assessment. Calibration of this data with objectively
	measured biomarker has been shown to improve the data quality and increase power to detect diet-
	disease relationships [105,107,307]. For many foods or nutrients, exposure assessment using dietary
	questionnaires is sufficiently accurate, especially when combining different short-term and long-
	term instruments [104]. However, for intake of some nutrients, foods or food components,
	questionnaires might be combined with or even replaced by biomarker measurements. This is
	particularly promising for compounds that are not endogenously formed such as trans fatty acids,
	food additives and some compounds induced during food processing. These measurements might be
	very complimentary with dietary questionnaires that lack sufficient detail on food processing and
	ingredients. However, there are only few performing biomarker so far and more research is needed
	to identify and validate additional biomarkers [172].
	135

studies

[303]

. It was proposed that by including as many exposures a possible, the risk of confounding in observational studies can be reduced

[301]

. However, the move from one-exposureone-outcome analyses to exposomics studies requires the development of new tools for detection, data integration and statistical analysis. Nutritional biomarkers and metabolomics can play an important role in this development by providing quantitative exposure assessment of a large quantity of variables [303]. Recently, large projects have started in the US and Europe to advance the field of exposomics research [304-306].

study, nutritional biomarker research is still not established

[310]

. In addition, even if biomarkers are available, data from other sources such as questionnaires is needed to be able to control for confounders. For the future of biomarker research, it will therefore be crucial to integrate food biomarkers in an exposomics approach where different methods of exposure assessment such as sensors, questionnaires etc. are combined

[105]

. Biomarker may play an important role in both expanding the number of exposures measurable and providing more accurate exposure estimates

[303]

.

  The identified biomarkers are promising tools to better understand the link between intake of different processed meat products and risk of disease in observational studies. Further studies are needed to identify biomarkers of other processing methods such as curing and fermentation and to evaluate if the identified biomarkers can be applied to populations with various dietary habits. Combining different biomarkers might help to further increase sensitivity. In another part of this thesis, we show that levels of acylcarnitines in blood and urine are associated with red and processed meat intake. These findings indicate that meat intake influences this important metabolic pathway and they may provide new clues to explain effects of meat intake on disease risk.Roland Wedekind 1 , Pekka Keski-Rahkonen 1 , Nivonirina Robinot 1 , Frederic Mercier 2 , Erwan Engel 2 , Inge Huybrechts 1 and Augustin Scalbert 1, * 1 Nutrition and Metabolism Section, International Agency for Research on Cancer, Lyon, France 2 Micro-contaminants, Aroma and Separation Sciences (MASS) Group, National Research Institute for Agriculture, Food and Environment (INRAE) UR370 QuaPA, Saint-Genès-Champanelle, France * Correspondence: scalberta@iarc.fr

	Annex I: Supplementary information of article I
	Metabolic Signatures of 10 Processed and Non-processed Meat
	Products after In Vitro Digestion

TABLE S1 :

 S1 See excel sheetTABLE S2: Metabolic features with significantly higher levels in processed meat digests compared to non-processed pork and beef digests. ................................................................................................

TABLE S3 :

 S3 Features significantly elevated in processed meat digests compared to non-processed meat products and found in pepper extracts. ....................................................................................

TABLE S4 :

 S4 Details on the recursive feature finding used to create the feature table from the HRMS raw data.

TABLE S2 :

 S2 Metabolic features with significantly higher levels in processed meat digests compared to non-processed pork and beef digests. A Welch's t-test revealed 178 metabolic features that were significantly (FDR-adjusted p-value <0.05) and with at least 2-fold increase in processed meat products (n = 63) compared to non-processed pork and beef (n = 36).Abbreviations: RT, Retention time; ppm: parts per million; a mean intensity of metabolite in processed meat products divided by mean intensity in non-processed meat products, b clusters of metabolites in figure2, cidentifier of the Human Metabolome Database (www.hmdb.ca), d level of confidence as described inSumner et al. [166] 

	m/z 359.2448 7.13 RT 523.3828 7.14 241.1416 5.48 265.1778 6.66 570.8279 4.92 669.3921 3.93 581.317 4.92 631.4697 9.75 652.5865 9.75 685.5394 7.87 522.8854 7.13 575.502 9.75 531.4017 8.15 347.2192 6.69 353.2662 7.26 302.1623 5.92 325.2363 6.18 793.5126 7.04 811.4872 7.04 337.272 9.75 263.2366 7.78 608.524 9.30 364.254 6.92 361.1687 6.76 271.2271 6.48 312.2536 6.69 615.4575 6.75 317.1556 6.12 409.2028 7.78 315.1643 6.12 421.2532 7.21 353.2669 7.68 369.2406 7.18 279.1712 3.36 245.1381 4.32 523.383 7.17 524.3847 7.17 332.2184 3.63 360.2896 6.78 145.0496 0.86 244.9731 1.86 285.1313 4.17 261.0284 1.86 336.1922 3.22 127.0383 3.03 167.0312 1.53 379.2782 7.04 280.2356 6.72 365.2294 6.18 260.1949 0.85 581.8191 4.92 615.349 3.76 213.1105 4.45 172.0058 3.07 130.0323 2.42 176.0364 0.89 539.319 6.91 637.4798 8.99 632.5247 8.99 217.0851 5.22 402.2352 3.30 754.4483 4.62 308.1262 6.01 393.3841 7.34 345.2181 5.99 272.1287 5.74 312.1597 6.29 288.1601 5.93 340.1909 6.57 344.2236 6.78 403.2953 6.78 347.2317 5.93 224.2012 6.36 722.3292 6.01 700.3479 6.02 314.1751 6.28 371.2331 6.28 Compound in 443.3264 6.97 FDR-adjusted p-value Fold-change a Cluster b Adduct HMDB ID c Annotation 3.71E-06 2.31 1 2.35E-06 2.77 1 0.000339 2.10 1 0.00011 2.24 1 2.35E-06 2.01 1 2.33E-06 2.19 1 9.77E-07 2.26 1 3.36E-06 2.19 1 6.41E-06 2.22 1 0.000228 2.04 1 9.28E-05 2.04 1 1.01E-05 2.27 1 0.000601 2.03 1 [M+Na]+ HMDB0007038 Unknown 1: Possibly diglyceride 0.000182 2.14 1 0.007331 2.21 1 [M+Na]+ HMDB0011533 Unknown 2: Possibly monoglyceride 0.002954 2.34 1 0.002154 2.03 1 [M+Na]+ HMDB0011530 Unknown 3: Possibly monoglyceride 0.000432 2.12 1 0.002099 2.06 1 0.000136 2.72 1 0.000116 2.77 1 0.013896 2.17 1 0.001657 2.57 1 0.002712 2.19 1 0.000799 3.45 1 0.018251 2.09 1 0.005894 2.18 1 0.016059 2.08 1 0.004203 2.43 1 0.006405 2.12 1 0.002053 2.93 1 0.019551 2.30 1 [M+Na]+ HMDB0011533 Unknown 4 : Possible monoglyceride 0.01056 2.07 1 0.015885 3.13 2 [M+H] + HMDB0028998 Phe-Ile dipeptide 0.019551 2.34 2 0.007815 3.80 2 1.65E-05 501.94 2 0.02459 3.50 2 0.01454 4.36 2 3.67E-05 415.11 2 0.00029 14.42 2 0.000112 327.15 2 0.000513 306.60 2 0.000807 295.48 2 0.001373 262.82 2 0.004018 216.55 2 0.000233 2.89 3 0.010854 2.06 3 0.000737 2.56 3 0.000147 3.53 3 2.35E-06 2.48 3 8.40E-05 2.70 3 2.94E-08 7.23 3 6.93E-06 2.69 3 8.12E-05 2.71 3 1.73E-06 3.35 3 5.74E-05 4.34 3 7.39E-05 3.10 3 2.17E-06 3.93 3 5.29E-05 5.03 3 1.86E-05 5.67 3 7.64E-07 9.90 4 3.66E-05 3.80 4 [M+Na]+ HMDB0029377 Piperine 7.94E-05 2.52 4 9.03E-08 8.61 4 7.35E-05 3.47 4 [M+H] + HMDB0029374 Piperyline 6.85E-07 10.83 4 [M+H] + HMDB0034371 Piperettine 7.99E-08 13.03 4 [M+H] + HMDB0033874 Piperanine 0.000624 3.09 4 [M+H] + HMDB0040811 Dehydropiperno naline (Pepper compound 5) 4.43E-06 7.17 4 [M+H] + HMDB0030340 Piperolein B (Pepper compound 7) 6.71E-09 681.21 4 2.29E-08 29.92 4 4.79E-07 12.10 4 [M+H] + HMDB0030951 Pellitorine 1.50E-08 628.89 4 1.55E-08 601.29 4 1.61E-07 23.66 4 3.46E-08 686.62 4 1.78E-05 402.80 4 342.2088 6.67 0.000208 11.43 4 [M+H] + HMDB0030339 Pipernonaline (Pepper compound 6) 337.2684 7.68 0.00142 2.64 5 436.285 7.25 0.015124 2.53 5 328.25 6.47 0.019999 2.95 5 185.0753 3.45 0.000652 14.15 5 362.3153 6.74 0.023118 7.40 5 311.2942 7.23 0.022502 2.45 5 651.424 6.76 0.000425 2.93 5 193.1585 6.75 0.002837 2.72 5 225.1845 6.75 0.003458 3.54 5 179.1432 6.75 0.00031 0.001009 3.96 5 341.2684 7.14 0.001067 3.51 5 617.5135 9.38 0.003503 3.14 5 [M+H] + HMDB0007112 Unknown 5 : Possibly diglyceride 676.5864 9.38 0.033529 2.20 5 693.5442 7.67 0.002254 4.21 5 [M+H] + HMDB0007776 Unknown 6: Possibly diglyceride 721.047 7.04 0.031479 2.56 5 869.5439 7.03 0.03205 2.80 5 273.2595 7.27 0.035203 2.80 5 391.2467 6.45 0.021811 3.39 5 655.4702 9.38 0.000152 7.60 5 [M+H]+ HMDB0112171 Unknown 7 : Possibly lipid 351.2534 6.44 0.00908 7.40 5 [M+H]+ HMDB0011541 Unknown 8: Possibly monoglyceride 291.1935 6.52 9.83E-05 402.30 5 269.2103 6.52 0.00286 8.77 5 635.4554 6.75 0.000198 316.28 5 619.4827 6.76 0.000194 310.22 5 384.1969 6.76 0.033007 2.43 5 231.1 5.67 0.00119 12.83 5 175.0271 1.62 0.021831 2.93 5 654.4484 6.89 0.014143 2.67 5 124.0394 1.08 0.002177 4.04 5 [M+H]+ HMDB0001488 nicotinic acid 350.1542 6.61 0.001745 3.92 5 266.9938 3.85 0.001026 7.12 5 199.1694 6.89 0.006623 195.35 5 274.0747 3.26 0.036974 4.38 5 263.2369 6.26 0.00427 211.63 5 261.0949 0.76 0.007683 175.05 5 348.2149 6.92 1.56E-13 35.35 6 343.2605 6.92 3.68E-08 617.52 6 113.0597 2.76 0.002122 2.70 6 239.0234 4.01 0.002993 2.46 6 254.9955 4.01 3.42E-05 3.95 6 185.0421 0.74 7.24E-10 706.89 6 127.0388 2.65 9.68E-06 455.62 6 191.0686 4.57 1.88E-07 643.75 6 [M+Na]+ HMDB0029680 4-methylsyringol 197.0089 2.77 7.46E-08 574.52 6 183.1018 5.08 0.000111 8.28 6 [M+H]+ HMDB0033394 4-ethylsyringol 169.086 4.57 5.34E-06 23.07 6 [M+H]+ HMDB0029680 4-methylsyringol 205.0841 5.08 3.20E-06 513.53 6 [M+Na]+ HMDB0033394 4-ethylsyringol 257.061 4.01 2.71E-06 447.57 6 269.0107 4.57 5.43E-06 408.09 6 190.0607 4.57 5.57E-06 409.16 6 168.0782 4.57 5.70E-06 408.34 6 268.0026 4.57 1.02E-05 404.13 6 253.0391 4.57 1.85E-05 395.38 6 211.0959 3.60 0.013716 2.97 6 183.0642 3.63 0.017322 3.09 6 409.2559 6.12 0.000492 260.44 6 537.3002 6.73 0.000477 268.54 6 397.3824 8.19 0.001554 175.01 6 217.0846 5.33 0.001599 282.41 6 [M+Na]+ HMDB0037271 4-allylsyringol 219.1001 5.54 0.025749 7.05 6 [M+Na]+ HMDB0036226 4-propylsyringol 1 Annotation level of confidence d 1 2 2 2 3 3 1 1 562.2922 3.70 0.018079 5.37 6 627.3506 4.23 0.035012 7.22 6 445.245 4.70 0.007605 221.20 6 345.2213 4.18 0.007582 220.80 6 445.7474 4.70 0.021726 10.58 6 456.2355 4.70 0.043219 7.68 6 472.2045 4.69 0.02006 159.52 6 607.3806 3.63 0.012317 185.67 6 195.102 5.32 0.019201 178.91 6 [M+H]+ HMDB0037271 4-allylsyringol 1 197.0813 3.84 0.049335 4.16 6 194.0948 5.33 0.005164 197.66 6 479.2973 3.24 0.006717 194.73 6 271.0771 4.57 0.011452 163.49 6 197.1173 5.54 0.020426 141.68 6 [M+H]+ HMDB0036226 4-propylsyringol, [M+Na] above 1 464.2185 4.70 0.032136 142.30 6 216.0774 5.33 0.032155 138.03 6 3.39 171.1382 6.75 189.0501 3.85 0.001118 12.42 5 327.2068 3.64 0.032156 132.57 6

TABLE S3 :

 S3 Features significantly elevated in processed meat digests compared to non-processed meat products and found in pepper extracts. Pepper origin of all compounds is confirmed by comparison of MS/MS spectra with corresponding compounds in pepper extracts. Some could be annotated based on comparison with chemical standards or comparison of their MS/MS spectra with those curated in public databases. References are found at the end of the Supplement.

	m/z RT a (min) Adjusted p-value b Adduct Mass accuracy c (ppm) HMDB ID/ PubChem CID Annotation (in brackets annotation in Figure 2) Level of confidence d Detection (Pepper type) Reference e	224.2012 6.34 4.79E-07 H 1 HMDB0030951 Pellitorine 1 A f [205]	272.1287 5.74 7.35E-05 H 2 HMDB0029374 Piperyline 2 A [189,206]	288.1601 5.93 7.99E-08 H 2 HMDB0033874 Piperanine 2 A [189,206,210]	308.1262 6.01 3.66E-05 Na 2 HMDB0029377 Piperine 1 A	312.1597 6.29 6.85E-07 H 1 HMDB0034371 Piperettine 2 A [189]	314.1751 6.28 1.61E-07 H 0 PubChem CID 10086948 Piperdardine 2 A [189]	316.192 6.41 1.52E-07 H 4 HMDB0030185 (E)-Piperolein A (Pepper compound 1) 3 A	326.1768 6.40 4.97E-06 H 5 HMDB0038644 (2E,4E,8E)-Piperamide-C9:3 (Pepper compound 2) 3 A	328.1913 6.38 2.56E-06 H 2 HMDB0038645 (2E,8E)-Piperamide-C9:2 (Pepper compound 3) 3 A	330.2072 6.62 1.26E-06 H 2 HMDB0039808 Pipertipine OR retrofractamide C OR 8E-piperamideC9:1 (Pepper compound 4) 3 B, G	340.1909 6.57 0.000624 H 0 HMDB0040811 Dehydropipernonaline (Pepper compound 5) 3 A	342.2088 6.67 0.000208 H 7 HMDB0030339 Pipernonaline OR Retrofractamide D (Pepper compound 6) 3 A	344.2236 6.78 4.43E-06 H 5 HMDB0030340 Piperolein B (Pepper compound 7) 3 A	356.222 6.70 9.28E-06 H 4 HMDB0033449 Pipercide 2 A [206]	a RT, Retention time; b FDR-adjusted p-value of a Welch's t-test comparing metabolite intensities in processed meat digests to non-processed meat digests; c accuracy	of measured mass compared to the theoretical mass of the annotation; d annotation level of confidence: Identity confirmed by comparison of RT and MS/MS	fragmentation pattern with chemical standard (level 1), Annotation based on match of RT and MS/MS fragmentation pattern with compound present in black	pepper extract AND matching MSMS fragmentation pattern with literature spectra (level 2), Annotation based on match of RT and MS/MS fragmentation pattern	with compound present in black pepper extract (level 3); e literature references for MS/MS spectra of pepper compounds: see last page of supplement f Detection in	extracts of ground pepper (n = 6): A, all (black, white, green); B, G (black, green)

TABLE S4 :

 S4 Details on the recursive feature finding used to create the feature table from the HRMS raw data. All steps were carried out using the Agilent MassHunter software package (Mass Profiler Professional version B14.9.1, Qualitative Analysis version B06.00 and DA Reprocessor version B.05.00; Agilent technologies). Annotation evidence for Pellironine in fried sausage digest, comparison with compound in black pepper extract. Annotation evidence for Piperyline in fried sausage digest, comparison with compound in black pepper extract. Annotation evidence for Piperanine in fried sausage digest, comparison with compound in black pepper extract. Annotation evidence for Piperine in fried sausage digest, comparison with chemical standard and compound in black pepper extract. Annotation evidence for Piperettine in fried sausage digest, comparison with compound in black pepper extract. Annotation evidence for Piperdardine in fried sausage digest, comparison with compound in black pepper extract. RT = 6.25 min) which shows higher intensity and adds noise to the MS/MS spectrum. Annotation evidence for tryptamine in fermented sausage digest, comparison with chemical standard. Annotation evidence for 4-allyl-syringol sulfate (4-allyl-2,6dimethoxyphenol sulfate) ................................................................................................................... SUPPLEMENTAL FIGURE 14 : Annotation evidence for syringol (2,6-dimethoxyphenol), standard purchased from Sigma(Ref: D135550) ............................................................................................... SUPPLEMENTAL FIGURE 15: Annotation evidence for 4-methylsyringol (4-methyl-2,6dimethoxyphenol), standard purchased from Sigma (Ref: W243604) ............................................... SUPPLEMENTAL FIGURE 16: Annotation evidence for 4-ethylsyringol (4-ethyl-2,6-dimethoxyphenol) ............................................................................................................................................................ SUPPLEMENTAL FIGURE 17: Annotation evidence for 4-allylsyringol (4-allyl-2,6-dimethoxyphenol), standard purchased from Sigma (Ref: W365505)............................................................................... SUPPLEMENTAL

	First step: Molecular feature extraction FIGURE S1 : Meat digest Mass range 50-1000 m/z Peak height threshold 1500 counts Ions Limited to [M+H]+ Isotope grouping Common organic molecules (no halogens), single-charged ions Alignment 15 ppm, +/-0.1 min Second step: Recursive analysis Creation of targets features detected in at least 3 samples Chromatogram extraction +/-25 ppm and +/-1.0 min around target Alignment of features Meat digest Meat digest Standard Standard FIGURE S2 : Meat digest Pepper extract Meat digest Pepper extract Pepper extract FIGURE S3 : Meat digest Pepper extract Meat digest Meat digest Pepper extract Pepper extract FIGURE S4 : Meat digest Pepper extract Meat digest Meat digest Pepper extract Pepper extract FIGURE S5 : Meat digest Pepper extract Meat digest Meat digest Pepper extract Pepper extract FIGURE S6 : Meat digest Pepper extract Meat digest Meat digest Pepper extract Pepper extract FIGURE S7 : Annotation evidence for pepper compound 2 in fried sausage digest, comparison with compound in black pepper extract. Meat digest Pepper extract Meat digest Meat digest Pepper extract Pepper extract FIGURE S8 : Annotation evidence for pepper compound 3 in fried sausage digest, comparison with compound in black pepper extract. Meat digest Pepper extract Pepper extract Pepper extract (m/z = 326.38, Characteristic Standard Meat digest Meat digest Meat digest The same characteristic fragments (m/z = 98.06, m/z = 131.05, m/z = 165.12, RT = 6.4 min) are present in both pepper extract and meat digest, but a second compound has been selected for fragmentation fragments Characteristic fragments FIGURE S9 : Annotation evidence for pepper compound 4 in fried sausage digest, comparison with compound in black pepper extract. Meat digest Pepper extract Meat digest Pepper extract Pepper extract FIGURE S10 : Annotation evidence for pepper compound 5 in fried sausage digest, comparison with compound in black pepper extract. Meat digest Pepper extract Meat digest Meat digest Pepper extract Pepper extract FIGURE S11 : Annotation evidence for pepper compound 6 in fried sausage digest, comparison with compound in black pepper extract. Meat digest Pepper extract Meat digest Meat digest Pepper extract Pepper extract FIGURE S12 : Annotation evidence for pepper compound 7 in fried sausage digest, comparison with compound in black pepper extract. Meat digest Pepper extract Meat digest Meat digest Pepper extract Pepper extract FIGURE S13 : Annotation evidence for pepper compound 8 in fried sausage digest, comparison with compound in black pepper extract. Meat digest Pepper extract Meat digest Meat digest Pepper extract Pepper extract FIGURE S14 : Annotation evidence for pipercide in fried sausage digest, comparison with compound in black pepper extract. Meat digest Pepper extract A second compound was also fragmented in the meat digest, but all characteristic present Meat digest Pepper extract FIGURE S15 : Annotation evidence for phenylalanylisoleucine. Meat digest METLIN spectrum METLIN spectrum Meat digest FIGURE S16 : Annotation evidence for γ-aminobutyric acid in fermented sausage digest, comparison with chemical standard. Meat digest Standard All characteristic fragments of GABA are present in low intensities in the meat digest samples Meat digest Another ion (m/z = 104.107) with higher intensity as GABA is also fragmented Standard FIGURE S17 : Annotation evidence for histamine in fermented sausage digest, comparison with chemical standard. Meat digest Standard Meat digest Standard Standard Meat digest Meat digest Standard Meat digest Standard FIGURE S19 : Meat digest Standard Meat digest Standard FIGURE S18: Annotation evidence for tyramine in fermented sausage digest, comparison with chemical standard. Meat digest Standard Standard Meat digest fragments of pipercide are Meat digest SUPPLEMENTAL FIGURE 13:

TABLE 8 :

 8 Syringol and syringol derivatives identified in in vitro digests of smoked meat products. * Level 1 identification corresponds to confirmed structure based on comparison of retention time and MS/MS match with those of an authentic chemical standard. For level 2, no standard was available or analysed and probable identification was based on physicochemical properties, isotope pattern, and MS/MS fragmentation(Sumner et al, 2007). ***Adjusted p-value (Welch two-sample t-test) comparing the mean intensity in smoked and non-smoked products excluding tofu, FDR corrected for 4581 tests.

	Adjusted	p-value***			2.3x10 -12			1.4x10 -20			2.7x10 -08			0.00012		0.0015		0.005
	Pearson-correlation	of relative intensity	to	4-methylsyringol	0.88			Reference			0.99			0.95		0.77		0.95
	RT of	authentic	standard	(min)	3.99			4.57						5.21			
	RT (min)				3.99			4.58			5.08			5.21		5.33		5.54
	Annotation	level of	confidence**		Level 1			Level 1			Level 2			Level 1		Level 2		Level 2
	MS/MS	fragments	(m/z)		77.038,	95.094,	123.044	91.054,	109.065,	137.059	105.069,	123.080,	151.075	139.039,	154.062	139.039,	154.062	165.091
	Mass	difference	( ppm)		0			2			4			2		2		0
	m/z				[M+H] + : 155.0705*	[M+Na] + : 177.0527		[M+H] + : 169.0859	[M+Na] + : 191.0685*		[M+H] + : 183.1017*	[M+Na] + : 205.0840		[M+H] + : 195.1012	[M+Na] + : 217.0850*	[M+H] + : 195.1012	[M+Na] + : 217.0845*	[M+H] + : 197.1172	[M+Na] + : 219.1000*
	Name Pubchem	ID			Syringol 7041			4-Methylsyringol 240925			4-Ethylsyringol 61712			4-Allylsyringol 226486	(Isomer I)	4-Allylsyringol	(Isomer II)	4-Propylsyringol 524975

* Molecular feature used to calculate p-value given in the last column of this table

.

*SUPPLEMENTAL

TABLE 9 :

 9 Metabolic features that are significantly elevated in 12h urine samples after hot dog intake compared to pork intake. P-values are FDR corrected for 12,624 tests: see attached excel file

	Roland Wedekind -PhD Thesis -Annex

TABLE 10 :

 10 Syringol sulfates identified in urine samples from the intervention study.Level 1 identification corresponds to confirmed structure based on comparison of retention time and MS/MS match with those of an authentic chemical standard. For level 2, no standard was available or analysed and probable identification was based on physicochemical properties, isotope pattern, and MS/MS fragmentation. ***adjusted p-value (Student t-test) comparing the mean intensity in 12h urine samples after hot dog vs. pork diet, FDR corrected for 12,624 tests SUPPLEMENTAL

	Adjusted p-	value***		0.00013			0.0061			0.00093			2.62x10 -5		
	Pearson-correlation	to 4-methylsyringol	sulfate*	0.96			Ref			0.96			0.97		
	Formula			C 8 H 10 O 6 S			C 9 H 12 O 6 S			C 10 H 14 O 6 S			C 11 H 14 O 6 S		
	RT of authentic	standard (min)		2.997			3.686								
	RT	(min)		3.000			3.687			4.44			4.81		
	Annotation	level of	confidence**	Level 1			Level 1			Level 2			Level 2		
	MS/MS	fragments	(m/z)	123.0082,	138.0314,	153.0549	137.0234,	152.0470,	167.0705	151.0389,	166.0620,	181.0858	163.0400,	178.0624,	193.0862
	Exact mass Mass accuracy	( ppm)		[M-H] -: 4	233.0117		[M-H] -: 0	247.0281		[M-H] -: 7	261.0422		[M-H] -: 4	273.0443	
	Name			Syringol sulfate			4-Methylsyringol	sulfate		4-Ethylsyringol	sulfate		4-Allylsyringol	sulfate	*in 12h urine samples	**

TABLE 11 :

 11 Syringol glucuronides identified in urine samples from the intervention study.

	Adjusted p-	value***		0.00067		0.0025			0.0012
	Pearson-correlation to the	corresponding syringol	sulfate*	0.91		0.92			0.91
	Formula			C 14 H 18 O 9		C 15 H 20 O 9			C 16 H 22 O 8
	RT (min)			3.39		3.922			4.43	4.65
	Annotation level	of confidence**		Level 4		Level 3			Level 4	Level 3
	MS/MS	fragments	(m/z)			113.0244,	137.0228,	152.0457,	167.0725	163.0400,	193.0862
	Mass accuracy	( ppm)		5		4			5	4
	Exact mass			[M-H] -:	329.0861	[M-H] -:	343.1019		[M-H] -:	357.1172	[M-H] -:	369.1176
	Name			Syringol glucuronide		4-Methylsyringol	glucuronide		4-Ethylsyringol	glucuronide	4-Allylsyringol	glucuronide

Table 4

 4 ) are highlighted in red.SUPPLEMENTALFIGURE 4: Relative intensities of syringol sulfates in plasma samples of the dietary intervention study. Figure shows relative intensity for every plasma sample and the mean and 95% confidence interval for each diet. The p-value for a paired Student's t-test comparing the relative intensities of plasma samples after hot dog intake and pork intake is indicated for each compound. SUPPLEMENTAL FIGURE 5: Relative intensity of syringol sulfates in spot urine samples of the intervention study with 95% confidence interval of the mean intensity for each sample type. Urine spot samples have been collected 2h and 12h after the first intervention meal. SUPPLEMENTAL FIGURE 6: Relative intensity of 4-methyl syringol sulfate in urine samples of the EPIC cross sectional study for 3 different categories of smoked food intake, defined according to selfreported smoking status of the participants. Mean and 95% confidence intervals are shown for each consumer category. SUPPLEMENTAL FIGURE7: Intensity of 4 syringol sulfate compounds in urine samples of the EPIC cross sectional study by recent intake of smoked fish, smoked meat or no smoked foods as reported in 24HDR. Levels of 4-methylsyringol sulfate and 4-ethylsyringol sulfate are significantly elevated in consumers of smoked fish or smoked meat (Welch two-sample t-test, p-value < 0.05) compared to non-consumers of smoked fish or meat. Mean and 95 %-confidence intervals are shown in red.SUPPLEMENTAL FIGURE8: P-values of all covariates of logistic regression models for intake of smoked meat as outcome. Separate models for syringol sulfate (A),4-methylsyringol sulfate (B), 4ethylsyringol sulfate (C) and 4-allylsyringol sulfate (D) were build. Covariates in bold are significant at the 5 % level. SUPPLEMENTAL TABLE 12 : Details on the recursive feature finding used to create the feature table from the HRMS raw data. All steps were carried out using the Agilent MassHunter software package (Mass Profiler Professional version B14.9.1, Qualitative Analysis version B06.00 and DA Reprocessor version B.05.00; Agilent technologies).

	First step: Molecular feature extraction	
	Mass range	50-1000 m/z
	Peak height threshold	1500 counts
	Ions	Positive mode: Limited to [M+H] +
		Negative mode: Limited to [M-H] +
	Isotope grouping	Common organic molecules (no halogens),
		single-charged ions
	Alignment	15 ppm, +/-0.1 min
	Second step: Recursive analysis	
	Creation of targets	features detected in at least 3 samples
	Chromatogram extraction	+/-25 ppm and +/-1.0 min around target
	Alignment of features	15 ppm, +/-0.1 min

TABLE 15 :

 15 Metabolic features elevated in plasma after intake of salami compared to plasma after intake of fried pork. See excel sheet SUPPLEMENTAL TABLE

  Confidence level of annotation: level 1, comparison of retention time, accurate mass and fragmentation pattern with those of a chemical standard; level 2, comparison of fragmentation pattern with those of publically available spectre (see last column of this table) and correlation with other pepper compounds.

2

Compounds were annotated based on chemical standards or literature data.

3

TABLE 3 :

 3 Annotation evidence for Metabolite M17 and M20, annotation by comparison to Shang et al[1] (M89, M94, M102, M109). No literature spectrum is available for negative ionisation mode. The characteristic loss of a sulfate group is visible for all isomers. Annotation evidence for Metabolite M18 and M19, annotation by comparison to Shang et al[1] (M53). No literature spectrum is available for negative ionisation mode. The characteristic loss of a sulfate group is visible for all isomers. Correlation heatmap of pepper compounds that showed increased intensity in plasma samples collected after intake of salami compared to pork in the dietary intervention study and that were annotated with confidence level 1 or 2. SUPPLEMENTAL FIGURE38: Correlation heatmap of compounds that were elevated in urine samples collected after intake of salami compared to pork in the intervention study and that were annotated with confidence level 1 or 2. SUPPLEMENTAL TABLE 2 : Acylcarnitines tentatively identified in 12-hr urine samples from the intervention study. Acylcarnitines are written in the general form of Cx or Cx:y, where x is the number of carbon atoms in the fatty acid moiety and y the number of double bonds. The suffix -OH indicates acylcarnitines with hydroxyl-groups and DC indicates dicarboxylic acids. Different isomers of with the sample molecular formula are defined by their retention time (RT). Acylcarnitines showing significant differences in 12-hr urinary excretion in the intervention study after pork intake compared to tofu intake. The retention times (RT) listed in the table might differ slightly from those of Supplemental table 1 because the present experiment aiming at confirming the identity of acylcarnitine with MS/MS fragmentation and comparison with authentic chemical standards was conducted separately from the original urine analyses.

	Intervention	study	Cross-	sectional	study

*In cases where HMDB lists several isomers of a compound, IDs of individual isomers are given.

TABLE 5 :

 5 Association of urinary acylcarnitines (ACs) with intake of different types of meat in the EPIC cross sectional study. Shown are results for the 18 ACs that showed significant differences between the pork and tofu diet in the intervention study. The covariates included in the linear models are listed in Supplemental table 1. The q-values shown in this table are the FDR-adjusted p-values (FDR = 0.05) of the covariate "meat intake" for the different types of meat. The model was adjusted for red and processed meat intake in addition to the covariates listed in supplemental table1

	Spot urine 12h after meal
	Spot urine 2h after meal

*

TABLE 6 :

 6 List of acylcarnitines that were extracted from the intervention study plasma sample data.

	RT (Isomer IV)																						6.46
	RT (Isomer III)					2.67			2.35						4.82	4.97						6.53	6.32
	RT (Isomer II)				1.98	2.4			2.23		3.42		4.15		4.71	4.88		4.37	5.76		6	6.42	6.28
	Mass RT (Isomer I)	161.1051 0.62	203.1157 0.3	217.1314 1.31	231.1472 1.93	243.1496 2.21	259.1469 0.89	245.1631 2.58	289.152 1.98	257.165 2.75	271.1796 3.27	265.1316 2.67	285.1941 3.94	283.1773 3.42	301.2253 4.64	313.225 4.68	311.2095 4.6	309.1942 4.2	345.2507 5.67	357.2897 5.78	371.3019 5.84	443.3575 6.15	427.3555 6.15
	Formula	C7 H15 N O3	C9 H17 N O4	C10 H19 N O4	C11 H21 N O4	C12 H21 N O4	C12 H21 N O5	C12 H23 N O4	C13 H23 N O6	C13 H23 N O4	C14 H25 N O4	C14 H19 N O4	C15 H27 N O4	C15 H25 N O4	C16 H31 N O4	C17 H31 N O4	C17 H29 N O4	C17 H27 N O4	C18 H35 N O5	C20 H39 N O4	C21 H41 N O4	C25 H49 N O5	C25 H49 N O4
	Acylcarnitine	C0	C2.0	C3.0	C4.0	C5.1	C5.1-OH	C5.0	C6.0-DC	C6	C7.1	C7.4-Phe	C8.1	C8.2	C9.0	C10.1	C10.2	C10.3	C11.0-OH	C13.0	C14.0	C18.0-OH	C18.0

TABLE 8 :

 8 Associations between serum levels of C10:2 and C18:0 in the EPIC cross-sectional study and intake of different types of meat.Shown are results for the 2 acylcarnitines that showed significant differences between the pork and tofu diet in the intervention study. The covariates included in the linear models are listed in Supplemental table 1 (model 2). The q-values shown in this table are p-values of the covariate "meat intake" adjusted for testing of multiple ACs (FDR = 0.05).Model 1: linear regression model with blood AC levels as dependent variable and meat intake as well as BMI, age, sex, fasting status at blood collection and intake of dairy products, fish, fat and cakes/biscuits as covariates.

	C10:2
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Adjusted for country, age, sex, BMI and habitual intake of major food groups in a logistic regression model; p-values corrected for multiple testing

SUPPLEMENTAL FIGURE 17: Annotation evidence for 4-allylsyringol (4-allyl-2,6-dimethoxyphenol), standard purchased from Sigma (Ref: W365505)

Annotations are based on comparison of MS/MS fragmentation spectre with those of chemical standards, compounds extracted from pepper or metabolites reported in the literature(Shang et al, 2017 [194]). The metabolite numbering of the corresponding reference is indicated. For isomers, all possible matches are listed. SUPPLEMENTAL TABLE 17 : Metabolic features elevated in urine after intake of salami compared to plasma after intake of fried pork. See excel sheet

SUPPLEMENTAL FIGURE33: Annotation evidence for Metabolite M14, compared to M106, Shang et al[194] 

SUPPLEMENTAL FIGURE34: Annotation evidence for Metabolite M15, annotation by comparison to Shang et al[1] (M79, M83, M84, M86, M88, M92, M95, M100, M110, M117)

*difference in mean intensity in urine samples of the diet groups pork vs tofu. Positive value indicate higher AC levels in the pork group †p-value of a paired Student's t-test comparing AC intensity between diet groups pork vs tofu ‡q-value of a paired Student's t-test comparing AC intensity between diet groups pork vs tofu, FDR adjusted.

Model 1: linear regression model with blood AC levels as dependent variable and red and processed meat intake as well as BMI, age, sex, fasting status at blood collection and intake of dairy products, fish, fat and cakes/biscuits as covariates.

Model 2: Model 1 further adjusted for country of study, smoking status, intake of potatoes, vegetables, legumes, fruits, pasta/rice, eggs, sugar/confectionary, non-alcoholic beverages, alcoholic beverages.

ND: Not detected
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Am J Clin Nutr 2020;00:1-8. NA 5 NA 5 1 Habitual intake as reported in food frequency questionnaire. 2 Recent intake as reported in 24h dietary recalls (24HDR). 3 Mean ± standard deviation; all such values. 4 Number of consumers (% all participants); all such values. 4 NA, not assessed as blood samples were not taken on the same day as the 24HDR were provided.
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A metabolomic study of red and processed meat intake and acylcarnitine levels in human urine and blood Roland Wedekind, Agneta Kiss, Pekka Keski-Rahkonen, Vivian Viallon, Joseph A. Coefficient beta (per 1 sd) q-value 0.028 0.87 0.04 0.033 1 In cases where HMDB lists several isomers of a compound, IDs of individual isomers are given which does not necessarily correspond to the isomer measured in this study 2 Level 2 identification corresponds to confirmed structure based on comparison of retention time and MS/MS fragmentation. For level 3, no standard was available or analysed and annotation was based on physicochemical properties, isotope pattern, and MS/MS fragmentation (Sumner et al, 2007). 3 q-value of a paired Student's t-test comparing the intensity of acylcarnitines in plasma samples after pork intake to plasma samples after tofu intake (adjusted by Benjamini-Hochberg method for 33 tests using a false discovery rate of 0.05) SUPPLEMENTAL TABLE 9 : Details on ACs measured in the intervention study and observational study. Note that most acylcarnitines were annotated only based on retention time and accurate mass (level 3). Some ACs were annotated based on MS/MS fragmentation (level 2 and 3) or using chemical standards (level 1). In contrast to the data presented in supplemental table 7 and 8, pvalues of associations in the cross-sectional study are not corrected for multiple testing.