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ABSTRACT 71 

Background: Meat and fish intake have been associated with various chronic 72 

diseases. The use of specific biomarkers may help assessing meat and fish intake 73 

and improving subject classification according to their level and type of meat or fish 74 

consumed. 75 

Objective: A metabolomic approach was applied to search for biomarkers of meat 76 

and fish intake in a dietary intervention study and in free-living subjects from the 77 

European Prospective Investigation into Cancer and Nutrition (EPIC) study. 78 

Design: In the dietary intervention study, four groups of 10 subjects consumed 79 

increasing quantities of chicken, red meat, processed meat and fish over three 80 

successive weeks. 24-Hour urine samples were collected during each period and 81 

analysed by high-resolution liquid chromatography-mass spectrometry. Signals 82 

showing an increase in intensity with the amount of food consumed were replicated 83 

in 50 EPIC subjects for whom a 24-hour urine sample and 24-h dietary recall 84 

collected on a same day were available and selected for their exclusive or no intake 85 

of any of the four same foods. 86 

Results: 249 mass spectrometric features showed a positive dose-dependent 87 

response to meat or fish intake in the intervention study. Eighteen of these features 88 

best predicted intake of the four food groups in the EPIC urine samples based on 89 

pROC analyses with permutation testing (AUC ranging between 0.61 and 1.0). Out of 90 

these signals, eight metabolites were identified. Anserine was found to be specific for 91 

chicken intake whereas trimethylamine-N-oxide showed good specificity for fish. 92 

Carnosine and three acylcarnitines (acetyl-, propionyl- and 2-methylbutyrylcarnitine) 93 

appeared to be more generic indicators of meat and meat and fish intake, 94 

respectively. 95 
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Conclusion: The meat and fish biomarkers identified in this work may be used to 96 

study associations between meat and fish intake and disease risk in epidemiological 97 

studies. This trial was registered at clinicaltrials.gov as NCT01684917. 98 

 99 

 100 

KEYWORDS: 101 

Dietary biomarkers, anserine, acylcarnitines, carnosine, trimethylamine-N-oxide, 102 

chicken, red meat, processed meat, fish, EPIC, metabolomics 103 

  104 
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Introduction 105 

 106 

Intake of meat, and more particularly red meat and processed meat, has been 107 

associated with an increased risk of type 2 diabetes, cardiovascular diseases and 108 

cancers in a large number of epidemiological studies (1, 2), whereas fish 109 

consumption appears to be protective against the same diseases (3-5). Most of these 110 

studies have used dietary questionnaires to assess meat and fish intake, and 111 

systematic and random errors commonly seen when using questionnaires due to 112 

misreporting, difficulties in assessing portion sizes, recall errors, or missing data in 113 

food composition tables, may lead to misclassification of the subjects (6). The use of 114 

biomarkers may improve accuracy of dietary intake assessment and help classifying 115 

subjects according to the type of food and amount consumed (7, 8). Over one 116 

hundred biomarkers have been used in population-based studies to assess dietary 117 

exposures (9) and several biomarkers for meat or fish intake have already been 118 

identified (10, 11). These biomarkers can be amino acids such as 3-methylhistidine 119 

[3-MH; note that some confusion exists in the literature about the numbering of atoms 120 

in the imidazole ring of histidine; Nτ and Nπ atoms in the imidazole ring of histidine are 121 

numbered here respectively 1 and 3 as most commonly done today (12)], or fatty 122 

acids such as eicosapentaenoic acid or docosahexaenoic acid (11, 13). 123 

 124 

Different types of meat or fish may have different effects on disease risk (2, 14). In 125 

particular a higher risk of cancers and cardiovascular diseases appears to be more 126 

particularly related to intake of red meat and processed meat rather than poultry (1, 127 

2, 15). However, few authors have compared the levels of biomarkers according to 128 

the type of meat or fish consumed (16, 17). In the present work, we applied a 129 
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metabolomic approach to search for biomarkers of chicken, red meat, processed 130 

meat and fish in a short-term and fully controlled dietary intervention study. For 131 

external validation, urinary biomarkers identified in the intervention study were 132 

replicated in free-living subjects of the European Prospective Investigation into 133 

Cancer and nutrition (EPIC) study having consumed the same four foods. 134 

 135 

Materials and methods 136 

 137 

Study design and collection of biospecimens 138 

 139 

Intervention study 140 

Fifty healthy subjects were recruited (Supplemental Figure 1) and asked to follow a 141 

predefined specific diet plan with all meals provided at the NIHR/Wellcome Trust 142 

Imperial Clinical Research Facility, London, for the first 3 consecutive days (days 1, 2 143 

and 3) of 3 consecutive weeks. Subjects were randomized into five treatment groups 144 

(n=10 per group; men and women equally distributed over the 4 groups), including 145 

four groups included in the present study and consuming four different main sources 146 

of protein: chicken breast (chicken group), red meat (red meat group), cooked ham 147 

(processed meat group) and haddock (fish group). The fifth group consuming quorn 148 

and a collagen supplement was not included in the present study. Chicken, red meat 149 

and haddock were fried. Red meat was well done. All meals were precooked, frozen 150 

and heated in a steam oven for one hour before serving. For each group, the same 151 

breakfast, midday and evening meals were served at 8 am, 12 pm and 7 pm 152 

respectively on each of the three consecutive days in a same week. Meat or fish 153 

were served at midday and evening meals (Supplemental Table 1). The subjects 154 
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returned to their habitual diet during the four other days of each week (washout 155 

period). All meals served were designed to provide similar intakes of energy and 156 

dietary fibre, but the amounts of proteins, fats and carbohydrates varied for each 157 

successive week: week 1: 13% protein, 30% fat, 57% carbohydrate (by energy); 158 

week 2: 20% protein, 35% fat, 45% carbohydrate; week 3: 30% protein, 40% fat, 159 

30% carbohydrate. The amount of meat or fish consumed thus increased with the 160 

percentage of protein in the diet during each successive week (Table 1). 161 

 162 

Twenty four-hour urine samples were collected from the second void of day 2 until 163 

the first void of day 3. Blood samples were collected in lithium heparin tubes on day 3 164 

directly before lunch at 12 pm followed by another two samples at 2 pm, 6 pm. Again 165 

on the next day (day 4), fasting samples were taken at 8 am before participants were 166 

discharged home. Urine was kept in a refrigerator or an ice box at 4°C and 167 

processed after all urine was collected. Blood samples were processed immediately. 168 

Both urine and blood were centrifuged at 1800 x g for 10 min at 4°C, aliquoted and 169 

stored at 80°C. The study was approved by the West London Research Ethics 170 

Committee (REC ref: 12/LO/0139) and the Ethics Committee of the International 171 

Agency for Research on Cancer. Written informed consent was provided by all 172 

participants. 173 

 174 

Cross-sectional study 175 

The EPIC study is one of the largest studies designed to investigate the relations 176 

between diet, nutritional status, and lifestyle and the incidence of cancer, with more 177 

than one-half million (520,000) participants recruited between 1992 and 2000 in 23 178 

centers in 10 European countries (18). For an external and independent validation of 179 
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the biomarkers identified in the intervention study, subjects were selected from a 180 

cross-sectional study (n=37,000) carried out as part of the EPIC study for calibration 181 

purposes (19). Out of the subjects for whom an archived 24-h urine collection and a 182 

single standardized 24-h dietary recall (24-HDR) were available and taken on the 183 

same day (n = 481) (20), five groups (n=8-10 per group) were further selected based 184 

on exclusive consumption during the day of urine and 24-HDR collection of one of 185 

the three types of meat (chicken, red meat, processed meat) or fish served in the 186 

intervention study, or the non-consumption of any meat or fish (control group)(Table 187 

2). These subjects were selected based on detailed information from the 24-HDR. 188 

Urine collection was carried out as described earlier (20). Informed consent was 189 

provided by each participant in the study. All participants gave consent for future 190 

analyses of their urine samples, and the Ethics Committee of the International 191 

Agency for Research on Cancer approved the metabolomic analyses. 192 

 193 

Mass spectrometry analyses 194 

 195 

Ultra-high performance liquid chromatography (UHPLC) grade water, acetonitrile and 196 

methanol used for sample preparation and chromatography were purchased from 197 

Fisher Scientific (Illkirch, France; Optima brand for LC-MS). All other chemicals and 198 

analytical standards were obtained from Sigma-Aldrich (Saint Quentin Fallavier, 199 

France). 200 

 201 

Urine concentrations were normalized through dilution with Milli-Q grade ultrapure 202 

water to the lowest specific gravity measured by refractometry prior to chemical 203 

analysis (20). The samples were then centrifuged at 18,000 g for 5 min, after which 204 
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50 µL of the supernatant were transferred to autosampler vials with 200 µL inserts, 205 

followed by the addition of 25 µL of acetonitrile. Samples were stored at -80°C until 206 

chemical analysis. Plasma samples were prepared by mixing a 30-μL aliquot with 207 

200 μL of acetonitrile, and filtering the precipitate with 0.2 µm Captiva ND plates 208 

(Agilent Technologies) into a polypropylene well plate. The plate was then sealed 209 

with a Rapid EPS well plate sealing tape (BioChromato) and kept at 4oC until 210 

analysis. Quality control (QC) samples were prepared from a pool created from small 211 

aliquots of all study samples. 212 

 213 

All samples were analysed by mass spectrometry (MS) using a 6550 quadrupole 214 

time-of-flight (Q-TOF) mass spectrometer coupled to a 1290 Infinity UHPLC system 215 

(Agilent Technologies Inc., Santa Clara, CA, USA). The same analytical conditions 216 

were used for both urine and plasma. The analytical run was initiated with 10 priming 217 

injections of the QC sample to achieve stable instrument response. Study samples 218 

were injected in a randomized order and the same QC sample was injected every 219 

twelve samples to monitor instrument performance and sample stability over the 220 

course of the entire data acquisition. The same batch of samples was successively 221 

analysed by reversed phase (RP) chromatography and hydrophilic interaction liquid 222 

chromatography (HILIC). The RP analysis was performed on a Waters Acquity UPLC 223 

HSS T3 column (1.8 μm, 2.1 mm × 100 mm) at 45°C. A flow rate of 0.4 ml/min was 224 

used with a linear gradient of 0.05% formic acid in water (eluent A) and 0.05% formic 225 

acid in methanol (eluent B). The gradient profile was as follows: 5 to 100% eluent B 226 

from 0 to 6 min and 100% eluent B from 6 to 10.5 min, followed by a 2-minute 227 

equilibration with 5% B. For HILIC, a Waters Acquity UPLC BEH Amide column (1.7 228 

μm, 2.1 mm × 100 mm) was used and maintained at 45oC. Mobile phase flow rate 229 
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was 0.4 ml/min. The following eluents were used: water (eluent A) and acetonitrile 230 

(eluent B) both containing 10% (v/v) of 100 mM ammonium formate in water adjusted 231 

to pH 3.5 with formic acid. The gradient profile was as follows: 100% B from 0 to 1 232 

min, 100 to 30% B from 1 to 8 min, 8 to 14.5 min: 100% B. 233 

 234 

The mass spectrometer was operated in positive electrospray ionization mode using 235 

the following conditions: drying gas (nitrogen) temperature, 175°C; drying gas flow 236 

rate, 12 L/min; sheath gas temperature, 350 °C; sheath gas flow rate, 11 L/min; 237 

nebulizer pressure, 45 psi; capillary voltage, 3500 V; nozzle voltage, 300 V; 238 

fragmentor voltage, 175 V. Data acquisition was performed using 2 GHz extended 239 

dynamic range mode across a mass range of 50–1050 m/z. Scan rate was 1.67 Hz 240 

and data acquisition was in centroid mode. Continuous mass axis calibration was 241 

performed by monitoring two reference ions from an infusion solution throughout the 242 

runs (m/z 121.050873 and m/z 922.009798). Data was acquired using MassHunter 243 

Acquisition B.05.01 (Agilent Technologies). Targeted mass fragmentation (MS/MS) 244 

analyses were performed using the same chromatographic conditions as described 245 

above: 10, 20 and 40 eV collision energies were applied with isolation width of 1.3 246 

Da. Annotation was performed using METLIN database (21), by comparing MS/MS 247 

spectra at two or more collision energies. The identity of successfully matched 248 

compounds was further confirmed by comparison with chemical standards when 249 

available. 250 

 251 

Raw data preprocessing and filtration 252 

 253 
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RP and HILIC datasets were processed independently. Preprocessing of the 254 

acquired data was performed using MassHunter Qualitative Analysis B.06.00, DA 255 

Reprocessor, Mass Profiler Professional 12.1 and Profinder B 06.00 software 256 

(Agilent Technologies). Recursive feature extraction was employed to find 257 

compounds as singly charged proton adducts [M+H]+. Initial data processing was 258 

performed using MassHunter Qualitative Analysis with MFE algorithm set to small 259 

molecules. Threshold values for mass and chromatographic peak heights were set to 260 

1500 and 10000 counts, respectively. Two mass peaks were required for a molecular 261 

feature and the peak spacing tolerance for grouping of isotope peaks was 0.0025 m/z 262 

+7 ppm, with the isotope model set to common organic molecules. Data were filtered 263 

to keep MS features which were matched to metabolites in either HMDB or Metlin 264 

databases based on their accurate mass (+/-10 ppm mass error) and only retain 265 

features that may be more easily identified in subsequent analyses. 266 

 267 

For the dietary intervention study, MS features present in less than 5% of all 120 268 

samples were filtered out. Further filtration was applied for each dietary group to 269 

keep only MS features present in >70% of all samples from this group across all the 270 

three weeks. Missing values were calculated and replaced using multiple imputation 271 

methodology using a regularized iterative principal component analysis algorithm 272 

implemented in missMDA R package (22). Each dietary group was imputed 273 

independently in order to preserve the natural covariance data structure. First the 274 

number of optimum principal components for each diet group was estimated using a 275 

K fold cross-validation methodology, to obtain the smallest mean square error of 276 

prediction (MSEP) for each diet group prior to imputation. Missing values were 277 

inserted at random in the data matrix and were predicted with a multiple 278 
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correspondence analysis model (23). This process was repeated iteratively until the 279 

lowest MSEP was obtained. Missing values from each diet group were then imputed 280 

using the missMDA package in R and re-combined into the original data. Statistically 281 

significant MS features were matched to known metabolites in the Human 282 

Metabolome Database (24) and METLIN (21) based on accurate mass (mass 283 

tolerance +/- 10 ppm). 284 

 285 

For the cross-sectional study in EPIC, MS features were matched with those 286 

previously identified in the dietary intervention study based on retention time (+/- 0.1 287 

and 0.2 min for RP and HILIC analyses respectively) and accurate mass (+/- 10 ppm) 288 

using MassHunter PCDL Manager B.04.00 and Profinder B.06.00 software (Agilent 289 

Technologies). Visual inspection of all extracted ion chromatograms was performed 290 

and any integration errors for matched peaks were manually corrected prior to any 291 

further statistical analysis.  292 

 293 

Statistical analyses 294 

Workflow for statistical analyses of the data from the dietary intervention study and 295 

the cross-sectional study is summarized in Supplemental Figure 2. Peak height was 296 

used to compare MS feature intensities. For the intervention study, datasets were 297 

log2 transformed and subjected to metabolome-wide logistic regression analysis to 298 

screen for MS features showing a monotonic increase with the amount of meat/fish 299 

consumed across the three successive weeks. False discovery rate was used to 300 

account for multiple testing and nominal statistical significance levels were set to 301 

0.05. These analyses were carried out independently for each dietary group and RP 302 

and HILIC datasets. For plasma, changes in the levels of 4 annotated biomarkers 303 
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upon ingesting meat or fish within the intervention study were assessed using non-304 

parametric Kruskall-Wallis analysis on samples collected before food intake and 2 305 

hours [3-MH, propionylcarnitine (PPC) and trimethylamine-N-oxide (TMAO)] or 24 306 

hours (acetylcarnitine) after ingestion. Two separate comparisons were performed, 307 

between time points or between doses of food consumed. The data analyses were 308 

carried out in R with in-house developed scripts.  309 

 310 

For the cross-sectional study in EPIC and analysis of urine sample data, partial least 311 

squares discriminant analysis (PLS-DA, MetaboAnalyst V3.0)(25) was applied to 312 

compare each dietary group to the control group and identify MS features 313 

characteristic of each dietary group. The top 10 most discriminating MS features, 314 

showing variable influence on projection (VIP) scores >1, from each two way 315 

comparison were retained for follow up MS/MS analysis. The two-way comparisons 316 

were performed independently for RP and HILIC data sets and a total of 30 and 35 317 

discriminant MS features could be identified in RP and HILIC datasets respectively. 318 

Urine samples were reanalyzed to acquire MS/MS spectra as described above. 319 

MS/MS spectra could be collected for 29 of these MS features (14 and 15 MS 320 

features for RP and HILIC chromatography respectively). The capability of the MS 321 

features for which MS/MS spectra could be collected to predict intake of the four 322 

different foods against the control group was further tested in partial Receiver 323 

Operating Curve (pROC) analyses with Fisher permutation testing and bootstrapping 324 

resampling methodology over 1,000 iterations. A Welch t-test was also performed for 325 

each MS feature. Only significant markers with a p-value below the nominal value of 326 

0.05 based on Fisher-Pitman permutation testing and Welch t-test were considered 327 

statistically significant and retained. Differences between the five EPIC food groups 328 
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were further tested with non-parametric sequential Kruskall-Wallis statistical testing. 329 

The data analyses were carried out in R with in-house developed scripts. 330 

 331 

Results 332 

Dietary intervention study 333 

Forty subjects (20 male and 20 female) were recruited and completed the dietary 334 

intervention study. Mean age of the subjects was 59.4 +/- 4.1 years (mean +/- SD) 335 

and their body mass index (BMI) was 29.7 +/- 2.6 kg/m2 (mean +/- SD)(Table 1). 336 

They were randomized into four groups (n=10 per group). Each group consumed 337 

during 3 successive days midday and evening meals containing either one of the four 338 

following sources of proteins: chicken, red meat, processed meat (cooked ham) or 339 

fish (Table 1 and Supplemental Table 1). For each group the intervention was 340 

repeated on three successive weeks with increasing quantities of meat or fish (3.3 to 341 

4.9-fold increase from week 1 to week 3, depending on the groups; Table 1). No 342 

meat or fish was provided for breakfast (Supplemental Table 1). Twenty four-hour 343 

urine samples collected on the second day of each week were analysed by high-344 

resolution MS coupled with RP or HILIC chromatography. Two hundred forty nine MS 345 

features (150 and 99 MS features for RP and HILIC chromatography respectively) 346 

showed a monotonic increase of their levels in urine upon consuming increasing 347 

amount of any of the three types of meat or fish. 348 

 349 

Cross sectional study 350 

These MS features were then replicated in free-living subjects of the EPIC cohort for 351 

whom both a 24-h urine sample and a 24-HDR had been collected on a same day.. 352 

Four groups were defined according to self-reported consumption of the same three 353 
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types of meat and fish and compared with a control group who had not consumed 354 

any meat or fish (Table 2). Mean age of the 46 subjects was 54.2 +/- 9.0 years and 355 

their mean BMI was 25.6 +/- 3.4 kg/m2. Twenty four-hour urine samples collected for 356 

each subject were analyzed using the same analytical procedure as for the 357 

intervention study. Out of 249 MS features screened, 245 could be identified in the 358 

EPIC data set based on accurate mass and retention time. A total of 65 MS features 359 

characteristic of each meat or fish group were identified by discriminant analyses and 360 

MS/MS spectra could be collected for 29 of them. The ability of these 29 MS features 361 

to predict the belonging of a particular sample to a group of meat or fish eaters when 362 

compared with the control group was further assessed with pROC analysis, Fisher-363 

Pitman permutation test and a Welch t-test (Supplemental Tables 2-5). Eighteen 364 

biomarkers were selected as best predictors, and showed ROC AUC values ranging 365 

between 60.9 and 100%. Their spectral characteristics and retention time are shown 366 

in Supplemental Table 6 and Supplemental Figures 3-19. Eight of these 18 367 

biomarkers were successfully annotated and their identity confirmed by comparison 368 

with chemical standards. They include 1-methylhistidine (1-MH), 3-MH, anserine, 369 

carnosine, acetylcarnitine, PPC, 2-methylbutyrylcarnitine (2-MBC) and TMAO. 370 

 371 

The relative intensities of the 18 biomarkers differed markedly between the four 372 

groups of EPIC subjects having consumed meat or fish and the control group of 373 

subjects who did not consume either meat or fish for the eight annotated metabolites 374 

(Figure 1) and the ten non-annotated metabolites (Supplemental Figure 20). With 375 

the exception of 1-MH, all biomarkers showed a higher urinary excretion in at least 376 

one of the meat or fish groups when compared with the control group. Levels of 377 

some of these biomarkers also showed significant differences between groups of 378 
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meat/fish eaters. Urinary excretions of 3-MH and anserine were particularly high in 379 

the chicken group and significantly different (p<0.001) from excretion of the same 380 

compounds in the four other groups (Figure 1B,C). Levels of the three acylcarnitines 381 

(acetylcarnitine, PPC and 2-MBC; Figure 1E,F,G) were all increased (p<0.05) in the 382 

four meat/fish groups when compared with the control group and no significant 383 

differences were observed for acylcarnitines between the four meat/fish groups. 384 

Carnosine was significantly higher (p<0.01) in urine of the three meat groups when 385 

compared with the fish group, and no significant difference could be observed 386 

between the three meat groups (Figure 1D). TMAO showed a high intensity in the 387 

fish group when compared with all other groups (p<0.001) (Figure 1H). In addition, 388 

two non-annotated markers, HILIC Pos M2 and HILIC Pos M8, showed a particularly 389 

high level in urine samples from the processed meat group when compared with the 390 

other groups (p<0.001) (Supplemental Table 7 and Supplemental Figure 20). 391 

 392 

A heatmap of the correlations observed between the 18 urinary metabolites 393 

associated with meat or fish intake in the 50 EPIC subjects was built (Figure 2). It 394 

shows several metabolite clusters. The largest cluster made of 9 metabolites includes 395 

the two annotated metabolites more characteristic of chicken intake (3-MH and 396 

anserine) and 7 non-annotated markers also highly excreted in the chicken group 397 

(Supplemental Table 7). Acylcarnitines (acetylcarinitine, 2-MBC and PPC) form 398 

another highly correlated cluster. Weaker correlations were observed between 399 

acylcarnitines and 2 unknown compounds. TMAO was also strongly correlated with 400 

an unknown metabolite (RP Pos M5). 401 

 402 

Plasma samples 403 
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The same biomarkers as found in urine were also searched in plasma, a type of 404 

biospecimen more systematically collected in cohort studies. Plasma samples 405 

collected before, 2 and 24 hours after consumption of any of the 3 types of meat or 406 

fish in the dietary intervention study were similarly analyzed by high-resolution MS. 407 

Four out of the 8 biomarkers identified in urine could also be detected in the plasma 408 

samples (Figure 3); these include 3-MH, acetylcarnitine, PPC and TMAO. They all 409 

showed an increase in concentration upon consumption of some of the tested foods. 410 

The plasma level of 3-MH increased significantly (p<0.0005) 2 hours after 411 

consumption of chicken and to a lesser extent after consumption of fish intake 412 

(p<0005)(Figure 3A). A small increase in concentration could also be observed after 413 

intake of red or processed meat (p<0.005). Levels of acetylcarnitine and PPC 414 

increased significantly (p<0.005) 2 hours after consumption of all three types of meat 415 

and fish (Figure 3B,C). For acetylcarnitine the highest level in plasma was observed 416 

24 hours after meat/fish intake. A significant increase in TMAO level (p<0.0005) was 417 

observed 2 hours after consumption of fish (Figure 3D). A minor increase in TMAO 418 

concentration (p<0.05) was also observed with red meat and processed meat. These 419 

increases in concentration were all dose-dependent across the 3 weeks of the 420 

intervention study. 421 

 422 

Discussion 423 

 424 

In this work seven metabolites - amino acid (3-MH), dipeptides (anserine, carnosine), 425 

acylcarnitines (acetylcarnitine, PPC and 2-MBC) and TMAO - were found to be 426 

associated with meat or fish intake. These metabolites showed an increased level in 427 

urine and plasma when either meat or fish were ingested in the intervention study. 428 
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They also showed varying specificities depending on the type of meat and fish 429 

consumed. Two metabolites, 3-MH and anserine (a dipeptide made of 3-MH and 430 

alanine), when tested in the EPIC cross-sectional study, showed a particularly high 431 

level in urine and plasma after consumption of chicken, and anserine appeared 432 

specific for chicken intake (Figure 1B,C). The present results confirm earlier 433 

observations made in two intervention studies where consumption of beef and 434 

chicken were compared (16, 26). These results are consistent with the known 435 

composition of meat and meat products, and high concentration of 3-MH and 436 

anserine in chicken or turkey when compared with beef or pork (16, 17, 27). Level of 437 

3-MH but not anserine was also higher in urine of the EPIC subjects consuming fish 438 

(Figure 1B) and in plasma samples of the intervention study after consumption of fish 439 

(Figure 3A). Fish consumed by the ten EPIC subjects was mainly cod (Table 2) and 440 

haddock and the fish species consumed in the intervention study, belongs to the 441 

same family as cod (Galidae). Cod is known to contain high amounts of 3-MH when 442 

compared with other fish species, sea foods, pork and beef (26) and this is thus 443 

consistent with the results obtained. Both urinary 1-MH and 3-MH have previously 444 

been proposed as biomarkers of intake for meat (13, 28, 29) but the specificity of 3-445 

MH for chicken (and some fish species) has been overlooked.  446 

 447 

An increase in the level of carnosine (a dipeptide of β-alanine and histidine) was 448 

observed in urine after intake of all three types of meat, but not after consumption of 449 

fish (Figure 1D). A similar increase was observed in two intervention studies after 450 

intake of beef, pork or chicken (16, 17). Differences in the excretion of carnosine in 451 

meat and fish are explained by the high level of carnosine in both beef and chicken 452 

and low level in most fish species (17, 30, 31). 453 
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 454 

Acylcarnitines (acetyl-, propionyl- and 2-MBC) differed from 3-MH as they showed an 455 

increase in urine for all types of meat and fish (Figure 1D,E,F). Acylcarnitines might 456 

be generic markers of intake for animal foods. Their increased concentration in urine 457 

or plasma observed in both the intervention and EPIC studies may reflect intake of 458 

fatty acids contained in meat or fish. A high level of acetylcarnitine in urine was found 459 

in individuals consuming high-meat diets when compared with low-meat diets (32). 460 

 461 

A major increase of TMAO level in urine was observed after fish intake but not after 462 

meat intake (Figure 1H). This result is fully consistent with the documented amounts 463 

of TMAO recovered in urine after intake of 46 different foods by human volunteers 464 

(33): high TMAO urinary recoveries were observed after consumption of various fish 465 

species (both lean and fatty fish) and seafoods, whereas the consumption of meat, 466 

egg or dairy products led to much lower recoveries. This is also consistent with the 467 

high content of TMAO in various fish species (33, 34). The present results also 468 

confirm those of previous dietary intervention or observational studies where a high 469 

level of TMAO in either urine or blood was found to be associated with fish intake 470 

(35-39). TMAO recovered in urine after consumption of both lean and fatty fish can 471 

thus be seen as a generic marker for fish intake in contrast to n-3 polyunsaturated 472 

fatty acids (eicosapentaenoic acid and docosahexaenoic acid) more specific of fatty 473 

fish intake (11, 40, 41). 474 

 475 

In a few other studies, TMAO levels in urine and plasma have also been associated 476 

with intake of red meat, egg and dairy food (29, 32, 42, 43). Animal products differ 477 

from fish as they do not contain free TMAO. TMAO is formed by microbial conversion  478 
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in the gut of carnitine and choline (33, 44, 45). These precursors are largely present 479 

in animal foods in combined forms such as lecithin for choline, known to be poorly 480 

accessible for conversion into TMAO (33). This explains the high association of 481 

TMAO with fish intake rather than meat intake. 482 

 483 

Several of the biomarkers identified in the present study have been previously 484 

associated to disease risk. TMAO and its precursor choline in plasma were shown to 485 

predict risk of cardiovascular diseases in individuals undergoing cardiac evaluation in 486 

a tertiary care center and the proatherogenic effects of TMAO were explained by the 487 

transformation of phosphatidylcholine abundant in foods like eggs, milk, red meat, 488 

poultry or fish by the gut microbiota (46). However, this interpretation may need 489 

revision, particularly for populations consuming fish, as it is not compatible with fish 490 

being the main dietary source of TMAO and the reduction of cardiovascular disease 491 

risk associated with fish intake (47). Two other biomarkers, acetylcarnitine and PPC, 492 

were previously found to be associated with risk of type-2 diabetes in two different 493 

cohort studies but their link with meat and fish intake was not noticed (48-50). On the 494 

other hand, no association could be found between 1-MH and 3-MH and colorectal 495 

adenoma in a case-control study (51). The present results on meat and fish 496 

biomarkers should be useful to further explore and interpret associations between 497 

meat and fish intake and disease risk in future epidemiological studies. 498 

 499 

Strengths and limitations 500 

The high sensitivity of high-resolution MS and its coupling to UHPLC allowed 501 

measuring a large number of metabolites in urine or plasma. The combination of two 502 

types of chromatography (RP and HILIC) resulted in a large coverage of the 503 
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metabolome. The design of this study had several important assets: varying amounts 504 

of meat or fish were consumed in the intervention study and this allowed selecting 505 

biomarkers on the basis of their dose-dependent response. Results were replicated 506 

in an observational study using highly detailed dietary intake data. The study also 507 

had a number of limitations. The dietary intervention was conducted over a short 508 

period (3 days) and acute rather than habitual food intake data was used in the 509 

observational study. Such a design did not allow searching for markers of habitual 510 

meat or fish intake. Most biomarkers identified here are likely quickly eliminated 511 

(Figure 3) and therefore would be short-term intake biomarkers. However, in an 512 

observational study on 126 Californian subjects, urinary excretion of 3-MH was found 513 

to be correlated with habitual intake of red meat, poultry and to a lesser extent fish 514 

(13). It can therefore be suggested that some of these biomarkers may also be useful 515 

to classify subjects according to habitual intake of these foods. Another limitation of 516 

this work is the possibility of unmeasured confounding by other foods or demographic 517 

factors not considered here. Given the small sample size, any adjustment with 518 

demographic factors could have resulted in an over-adjustment. Biomarker validation 519 

in a larger number of free-living subjects is still needed. This work was also limited by 520 

the difficulties still commonly met in annotating unknown MS signals in metabolomic 521 

studies (52). The further development of FooDB (53), a database on all known 522 

dietary compounds, should help identifying unknown dietary signals in metabolic 523 

profiles. Lastly only a fraction of the meat/fish biomarkers identified in urine could be 524 

detected in plasma and more work is still needed to identify and measure meat/fish 525 

biomarkers in blood samples more commonly collected in large cohort studies. 526 

 527 
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In conclusion, several markers in urine and blood were found to be associated with 528 

meat or fish intake. Several of them could be identified and their specificity for 529 

chicken, red meat, processed meat and fish intake assessed. Anserine was found to 530 

be specific for chicken and TMAO showed good specificity for fish. Carnosine and 531 

three acylcarnitines appeared to be more generic indicators of respectively meat and 532 

meat and fish intake. 533 

 534 

  535 
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TABLE 1 

Characteristics of the subjects and intake of meat and fish intake in the four dietary 

groups of the dietary intervention study. 

 

 Diet group 

 Chicken Red meat Processed meat Fish 

Subjects (n) 10 10 10 10 

Age (y)1 61-64 (62.4) 51-62 (58.4) 54-64 (58) 59-62 (61.8) 

BMI (kg/m2)1 26-32 (29.4) 26-32 (30.9) 25-32 (28.9) 26-32 (29.2) 

Males/females (n) 5/5 5/5 4/6 6/4 

Food intake 

(g/day)2 

    

- Week 1 88 +/- 10 80  +/- 13 98 +/- 11 88 +/- 10 

- Week 2 187 +/- 16 158  +/- 35 259 +/- 21 222 +/- 

36 

- Week 3 290 +/- 75 283 +/- 46 483 +/- 47 412 +/- 42 
1 Min-max (mean) 

2 Mean +/- SD 
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TABLE 2 

Characteristics of the subjects across meat and fish intake groups in the EPIC cross-

sectional study. 

 

 Diet group 

 Chicken Red meat Processed 

meat 

Fish Controls 

Subjects (n) 9 8 9 10 10 

Age (y)1 40-63 (52.9) 43-65 (51.9) 46-60 (53.3) 47-76 (58.1) 44-70 (56.3) 

BMI (kg/m2)1 20-31 (25.4) 19-29 (24.7) 19-33 (25.6) 20-27 (24.7) 21-33 (26.9) 

Males/females (n) 2/7 2/6 3/6 4/6 3/7 

Centers lIe-de-

France, 

Florence, 

Naples, 

Ragusa, 

Varese, 

Greece 

lIe-de-

France, 

Ragusa, 

Turin, 

Varese, 

Heidelberg 

lIe-de-France, 

Turin, Varese 

lIe-de-

France, 

Naples, 

Turin, 

Varese, 

Greece 

Heidelberg, 

Florence, 

Turin, Greece 

Food intake (g/day)2      

- Chicken 197 +/- 603 0 0 0 0 

- Red meat 0 171 +/- 674 0 0 0 

- Processed 

meat 

0 0 74 +/- 355 0 0 

- Fish 0 0 0 152 +/- 786 0 
1 Min-max (mean) 

2 Mean +/- SD 

3 Chicken (leg, wing or breast) prepared from fresh or frozen products, and 

consumed baked, roasted, grilled or boiled with or without the skin. 

4 Beef prepared from fresh or frozen products and consumed fried, grilled, roasted, 

griddled or stewed. 
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5 Processed meat was cooked ham (9 subjects), meat pate (one subject) and dried 

cured ham (one subject). 

6 From fresh or frozen products: cod (6 subjects), sole (2 subjects), gilthead fish (one 

subject), plaice (one subject) and grouper (one subject) consumed boiled, fried, 

roasted, baked and microwaved with or without skin.  
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Figure legends 

 

FIGURE 1. Relative peak intensities of the eight annotated biomarkers associated 

with meat/fish intake in 24-hour urine samples collected from subjects of the EPIC 

cohort consuming chicken meat, red meat (RM), processed meat (PM), fish or neither 

meat nor fish (Control) (n=10 per food group). A, 1-Methylhistidine; B, 3-

methylhistidine; C, anserine; D, carnosine; E, acetylcarnitine; F, propionylcarnitine; G, 

2-methylbutyrlcarnitine; H, trimethylamine-N-oxide. Individual box plots show for each 

biomarker the median, 25th and 75th percentiles. Groups marked with letters are 

significantly different from the control group (p<0.05). Different letters indicate 

significant differences between meat and fish groups. See Supplemental Table 7 for 

details on statistical results. 

 

FIGURE 2. Correlation heatmap of the 18 biomarkers associated with meat/fish 

intake in the EPIC cross-sectional study. Size and color of the circles indicate the 

magnitude of correlation between biomarkers. 1-MH, 1-Methylhistidine; 2-MBC, 2-

methylbutyrylcarnitine; 3-MH, 3-methylhistidine; PPC, propionylcarnitine; TMAO, 

trimethylamine-N-oxide. 

 

FIGURE 3. Relative peak intensities (mean +/- SD) of biomarkers for meat and fish 

intake in plasma samples from the dietary intervention study (n=10 per food group). 

A, 3-Methylhistidine; B, acetylcarnitine; C, propionylcarnitine; D, trimethylamine-N-

oxide. RM, red meat; PM, processed meat.  
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