Plasma concentrations of anserine, carnosine and pi-methylhistidine as biomarkers of habitual meat consumption 
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Abstract

Background: Dietary intake of red and processed meat has been associated with disease risk. Since dietary intake assessment methods are prone to measurement errors, identifying biomarkers of meat intake in bio-samples could provide more valid intake estimates. We examined associations of habitual red and processed meat, poultry, fish and dairy products consumption with plasma concentrations of anserine, carnosine, pi-methylhistidine (Π-MH), tau-methylhistidine (T-MH) and the ratio of T-MH to Π-MH in a cross-sectional study.
Methods: Plasma anserine, carnosine, Π-MH, and T-MH concentrations were measured using ion-pair LC-MS/MS in 294 participants in the BVS II. Habitual food consumption was assessed using three 24-h dietary recalls. Associations between plasma metabolites concentrations and meat, fish, eggs and dairy products consumption were assessed by fitting generalized linear model, adjusted for age, gender, and BMI. 

Results: Total meat intake was associated with plasma concentrations of anserine, carnosine, Π-MH and the ratio of T-MH to Π-MH. Red meat intake was related to carnosine (p-trend=0.0028) and Π-MH plasma levels (p-trend=0.0493). Poultry (p-trend=0.0006) and chicken (p-trend=0.0003) intake were associated with Π-MH. The highest anserine concentrations were observed in individuals consuming processed meat or turkey. For T-MH we did not observe any association with meat intake. 
Conclusions: Our results indicate an association between habitual meat consumption and plasma concentrations of anserine, carnosine, Π-MH and the ratio of T-MH to Π-MH. Short-term intervention studies should clarify whether the analyzed plasma metabolites are indicative for a specific type of meat before proposing them as biomarkers of habitual meat intake in epidemiologic studies. 
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Introduction

The consumption of total meat, red meat, processed meat, poultry and fish has been associated with human health and disease 
 ADDIN EN.CITE 
1, 2
. In many populations, meat is an important source of dietary protein and substantially contributes to the supply with several essential nutrients, such as iron or zinc 3. In the past decade a lot of evidence has been obtained showing that effects on chronic disease risk depend on the type of meat consumed. While a high consumption of red meat and processed meat is associated with a higher risk of, e.g., type-2 diabetes, cardiovascular diseases, some types of cancer, and even total mortality, people consuming predominantly poultry or fish are not at higher risk. In contrast to that a high consumption of fish even decreases the risk of several chronic diseases 
 ADDIN EN.CITE 
4-7
.

In observational epidemiological studies, dietary questionnaires such as food frequency questionnaires and dietary recalls are utilized to estimate habitual daily intake of food 8. However, dietary questionnaires are prone to different types of bias leading to inaccurate estimates of dietary intake 9, resulting in misclassification of participants and impairment of risk estimates of diet-disease relationships 
 ADDIN EN.CITE 
10
. Hence, identifying new biomarkers of meat intake in bio-samples provides the chance to get dietary intake information that is not affected by the same measurement error 
 ADDIN EN.CITE 
10-12
. Ideally, such metabolites can aid in categorizing participants according to the type and amount of meat consumed. 

Several studies have analyzed many single compounds in body fluid samples regarding their correlation with meat and fish intake 
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3, 11
. Carnosine 3, anserine 3, pi-methylhistidine (Π-MH) 
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12
, tau-methylhistidine (T-MH) 
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12
, and several other metabolic compounds have been suggested as candidate biomarkers of dietary meat intake as they are found in various amounts in all different types of meat 3. A recent short-term intervention study confirmed that urinary concentrations of some of the above mentioned compounds are fairly good biomarkers of meat intake 
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13
. It remains unclear, however, whether these markers can also be used to characterize an individual’s habitual dietary meat intake, the information required in observational (cohort) studies for testing diet-disease associations. Since epidemiological studies usually collect blood samples but often lack (24-hour) urinary samples, biomarker measurement in plasma or serum samples can be done in most existing studies.

Thus, in the present study we investigate whether habitual meat, fish, egg, and dairy products consumption is associated with plasma concentrations of anserine, carnosine, Π-MH, T-MH or the ratio of Tau-MH to Π -MH in a cross-sectional study. Instead of using the terms 1- and 3-methylhistidine we used the terms tau-methylhistidine (T-MH) and pi-methylhistidine (Π-MH), respectively, according to NT and NΠ atoms in the imidazole ring, following the most common IUPAC nomenclature 14 to avoid confusion about the numbering of atoms in the imidazole ring of histidine. The methylhistidine structure derived from anserine metabolism is termed as Π-MH, whereas the other methylhistidine structure is named as T-MH.

Methods

Study participants

The second Bavarian Food Consumption Survey (BVS II), conducted between September 2002 and June 2003, included 1,050 participants aged 13 to 82 years. The overall participation rate was 70%. The study was designed as a representative cross-sectional study of the German-speaking Bavarian population to describe their dietary and lifestyle habits. In face-to-face interviews, demographics, lifestyle factors and medical history of the participants were assessed 15. The BVS II study was approved by the Ethics Committee of the Bavarian Medical Association (Bayerische Landesärztekammer). Written informed consent was obtained from each participant in accordance with institutional requirements and the declaration of Helsinki principles.

Dietary data assessment

The standardized PC-guided program EPIC-Soft 
 ADDIN EN.CITE 
16, 17
 was utilized to assess three 24-h dietary recalls per subject. Trained study personnel conducted telephone interviews to complete two dietary recalls on weekdays and one recall on a weekend day for each participant. Intake data was weighted for weekday and weekend day to calculate the average daily food intake. Food items were summarized into 16 food groups and 21 subgroups according to the EPIC-Soft classification scheme 
 ADDIN EN.CITE 
16
. 

Men and women who completed at least one 24-h dietary recall and were at least 18 years of age, participated in blood sampling and anthropometry assessment in the nearest health office of each participant. Blood samples were stabilized with sodium ethylenediamine tetra-acetic acid (EDTA) (1g/L), centrifuged and separated from blood cells as described elsewhere in detail 18. Plasma aliquots were stored at -80°C until lab analysis. 

Potential meat intake biomarkers were measured in 294 plasma samples as only for those participants sufficient plasma volume for the lab analysis was available.
Targeted LC-MS/MS amino acid measurements 
Quantitative amino acid analyses were performed using targeted LC-MS/MS based on the method described by Harder et al.
 ADDIN EN.CITE 
19
. Briefly, plasma samples (10 µl) were dissolved in 500 µl ice-cold methanol containing an internal standard mixture of 16 deuterated amino acids, derived from ChromSystems (Gräfelfing, Germany), Cambridge Isotope Laboratories (Tewksbury, MA, USA), and Sigma-Aldrich (Taufkirchen, Germany). Samples were centrifuged (10 min, 10°C, 4000 x g) and supernatants containing the extract were evaporated to dryness under nitrogen. In a second step, Amino acids in the dried samples were derivatized to their butyl esters as described by Gucciardi et al. 
 ADDIN EN.CITE 
20
. Briefly, a mixture of 95% n-butanol and 5% acetylchloride (v/v) was added to the dried samples. Subsequently, the samples were incubated at 60°C for 15 minutes at 600 rpm (Eppendorf Thermomixer Comfort; Eppendorf, Hamburg, Germany). The derivatized samples were dried and reconstituted in a 300 µl mixture of methanol/water/formic acid (70/30/0.1% v/v).

The analysis was performed on a triple quadrupole QTRAP 5500 LC-MS/MS system operating in positive ESI mode (AB Sciex, Framingham, MA) equipped with a 1200 series binary pump (Agilent, Santa Clara, CA) and coupled to an HTC pal autosampler (CTC Analytics, Zwingen, Switzerland). Chromatographic separation was achieved using a Zorbax Eclipse XDB-C18 column (length 150 mm, internal diameter 3.0 mm, particle size 3.5 µm; Agilent). Eluent A consisted of 0.1% formic acid, 2.5 mM ammonium acetic acid and 0.005% heptafluorobutyric acid in water. Eluent B consisted of 0.1% formic acid, 2.5 mM ammonium acetic acid and 0.005% heptafluorobutyric acid in acetonitrile. Analytes were measured in scheduled multiple reaction monitoring (sMRM). For absolute quantification, a 10-point calibration was performed, using a mixture containing all amino acids in the measurement (A9906 amino acid standards, Sigma-Aldrich, Taufkirchen, Germany). Data analysis was done using Analyst 1.5.1® software (AB Sciex).

Statistical methods

From three 24-h dietary recalls a weighted (for weekday and weekend day) mean value for every food group or subgroup was derived representing the usual intake in g/day of the respective item. The following food groups and subgroups were used in the present study: “all meat and “meat products”, “red meat” (sum of beef, pork and other rarely consumed fresh meat as wild, lamb, etc.), “beef”, “pork”, “beef and pork”, “poultry” (sum of chicken, turkey, ducks, goose, etc.), “chicken”, “turkey”, “processed meat”, “fish and shellfish”, “egg and egg products”, “milk and dairy products”.

For the descriptive analysis, BMI (kg/m2), age of participants (years) and total energy intake (kcal/d) were analyzed as continuous variables. Smoking status was described as ‘smoker’, ‘ex-smoker’ and ‘non-smoker’. Socioeconomic status was assessed by household net income, educational level of the one who was interviewed and career position of the principal earner. It was categorized into low, low-medium, medium, medium-high, and high, based on the sum score derived from the single variables. The descriptive analysis of main characteristics of the study population was conducted separately for men and women. We report median and interquartile ranges or absolute numbers and relative frequency as appropriate.

To assess the bivariate associations of plasma concentrations of anserine, carnosine, Π-MH, T-MH, and the ratio of T-MH to Π -MH with sex, age, BMI and smoking, geometric means were derived by fitting models with PROC GENMOD and transforming the derived estimates. For this purpose, BMI was categorized into quartiles and age into three groups (“less than 40 years”, “40 to 60 years”, “greater or equal 60 years”). All bivariate models were adjusted for (continuous) age and sex. When examining BMI, we additionally adjusted for total energy intake. When smoking was examined, the (continuous) BMI was added as adjustment variable.

Further, we examined the relationship of plasma concentrations of anserine, carnosine, Π-MH, T-MH, and the ratio of T-MH to Π -MH with food intake: Geometric means for categories of food intake were derived by fitting generalized linear models. The categorization of the food items was done with respect to the intake data. The food groups “all meat and meat products”, “processed meat” and “milk and dairy products” were each grouped in quartiles whereas ”red meat”, “pork”, “beef and pork”, “white meat”, “fish and shellfish”, and “eggs and egg products” were grouped into three groups defined by non-consumers and the consumers divided by their median value. For a small group of food items (“beef”, “chicken”, and “turkey”) only consumers and non-consumers were discriminated. As adjustment variables, age, sex, and BMI were included. The p-trend was derived based on integer scores assigned to the categories of food intake.

All statistical analyses were performed using SAS software, Version 9.3 of the SAS System for Windows (Copyright © 2002-2010 SAS Institute Inc.).
Results:

The present study included 101 (34.4%) men and 193 (65.7%) women. The mean age of the participants was 54 years in men and 44 years in women. On average, men had a higher BMI and a higher energy intake compared to women. Further baseline characteristics of the study participants are shown in Table1, stratified by sex. Mean intake of milk and dairy products was higher in women (170 g/d) compared to men (106 g/d), whereas total meat intake in men (157 g/d) was much higher as compared to women (91 g/d). Descriptive data on all analyzed dietary intake of food groups and subgroups in gram per day are presented in Table1.

Anserine, Π-MH, and the ratio of T-MH to Π-MH plasma concentrations did not differ by sex. In contrast, carnosine and T-MH concentrations were higher in men as compared to women (Table 2). Plasma concentrations of anserine, T-MH and Π-MH were associated with BMI whereas only T-MH was significantly associated with age. Consequently, all following analyses were adjusted for sex, age and BMI. Smoking and social class were not associated with any potential meat intake marker, and thus not further considered. 

Plasma anserine, carnosine, and Π -MH concentrations significantly increased with higher total meat intake whereas the ratio of T-MH to Π-MH plasma concentrations decreased (Table 3). Red meat intake was significantly positively related to plasma concentration of carnosine and Π -MH. Beef or pork consumption did not show any significant association, whereas the sum of beef and pork intake significantly affected anserine and carnosine plasma concentrations. With higher processed meat consumption, plasma anserine concentrations significantly increased. Furthermore, Π-MH and the ratio of T-MH to Π-MH plasma concentrations differed by intake of total white meat and of chicken. In contrast, consumption of turkey was positively associated with plasma anserine concentrations. The potential meat biomarkers were, in general, not related to the intake of eggs, fish or dairy food. However, there was a significant inverse association between plasma anserine concentrations and dairy food consumption. Such an inverse trend did not reach statistical significance in the case of fish consumption.
Discussion

In the present study, we observed a significant association between total meat intake and plasma concentrations of anserine, carnosine, Π-MH and the ratio of T-MH to Π -MH. Red meat intake was significantly related to carnosine and Π-MH plasma levels. Plasma concentrations of Π -MH were significantly related to poultry and chicken intake. The highest mean anserine concentrations were found in individuals consuming processed meat or turkey. For T-MH, we did not observe any association with meat intake. 
Red meat, poultry and fish contain significant amounts of carnosine and its derivatives. Therefore, diet is the main source of carnosine and its derivatives in men 21. 150 grams of beef contain 343.4 milligrams carnosine and 150 grams of chicken contain 322 milligrams carnosine 
 ADDIN EN.CITE 
22
; however, information about absorption and bioavailability of histidine-dipeptides in human is still inadequate. The dietary histidine-dipeptides carnosine and anserine are rapidly hydrolyzed by carnosinase in plasma and excreted in urine. 85-90% of dietary anserine intake is eliminated as Π-MH in urine in human 23. T-MH is a degradation product of actin and myosin, which are the main proteins found in the striated muscle filaments. T-MH is liberated from these proteins in the gut after meat intake3. 
Several studies attempted to identify objective biomarkers of meat intake in urine 
 ADDIN EN.CITE 
12, 23-25
 and fewer studies examined plasma or serum samples for meat biomarkers 
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13, 22, 25-27
. Most studies were intervention studies, e.g. 
 ADDIN EN.CITE 
22, 25, 27
 and had comparable analysis methods 
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22, 25
. To the best of our knowledge, no study has yet examined the association between dietary meat intake and plasma carnosine, anserine, T-MH or Π-MH concentrations in a cross-sectional study. 
Both anserine and carnosine content is highly variable in different types of meat 3. Both compounds are likely to serve as generic indicators of total meat intake rather than specific quantitative biomarkers as they cannot differentiate between the types of meat that have been consumed. However, some studies suggest that anserine concentrations in urine can be used as a specific biomarker for chicken intake 
 ADDIN EN.CITE 
25, 28
. Yeum et al. analyzed serum anserine concentrations and found anserine serum levels as a marker for chicken intake rather than beef intake 
 ADDIN EN.CITE 
22
. They reported that anserine concentrations in plasma were well detectable, and concluded that the methyl group lowers the affinity of the histidine dipeptides for the carnosinase enzyme, enhancing its blood (serum) stability. However, we did not find any relation with chicken intake and anserine plasma level. This could be due to the short elimination half-life of dipeptides (13), as anserine should be a specific biomarker for chicken consumption like Π-MH. Further, our finding of an inverse relationship of the consumption of milk and dairy products and fish with anserine concentrations most likely represents a substitution effect, i.e. a lower meat intake in individuals with a high consumption of dairy food or fish. 
We did not observe any relation between carnosine plasma concentration and beef consumption in contrast to the findings of Park et al.27. The peak plasma concentration of carnosine was reached after 2.5 hours of beef consumption, and after 5.5 hours of beef consumption carnosine was not detectable anymore 27. Since we aimed to capture usual dietary intake habits, we did not measure carnosine plasma concentration directly after beef consumption and therefore, most likely, we missed the carnosine peak. Other reasons that can lead to carnosine disappearance in blood are the rapid uptake of dipeptides into tissues or hydrolysis of carnosine by carnosinase 28. Because the carnosine plasma concentration depends on the amount of carnosine consumed 
 ADDIN EN.CITE 
27, 28
, our sample is likely to show on average low carnosine levels as beef is not regularly consumed in Bavaria, compared to other types of meat 29. Carnosine has been detected in urine after fish consumption showing an association between carnosine urine concentration and fish intake 23. However, we did not observe any significant association of carnosine plasma levels and fish consumption

In line with our results, Yeum et al. report that carnosine plasma levels were not significantly associated with beef or chicken consumption 
 ADDIN EN.CITE 
22
. They suppose that the carnosine metabolic pathway differs according to the dietary source in humans; e.g., beef may have compounds such as carnosine inhibitor or peptides that compete with carnosine in the hydrolytic process which may stabilize carnosine in serum. 
In plasma, Π–MH has been found to be the best marker for chicken intake and Π–MH levels are increased as well after consumption of red meat and processed meat 
 ADDIN EN.CITE 
25, 30
. This is in good accordance with our findings since we observed additional associations with poultry and all meat food group, although no association with consumption of processed meat was found. Associations of meat and chicken consumptions and Π-MH levels have been found in urine as well 
 ADDIN EN.CITE 
25, 31
. Π-MH is a short term biomarker especially for chicken intake rather than describing the usual intake 
 ADDIN EN.CITE 
25
.
The use of T-MH as a biomarker for meat intake has been investigated in urine as well as in plasma. Cross et al. found a significant increase of T-MH levels in urine after red meat consumption 
 ADDIN EN.CITE 
31
, however Dragsted argued that T-MH is not a marker of a specific kind of meat 3. Furthermore, Cheung et al. did not observe any association neither in urine nor in plasma 
 ADDIN EN.CITE 
25
. This is in line with our result of no significant association of dietary intake and T-MH plasma levels. 
Urine analyses are less accurate compared to analyses in plasma samples since human muscle catabolism consistently contributes to urinary excretion of T-MH 3. Fasting T-MH plasma levels are low as after T-MH intake from meat, dipeptides are rapidly excreted in urine 
 ADDIN EN.CITE 
13
. Further, a reason for not obtaining any significant T-MH plasma concentration could be that the frequency of red meat, beef or pork consumption by participants in the BVS II was possibly too low to show a stable association with plasma concentrations of T-MH. The median intake of beef, pork or even poultry was 0 g/day. 
Strength and limitations 

The analytic method used to quantify anserine, carnosine, Π -MH and T-MH in plasma samples is state of the art with a fairly low limit of detection, which has also been applied in other recent studies 
 ADDIN EN.CITE 
22, 25
. Our results are based on 294 plasma samples available of the BVS II study participants who completed three 24-h dietary recalls. Although this is not a random subsample of the BVS II study participants, a differential bias seems unlikely. 

Three 24-h dietary recalls are efficient to determine dietary intake at the population level. We applied weighting factors to account for consumption differences depending on the day of the week. Yet, some food subgroups such as pork and beef are rarely consumed. For that reason, this study had a limited capacity to assess statistically the particular effect of specific meat subgroups consumption on the related meat intake biomarkers in contrary to the food group of total meat consumption. As we did not assess dietary intake on the day or the day before blood collection, we cannot assess short-term biomarkers of intake of rarely consumed foods. 
Conclusion

In conclusion, results of this study indicate an association between meat consumption and plasma concentration of anserine, carnosine, Π -MH and the ratio of T-MH to Π -MH. For epidemiologic studies that did not collect urine samples, these could be valid biomarkers for meat intake. Further investigations of the use of these biomarker combinations as indicators of specific types of meat consumed are needed. In addition, short-term intervention studies should clarify whether the analyzed plasma metabolites are indicative for a specific type of meat.
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Table 1. Dietary and lifestyle characteristics by gender. Values are n (%) or median (IQR)

	 
	Male
	Female

	n (%)
	101
	 (34.4)
	193
	(65.7)

	Age, years
	54
	(41, 63)1
	44
	(36, 57)

	Food consumption, g/d
	
	
	
	

	Milk and dairy products
	105.8
	(57.8, 195.9)
	170.1
	(80.6, 289.7)

	Milk
	20.6
	(0, 99.3)
	57.8
	(3.7, 144.3)

	Cheese
	27.3
	(8.6, 48.6)
	23.2
	(9.8, 38.9)

	Total meat
	157.4
	(97.1, 223.9)
	91.1
	(47, 135.6)

	Red meat
	31.7
	(0, 89.2)
	25.4
	(0, 55.7)

	Beef
	0
	(0,0)
	0
	(0,0)

	Pork
	0
	(0, 66.1)
	0
	(0, 37.7)

	Beef & pork
	23.6
	(0, 78)
	13.9
	(0, 48.9)

	Poultry
	0
	(0,15)
	0
	(0, 10.5)

	Processed meat 
	79.4
	(40.7, 120.7)
	38.1
	(14.9,68.3)

	Fish & shellfish, 
	0
	(0, 23.8)
	0
	(0, 17.8)

	Eggs & egg products
	0
	(0, 17.4)
	0
	(0, 17.1)

	Total energy intake, kcal/d
	2298
	(2003, 2643)
	1798
	(1499, 2073)

	BMI, kg/m2
	26.4
	(24.3, 28.8)
	24.6
	(22.4, 28.3)

	Smoking status, n(%)
	
	
	
	

	Never 
	41
	(40.6)
	124
	(64.6)

	Former 
	33
	(32.7)
	38
	(19.8)

	Current 
	27
	(26.7)
	30
	(15.6)

	Social class, n(%)
	
	
	
	

	Lower  
	10
	(9.9)
	29
	(15)

	Lower-middle 
	23
	(22.8)
	48 (24.9)
	(24.9)

	Middle  
	32
	(31.7)
	63 (32.6)
	(32.6)

	Upper-middle 
	17
	(16.8)
	41 (21.2)
	(21.2)

	Upper  
	19
	(18.8)
	12 (6.2)
	(6.2)


Table 2. Geometric means of plasma concentrations of anserine, carnosine, Τ-MH, Π-MH, and Π-MH to Τ-MH ratio by gender, age, BMI, smoking and social class.
	 
	Anserine [µM]
	Carnosine [µM]
	Π -MH [µM]
	T-MH [µM]
	T-MH to Π -MH [µM]

	 
	Geom. mean
	95% CI
	Geom. mean
	95% CI
	Geom. mean
	95% CI
	Geom. mean
	95% CI
	Geom. mean
	95% CI

	Gender
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Men
	0.081
	(0.053, 0.123)
	0.015
	(0.013, 0.018)
	2.17
	(1.7, 2.8)
	15.08
	(14.02, 16.22)
	6.94
	(5.44, 8.85)

	Women
	0.061
	(0.046, 0.081)
	0.010
	(0.009, 0.011)
	1.89
	(1.6, 2.3)
	12.98
	(12.34, 13.64)
	6.86
	(5.79, 8.12)

	  P-trend
	
	0.300
	
	0.0002
	
	0.4054
	
	0.017
	
	0.9423

	Age, y
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	 <40
	0.096
	(0.064, 0.144)
	0.014
	(0.012, 0.016)
	2.29
	(1.78, 2.94)
	13.59
	(12.64, 14.60)
	5.93
	(4.66, 7.55)

	≥40 to <60
	0.065
	(0.045, 0,094)
	0.012
	(0.010, 0.014)
	1.69
	(1.36, 2.11)
	13.57
	(12.75, 14.46)
	8.01
	(6.49, 9.89)

	≥60
	0.056
	(0.036, 0.086)
	0.012
	(0.010, 0.014)
	2.34
	(1.80, 3.05)
	15.3
	(14.17, 16.51)
	6.53
	(5.06, 8.42)

	  P-trend
	
	0.0781
	
	0.1424
	
	0.998
	
	0.0395
	
	0.5362

	BMI, kg/m²
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	<22.9
	0.054
	(0.034, 0.087)
	0.011
	(0.009, 0.013)
	1.71
	(1.28, 2.29)
	13.28
	(12.22, 14.42)
	7.76
	(5.86, 10.27)

	≥22.9 to <25.4
	0.053
	(0.034, 0.083)
	0.012
	(0.010, 0,015)
	1.67
	(1.27, 2.19)
	13.90
	(12.87, 15.02)
	8.34
	(6.42, 10.84)

	≥25.4 to <28.5
	0.056
	(0.036, 0.087)
	0.013
	(0.011, 0.015)
	2.5
	(1.92, 3.26)
	13.18
	(12.22, 14.21)
	5.27
	(4.09, 6.81)

	≥28.5
	0.164
	(0.103, 0.260)
	0.013
	(0.012, 0.016)
	2.44
	(1.83, 3.24)
	16.03
	(14.78, 17.37)
	6.57
	(4.99, 8.64)

	  P-trend
	
	0.0022
	
	0.0803
	
	0.0264
	
	0.0086
	
	0.1271

	Smoking
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Never
	0.073
	(0.053, 0.101)
	0.013
	(0.012, 0,015)
	2.08
	(1.71, 2.53)
	14.17
	(13.4, 14.98)
	6.81
	(5.63, 8.23)

	Former
	0.063
	(0.04, 0.098)
	0.011
	(0.0096, 0.013)
	2.15
	(1.64, 2.83)
	13.38
	(12.37, 14.47)
	6.22
	(4.78, 8.1)

	Current
	0.075
	(0.045, 0.125)
	0.013
	(0.011, 0.015)
	1.88
	(1.37, 2.57)
	14.42
	(13.18, 15.77)
	7.67
	(5.67, 10.38)

	  P-trend
	
	0.9169
	
	0.6173
	
	0.6818
	
	0.9633
	
	0.6801

	Social class
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Lower
	0.130
	(0.07, 0.244)
	0.012
	(0.009, 0,015)
	2.64
	(1.79, 3.88)
	15.19
	(13.61, 16.96)
	5.75
	(3.97, 8.33)

	Lower middle
	0.067
	(0.043, 0.105)
	0.013
	(0.011, 0.015)
	2.02
	(1.52, 2.67)
	14.13
	(13.03, 15.32)
	7.01
	(5.34, 9.19)

	Middle
	0.056
	(0.037, 0.083)
	0.013
	(0.011, 0.015)
	1.86
	(1.46, 2.36)
	13.52
	(12.62, 14.49)
	7.28
	(5.77, 9.18)

	Upper middle
	0.076
	(0.046, 0.125)
	0.012
	(0.01, 0.015)
	1.97
	(1.45, 2.69)
	14.26
	(13.05, 15.59)
	7.23
	(5.36, 9.76)

	Upper 
	0.074
	(0.037, 0.145)
	0.012
	(0.01, 0.016)
	2.28
	(1.51, 3.45)
	13.73
	(12.2, 15.46)
	6.02
	(4.04, 8.97)

	  P-trend
	 
	0.383
	 
	0.8615
	 
	0.5954
	 
	0.3377
	 
	0.7905


Table 3. Geometric means of plasma concentrations of anserine, carnosine, Τ-MH, Π-MH, and Π-MH to Τ-MH ratio by consumption of meat, milk & dairy products, eggs and fish. 
	
	Anserine [µM]
	Carnosine [µM]
	Π-MH [µM]
	T-MH [µM]
	Τ-MH to Π -MH [µM]


	Intake [g/d]
	Geom. mean1
	95% CI
	Geom. mean1
	95% CI
	Geom. mean1
	95% CI
	Geom. mean1
	95% CI
	Geom. mean1
	95% CI

	All Meat 
	 
	 
	
	
	
	
	
	
	
	

	<54.7
	0.033
	(0.021, 0.053)
	0.011
	(0.009, 0.013)
	1.55
	(1.17, 2.06)
	13.55
	(12.45, 14.72)
	8.73
	(6.65, 11.47)

	≥54.7 to <116.4
	0.075
	(0.048, 0.117)
	0.012
	(0.01, 0.014)
	1.73
	(1.31, 2.27)
	13.88
	(12.82, 15.03)
	8.04
	(6.17, 10.47)

	≥116.4 to <165.2
	0.072
	(0.046, 0.112)
	0.011
	(0.009, 0.013)
	2.21
	(1.68, 2.91)
	14.12
	(13.03, 15.29)
	6.38
	(4.89, 8.31)

	≥ 165.2
	0.115
	(0.075, 0.178)
	0.016
	(0.014, 0.019)
	2.71
	(2.07, 3.55)
	14.43
	(13.34, 15.61)
	5.33
	(4.11, 6.91)

	  P-trend2
	0.0005
	
	0.0046
	
	0.003
	
	0.277
	
	0.0059
	

	Red meat 
	
	
	
	
	
	
	
	
	
	

	0
	0.04
	(0.059, 0.086)
	0.011
	(0.001, 0.013)
	1.8
	(1.45, 2.28)
	13.50
	(12.64, 14.42)
	7.44
	(5.97, 9.27)

	>0 to <54
	0.042
	(0.063, 0.094)
	0.012
	(0.010, 0.014)
	1.86
	(1.44, 2.39)
	14.22
	(13.22, 15.29)
	7.66
	(6.01, 9.76)

	≥ 54
	0.065
	(0.096, 0.142)
	0.015
	(0.013, 0.017)
	2.53
	(2.00, 3.2)
	14.43
	(13.48, 15.44)
	5.7
	(4.54, 7.15)

	  P-trend2
	0.0804
	
	0.0028
	
	0.0493
	
	0.1632
	
	0.1052
	

	Beef 
	
	
	
	
	
	
	
	
	
	

	  No
	0.063
	(0,049, 0.082)
	0.012
	(0.011, 0.013)
	2.06
	(1.76, 2.42)
	14.02
	(13.40, 14.69)
	6.80
	(5.83, 7.93)

	  Yes
	0.105
	(0.066, 0.166)
	0.014
	(0.012, 0.017)
	2.01
	(1.52, 2.66)
	14.03
	(12.94, 15.21)
	6.99
	(5.32, 9.17)

	  P-trend2
	0.0552
	
	0.1057
	
	0.8679
	
	0.9954
	
	0.8616
	

	Pork
	
	
	
	
	
	
	
	
	
	

	0
	0.060
	(0.044, 0.081)
	0.012
	(0.011, 0.013)
	1.85
	(1.54, 2.23)
	13.57
	(12.87, 14.30)
	7.33
	(6.14, 8.76)

	>0 to <47.1
	0.012
	(0.065, 0.210)
	0.014
	(0.012, 0.017)
	2.05
	(1.52, 2.76)
	15.16
	(13.91, 16.52)
	7.405
	(5.55, 9.89)

	≥47.1
	0.075
	(0.042, 0.133)
	0.013
	(0.011, 0.016)
	2.60
	(1.96, 3.44)
	14.24
	(13.13, 15.43)
	5.48
	(4.18, 7.19)

	  P-trend2
	0.1131
	
	0.1621
	
	0.0528
	
	0.164
	
	0.1115
	

	Beef-pork
	
	
	
	
	
	
	
	
	
	

	0
	0.055
	(0.039, 0.078)
	0.011
	(0.01, 0.013)
	1.89
	(1.53, 2.33)
	13.5
	(12.72, 14.34)
	7.15
	(5.84, 8.74)

	>0 to <52.6
	0.07
	(0.046, 0.108)
	0.013
	(0.011, 0.015)
	1.98
	(1.52, 2.59)
	14.35
	(13.29, 15.48)
	7.24
	(5.60, 9.36)

	≥ 52.6
	0.104
	(0.069, 0.157)
	0.015
	(0.012, 0.017)
	2.37
	(1.84, 3.05)
	14.53
	(13.51, 15.62)
	6.12
	(4.80, 7.81)

	  P-trend2
	0.0215
	
	0.0081
	
	0.1843
	
	0.1101
	
	0.3675
	

	Poultry 
	
	
	
	
	
	
	
	
	
	

	0
	0.064
	(0.049, 0.084)
	0.011
	(0.012, 0.013)
	1.77
	(1.50, 2.07)
	13.91
	(13.27, 14.58)
	7.88
	(6.75, 9.2)

	>0 to <44.2
	0.117
	(0.065, 0.210)
	0.013
	(0,016, 0.019)
	2.88
	(2.01, 4.12)
	14.61
	(13.16, 16.23)
	5.08
	(3.6, 7.17)

	≥ 44.2
	0.075
	(0.042, 0.133)
	0.011
	(0.014, 0.017)
	3.15
	(2.21, 4.48)
	14.09
	(12.70, 15.62)
	4.48
	(3.19, 6.29)

	  P-trend2
	0.3129
	
	0.0509
	
	0.0006
	
	0.6325
	
	0.0006
	

	Chicken
	
	
	
	
	
	
	
	
	
	

	  No
	0.069
	(0.054, 0.089)
	0.012
	(0.011, 0.013)
	1.85
	(1.59, 2.15)
	13.96
	(13.36, 14.59)
	7.56
	(6.54, 8.73)

	  Yes
	0.084
	(0.049, 0.144)
	0.015
	(0.012, 0.018) 
	3.52
	(2.54, 4.86)
	14.35
	(13.05, 15.78)
	4.08
	(2.99, 5.58)

	  P-trend2
	0.5027
	
	0.583
	
	0.0003
	
	0.6014
	
	0.0003
	

	Turkey 
	
	
	
	
	
	
	
	
	
	

	  No
	0.065
	(0.051, 0.083)
	0.012
	(0.011, 0.0135)
	1.95
	(1.68, 2.27)
	13.97
	(13.38, 14.6)
	7.16
	(6.19, 8.28)

	  Yes
	0.127
	(0.069, 0.237)
	0.014
	(0.011, 0.017)
	2.83
	(1.93, 4.15)
	14.38
	(12.87, 16.06)
	5.07
	(3.51, 7.33)

	  P-trend2
	0.0473
	
	0.4025
	
	0.0747
	
	0.6377
	
	0.0875
	

	Processed meat 
	
	
	
	
	
	
	
	
	
	

	< 21.3
	0.036
	(0.226, 0.057)
	0.012
	(0.010, 0.143)
	1.98
	(1.49, 2.64)
	14.05
	(12.95, 15.26)
	7.09
	(5.39, 9.33)

	≥21.3 to <50
	0.087
	(0.055, 0.138)
	0.012
	(0.010, 0.015)
	2.19
	(1.65, 2.9)
	13.80
	(12.72, 14.97)
	6.31
	(4.81, 8.28)

	≥50 to <89.6
	0.064
	(0.042, 0.099)
	0.013
	(0.011, 0.015)
	1.74
	(1.33, 2.28)
	13.91
	(12.87, 15.04)
	7.98
	(6.15, 10.35)

	≥ 89.6
	0.111
	(0.072, 0.17)
	0.013
	(0.011, 0.0154)
	2.31
	(1.77, 3.02)
	14.29
	(13.22, 15.44)
	6.19
	(4.78, 8.01)

	  P-trend2
	0.0025
	
	0.4969
	
	0.7127
	
	0.772
	
	0.7673
	

	Fish
	
	
	
	
	
	
	
	
	
	

	0
	0.079
	(0.060, 0.010)
	0.013
	(0.011, 0.014)
	1.99
	(1.67, 2.34)
	13.95
	(13.29, 14.64)
	7.05
	(5.99, 8.29)

	>0 to <35.6
	0.077
	(0.045, 0.135)
	0.014
	(0.011, 0.017)
	1.87
	(1.33, 2.62)
	14.28
	(12.95, 15.75)
	7.64
	(5.52, 10.59)

	≥ 35.6
	0.042
	(0.024, 0.073)
	0.011
	(0.009, 0.014)
	2.60
	(1.86, 3.65)
	14.10
	(12.79, 15.55)
	5.42
	(3.92, 7.51)

	  P-trend2
	0.0705
	
	0.604
	
	0.2358
	
	0.7549
	
	0.2554
	

	Eggs
	
	
	
	
	
	
	
	
	
	

	0
	0.071
	(0.058, 0.096)
	0.013
	(0.011, 0.014)
	2.16
	(1.80, 2.60)
	14.17
	(13.44, 14.94)
	6.57
	(5.5, 7.84)

	>0 to <19.3
	0.068
	(0.043, 0.016)
	0.012
	(0.011, 0.015)
	1.66
	(1.26, 2.19)
	13.57
	(12.53, 14.70)
	8.17
	(6.26, 10.66)

	≥ 19.3
	0.076
	(0.045,0.127)
	0.019
	(0.01, 0.014)
	2.29
	(1.68, 3.11)
	14.17
	(12.96, 15.49)
	6.20
	(4.61- 8.35)

	  P-trend2
	0.9052
	
	0.5272
	
	0.8721
	
	0.8008
	
	0.9268
	

	All milk and dairy products
	
	
	
	
	
	
	
	
	
	

	  <71.6  
	0.114
	(0.074, 0.177)
	0.014
	(0.012, 0.017)
	2.37
	(1.81, 3.10)
	13.50
	(12.49, 14.58)
	5.70
	(4.40, 7.39)

	  ≥71.6 to<149.8
	0.059
	(0.038, 0.091)
	0.012
	(0.010, 0.014)
	1.80
	(1.37, 2.35)
	14.79
	(13.69, 15.97)
	8.23
	(6.35, 10.65)

	  ≥149.8 to<270
	0.076
	(0.049, 0.118)
	0.011
	(0.01, 0.013)
	1.98
	(1.50, 2.60)
	14.02
	(12.96, 15.17)
	7.10
	(5.45, 9.24)

	  ≥270
	0.048
	(0.031, 0.076)
	0.010
	(0.012, 0.015)
	2.10
	(1.58, 2.78)
	13.81
	(12.75, 14.98)
	6.60
	(5.04, 8.64)

	  P-trend2
	0.0248
	 
	0.1501
	 
	 

0.6537
	 

 
	0.9056
	 

 
	0.6162
	 

 


1 adjusted for age, gender, and BMI

2 Tests for trend were conducted using integer scores for categories of food intake in the linear regression model
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