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Abstract: We examined the relationship between different patterns of meat and seafood consumption
and plasma metabolic profiles in an Asian population. We selected 270 ethnic Chinese men and
women from the Singapore Prospective Study Program based on their dietary habits assessed with a
validated food frequency questionnaire. Participants were divided into four subgroups: high meat
and high seafood (n = 60), high meat and low seafood (n = 64), low meat and high seafood (n = 60), and
low meat and low seafood (n = 86) consumers. Plasma metabolites were measured using both targeted
and untargeted mass spectroscopy-based analyses. A total of 42 metabolites differed significantly
by dietary group. Higher concentrations of essential amino acids, polyunsaturated fatty acids, and
D-glucose were found in high meat and/or seafood consumers as compared with the group with a
low consumption of these animal foods. Red meat, poultry, fish, shellfish, soy products, and dairy
were each correlated with at least one differential metabolite (r = −0.308 to 0.448). Some observations,
such as the correlation between fish and 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF),
confirmed previous studies. Other observations, such as the correlation between shellfish and
phosphatidylethanolamine (p36:4), were novel. We also observed significant correlations between
plasma metabolites and clinical characteristics, such as CMPF with fasting blood glucose (r = 0.401).
These findings demonstrate a significant influence of meat and seafood consumption on metabolic
profiles in the Asian population.

Keywords: metabolomics; amino acids; fatty acids; CMPF; glucose metabolism; dietary pattern; red
meat; poultry; fish; shellfish

1. Introduction

Changes in dietary consumption and energy expenditure that characterize the “nutrition
transition” have been considered as the causal factors underlying non-communicable diseases in
developing countries [1]. Economic growth as a major driver of nutrition transition has a significant
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effect on the consumption of different food aggregates [2]. In Asia, the effect of economic factors on the
nutrition transition has been particularly apparent [3,4]. For example, China is experiencing an even
more rapid shift in diet, with increased consumption of animal products [5]. Officially, the Chinese
average annual meat consumption increased from 19.33 kg in 1999 to 23.96 kg in 2008 (National Bureau
of Statistics 2000–2009) [2]. Concurrent with this transition, obesity is increasing in China, as well as
widespread diet-related chronic diseases including cardiovascular diseases and diabetes.

The interactive links between diet and the risk of chronic diseases have been the focus of
international research efforts over the last few decades. For example, the intake of meat, particularly
red meat, has been associated with an increased risk of type 2 diabetes [6], coronary heart disease [7],
and certain forms of cancer [8] in epidemiologic studies. In contrast, the intake of fish appears to be
protective against these diseases, especially on cardiovascular disease [9,10], whereas it shows both
inverse [11,12] and direct [13,14] associations with the risk of type 2 diabetes. Most of these studies
have used dietary questionnaires to assess meat and fish intake, but the accuracy of food intake data
can be influenced by systematic and random errors due to misreporting. The use of biomarkers may
improve the accuracy of dietary intake assessment and help to classify subjects according to the type
of food and amount consumed. To date, a series of dietary biomarkers have been identified for red
meat [15], salmon, broccoli [16], cruciferous vegetables [17], citrus fruit [18], and coffee and tea [19].

Different diet compositions may have different effects on disease risk. By taking into account
the interactions between nutrients, nutritional studies are increasingly shifting their focus from
studying single nutrients or foods to the exploration of the whole dietary pattern. In 2015, Schmidt
et al. compared the plasma metabolic profiles of 379 male meat eaters, fish eaters, vegetarians, and
vegans from the European Prospective Investigation into Cancer and Nutrition-Oxford (EPIC-Oxford)
cohort [20]. They found that meat eaters had the highest concentrations of glycerophospholipids
and sphingolipids compared with fish eaters and vegetarians. In 2017, Cheung et al. identified
three acylcarnitines (acetylcarnitine, propionylcarnitine, and 2-methylbutyrylcarnitine) as generic
indicators of meat and fish intake in the EPIC study [21]. In Asia, only one study has been published
on the metabolic profiles in Chinese people with different habitual diets, e.g., meat eaters and
vegetarians [22]. This study found clear associations between dietary patterns and metabolic profiles
and elevated hippurate and reduced taurine and methylhistidine were identified as specific biomarkers
for lactovegetarians.

In the present study, we examined patterns of meat and seafood consumption in relation to
plasma metabolic profiles in a Chinese population by using both untargeted and targeted metabolomics
strategies. The results can contribute to the identification of novel dietary biomarkers and potential
mediators of the associations between diet and health conditions. In the targeted metabolomics, we
focused on amino acid and fatty acid profiles, as meat and fish are important sources of protein rich in
essential amino acids and polyunsaturated fatty acids [23,24].

2. Materials and Methods

2.1. Study Population and Diet Groups

Participants investigated in this study were from the Singapore Prospective Study Program
(SP2), which is a population-based cross-sectional study in a multiethnic population in Singapore.
The detailed population selection and methodology for SP2 have been published previously [25–27].
Briefly, 10,747 volunteers including Chinese, Malays, and Indians were invited from 2004 to 2007.
Among them, 7744 participants completed the food frequency questionnaires (FFQ), of which 5163
donated blood samples. The FFQ used in this study was slightly adapted from the FFQ used by the
Health Promotion Board (HPB) in the Report of the National Nutrition Survey 2004, Singapore [28].
Only ethnic Chinese were selected for this study, as they make up over 70% of the resident Singapore
population (http://www.singstat.gov.sg/) and most do not have strong dietary restrictions due to
their religion or cultural beliefs. We also excluded participants who were current cigarette smokers
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to avoid residual confounding by tobacco dose, and those who had incomplete demographic data.
Because of logistic and funding constraints, we randomly selected 300 participants within strata of
high meat consumption, high fish consumption, and low meat and fish consumption from the final
qualified population (n = 2458) for the current analysis. Among them, 30 participants had insufficient
plasma samples for analysis, resulting in a total number of 270 participants. Based on the objective of
the current study (i.e., to compare the metabolic profiles in Chinese with different patterns of meat and
seafood consumption), the participants were divided into four groups: high meat and high seafood
(HMHS, n = 60), high meat and low seafood (HMLS, n = 64), low meat and high seafood (LMHS,
n = 60), and low meat and low seafood (LMLS, n = 86) consumers. A flow diagram of study participant
selection is shown in Figure 1. The cut-off values of meat (100 g/2000 kcal per day) and seafood
(120 g/2000 kcal per day) intake reflect consumption of at least one serving per day in Singapore
residents. Here, meat consumption was defined as the summed intake of red meat and poultry, and
seafood consumption was defined as the summed intake of fish and shellfish. The food intakes in our
study were adjusted to an average value of 2000 kcal per day in order to normalise dietary exposures
across this population, and we also found that the converted food intakes by 2000 kcal per day showed
a closer association with the plasma metabolic profiles than the original estimated food intakes (grams
per day) (Supplementary Figure S1). Informed consent was obtained from all participants. Ethics
approval was obtained from the Institutional Review Boards at the National University of Singapore
(NUS-IRB 12-282). The study was conducted in accordance with the Helsinki Declaration of 1975, as
revised in 1983.
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2.2. Dietary Assessment

Dietary information of the participants was estimated by an interviewer-administered
semi-quantitative 159-item FFQ, previously validated against three 24-h dietary recalls for energy and
selected macronutrients with correlation coefficients ranging from 0.39 to 0.58 [29]. Briefly, for each
food item, the participant was asked to report intake over the past one month as frequency either per
day, per week, per month, or rarely/never. Pre-defined standard portion sizes were included and
expressed in terms of cups, spoons, and slices, and corresponding measuring utensils were supplied to
aid estimation. Derived variables on estimated amount of ingredients in each FFQ item were used.
Energy values (kcal) for each FFQ item were provided by the Singapore Health Promotion Board. For
each participant, the FFQ responses were converted to grams per 2000 kcal by multiplying the daily
frequency based on portion size (grams), then dividing by the daily energy intake (kcal)/2000 (which
approximately is the average energy intake of the study population).

2.3. Plasma Collection and Pretreatment

The morning fasting antecubital venous blood was taken at the participants’ homes. After
collection, blood samples were immediately placed on ice during transport to the laboratory
and processed within 4 h to obtain plasma samples by centrifugation at 2500× g for 15 min at
4 ◦C. Plasma samples were stored at −80 ◦C until analysis. For untargeted analysis, plasma
samples were allowed to thaw at 4 ◦C, and were then processed as described previously [30,31].
Briefly, 50 µL of plasma was diluted with 750 µL of ice-cold methanol containing 30 µg/mL
N-(9-Fluorenylmethoxycarbonyl)-glycine as an internal standard. After centrifugation at 20,817× g
for 15 min at 4 ◦C, the supernatant fraction was filtered by Thermo Scientific™ national 750 µL
micro-centrifugal filters (PTFE membrane, 0.2 µm pore size, non-sterile). The filtrate was collected
and aliquoted into two portions: 100 µL and 20 µL, and dried by 99.9% purity of nitrogen. The
dried samples obtained from 100 µL portions were dissolved in 200 µL of acetonitrile/water (95:5,
v/v) for liquid chromatography-mass spectrometry (LC-MS) analysis. The dried samples obtained
from 20 µL portions were derivatized with 100 µL methoxyamine (2 mg/mL) in pyridine for 2 h at
40 ◦C and then with 150 µL N-methyl-N-trimethyl-silyl-trifluoroacetamide (40 ◦C × 16 h) for gas
chromatography-mass spectrometry (GC-MS) analysis. The pooled quality control (QC) samples were
prepared by mixing equal amounts (10 µL) of each plasma sample.

2.4. Untargeted Analysis

Untargeted analysis was performed on both LC-MS and GC-MS as our previously described
protocol [32,33], with slight modifications. LC-MS analysis was performed on an Agilent 1290 ultrahigh
pressure LC system (Agilent Technologies, Waldbronn, Germany) coupled to a 6540 Q-ToF mass
detector (Agilent Technologies, Santa Clara, CA, USA) equipped with an electrospray ionization
source, in both the positive and negative ion modes. The sample (2 µL) was separated on an Agilent
rapid resolution HT Zorbax SB-C18 column (2.1 × 50 mm, 1.8 µm) at 50 ◦C. Mobile phases A (water
with 0.1% formic acid) and B (methanol/acetonitrile/water (9:4:1, v/v/v) with 0.1% formic acid) were
employed in the positive ion mode, whereas 0.1% formic acid was replaced by 10 mmol/L ammonium
formate in the negative ion mode. The gradient program was: 0–1 min, 5% B; 1–6 min, 5–80% B;
6–9 min, 80–90% B; 9–13 min, 90–100% B; 13–16 min, 100% B; 16–18 min, 100–5% B. Mass data were
collected between m/z 100 and 1000 at a rate of two scans per second. The ion spray voltage was set at
4000 V, and the heated capillary temperature was maintained at 325 ◦C. The drying gas and nebulizer
nitrogen gas flow rates were 10.0 L/min and 40 psi, respectively. MS/MS analysis was carried out to
study the structure of potential biomarkers. GC-MS analysis was performed on an Agilent 7683B Series
Injector (Agilent Technologies, Santa Clara, CA, USA) coupled to an Agilent 7890A Series GC system
(Agilent Technologies, Santa Clara, CA, USA) and a 7200 Q-TOF mass detector (Agilent Technologies,
Santa Clara, CA, USA). A fused-silica capillary column HP-5MSI (30 m × 0.25 mm i.d., 0.25 µm film
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thickness) was used for sample separation. The injector was kept at 250 ◦C. One µL of the sample was
injected at the pulsed split ratio of 20:1 for individual analysis. Helium was used as the carrier gas
with a constant flow rate of 1 mL/min. The GC oven temperature was maintained at 50 ◦C for 1 min,
and then increased to 250 ◦C at a rate of 8 ◦C/min and further increased at 25 ◦C/min to 300 ◦C and
was held for 5 min. The transfer line temperature was kept at 280 ◦C. Detection was achieved using
MS in electron impact mode (70 eV) and full scan monitoring (m/z 50 to 550).

The 270 samples were randomized across platform run days. The stability of LC-MS and GC-MS
during running was examined and evaluated by using the pooled QC samples [34] (Supplementary
Figure S2), which were analyzed at the beginning, the end, and randomly throughout the whole
assay. The variations of mass accuracy (<10 mDa), retention time (<0.3 min), and peak area (relative
standard deviation <20%) for a subset of peaks covering a range of masses, retention times, and
intensities across the QC samples demonstrated that our analytical methods provided measurement
stability and reliability for the present study (Supplementary Table S1). Structure identification
of metabolic candidates followed our previously described protocol [31,32]. The structures of
metabolites were confirmed using commercial standards, such as D-glucose and 3-carboxy-4-methyl-
5-propyl-2-furanpropanoic acid (CMPF).

2.5. Targeted Analysis

The methods for targeted analysis of the amino acids and total fatty acids in plasma were
previously described [35,36], and are described in the Supplementary Materials and Methods.

2.6. Statistical Analysis

Mass spectral data of the metabolite profiling analysis were exported as mzData files by Agilent
MassHunter Qualitative analysis B.06.00, and pretreated by open-source software MZmine 2 for peak
detection, peak alignment, and data normalization using an internal standard. After screening of
the metabolic features using the “80% rule” and replacement of the missing values (i.e., zeros) by
1/2 minimum [37,38], the preprocessed data were diagnosed in histogram plots to be skewed and
were therefore transformed into log2-scale to meet the assumption of normality before the subsequent
statistical analysis. The differences in the levels of metabolites between diet groups were examined
using both one-way ANOVA and Student’s t-test. Participant and blood sample characteristics were
compared among diet groups by one-way ANOVA for continuous variables, and by the chi-square
test for categorical variables. The false discovery rate method of Benjamini and Yekutieli was used
to correct for multiple hypothesis testing and reduce false positives [39]. The associations among
dietary intakes, blood parameters and plasma metabolites were examined by Pearson correlation
analysis with Bonferroni correction. Receiver operating characteristic (ROC) analysis was applied
to evaluate the predictive potential of plasma metabolites for dietary patterns. p-values < 0.05 were
considered significant.

3. Results

3.1. Participant and Blood Sample Characteristics

A selection of 270 participants from the SP2 cohort was investigated (Figure 1), and they were
divided into four dietary groups: HMHS, HMLS, LMHS, and LMLS consumers (Table 1). There were
no age, sex, and BMI differences between participants in the four groups. With regard to the clinical
biochemical assays, HMHS and LMHS consumers had higher fasting blood glucose levels than LMLS
consumers. Data on consumption of the 12 major food groups (including red meat, poultry, fish,
shellfish, vegetables, fruits, whole grains, refined grains, soy products, dairy, eggs, nuts, and seeds) in
typical Singapore Chinese diet are shown in Supplementary Table S2. Low meat consumers (including
LMHS and LMLS) tended to have higher intakes of fruits, whole grains, and soy products than high
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meat consumers (including HMHS and HMLS). There was no significant difference in the total energy
intake among the four dietary groups.

Table 1. Demographic and clinical characteristics of 270 participants by diet group: high meat and high
seafood (HMHS), high meat and low seafood (HMLS), low meat and high seafood (LMHS), and low
meat and low seafood (LMLS) consumers.

Characteristics a HMHS Consumers
(n = 60)

HMLS Consumers
(n = 64)

LMHS Consumers
(n = 60)

LMLS Consumers
(n = 86) p b

Age (year) 50.18 ± 12.43 c 50.19 ± 13.37 53.03 ± 11.64 49.28 ± 11.29 0.310
Sex n (%) 0.735

Male 33 (55.0%) 29 (45.3%) 31 (51.7%) 42 (48.8%)
Female 27 (45.0%) 35 (54.7%) 29 (48.3%) 44 (51.2%)

Alcohol consumption status n (%) 0.051
Abstainer 40 (66.7%) 47 (73.4%) 30 (50.0%) 53 (61.6%)
Consumer 20 (33.3%) 17 (26.6%) 30 (50.0%) 33 (38.4%)

BMI (kg/m2) 23.41 ± 3.88 23.17 ± 3.62 23.83 ± 4.15 22.57 ± 3.82 0.255
Fasting glucose (mmol/L) 5.14 ± 1.32 * 5.07 ± 1.48 5.27 ± 1.36 * 4.71 ± 0.58 0.036
Fasting insulin (mU/L) 7.55 ± 4.10 7.51 ± 6.15 8.11 ± 7.16 7.65 ± 13.64 0.982
Creatinine (µmol/L) 78.62 ± 19.64 75.36 ±15.21 79.67 ± 20.21 79.30 ± 16.82 0.503
Total cholesterol (mmol/L) 5.21 ± 0.98 5.23 ± 1.07 5.14 ± 0.94 5.02 ± 0.88 0.541
TG (mmol/L) 1.38 ± 0.76 1.19 ± 0.61 1.20 ± 0.65 1.39 ± 1.32 0.401
HDL (mmol/L) 1.33 ± 0.32 1.45 ± 0.35 1.40 ± 0.34 1.44 ± 0.38 0.211
LDL (mmol/L) 3.25 ± 0.86 3.24 ± 0.92 3.20 ± 0.79 2.97 ± 0.67 0.107
C-reactive protein (mg/L) 1.79 ± 2.62 3.84 ± 10.69 1.33 ± 1.34 1.98 ± 4.18 0.092

TG: triglyceride; HDL: high density lipoprotein; LDL: low density lipoprotein. a Information was missing for
some participants: fasting glucose, n = 6; LDL-cholesterol, n = 3; C-reactive protein, n = 7; b One-way ANOVA
for continuous variables, and by chi-square test for categorical variables; c Mean ± SD (all such values). * p < 0.05
compared to the LMLS group, Student’s t-test.

3.2. Differences of Plasma Metabolites among Four Dietary Groups

Using untargeted analysis, we identified 33 differential metabolites among the four dietary
groups (the corrected p-value < 0.05), including D-glucose, CMPF, and 31 glycerophospholipids
(Table 2 and Supplementary Figure S3). HMHS, HMLS, and LMHS consumers had higher levels
of arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)-content
glycerophospholipids, as well as G-glucose and CMPF than LMLS consumers, while they had lower
levels in non-AA/EPA/DHA-content glycerophospholipids compared to LMLS consumers. With
the targeted analysis of amino acids (n = 16) (Supplementary Table S3) and total fatty acids (n = 19)
(Supplementary Table S4), six amino acids (glycine, hydroxyproline, lysine, threonine, tryptophan, and
valine) and three total fatty acids (AA, EPA, and DHA) showed significantly different levels among
the four dietary groups (Table 2 and Supplementary Figure S3). The data indicated that AA, EPA,
DHA, lysine, threonine, tryptophan, valine, and hydroxyproline were higher in HMHS, HMLS, and
LMHS consumers compared to LMLS consumers, whereas glycine was lower in HMHS, HMLS, and
LMHS consumers.

Principal component analysis (PCA) was further performed to develop a visual plot for the
evaluation of the resemblance and difference in plasma metabolites among the four diet groups on the
basis of the above-mentioned 42 differential metabolites. Seven principal components were retained
for further inspection, and together they explained 76.8% of the total variation. The score plot of
principal component 1 against 2 showed the best separation between the diet groups (Figure 2a),
in which LMLS consumers were generally separated from the other three diet groups, whereas
HMHS, HMLS, and LMHS consumers were still mixed together. The separation was mainly seen on
principal component 1, which explained 35.7% of the total variation. The loading plot of the principal
components 1 and 2 showed that the separation of LMLS consumers from the other groups was due to
the lower concentrations of phosphatidylethanolamine (PE) (p36:5) and CMPF (Figure 2b).
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Table 2. Forty-two metabolites for which the plasma concentration differed significantly among high
meat and high seafood (HMHS, n = 60), high meat and low seafood (HMLS, n = 64), low meat and
high seafood (LMHS, n = 60), and low meat and low seafood (LMLS, n = 86) consumers.

Metabolite Candidate
Fold Differences Area under the Curve (AUC) (95% CI)

HMHS/
LMLS

HMLS/
LMLS

LMHS/
LMLS

HMHS vs.
LMLS

HMLS vs.
LMLS

LMHS vs.
LMLS

Untargeted analysis

AA-content glycerophospholipids

PC (36:4) PC (20:4/16:0) 1.08 * 1.10 ** 1.07 0.60 (0.51, 0.69) 0.62 (0.53, 0.71) 0.57 (0.47, 0.66)
PC (38:4) PC (18:0/20:4) 1.11 * 1.14 ** 1.07 0.61 (0.51, 0.70) 0.62 (0.53, 0.71) 0.56 (0.46, 0.65)
PC (p36:4) PC (20:4/P-16:0) 1.15 ** 1.18 ** 1.08 0.66 (0.57, 0.75) 0.69 (0.60, 0.77) 0.58 (0.49, 0.67)
PC (o36:4) PC (O-16:0/20:4) 1.14 ** 1.15 ** 1.10 * 0.64 (0.55, 0.73) 0.65 (0.57, 0.74) 0.60 (0.51, 0.70)
PC (o38:5) PC (O-18:1/20:4) 1.08 * 1.11 ** 1.04 0.59 (0.50, 0.68) 0.63 (0.54, 0.72) 0.55 (0.46, 0.65)
PE (p36:4) PE (P-16:0/20:4) 1.31 ** 1.26 ** 1.17 * 0.72 (0.64, 0.81) 0.69 (0.61, 0.78) 0.64 (0.55, 0.73)
PE (p38:4) PE (P-18:0/20:4) 1.29 ** 1.29 ** 1.21 * 0.69 (0.60, 0.78) 0.69 (0.61, 0.78) 0.65 (0.57, 0.74)
PE (p38:5) PE (P-18:1/20:4) 1.25 ** 1.24 ** 1.17 * 0.68 (0.59, 0.77) 0.67 (0.59, 0.76) 0.64 (0.55, 0.73)

EPA-content glycerophospholipids

PC (36:5) PC (16:0/20:5) 1.64 ** 1.31 * 1.83 ** 0.74 (0.66, 0.82) 0.61 (0.53, 0.70) 0.78 (0.71, 0.86)
PE (p36:5) PE (P-16:0/20:5) 1.92 ** 1.52 ** 2.16 ** 0.76 (0.68, 0.84) 0.66 (0.57, 0.74) 0.77 (0.70, 0.85)

DHA-content glycerophospholipids

LPC (22:6) 1.45 ** 1.29 ** 1.42 ** 0.69 (0.60, 0.77) 0.65 (0.56, 0.74) 0.71 (0.63, 0.80)
PC (38:6) PC (22:6/16:0) 1.36 ** 1.26 ** 1.35 ** 0.77 (0.69, 0.84) 0.70 (0.62, 0.78) 0.75 (0.68, 0.83)
PC (40:6) PC (22:6/18:0) 1.41 ** 1.27 ** 1.38 ** 0.76 (0.68, 0.84) 0.67 (0.59, 0.76) 0.73 (0.65, 0.81)
PC (40:7) PC (18:1/22:6) 1.16 * 1.18 ** 1.23 ** 0.61 (0.52, 0.70) 0.63 (0.55, 0.72) 0.65 (0.56, 0.74)
PC (o38:6) PC (O-16:0/22:6) 1.32 ** 1.28 ** 1.36 ** 0.74 (0.65, 0.82) 0.73 (0.65, 0.81) 0.73 (0.65, 0.81)
PC (p40:6) PC (P-18:0/22:6) 1.36 ** 1.30 ** 1.42 ** 0.73 (0.65, 0.81) 0.70 (0.62, 0.78) 0.74 (0.66, 0.82)
LPE (22:6) 1.27 ** 1.24 ** 1.26 ** 0.70 (0.62, 0.79) 0.68 (0.59, 0.76) 0.70 (0.62, 0.79)
PE (38:6) PE (22:6/16:0) 1.40 ** 1.31 ** 1.38 ** 0.69 (0.60, 0.77) 0.68 (0.60, 0.77) 0.72 (0.63, 0.80)
PE (40:6) PE (22:6/18:0) 1.53 ** 1.34 ** 1.42 ** 0.73 (0.65, 0.81) 0.69 (0.60, 0.77) 0.71 (0.63, 0.79)
PE (40:9) PE (22:6/18:3) 1.40 ** 1.28 ** 1.35 ** 0.68 (0.59, 0.76) 0.66 (0.57, 0.74) 0.68 (0.59, 0.76)
PE (p38:6) PE (P-16:0/22:6) 1.44 ** 1.30 ** 1.41 ** 0.78 (0.70, 0.85) 0.70 (0.62, 0.79) 0.75 (0.67, 0.83)

Non-AA/EPA/DHA-content
Glycerophospholipids

PC (34:2) PC (18:2/16:0) 0.94* 0.92** 0.96 0.62 (0.53, 0.71) 0.63 (0.54, 0.72) 0.57 (0.47, 0.66)
PC (36:2) PC (18:1/18:1) 0.81 ** 0.87 0.82 ** 0.64 (0.54, 0.73) 0.59 (0.49, 0.68) 0.62 (0.52, 0.71)
PC (36:4) PC (18:2/18:2) 0.90 ** 0.96 0.91 ** 0.66 (0.57, 0.75) 0.58 (0.49, 0.67) 0.62 (0.53, 0.72)
PC (o34:1) PC (O-16:0/18:1) 0.93 ** 0.93 ** 0.95 * 0.64 (0.55, 0.73) 0.64 (0.55, 0.73) 0.59 (0.50, 0.69)
LPE (18:1) 0.82 * 0.82 * 0.87 0.63 (0.53, 0.72) 0.61 (0.52, 0.70) 0.58 (0.48, 0.67)
LPE (18:2) 0.70 ** 0.71 ** 0.75 ** 0.67 (0.58, 0.76) 0.66 (0.58, 0.75) 0.63 (0.54, 0.73)
PE (36:3) PE (18:2/18:1) 0.56 ** 0.65 ** 0.65 ** 0.66 (0.57, 0.75) 0.63 (0.54, 0.72) 0.61 (0.52, 0.70)
PI (34:2) PI (18:2/16:0) 0.78 ** 0.81 ** 0.87 * 0.69 (0.60, 0.78) 0.65 (0.56, 0.74) 0.59 (0.50, 0.69)
PI (36:2) PI (18:2/18:0) 0.80 * 0.84 * 0.91 0.62 (0.53, 0.71) 0.59 (0.50, 0.68) 0.51 (0.41, 0.60)
PI (38:3) PI (20:3/18:0) 0.72 ** 0.81 * 0.78 ** 0.66 (0.57, 0.75) 0.58 (0.49, 0.68) 0.60 (0.51, 0.70)

Other

D-Glucose 1.09 ** 1.04 1.10 ** 0.66 (0.56, 0.75) 0.58 (0.49, 0.68) 0.70 (0.61, 0.79)
CMPF 2.10 ** 1.32 2.11 ** 0.77 (0.69, 0.84) 0.64 (0.55, 0.72) 0.77 (0.70, 0.85)

Targeted analysis

Amino acids

Glycine 0.89 * 0.98 0.98 0.64 (0.55, 0.73) 0.51 (0.42, 0.61) 0.52 (0.42, 0.61)
Hydroxyproline 1.43 ** 1.19 1.46 ** 0.71 (0.63, 0.80) 0.64 (0.55, 0.73) 0.73 (0.65, 0.81)
Lysine 1.16 ** 1.10** 1.15 ** 0.64 (0.54, 0.73) 0.62 (0.53, 0.71) 0.65 (0.57, 0.74)
Threonine 1.08 * 0.97 1.01 0.63 (0.53, 0.72) 0.52 (0.43, 0.61) 0.51 (0.42, 0.61)
Tryptophan 1.07 * 0.97 1.04 0.63 (0.54, 0.72) 0.52 (0.43, 0.61) 0.58 (0.48, 0.67)
Valine 1.07 * 1.05 1.10 ** 0.60 (0.51, 0.69) 0.57 (0.48, 0.66) 0.66 (0.57, 0.75)

Total fatty acids

AA 1.26 ** 1.22 ** 1.10 0.67 (0.58, 0.76) 0.64 (0.55, 0.73) 0.59 (0.5, 0.68)
EPA 1.50 ** 1.24 1.60 ** 0.74 (0.66, 0.82) 0.61 (0.52, 0.70) 0.78 (0.7, 0.85)
DHA 1.78 ** 1.40 ** 1.63 ** 0.79 (0.72, 0.86) 0.71 (0.63, 0.79) 0.77 (0.7, 0.85)

AA, arachidonic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; EPA, eicosapentaenoic acid, DHA,
docosahexaenoic acid; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PI, phosphatidylinositol;
CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid. (o), ether-linked phospholipids; (p) plasmalogen-based
phospholipids. * p < 0.05; ** p < 0.01, Student’s t-test.
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0.425; (b) Loading plot for principal components 1 and 2. Each point represents a metabolite.

ROC curves were produced by using binary logistic regression to determine whether a panel of
the above 42 differential metabolites could discriminate between high and low meat and/or seafood
consumers (Figure 3). The area under the curve (AUC) (95% CI) values of 0.96 (0.93, 0.99), 0.91 (0.86,
0.96), and 0.96 (0.93, 0.99) were achieved by comparing LMLS consumers with HMHS, HMLS, and
LMHS consumers, respectively, which represented excellent ROC curves according to the accepted
classification of biomarker utility. However, we found that the assessment of each metabolite separately
had much lower AUC values, ranging from 0.51 to 0.79 (Table 2). To enlarge the potential link of
the individual metabolite with the consumption of meat and seafood, we further examined the AUC
values of 42 metabolites by comparing the top (1st, n = 54) and the bottom (5th, n = 54) quintiles of total
meat and seafood consumption (Supplementary Table S5). AUC values significantly increased in new
models, and 12 metabolites had AUC values of >0.8, including EPA, DHA, phosphatidylcholine (PC)
(36:5; 38:6; 40:6; o38:6; p40:6), PE (p36:5; p38:6), lysophosphatidylcholine (LPC) (22:6), hydroxyproline,
and CMPF.
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Figure 3. Receiver operating characteristic (ROC) curve of the combination of 42 differential metabolites
by diet groups.

3.3. Associations between Dietary Consumption and Plasma Metabolites

We examined the associations of meat and seafood consumption with 42 differential metabolites
in the study population (n = 270) by conducting Pearson correlation analysis with adjustments
for age, gender, BMI, fruits, whole grains, and soy products. Significance was defined as the
Bonferroni-corrected level of p < 6.0 × 10−4 (2 food groups × 42 differential metabolites, at the
0.05 level). According to the analysis, a diet high in meat was associated with higher levels of AA- and
DHA-content glycerophospholipids; a diet high in seafood was associated with higher concentrations
of EPA, DHA, and their-content glycerophospholipids, as well as D-glucose and three amino acids
(hydroxyproline, lysine, and valine); whereas increasing the consumption of meat and seafood was
associated with lower non-AA/EPA/DHA-content glycerophospholipids (Table 3). Furthermore,
we evaluated the associations between consumption of the 12 typical food groups in the Singapore
Chinese diet (including red meat, poultry, fish, shellfish, vegetables, fruits, whole grains, refined grains,
soy products, dairy, eggs, nuts, and seeds) and the concentrations of 42 differential metabolites in
the study population (n = 270) with adjustments for age, gender, and BMI for post hoc analysis. We
identified 32 correlations between food groups and differential metabolites that were significant at the
Bonferroni-corrected level of p < 1.0 × 10−4 (p = 0.05/(12 food groups × 42 differential metabolites))
(Table 3). These correlations represented six food groups including red meat, poultry, fish, shellfish, soy
products, and dairy, but most of the findings were for fish and soy products. The strongest correlations
(those with p < 1.0 × 10−10) were found between fish consumption and DHA (r = 0.428), DHA-content
glycerophospholipids (PC (38:6; 40:6; p40:6), PE (p38:6)) (r > 0.400), and CMPF (r = 0.411). In addition
to fish, we found that DHA-content glycerophospholipids were also correlated with poultry (PC (o38:6;
38:6)) and soy products (PC (38:6; 40:6; p40:6; o38:6), LPE (18:2), PE (p38:6)).
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Table 3. Top metabolites associated with food groups in the study population (n = 270).

Food Groups Metabolites Class Correlation (r) p

Meat a PC (p36:4) AA-content GP 0.254 2.43 × 10−05

PE (p36:4) AA-content GP 0.235 9.42 × 10−05

PC (o36:4) AA-content GP 0.215 3.73 × 10−04

PC (38:6) DHA-content GP 0.263 1.22 × 10−05

PC (40:6) DHA-content GP 0.223 2.24 × 10−04

PC (o38:6) DHA-content GP 0.216 3.49 × 10−04

LPE (18:2) Non-AA/EPA/DHA-content GP −0.280 3.01 × 10−06

PI (34:2) Non-AA/EPA/DHA-content GP −0.246 4.44 × 10−05

PE (36:3) Non-AA/EPA/DHA-content GP −0.241 6.13 × 10−05

Seafood a Hydroxyproline Amino acids 0.321 6.91 × 10−08

Valine Amino acids 0.247 3.97 × 10−05

Lysine Amino acids 0.240 6.92 × 10−05

D-Glucose Carbohydrates 0.252 2.70 × 10−05

CMPF Fatty acids 0.399 9.26 × 10−12

DHA Fatty acids 0.421 5.13 × 10−13

EPA Fatty acids 0.285 1.91 × 10−06

PC (38:6) DHA-content GP 0.442 2.62 × 10−14

PE (p38:6) DHA-content GP 0.421 5.37 × 10−13

PC (40:6) DHA-content GP 0.415 1.14 × 10−12

PC (p40:6) DHA-content GP 0.405 4.68 × 10−12

PC (o38:6) DHA-content GP 0.377 1.46 × 10−10

LPC (22:6) DHA-content GP 0.343 7.35 × 10−09

PE (40:6) DHA-content GP 0.304 3.64 × 10−07

LPE (22:6) DHA-content GP 0.293 9.40 × 10−07

PE (38:6) DHA-content GP 0.258 1.83 × 10−05

PE (40:9) DHA-content GP 0.255 2.27 × 10−05

PE (p36:5) EPA-content GP 0.387 4.65 × 10−11

PC (36:5) EPA-content GP 0.341 9.22 × 10−09

PI (38:3) Non-AA/EPA/DHA-content GP −0.238 7.84 × 10−05

LPE (18:2) Non-AA/EPA/DHA-content GP −0.224 2.05 × 10−04

Red meat b LPE (18:2) Non-AA/EPA/DHA-content GP −0.235 9.84 × 10−05

Poultry b PC (p36:4) AA-content GP 0.262 1.30 × 10−05

PC (o38:6) DHA-content GP 0.250 3.19 × 10−05

PC (38:6) DHA-content GP 0.235 9.36 × 10−05

Fish b Hydroxyproline Amino acids 0.310 2.03 × 10−07

D-Glucose Carbohydrates 0.252 2.83 × 10−05

CMPF Fatty acids 0.411 1.94 × 10−12

DHA Fatty acids 0.428 1.93 × 10−13

EPA Fatty acids 0.299 5.77 × 10−07

PC (38:6) DHA-content GP 0.448 9.82 × 10−15

PC (40:6) DHA-content GP 0.426 2.39 × 10−13

PC (p40:6) DHA-content GP 0.414 1.31 × 10−12

PE (p38:6) DHA-content GP 0.405 4.19 × 10−12

LPC (22:6) DHA-content GP 0.371 2.94 × 10−10

PC (o38:6) DHA-content GP 0.369 3.98 × 10−10

LPE (22:6) DHA-content GP 0.301 4.56 × 10−07

PE (40:6) DHA-content GP 0.297 6.67 × 10−07

PE (40:9) DHA-content GP 0.251 2.94 × 10−05

PE (38:6) DHA-content GP 0.251 3.10 × 10−05

PE (p36:5) EPA-content GP 0.382 8.75 × 10−11

PC (36:5) EPA-content GP 0.356 1.72 × 10−09
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Table 3. Cont.

Food Groups Metabolites Class Correlation (r) p

Shellfish b PE (p36:4) AA-content GP 0.243 5.58 × 10−05

Vegetables b -
Fruits b -
Whole grains b -
Refined grains b -
Soy products b PC (o38:5) AA-content GP −0.247 4.06 × 10−05

PC (38:6) DHA-content GP −0.308 2.51 × 10−07

PC (40:6) DHA-content GP −0.304 3.37 × 10−07

PC (p40:6) DHA-content GP −0.289 1.35 × 10−06

PC (o38:6) DHA-content GP −0.277 3.94 × 10−06

PE (p38:6) DHA-content GP −0.252 2.85 × 10−05

LPE (18:2) DHA-content GP 0.236 9.15 × 10−05

PE (p36:5) EPA-content GP −0.236 9.17 × 10−05

PI (38:3) Non-AA/EPA/DHA-content GP 0.279 3.11 × 10−06

Dairy b Valine Amino acids −0.242 5.67 × 10−05

Eggs b -
Nuts and seeds b -

LPC, lysophosphatidylcholine; PC, phosphatidylcholine; LPE, lysophosphatidylethanolamine; PE,
phosphatidylethanolamine; EPA, eicosapentaenoic acid, DHA, docosahexaenoic acid; PI, phosphatidylinositol;
CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid. (o), ether-linked phospholipids; (p) plasmalogen-based
phospholipids. AA, arachidonic acid; GP, glycerophospholipids. a Pearson correlation analysis with adjustments for
age, gender, BMI, fruits, whole grains, and soy products. Significance was defined as the Bonferroni-corrected level
of p < 6.0 × 10−4 (2 food groups × 42 differential metabolites, at the 0.05 level). b Pearson correlation analysis with
adjustments for age, gender, and BMI. Significance was defined as the Bonferroni-corrected level of p < 1.0 × 10−4

(12 food groups × 42 differential metabolites, at the 0.05 level).

3.4. Associations of Plasma Metabolites with Clinical Characteristics

Table 4 shows the correlations between plasma metabolites and clinical characteristics (including
fasting glucose, fasting insulin, creatinine, total cholesterol, triglyceride (TG), high density lipoprotein
(HDL), low density lipoprotein (LDL), and C-reactive protein). As shown, there were 89 significant
correlations at the Bonferroni-corrected level of p < 1.5 × 10−4 (p = 0.05/(8 clinical characteristics × 42
differential metabolites)). Notably, fasting glucose was positively correlated with plasma D-glucose,
hydroxyproline, valine, CMPF, EPA, and DHA, with r ranging from 0.235 to 0.638. Total cholesterol,
TG, HDL, and LDL were mainly correlated with AA, DHA, and their -content glycerophospholipids.
Additional, LDL was positively correlated with lysine and valine, whereas HDL was negatively
correlated with them. There was no significant correlation observed between C-reactive protein and
plasma metabolites.

Table 4. Top metabolites associated with clinical characteristics in the study population (n = 270) a.

Clinical
Characteristics Metabolites Class Correlation (r) p

Fasting glucose D-Glucose Carbohydrates 0.638 1.61 × 10−31

Hydroxyproline Amino acids 0.248 4.60 × 10−05

Valine Amino acids 0.235 1.15 × 10−04

CMPF Fatty acids 0.401 1.28 × 10−11

DHA Fatty acids 0.284 2.72 × 10−06

EPA Fatty acids 0.236 1.08 × 10−04

Fasting insulin D-Glucose Carbohydrates 0.301 4.79 × 10−07

Valine Amino acids 0.267 8.99 × 10−06

Creatinine Valine Amino acids 0.335 1.67 × 10−08

Hydroxyproline Amino acids 0.332 2.18 × 10−08

Tryptophan Amino acids 0.247 4.00 × 10−05

Total cholesterol AA Fatty acids 0.520 3.99 × 10−20

DHA Fatty acids 0.431 1.22 × 10−13

PC (38:4) AA-content GP 0.416 9.77 × 10−13
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Table 4. Cont.

Clinical
Characteristics Metabolites Class Correlation (r) p

PC (o36:4) AA-content GP 0.332 2.26 × 10−08

PC (o38:5) AA-content GP 0.529 7.50 × 10−21

PC (p36:4) AA-content GP 0.385 6.01 × 10−11

PE (p36:4) AA-content GP 0.298 6.32 × 10−07

PE (p38:4) AA-content GP 0.434 8.26 × 10−14

PE (p38:5) AA-content GP 0.476 1.08 × 10−16

LPE (22:6) DHA-content GP 0.250 3.34 × 10−05

PC (38:6) DHA-content GP 0.409 2.57 × 10−12

PC (40:6) DHA-content GP 0.436 5.88 × 10−14

PC (40:7) DHA-content GP 0.350 3.28 × 10−09

PC (o38:6) DHA-content GP 0.266 9.51 × 10−06

PC (p40:6) DHA-content GP 0.310 2.00 × 10−07

PE (38:6) DHA-content GP 0.360 1.09 × 10−09

PE (40:6) DHA-content GP 0.386 5.13 × 10−11

PE (40:9) DHA-content GP 0.294 9.11 × 10−07

PE (p38:6) DHA-content GP 0.561 7.99 × 10−24

PC (34:2) Non-AA/EPA/DHA-content GP 0.603 4.17 × 10−28

PC (36:2) Non-AA/EPA/DHA-content GP 0.376 1.62 × 10−10

PC (36:4) Non-AA/EPA/DHA-content GP 0.436 6.29 × 10−14

PC (o34:1) Non-AA/EPA/DHA-content GP 0.524 1.92 × 10−20

PE (36:3) Non-AA/EPA/DHA-content GP 0.274 4.97 × 10−06

PI (34:2) Non-AA/EPA/DHA-content GP 0.336 1.56 × 10−08

PI (36:2) Non-AA/EPA/DHA-content GP 0.572 7.78 × 10−25

PI (38:3) Non-AA/EPA/DHA-content GP 0.299 5.57 × 10−07

TG Lysine Amino acids 0.256 2.06 × 10−05

Valine Amino acids 0.323 5.81 × 10−08

AA Fatty acids 0.406 4.00 × 10−12

DHA Fatty acids 0.304 3.37 × 10−07

PC (38:4) AA-content GP 0.239 7.34 × 10−05

PE (38:6) DHA-content GP 0.338 1.28 × 10−08

PE (40:6) DHA-content GP 0.490 1.13 × 10−17

PE (40:9) DHA-content GP 0.309 2.17 × 10−07

LPE (18:1) Non-AA/EPA/DHA-content GP 0.247 4.15 × 10−05

PC (34:2) Non-AA/EPA/DHA-content GP 0.367 4.81 × 10−10

PC (36:2) Non-AA/EPA/DHA-content GP 0.585 3.64 × 10−26

PC (36:4) Non-AA/EPA/DHA-content GP 0.302 4.19 × 10−07

PC (o34:1) Non-AA/EPA/DHA-content GP 0.318 9.70 × 10−08

PE (36:3) Non-AA/EPA/DHA-content GP 0.566 2.79 × 10−24

PI (34:2) Non-AA/EPA/DHA-content GP 0.511 2.11 × 10−19

PI (36:2) Non-AA/EPA/DHA-content GP 0.642 1.04 × 10−32

PI (38:3) Non-AA/EPA/DHA-content GP 0.506 5.63 × 10−19

HDL Lysine Amino acids −0.315 1.22 × 10−07

Valine Amino acids −0.482 3.99 × 10−17

PC (o36:4) AA-content GP 0.233 1.09 × 10−04

PC (o38:5) AA-content GP 0.410 2.34 × 10−12

PC (p36:4) AA-content GP 0.298 6.01 × 10−07

PE (p38:4) AA-content GP 0.235 9.58 × 10−05

PE (p38:5) AA-content GP 0.261 1.35 × 10−05

PC (40:7) DHA-content GP 0.446 1.37 × 10−14

PC (o38:6) DHA-content GP 0.368 4.33 × 10−10

PC (p40:6) DHA-content GP 0.390 2.88 × 10−11

PE (p38:6) DHA-content GP 0.235 9.95 × 10−05

PC (34:2) Non-AA/EPA/DHA-content GP 0.378 1.31 × 10−10

PC (o34:1) Non-AA/EPA/DHA-content GP 0.343 7.09 × 10−09

PC (36:4) Non-AA/EPA/DHA-content GP 0.549 1.19 × 10−22

LDL AA Fatty acids 0.423 5.06 × 10−13

DHA Fatty acids 0.361 1.28 × 10−09

PC (38:4) AA-content GP 0.329 3.75 × 10−08

PC (o36:4) AA-content GP 0.315 1.48 × 10−07
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Table 4. Cont.

Clinical
Characteristics Metabolites Class Correlation (r) p

PC (o38:5) AA-content GP 0.438 6.40 × 10−14

PC (p36:4) AA-content GP 0.355 2.28 × 10−09

PE (p36:4) AA-content GP 0.282 2.86 × 10−06

PE (p38:4) AA-content GP 0.344 7.91 × 10−09

PE (p38:5) AA-content GP 0.379 1.57 × 10−10

PC (38:6) DHA-content GP 0.350 4.32 × 10−09

PC (40:6) DHA-content GP 0.380 1.40 × 10−10

PC (o38:6) DHA-content GP 0.256 2.23 × 10−05

PC (p40:6) DHA-content GP 0.289 1.60 × 10−06

PE (40:6) DHA-content GP 0.269 8.35 × 10−06

PE (p38:6) DHA-content GP 0.485 3.52 × 10−17

PC (34:2) Non-AA/EPA/DHA-content GP 0.428 2.71 × 10−13

PC (36:2) Non-AA/EPA/DHA-content GP 0.252 3.08 × 10−05

PC (36:4) Non-AA/EPA/DHA-content GP 0.338 1.55 × 10−08

PC (o34:1) Non-AA/EPA/DHA-content GP 0.361 1.28 × 10−09

PI (36:2) Non-AA/EPA/DHA-content GP 0.520 6.75 × 10−20

C-reactive protein -

PC, phosphatidylcholine; LPE, lysophosphatidylethanolamine; PE, phosphatidylethanolamine; PI,
phosphatidylinositol; AA, arachidonic acid; EPA, eicosapentaenoic acid, DHA, docosahexaenoic acid; CMPF,
3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid. (o), ether-linked phospholipids; (p) plasmalogen-based
phospholipids. GP, glycerophospholipids. a Pearson correlation analysis with adjustments for age, gender, and
BMI. Significance was defined as the Bonferroni-corrected level of p < 1.5 × 10−4 (8 clinical characteristics × 42
differential metabolites, at the 0.05 level).

4. Discussion

In the context of the increasing consumption of meat and seafood and the increasing prevalence
of diet-related chronic diseases in Asian populations, we investigated habitual meat or seafood
consumption in relation to plasma metabolic profiles in a Singapore Chinese population. The
participants were divided into four dietary groups according to the amounts of meat and seafood
consumed. We identified 42 metabolites that significantly differed between the four dietary groups,
including 31 glycerophospholipids, four fatty acids, six amino acids, and one carbohydrate. High meat
or seafood consumers had higher concentrations of AA/EPA/DHA-content glycerophospholipids,
fatty acids (AA, EPA, DHA, and CMPF), essential amino acids (lysine, threonine, tryptophan,
and valine), and D-glucose as compared with low consumers of these animal products. In
contrast, high meat and seafood consumers had lower concentrations of non-AA/EPA/DHA-content
glycerophospholipids and glycine. Our analysis of the associations between specific foods and plasma
metabolites, confirmed the previously reported associations between fish consumption and EPA,
DHA, and CMPF [40]. In addition, we observed novel associations between poultry consumption and
two DHA-content glycerophospholipids (PC (38:6; o38:6)), and between shellfish consumption and
an AA-content glycerophospholipid (PE (p36:4)), which may reflect the co-consumption of meat
and seafood in our population. With regard to clinical parameters, several plasma metabolites
(hydroxyproline, valine, EPA, DHA, and CMPF) were associated with fasting glucose concentrations.

Omega-6 (n-6) and omega-3 (n-3) polyunsaturated fatty acids (PUFAs) regulate a wide range of
functions in the body, including blood pressure, blood clotting, and the development and functioning
of the brain and nervous systems [41]. Moreover, they play important roles in the regulation of
inflammation as precursors of inflammatory mediators, termed “eicosanoids” [42]. In this study, we
found that the total AA (n-6), EPA (n-3) and DHA (n-3) were higher in high meat or seafood consumers
than LMLS consumers. Of these, EPA and DHA were significantly associated with dietary exposure to
fish. Our findings are consistent with biosynthesis pathways and dietary sources of these two PUFAs.
The body can convert alpha-linolenic acid to EPA and DHA [43], and the body can also obtain them
directly from dietary sources. Analyses of food composition have shown that marine fish are the main
source of EPA and DHA [44], which supports our findings. In addition to PUFAs, an endogenous
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metabolite of furan fatty acids, CMPF, was found to be higher in high meat or seafood consumers than
LMLS consumers, and its level was directly associated with dietary exposure to fish. This is consistent
with previous studies that show the consumption of fish increases circulating CMPF levels [45].

Along with the accumulation of AA, EPA, and DHA, higher levels of their-content
glycerophospholipids were also found in high meat or seafood consumers than LMLS consumers. PC
and PE species account for greater than 50% of the total phospholipids in eukaryotic membranes [46].
Besides their roles as structural components of membranes, they have several other functions. PC
is an important source for the formation of second messengers and lipid mediators, and PE plays
essential roles in autophagy, cell division, and protein folding, and represents a precursor for the
synthesis of several protein modifications [47]. Both PC and PE are provided by the diet (mainly
from animal products) and by de novo biosynthesis [20]. The de novo biosynthesis of PC and PE
in eukaryotic cells proceeds mainly via the CDP-choline and CDP-ethanolamine branches of the
Kennedy pathway [46]. Of the two branches of the Kennedy pathway, one requires choline (mainly
found in animal products), and the other one needs ethanolamine (mainly from dietary sources and a
small amount from sphingolipid catabolism). In this study, we observed strong associations between
AA/EPA/DHA-content PC and PE species with dietary exposure to poultry, fish, shellfish, and soy
products, which are consistent with the synthesis pathways and dietary sources of these metabolites.

Besides various lipid species, a series of amino acids such as hydroxyproline, lysine, threonine,
tryptophan, and valine were found to be significantly higher in high meat or seafood consumers than
LMLS consumers. Lysine, threonine, tryptophan, and valine are essential amino acids, and their levels
in plasma were seriously affected by food intake. Good sources of these amino acids are high-protein
foods such as animal products [48,49]. Hydroxyproline is a non-proteinogenic amino acid, which is
produced by the hydroxylation of proline. Although hydroxyproline has been traditionally considered
to have little nutritional significance, it is now recognized as a substrate for the synthesis of glycine,
pyruvate, and glucose. Proline and hydroxyproline are most abundant in salmon proteins [50]. These
studies are in line with our findings that hydroxyproline was strongly associated with dietary exposure
to fish.

Additionally, we found that plasma D-glucose levels in high meat or seafood consumers were
higher than that in LMLS consumers. Previous studies suggest that red meat intake is positively
associated with glucose metabolism [6,51], whereas the association between fish intake and glucose
levels is controversial [52,53]. However, in the present study we noticed that D-glucose showed
stronger association with high fish intake than high red meat consumption. The findings were
consistent with the clinical characteristics of participants that high seafood consumers (i.e., HMHS and
LMHS) had higher fasting blood glucose concentrations than HMLS and LMLS consumers (Table 1).
Furthermore, it was found that these plasma metabolites (such as EPA, DHA, CMPF, D-glucose, and
hydroxyproline) that were associated with fish consumption were also associated with fasting blood
glucose concentrations (Tables 3 and 4). These findings indicated potential putative effects of high fish
consumption in glucose metabolism. Further research is required to verify this observation.

This study is among the first to investigate the plasma metabolic profiles in a Chinese population
with different patterns of meat and seafood consumption, using both untargeted and targeted
metabolomics strategies. Here, some limitations of our study still need to be acknowledged. First,
although there was no significant difference in total energy intake among the four dietary groups, we
cannot fully exclude confounders by other dietary factors in analyzing differential metabolites and
associations, as there were also some differences in the consumption of fruit, whole grains, and soy
products amongst participants. Second, within the untargeted analysis, glycerophospholipids were
not confirmed by using commercial standards, yet they were defined by their unique mass fragmental
patterns and previous reports [54,55]. Third, our study had a few missing data points on clinical
characteristics (fasting glucose, LDL, and C-reactive protein) of participants as shown in Table 1. Lastly,
our findings were observed in a single cohort and should be validated in an independent population
of ethnic Chinese.
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5. Conclusions

In summary, we identified 42 plasma metabolites that differed according to meat and seafood
consumption in an ethnic Chinese population. High meat or seafood consumers had higher levels of
AA, EPA, DHA, and their-content glycerophospholipids, as well as amino acids, CMPF, and D-glucose.
These findings demonstrate a significant influence of dietary patterns on plasma metabolic profiles.
Furthermore, we identified significant correlations between several plasma metabolites and fasting
glucose concentrations. Further research may elucidate whether these compounds or related biological
pathways contribute to the relationship between the consumption of animal products and the risk of
type 2 diabetes.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/9/7/683/s1,
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meat and seafood consumption, Figure S1: The association between food consumption and plasma metabolic
profile, Figure S2: Principal component analysis (PCA) score scatter plots of all plasma (grey dots, n = 270) and
QC (green dots, n = 27) samples, Figure S3: Fold differences of plasma metabolites in HMHS, HMLS and LMHS
consumers by comparison with LMLS consumers.

Acknowledgments: This study was supported by the Centre for Environmental and Occupational Health
Research, National University of Singapore, National Research Foundation (NRF), Prime Minister’s Office,
Singapore, under its Campus for Research Excellence and Technological Enterprise (CREATE) program
(E2S2-CREATE project CS-B) and the Biomedical Research Council (grant 03/1/27/18/216) and National Medical
Research Council (grants 0838/2004 and 1270/2010).

Author Contributions: C.N.O. and R.M.v.D. designed the research; L.Z. and J.S. conducted the research; C.W.
managed the nutritional data; E.S.T. directed the cohort study; Y.L., L.Z. and J.S. analyzed the data; Y.L., L.Z.,
C.N.O. and R.M.D. wrote the manuscript; R.M.v.D. and C.N.O. had primary responsibility for the final content of
the manuscript. All authors read and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Maire, B.; Lioret, S.; Gartner, A.; Delpeuch, F. Nutritional transition and non-communicable diet-related
chronic diseases in developing countries. Sante 2002, 12, 45–55. [PubMed]

2. Burggraf, C.; Kuhn, L.; Zhao, Q.-R.; Teuber, R.; Glauben, T. Economic growth and nutrition transition: An
empirical analysis comparing demand elasticities for foods in China and Russia. J. Integr. Agric. 2015, 14,
1008–1022. [CrossRef]

3. Kim, S.; Moon, S.; Popkin, B.M. The nutrition transition in South Korea. Am. J. Clin. Nutr. 2000, 71, 44–53.
[PubMed]

4. Zhai, F.; Wang, H.; Du, S.; He, Y.; Wang, Z.; Ge, K.; Popkin, B.M. Prospective study on nutrition transition in
China. Nutr. Rev. 2009, 67 (Suppl. 1), S56–S61. [CrossRef] [PubMed]

5. Lam, H.M.; Remais, J.; Fung, M.C.; Xu, L.; Sun, S.S. Food supply and food safety issues in China. Lancet
2013, 381, 2044–2053. [CrossRef]

6. Pan, A.; Sun, Q.; Bernstein, A.M.; Schulze, M.B.; Manson, J.E.; Willett, W.C.; Hu, F.B. Red meat consumption
and risk of type 2 diabetes: 3 cohorts of US adults and an updated meta-analysis. Am. J. Clin. Nutr. 2011, 94,
1088–1096. [CrossRef] [PubMed]

7. Lippi, G.; Mattiuzzi, C.; Sanchis-Gomar, F. Red meat consumption and ischemic heart disease. A systematic
literature review. Meat. Sci. 2015, 108, 32–36. [CrossRef] [PubMed]

8. Abid, Z.; Cross, A.J.; Sinha, R. Meat, dairy, and cancer. Am. J. Clin. Nutr. 2014, 100 (Suppl. 1), 386S–393S.
[CrossRef] [PubMed]

9. Hu, F.B.; Bronner, L.; Willett, W.C.; Stampfer, M.J.; Rexrode, K.M.; Albert, C.M.; Hunter, D.; Manson, J.E. Fish
and omega-3 fatty acid intake and risk of coronary heart disease in women. JAMA 2002, 287, 1815–1821.
[CrossRef] [PubMed]

10. Raatz, S.K.; Silverstein, J.T.; Jahns, L.; Picklo, M.J. Issues of fish consumption for cardiovascular disease risk
reduction. Nutrients 2013, 5, 1081–1097. [CrossRef] [PubMed]

www.mdpi.com/2072-6643/9/7/683/s1
http://www.ncbi.nlm.nih.gov/pubmed/11943638
http://dx.doi.org/10.1016/S2095-3119(14)60985-0
http://www.ncbi.nlm.nih.gov/pubmed/10617945
http://dx.doi.org/10.1111/j.1753-4887.2009.00160.x
http://www.ncbi.nlm.nih.gov/pubmed/19453679
http://dx.doi.org/10.1016/S0140-6736(13)60776-X
http://dx.doi.org/10.3945/ajcn.111.018978
http://www.ncbi.nlm.nih.gov/pubmed/21831992
http://dx.doi.org/10.1016/j.meatsci.2015.05.019
http://www.ncbi.nlm.nih.gov/pubmed/26017245
http://dx.doi.org/10.3945/ajcn.113.071597
http://www.ncbi.nlm.nih.gov/pubmed/28615261
http://dx.doi.org/10.1001/jama.287.14.1815
http://www.ncbi.nlm.nih.gov/pubmed/11939867
http://dx.doi.org/10.3390/nu5041081
http://www.ncbi.nlm.nih.gov/pubmed/23538940


Nutrients 2017, 9, 683 16 of 18

11. Patel, P.S.; Sharp, S.J.; Luben, R.N.; Khaw, K.T.; Bingham, S.A.; Wareham, N.J.; Forouhi, N.G. Association
between type of dietary fish and seafood intake and the risk of incident type 2 diabetes: The European
prospective investigation of cancer (EPIC)-Norfolk cohort study. Diabetes Care 2009, 32, 1857–1863. [CrossRef]
[PubMed]

12. Nkondjock, A.; Receveur, O. Fish-seafood consumption, obesity, and risk of type 2 diabetes: An ecological
study. Diabetes Metab. 2003, 29, 635–642. [CrossRef]

13. Van Woudenbergh, G.J.; van Ballegooijen, A.J.; Kuijsten, A.; Sijbrands, E.J.; van Rooij, F.J.; Geleijnse, J.M.;
Hofman, A.; Witteman, J.C.; Feskens, E.J. Eating fish and risk of type 2 diabetes: A population-based,
prospective follow-up study. Diabetes Care 2009, 32, 2021–2026. [CrossRef] [PubMed]

14. Boucher, B.J.; Mannan, N. Eating fish and risk of type 2 diabetes: A population-based, prospective follow-up
study: Comment on van Woudenbergh et Al. Diabetes Care 2010, 33, e125. [CrossRef] [PubMed]

15. Cross, A.J.; Major, J.M.; Sinha, R. Urinary biomarkers of meat consumption. Cancer Epidemiol. Biomark. Prev.
2011, 20, 1107–1111. [CrossRef] [PubMed]

16. Lloyd, A.J.; Fave, G.; Beckmann, M.; Lin, W.; Tailliart, K.; Xie, L.; Mathers, J.C.; Draper, J. Use of mass
spectrometry fingerprinting to identify urinary metabolites after consumption of specific foods. Am. J.
Clin. Nutr. 2011, 94, 981–991. [CrossRef] [PubMed]

17. Kristensen, M.; Krogholm, K.S.; Frederiksen, H.; Bugel, S.H.; Rasmussen, S.E. Urinary excretion of total
isothiocyanates from cruciferous vegetables shows high dose-response relationship and may be a useful
biomarker for isothiocyanate exposure. Eur. J. Nutr. 2007, 46, 377–382. [CrossRef] [PubMed]

18. Lloyd, A.J.; Beckmann, M.; Fave, G.; Mathers, J.C.; Draper, J. Proline betaine and its biotransformation
products in fasting urine samples are potential biomarkers of habitual citrus fruit consumption. Br. J. Nutr.
2011, 106, 812–824. [CrossRef] [PubMed]

19. Hodgson, J.M.; Chan, S.Y.; Puddey, I.B.; Devine, A.; Wattanapenpaiboon, N.; Wahlqvist, M.L.; Lukito, W.;
Burke, V.; Ward, N.C.; Prince, R.L.; et al. Phenolic acid metabolites as biomarkers for tea- and coffee-derived
polyphenol exposure in human subjects. Br. J. Nutr. 2004, 91, 301–306. [CrossRef] [PubMed]

20. Schmidt, J.A.; Rinaldi, S.; Ferrari, P.; Carayol, M.; Achaintre, D.; Scalbert, A.; Cross, A.J.; Gunter, M.J.;
Fensom, G.K.; Appleby, P.N.; et al. Metabolic profiles of male meat eaters, fish eaters, vegetarians, and
vegans from the EPIC-Oxford cohort. Am. J. Clin. Nutr. 2015, 102, 1518–1526. [CrossRef] [PubMed]

21. Cheung, W.; Keski-Rahkonen, P.; Assi, N.; Ferrari, P.; Freisling, H.; Rinaldi, S.; Slimani, N.; Zamora-Ros, R.;
Rundle, M.; Frost, G.; et al. A metabolomic study of biomarkers of meat and fish intake. Am. J. Clin. Nutr.
2017, 105, 600–608. [CrossRef] [PubMed]

22. Xu, J.; Yang, S.; Cai, S.; Dong, J.; Li, X.; Chen, Z. Identification of biochemical changes in lactovegetarian urine
using 1H NMR spectroscopy and pattern recognition. Anal. Bioanal. Chem. 2010, 396, 1451–1463. [CrossRef]
[PubMed]

23. Hathwar, S.C.; Rai, A.K.; Modi, V.K.; Narayan, B. Characteristics and consumer acceptance of healthier meat
and meat product formulations—A review. J. Food Sci. Technol. 2012, 49, 653–664. [CrossRef] [PubMed]

24. Mohanty, B.; Mahanty, A.; Ganguly, S.; Sankar, T.V.; Chakraborty, K.; Rangasamy, A.; Paul, B.; Sarma, D.;
Mathew, S.; Asha, K.K.; et al. Amino Acid compositions of 27 food fishes and their importance in clinical
nutrition. J. Amino Acids 2014, 2014, 269797. [CrossRef] [PubMed]

25. Wu, Y.; Tai, E.S.; Heng, D.; Tan, C.E.; Low, L.P.; Lee, J. Risk factors associated with hypertension awareness,
treatment, and control in a multi-ethnic Asian population. J. Hypertens. 2009, 27, 190–197. [CrossRef]
[PubMed]

26. Chiang, P.P.; Lamoureux, E.L.; Cheung, C.Y.; Sabanayagam, C.; Wong, W.; Tai, E.S.; Lee, J.; Wong, T.Y. Racial
differences in the prevalence of diabetes but not diabetic retinopathy in a multi-ethnic Asian population.
Investig. Ophthalmol. Vis. Sci. 2011, 52, 7586–7592. [CrossRef] [PubMed]

27. Liu, Y.; Su, J.; van Dam, R.M.; Prem, K.; Hoong, J.Y.; Zou, L.; Lu, Y.; Ong, C.N. Dietary predictors and plasma
concentrations of perfluorinated alkyl acids in a Singapore population. Chemosphere 2016, 171, 617–624.
[CrossRef] [PubMed]

28. Report of the National Nutrition Survey. 2004. Available online: https://www.hpb.gov.sg/docs/default-
source/default-document-library/national-nutrition-survey-2004.pdf?sfvrsn=82daeb72_0 (accessed on 1
January 2004).

http://dx.doi.org/10.2337/dc09-0116
http://www.ncbi.nlm.nih.gov/pubmed/19592633
http://dx.doi.org/10.1016/S1262-3636(07)70080-0
http://dx.doi.org/10.2337/dc09-1042
http://www.ncbi.nlm.nih.gov/pubmed/19675200
http://dx.doi.org/10.2337/dc10-0852
http://www.ncbi.nlm.nih.gov/pubmed/20805267
http://dx.doi.org/10.1158/1055-9965.EPI-11-0048
http://www.ncbi.nlm.nih.gov/pubmed/21527577
http://dx.doi.org/10.3945/ajcn.111.017921
http://www.ncbi.nlm.nih.gov/pubmed/21865330
http://dx.doi.org/10.1007/s00394-007-0676-5
http://www.ncbi.nlm.nih.gov/pubmed/17717627
http://dx.doi.org/10.1017/S0007114511001164
http://www.ncbi.nlm.nih.gov/pubmed/21736852
http://dx.doi.org/10.1079/BJN20031046
http://www.ncbi.nlm.nih.gov/pubmed/14756917
http://dx.doi.org/10.3945/ajcn.115.111989
http://www.ncbi.nlm.nih.gov/pubmed/26511225
http://dx.doi.org/10.3945/ajcn.116.146639
http://www.ncbi.nlm.nih.gov/pubmed/28122782
http://dx.doi.org/10.1007/s00216-009-3338-z
http://www.ncbi.nlm.nih.gov/pubmed/20016880
http://dx.doi.org/10.1007/s13197-011-0476-z
http://www.ncbi.nlm.nih.gov/pubmed/24293684
http://dx.doi.org/10.1155/2014/269797
http://www.ncbi.nlm.nih.gov/pubmed/25379285
http://dx.doi.org/10.1097/HJH.0b013e328317c8c3
http://www.ncbi.nlm.nih.gov/pubmed/19145784
http://dx.doi.org/10.1167/iovs.11-7698
http://www.ncbi.nlm.nih.gov/pubmed/21862647
http://dx.doi.org/10.1016/j.chemosphere.2016.12.107
http://www.ncbi.nlm.nih.gov/pubmed/28056448
https://www.hpb.gov.sg/docs/default-source/default-document-library/national-nutrition-survey-2004.pdf?sfvrsn=82daeb72_0
https://www.hpb.gov.sg/docs/default-source/default-document-library/national-nutrition-survey-2004.pdf?sfvrsn=82daeb72_0


Nutrients 2017, 9, 683 17 of 18

29. Deurenberg-Yap, M.; Li, T.; Tan, W.L.; van Staveren, W.A.; Deurenberg, P. Validation of a semiquantitative
food frequency questionnaire for estimation of intakes of energy, fats and cholesterol among Singaporeans.
Asia Pac. J. Clin. Nutr. 2000, 9, 282–288. [CrossRef] [PubMed]

30. Xu, F.; Zou, L.; Lin, Q.; Ong, C.N. Use of liquid chromatography/tandem mass spectrometry and online
databases for identification of phosphocholines and lysophosphatidylcholines in human red blood cells.
Rapid Commun. Mass Spectrom. 2009, 23, 3243–3254. [CrossRef] [PubMed]

31. Xu, F.; Tavintharan, S.; Sum, C.F.; Woon, K.; Lim, S.C.; Ong, C.N. Metabolic signature shift in type 2
diabetes mellitus revealed by mass spectrometry-based metabolomics. J. Clin. Endocrinol. Metab. 2013, 98,
E1060–E1065. [CrossRef] [PubMed]

32. Lu, Y.H.; Huang, C.; Gao, L.; Xu, Y.J.; Chia, S.E.; Chen, S.S.; Li, N.; Yu, K.K.; Ling, Q.X.; Cheng, Q.; et al.
Identification of serum biomarkers associated with hepatitis B virus-related hepatocellular carcinoma and
liver cirrhosis using mass-spectrometry-based metabolomics. Metabolomics 2015, 11, 1526–1538. [CrossRef]

33. Lu, Y.; Li, N.; Gao, L.; Xu, Y.J.; Huang, C.; Yu, K.; Ling, Q.; Cheng, Q.; Chen, S.; Zhu, M.; et al. Acetylcarnitine
Is a Candidate Diagnostic and Prognostic Biomarker of Hepatocellular Carcinoma. Cancer Res. 2016, 76,
2912–2920. [CrossRef] [PubMed]

34. Gika, H.G.; Theodoridis, G.A.; Wingate, J.E.; Wilson, I.D. Within-day reproducibility of an HPLC-MS-based
method for metabonomic analysis: Application to human urine. J. Proteome Res. 2007, 6, 3291–3303.
[CrossRef] [PubMed]

35. Pan, Y.; Li, J.; Li, X.; Chen, J.; Bai, G. Determination of free amino acids in isatidis radix by
HILIC-UPLC-MS/MS. Bull. Korean Chem. Soc. 2014, 35, 197–203. [CrossRef]

36. Xu, Y.J.; Ho, W.E.; Xu, F.; Wen, T.; Ong, C.N. Exploratory investigation reveals parallel alteration of plasma
fatty acids and eicosanoids in coronary artery disease patients. Prostaglandins Other Lipid Mediat. 2013, 106,
29–36. [CrossRef] [PubMed]

37. Bijlsma, S.; Bobeldijk, I.; Verheij, E.R.; Ramaker, R.; Kochhar, S.; Macdonald, I.A.; van Ommen, B.; Smilde, A.K.
Large-scale human metabolomics studies: A strategy for data (pre-) processing and validation. Anal. Chem.
2006, 78, 567–574. [CrossRef] [PubMed]

38. Smilde, A.K.; van der Werf, M.J.; Bijlsma, S.; van der Werff-van der Vat, B.J.; Jellema, R.H. Fusion of mass
spectrometry-based metabolomics data. Anal. Chem. 2005, 77, 6729–6736. [CrossRef] [PubMed]

39. Benjamini, Y.; Yekutieli, D. The control of the false discovery rate in multiple testing under dependency.
Ann. Stat. 2001, 29, 1165–1188.

40. Guertin, K.A.; Moore, S.C.; Sampson, J.N.; Huang, W.Y.; Xiao, Q.; Stolzenberg-Solomon, R.Z.; Sinha, R.;
Cross, A.J. Metabolomics in nutritional epidemiology: Identifying metabolites associated with diet and
quantifying their potential to uncover diet-disease relations in populations. Am. J. Clin. Nutr. 2014, 100,
208–217. [CrossRef] [PubMed]

41. Patterson, E.; Wall, R.; Fitzgerald, G.F.; Ross, R.P.; Stanton, C. Health implications of high dietary omega-6
polyunsaturated Fatty acids. J. Nutr. Metab. 2012, 2012, 539426. [CrossRef] [PubMed]

42. Wall, R.; Ross, R.P.; Fitzgerald, G.F.; Stanton, C. Fatty acids from fish: The anti-inflammatory potential of
long-chain omega-3 fatty acids. Nutr. Rev. 2010, 68, 280–289. [CrossRef] [PubMed]

43. Abedi, E.; Sahari, M.A. Long-chain polyunsaturated fatty acid sources and evaluation of their nutritional
and functional properties. Food Sci. Nutr. 2014, 2, 443–463. [CrossRef] [PubMed]

44. Astorg, P.; Arnault, N.; Czernichow, S.; Noisette, N.; Galan, P.; Hercberg, S. Dietary intakes and food sources
of n-6 and n-3 PUFA in French adult men and women. Lipids 2004, 39, 527–535. [CrossRef] [PubMed]

45. Koppe, L.; Poitout, V. CMPF: A Biomarker for Type 2 Diabetes Mellitus Progression? Trends Endocrinol.
Metab. 2016, 27, 439–440. [CrossRef] [PubMed]

46. Gibellini, F.; Smith, T.K. The Kennedy pathway—De novo synthesis of phosphatidylethanolamine and
phosphatidylcholine. IUBMB Life 2010, 62, 414–428. [CrossRef] [PubMed]

47. Farine, L.; Niemann, M.; Schneider, A.; Butikofer, P. Phosphatidylethanolamine and phosphatidylcholine
biosynthesis by the Kennedy pathway occurs at different sites in Trypanosoma brucei. Sci. Rep. 2015, 5,
16787. [CrossRef] [PubMed]

48. Lahnsteiner, F. A comparative study on the composition and importance of free amino acids in semen of
gilthead sea bream, Sparus aurata, and perch, Perca fluviatilis. Fish Physiol. Biochem. 2010, 36, 1297–1305.
[CrossRef] [PubMed]

http://dx.doi.org/10.1046/j.1440-6047.2000.00187.x
http://www.ncbi.nlm.nih.gov/pubmed/24394504
http://dx.doi.org/10.1002/rcm.4246
http://www.ncbi.nlm.nih.gov/pubmed/19725045
http://dx.doi.org/10.1210/jc.2012-4132
http://www.ncbi.nlm.nih.gov/pubmed/23633210
http://dx.doi.org/10.1007/s11306-015-0804-9
http://dx.doi.org/10.1158/0008-5472.CAN-15-3199
http://www.ncbi.nlm.nih.gov/pubmed/26976432
http://dx.doi.org/10.1021/pr070183p
http://www.ncbi.nlm.nih.gov/pubmed/17625818
http://dx.doi.org/10.5012/bkcs.2014.35.1.197
http://dx.doi.org/10.1016/j.prostaglandins.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/24007966
http://dx.doi.org/10.1021/ac051495j
http://www.ncbi.nlm.nih.gov/pubmed/16408941
http://dx.doi.org/10.1021/ac051080y
http://www.ncbi.nlm.nih.gov/pubmed/16223263
http://dx.doi.org/10.3945/ajcn.113.078758
http://www.ncbi.nlm.nih.gov/pubmed/24740205
http://dx.doi.org/10.1155/2012/539426
http://www.ncbi.nlm.nih.gov/pubmed/22570770
http://dx.doi.org/10.1111/j.1753-4887.2010.00287.x
http://www.ncbi.nlm.nih.gov/pubmed/20500789
http://dx.doi.org/10.1002/fsn3.121
http://www.ncbi.nlm.nih.gov/pubmed/25473503
http://dx.doi.org/10.1007/s11745-004-1259-6
http://www.ncbi.nlm.nih.gov/pubmed/15554151
http://dx.doi.org/10.1016/j.tem.2016.04.010
http://www.ncbi.nlm.nih.gov/pubmed/27132217
http://dx.doi.org/10.1002/iub.354
http://www.ncbi.nlm.nih.gov/pubmed/20503434
http://dx.doi.org/10.1038/srep16787
http://www.ncbi.nlm.nih.gov/pubmed/26577437
http://dx.doi.org/10.1007/s10695-010-9442-3
http://www.ncbi.nlm.nih.gov/pubmed/20924668


Nutrients 2017, 9, 683 18 of 18

49. Rossary, A.; Farges, M.C.; Lamas, B.; Miles, E.A.; Noakes, P.S.; Kremmyda, L.S.; Vlachava, M.; Diaper, N.D.;
Robinson, S.M.; et al. Increased consumption of salmon during pregnancy partly prevents the decline
of some plasma essential amino acid concentrations in pregnant women. Clin. Nutr. 2014, 33, 267–273.
[CrossRef] [PubMed]

50. Wu, G.; Bazer, F.W.; Burghardt, R.C.; Johnson, G.A.; Kim, S.W.; Knabe, D.A.; Li, P.; Li, X.; McKnight, J.R.;
Satterfield, M.C.; et al. Proline and hydroxyproline metabolism: Implications for animal and human nutrition.
Amino Acids 2011, 40, 1053–1063. [CrossRef] [PubMed]

51. Ley, S.H.; Sun, Q.; Willett, W.C.; Eliassen, A.H.; Wu, K.; Pan, A.; Grodstein, F.; Hu, F.B. Associations between
red meat intake and biomarkers of inflammation and glucose metabolism in women. Am. J. Clin. Nutr. 2014,
99, 352–360. [CrossRef] [PubMed]

52. Panagiotakos, D.B.; Zeimbekis, A.; Boutziouka, V.; Economou, M.; Kourlaba, G.; Toutouzas, P.;
Polychronopoulos, E. Long-term fish intake is associated with better lipid profile, arterial blood pressure,
and blood glucose levels in elderly people from Mediterranean islands (MEDIS epidemiological study).
Med. Sci. Monit. 2007, 13, CR307–CR312. [PubMed]

53. Wu, J.H.; Micha, R.; Imamura, F.; Pan, A.; Biggs, M.L.; Ajaz, O.; Djousse, L.; Hu, F.B.; Mozaffarian, D.
Omega-3 fatty acids and incident type 2 diabetes: A systematic review and meta-analysis. Br. J. Nutr. 2012,
107 (Suppl. 2), S214–S227. [CrossRef] [PubMed]

54. Kerwin, J.L.; Tuininga, A.R.; Ericsson, L.H. Identification of molecular species of glycerophospholipids and
sphingomyelin using electrospray mass spectrometry. J. Lipid Res. 1994, 35, 1102–1114. [PubMed]

55. Godzien, J.; Ciborowski, M.; Martinez-Alcazar, M.P.; Samczuk, P.; Kretowski, A.; Barbas, C. Rapid
and Reliable Identification of Phospholipids for Untargeted Metabolomics with LC-ESI-QTOF-MS/MS.
J. Proteome Res. 2015, 14, 3204–3216. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.clnu.2013.04.013
http://www.ncbi.nlm.nih.gov/pubmed/23684555
http://dx.doi.org/10.1007/s00726-010-0715-z
http://www.ncbi.nlm.nih.gov/pubmed/20697752
http://dx.doi.org/10.3945/ajcn.113.075663
http://www.ncbi.nlm.nih.gov/pubmed/24284436
http://www.ncbi.nlm.nih.gov/pubmed/17599024
http://dx.doi.org/10.1017/S0007114512001602
http://www.ncbi.nlm.nih.gov/pubmed/22591895
http://www.ncbi.nlm.nih.gov/pubmed/8077849
http://dx.doi.org/10.1021/acs.jproteome.5b00169
http://www.ncbi.nlm.nih.gov/pubmed/26080858
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Population and Diet Groups 
	Dietary Assessment 
	Plasma Collection and Pretreatment 
	Untargeted Analysis 
	Targeted Analysis 
	Statistical Analysis 

	Results 
	Participant and Blood Sample Characteristics 
	Differences of Plasma Metabolites among Four Dietary Groups 
	Associations between Dietary Consumption and Plasma Metabolites 
	Associations of Plasma Metabolites with Clinical Characteristics 

	Discussion 
	Conclusions 

