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Abstract

Background: Nontargeted metabolite profiling allows for concomitant examination of a wide range of metabolite species,
elucidating the metabolic alterations caused by dietary interventions.

Objective: The aim of the current study was to investigate the effects of dietary modifications on the basis of increasing
consumption of whole grains, fatty fish, and bilberries on plasma metabolite profiles to identify applicable biomarkers for
dietary intake and endogenous metabolism.

Methods: Metabolite profiling analysis was performed on fasting plasma samples collected in a 12-wk parallel-group intervention with
106 participants with features of metabolic syndrome who were randomly assigned to 3 dietary interventions: 7) whole-grain products,
fatty fish, and bilberries [healthy diet (HD)]; 2 a whole-grain-enriched diet with the same grain products as in the HD intervention but
with no change in fish or berry consumption; and 3) refined-wheat breads and restrictions on fish and berries (control diet). In addition,
correlation analyses were conducted with the food intake data to define the food items correlating with the biomarker candidates.
Results: Nontargeted metabolite profiling showed marked differences in fasting plasma after the intervention diets compared with
the control diet. In both intervention groups, a significant increase was observed in 2 signals identified as glucuronidated alk(en)-
ylresorcinols [corrected Pvalue (Pg) < 0.05], which correlated strongly with the intake of whole-grain products (r=0.63, P< 0.001).
In addition, the HD intervention increased the signals for furan fatty acids [3-carboxy-4-methyl-5-propyl-2-furanpropionic acid (CMPF)],
hippuric acid, and various lipid species incorporating polyunsaturated fatty acids (P < 0.05). In particular, plasma CMPF correlated
strongly with the intake of fish (r= 0.47, P < 0.001) but not with intakes of any other foods.

Conclusions: Novel biomarkers of the intake of health-beneficial food items included in the Nordic diet were identified by
the metabolite profiling of fasting plasma and confirmed by the correlation analyses with dietary records. The one with the
most potential was CMPF, which was shown to be a highly specific biomarker for fatty fish intake. This trial was registered
at clinicaltrials.gov as NCT00573781. J Nutr2015;145:7-17.
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The Nordic diet is characterized by many food items with
positive nutritional profiles, such as whole-grain products,

berries, root vegetables, and fatty fish. Adherence to a healthy
Nordic dietary pattern has been associated with lower mortality
(1), and controlled interventions using diets modified by single
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food items or combinations of Nordic foods have shown beneficial
cardiovascular health effects (i.e., improved lipid profile and
glucose metabolism and anti-inflammatory properties) (2-8).
Targeted analyses on a predetermined set of clinical biomarkers
after consumption of specific health-promoting nutrients, foods,
or diets can provide important mechanistic information, but they
fail to give a broader picture of the altered metabolic status
resulting from a variety of interactions between food constituents
and endogenous metabolites. Nontargeted metabolite profiling
using sensitive and high-throughput analytical technologies offers
a wide window to monitor changes in diet-derived and endoge-
nous metabolites, thus aiding the identification of novel bio-
markers for both dietary intake and biological effects (9-12).
The Sysdimet-HealthGrain intervention has provided new infor-
mation of the potential health effects of whole grain, in particular
rye, and of a combination of whole grains with bilberries and fatty
fish (6, 7). Here we report novel biomarkers for consumption of
whole grains, bilberries, and fish by applying an LC-MS-based
nontargeted metabolite profiling approach. Unlike the majority of
the published nutritional metabolomics studies that focused on urine
samples (13), we demonstrate here the impact of dietary intervention
on the metabolic profile in fasting plasma. Moreover, the potential
biomarkers were linked to specific food groups by correlation
analyses with the dietary intake data based on repeated food records.

Methods

Participants, study design, and diets
The study population was from the Sysdimet-HealthGrain intervention,
a Finnish randomized controlled dietary intervention (6, 7) aiming to
investigate the effects of a diet rich in whole grains, bilberries, and fatty
fish on glucose metabolism in high-risk individuals with impaired
glucose metabolism and features of the metabolic syndrome. A total of
131 volunteers were recruited for a 12-wk intervention and randomly
assigned to 3 parallel interventions: a healthy diet (HD),” a whole-grain—
enriched diet (WGED), or a control diet (Figure 1). The intervention
groups were matched for sex and medians of BMI, age, and fasting
plasma glucose concentration. A total of 106 participants completed the
study. Baseline characteristics of the subjects are shown in Supplemental
Table 1. The study plan was approved by the Research Ethics Committee,
Hospital District of Northern Savo. The intervention was performed in
accordance with the Helsinki Declaration.

The intervention diets are described in detail in Supplemental Figure 1.
In brief, in the HD group, the participants were advised to replace their
usual cereal products with whole-grain breads and a bread with low
postprandial insulin response and with 3.5 dL (measured uncooked) of
whole meal pasta per week. The recommended breads contributed
20-25% of the daily energy intake. In addition, participants were
instructed to eat fatty fish (100150 g fish/meal) 3 times/wk and bilberries
(Vaccinium myrtillus; frozen, pureed, or dried powder) at 3 portions/d
(equivalent to 300 g fresh bilberries/d). In the WGED group, the
participants were instructed to consume the same cereal products as in
the HD group and not to change their current fish and berry consumption.
In the control group, the participants were asked to avoid whole-grain
cereals and to consume low-fiber products, intake of bilberries was not
allowed, and consumption of fatty fish was restricted to once a week.
Other dietary and lifestyle habits were kept unchanged in all groups.

The participants kept a 4-d dietary record (consecutive days
including 1 weekend day) during the run-in period (baseline) and at

9 Abbreviations used: CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropionic acid;
ESI, electrospray ionization; FDR, false discovery rate; HD, healthy diet; HILIC,
hydrophilic interaction; HA, hippuric acid; LC-gTOF-MS, liquid chromatography
guadrupole time-of-flight mass spectrometry; P, corrected P value; PLS-DA,
partial least squares discriminant analysis; QC, quality control; RP, reversed phase;
rt, retention time; VIP, variable influence on projection; WGED, whole-grain—enriched
diet.
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weeks 3, 7, and 11 of the interventions. The dietary data were analyzed
by using the MicroNutrica software (Finnish Social Insurance Institute,
Turku, Finland) based on the Finnish food composition tables (14).

Nontargeted LC-MS metabolite profiling analysis

Fasting EDTA plasma samples were collected for the LC-MS metabolite
profiling analysis (106 samples at baseline and 106 samples at the end of
the study). An aliquot of the sample, 100 L, was mixed with 400 L of
acetonitrile (VWR International), mixed on a vortex at maximum speed
15 s, incubated on an ice bath for 15 min to precipitate the proteins, and
centrifuged at 16,000 X g for 10 min to collect the supernatant. The
supernatant was filtered through 0.2-um polytetrafluoroethylene filters in
a 96-well plate format. Aliquots of 2 pL were taken from at least half of
the plasma samples, mixed together in 1 tube, and used as the quality
control (QC) sample in the analysis; a solvent blank was prepared in the
same manner.

The samples were analyzed by the liquid chromatography quadrupole
time-of-flight mass spectrometry (LC-qTOF-MS) UHPLC-qTOF-MS
system (Agilent Technologies), which consisted of a 1290 LC system, a
Jetstream electrospray ionization (ESI) source, and a 6540 UHD accurate-
mass qTOF spectrometer. The samples were analyzed by using 2 different
chromatographic techniques, i.e., reversed phase (RP) and hydrophilic
interaction (HILIC) chromatography. The sample tray was kept at 4°C
during the analysis. The data acquisition software was the MassHunter
Acquisition B.04.00 (Agilent Technologies). The QC and the blank
samples were injected after every 12 samples and at the beginning of the
analysis. The order of the analysis of the samples was randomized.

In the RP technique, 4 pL of the sample solution was injected onto
the column (Zorbax Eclipse XDB-C18, 2.1 X 100 mm, 1.8 pm; Agilent
Technologies) and maintained at 50°C. The mobile phases, delivered at
0.4 mL/min, consisted of water (eluent A, Milli-Q purified; Millipore)
and methanol (eluent B; Sigma-Aldrich), both containing 0.1% (vol:vol)
of formic acid (Sigma-Aldrich). The following gradient profile was used:
2% —100% B (0=10 min), 100% B (10-15 min), 100% —2% B (15—
15.1 min), 2% B (15.1-18 min).

In the HILIC technique, 3 pL of the sample solution was injected
onto the column (Acquity UPLC BEH Amide column, 2.1 X 100 mm,
1.7 wm; Waters Corporation) and maintained at 45°C. The mobile
phases, delivered at 0.6 mL/min, consisted of 50% acetonitrile (vol:vol;
eluent A) and 90% acetonitrile (vol:vol; eluent B), respectively, both
containing 20 mmol/L ammonium formate, pH 3 (Sigma-Aldrich). The
following gradient profile was used: 0-2.5 min, 100% B; 2.5-10 min,
100% B—0% B; 10-10.1 min, 0% B—100% B; 10.1-14 min, 100% B.

The MS conditions after both chromatographic analyses were as
follows: Jetstream ESI source, operated in positive and negative ionization
mode, conditions were a drying gas temperature of 325°C and flow of
10 L/min, a sheath gas temperature of 350°C and flow of 11 L/min, a
nebulizer pressure of 45 pounds per square inch, capillary voltage of 3500
V, nozzle voltage of 1000 V, fragmentor voltage of 100 V, and a skimmer
of 45 V. For data acquisition, a 2-GHz extended dynamic range mode was
used, and the instrument was set to acquire over the 7/z 50-1600. Data
were collected in the centroid mode at the acquisition rate of 2.5 spectra/s
(i.e., 400 ms/spectrum) with an abundance threshold of 150. For the
automatic data-dependent MS/MS analyses performed on the QC
samples, the 4 most abundant ions were selected for fragmentation from
every precursor scan cycle. These ions were excluded after 2 product ion
spectra and released again for fragmentation after a 0.25-min hold. The
precursor scan time was based on ion intensity, ending at 20,000 counts or
after 300 ms. The product ion scan time was 300 ms. The collision
energies were 10, 20, and 40 V in subsequent assays. The continuous mass
axis calibration was performed by monitoring 2 reference ions from an
infusion solution throughout the assays. The reference ions were m/z
121.050873 and m/z 922.009798 in positive mode and m1/z 112.985587
and m/z 966.000725 in negative mode.

Data analysis

Collection and statistical analysis of the LC-MS data. The data were
collected by using the vendor’s software (MassHunter Qualitative
Analysis B.05.00; Agilent Technologies), and the output was trans-
ferred in compound exchange format (cef.files) into the Mass Profiler
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208 Assessed for eligibility

8 Excluded

5 Thyroid or liver dysfunction
1 High serum triglycerides
1 Use of special medication

14 Other reasons

50 Did not meet inclusion criteria
5 Declined to participate

1 Hemochromatosis

| 131 Eligible individuals |

A

|Random|y assigned |

o~

44 Assigned to
Healthy Diet

42 Assigned to
Whole Grain Enriched Diet

45 Assigned to
control diet

4 Did not want to continue
(Health problems, n=1;

Lack of time, n=1; No
explanation n=2)

2 Did not want to continue
(Family reasons, n=1; No
explanation, n=1)

40 Received
dietary advice

40 Received
dietary advice

5 Did not want to continue
(Wanted to lose weight, n=1;
Health problems, n=1;

No explanation, n=3)

40 Received
dietary advice

3 Drop-outs

(Busy at work, n=1; Lost
interest, n=1; Physical
reasons, n=1)

| 37 completed |

6 Drop-outs

(Busy at work, n=2; No
explanation, n=2; non-
compliance, n=1, personal
reasons, n=1)

| 34 completed |

5 Drop-outs

(Busy at work, n=1; No
explanation, n=1; Lost interest,
n=1; Difficulty in understanding
the instructions, n=1;
Unpleasant experience in
specific procedures at
baseline, n=1)

35 completed

FIGURE 1 Sysdimet-HealthGrain interven-
tion study design. The intervention groups
were matched for sex and medians of BMI,
age, and fasting plasma glucose concentra-
tion. A total of 106 participants with features
of metabolic syndrome completed the study.

Professional software (MPP 2.2; Agilent Technologies) for compound
alignment and data preprocessing. Further data processing and selection
for the most discriminating compounds between diets were performed in
Excel (Microsoft 2007). To remove insignificant features, only the features
found in at least 80% of the samples at either or both the beginning and/or
the end of the HD or WGED interventions were included in the analysis.
This resulted in a data set comprising a total of 3130 features (1415 in RP
ESI—, 362 in RP ESI+, 632 in HILIC ESI+, and 721 in HILIC ESI-).

The difference in the peak area value between the beginning and end
of the intervention for each participant was determined for each feature
in all the 3 diet groups. Student’s ¢ test was used to compare the HD and
WGED groups with the control group to find the discriminative features
affected by either or both of the test diets when compared with the
control. The Benjamini-Hochberg false discovery rate (FDR) was used
to adjust the results for multiple comparisons (15) in each of the 4
analytical approaches separately, taking into account all of the features
included in each of the 4 preprocessed data sets, resulting in a total of 90
features with a corrected P value (P..,;) < 0.05 (the list of the differential
features is shown in Supplemental Table 2).

In addition, the preprocessed data sets from each of the 4 analytical
approaches were subjected to supervised clustering algorithm partial least-
squares discriminant analysis (PLS-DA; Simca-13; Umetrics) including
only the samples collected at the end of the interventions. The data were
logyp-transformed, pareto-scaled, and the model was validated by the
Simca-13 internal cross-validation. Further visualization of the data were
performed on the RP ESI(—) data matrix containing the features exhibiting
P_oir < 0.05 (74 metabolic features) by the K-means cluster analysis with
the Pearson correlation as the distance metric, followed by hierarchical
clustering within each of the K-means clusters (16).

Identification of the differential features in the LC-MS data.
Identification of the metabolites was based on the MS/MS spectral

comparison of the pure standard compounds and on the search of the
candidate compounds in the published databases, including the Human
Metabolome database, Metlin, ChemSpider, and SciFinder, and the results
were verified with the MS/MS spectral features included in the databases
or reported in earlier publications. Lipids were identified on the basis of
the MS/MS fragmentation when the metabolite was intensive enough
to be detected in the automatic data-dependent MS/MS analysis. The
fragmentation pattern for the phosphocholines and phosphoetanolamines
followed what has been published previously (17-19). The key elements
for identification were the protonated head group (m/z 184.07 for
phosphocholines and 7/z 196.03 for phosphoetanolamines) as well as the
deprotonated PUFA fragments visible in the negative ionization mode (the
MS/MS fragmentation data for all of the identified metabolites are shown
in Supplemental Table 3). The plasmalogen P-16:0/20:4 was identified
based on the head group indicating phosphocholines as well as the m/z
303 corresponding to arachidonic acid (20:4), with the links in Metlin
solely for plasmalogens for the mass 765.579. Glucuronidated alk(en)
ylresorcinols were identified based on the MS/MS fragmentation and
compared with the published data as described in the Supplemental
Figure 2.

Clinical characteristics and dietary intake. Linear mixed-effects
models were used to analyze the group differences in the clinical
characteristics and dietary intake at baseline and during the intervention
as reported earlier (6). The analyses were performed by using the R
Project for Statistical Computing version 2.7.2 and nlme R-package
version 3.1-96 (20). The interaction term between the group and
intervention time point (before or after the intervention) was used to
examine the group-related changes during the intervention. The control
group was used as a reference group when comparing the group
differences. The Benjamini-Hochberg FDR was used to adjust the results
for multiple comparisons (15).

Sysdimet-HealthGrain trial: metabolite profiing 9
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TABLE 1 Metabolites putatively identified in LC-MS analysis including compounds with significant fold changes (P < 0.05) in the
healthy diet or the whole-grain—enriched diet groups compared with the control group of participants with features of metabolic

syndrome’
Healthy diet Whole-grain—enriched diet

Column Mode MW m/z  rt, min Putative annotation P? Fold change® P? Fold change®
HILIC ESI—  246.019 245011 0.46  Sulfated phenol derivative 0.015 1.36 0.19 1.24
HILIC ESI—  220.004 218.996 0.47  Sulfated phenol derivative 0.003 1.80 0.079 1.38
HILIC ESI—  104.047 103.039 1.04  Hydroxyisobutyric acid 0.009 1.12 0.43 2.16
RPLC ESh+ 181.074  182.082 111 -Tyrosine 0.032 1.20 0.009 1.20
HILIC ESl+ 113.059  114.067 1.25  Creatinine 0.59 0.94 0.007 1.23
HILIC ESh+ 136.038  137.046 141 Hypoxanthine 0.002 1.16 0.011 1.28
HILIC ESl+ 312147  313.155 1.76  Phenylalanine-phenylalanine 0.79 1.63 0.044 1.71
RPLC* ESI—  189.993 188.985 191  Pyrocatechol sulfate 56 x 107% 1.96 0.13 1.12
HILIC ESl+ 217131 218.139 2.05  Propionylcarnitine 0.63 0.95 0.043 1.21
RPLC* ESI—  213.009 212.002 2.39  Indoxylsulfuric acid 0.044 1.01 0.29 1.13
HILIC ESh+ 157.110  158.118 295  Pipecolic acid betaine 0.035 1.32 0.008 1.90
HILIC ESh+ 145110 146117 310  vy-Butyrobetaine 0.43 098 0.012 1.12
RPLC* ESh+ 179.058  180.067 314 Hippuric acid 989 x 107% 3.31 0.64 1.19
HILIC ESh+ 129.079  130.087 366  Pipecolic acid 0.038 2.08 0.07 2.09
HILIC ESI+ 143.094 144.102 3.95  Unknown betaine (proline betaine analogue) 0.45 0.99 0.012 1.32
HILIC ESI—  216.040 215.032 494  Hexose (chloride adduct) 0.86 (RN 0.022 1.27
HILIC ESl+ 117.054  118.061 553  Unknown betaine (glycine-betaine analogue) 0.09 1.04 0.012 1.08
HILIC ESl+ 187.168  188.176 6.03  N-acetyl spermidine 0.14 0.93 0.020 1.20
HILIC ESh+ 169.085  170.093 6.18  3-Methyl-L-histidine 0.43 0.98 0.040 1.13
RPLC ESh+ 362.210  363.217 6.61  Cortisol 0.36 1.04 0.030 1.14
HILIC ESh+ 174112 175.118 6.79  L-Arginine 0.45 097 0.010 1.19
HILIC ESh+ 146.105 147112 6.94  L-lysine 0.24 0.97 0.010 1.63
HILIC ESl+ 132.089  133.097 6.99  -Ornithine 0.13 0.96 0.004 1.24
RPLC* ESI— 240100 239.092 745  CMPF 54 X 1079 2.56 0.002 1.13
RPLC* ESI—  268.131 267.123 8.52  3-Carboxy-4-methyl-5-pentyl-2-furanpropionic acid 0.00157* 1.22 0.12 1.33
RPLC ESl+ 541.317  542.325 9.57  LPC (20:5) minor isomer 152 x 1076+ 1.73 0.23 1.13
RPLC ESh+ 541317  542.325 969  LPC (20:5) 142 x 1076+ 1.74 0.21 1.12
RPLC ESI—  499.270 498.260 969  LPE(20:5) 0.00003* 1.57 0.29 1.20
RPLC ESI— 525285 524.208 9.84  LPE (22:6) 0.001* 1.13 0.43 1.03
RPLC ESh+ 567.333  568.341 9.84  LPC (22:6) 0.023 210 0.36 1.44
RPLC ESI— 302224 301217 1030 EPA 534 X 107%* 1.46 0.38 1.08
RPLC ESI— 328240 327240 1048 DHA 0.0001* 1.30 0.47 1.05
RPLC ESI— 552.366 551.358  10.84  Nonadecyl-benzenediol glucuronide (AR 19:0-GIn) 461 x 1078 1.20 8.6 x 1077* 1.46
RPLC ESI— 578.382 577.373 1089  Heneicosenyl-benzenediol-glucuronide (AenR 21:1-GIn) ~ 3.68 X 107 %* 1.18 419 x 10710 1.38
RPLC ESl+ 779560 780.568  11.84  PC (16:0/20:5) 0.0009 1.45 0.23 1.1
RPLC ESh+ 805.576 806.584  12.03  PC (16:0/22:6) 0.024 2.35 0.71 0.94
RPLC ESl+ 731558 732566  12.04  PC(16:0/16:1) 0.46 2.04 0.024 1.43
RPLC ESl+ 765579 766.587  12.14  PC (P-16:0/20:4) 0.052 1.60 0.1 1.34
RPLC ESh+ 807.592 808.600 12.34  PC (20:5/18:0) 0.002 1.4 0.08 1.05

" Parameters for the LC-MS analysis include chromatography (Column), ionization mode in MS (Mode), MW, identified ion (m/2), and rt. n = 106 study participants with features
of metabolic syndrome. *False discovery rate-corrected P < 0.05. AenR, alkenylresorcinol; AR, alkylresorcinol; CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid;
ESI, electrospray ionization; GlIn, glucuronide; HILIC, hydrophilic interaction; LPC, lysophosphatidylcholine; LPE, lysophosphatidyl-ethanolamine; MW, molecular weight;

PC, phosphatidylcholine; RPLC, reversed-phase liquid chromatography; rt, retention time.
2 Student’s t test comparing the fold change during intervention with the control group.

3 Average intraindividual fold change during the intervention.
4 Metabolite was detected in both chromatographic analyses with P < 0.05.

Correlations between biomarker candidates and recorded dietary
intake. Spearman rank correlation coefficients were calculated for the
relations between the change in the daily intake of whole-grain bread,
berries, and fish and the change in the peak abundance of the selected
biomarker candidates resulting from the statistical analysis. All subjects
were included in the correlation analyses (7 = 106). Furthermore,
ANCOVA was used to study associations between the selected biomarkers
and food intake with the use of the intervention group as a covariate. The
stepwise linear regression model was applied to test the individual and
combined associations of 3-carboxy-4-methyl-5-propyl-2-furanpropionic
acid (CMPF), EPA, and DHA (independent variables) with the consump-
tion of fish (dependent variable). The level of statistical significance was set
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at P < 0.05. The correlations were analyzed by using the Statistical Package
for the Social Sciences (SPSS) for Windows (19.0 version; IBM).

Results

Clinical characteristics and dietary intake. Clinical charac-
teristics and dietary intakes were reported in detail earlier (6, 7).
There were no statistically significant changes in the measured
characteristics during the study (Supplemental Table 1). During
the intervention, the HD and WGED groups consumed 7.7
portions (182 g) and 7.9 portions (187 g)/d of the whole-grain
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breads and low-insulin-response rye breads, respectively; the
control group consumed 6.8 portions (197 g)/d of white-wheat
breads, resulting in significantly higher fiber intake in the HD
and WGED groups compared with the control group (Supple-
mental Table 1). In the HD group, mean fish consumption was
3.3 fish meals (100-150 g fish/meal)/wk, resulting in increased
intake of EPA and DHA when compared with the control group
(Supplemental Table 1). The intake of bilberries in the HD group
was 3.2 portions/d (Supplemental Figure 1).

Identification of the biomarker candidates changed sig-
nificantly during the intervention(s) when compared
with the control. Nontargeted metabolite profiling showed
metabolic changes in the fasting plasma of the participants in the
HD and the WGED groups when compared with the control
group. Of the 3130 molecular features collected in the
4 different LC-MS modes, a total of 400 were found to have
significant changes after the intervention with either one or both
of the intervention diets when compared with the fold-change
values obtained from the control group (Student’s # test, P < 0.05).
After correcting for the multiple measurements within each of
the 4 analytical approaches, the number of metabolic features
with a significant change during the intervention when com-
pared with the control group was 90 (P.,., < 0.05; Supple-
mental Table 2). The metabolites amenable for identification
based on the automatic data-dependent MS/MS analysis are listed
in Table 1, and the MS/MS spectral fragmentation data can be
found in Supplemental Table 3. The metabolites with P, < 0.03,
herein discussed as statistically significant features, changed
significantly during the interventions when compared with the
control, whereas those having P < 0.05 but that were not
statistically significant after the FDR correction are termed as
metabolites having a trend.

A particularly clear change in the fasting plasma lipid profile
after the HD intervention was the accumulation of CMPF (2.56-
fold; Peorr = 1.98 X 107°). It was identified based on fragmen-
tation match in Metlin and verified with the pure standard
compound (Figure 2). Interestingly, in the near vicinity of the
CMPF metabolite, there was another compound with m/z
267.1234 exhibiting the very same fragmentation pattern and
also regarded as a significant marker in the RP ESI(—) analysis
(1.22-fold; P.or = 0.03). The fragmentation and the elemental
composition suggested a compound with an additional C;Hy4 in
the molecular structure, which would refer to a two-carbon units
longer side chain in the position 1 in the furan backbone of the
metabolite. SciFinder browsing suggested such a compound,
namely 3-carboxy-4-methyl-5-pentyl-2-furanpropionic acid, re-
ported earlier in uremic serum (21) as well in plant material (22).

Another prominent change in the fasting plasma in the HD
group was an increase in hippuric acid (HA) (3.3-fold; P.opr =
0.0006) (23). Other phenolic metabolites, such as pyrocatechol
sulfate, were also increased in the HD group (2.0-fold; P.o., =
1.98 X 107°). The other metabolites affected by the HD
intervention were phosphatidylcholines, lysophosphatidylcho-
lines, and lysophosphatidyl-ethanolamines with long-chain
PUFAs. The HD intervention clearly increased, e.g., lysophos-
phatidylcholine (20:5) with 2 isomers (both 1.7-fold; P_. = 1.00
x 1074, lysophosphatidyl-ethanolamine (20:5; 1.6-fold; P.o., =
1.60 X 107%) and lysophosphatidyl- ethanolamine (20:6; 1.1-
fold; P.orr = 0.024). As expected, EPA (20:5) and DHA (22:6)
FAs also increased in the HD group [1.5-fold (P.o = 2.50 X
1073) and 1.3-fold (Peorr = 3.90 X 1073), respectively].

Whereas multiple metabolic markers were found in the HD
group, in the WGED group there were only 2 metabolites with
significant P values after FDR correction. These also signifi-
cantly changed during the HD intervention when compared with
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FIGURE 2 Base peak chromatogram for the ion m/z 239.092 identified as CMPF with fragmentation spectra obtained in tandem MS with
negative ESI. AU, arbitrary units; BPC, base peak chromatogram; CID, collision-induced dissociation; CMPF, 3-carboxy-4-methyl-5-propyl-2-
furanpropanoic acid; ESI, electrospray ionization; Frag, fragmentor voltage.
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the fold change after the control diet. The signals were 2 closely
eluting peaks with m/z values of 551.358 (1.2-fold; P,y = 4.00 X
10™*) and 577.373 (1.2-fold; Peor = 1.98 X 10 ) (Table 1). Under
MS/MS fragmentation, both metabolites showed a neutral loss of
glucuronide, and the aglycone masses matched with alkylresorcinol
S-nonadecyl-1,3-benzenediol for the compound with m/z 551.358
and alkenylresorcinol 5-(16-heneicosenyl)-1,3-benzenediol for the
aglycone of the compound with m/z 577.373. The MS/MS spectra of
these candidate metabolites showed identical fragmentation with
the published spectra (24, 25), and although the exact position of
the double bond in the molecule was not determined, the com-
pounds were identified as nonadecyl-benzenediol glucuronide
(alkylresorcinol 19:0-Gln) and heneicosenyl-benzenediol-glucuronide
(alkenylresorcinol 21:1-Gln) (Table 1, Supplemental Figure 2).

In addition to the glucuronidated alk(en)ylresorcinols, there was
a trend toward altered metabolism of various betaine compounds in
the WGED group (Table 1). The retention between 2 and 3 min in
the HILIC ESI(+) had numerous signals exhibiting betaine-like
fragments in the MS/MS analysis, out of which only a few could be
identified based on known occurrence of betaines in human
biofluids (23, 26, 27). Among the identified betaine metabolites
was pipecolic acid betaine, which showed an increased trend in both
the HD and WGED groups [1.3-fold (P = 0.035) and 1.9-fold (P =
0.008), respectively]. The peaks of 2 main betaine compounds,

glycine-betaine and proline-betaine, had a very large interindividual
variation and did not differ between the control and HD or WGED
groups. Interestingly, 2 metabolites eluting shortly after both glycine
betaine and proline betaine peaks with exactly the same mass and
similar fragmentation pattern, namely 72/z 144.103, retention time
(rt) 3.95, and m/z 118.062, rt 5.53 (Table 1), showed a
differential trend in the WGED group when compared with
the control. Among the betaine metabolite family, propionylcarnitine
and +y-butyrobetaine were also increased in the WGED group when
compared with the control group [1.2-fold (P = 0.043) and 1.1-fold
(P = 0.012), respectively]. Furthermore, there were also increases in
certain amino acids such as L-lysine, ornithine, and L-arginine in the
WGED group when compared with the control group [1.6-fold (P =
9.40 x 10~%) 1.2fold (P = 4.30 X 10™?), and 1.2-fold (P = 9.70 X
1073), respectively].

Classification of the LC-MS data by chemometric analyses.
The endpoint samples from all of the intervention partici-
pants were subjected to the chemometric algorithm PLS-DA,
as exemplified with the data from the RP ESI(—) mode (Figure 3).
The clustering of the samples in the PLS-DA analysis was in line
with the statistical analyses, because the samples collected at the
end of the HD intervention differed from the other diets (Figure
3A). Furthermore, as visualized by the loadings plot, the most
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the individual compounds. The depicted
metabolites are as follows: pyrocatechol
sulfate, VIP 2.56 (1); CMPF, VIP 1.93 (2); B
AenR C21:1-GIn, VIP 1.79 (3); hippuric acid,
VIP 2.46 (4); unknown, MW 188.094, rt 3.3,
VIP 1.81 (5); unknown lipid, MW 869.539, rt
11.8, VIP 1.76 (6). AenR, alkenylresorcinol;
CMPF, 3-carboxy-4-methyl-5-propyl-2-furan-
propanoic acid; MW, molecular weight; rt,
retention time; VIP, variable influence on
projection.
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FIGURE 4 Plot charts showing the peak areas of the putative
biomarkers as a function of reported consumption of selected foods in
the healthy diet (black circles), the whole-grain—enriched diet (dark
gray squares), and the control diet (light gray triangles) groups. (A)
AenR C21:1-GIn and the consumption of whole-grain bread (containing
at least 50% whole grain); (B) hippuric acid and the consumption of
berries (includes whole berries, berry purées, and berry juices). Three
outliers in the whole-grain-enriched diet group were excluded

discriminating metabolites for the study groups in the multivariate
PLS-DA model were the same compounds that were also identified
as putative biomarkers by the univariate statistical analysis (Figure
3B). The variable influence on projection (VIP) values for, e.g., HA,
pyrocatechol sulfate, and CMPF were 2.46, 2.56, and 1.94,
respectively, indicating that these compounds are among the most
powerful discriminators between the HD group and the 2 other
groups. In addition, from the loadings plot, several unknown lipid
metabolites were spotted based on the mass and rt, e.g., molecular
weight 869.539, rt 11.8, VIP 1.76, which contributed to the
clustering of the control group, as well as a smaller metabolite of
unknown identity with molecular weight 188.094, rt 3.3, VIP 1.81.
These metabolites are most likely endogenous compounds with
higher concentrations in the control group than in the test groups.

Seventy-four features in the RP ESI(—) had P, < 0.05 and
were subjected to the K-means cluster algorithm followed by the
hierarchical cluster analysis with the heat map output (Supple-
mental Figure 3). When the fold-change values for the significant
features were included in the analysis, 7 clusters were formed on the
basis of the similar response profile throughout the study partic-
ipants. Cluster 1 contained 2 metabolites, HA and pyrocatechol
sulfate, and cluster 2 held the 2 alk(en)ylresorcinol glucuronides. In
cluster 3, a group of unknown lipids with a retention time >12 min
were increased in the HD group but also tended to be increased in
the WGED group. The fourth group clustered mainly the EPA and
DHA FAs with several fragment ions, as well as the CMPF
metabolite, which also was represented by several fragment ions.
Cluster 5 contained various lipid metabolites that were increased
in particular after the HD intervention, including the identified
lipids lysophosphatidyl-ethanolamine (20:5), lysophosphatidyl-
ethanolamine (22:6), and 2 isomers of lysophosphatidylcholine
(20:5). Cluster 6 had unknown lipid metabolites that were
increased in the HD group and were completely undetected in the
majority of the participants in the WGED and control groups.
Cluster 7 was formed from unknown metabolites, mostly lipids,
that seemingly decreased after the HD intervention.

Association between the changes in plasma biomarkers
and consumption of the selected food items. After identifying
the strongest putative biomarker metabolites for the intervention
groups, we wanted to determine which foods specifically were
associated with increases in these metabolites by conducting
correlation analyses with the food intake data collected during the
interventions. CMPF was among the most clearly changed
metabolites in the HD intervention, and we found very strong
positive associations between plasma CMPF and recorded fish
intake (Table 2). The association was stronger with the total intake
of fish than with the intake of fatty fish only. However, there was no
significant association between plasma CMPF and the intake of lean
fish, possibly because the consumption of lean fish was limited due
to the design of the original study.

Cross-sectionally, plasma CMPF was also associated with the
intake of berries at baseline (» = 0.29, P = 0.003) and at the end
of the intervention (r = 0.36, P = 0.001) (Table 3). However,
there was no association between the changes in the intake of
berries and the changes in plasma CMPF when adjusted for the

because their berry consumpion included mainly juices with low
polyphenol content and was >2 SDs from the mean consump-
tion of berries. (C) CMPF and the consumption of fish. AenR,
aleknylresorcinol; AU, arbitrary units; CMPF, 3-Carboxy-4-methyl-5-
propyl-2-furanpropanoic acid; GIn, glucuronide.
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TABLE 2 Associations between plasma CMPF peak areas
detected in LC-MS analysis and food intake calculated based on
4-d food records of participants with features of metabolic
syndrome (n = 104-105)"

CMPF (peak area)

Baseline? End® Change®
Dietary intake, g/d r P r P r P
All fish 025 0009 047 61077 034 4x10°°
Fatty fish 023 019 045 2% 107° 028 0.001
Lean fish* 010 032 016 0.07 011 012
Whole-grain products 0.15 0.12 010 051 —-020 0.047
Other grain products —0.06 054 —-018 020 017 0.09
Vegetables and root vegetables  0.14 0.17 007 044 —0.04 060
Fruit® 0.06 055 008 0.35 -021 0.02
Berries® 0.29 0.003 036 0.001 0.06 051

Milk products —0.02 084 -008 0.36 008 034

Red meat —0.05 063 009 031 -0.11 020
Poultry 0.10 031 -0.12 0.16 004 047
Potatoes —0.05 060 —0.08 0.35 002 085
Nuts —0.07 048 —006 045 0.06 046
Eggs -004 070 —001 099 0.05 058
Vegetable oils and spreads 002 085 -—006 0.52 -0.01 093
Dairy fat—based spread —0.06 057 —006 052 0.06 049

T CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid.
2 Spearman rank correlation.

2 ANCOVA, intervention group included into the model.

4 Consumption was low.

% Includes whole fruit/berries, purée, and juice.

effect of intervention group (Table 2). Plasma CMPF was not
positively associated with the intakes of grain products, fruit,
vegetables, milk products, meat, potatoes, nuts, eggs, or oils and
spreads (Table 2). The intakes of berries and fish correlated
especially at the end of the interventions (r = 0.52, P = 8.2 X
107 vs. baseline r = 0.10, P = 0.328), because the participants in
the HD group were advised to increase their intakes of both fish
and berries during the intervention. To account for this, the
effect of the intervention group was included into the model
when analyzing associations between dietary intake and plasma
CMPF cross-sectionally at the end of the study, and when
comparing the respective changes during the intervention
period. Furthermore, we applied a linear regression model in
which both intakes of berries and fish were included. In this

TABLE 3 Associations between plasma CMPF peak areas
detected in LC-MS analysis and markers of fish intake of
participants with features of metabolic syndrome (n = 104-106)’

CMPF
Baseline? End® Change®

r P r P r P

Calculated dietary 0.27 0.005 042 3x107° 019 0.06

EPA intake,* mg/d

Calculated dietary 0.25 0.009 039 1x10* 031 2x10"*
DHA intake,* mg/d

Plasma EPAS 068 6x107' 038 1x10° 033 1x10"*

Plasma DHA® 067 8x107"™ 036 2x107° 023 0.006

" CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid.
2 Spearman rank correlation.

3 ANCOVA, intervention group included into the model.

# Calculated from food records.

5 Peak area in LC-MS analysis.

14 Hanhineva et al.

analysis, changes in fish intake had an independent effect on changes
in plasma CMPF when the intake of berries was included in the
model (r=0.47, P =7 X 10™%), but berries also seemed to have
an independent effect on plasma CMPF (r = 0.29, P = 0.001).
However, in this model, the effect of fish intake on plasma
CMPF concentration was 5-fold that of the effect of berries.

We also tested the associations of plasma CMPF with the
calculated dietary intakes of EPA and DHA and with plasma
EPA and DHA peak areas, the established biomarkers of fish
intake. We found a strong positive correlation between the
plasma CMPF and EPA and DHA at baseline, at the end of the
study, and between the respective changes during the interven-
tions (Table 3). Using the stepwise linear regression model, we
observed that plasma CMPF is an even stronger independent
predictor of fish consumption than plasma EPA (for CMPF: r =
0.40, P =7 X 10~5; for EPA: 7 = 0.21, P = 0.031). DHA did not
predict fish consumption significantly. The adjusted R? for the
model that included only plasma CMPF was 0.26 and for the
model including both CMPF and EPA was 0.29, indicating that
EPA improves the prediction of fish consumption by only 3%.

Associations between the consumption of specific food items
were also evaluated for several other biomarker candidates,
including HA and alk(en)ylresorcinol glucuronides (Table 4).
The associations between the respective biomarkers at the end of
the intervention period are illustrated by plotting the peak area
as a function of the reported consumption of the specific food
(Figure 4). A significant correlation was observed between the
change in the peak abundance of plasma HA and the change
in the daily intake of bilberries but not with the change in
the intake of whole grains (Table 4). The alk(en)ylresorcinol
glucuronides, which increased both in the HD and WGED
groups, were strongly positively associated with the intake of
whole-grain bread, and also with the intake of berries (Table 4).
The correlation with berry consumption was, however, a
consequence of the concurrent consumption of whole-grain
bread and berries in the HD group, because after inclusion of the
intervention group in the model, there was no longer an
association between alk(en)ylresorcinol glucuronides and the
intake of berries (r = 0.07, P = 0.510). In addition, the changes in
betaines correlated positively with the changes in the intake of
whole-grain bread (Table 4). Of all of the betaines, pipecolic acid
betaine had the strongest correlation with the intake of whole-
grain bread (r = 0.34, P = 4 X 107%).

Discussion

Nontargeted LC-MS metabolite profiling showed the con-
comitant changes in fasting plasma metabolite profile after 2
partially overlapping dietary modifications: a WGED and a
diet rich in bilberries and fatty fish in addition to whole grains
(HD). After strict statistical filtering, 90 molecular features (of
3130 detected) were found to have significant changes during
either one or both of the interventions when compared with the
control diet. In the HD intervention, the most important findings
included the impact of fatty fish, in particular on plasma
concentrations of furan FAs (CMPF) and on various PUFA-
containing lipids, as well as the remarkable increase in fasting
plasma HA, most likely reflecting increased consumption of
bilberries. In addition, 2 novel biomarkers of whole-grain
consumption, glucuronidated alk(en)ylresorcinols, were found in
the interventions with whole-grain products, particularly rye.
Furthermore, we identified CMPF as a potential biomarker for the
intake of fatty fish. Betaine and amino acid metabolism also
tended to be altered in both intervention groups.
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TABLE 4 Correlation between changes in metabolites detected in LC-MS analysis and changes in food
intake calculated based on a 4-d food records of participants with features of metabolic syndrome (n =

103-105)"

Intake of whole-grain bread?®

Intake of berries,® g/d  Intake of fish, g/d

Metabolites (peak area) MW rt, min r P r P r P
Hippuric acid 179.058  3.14 RP(+) 0.03 0.80 0.38 7%x107° 012 0.23
AenR 21:1-Gln 578.382 10.90 RP(—) 063 1x 107" 022 0.02 0.12 023
AR 19:0-Gln 552.366 10.85 RP(—) 0.47 4 %1077 0.17 0.08 0.09 0.35
Pipecolic acid betaine 157.110  2.95 HILIC(+) 0.34 4% 1074 0.14 0.16 —0.01 0.94
~y-Butyrobetaine 145111 3.10 HILIC(+) 0.21 0.035 0.03 0.74 0.09 0.38
Unknown betaine 143.095  3.95 HILIC(+) 0.28 0.005 —0.06 0.55 —-0.01 0.90

" Spearman rank correlation was used. AenR, alkenylresorcinol; AR, alkylresorcinol; GIn, glucuronide; HILIC, hydrophilic interaction; MW,

molecular weight; RP, reversed phase; rt, retention time.
2 At least 50% whole grain.

2 Changes in dietary intake are based on 4-d food records, which were kept at study weeks 0, 3, 7, and 11.

CMPF correlated strongly with the intake of fish but not
with other foods. Plasma concentrations of CMPF were strongly
affected by the HD diet, and the correlation analyses with the
food intake data showed an association with the intake of fish but
not with other foods. The association with intake of berries was
most likely due to the concomitant increase in the consumption of
fish and berries, because no correlations between the respective
changes during the intervention were found. CMPF belongs to the
furan FAs, and fish is their richest source in the human diet (28).
However, small concentrations of furan FAs were also measured
in green plants, mushrooms, algae, vegetable oils, and butter (22,
28), but these foods were not associated with fasting plasma
CMPF in our study. The most likely origin for plasma CMPF is
fish-borne furan FAs, although the metabolic conversions are not
precisely described (29).

In our study, plasma CMPF was a stronger marker for fish
intake than the established biomarkers EPA and DHA. Further-
more, a model including both plasma CMPF and EPA was not able
to predict the intake of fish better than plasma CMPF alone.
Analytically, plasma CMPF is a good candidate for a biomarker
molecule to be quantified by a targeted measurement. It elutes in
the C18 RP LC column before FAs and phospholipids, exhibit-
ing excellent retention as evidenced by the sharp peak shape.
Moreover, its ionization efficiency is free from the ion suppression
risk associated with LC-MS analysis of the metabolites coeluting
with phospholipids. These facts support the potential applica-
tion of plasma CMPF as an alternative for EPA and DHA.
Indeed, several published targeted LC-MS protocols are available
for measurement of plasma CMPF in renal failure (30, 31), and
they could be easily adjusted for utilization in a straightforward
biomarker analysis for nutritional assessment purposes.

Opverall, the impact of the HD diet on the endogenous lipid
profile was very extensive, as demonstrated here with the
statistical and chemometric analyses showing lipid species that
were decreased in the HD group. Several findings on lipids also
confirmed our earlier results of lipidomics analysis on the same
sample set (6) [i.e., increases in EPA, DHA, and lysophospha-
tidylcholine (22:6 and 20:5)], but we discovered some additional
lipid species with increases in response to the HD diet, such as
lysophosphatidyl-ethanolamine (22:6 and 20:5).

Glucuronidated alk(en)ylresorcinols were the most
prominent whole-grain-specific biomarkers. Glucuronidated
alk(en)ylresorcinols were identified as significant biomarkers after
both of the intervention diets, and alkenylresorcinol 21:1-Gln was
among the most important variables contributing to the PLS-DA

model clustering of the endpoint samples of the WGED interven-
tion. In addition, we found a strong positive correlation between
change in plasma concentrations of glucuronidated alk(en)
ylresorcinol and change in the consumption of whole-grain bread.

The chromatographic conditions of our nontargeted analysis
were most likely not suitable for analyzing the intact alkylre-
sorcinols, but the glucuronidated forms, reported here for the
first time in human plasma, are more water-soluble and thus
detectable in our analysis. Alkylresorcinols are phenolic lipids
with a 3,5-dihydroxy-5-alkylbenzene configuration found pre-
dominantly in the bran of rye and wheat, and they are well-
established biomarkers of intake of whole-grain rye and wheat
products (32). They can be detected by GC-MS from urine and
plasma after whole-grain intake (33). The detection of glucur-
onidated alk(en)ylresorcinols in fasting plasma directly after
protein precipitation in the standard RP-MS conditions could
offer a straightforward alternative to the currently applied
analytical methods.

Interestingly, one of the glucuronidated alk(en)ylresorcinol
markers has the 21:1 alkenyl side chain, thus exhibiting 1 double
bond in the carbon tail. Both alkenylresorcinols and alkylresorcinols
have been reported in rye and wheat (24, 25), but thus far only
alkylresorcinols have been discussed as dietary biomarkers.

The end products of endogenous metabolism of alkylreso-
rcinols include 3,5-dihydroxybenzoic acid (3,5-DHBA), 3-
(3,5-dihydroxyphenyl) propanoic acid (3,5-DHPPA) (34, 35),
5-(3,5-dihydroxyphenyl)pentanoic acid (3,5-DHPPTA), and 2-
(3,5-dihydroxybenzamido)acetic acid (3,5-DHBA glycine) (36),
but none of these were included as differential signals in our
analysis. The estimated half-lives for alkylresorcinols in plasma
range between 5 and 8 h (37). Therefore, it is possible that the
glucuronidated forms of the alk(en)ylresorcinols found in fasting
plasma display different bioavailability, metabolism, and kinetics
in humans than the metabolites reported earlier.

Healthy diet induced an increase in fasting plasma HA. HA
and pyrocatechol sulfate were among the most prominent
metabolites of the diet-related polyphenols that were increased
in the fasting plasma in the HD group. Because HA was not altered
in the WGED group, bilberries and bilberry products were the likely
sources for increased HA in the HD group, as was also suggested
based on the correlation analyses with the food record data.
Several studies reported elevated HA concentrations in urine
after ingestion of polyphenol-rich foods and drinks, such as
red wine, grape juice, black and green tea, cranberries, and
blackcurrant juice (38-41), and HA concentrations in 24-h
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urine were proposed as a potential biomarker for fruit and
vegetable consumption (42). However, data on changes in
plasma concentrations of HA and other phenolic acids in
response to diet are limited.

Earlier reports indicate that excretion of phenolic acids and
HA is increased after the intake of bilberry anthocyanins,
indicating that the anthocyanins are also most likely the source
of the elevated concentrations of phenolics in fasting plasma in
our study (43, 44). We did not observe elevated HA after the
WGED intervention, indicating different metabolism of the
phenolics from this source than phenolics from berries. These
results are in concordance with our earlier report, which showed
no differences in urinary excretion of HA acid after ingestion
of rye bread and white-wheat bread (45). Even though HA
is regarded as a biomarker for dietary intake of phenolics, poly-
phenol metabolism by the intestinal microbiota and liver can
produce numerous other metabolites into the circulation (46).

Whole-grain consumption caused alterations in amino
acid and betaine metabolism. WGED intervention tended to
increase fasting plasma concentrations of several amino acids
such as L-lysine, L-arginine, and ornithine in accordance with
an earlier report on plasma amino acids as potentially useful
biomarkers for intake of grain protein (47). The diets enriched
with whole grains tended to also increase betaine compounds
in fasting plasma, and they associated positively with the intake
of whole-grain bread in the intervention groups. Whole-grain
products are known to be a major source of dietary betaine (48),
and several metabolomics studies reported increased plasma
betaine and altered metabolism after whole-grain intervention
(49-52). In our study, the number of altered betaine-specific MS/
MS signals was high, but many were not identified and need to
be investigated by using modified analytical conditions. The high
diversity of betaines and the large interindividual variation are
most likely due to altered endogenous metabolism of betaines
after the increased consumption of whole-grain products.
Among the identified betaines, pipecolic acid betaine was most
strongly associated with the consumption of whole-grain bread,
although it has not been reported as a constituent of whole grains
but only in citrus genus plants (53). One potential metabolic route
for the increase in pipecolic acid betaine in the fasting plasma
in the WGED group is endogenous catabolism of lysine by
the intestinal bacteria, which also increased in this study group
(23, 54). In addition, y-butyrobetaine and propionylcarnitine
increased in the WGED group, as was also reported in our earlier
work on betaine supplementation in mice (55).

Conclusions. Novel biomarkers for intakes of selected food
items included in the Nordic diet were identified in fasting plasma
by using nontargeted LC-MS metabolite profiling. Correlation
analyses further verified the associations of 1) CMPF with in-
creased consumption of fatty fish, 2) the glucuronidated alk(en)-
ylresorcinols with consumption of whole grains, and 3) HA with
the intake of bilberries, thus suggesting these metabolites as
biomarkers of intakes of these healthy foods. Furthermore, the
observations of altered endogenous metabolism of betaine, amino
acids, and lipids indicate potential beneficial effects of a healthy
Nordic diet rich in whole grains, fatty fish, and berries.
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