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Scope: The New Nordic Diet (NND) has been shown to promote weight loss
and lower blood pressure amongst obese people. This study investigates blood
plasma metabolite and lipoprotein biomarkers differentiating subjects who
followed Average Danish Diet (ADD) or NND. The study also evaluates how the
individual response to the diet is reflected in the metabolic differences between
NND subjects who lost or maintained their pre-intervention weight.

Methods: Centrally obese Danes (BMI >25) followed NND (90 subjects) or ADD
(56 subjects) for 6months. Fasting blood plasma samples, collected at three time-
points during the intervention, were screened for metabolites and lipoproteins
(LPs) using proton nuclear magnetic resonance spectroscopy. In total, 154
metabolites and 65 lipoproteins were analysed.

Results: The NND showed a relatively small but significant effect on the plasma
metabolome and lipoprotein profiles, with explained variations ranging from
0.6% for lipoproteins to 4.8% for metabolites. A total of 38 metabolites and 11
lipoproteins were found to be affected by the NND. The primary biomarkers
differentiating the two diets were found to be HDL-1 cholesterol, apolipoprotein
Al, phospholipids, and ketone bodies (3-hydroxybutyric acid, acetone, and
acetoacetic acid). The increased levels of ketone bodies detected in the NND
group inversely associated with the decrease in diastolic blood pressure of the
NND subjects. The study also showed that body weight loss among the NND
subjects was weakly associated with plasma levels of citrate.

Conclusion: The main plasma metabolites associated with NND were acetate,
methanol and 3-hydroxybutyrate. The metabolic changes associated with the
NND-driven weight loss are mostly pronounced in energy and lipid metabolism.

plasma metabolomics, *H NMR, ketone bodies, weight loss, lipoproteins
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Introduction

Human blood plasma contains hundreds of molecules related
to metabolism (metabolites) as well as a diversity of lipoproteins,
small particles involved in the transport of fats and cholesterol in
the aqueous blood streams. Despite a strong push towards
homeostasis, the levels of metabolites and lipoproteins in blood
change with time depending on multiple factors such as diet, age,
health, etc. The importance of diet on human health is well known,
but the underlying molecular mechanisms remain elusive. For this
reason, blood plasma has been increasingly employed in
metabolomics studies to better understand the impact of diet on
human metabolism and health (1).

In 2004, the new Nordic cuisine was developed by Nordic chefs
and promoted as a sustainable, seasonal, and healthy diet. Soon
after, in Denmark, the OPUS (optimal well-being, development and
health for Danish children through a healthy New Nordic Diet)
project was launched (clinical trial NCT01196610 https://
clinicaltrials.gov/ct2/show/NCT01195610) (2). The project had an
aim to develop a healthy New Nordic Diet (NND) based on regional
production and growth, which could appeal to the public by its
taste, healthiness and sustainability, and a low carbon footprint. The
NND is characterized by a higher content of organic foods,
including whole grains, nuts, berries, fruit and vegetables, fish and
seafood, and a lower content of meat. This led to designing a
SHOPUS (shop in OPUS) study for better understanding the
impact of NND on centrally obese individuals over a period of
6 months. The Average Danish Diet (ADD) was used as a control.
The recruited subjects could freely choose among products from the
assigned diet in a special shop, set up at the University of
Copenhagen. Subjects who followed NND displayed a greater
weight loss, a larger decrease in blood pressure, a small
non-significant drop in LDL cholesterol, and a lower frequency of
the metabolic syndrome, when compared to ADD subjects (2, 3).
During the intervention, urine and blood samples were collected at
three time points, 0, 12 and 26 weeks, and analyzed for metabolites.
Previous studies using mass spectrometry (MS) have shown
differences in the plasma (4, 5), and urine metabolomes (6) between
subjects who followed NND or ADD. These studies have shown that
the NND induces metabolic changes in the blood, mainly related to
the higher intakes of whole grain, vegetables, and fish (4, 5). It was
also found that plasma concentrations of gut derived metabolites
such as vaccenic acid and 3-hydroxybutyric acid were higher in
NND subjects who lost more body weight, while lactic acid levels
were found to be higher amongst NND subjects who maintained
their body weight after intervention (5).

This study investigates the human blood plasma metabolites using
"H NMR spectroscopy. The major advantages of NMR are that it is
unbiased and inherently quantitative toward a broad range of
metabolite classes present in human blood plasma (7-10), and that the
same NMR analysis can be exploited for robust quantification of the
plasma lipoprotein profile (7, 11). The aim of the present study is
twofold; (1) to identify differences in plasma metabolites and/or
lipoprotein patterns related to the diet (NND versus ADD) and (2) to
investigate if metabolic changes related to NND driven weight loss are
associated with specific biomarkers and if these are related the dietary
intervention. This could provide additional insights into underlying
mechanisms behind diet-induced weight loss.
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Experimental section
Study design

During a 6 month period between October 2010 and July 2011, a
randomized, parallel, and controlled dietary intervention was
conducted to investigate the impact of the NND on centrally obese
Danes (waist circumferences >80cm for women and >94cm for
men). The number of recruited subjects was 181 (53 males, 128
females), between 20 and 66years old (average: 42years old).
Moreover, the participants had one or more of the following
characteristics: impaired fasting glucose level >5.6 mmol/L, plasma
>1.7mmol/L, HDL-cholesterol
concentrations <1.03 mmol/L for men and <1.29 mmol/L for women,

triglyceride ~ concentrations
and systolic/diastolic blood pressure >130/85mm Hg. Exclusion
criteria included: diagnosed diabetes (both type 1 and 2), total
cholesterol >9mmol/L, triglyceride concentration >3 mmol/L,
familial hypercholesterolemia, food allergies contrasting with the
intervention, pregnancy, or lactation. In addition, subjects who lost
>2kg in the preceding 2 months were excluded.

The control to the NND was ADD, and the subjects were
randomly divided between the two diets in a 3:2 ratio using simple
block randomization, with a stratification done according to age (<45
or>45years), BMI (<33 or>33kg/m?), and whether they were
enrolled as individuals or couples. The two diets differed in the
composition of 15 food groups that were specific for NND, and in
macronutrients, including total intake of proteins, carbohydrates,
and fats. NND was characterized by a higher fish, whole grain, fruit,
and vegetable consumption and by lower intakes of terrestrial meat,
compared to ADD. A detailed description of the two diets is given in
a previous article (2).

An overview of the study design is given in Figure 1. Fasting blood
samples and clinical parameters were collected at TO (week 0, at the
beginning of the trial), T1 (week 12), and T2 (week 26). The measured
parameters were body weight, waist and hip circumference, sagittal
diameter, blood pressure, and body composition, measured by dual-
energy X-ray absorptiometry (Lunar Radiation Co). For more details
see the work by Poulsen and colleagues (2). The EDTA
(ethylenediaminetetraacetic acid treated) blood plasma samples were
prepared and stored at —80°C until NMR analysis at the University of
Copenhagen. A total of 146 subjects completed the intervention study
including 90 NND (60 females, 30 males) and 56 ADD (40 females
and 16 males) which resulted in a total of 438 plasma samples collected
over the three time points.

The SHOPUS study has been approved by the Regional Ethics
Committee of Greater Copenhagen and Frederiksberg (H-3-2010-
058) and by the Danish Data Protection Agency (2007-54-0269).

Sample preparation and *H NMR data
acquisition

Plasma samples were thawed on ice for 60 min. A 300 uL plasma
aliquot was then mixed with 300pL phosphate buffer (pH 7.4),
containing 0.8mgmL™" trimethylsilylpropionate (TSP) in 2mL
Eppendorf tubes (Eppendorf, Hamburg, Germany), and then
transferred to 5mm NMR tubes (Bruker Biospin Gmbh, Rheinstetten,
Germany) (9). NMR analysis was performed on a Bruker Avance III
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30+60

NND

16+40

d Q WEEK 0 WEEK 12 WEEK 26
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NUMBER OF VARIABLES

NMR NOESY 154 154 154
NMR CPMG 154 154 154
LIPOPROTEINS 65 65 65
CLINICAL DATA 20 16 20
DIETARY DATA - 21 80

FIGURE 1

An overview of the study design. A total of 146 subject were
included: 90 in the NND group (60 females and 30 males) and 56 in
the ADD group (40 females and 16 males). Samples were collected at
TO (week 0), T1 (after 12weeks) and T2 (after 26weeks of
intervention). A total of 438 plasma samples were collected over the
three time points. The NMR spectra (NOESY and CPMG; see under
data acquisition) were converted into a metabolite table including 65
SS, 33 SUS, and 56 BINS after processing the spectral datasets in
SigMa. The lipoprotein data include the absolute concentrations
(mg/dL) of 65 lipoproteins predicted from the NOESY spectra. The
clinical data include different anthropometric and clinical parameters
variables collected during the study, including bodyweight, height,
age, and blood parameters. Dietary data included 21 variables from
food diaries at T1 and T2, and additional 59 variables from shop data
at T2.

600 spectrometer (Bruker Biospin Gmbh, Rheinstetten, Germany)
operating at a Larmor frequency of 600.13 MHz for protons, equipped
with a double tuned cryo-probe (TCI) set for 5mm sample tubes and
a cooled autosampler (SampleJet). One-dimensional proton nuclear
magnetic resonance ("H NMR) spectra were acquired from all plasma
samples using both the Carr-Purcell Meiboom-Gill (CPMG)
experiment and the NOESY-presat pulse sequences from Bruker’s
library. The former suppresses, apart from water resonance, also
resonances from large molecules (i.e., proteins), and can thus better
facilitate the identification of small molecules. The latter, instead, only
suppresses water resonance, providing a more unbiased quantitative
picture of the sample composition. All experiments were performed at
310K with a fixed receiver gain (RG) of 40.3. A total of 64 scans were
acquired and the measured free induction decays (FID) were collected
into 128k data points. The automation program controlling sample
measurements included the acquisition routines for locking, automatic
tuning and matching, shimming, pulse calibration, and optimized
pre-saturation power for each sample, as well as automatic data
processing including Fourier transformation (FT) of FID, with a
Lorentzian line-broadening of 0.3Hz before FT, phasing, and
baseline correction.

'H NMR data processing

Raw 'H NMR spectra were converted to a metabolite concentration
table using the SigMa software (12). The SigMa based processing
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included reference alignment (towards the TSP signal at 0.0 ppm) and
pre-alignment of larger spectral regions using the icoshift method (13),
followed by interval recognition where the entire spectra are divided
into smaller regions of signature signals (SS) of known human blood
metabolites, signals of unknown spin systems (SUS), and BINS
representing complex regions containing unresolved signals of more
than one metabolite. After interval recognition, SigMa quantified SS
and SUS variables using a one-component multivariate curve resolution
(MCR) based modelling (14). BINS are instead quantified using an
integration approach, summing all data points of a given interval for
each sample. As a unique feature, "H NMR spectra of plasma also
contain information about the blood lipoproteins (7). Extraction of this
information typically relies on prediction models based on partial least
squares regression of the spectral region, 1.4-0.6 ppm, to reference
lipoprotein values stemming from ultracentrifugation (9). In this work
a lipoprotein dataset consisting of absolute concentrations of 65 LPs
was generated from the NOESY 1H NMR spectra using previously
described lipoprotein prediction models (9, 15) (Figure 2). The
variables include concentrations of the main lipoprotein classes (VLDL,
IDL, LDL, HDL), and subclasses of these (LDL-1 to LDL-6, and HDL-1
to HDL-3, given in increasing density and decreasing size). For each
subclass, cholesterol, free cholesterol, triglycerides, phospholipids, and
apolipoproteins Al and B were quantified. More detailed information
on the LPs is reported in Supplementary Table S1.

Data analysis

The proton NMR spectral ensembles (NOESY and CPMG
spectra) were firstly resolved into metabolite tables and LP tables for
the different time points as described above. The datasets representing
X, (T1; 12weeks) and Xy, (T2; 26 weeks) were further corrected for
baseline (T0 time values) as follows: AX;, = X~ X and AXp, =X~ X,
This procedure yielded a total of six datasets, AXr nogsy,
AXy comc, AXory 1y AXis norsy, AXra ceme, and AXy, 1p to be scrutinized
for evaluating metabolic differences related to the diet, NND vs. ADD,
and metabolic changes related to weight loss of the NND subjects. The
weight loss factor was defined as described before (5), by stratifying
the NND subjects into two groups: weight losers (n=62) with at least
6% weight loss according to their body weight at inclusion and weight
maintainers (n=>52) who lost <2% of their pre-intervention body
weight. ADD subjects showed very limited weight change, and thus
were excluded from this investigation (2). For NND participants,
consistent weight losers (>6%) and consistent weight maintainers
(<2%) both at T1 and T2 were limited to only 22 and 19 subjects,
respectively (Figure 3). Additional data used for stratification of
subjects included dietary recordings, anthropometric and clinical
parameters which have been published elsewhere (2). All datasets
were mean centered and scaled to unit standard deviation prior to
multivariate data analysis.

Principal component analysis (PCA) (16) was used to explore the
datasets, for outlier detection as well as to investigate variations related
to diet and weight loss. ANOVA-simultaneous component analysis
(ASCA) (17) with permutation testing (#em = 1,000) was applied to
quantify variations explained by the study design factors, diet (NND
vs. ADD) and weight loss (NND weight losers vs. NND weight
maintainers). Partial least squares-discriminant analysis (PLS-DA)
(18) was employed to identify metabolite patterns that discriminate
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A representative spectrum (C) of the 'H NMR spectra (NOESY) acquired on the NND subjects. Annotated signals represent some of SigMa based
quantified blood plasma metabolites. The (A) aliphatic (3.1-0.8 ppm) and (B) aromatic (8.5-6 ppm) regions are also represented zoomed-in. The full list
of annotated metabolites, with relative signal chemical shift (ppm) and multiplicity is reported in Supplementary Table S5.
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Delta body weight of subjects who were assigned to the NND diet. A

total of 62 subjects were selected as BW losers (>6%), 24 from T1

time point (ABW=T1-T0) and 38 from T2 time point (ABW=T2-T0)

(22 in common between the two time points). Likewise, 52

individuals, 28 at T1 and 24 at T2 (19 in common), were identified as

BW maintainers (<2%) or even gained weight.

between the two diet groups or weight losers vs. weight maintainers.
Variable selection (variables selected 70% of the times by the model)
and validation of the PLS-DA models were performed as previously
described (5). One-way ANOVA using false discovery rate (FDR, 5%)
correction was employed to identify individual metabolites or
lipoproteins that were different between the two diets or between the
weight losers and weight maintainers. Data analysis was performed in
MATLAB R2015b (The Mathworks Inc., Natick, MA) using
customized scripts written by the authors and additionally using PLS
Toolbox 8.7.1 (Eigenvector Research, Manson, United States). Scripts
and data matrices are available upon request.

Results

The SHOPUS cohort

The averages and standard deviations of the main parameters,
relevant to this study, of the individuals following the two diets, NND
and ADD, are presented in Table 1. The NND group lost more weight,
reduced their diastolic (DBP), systolic (SBP) blood pressure, and
homeostatic model assessment for insulin resistance (HOMA-IR)
factor during the intervention. The reduction in blood pressure was
partially related to the greater weight loss in NND, but also to the
specific diet pattern of NND (2). Further information on the effect of
NND, compared to ADD, on subjects’ clinical parameters including
fat mass, waist and hip circumference, fasting insulin and glucose, and
CRP can be found in Poulsen et al. (2).

Description of the NMR data

A representative '"H NMR spectrum of human blood plasma is
shown in Figure 2. The spectrum is largely dominated by 'H
resonances of methyl and methylene groups corresponding to fatty
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TABLE 1 An overview of the two dietary groups, New Nordic Diet (NND),
and Average Danish Diet (ADD).

NND ADD

Age (y)* 44.15+13.1 40.8+13.2
Males (n) 30 16

Females (1) 60 40

Starting BW at TO (kg)* 91.2+16.2 90.1+19.3
ABW at T1 (kg)b —3.24+0.31 —1.48+0.29
ABW at T2 (kg)b —4.77+0.48 —1.46+0.44
AHOMA-IR at T2" —3.08+0.13 0.10+0.11
ADBP at T2 (mm Hg)" —0.52+0.79 —0.08+0.92

“Mean + SD (standard deviation).
"Mean + SEM (standard error of the mean).

acids and lipoproteins (1.4-0.6 ppm). Overall, the most abundant
plasma metabolites included cholesterol-C18 (CHs, 6 0.70, s), lactic
acid (CH,, 6 1.35, d, ] 6.93Hz; CH, 6 4.14, q, ] 6.93 Hz), alanine (CH;
61.49,d,] 7.14Hz), valine (CH; 6 0.98,d, CH; 6 1.02, d, ] 7.07 Hz) and
glucose (CH 6 3.20-4.00, m, CH 6 5.27, d, 3.8 Hz). Using Signature
Mapping (SigMa) software the "H NMR data was converted into a
metabolite table. The resulting table consisted of 154 variables: 65 were
SS of known plasma metabolites, 33 SUS and 56 BINS
(Supplementary Table S5). Both CPMG and NOESY spectra were
processed in the same way, and both contained 154 metabolite
variables. Furthermore, the same NMR data (only NOESY) were used
for prediction of the lipoprotein profiles which generated two
additional data sets, AXr, 1p and AXy, 1p consisting of absolute
concentrations of 65 lipoproteins (9) (Supplementary Table ST).

Diet related metabolic differences in blood
plasma (NND vs. ADD)

Principal component analysis of the metabolite and lipoprotein
datasets revealed a weak pattern related to the diet (Figure 4). This was
subsequently confirmed by ASCA which revealed that all datasets at
both T1 and T2 (except AXr, 1p) showed a significant effect of diet with
explained variations ranging from 0.6 to 4.8% (Supplementary Table 56).
The NOESY dataset at T2 (AXr, noesy) Showed the largest fraction
(4.8%) of the variation explained by diet (p<0.0001). Further
investigation of the effect of the diet was performed using PLS-DA
which allowed to find the pattern of metabolites discriminating NDD
and ADD subjects using above mentioned datasets. Classification
performances of the PLS-DA models developed on the six datasets
after variable selection are summarized in Table 2. The best performing
PLS-DA model was developed on AXryy yopsy dataset (AUC=0.80,
error =28%) and included 75 variables to be important markers of the
diet, the second best was developed on AXr, ogsy dataset (AUC=0.74,
error =28%, 115 variables used). The consistently selected 59 variables
between these two models included 22 plasma metabolites (see
Table 3) such as amino acids (lysine, phenylalanine, tyrosine, serine,
asparagine), organic acids (acetic acid, lactic acid, citric acid, fumaric
acid, succinic acid), and ketone bodies (acetone, acetoacetate and
3-hydroxybutyrate) (see Figure 5).

To test the hypothesis that plasma metabolites and lipoproteins
differ in their concentrations between the two different diet groups,
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FIGURE 4
PCA biplots of the six matrices used for data analysis: AXti_noesy, AXti_cpma, AXt1_tp, AXra_noesy, AXta_cema, and AXy, s, colored by diet class (NND in brown,
ADD in light blue) and represented with either triangles (males) or circles (females) according to sex. Loadings are represented by grey squares, and the
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TABLE 2 Results from PLS-DA after variable selection.

Matrix N. variables N. LVs Prediction AUC Prediction error Training AUC Training error
used (cv) (CV)

AXry vorsy 75 4 0.80 0.28 0.90 0.18

AXry vorsy 115 2 0.74 0.28 0.83 0.27

AXry coa 55 2 0.74 033 0.84 0.17

AXrs come 89 3 0.70 038 0.87 0.18

AXry 1 32 1 051 0.55 0.37 0.57

AXrp 1p 38 4 0.64 0.41 0.75 0.32

The number of variables and latent variables used is reported for each matrix, together with the
validation using venetian blinds, with 8 data splits and one sample per blind, was used.

one-way ANOVA was employed. Most of the metabolites and LPs
found to be associated with diet from the PLS-DA based variable
selection were different between NND versus ADD in ANOVA
(Table 3). All the 11 LPs which were significant for the diet effect, were
found at higher levels in the NND subjects. The HDL-2b cholesterol
showed the largest diet effect and were found at higher concentrations
in blood of NND subjects (15% increase in NND vs. 10% decrease in
ADD at T2) compared to ADD subjects. A total of 137 metabolite
variables were found to be different between NND vs. ADD in
one-way ANOVA when including all datasets. These metabolite
variables included ketone bodies (acetone, acetoacetate, and
3-hydroxybutyrate), glucose, methanol, TMAO, organic acids like
citrate and succinate, and amino acids like betaine and glutamine. The
biggest effect is observed for acetate (>20% at T2), followed by
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AUC and error values for the training set (88 subjects) and prediction sets (58 subjects). Cross-

methanol (8%-21%), 3-hydroxybutyrate (13%), and fumaric acid
(12%), all found at higher levels in NND subjects.

Comparison of blood plasma lipoproteins
and metabolites between weight losers
and maintainers in the NND subjects

Initially, a PCA was carried out on the datasets corresponding to
the baseline points, TO time point (X, xnpsw dataset—see
Supplementary Table 54), and showed no trend associated with weight
loss among NND subjects (data not shown). ASCA performed on the
same datasets showed no effect of the weight loss at T0. Likewise, a
PLS-DA model developed to differentiate between weight losers and
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TABLE 3 A list of metabolite and lipoprotein variables found to be associated with the diet effect by both PLS-DA and one-way ANOVA.

Variable name p-value Effect size Median NND % Median ADD % Matrix
variation variation

Methanol OH 6.56E—04 12.43 1.06 —1.60 AX7) Noksy
3-hydroxybutyrate KB 1.83E-03 8.62 1.34 —0.67 AXos orsy
Acetate OA 6.62E—07 21.17 1.06 —1.83 AX7; Norsy
Acetoacetate KB 5.41E-03 6.59 0.87 —1.67 AXrs noksy
Betaine AA 3.31E-03 7.34 6.78 —2.94 AXr; NoEsy
Cis-aconitate OA 3.68E—04 11.22 0.51 —-0.92 AXrs noksy
Citrate AA 1.01E-02 5.59 4.55 —4.29 AXr; NoEsY
Creatine AA 4.41E-02 3.59 1.09 —0.89 AXy noksy
Dimethylamine ONC 1.16E—03 9.35 4.29 —3.85 AXy NoEsy
Fumarate OA 2.80E—-04 11.62 1.54 -2.09 AXr; norsy
Galactose SG 1.94E—03 8.46 3.42 —3.58 AXy noEsy
Glucose SG 3.00E-03 7.51 332 -3.79 AXry xorsy
Glutamine AA 8.67E—-03 5.85 5.16 -2.03 AX1y NoEsY
Leucine AA 1.93E-02 4.70 0.22 —0.51 AX7; Norsy
Lysine AA 6.96E—04 10.13 4.73 —4.76 AX1y NoESY
Methanol OH 6.62E—07 20.62 0.86 -1.59 AX7; Norsy
Methine LP LpP 2.49E-02 4.35 6.17 -1.02 AX1y NoESY
Methyl LP LP 3.38E-03 7.28 5.22 —4.61 AXr; NoEsY
Phenylalanine AA 2.23E-02 4.50 3.16 —-1.74 AX; noksy
Succinate OA 3.00E-03 7.51 1.11 —2.11 AXy NoEsy
TMAO ONC 1.75E-03 8.76 4.97 —3.44 AXr; noksy
Acetone KB 3.64E—-02 7.33 21.38 —10.94 AX11_cpmc
Glutamine AA 4.52E-02 6.81 20.26 19.94 AX11_cpmc
3-hydroxybutyrate KB 2.93E-04 13.45 1.31 —2.89 AXos cova
Acetate OA 5.55E—07 21.55 1.03 —1.82 AXr1, cpmc
Acetoacetate KB 6.89E—-03 6.66 0.97 —1.58 AXy com
Acetone KB 1.45E—-02 5.49 12.79 -9.39 AXr; cpvc
Betaine AA 2.08E-02 4.99 8.17 —0.04 AXr cpvc
Cis-aconitate OA 3.69E-03 8.23 0.45 —1.06 AXry cpmc
Citrate OA 2.33E-02 4.83 4.77 —2.36 AXry comc
Creatine AA 3.96E—-02 4.11 1.47 —-1.02 AXr1s cpmc
Dimethylamine ONC 3.69E-03 8.31 4.32 —3.48 AXq; cpmc
Ethanol OH 6.74E—-03 6.79 0.30 —0.42 AXr1s cpmc
Galactose SG 3.69E-03 8.22 332 —2.54 AXr; cpvc
Glucose SG 3.69E—-03 8.10 4.01 —3.42 AXr cemc
Glutamine AA 1.02E-02 6.11 6.59 -1.56 AXr1s cpmc
Methanol OH 4.49E-03 7.69 1.41 —-1.35 AXry coma
Methine LP LP 4.42E-02 3.96 7.06 —0.07 AX1, cpmc
Succinate OA 6.01E—-04 11.25 0.89 —-3.27 AX1 cpmc
TMAO ONC 2.75E-03 9.10 4.34 —4.21 AXr1, cpmc
Main Fraction Cholesterol LP 8.50E—03 5.06 5.60 —2.77 AXpo 1p

Sub Fraction Cholesterol LP 6.90E—03 5.64 5.68 -3.17 AXpy 1p

HDL Cholesterol LP 3.10E-03 9.30 5.73 —5.57 AXrs 1p

HDL-2b Cholesterol LP 8.00E—04 14.28 14.78 —10.07 AXqpy 1p

HDL-2b Free Cholesterol LP 2.30E-03 10.08 10.76 —4.54 AXpy 1p

Main Fraction Phospholipids LP 6.20E—-03 5.85 8.82 —4.41 AXry 1p

HDL-2b Phospholipids LP 4.60E—03 7.67 13.08 ~10.76 AXr, 1p

Plasma ApoAl LP 9.20E-03 5.03 3.00 —1.81 AXry 1p

Main Fraction ApoAl LpP 1.08E—-02 4.80 4.10 —0.28 AXry 1p

Sub Fraction ApoAl LP 5.40E—03 6.11 4.01 —2.59 AXpy 1p

Median variance is calculated as the median % of the individual variance from TO0, for example for T1 data: median ((T1-T0/T0)*100). For metabolites displaying more than one significant
signal, only one is shown. Representative SUS BINS are listed in Supplementary Table S7. AA, amino acid (and derivatives); KB, ketone body; LP, lipoprotein; OA, organic acid; OH, alcohol;
ONC, organic nitrogen compounds; SG, sugar.
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weight gainers at TO (X wnp_sw) failed to classify the two groups at
TO (examples for the Xy nomsy nnppw datasets shown in
Supplementary Figure S1). Accordingly, no metabotypes related to
weigh loss at TO could be identified.

Baseline corrected T1 and T2 datasets, however, showed weak to
moderate BW effect. In PCA, no real separation is observed between
weight losers and maintainers (examples for the AXyy yorsy xnp_sw and
AXr, norsy awp_pw datasets shown in Supplementary Figure SI).
However, ASCA showed a significant weight loss effect on AT2
datasets, AXr, cpvc wnp sw and AXr, voesy awp_sws (p-value=0.02 and
0.04, respectively), with 3.2% and 3.4% of the variation in the data
being associated with the weight loss, respectively. Interestingly, a
significant weight loss effect was also observed in the AXyy 1p xnp_sw
dataset (p-value=0.02 and 5.7% variation). The effect of BW loss was
further investigated by PLS-DA (Table 4). The best result (AUC=0.82,
error=28%) was obtained using AXy; yorsy nwp_sw (Figure 5). One
signal from citrate and an unknown singlet at 7.89 ppm, were
consistently found to be BW related in PLS-DA and ANOVA (p <0.05
with FDR correction) performed to test BW effect (Table 5). Despite
the fact that none of the LP variables shows differences between NND
weight losers and maintainers, some LP, including total free
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FIGURE 5

The area under the curve of the receiver operating characteristics
(AUCROC) obtained from the PLS-DA model developed for BW loss
effect. These results represent the final PLS-DA models after variable
selection and were developed on AXr,_noesy_nnp_sw, USING a training
set of 44 subjects and tested on 18 subjects.

TABLE 4 Results from PLS-DA prediction of BW loss after variable selection.
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cholesterol, apolipoprotein B subfractions and LDL cholesterol esters,
were recurrently selected by PLS-DA models developed to classify
these two types of NND subjects (Supplementary Table S8).

Associations between plasma metabolites
and lipoproteins with anthropometric and
clinical parameters in NND and ADD
subjects

NND and ADD subjects were stratified separately according to
their A anthropometric and clinical variables (e.g., ADBPr, = DBPr,-
DBPy,). One-way ANOVA was applied to evaluate differences in
individual metabolite or lipoprotein levels between the two groups,
low 1/3 versus high 1/3 tertiles. It was found that several metabolites,
were inversely associated with the increase in DBP from baseline to
T1 (increased by up to 53%), including acetoacetic acid, acetone and
succinate, and T2 (increased up to 31%), including the former
metabolites and another ketone body (3-hydroxybutyric acid), in the
NND group (Supplementary Tables 59, S10). These metabolites were
all found at higher levels for subjects for whom DBP decreased during
the intervention (Figure 6). It is to be noted, though, that the signature
signal of succinic acid was partially overlapping with one peak from
3-hydroxybutyrate, and thus, that could affect the result and the
increase in this interval could be simply related to the ketone body
increase in low DBP group.

Discussion
Metabotype and effect of diet

Clear metabolite patterns associated with the NND and ADD
diets, respectively, were observed at T1 and T2. Metabolites from
different chemical classes and from diverse parts of the metabolism
were found to be part of the pattern distinguishing NND from ADD,
and all these metabolite markers appeared at higher levels in the NND
group. Few of them were directly related to the diet, with the possible
exception of ethanol and TMAO, which may signify a higher ethanol
and fish intake in NND. Ketone bodies recurrently showed up as
markers of NND. These metabolites can arise from fatty acid
metabolism. The increased energy % of PUFAs in NND (2) could give
rise to this increase in ketone bodies (19, 20). The reduced energy
intake in NND could also explain the higher levels of ketone bodies,

Matrix N. variables N. LVs Prediction AUC Prediction error ~ Training AUC  Training error
used (CV) (CV)

AXiry NOESY_NND BW 3 1 0.84 0.27 0.62 0.38

AXer NoESY NND_BW 77 2 0.82 0.28 0.77 0.27

AXr1_cpmc NND_BW 2 1 0.55 0.47 0.83 0.24

AXiz_crmc_NND_BW 98 3 0.66 0.30 0.74 0.39

AXr1_1p_xp_pw 11 1 0.55 0.47 0.71 0.41

AXerz 1pNND_BW 35 2 0.71 0.28 0.81 0.30

The number of variables and latent variables used is reported for each matrix, together with the area under the curve (AUC) and error values for the training set (37 subjects at T1, 44 at T2)
and prediction sets (15 subjects at T1, 18 at T2). Cross-validation (CV) using venetian blinds, with 8 data splits and one sample per blind, was used.
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TABLE 5 Metabolites and lipoproteins selected by PLS-DA variable selection (variables selected 70% of the times by the model) and significant in one-
way ANOVA on discrimination of body weight (BW) loss calculated on the matrix reported.

Variable name Effect size Median % Median % variation Matrix
variation from TO from TO BW
BW losers maintainers
Citrate3 0.03 19.63 14.44 —-3.79 AXirs NoOBSY NND._BW
SUS33_s* 0.03 18.53 143 —0.86 AXir NOESY NND._BW
bin32 0.03 1821 11.47 —4.54 AXi; NOBSY NND._BW
*SUS, signature signal of unknown spin system; s, singlet.
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FIGURE 6

Boxplot of significant metabolites (from AXy,_cpve_nno Matrix of selected subjects) related to diastolic pressure (DBP) changes: low values of ADBP on
the left (DBP decreasing during intervention) and high values on the right (DBP increasing during intervention).

together with an increase in TCA cycle intermediates (i.e., citrate),
glucose and acetate, which previously has been correlated to a higher
fat metabolism (21) improved insulin regulation (22), and hepatic
gluconeogenesis (23). The increase of ketone body metabolism has
recently been proposed as beneficial in the long term, as it starts an
adaptive response by activating cell-protective mechanisms,
up-regulating anti-inflammatory and anti-oxidative activities, and
improving mitochondrial function and growth (23).

Frontiers in Nutrition

Glutamine, ethanol and methanol were also amongst the recurrent
NND markers. Glutamine has previously been related to whole grain
diets (24). The level of methanol in the blood was found to be higher
in NND subjects, while the opposite has been reported from urine
samples (6). Endogenous methanol can stem from gut microbiota
fermentation (25-27) or by transformation from S-adenosyl
methionine (SAM) (27). Methanol has previously been related to the
intake of fresh fruit and vegetables, juices and fermented beverages (6)
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light blue) at T2. Cholesterol main fractions HDL, and HDL-2b (inside dotted lines) differed between the two diet groups by ANOVA.

and inversely related to high fat diet (28). Plasma ethanol, which may
originate from alcohol intake, can also be formed endogenously or by
the microbiota from acetaldehyde, which in turn can be generated
from various precursors such as pyruvate or alanine (29). Due to the
randomization in SHOPUS an increase in alcohol intake in the NND
group is less likely than a change in its microbial or
endogenous formation.

Limited significant differences were also observed in lipoprotein
levels between ADD and NND diets. The level of cholesterol in
apolipoprotein Al sub-fractions, and in particularly in HDL-2b
sub-fraction, was found to be higher in NND subjects (Figure 7) as
opposed to previously published total cholesterol level in blood (2). In
general, there seem to be small lipid-lowering effects in the NND
group, but effect sizes are very small.

The changes in the LPs can be traced back to differences in
macronutrient intakes of the two diets. The NND includes higher
intakes of carbohydrates and PUFAs (2). Changes in fat and
carbohydrate intakes have previously been observed to alter
apolipoprotein HDL concentrations. In particular higher carbohydrate
intake, as is the case in the NND, has been shown to increase
production rate of ApoA1l in specific HDL subfractions (30). However,
increase in HDL-cholesterol and ApoA1l, have also been reported for
a low carbohydrate, high protein diet (31). These results are thus not
in contrast with our findings, as protein intake was also higher in
NND compared to ADD.

Together these results reveal that effects of changing dietary
energy substrates on fatty acid synthesis and metabolism in
humans are difficult to predict, and that effects of complex diets
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on blood lipoprotein fractions may not predict the relative health
risk in a simple way but require long-term clinical trials and a
larger cohort.

Correlations of blood plasma metabolites
and lipoproteins with anthropometric and
clinical parameters

Acetoacetic acid occurs consistently as a marker of decreasing
diastolic blood pressure (Figure 7). This ketone body has been shown
to be part of a group of predictive markers for body weight loss (32).
Beneficial effects have been linked to low or medium concentrations
of ketone bodies, originating through fasting, exercise or ketogenic
diets, whereas higher concentrations, observed for example in diabetic
ketoacidosis, may be detrimental and contribute to disease morbidity
(33). Higher plasma succinate levels were also found in subjects with
a decrease in DBP but the result may be confounded by ketone body
signals. Enhanced mitochondrial B-oxidation, which occurs for
example in fasted state, can increase plasma levels of succinic acid (34)
and 3-hydroxybutyrate (35). No clear metabolite pattern was found to
be associated with BW losers and maintainers within the NND group,
as only a few features were consistently found altered when stringent
thresholds were used. The only metabolite showing a weak association
with weight loss was citrate (FDR-corrected p-value for all citrate
signals <0.1). Increasing blood plasma level of citrate was also
associated with weight loss in another study (36) which linked with
bone breakdown during weight loss.
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Conclusion

NMR metabolite profiling of blood plasma samples from the
SHOPUS intervention study has revealed metabolite and
lipoprotein pattern changes related to diet change, changes in
microbial metabolites, and to body weight loss of the NND group.
Increasing levels of ketone bodies were detected in the NND
group and are inversely associated with the decrease in diastolic
blood pressure in the NND group. Moreover, body weight changes
weakly altered the metabolite and lipoprotein profile in the NND
group. These results show that the unbiased and untargeted
'"H-NMR spectroscopy enriched by the lipoprotein prediction
models is able to provide a measure of the gross metabolic
perturbations induced by dietary alterations and the related
physiological changes experienced.
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Glossary
AA Amino Acid (and derivatives)
ADD Average Danish Diet
ASCA ANOVA Simultaneous Component Analysis
BW Body Weight
AUC Area Under the Curve
CRP C-Reactive Protein
DBP Diastolic Blood Pressure
DMA Dimethylamine
FID Free Induction Decay
FDR False Discovery Rate
HOMA-IR Homeostatic Model Assessment for Insulin Resistance
IDL Intermediate Density Lipoprotein
IL6 Interleukin-6
Lp Lipoprotein
NND New Nordic Diet
OA Organic Acid
OH Alcohol
PCA Principal Component Analysis
PLS-DA Partial Least Squares Discriminant Analysis
RG Receiver Gain
SFA Short Chain Fatty Acid
SS Signature Signal
NN Signature signal of Unknown Spin System
SYS Systolic Blood Pressure
TCA Tricarboxylic Acid
TMAO Trimethylamine-N-Oxide
TNF Tumor Necrosis Factor
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