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Comparative Analysis of the Effects of Fish Oil and
Fenofibrate on Plasma Metabolomic Profiles
in Overweight and Obese Individuals

Charlotte C.J.R. Michielsen, Roland W.J. Hangelbroek, Marjolijn C.E. Bragt,
Elwin R. Verheij, Suzan Wopereis, Ronald P. Mensink, and Lydia A. Afman*

Scope: The drug fenofibrate and dietary fish oils can effectively lower
circulating triglyceride (TG) concentrations. However, a detailed comparative
analysis of the effects on the plasma metabolome is missing.
Methods and Results: Twenty overweight and obese subjects participate in a
double-blind, cross-over intervention trial and receive in a random order 3.7 g
day-1 n-3 fatty acids, 200 mg fenofibrate, or placebo treatment for 6 weeks.
Four hundred twenty plasma metabolites are measured via gas
chromatography–mass spectrometry (GC-MS) and liquid
chromatography–mass spectrometry (LC-MS). Among the treatments, 237
metabolites are significantly different, of which 22 metabolites change in the
same direction by fish oil and fenofibrate, including a decrease in several
saturated TG-species. Fenofibrate additionally changes 33 metabolites,
including a decrease in total cholesterol, and total lysophosphatidylcholine
(LPC), whereas 54 metabolites are changed by fish oil, including an increase
in unsaturated TG-, LPC-, phosphatidylcholine-, and cholesterol ester-species.
All q < 0.05.
Conclusion: Fenofibrate and fish oil reduce several saturated TG-species
markedly. These reductions have been associated with a decreased risk for
developing cardiovascular disease (CVD). Interestingly, fish oil consumption
increases several unsaturated lipid species, which have also been associated
with a reduced CVD risk. Altogether, this points towards the power of fish oil
to change the plasma lipid metabolome in a potentially beneficial way.
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1. Introduction

An elevated level of plasma triglycerides
(TG) is increasingly recognized as an im-
portant, independent, risk factor for car-
diovascular disease,[1–3] and it is one of
the features of the metabolic syndrome.
Lowering plasma TG may therefore be a
therapeutic target to lower cardiovascular
disease risk.
A class of drugs that effectively low-

ers plasma TG are fibrates. Fenofibrate
in particular is one of the most com-
monly used fibrates.[4] It selectively acti-
vates the ligand-dependent nuclear tran-
scription factor peroxisome proliferator-
activated receptor alpha (PPAR𝛼). Acti-
vation of PPAR𝛼 leads to regulation of
genes involved in lipid metabolism, in-
cluding fatty acid oxidation and lipopro-
tein assembly and transport. As a re-
sult, fenofibrate inhibits synthesis and
secretion of TG by the liver, and stim-
ulates degradation of TG-rich lipopro-
teins, thereby not only reducing circulat-
ing TG, but also very-low and low-density
lipoprotein cholesterol.[5–7] Besides the
therapeutic approach, plasma TG can
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also effectively be lowered via dietary strategies in the form of
dietary n-3 fatty acids.[8–10] Fish oil specifically contains high
amounts of n-3 fatty acids in the form of eicosapentaenoic acid
(EPA, C20:5n-3) and docosahexaenoic acid (DHA, C22:6n-3).
Like fenofibrate, these dietary n-3 fatty acids can act as ligands
for transcription factor PPAR𝛼.[11,12] In addition, they can bind
with high affinity to PPAR𝛾 and PPAR𝛿, two other isotypes of
PPARs that are also involved in lipid metabolism.[13] However,
while the TG-lowering effects of fenofibrate have been attributed
to PPAR𝛼 activation, the TG-lowering effects of fish oil likely oc-
cur independent of PPAR𝛼 activation, as significant TG reduc-
tions have been observed in PPAR𝛼-deficient mice models upon
fish oil treatment.[14] Instead, the TG-lowering effects of fish oil
may be caused via a reduction of ApoB synthase in the liver,
thereby impairing VLDL assembly and secretion,[15–18] resulting
in reduced TG levels.
The TG-lowering effects of both fenofibrate and fish oils are

well known.[8,19] Indeed, a placebo-controlled cross-over study by
Bragt et al.[20] demonstrated that both fenofibrate and fish oil re-
duced plasma TG concentrations. Additionally, they observed an
increase in HDL cholesterol, and a reduction sE-selectin, VLDL
particle numbers, and LDL cholesterol by fenofibrate, whereas
fish oil increased LDL cholesterol and large HDL particle num-
bers. However, amore detailed comparative analysis of the effects
of fenofibrate and fish oil on plasma metabolomic profiles, in-
cluding several lipid classes and lipid species was not performed.
Therefore, our aimwas to gainmore comprehensive insights into
biochemical changes underlying the observed effects of fenofi-
brate and fish oil on cardiovascular risk factors, and to explore
which changes are shared between fenofibrate and fish oil. For
this, we performed metabolic profiling using gas chromatogra-
phy - mass spectrometry (GC-MS) as well as liquid chromatog-
raphy (LC)-MS platforms, in plasma samples from the study of
Bragt and colleagues.[20]

2. Results

Ten men and ten women completed the trial. Compliance of
the subjects was good, as calculated mean daily intakes of cap-
sules was 95% or higher during all three intervention periods.
The study participants were on average 52 years old, and had a
BMI of 33 ± 5 kg m-2, and a baseline TG concentration of 1.63 ±
0.59 mmol L-1. Other baseline characteristics of the study par-
ticipants, and the effects on the main outcome parameters are
reported elsewhere.[20]

2.1. Effects on Metabolic Profiles

Two subjects had missing plasma samples after the fenofi-
brate intervention, and one subject had missing plasma sam-
ples after the placebo intervention. Their remaining samples
were included in the univariate analysis. In total 442 metabo-
lites, including 22 calculated ratios, were measured using the
FFA (42), GC-MS (204) and LC-MS (196) platforms (Table S1,
Supporting Information). Of these, the precise identity of 41
metabolites was not established (all GCMS data). sPLS-DA anal-
ysis led to a best fitting model consisting of 1 component,
a kappa of 0.5, an eta of 0.9, and an area under the ROC

# Metabolites measured:
442 Metabolites

Significantly different
between groups (ANOVA):

237 Metabolites

Fish oil vs. placebo

63 8022

Finofibrate vs. placebo

Figure 1. Flow chart of the number of metabolites differentially changed
between the interventions. Main effects at the end of each intervention
period were tested with an ANOVA. Linear mixed models were used to
assess between intervention effects, using treatment as fixed factor and
subject number as random factor. Significant metabolites were selected
using false discovery rate adjusted F-statistic (q-value <0.05).

curve of 1, indicating a perfect ability to place the right sub-
ject in the right treatment group. Due to the high regulariza-
tion parameter eta, only nine metabolites were needed to con-
sistently separate the fenofibrate and fish oil intervention re-
sponses, namely C20:5𝜔3/C20:3𝜔6 ratio, C20:4𝜔6/C20:5𝜔3 ra-
tio, C20:5𝜔3/C20:4𝜔3 ratio, C22:6𝜔3, “unknown_59b,” phos-
phatidylcholine (PC) (36:5), PC(38:6), PC(40:6), and TG(40:6).
Subsequent univariate analysis on the 442 metabolites and

calculated ratios showed that after adjustment for multiple test-
ing, 237 metabolites were significantly different among the treat-
ments (ANOVA, q-value <0.05, Figure 1). Compared to placebo,
85 metabolites were significantly different after the fish oil treat-
ment, and 102 metabolites were significantly different after the
fenofibrate treatment.

2.2. Effect on Lipid Species According to their Degree of
Unsaturation

In Figure 2, the lipid fraction of the metabolites that were
significantly different among the treatments (ANOVA, q-value
<0.05) are presented, ordered according to their number of
double bonds. This figure shows that several saturated lipid
species were decreased by fenofibrate only. Additionally, the
figure illustrates that both fenofibrate and fish oil treatments
significantly decreased 30 lipid species containing four or fewer
double bonds. For 14 out of these 30 (e.g., total TG and eight
TG-species), the effects were equal for both treatments, and for
13 out of 30, the decrease induced by the fish oil treatment was
significantly larger than the effects of the fenofibrate treatment.
The fish oil treatment additionally induced a significant increase
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Figure 2. Forrest plot of the effects of the interventions on lipid species. Lipid species that were significantly different among the treatments (ANOVA,
q-value <0.05) are presented ordered according to degree of unsaturation. Linear mixed models were used to assess between intervention effects.
Significant indicates a q-value < 0.05.
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Table 1. Effects of the fenofibrate and fish oil interventions on non-lipid metabolites and lipid metabolite ratios that were significantly different among
the treatments (ANOVA, q-value <0.05).

Fenofibrate vs placebo Fish oil vs placebo Fish oil vs Fenofibrate

Lipid ratios campesterol /cholesterol ratio * *

LPC(16:1)/LPC(16:0) * * *

LPC(18:1)/LPC(18:0) ratio * *

LPC(36:4)/LPC(16:0) ratio * *

SM(d16:1/20:0) * *

C18:2/C20:3w6 ratio * *

C20:3w9/C20:4w6 ratio * *

C20:4w6/C20:3w6 ratio * *

C20:4w6/C20:5 ratio * *

C20:5/C20:3w6 ratio * *

C20:5/C20:4w3 ratio * *

C22:5w6/C22:6w3 ratio * *

Other metabolites 1,5-Anhydro-D-Glucitol * *

2,3,4-Trihydroxybutanoic acid * *

2,3-Dihydroxybutanoic acid * *

2,4-Dihydroxybutanoic acid * *

32006/01.07.02 uk x 21 * *

32006∖01.08.02 uk x 55 * *

4-oxo-proline * *

ascorbic acid * *

methyl uric acid, isomeer 1 * # *

methyl uric acid, isomeer 2 * *

P7478_uk 05 * *

P7502_uk 05 * *

P7881_uk 22 * *

Tryptophan/other amino acids * *

unknown 59b * *

Uric acid * *

Uridine * *

Linear mixed models were used to assess between intervention effects. Significant indicates a q-value < 0.05; * q-value <0.05; # 0.05 ≤ q-value < 0.06;

Mean Log Fold Change  

-0.1                 0                   0.1

in lipid species containing five double bonds or more, while
the fenofibrate treatment had no effects or induced a signifi-
cant decrease. Fish oil treatment also slightly, but significantly,
increased the sum of cholesterol esters, and the fenofibrate
treatment significantly decreased total cholesterol.

2.3. Other Metabolites Modulated by Fish Oil and Fenofibrate

In Table 1, the lipid ratio’s and non-lipid species that were
significantly different among the treatments (ANOVA, q-value
<0.05) are presented. Fenofibrate decreased uric acid and
its derivative methyluric acid, as well as ascorbic acid, the
ratio of tryptophan to other amino acids, 1,5-anhydro-D-
glucitol, and 2,3,4-trihydroxybutanoic acid, and increased 2,4-
dihydroxybutanoic acid, and 2,3-dihydroxybutanoic acid. The
metabolite “unknown 59b” was increased by fish oil only. Based

on the molecular weight this metabolite is possibly related to vi-
tamin E, which might represent the tocopherol content of the
fish oil capsules. Individual changes in all metabolites that were
significantly different among the treatments, thus including the
lipid fraction, are presented in Tables S2–S5, Supporting Infor-
mation. The variation in changes among the participants was
low, indicating that both the fenofibrate and fish oil treatments
induced robust effects.
Table 1 Effects of the fenofibrate and fish oil interventions on

non-lipid metabolites and lipid metabolite ratios that were signif-
icantly different among the treatments (ANOVA, q-value <0.05)

3. Discussion

In this study, we characterized and compared the effects of the
PPAR𝛼 agonist fenofibrate (200 mg day-1) with a dietary PPAR𝛼
agonist n-3 LCPUFAs (3.7 g day-1) on plasma metabolic profiles
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in overweight and obese subjects.We demonstrated that both fish
oil and fenofibrate altered themetabolic plasma profilemarkedly,
with clear intervention-specific and shared effects between the
two treatments.
Fenofibrate and the fish oil intervention both reduced total TG,

and several TG-species containing less than five double bonds.
The total TG-lowering effects of fenofibrate as well as fish oil are
well documented[8,19] and are in line with what was previously
reported in the same study population.[20] The effects of fenofi-
brate have previously been ascribed to an increased TG clearance
by activation of lipoprotein lipase via PPAR-mediated decrease
of APOC3 gene expression,[21–24] and a decreased TG produc-
tion and secretion from the liver via upregulation of fatty acid
beta oxidation via PPAR activation.[25] The TG-lowering effects
of fish oil, on the other hand, have previously, at least partly, been
ascribed to a reduction of ApoB synthase in the liver, thereby
impairing VLDL assembly and secretion.[15–18] We here demon-
strate that besides a decrease in total TG, both fenofibrate and
fish oil reduced specifically the TG-species containing fewer than
5 double bonds, indicating a remodeling of the TG species to-
wards a lower saturation status of the TG fraction. As higher pro-
portions of saturated fatty acids have been positively associated
with obesity and insulin resistance,[26–29] the observed shift to-
wards a lower saturated state points towards a more beneficial
profile. In addition, TG-species with a high saturated state have
shown consistent and strong positive associations with cardio-
vascular disease risk.[30] The observed decrease in saturated TG-
species might have been caused by an increased activity of en-
zymes responsible for desaturation of fatty acids, such as fatty
acid desaturase 1 (FADS1) and FADS2, which are known targets
of the transcriptional regulator PPAR.[31] In line with this, the
fenofibrate intervention decreased the C18:2𝜔6/C20:3𝜔6 ratio,
which indicates an estimated increase in the activity of the en-
zyme delta 6 desaturase (D6D), encoded by the FADS2 gene. The
fish oil intervention did not affect this ratio, but did increase the
C20:5𝜔3/C20:4𝜔3 ratio, which indicates an estimated increase
in the activity of delta 5 desaturase (D5D). This enzyme, encoded
by the FADS1 gene, is required for the synthesis of highly un-
saturated fatty acids.[32] An increase in D5D activity, as estimated
by this ratio, has been described upon replacing saturated fatty
acids with PUFA.[33] Fenofibrate, on the other hand, decreased
the activity of D5D, as the fenofibrate intervention decreased the
C20:4𝜔6/C20:3𝜔6 ratio, another ratio used for estimating D5D
activity. Thus, the activity of D5D was estimated to be increased
after the fish oil intervention and decreased after the fenofibrate
intervention. Therefore, the question remains whether this effect
of fish oil on D5D activity can indeed be attributed to PPAR ac-
tivation. Especially since fish oil is not only a ligand for PPAR𝛼,
but can also activate other metabolic pathways involved in lipid
metabolism.[34] For example, fish oils have shown to inhibit the
sterol regulatory element-binding protein 1c (SREBP-1c),[35] and
can thereby inhibit de novo lipogenesis in the liver. This might
also partially explain the observed decrease in the relatively satu-
rated TG-species.
Thus, both fenofibrate and fish oil reduced the total TG class,

and the saturated status of the TG fraction. The effect of fenofi-
brate is likely explained by PPAR-mediated expression of the
FADS2 gene, which is involved in desaturase enzyme activities

of fatty acids. The effect of fish oil is possibly partly explained
via a PPAR-mediated increase in FADS1 expression, but other
mechanistic pathways might have also played a role.
Furthermore, fenofibrate decreased the total sum of LPC-

species. LPC-species have been found to be increased in
atherosclerotic plaques,[36] and have shown positive associations
with obesity and features of subcutaneous obesity.[37] In accor-
dance with previous studies,[38–40] fenofibrate decreased uric acid,
as well as its derivative methyluric acid, caused by an increase
in renal urate excretion. Lastly, fenofibrate decreased 1,5-anydro-
D-glucitol, a marker of glycemic control in diabetes patients,[41]

which has not previously been reported to be decreased by fenofi-
brate.
The fish oil intervention reduced total TG and caused a shift

within the TG-class by both decreasing the more saturated TG-
species, as well as increasing unsaturated TG-species. Next to
lower proportions of the more saturated fatty acids, higher pro-
portions of longer chain 𝜔3 and 𝜔6 polyunsaturated fatty acids
in plasma TG have also been inversely associated with obesity
and insulin resistance.[26–29,42] This might thus point towards an
evenmore beneficial profile[26,43] compared to the profile induced
by the fenofibrate treatment. In line with our results, similar in-
creases in desaturation of TG-species in the circulation have pre-
viously been observed in several dietary intervention studies ex-
amining the effects of either fish oils or fatty fish intake.[44,45] Of
note, while we observed a potentially beneficial shift upon the
fish oil intervention by a decrease in more saturated TG-species
and an increase in unsaturated lipid species, Bragt et al.[20] re-
ported that the number of very small-, small-, large and total
LDL particles, and total LDL cholesterol increased after the fish
oil intervention in the same population. The increase in LDL
cholesterol after high intakes of fish oil has been observed in sev-
eral other studies.[46] It remains to be investigated how the ob-
served changes in saturation state of several lipid species relate
to the observed increase in LDL cholesterol in terms of health
effects.
Apart from the PPAR-mediated activation of FADS1 and the

activation of other regulatory pathways (e.g., SREBP-1c), the ob-
served increase by fish oil in unsaturated TG-, PC-, LPC-, and
cholesterol ester-species may have been caused by an increased
supply of fatty acids containing a high number of double bonds
via the fish oil, that can subsequently be incorporated in circu-
lating lipid species. This substantiates the suggestion that the
average dietary fatty acid composition in the circulation repre-
sents the dietary intake during the last day(s).[33,47] In line with
our results, the increase in cholE(20:5𝜔3) was also observed af-
ter 8 weeks of consumption of a healthy diet containing fatty fish
in subjects with features of the metabolic syndrome,[48] and af-
ter 7 weeks of a lower dose of fish oil (1.6 g day-1 EPA+DHA).[49]
Similar to our study, the latter study also reported an increase in
LPC(22:6𝜔3).[49] The exact consequences of the changes in un-
saturated PC- and LPC-species for cardiovascular health remain
to be elucidated.
Thus, apart from the shared effects of fenofibrate and fish oil

on total TG and the more saturated TG-species, the fish oil in-
tervention additionally increased several unsaturated TGs, PCs,
LPCs, and cholesterol ester-species. This is likely mainly due
to an increased incorporation in the circulating lipid species of
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the consumed unsaturated fatty acids, EPA and DHA, but may
also partly be regulated by PPAR-mediated activation of genes
involved in fatty acid desaturase activity. Albeit that several sta-
ble isotope tracer studies have shown that the synthesis of EPA
and especially DHA is known to be very limited in humans, as
reviewed in.[50,51]

Next to EPA and DHA, the fish oil capsules contained a mix of
natural tocopherols totaling to an amount of around 21 mg per
day (∼32 IU), which was potentially reflected in the metabolic
profiling by compound “unknown 59b.” As the antioxidant vita-
min E was not present in the fibrate supplement, effects of vita-
min E on plasma metabolites in the fish oil intervention cannot
be excluded, although thus far no known effects have been re-
ported. The amount of fish oil (3.7 g) taken daily was very high
compared to the adequate intake of 0.25 g as set by the EFSA.[52]

This might partly explain why the observed effects of fish oil on
total TG and saturated TG-species were robust. For the treat-
ment of patients with hypertriglyceridemia, high doses (2-4 g
day-1 total EPA+DHA) are recommended by the American Heart
Association,[9] and in the landmark REDUCE-IT trial,[53] a dose
of 4 g day-1 n-3 fatty acids has shown to be effective as secondary
prevention of cardiovascular events in high-risk patients treated
with statin.
A limitation of the methods used in this study is that we

could only identify the sum compositions of the lipid species by
the used platforms, and not the precise identity of the molec-
ular lipid species.[54] The strength of this study lies in its de-
sign; by including both the fenofibrate and the fish oil treatment
in a crossover study, we could directly compare the effects of a
pharmacological treatment to the effects of a nutrient interven-
tion. Lastly, by combining two LC-MS platforms and one GC-
MS platform, we obtained a comprehensive view of the individ-
ual metabolic changes caused by fish oil and fenofibrate in the
circulation.
In summary, the current study in which we compared the ef-

fects of a 6-week intervention with either fenofibrate or fish oil re-
vealed shared and specific effects of both interventions on plasma
metabolome, especially on the lipidmetabolites. Both fenofibrate
and fish oil reduced the total TG class and the saturated status
of the TG fraction. The decrease in the relatively saturated TG-
species by fenofibrate can almost entirely be attributed to PPAR𝛼
activation, while this effect in the fish oil intervention is poten-
tially mediated via the activation of other mechanistic pathways.
The fish oil intervention additionally increased several unsatu-
rated TGs, PCs, LPCs, and cholesterol ester-species. This is likely
mainly due to an increased incorporation in the circulating lipid
species of the consumed unsaturated fatty acids, EPA and DHA,
but might also partly be regulated by the combined effects of
PPAR-mediated activation of genes involved in fatty acid desat-
urase activity.
In conclusion, both fenofibrate, a drug, and fish oil, a nutri-

ent, resulted in a similar beneficial decrease in relatively satu-
rated TG-species, that have been associated with a decreased risk
for developing CVD. Interestingly, the fish oil consumption ad-
ditionally induced an increase in the unsaturated lipid fraction,
which also have been associated with a reduced CVD risk. Al-
together, this points towards the power of fish oil to change the
plasma lipid metabolome in a potentially beneficial way.

4. Experimental Section
Subjects: For the current manuscript, the authors used samples col-

lected during a randomized, double-blind, placebo-controlled crossover
designed human intervention study, examining the effects of fenofibrate
and fish oil on inflammatory parameters, vascular function and lipopro-
tein profiles in overweight and obese subjects. This study was performed
in 2007 at Maastricht University and was approved by the Medical Ethics
Committee of Maastricht University and was registered at EudraCT 2006-
005743-28. An extensive description of the study design, recruitment,
methods, and results of the primary outcome measures can be found
elsewhere.[20] In short, 26 subjects (BMI≥27 kgm-2) were assigned in ran-
domorder to a fish oil, a fenofibrate, and a placebo intervention for 6 weeks
with a wash-out period of at least 2 weeks in between the intervention peri-
ods. During the fish oil intervention, subjects consumed eight fish oil cap-
sules daily (Marinol C-38, Lipid Nutrition, Wormerveer, the Netherlands),
providing approximately 3.7 g day-1 n-3 long chain polyunsaturated fatty
acids (LCPUFA; 1.7 g day-1 EPA and 1.2 g day-1 DHA,) and two capsules
placebo-matching fenofibrate (200 mg day-1 cellulose). During the fenofi-
brate period, subjects consumed two capsules providing 200 mg day-1

micronized fenofibrate (Lipanthyl, Fournier Laboratories, Dijon, France)
and eight placebo-matching fish oil capsules (containing 80% High Oleic
Sunflower Oil, HOSO). During the placebo period, subjects received eight
HOSO capsules and two cellulose capsules. The doses of 200 mg day-1

and 3.7 g day-1 for the fenofibrate and the fish oil interventions, respec-
tively, were chosen, because these doses have shown to effectively lower
TG. Moreover, Bragt et al.[20] showed that with these doses a similar de-
crease in TG concentration was found. The power calculation was based
on the primary outcome of the study, which was to detect a true differ-
ence of 0.20 mmol L-1 in TG concentrations between the treatments with
a power of 80%.

Blood Sampling: In weeks 5 and 6 of each intervention period fasting
EDTA, heparin, and NaF blood samples were taken in BD vacutainer tubes
(Becton Dickinson Company, NJ). Plasma aliquots were snap-frozen and
stored at -80°C until further analyses.

Plasma Metabolic Profiling: Plasma samples from weeks 5 and 6
were pooled and changes in the composition of plasma free fatty acids
(TNO, Zeist, theNetherlands) were analyzed using liquid chromatography
mass spectrometry (LC-MS) as described by Wopereis and colleagues.[55]

Changes in polar plasma lipids were analyzed using another LC-MS plat-
form (University of Leiden, The Netherlands), and further changes in
metabolite profiles were analyzed using gas chromatography mass spec-
trometry (GC-MS) (TNO, Zeist, the Netherlands), both as described
in,[55] where also detailed information on analytical performance of the
metabolic platforms can be found. In short, the performance was assessed
by frequent use ofQuality Control (QC) samples, andmetabolites with very
high imprecision (e.g., a Relative Standard Deviation higher than 50%),
were removed from the data, unless large differences between the inter-
vention groups were found. Together, the three platforms covered a total of
442 plasma metabolites, including 22 calculated ratios. Of these metabo-
lites, 401 could be identified, including a wide variety of chemical classes
(Table S1, Supporting Information).

Metabolic Profiling Analysis: For the analysis of themetabolomics data,
log transformed data was used. Main effects at the end of the three inter-
vention (i.e., fenofibrate, fish oil, and placebo) periods were tested with an
ANOVA. Subsequently, linear mixed models were used to assess between
intervention effects, with treatment as fixed effect and subject number as
random effect. Hereby, differences between pairs of the interventions were
checked (i.e., fenofibrate vs placebo, fish oil vs placebo, and fish oil vs
fenofibrate). Significant metabolites were selected using the false discov-
ery rate (FDR) adjusted F-statistic[56] q-value <0.05. Linear mixed model
analysis was performed using the lme4[57] and emmeans[58] R libraries.
Furthermore, it was examinedwhether observed changes inmetabolic pro-
files for fish oil and fenofibrate relative to the placebo group could be sep-
arated by using sparse partial least squares discriminant analysis (sPLS-
DA). The sPLS-DAmodel wasmade using the caret[59] and spls[60] R library.
Optimal hyperparameters were evaluated using grid search and selected
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based on the highest area under the receiver operating characteristic curve
(AUROC) during five times repeated five-fold cross-validation. All analyses
were done using R v4.0.2.[61]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Orešič, PLoS One 2011, 6, e22646.

[46] E. M. Balk, G. P. Adams, V. Langberg, C. Halladay, M. Chung, L. Lin,
S. Robertson, A. Yip, D. Steele, B. T. Smith, Evid. Rep. Technol. Assess.
2016, 223, 1.

[47] M. Katan, J. Deslypere, A. Van Birgelen, M. Penders, M. Zegwaard, J.
Lipid Res. 1997, 38, 2012.

[48] M. Lankinen, U. Schwab, A. Erkkilä, T. Seppänen-Laakso, M.-L. Han-
nila, H. Mussalo, S. Lehto, M. Uusitupa, H. Gylling, M. Orešič, PLoS
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