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BACKGROUND: Supplementation with long chain n-3 polyunsaturated fatty acids is used to reduce total circulating triacylglyc-
erol (TAG) concentrations. However, in about 30% of people, supplementation with long chain n-3 polyunsaturated fatty acids
does not result in decreased plasma TAG. Lipidomic analysis may provide insight into this inter-individual variability.

METHODS: Lipidomic analyses using targeted, mass spectrometry were performed on plasma samples obtained from a clinical
study in which participants were supplemented with 3 g/day of long chain n-3 in the form of fish oil capsules over a 6-week pe-
riod. TAG species and cholesteryl esters (CE) were quantified for 130 participants pre- and post-supplementation. Participants
were segregated into 3 potential responder phenotypes: (1) positive responder (RP°S; TAG decrease), (2) non-responder (R™";
lacking TAG change), and (3) negative responder (R"™9; TAG increase) representing 67%, 18%, and 15% of the study partici-
pants, respectively. Separation of the 3 phenotypes was attributed to differential responses in TAG with 50 to 54 carbons with
1 to 4 desaturations. Elevated TAG with higher carbon number and desaturation were common to all phenotypes following
supplementation. Using the TAG responder phenotype for grouping, decreases in total CE and specific CE occurred in the
RPes phenotype versus the R™9 phenotype with intermediate responses in the R™" phenotype. CE 20:5, containing eicosapen-
taenoic acid (20:5n-3), was elevated in all phenotypes. A classifier combining lipidomic and genomic features was built to dis-
criminate triacylglycerol response phenotypes and reached a high predictive performance with a balanced accuracy of 75%.

CONCLUSIONS: These data identify lipidomic signatures, TAG and CE, associated with long chain n-3 response p henotypes
and identify a novel phenotype based upon CE changes.

REGISTRATION: URL: https://www.ClinicalTrials.gov; Unique Identifier: NCT01343342.
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polyunsaturated fatty acids (PUFA) docosahexae-

noic acid (DHA, 22:6n-3) and eicosapentaenoic
acid (EPA; 20:5n-3) reduces plasma triacylglycerol
(TAG) concentration.'~® Variability in response to LCn-3
supplementation is well-documented and our re-
search indicates that about 30% of individuals do not
decrease their plasma triacylglycerol in response to
LCn-3 treatment.*® This inter-individual variability in

SUppIementation with the long chain n-3 (LCn-3)

response likely underlies controversial findings about
the efficacy of LCn-3 supplementation for prevention
of cardiovascular disease (CVD) and has generated ef-
forts to understand the nutrigenetic linkages to LCn-3
responses.

Advancements in lipidomic technologies allow re-
fined exploration of the relationship of circulated lip-
ids and CVD by providing analysis of specific lipid
species. Data from large prospective, clinical studies

Correspondence to:Matthew Picklo, PhD, USDA-ARS Grand Forks Human Nutrition Research Center, 2420 2nd Avenue North, Grand Forks, ND 58203.
Supplementary Material for this article is available at https://www.ahajournals.org/doi/suppl/10.1161/JAHA.120.018126

For Sources of Funding and Disclosures, see page 12.

© 2021 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2021;10:e018126. DOI: 10.1161/JAHA.120.018126


https://orcid.org/0000-0002-1729-9454
mailto:﻿
https://orcid.org/0000-0001-8381-4429
https://orcid.org/0000-0001-8579-7992
https://orcid.org/0000-0003-2875-3613
https://orcid.org/0000-0001-5734-3811
https://orcid.org/0000-0002-7017-5848
https://www.ClinicalTrials.gov
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.120.018126
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.ahajournals.org/journal/jaha

Picklo et al

CLINICAL PERSPECTIVE

What Is New?

e Nearly 30% of people do not respond with low-
ered triacylglycerol (TAG) concentrations fol-
lowing long chain n-3 (LCn-3) polyunsaturated
fatty acids supplementation; a multi-omic ap-
proach was taken to link lipidomic and genetic
signatures with the different TAG response
phenotypes.

e Specific lipidomic signatures were determined for
TAG and cholesterol esters from people that re-
spond to LCn-3 supplementation with decreases
in TAG and in people that have increases in TAG;
following LCn-3 supplementation, cholesterol
ester concentrations were elevated in 79% of the
participants with elevated TAG.

e Lipidomic signatures were integrated with a
genetic risk score yielding a predictive analysis
with a balanced accuracy of 75%.

What Are the Clinical Implications?

e This research provides greater insight into the
prevention of heart disease by LCn-3.

e Qur results identify mechanisms underlying why
some people may benefit from LCn-3 intake
and why other people may not.

e QOur results underscore the importance of
multi-omic approaches for targeted disease
prevention.

Nonstandard Abbreviations and Acronyms

CE cholesteryl ester

DHA docosahexaenoic acid

EPA eicosapentaenoic acid
GRS genetic risk score

LCn-3 long chain n-3

Rne9 negative responder

Rnon non-responder

RPos positive responder
sPLSDA sparse partial least squares

discriminant analysis

demonstrate positive and negative associations of
targeted lipid species to CVD. For example, lipid-
omic profiling of plasma samples from participants
(n=685) in the Bruneck study identified TAG of 50 to
54 carbons with <5 desaturations and the cholesteryl
ester (CE) CE 16:1, as directly associated with CVD
events.® Similarly, direct correlations of smaller TAG
with high saturation and inverse correlations of CE
and other lipids with higher number of desaturations
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with CVD was observed in a cohort of participants
(n=983) from the PREDIMED (Prevencién con Dieta
Mediterranea) study.'®" Lipidomic profiling of partici-
pants (h=3779) from the ADVANCE (Action in Diabetes
and Vascular Disease: Preterax and Diamicron-MR
Controlled Evaluation) study investigated lipidomic
correlates with CVD in people with type 2 diabetes
mellitus. Elevated concentrations of saturated and
monounsaturated CE, ceramides, and phosphatidyl-
cholines were positively associated with CVD events;
whereas TAG 56:6 was negatively associated.'?

Other than clinical measurements of plasma and
serum TAG concentrations, the characterization of
which TAG species are modified by LCn-3 supple-
mentation has not been explored. We do not know
whether changes in TAG concentrations are com-
prehensive in nature or reflect a targeted subset of
species. In this work, using samples derived from
an LCn-3 supplementation trial designed to deter-
mine nutrigenetic interactions with LCn-3 responses,
we compared the plasma TAG and CE species
modified by LCn-3 supplementation in people who
respond with reductions in plasma TAG concentra-
tions versus those people with a neutral response
or have increases in plasma TAG concentrations.!3-'6
Integrating lipidomic data and genomic features al-
lowed for linking changes in specific lipid TAG and
CE species to a previously developed genetic risk
score'® that will assist with predicting response
phenotypes.

METHODS

The authors declare that all supporting data are avail-
able within the article and its online supplementary
files. Concentrations of all lipid species determined are
provided in Data S1.

Clinical Study

The study design has been described in detail previ-
ously.™ To be eligible, subjects had to be non-smokers
and free of any thyroid or metabolic disorders requir-
ing treatment such as diabetes mellitus, hyperten-
sion, severe dyslipidemia, and coronary heart disease.
Participants were between ages 18 and 50 years
with a body mass index between 25 and 40 kg/m?.
Subjects were excluded from the study if they had
taken n-3 PUFA supplements in the 6 months before
the start of the study. A total of 210 unrelated subjects
completed the n-3 PUFA supplementation period. Two
subjects had missing pre-supplementation values and
were excluded from subsequent analyses. The experi-
mental protocol was approved by the ethics commit-
tees of Laval University Hospital Research Center and
Laval University and participants gave written informed
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consent. This trial was registered at ClinicalTrials.gov
as NCT01343342.

Subjects followed a run-in period of 2 weeks in
which dietary specifications were given about n-3
PUFA dietary intake: no more than 2 fish or seafood
servings per week (maximum of 150 g/week), to
choose white-flesh fishes instead of fatty fishes (ex-
amples were given), and to avoid enriched n-3 PUFA
dietary products such as some milks, juices, breads,
and eggs. Subjects were also asked to limit their alco-
hol consumption during the protocol; 2 regular drinks
per week were allowed. Subjects were not allowed to
take n-3 PUFA supplements (such as flaxseed), vita-
mins, or natural health products during the protocol.

After the 2-week run-in period, each participant was
invited to continue the protocol in compliance with the
nutritional recommendations introduced in the run-in
and received a bottle containing the needed n-3 PUFA
capsules for the following 6 weeks. They were invited
to take 5 g/day of fish oil (Ocean Nutrition, Nova Scotia,
Canada), providing a total of 3 g/day of n-3 PUFAs
(1.9-2.2 g of EPA and 1.1 g of DHA). Compliance was
assessed from returned bottles. Subjects were asked
to report any deviation during the protocol and to re-
cord their alcohol and fish consumption as well as
any side effects. Blood samples were collected from
an antecubital vein into vacutainer tubes containing
EDTA after a 12-hour overnight fast and 48-hour al-
cohol abstinence. Plasma was isolated and frozen at
—80°C. Concentrations for glucose, insulin, ApoB, total
cholesterol, HDL, and LDL in plasma were those de-
termined previously using routine clinical analyses.'*
Values for plasma concentrations of triacylglycerol
were also determined using a clinical autoanalyzer
as described previously.”* Samples from 193 partici-
pants were shipped to the United States Department
of Agriculture Grand Forks Human Nutrition Research
Center (Grand Forks, ND, USA) for lipidomic analysis.

Lipidomic Analysis

Quantitative determination of TAG and CE was per-
formed using multiple internal standards.""® Plasma
(20 pL) was combined with 10 yL of internal standard
solution in chloroform and an additional 2.0 mL of chlo-
roform. A 150 mg portion of silicic acid was added to
the test tube and mixed by vortex for 30 seconds twice
with a 10-minute settling time between mixing to allow
adsorption of the aqueous components and phos-
pholipids. For infusion, a 100 pL portion of the sample
was transferred to a 350 pL conical insert, dried under
argon, reconstituted with mobile phase and capped.
Samples were analyzed within 24 hours following pre-
viously published methods with modifications to au-
tomate sample infusion as detailed in the supporting
information.!”19
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For each sample, 3 separate 50-pL injections were
performed: enhanced mass spectrum analysis from
m/z = 770 to 1000 for accurate quantitation of TAG
species by brutto-structure, a neutral loss scan over
the same region for 24 common fatty acids to deter-
mine relative contributions of each fatty acid to specific
brutto-structures. CE were quantitated using a neutral
loss scan for 20 fatty acids from m/z = 400 to 750 with
a confirmatory product ion scan for m/z = 369 repre-
senting the cholesterol head group. Detailed descrip-
tions of instrument settings and validation have been
published elsewhere.”” Spectra were processed using
LipidView (Framingham, MA, USA) with targeted meth-
ods (See Data S1). Isotopic and empirical correction
factors for these targets were determined as detailed
elsewhere.'"'® For CEs, the processing method was
modified to include empirically determined ionization
correction factors relative to the internals standard as
detailed in the Supplementary Methods (Data S2).

Data Processing and Statistical Analysis
Of the 208 participants who completed the treatment
protocol, plasma samples (pre-supplementation and
post-supplementation) from 193 participants were an-
alyzed by infusion mass spectrometry for TAG and CE.

A percentage change in TAG concentrations was
calculated for the clinical chemistry derived values
as reported previously'* as well as for the sum of the
TAG concentrations determined by mass spectrome-
try using the equation %change = (152l ) - 1) « 100). The
same equation was used for determining a percentage
change in CE following supplementation.

To assure congruity between previously published
data' and the results provided herein, we compared
the percentage change in sum TAG concentrations de-
termined previously to the percentage change in TAG
concentrations as determined by the mass spectrome-
try method using linear regression analysis (GraphPad
Prism version 8.0.0 for Windows, GraphPad Software,
San Diego, California USA, www.graphpad.com). This
analysis provided a line with slope of 0.83 and r> = 0.77.
Residual plots comparing the percentage change de-
termined by both methods of TAG determination were
generated and participant percentage change values
were used for further analysis if they deviated <+10%
from the best fit line. Selection of those values (130
participants) resulted in a linear regression comparison
with an r? of 0.93 and a slope of 0.87 (Figure S1).

Lipidomic data, comprised as percentage change
in the plasma concentration pre-supplementation
and post-supplementation for individual TAG and
CE species, were analyzed using MetaboAnalyst 4.0
software.?° Data were normalized using pareto scal-
ing and compared by one-way ANOVA with Tukey
contrasts. Significance was taken as P<0.05 with
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an applied false discovery rate. Sparse partial least
squares discriminant analysis (sPLSDA) was used
to determine TAG species that differed between
phenotypes.

Differences in anthropometrics, plasma measures
of glucose homeostasis and gross plasma lipids were
assessed on JMP 15.0.0 (SAS, Cary NC). T-tests were
employed to determine differences within phenotypes
between pre- and post-intervention measures. A
one-way ANOVA was used to determine differences
between phenotypes in the change from pre- to
post-intervention measures with Tukey post hoc anal-
ysis. Data were transformed to normal distribution by
an optimized Box-Cox transformation when residual
errors were not normally distributed.

For genomic analysis, a principal component
analysis was conducted to group TAG species into
factors in SAS statistical software v9.4. Factors were
kept according to the overall interpretation of ei-
genvalues, scree plot and cumulative proportion of
variance explained by factors. TAG species with a
factor loading > 0.5 or <-0.5 were kept in respec-
tive principal component analysis-derived factors.
Associations between the post-supplementation
factors and a genetic risk score (GRS) were tested
in a general linear model adjusted for age, sex,
body mass index, and pre-supplementation factors.
GRS development, single nucleotide polymorphism
analysis and selection were previously described.'®
Briefly, the GRS was constructed from mapping re-
finement of genome-wide association study signals.
Correlations between the percentage change of each
TAG and CE species and the GRS were computed
and plotted with circlize R package.?' From the 130
participants finally included in the present study, ge-
netic data were available for 90 participants to per-
form genomic analysis.

Predictive Analysis

A classifier made of lipidomic and genomic features
and intended to correctly discriminate TAG response
phenotypes was built. The classifier was developed
and tested with DIABLO (Data Integration Analysis
for Biomarker Discovery Using Latent Components),
an integrative method combining data from multi-
ple sources for discriminating between phenotypic
groups.?? Briefly, DIABLO uses Projection to Latent
Structure (PLS), and extends both sPLSDA to multi-
omics analyses and sparse Generalized Canonical
Correlation Analysis to a supervised analysis frame-
work.?3 For predictive purposes, we first reassigned
non-responders as negative responders, and 90
participants were randomly and equally split (45
participants each) into train and test data sets, each
containing 17 negative responders and 28 positive

J Am Heart Assoc. 2021;10:e018126. DOI: 10.1161/JAHA.120.018126

Lipidomic Changes After n-3 PUFA Supplementation

responders. Pre-supplementation plasma levels of
those lipid forms whose percentage change was
identified as a relevant feature in the sPLSDA were
used as input factors for the classifier, as well as
coding information from the 31 single nucleotide
polymorphisms (Table S1) used to build the afore-
mentioned GRS. The classifier was first tuned and
trained in the train data set, and its predictive per-
formance was further tested in the test data set. The
performance of the classifier was evaluated by the
balanced error rate based on centroid distance.?*
Predictive analysis with DIABLO is implemented in
the mixOmics R package.?*

RESULTS

Participants were sorted into the following pheno-
types based upon the percentage change in plasma
TAG as determined by mass spectrometry: (1) posi-
tive responder (RP°S; TAG decrease <—10%), (2) non-
responder (R™"; TAG changes +/- 10%), and (3)
negative responder (R"9; TAG increase >10%). We
chose a conservative cut-off parameter of +/- 10%
change to account for daily variations in pre- or post-
supplementation blood sampling. These phenotypes
represented 87/130 (67%), 24/130 (18%), and 19/130
(15%) of the study samples, respectively. The num-
ber of participants with the percentage change in
10% increments is shown in Figure 1A. The majority
of RP°® individuals had between 10% and 40% de-
creases in TAG concentrations. The majority of R
individuals had between 10% and 20% increases in
TAG concentrations.

Characteristics for the 130 participants distributed
into the response phenotypes are presented in Table 1.
Fasting plasma glucose was elevated by LCn-3 supple-
mentation in the RP°® and R™" phenotypes, but there
was not a phenotype-dependent effect. Insulin con-
centrations were elevated by LCn-3 treatment in the
R"°" phenotype. Plasma ApoB concentrations were in-
creased after supplementation in the R phenotype.
There were phenotype-dependent changes in plasma
TAG concentrations determined by a clinical chemistry
analyzer in the previous study and by mass spectrom-
etry in this study.'* Decreases in total cholesterol were
observed for the RP° phenotype; whereas elevations
in total cholesterol occurred in the R"™9 phenotype.
Supplementation resulted in an increase in HDL- cho-
lesterol in the RP°s phenotype. Baseline characteristics
for body mass, body mass index, age, and sex did not
differ between phenotypes (Table S2).

In order to identify TAG species differing between
the 3 phenotypes, sPLSDA was performed. sPLSDA
is a supervised data reduction technique commonly
used in metabolomics.?>?® Figure 1B demonstrates
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Figure 1. Distribution of triacylglycerol (TAG) response phenotypes and underlying TAG species differences.

The distribution of changes in plasma TAG concentrations following LCn-3 supplementation for participants (A). Sparse partial least
squares discriminant analysis plot demonstrating separation of response phenotypes (B). TAG species and their phenotype groups
differences underlying separation along Component 1 of the sparse partial least squares discriminant analysis plot (C). TAG species
and their phenotype groups differences underlying separation along component 2 of the sparse partial least squares discriminant
analysis plot (D). A scale bar for relative differences for the Loadings plots is provided. Phenotypes: Positive responder (sum TAG
decrease < -10%; n=87), non-responder (sum TAG changes +/- 10%; n=24), and negative responder (sum TAG increase >10%; n=19).

RPes indicates positive responder; R™", non-responder; and R"®9, negative responder.

resolution of the responder phenotypes within com-
ponent 1 of the sPLSDA plot. Component 1 accounts
for the majority (31.3 %) of the variance between the
phenotypes. The 10 TAG species that were the larg-
est factors, in descending impact, for discriminating
the 3 phenotypes (RP°3, R"9, and R"™") along com-
ponent 1 are shown in Figure 1C. The TAG species
identified mostly have 50 to 53 carbons containing
0 to 3 desaturations. Reductions in these TAG were
observed in the RP° phenotype, with no change or
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increases in the R™" and R"? phenotypes, respec-
tively. Separation along component 2 impacted par-
ticipants mostly in the R™8 and R"™" phenotypes
(Figure 1B). The 10 TAG species that were the larg-
est factors impacting separation were TAG with 46
carbons and 48 carbons with O to 3 desaturations
(Loadings plot 2; Figure 1D). These TAG were re-
duced in the RP° phenotype; however, R™" and R"®9
phenotypes showed differences in response for 46
carbon versus 48 carbon TAG.
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Figure 2. Heatmap analysis of change in triacylglyercol (TAG) species by response phenotype.

The percentage of individuals within a given phenotype (y axis) vs the qualitative change in the specific TAG specie (x axis) is shown.
A specific TAG was defined as increased (% change>10%), decreased (% change < —10%), or unchanged (changes +/- 10%) post-
long chain n-3 supplementation. The scale bar indicates the percent of a given phenotype that demonstrated a decrease, no change,
or increase for a given TAG specie. Phenotypes: Positive responder (sum TAG decrease < -10%; n=87), non-responder (sum TAG
changes +/- 10%; n=24), and negative responder (sum TAG increase>10%; n=19). RP°* indicates positive responder; R"™", non-

responder; and R"9, negative responder.

To further clarify TAG species indicative of phe-
notypic identity, we evaluated the degree to which a
change in TAG species occurred within a given phe-
notype designation using the same criteria for pheno-
typic segregation (Figure 2). As shown in the heatmap,
distinct clusters of TAG species comprised TAG 48:1 to
3, to 3, TAG 54:2 1o 5, and TAG 56:3 to 6, decreased
in most RP°s individuals. In contrast to the RP° phe-
notype, most TAG were elevated in a majority of the
R"e9 phenotype. Of interest, the R™" phenotype had
characteristics of both the R"™9, at lower mass TAG,
and Rres, at the higher mass TAG. We did not observe
TAG that remained unchanged between phenotypes.

TAG 56 and TAG58 with >7 desaturations and TAG
60 lipids were elevated in all phenotypes and likely rep-
resent long chain PUFA-containing TAG (Figures S2-
S6). TAG58:6 to 8 represented an inflection point in the
RPes phenotype. We noted that the highly desaturated
TAG 60 species were difficult to evaluate in terms of a
percentage increases over baseline because of the fact
that these species were only observed in post-supple-
mentation samples for the most participants. While
these TAG are low in concentration, use of neutral loss
scanning analysis demonstrates that these species
contain EPA and DHA (Figures S3-S6).

J Am Heart Assoc. 2021;10:e018126. DOI: 10.1161/JAHA.120.018126

Given the importance of cholesterol metabolism
to CVD risk, we assessed the impact of LCn-3 PUFA
supplementation upon CE based upon TAG pheno-
type classification (Figure 3, Figure S7). These data
demonstrate phenotypic differences in CE responses
to supplementation. The mean CE changes for the
RPos phenotype were lower than those for the R"™9
phenotype except for CE 12:0, CE 20:4, and CE 20:5.
It is important to note that the RP°S phenotype included
several individuals for whom decrements in total CE
concentrations occurred following treatment. The R™"
phenotype showed variability in differences with re-
spect to the RP°s and R"®9 phenotypes. Phenotypic dif-
ferences were not observed for the CE of arachidonic
acid (CE 20:4) and eicosapentaenoic acid (CE 20:5).
CE 20:5 was elevated in all phenotypes. On the other
hand, there existed a greater increase in the elevation
of CE 22:6, derived from DHA (22:6n-3), in the R"®9
phenotype versus the RP°® and R"™" phenotypes.

CE responses categorized by TAG phenotype are
further examined in Table 2. These data demonstrate
that 26% of individuals in the RP°® phenotype had sub-
stantial decreases in CE; whereas 79% of individuals
of the R"®9 had a substantial increase in CE. More than
half of the RP° and R"™" phenotype demonstrated
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Figure 3. Triacylglcyerol (TAG) response phenotype distinguishes plasma cholesterol ester (CE) responses following LCn-3

supplementation.

Plasma CE responses for total and individual CE were calculated as a percentage change from baseline following long chain n-3
supplementation. Individual participant data points are provided. Comparisons of phenotypic response for total CE and individual
CE were performed by one-way ANOVA with Tukey post hoc test. Columns without a common superscript letter differ, P<0.05, with
applied false discovery rate. Positive responder (n=87), non-responder (n=24), and negative responder (n=19). RP°® indicates positive

responder; R"°", non-responder; and R"®9, negative responder.

no change in CE concentration following LCn-3
supplementation.

Genetic Risk Score and Predictive
Analysis

Four factors of TAG species, explaining 82.1% of the
variance, were kept following principal component
analysis (Table S3). Two of the 4 factors (factor 1 and
factor 2), mainly containing short-chained, highly de-
saturated TAG, were significantly associated with the
GRS, accounting for 17.6% and 21.3% of the vari-
ance (P<0.0001, for both). Correlations between the

J Am Heart Assoc. 2021;10:e018126. DOI: 10.1161/JAHA.120.018126

percentage change of each TAG and CE species and
the GRS are presented in Figure 4. The 10 TAG spe-
cies previously identified as loadings of factor 1 in the
sPLSDA, ie, the most important features for resolving
responder phenotypes, were found among the most
highly correlated with the GRS and are highlighted in
red in Figure 4.

Pre-supplementation plasma TAG levels of factor 1
loadings were chosen as the lipidomic input data for
the classifier. Since the GRS was built to identify TAG
response phenotypes based on the TAG percentage
change, the global correlation coefficient between the
GRS and pre-supplementation plasma TAG levels was
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Table 2. Distribution of Cholesterol Ester Changes within Triacylglycerol Response Phenotypes

RP°s (n=87) R"°" (n=24) R"®9 (n=19)
Phenotype Individuals % Individuals % Individuals %
Change Total CE*
Decrease 23 26 4 17 1 5
No change 50 57 14 57 3 16
Increase 14 16 6 26 15 79

*A decrease is defined as a change from baseline < ~10%; no change is defined as a change with +/- 10% of baseline, and an increase is defined as an
increase >10% over baseline. CE indicates cholesteryl ester; RP°S, positive responder; R™", non-responder; and R"®9, negative responder.

less (r = 0.3) than that observed with TAG percentage
changes (r = 0.7). Combined, lipidomic and genomic
data reached an overall balanced error rate of 0.26
(26% of misclassification) in the train data set after 10-
fold cross-validation. The predictive performance of
the classifier improved when it was evaluated in the
test data set. With a balanced error rate of 0.25, the
classifier was able to correctly predict 22 out of 28
positive responders (79%) and 12 out of 17 negative
responders (71%).

DISCUSSION

Given the well-documented inter-individual variabil-
ity in plasma lipid responses following LCn-3 sup-
plementation, lipidomic characterization of plasma
lipids following LCn-3 supplementation provides in-
sight into the biochemical mechanisms underlying
this heterogeneity. In this work, we analyzed lipid re-
sponses in samples from a large cohort, nutrigenetic
study in which participants were provided LCn-3
supplementation. By sorting participant responses
into RP°s, R"" and R"®9 phenotypes, we demonstrate
clusters of TAG species that decrease following sup-
plementation in the RP°® phenotype that are similarly
increased in the R"™9 phenotype. We identified TAG,
typically of higher carbon and desaturation number,
that were elevated following LCn-3 supplementation
in all phenotypes. A classifier combining lipidomic
and genomic features was built to discriminate TAG
response phenotypes and reached a high predic-
tive performance with a balanced accuracy of 75%.
Lastly, we demonstrate that decreases in plasma CE
were observed following supplementation, but that
decreases were confined mostly to a subgroup of in-
dividuals in the RP°s, but not R"®9, phenotype.

In devising the phenotype parameters for RP°S,
R™" and R"¢, we borrowed the pharmacological
concepts of an agonist that activates a signaling
pathway, an antagonist that blocks activation of the
pathway, and an inverse agonist that suppresses the
basal activity of a pathway. We segregated individu-
als who had no net change in plasma TAG concen-
trations from those who had an increase in plasma

TAG concentrations. Our data clearly demonstrate
that there are changes in lipid signatures that sep-
arate the R"™" from R"9 phenotypes. The R™" phe-
notype is characterized by decreases in some TAG
and elevations in others following treatment, unlike
the R"™9 phenotype which demonstrated elevations
in most TAG species.

Our data demonstrate that declines in circulating
TAG are attributable to reductions in plasma concen-
trations of TAG species of 48 to 54 carbons with 1 to 4
desaturations. These TAG represent a majority of TAG
species present in plasma; a finding observed in peo-
ple in a smaller feeding trial and in rodents.'”'® Based
upon the carbon number and desaturations, these
TAG consist of the abundant 16 carbon and 18 carbon
fatty acids such as palmitate (16:0), oleic acid (18:1n-9),
stearic acid (18:0), linoleic acid (18:2n-6).

In humans, LCn-3 have pleiotropic effects that con-
tribute to reduction in circulating TAG concentrations
(see the in-depth review by Shearer et al®). These ef-
fects include reductions in hepatic production of very
low density lipoprotein, clearance of very low density
lipoprotein, increases in 3-oxidation and reductions in
plasma free fatty acids that are incorporated into very
low density lipoprotein.?”-3" DHA, EPA, and their me-
tabolites may induce these effects by alterations at the
transcriptional level via activation of Srebp1, FXR, and
PPAR-mediated mechanisms.3?-3% Further research is
needed to determine the extent to which these mech-
anisms are modified in individuals of the R™" and R"®9
phenotypes.

Recent genome-wide association studies are pro-
viding insight into the genes that underpin the dif-
ferences in LCNn-3 response phenotypes.'*'® In the
present study, associations between TAG species
and a GRS built after fine mapping of genome-wide
association studies hits for plasma TAG response
were observed. The GRS was highly associated
with 2 of the 4 factors (factors 1 and 2) of TAG spe-
cies, which were mainly composed of short-chained
TAG species, as opposed to the 2 other factors
(factors 3 and 4), for which no association was ob-
served. Consistently, the GRS was mostly correlated
with shorter TAG species, whose levels decreased
throughout the supplementation as well. These data

J Am Heart Assoc. 2021;10:e018126. DOI: 10.1161/JAHA.120.018126 9
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Figure 4. Correlations between percent change of triacylglycerol (TAG) and cholesterol ester (CE) species following long
chain n-3 polyunsaturated fatty acid (LCn-3) supplementation and the genetic risk score.

The percentage change of each TAG and CE species is displayed in the outer layer by the red (percentage decrease) and blue bars
(percentage increase). Labels highlighted in red represent those TAG identified as loadings of the factor 1 in the sparse partial least
squares discriminant analysis. Significant Pearson correlation coefficients (r) are represented in the inner layer by the green bars. The
asterisks represent Pearson correlation P values: *P<0.05, **P<0.01, ***P<0.001.

support the hypothesis that the effect of the GRS is
differential depending on TAG length and number of
desaturations. Moreover, the predictive performance
achieved by the classifier, built with the combination
of genomic and lipidomic data, reveals the enormous
potential of deep phenotyping in clinical practice. It is
worth noting that, even with relatively shallow data,

J Am Heart Assoc. 2021;10:e018126. DOI: 10.1161/JAHA.120.018126

10 TAG species and 31 single nucleotide polymor-
phism, and a limited number of participants, we have
built an accurate classifier able to correctly identify 8
out of 10 positive responders. Further studies strictly
focused on patient classification through multi-omics
signature identification are thus definitely expected
in the field.
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Our data indicate that phenotypic differences are
not resulting from differences in LCn-3 intake or ab-
sorption. CE derived from LCn-3, in particular CE 20:5,
were elevated (>300%) similarly in the R"9 phenotype
as well as in the RP°s and R™" phenotypes. The greater
increases in CE 22:6 in the R"™9 phenotype (85%) ver-
sus the RP%® (55%) or R™" (49%) may be the result of
differential metabolism of CE containing EPA versus
CE containing DHA in the R"®9 phenotype. LCn-3 treat-
ment across phenotypes elevated most TAG species
of >54 carbons and with >6 desaturations except for
TAG 58:6 in the RP°® phenotype. The higher molecular
weight, highly desaturated TAG are indicative of incor-
poration of LCn-3 into circulation and have been ob-
served previously.®®

Lipidomic assessment of LCn-3 incorporation
into CE and TAG has been reported previously.!”3"
Previous research from our laboratory, comprising
analysis of plasma from healthy adult participants
consuming graded amounts of Atlantic salmon (90 g
and 180 g biweekly) as a dietary source of mixed
LC-n3 (EPA, DHA, and docosapentaenoic acid
[22:5n-3]) demonstrated that, similar to our current
findings, the CE pool of EPA has a greater capacity
for expansion than the CE pool of DHA." In a study
by Pastor and colleagues, lipidomic assessment was
performed in children with cystic fibrosis following
treatment with a DHA-containing seaweed o0il.3” This
analysis demonstrated that CE is a major pool for
DHA and EPA in the plasma. However, while concen-
trations of CE 20:5 are comparable, the concentra-
tions of CE 22:6 reported by Pastor and colleagues
are ~5-fold greater and demonstrate a larger capac-
ity for enlargement compared with our current data
(Data S1). We speculate that these differences in the
LCn-3 content of the CE pool may be the result of
differences in age and/or health status. Similar to the
data by Pastor and colleagues, TAG species repre-
sent only a limited pool for LCn-3 incorporation.

sPLSDA further demonstrated separations be-
tween the R™" and R"™9 phenotypes based upon
carbon number, lauric acid (12:0), and myristic acid
(14:0) are likely fatty acid constituents of the 46 car-
bon and 48 carbon TAG identified in component 2 of
the sPLSDA plot. Neutral loss scan analysis demon-
strated that myristic acid and to a lesser extent lauric
acid existed in these TAG species (Figures S8 and
S9). Given that myristic acid is observed in dairy
products, we examined the diet records of the partic-
ipants. However, no differences in dairy intake were
found between phenotypes (data not shown). The
underpinnings for the differences in these smaller
mass TAG are not clear. We speculate that elevations
in these TAG represent an enhanced incorporation of
12:0 and 14:0 derived from de novo lipogenesis into
very low-density lipoprotein.
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Concerns with LCn-3 supplementation exist because
of increases in circulating cholesterol concentrations fol-
lowing LCn-3 supplementation that can occur in some
individuals.>3-4" Qur results assist with clarifying this
issue. CE concentrations did not change in response
to supplementation for nearly half of the participants,
but our data show disparities that segregate accord-
ing to TAG response phenotype. A decline in CE con-
centrations occurred in a minority of the RP°s and R™"
phenotypes; whereas, increases in CE concentrations
occurred in 79% of the R™9 individuals. The increase in
circulating CE may be a response to a general increase
in the export of lipids and lipoproteins into the circulation,
an explanation consistent with the elevated concentra-
tions of ApoB particles and TAG in the R phenotype.
Our data are limited in that we do not know in which li-
poprotein compartments these changes in CE occurred.

Our data dovetail with existing lipidomic stud-
ies examining the relationship of specific lipidomic
signatures to CVD events. Our data demonstrate
that reductions in TAG < 54 carbons, with < 5 de-
saturation occur in RP° individuals. Elevated con-
centrations of these TAG were directly associated
with CVD events in the large cohort Bruneck and
PREDIMED studies.2'® Similarly, elevated concen-
trations of saturated and monounsaturated CE were
directly associated with CVD events in the Bruneck
and ADVANCE studies.®'?> Moreover, lipidomic analy-
sis of human atherosclerotic plagques by Stegemann
and colleagues revealed that CE compose approx-
imately half of plaque lipid with CE 18:1 and CE
18:2 as the most abundant CE species.*> Our data
demonstrate that these CE are reduced to a greater
extent in the RP° phenotype versus the R"9 pheno-
type although variability existed in R™" responses.
We note, however, that within the RP°s and R"™" phe-
notypes, some individuals still exhibited elevations in
these CE. Nonetheless, a proportion of the RP°S phe-
notype displayed reductions in TAG and CE species
directly associated with CVD events and may repre-
sent individuals for whom LCn-3 supplementation is
beneficial. Importantly, R"®9 phenotype individuals re-
sponded to LCn-3 supplementation with increases in
TAG and CE associated with elevated CVD. A greater
understanding of the mechanisms underlying these
negative responses to LCn-3 treatment may have
clinical benefit. It is not clear whether individuals of
the R"" phenotype may benefit from LCn-3 supple-
mentation given the variable responses in reductions
in TAG 52:2 to 4, TAG 54:3 to 5, TAG 56:3 to 5 and the
increases in smaller 46 and 48 carbon TAG.

Limitations and Future Directions

The plasma samples analyzed in this study were from
a previously completed clinical study, and there are
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always concerns about the stability of fatty acids dur-
ing long-term storage. Plasma samples were stored at
—-80°C following collection to limit loss of fatty acids,
particularly PUFA, during storage.*3-46

Participants in this study received LCn-3 in the
form of fish oil. DHA and EPA have differential effects
on plasma lipids.®®*” The extent to which supple-
mentation with EPA versus DHA may have differential
impact on TAG structures is not known. We acknowl-
edge that this study focused on changes in TAG and
CE. While previous analyses demonstrate no pheno-
typic differences in elevating plasma phospholipid
fatty acid content of LCn-3 as a result of fish oil sup-
plementation, there may be differences in the spe-
ciation of the phospholipids and other members of
the plasma lipidome including ceramides and oxylip-
ins.'*48 Our study speciates TAG only to the level of
brutto-structure, acyl carbon number and desatura-
tions. Subsequent analyses using liquid chromatog-
raphy-based separations are needed to further refine
the fatty acid composition and position isomers for
TAG species. Existing data indicate that genotypic
differences associated with difference in LCn-3 sup-
plementation responses may vary with population.'
The degree to which variations in genotypic or epi-
genetic backgrounds between populations may still
yield similar changes in lipidomic signatures is an
important, remaining question. There is a need to ex-
tend similar lipidomic characterization to other LCn-3
supplementation studies to determine the extent to
which lipidomic changes are related LCn-3 based re-
ductions in CVD events.

CONCLUSIONS

Research is overwhelmingly pointing to the need of in-
tegrated “-omic” strategies to prevent disease and de-
sign therapeutic approaches. In this research, we have
refined the understanding of the lipidomic changes that
result from LCn-3 supplementation and have identified
TAG and CE species that display phenotypic variability.
Our work highlights the existing need for further clari-
fication of the role of specific lipids in the development
of CVD and highlights the need for integrating genomic
and metabolomic platforms for the prevention of CVD.
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Supplemental Methods

Lipidomic analysis

HPLC-grade chloroform, LC-MS grade ammonium acetate, and butylated hydroxy
toluene (BHT) were obtained from Sigma-Aldrich (St. Louis, MO, USA). LC-MS-grade
methanol was purchased from Fisher Scientific (Fairlawn, NJ, USA). Triacylglycerol
and cholesteryl ester standards were purchased from Nu-Chek Prep. (Elysian, MN,
USA) and used as received. UNISIL silicic acid was purchase from Clarkson

Chromatography Products (South Williamsport, PA, USA).

Sample Preparation. Plasma samples were thawed on ice and vortexed to ensure
homogeneity. A 20 pL aliquot of plasma was combined with 10 pL of internal standard
solution in chloroform (471 uM triheptadecanoin, 626 M cholesteryl heptadecanoate) in
a 15 x 100 screw-top test tube. After an additional 2.0 mL of chloroform (100 uM BHT)
was added, the sample was vortexed again. At this point the agqueous portion of the
plasma floated at the surface of the chloroform. Using a Redding 10X pistol & small rifle
powder measure (Cortland, NY, USA), 150 mg of silicic acid was added to the test tube.
After the addition of the silicic acid the sample was sealed with Teflon-lined cap and
mixed by vortex for 30 seconds. The solid phase settled for ten minutes before
repeating the mixing step. At this stage samples consisted a supernatant with the
aqueous component of plasma adsorbed to the stationary phase. Samples proved
stable for three months when stored at -20 °C in this format. For infusion, a 100 pL

portion of the sample was transferred to a 350 pL conical insert (Wheaton MicroLiter,



Millville, NJ, USA), dried under argon and reconstituted with 1:1 methanol: chloroform
(10 mM ammonium acetate) and capped with a Teflon-lined septum. At this stage

samples were analyzed within 24 hours.

Sample Analysis. Samples were analyzed after preparation following previously
published methods with modifications to automate sample infusion /1%, The
autosampler and two solvent pumps from a Shimadzu Prominence LC-20XR HPLC
system (Shimadzu North America, Columbia, MD, USA) were used to infuse samples
into the electrospray source of an AB Sciex 5500 QTRAP hybrid mass spectrometer
(Framingham, MA, USA). Pump A delivered 1:1 methanol: chloroform (10 mM
ammonium acetate) at a rate of 10 pL/min, pump B delivered buffer-free 1:1 methanol:
chloroform at a rate of 50 pL/min between samples in order to clean the line and source.
All connections were made with either stainless steel or 100-micron Peeksil tubing. A
0.2 micron stainless steel frit was placed in-line between the autosampler and the
electrospray source to capture possible silicic acid carry-over and to provide sufficient

back-pressure to ensure stable pump operation.

For each sample three separate 50 pL injections were performed. First an
enhanced mass spectrum (EMS) analysis from m/z =770-1000 for accurate quantitation
of TAG species by brutto-structure as the ammoniated [TAG C:N + NH4]+ ion, where C
represents the acyl carbon number and N represents the total desaturation level of the
acyl chains. This was followed by a neutral loss scan (NLS) over the same region for
fatty acid neutral losses in Table S1 to determine relative contributions of each fatty acid

to specific brutto-structures. Cholesteryl esters were quantitated using an NLS as



indicated in table S1 from m/z = 400-750 with an additional product ion scan for m/z=
369 representing the cholesterol head group. Detailed descriptions of instrument

settings and validation have been published elsewhere *’.

Spectra Processing. Spectra were processed using LipidView (Framingham, MA, USA)
with targeted methods for species shown in tables S2 and S3. The derivation of the
composite correction factors, which correct for isotopic effects and the differential
ionization of lipid species is detailed elsewhere 7. For cholesteryl esters the processing
method was modified to include empirically determined ionization correction factors
relative to the internal standard CE 17:0 for CE 12:0, CE: 14:0, CE 16:1, CE 16:0, CE
18:2, CE 18:1, CE 20:5, CE 20:4 and CE 24:1. Values for CE 15:0 and CE 18:0 were
interpolated from a least-squares fit of the response factors for the measured saturated
species. In cases where either a commercial standard was not available or insufficient
data was available for interpolation, values were assigned based upon species with the

same acyl carbon number and the nearest desaturation value.



Table S1. Neutral loss scan (NLS) fatty acid species. Spectra for neutral losses
marked with “Y” were used for the designated lipid class.

Fatty Acid  NeutralLoss TAG CE

[FA + NHa]°
C12:0 217 Y Y
C 14:0 245 Y Y
C16:1 271 Y Y
C 16:0 273 Y Y
c1i71 285 Y N
C17:0 287 Y Y
C18:3 295 Y Y
C18:2 297 Y Y
C18:1 299 Y Y
C 18:0 301 Y Y
C 19:0 315 Y N
C 20:5 319 Y Y
C 20:4 321 Y Y
C 20:3 323 Y Y
C 20:2 325 Y N
C20:1 327 Y N
C 20:0 329 Y N
C 226 345 Y Y
C225 347 Y Y
C 22:0 357 Y N
C24:1 383 Y N
C 24:0 385 Y N

TAG, triacylglycerol; CE, cholesterol ester



Table S2. Enhanced mass spectrum (EMS) of triacylglycerol (TAG) species with
composite correction factors.

TAG Compos:ite TAG Compo§ite
Species m/z  Correction Species m/z Correction
Factor Factor
TAG 46:2 792.7 1.3966 TAG 56:10 916.6 1.1619
TAG 46:1 794.6 1.6506 TAG 56:9 918.6 1.1960
TAG 46:0 796.6 2.0187 TAG 56:8 920.6 1.2426
TAG 48:3 818.6 1.3129 TAG 56:7 922.6 1.3033
TAG 48:2 820.6 1.5165 TAG 56:6 924.6 1.3826
TAG 48:1 822.6 1.7959 TAG 56:5 926.6 1.4873
TAG 48:0 824.7 2.1997 TAG 56:4 928.6 1.6252
TAG 50:4 844.6 1.2351 TAG 56:3 930.6 1.8134
TAG 50:3 846.6 1.4234 TAG 56:2 932.6 2.0774
TAG 50:2 848.7 1.6357 TAG 56:1 934.7 2.4706
TAG 50:1 850.7 1.9533 TAG 56:0 936.6 3.1217
TAG 50:0 852.7 2.3988 TAG 58:11 942.6 1.2257
TAG51:3 860.6 1.4816 TAG 58:10 944.6 1.2490
TAG51:2 862.7 1.7154 TAG 58:9 946.6 1.2837
TAG 52:5 870.6 1.2377 TAG 58:8 948.6 1.3316
TAG 52:4 872.6 1.3817 TAG 58:7 950.6 1.3965
TAG 52:3 874.6 1.5420 TAG 58:6 952.6 1.4845
TAG 52:2 876.6 1.8015 TAG 58:5 954.6 1.5938
TAG 52:1 878.7 2.1244 TAG 58:4 956.6 1.7433
TAG 52:0 880.6 2.6178 TAG 58:3 958.7 1.9478
TAG 53:3 888.6 1.6040 TAG 58:2 960.7 2.2396
TAG 54:9 890.6 1.1148 TAG 58:1 962.6 2.6778
TAG 54:7 894.6 1.2028 TAG 60:13  966.6 1.5079
TAG 54:6 896.6 1.2718 TAG 60:12 968.6 1.6417
TAG 54:5 898.6 1.3633 TAG 60:11 970.6 1.7972
TAG 54:4 900.6 1.4866 TAG 60:10 972.6 2.0146
TAG 54:3 902.6 1.6685 TAG 60:9 974.6 2.3232

TAG 54:2 904.6 1.8990
TAG 54:1 906.6 2.2642
TAG 54:0 908.6 2.8696




Table S3. Cholesteryl ester (CE) species with composite correction factors.

Composite
CE. m/z Neutral resp%nse
Species loss f

actor
CE 12.0 586.7 217 1.743
CE14.0 6148 245 1.689
CE 15:0 628.9 259 1.660
CE 16:1 640.9 271 1.049
CE 16:0 6429 273 1.595
CE 18:3 664.9 295 0.777
CE 18:2 666.9 297 0.777
CE 18:1 668.9 299 0.953
CE 18:.0 670.9 301 1.595
CE 20:5 688.8 319 0.530
CE 20:4 690.9 321 0.538
CE 20:3 692.9 323 0.538
CE 20:2 694.9 325 0.538
CE20:1 696.9 327 0.538
CE225 716.9 347 0.471

CE22:6 7148 345 0.471




Table S1. Description of the 31 single nucleotide polymorphisms (SNP) comprising the
genetic risk score.

SNP (rs number) Location Position (base pairs)? GWAS locus

rs7639707 Intron 159148087 IQCJ-SCHIP1
rs62270407 Intron 159597626 IQCJ-SCHIP1
rs61569932 Upstream NXPH1, intron of ICA1 8299207 NXPH1
rs1990554 Upstream NXPH1, intron of ICA1 8344530 NXPH1
rs6463808 Intron 8476787 NXPH1
rs6966968 Downstream NXPH1, intergenic 8840378 NXPH1
rs28473103 Downstream NXPHL1, intergenic 8842073 NXPH1
rs28673635 Downstream NXPH1, intergenic 8855531 NXPH1
rs12702829 Downstream NXPHL1, intergenic 9049555 NXPH1
rs78943417 Downstream NXPH1, intergenic 9062499 NXPH1
rs293180 Downstream NXPH1, intergenic 9159909 NXPH1
rs1837523 Downstream NXPH1, intergenic 9201284 NXPH1
rs1216346 Upstream PHF17, intergenic 129555929 PHF17
rs114348423 Downstream PHF17, intergenic 130112033 PHF17
rs75007521 Downstream PHF17, intergenic 130286406 PHF17
rs72560788 Upstream MYB, intergenic 135200886 MYB
rs72974149 Upstream MYB, intergenic 135395122 MYB
rs210962 Intron 135503785 MYB
rs6933462 Downstream MYB, intergenic 135584967 MYB
rs79624996 Upstream NELL1, intergenic 20211262 NELL1
rs1850875 Intron 20731343 NELL1
rs78786240 Intron 20735026 NELL1
rs117114492 Intron 21008313 NELL1
rs184945470 Upstream SLITZ2, intergenic 19334808 SLIT2
rs143662727 Upstream SLIT2, intergenic 19634162 SLIT2
rs10009109 Upstream SLITZ2, intergenic 19655475 SLIT2
rs10009535 Upstream SLIT2, intergenic 19747014 SLIT2
rs61790364 Upstream SLITZ2, intergenic 19921757 SLIT2
rs73241936 Upstream SLIT2, intergenic 20008049 SLIT2
rs16869663 Intron 20485683 SLIT2
rs76015249 Downstream SLIT2, intron of KCNIP4 20735742 SLIT2

@ Human Genome Assembly GRCh37/hg19.
GWAS: Genome-wide association study.



Table S2. Baseline characteristics of RP°s, R™" and R" phenotypes. A one way ANOVA was
performed on continuous variables: body mass, age and BMI". A Chi-squared analysis was
performed on sex.

One way
ANOVA
RP%s (n = 87) R™" (n = 24) R™9 (n = 19) P value
Body mass (kg) 81.0 + 13.3 83.3 + 18.0 811 + 119 0.76
BMI (kg/m?) 28.1 + 3.8 28.0 + 3.7 272 + 2.7 0.61
Age (y) 313 £ 83 295 + 8.2 349 + 8.6 0.10
Sex M F M F M F X2 p value
n 37 50 11 13 10 9 0.72

‘BMI, Body mass index; F, female; aM, male; RP°s, positive responder; R™", non-responder;
R"€9, negative responder



Table S3. Composition of triacylglycerol (TAG) factors from principal component
analysis.

Triglyceride Factor 1 Factor 2 Factor 3 Factor 4

TAG 54:4 0.96 0.18 0.05 0.02
TAG 54:3 0.91 0.27 -0.04 0.11
TAG 54:5 0.90 0.27 0.22 -0.03
TAG 56:4 0.89 0.30 0.05 0.18
TAG 56:5 0.84 0.39 0.17 -0.03
TAG 52:4 0.84 0.40 0.21 -0.14
TAG 52:3 0.84 0.49 0.10 -0.08
TAG 53:3 0.82 0.47 0.10 0.03
TAG 56:3 0.80 0.31 0.14 0.31
TAG 52:5 0.75 0.47 0.32 -0.11
TAG 54:2 0.74 0.52 0.03 0.21
TAG 52:2 0.73 0.61 -0.01 0

TAG 54:9 0.73 0.54 0.13 0.11
TAG 51:3 0.70 0.55 0.11 0.03
TAG 56:6 0.69 0.42 0.53 -0.01
TAG 54:6 0.66 0.35 0.59 -0.02
TAG 56:2 0.55 0.41 0.36 0.44
TAG 58:6 0.55 0.44 0.46 0.28
TAG 46:1 0.23 0.93 0.16 0.02
TAG 48:1 0.35 0.91 0.11 -0.02
TAG 48:0 0.28 0.89 0.11 0.10
TAG 48:2 0.42 0.88 0.13 -0.06
TAG 46:2 0.26 0.87 0.20 0.01
TAG 50:1 0.49 0.82 0.05 0.02
TAG 48:3 0.46 0.82 0.18 -0.04
TAG 50:2 0.56 0.80 0.05 -0.06
TAG 52:1 0.42 0.77 0.05 0.09
TAG 46:0 0.27 0.77 0.14 0.17
TAG 50:3 0.63 0.73 0.11 -0.11
TAG 51:2 0.64 0.72 0.03 0.02
TAG 50:0 0.15 0.69 0.11 0.31
TAG 50:4 0.64 0.68 0.21 -0.10
TAG 52:0 0.30 0.44 0.26 0.27
TAG 58:9 0.21 0.09 0.95 0.08
TAG 58:10 0.11 0.15 0.94 0.12
TAG 56:8 0.24 0.18 0.94 0.03
TAG 56:9 0.27 0.19 0.91 0.12
TAG 58:11 -0.09 0 0.88 0.25

TAG 58:8 0.34 0.10 0.86 0.16



TAG 56:7
TAG 60:12
TAG 60:11
TAG 54:7
TAG 58:7
TAG 56:10
TAG 60:13
TAG 60:10
TAG 60:9
TAG 56:0
TAG 58:2
TAG 58:1
TAG 58:3
TAG 58:4
TAG 56:1
TAG 54:1
TAG 54:0
TAG 58:5

0.35
-0.28
-0.12
0.39
0.47
0.35
-0.27
0.06
0.05
0.01
0.04
-0.19
0.11
0.35
-0.03
0.35
0.17
0.25

0.30
-0.03
-0.01
0.33
0.36
0.24
-0.20
0.03
0.09

0

0
-0.06
0.12
0.13
0.06
0.50
0.37
-0.03

0.86
0.85
0.83
0.82
0.73
0.69
0.66
0.66
0.63
0.60
0.24
0.32
0.34
0.31
0.48
0.17
0.48
0.37

0.01
0.23
0.24
0.01
0.11
0.31
0.43
0.18
0.39
0.24
0.82
0.77
0.61
0.60
0.48
0.26
0.10
0.43

Factor loadings = 0.5 or < -0.5 are marked in bold.



Figure S1. Comparisons of percent change in triacylglycerol (TAG)
concentrations following long chain n-3 polyunsaturated fatty acid
supplementation using a clinical analyzer and mass spectrometry (MS). (A) Linear
regression analysis was performed on the entire data set (193 participants) with its
residual plot shown in (B). (C) Linear regression analysis for participant data (130
participants) falling within the 10 percent variance highlighted in (B). The resulting
residuals plot for the linear regression comparing the percent change for the 130
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Figure S2. Distribution of triacylglycerol (TAG) species composition in human
plasma. Following quantitative determination of TAG species concentration by brutto
structure, TAG species were subsequently expressed as a percent of the total TAG
concentration. TAG 52:2-4 comprise 43.4% of total TAG in human plasma. TAG 50:1-3
and TAG 54:3-5 comprise over 14% of TAG, respectively. Note that many species
comprise less than 1% of the total TAG concentration. Data presented are for the RP°S
phenotype (n = 87). Data are the mean £ SD.
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Figure S3. Characterization of incorporation of long chain polyunsaturated fatty
acids (LCPUFA) into plasma triacylglycerol (TAG) species. Neutral loss scans
(NLS) for arachidonic acid (fatty acid (FA) 20:4) and eicosapentaenoic acid (FA 20:5)
EPA and pre- and post- treatment for a R"®9 phenotype individual. The spectrum is
limited to the region where [TAG 56:X + NH4]" and [TAG 58:X + NHa4]* appear, where X
is the desaturation level at the top of each peak.
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Figure S4. Identification of arachidonic acid (fatty acid (FA) 20:4)-containing
plasma triacylglycerol (TAG) species using neutral loss scans (NLS) for pre- and
post-treatment for positive responder, non-responder, and negative responder
phenotypes.
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Figure S5. Identification of eicosapentaenoic acid (fatty acid (FA) 20:5)-containing
plasma triacylglycerol (TAG) species using neutral loss scans (NLS) for pre- and
post-treatment for positive responder, non-responder, and negative responder
phenotypes.
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Figure S6. Identification of docosahexaenoic acid (fatty acid (FA) 22:6)-containing
plasma triacylglycerol (TAG) species using neutral loss scans (NLS) for pre- and
post-treatment for positive responder, non-responder, and negative responder
phenotypes.
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Figure S7. Product ion scans for the cholestane cation (m/z = 369) allow for the
selective measurement of cholesteryl esters (CE). The internal standard CE 17:0 is
indicated. Cholesteryl esters containing long-chain PUFA'’s are also indicated, with the
most abundant species CE 18:2 shown for reference. Representative spectra are
provided for the positive responder, non-responder, and negative responder
phenotypes.
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Figure S8. Identification of lauric acid (fatty acid (FA) 12:0)-containing plasma
triacylglycerol (TAG) species using neutral loss scans (NLS) for pre- and post-
treatment positive responder, non-responder, and negative responder
phenotypes.
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Figure S9. Identification of myristic acid (fatty acid (FA) 14:0)-containing plasma
triacylglycerol (TAG) species using neutral loss scans (NLS) for pre- and post-
treatment for positive responder, non-responder, and negative responder
phenotypes.
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