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Abstract

Omega-3 polyunsaturated fatty acids (n3-PUFA) are well recognized for their potent triglyceride-lowering effects, but the potential influence 
of these bioactive lipids on other biological processes, particularly in the context of healthy aging, remains unknown. With the goal of gaining 
new insight into some less well-characterized biological effects of n3-PUFAs in healthy older adults, we performed metabolomics of fasting 
peripheral blood plasma collected from 12 young adults and 12 older adults before and after an open-label intervention of n3-PUFA (3.9 g/
day, 2.7 g eicosapentaenoic [EPA], 1.2 g docosahexaenoic [DHA]). Proton nuclear magnetic resonance (1H-NMR) based lipoprotein subclass 
analysis revealed the expected reduction in total triglyceride (TG), but also demonstrated that n3-PUFA supplementation reduced very low-
density lipoprotein (VLDL) particle number, modestly increased high-density lipoprotein (HDL) cholesterol, and shifted the composition of 
HDL subclasses. Further metabolite profiling by 1H-NMR and mass spectrometry revealed pronounced changes in phospholipids, cholesterol 
esters, diglycerides, and triglycerides following n3-PUFA supplementation. Furthermore, significant changes in hydroxyproline, kynurenine, 
and 3‐carboxy‐4‐methyl‐5‐propyl‐2‐furanpropionic acid (CMPF) following n3-PUFA supplementation provide further insight into some less 
well-recognized biological effects of n3-PUFA supplementation, including possible effects on protein metabolism, the kynurenine pathway, and 
glucose metabolism.
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Life expectancy in the United States is estimated to be approximately 
79 years (1), and there is growing interest in narrowing the gap be-
tween healthy life expectancy (ie, healthspan) and death. In 2016, the 
leading causes of death included numerous age-associated diseases 
such as heart disease, cancer, stroke, Alzheimer’s disease, and diabetes 
(1). Of these, ischemic heart disease and stroke account for the vast 
majority of deaths (2). In the quest to extend healthspan, numerous 
strategies (eg, exercise, nutrition, pharmacology) have emerged in 
attempt to forestall age-related chronic disease. Dietary intake of 
omega-3 polyunsaturated fatty acids (n-3 PUFA) is one such strategy 
that has been extensively investigated. The longer-chain fatty acids, 
eicosapentaenoic (EPA) and docosahexaenoic (DHA), are recognized 

primarily for their triglyceride-lowering (3,4) and anti-inflammatory 
effects (5,6) in humans. These properties have sparked interest in 
the therapeutic potential of n3-PUFAs in prevention and treatment 
of heart disease (7,8), diabetes (9,10), retinopathy (11), cancer (12), 
and age-related muscle wasting (13–15). Despite some promising 
preclinical data and individual trials in humans, meta analyses lead 
to more ambiguous conclusions with some finding modest benefit 
(16) while others cast some doubt on any real beneficial effects of 
dietary n-3 PUFAs on cardiovascular disease, cancer, or diabetes 
(17,18). In the absence of undeniable evidence that omega-3 fatty 
acids offer cardiovascular disease protection, the fact remains that 
n3-PUFAs are bioactive lipids with many physiological effects that 
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go beyond simply lowering circulating triglycerides. Both EPA and 
DHA incorporate into cell membranes, and their unique chemical 
and physical properties promote lipid raft formation (19) and allow 
them to enter into the binding pockets of proteins (20). Our under-
standing of the biological effects of dietary omega-3 fatty acids is 
incomplete, particularly in the context of aging. Here, we performed 
metabolomics of peripheral blood to provide a window into some of 
the less well-characterized biological effects of n3-PUFAs in healthy 
older adults.

Methods

Participants and Study Design
Fasting peripheral blood plasma was obtained from a previously 
published study of 12 young (18–35 years) and older (65–85 years) 
men and women (13). All individuals provided written informed 
consent as approved by the Mayo Foundation Institutional Review 
Board and consistent with principles outlined in the Declaration of 
Helsinki. All participants were in good health and carefully screened 
to exclude individuals with diabetes, heart disease, uncontrolled 
thyroid disorders, renal disease, anemia, liver disease, pregnancy, 
breastfeeding, smoking, substance abuse, or individuals who were 
attempting to gain or lose weight. Following the screening visit, all 
participants were provided with 3  days of standardized, weight-
maintenance meals that were prepared in our metabolic kitchen. The 
caloric content of the meals was estimated on an individual basis 
to achieve energy balance based on the Harris Benedict equation. 
Macronutrient distribution of the diet was 20% protein, 50% carbo-
hydrate, and 30% fat. Participants reported to the metabolic kitchen 
each day for breakfast, to ensure weight stability, and to pick up 
prepared meals for the remainder of the day. If necessary, adjust-
ments to the caloric content of the days meals were made by the 
dietician based on body mass measured that day. On the evening 
of the third day of the diet, participants were admitted to the Mayo 
Clinic Clinical Research and Trials Unit at 1700 hours and con-
sumed nothing but water after 2200 hours. A fasting blood sample 
was collected at 0800 hours the following morning and immediately 
processed and stored at −80°C until analysis. Older participants 
were studied again following a 4-month open-label intervention of 
n3-PUFA (3.9 g/day, 2.7 g EPA, 1.2 g DHA, NCT02103842). The 
4-month duration was selected to allow sufficient time for robust 
incorporation of EPA and DHA into cell membranes (measured by 
RBC EPA and DHA levels) and adipose tissue lipid pools (measured 
by fasting FFA lipid profiles) as we previously published (13). The 
young participants were studied as a comparison group and did not 
undergo any intervention. Peripheral blood plasma metabolomics 
was performed using multiple analytical platforms including proton 
nuclear magnetic resonance (1H-NMR), gas chromatography-mass 
spectrometry (GC-MS) and liquid chromatography-mass spectrom-
etry (LC-MS) for small metabolite profiling and quantitation as well 
as lipoprotein subclass analysis.

1H-NMR Lipoprotein Subclass Analysis
Lipoprotein subclass analysis was performed using the B.I.-LISA 
lipoprotein platform (Bruker, Rheinstaten, Germany). Samples were 
prepared using Bruker standard operating procedures for plasma/
serum: The samples were thawed on ice for 30 minutes. Four hun-
dred microliters of plasma were transferred into 1.5 mL Eppendorf 
tubes containing 400 μL of Bruker plasma buffer. The mixture was 
gently shaken for 1 minute. Six hundred microliters of the mixed 

sample were then transferred into a 5  mm Sample Jet rack tube. 
The NMR spectra were acquired on a Bruker 600 MHz Avance 
III HD spectrometer equipped with a BBI room temperature probe 
head and SampleJet auto sampler (Bruker Biospin, Billerica, MA). 
1H-NMR spectra were recorded using 1D NOESY pulse sequence 
with presaturation (noesygppr1d), collecting 32 scans. After the 
measurement the recorded spectra were transferred to Bruker Data 
Analysis server for fully automated remote analysis, and the results 
were sent back via private file transfer program.

1H -NMR Small Metabolite Profiling
Plasma samples were thawed on ice at 4°C for 30–60 minutes. Two 
hundred-microliter aliquots were transferred into 1.5 mL Eppendorf 
tubes and 600  μL of cold MeOH was added. The mixture was 
vortexed for 20 seconds and then centrifuged at 13,300 rpm for 15 
minutes. The supernatants (~760 μL) were transferred into 1.5 mL 
Eppendorf tubes and dried in a centrifugal vacuum evaporator for 
12 hours. In each dried sample, 500 μL of 0.1 M phosphate buffer 
(K2HPO4/KH2PO4, pH 7.4) and 50 μL of 1 mM TSP-d4 in deuterium 
oxide (D2O) were added. The mixture was vortexed for 20 seconds 
and the solution was then transferred to a 5 mm SampleJet rack tube. 
All chemicals were purchased from Sigma–Aldrich (St. Louis, MO). 
The NMR spectra were acquired on a Bruker 600 MHz Avance III 
HD spectrometer equipped with a BBI room temperature probehead 
and SampleJet auto sampler 1H-NMR spectra were recorded using 
1D NOESY pulse sequence with presaturation (noesygppr1d), col-
lecting 128 scans with 64k data points, 14 ppm spectral with cali-
brated 90 degree pulse (~11 ms), 3.90-second acquisition time, and 
5-second relaxation delay. Metabolites were identified and quanti-
fied using Chenomx NMR suite 8.2 software, by fitting the spec-
tral lines of library compounds into the recorded NMR spectrum 
of plasma samples. The quantification was based on peak area of 
TSP-d4 signal. The metabolite concentrations were exported as µM 
in NMR sample and recalculated as µM in plasma.

LC/MS-Biocrates p400 Kit
Metabolites were extracted using the Absolute IDQ p400 Kit 
(BIOCRATES Life Sciences AG, Innsbruck, Austria). Plasma samples 
(10 μL) were pipetted onto a 96-well (FIA plate) Biocrates kit. The 
samples were dried at room temperature (RT) for 30 minutes. Fifty 
microliters of 5% phenylisothiocyanate (PITC) reagent were added 
to each well, and the plate was incubated at RT for 20 minutes and 
then the samples were dried under nitrogen stream for 60 minutes. 
Three hundred microliters of 5 mM ammonium acetate in methanol 
were added, and the plate was shaken at 450  rpm at RT for 30 
minutes and then centrifuged for 2 minutes at 500 g. One hundred 
and fifty microliters from each well were transferred to a 96-deep 
well LC plate and 150 μL of water was added to each well. To the 
FIA plate, 250 μL of FIA solvent were added. Both plates were then 
shaken at RT for 5 minutes.

The ultra-performance liquid chromatography-mass spec-
trometry (UPLC-MS) utilized a Thermo Scientific Q-Exactive 
high resolution/accurate mass spectrometer coupled with a heated 
electrospray ionization (HESI-II) source and Orbitrap mass analyzer 
operated at 35,000 mass resolution. Five-microliter sample was in-
jected onto a BIOCRATES UHPLC Absolute IDQ column for ana-
lysis. The mobile phases for the LC plate were solvent A  (milli-Q 
water containing 0.2% formic acid) and solvent B (acetonitrile con-
taining 0.2% formic acid) The gradient used to separate the metab-
olites was: 0–0.25 minutes 0% B, 1.5 minutes: 12% B; 2.7 minutes: 
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17.5% B; 4 minutes: 50% B; 4.50 minutes: 95% B; 5.25 minutes: 
0% B. Evaluation of the samples was carried out using the MetIDQ 
(BIOCRATES) software. The column oven temperature was set to 
500°C. MS spectra were acquired in the positive mode. Molar con-
centrations were calculated with Xcalibur 4.0 Software. For the 
FIA plate, 20 µL injection volume directly onto the MS was used 
at a flow of 30  µL/min, with a mobile phase of H2O/ACN (1:1) 
containing 0.2% formic acid. The flow rate used was: 0–1.4 min-
utes: 5 µL/min; 1.6 minutes: 200 µL/min; 2.80 minutes: 200 µL/min; 
and 3.00 minutes: 5 µL/min. Concentrations were calculated using 
the Analyst/MetIDQ (BIOCRATES, Biocrates Life Sciences AG, 
Innsbruck, Austria) software.

Untargeted Metabolite Profiling by Mass 
Spectrometry
To aid in elucidation of an unknown compound identified by 1H-
NMR, we employed two complementary analytical platforms (LC-
MS and GC-MS) for untargeted metabolite profiling in plasma 
from a subset of four older adults before and after n3-PUFA sup-
plementation. LC-MS untargeted profiling was performed using 
an established method (21). Plasma samples were deproteinized 
using cold methanol (1:4 ratio), and metabolites were extracted. 
13C6-phenylalanine was added as an internal standard to all samples 
before extraction to compute extraction efficiency. Extracted me-
tabolite supernatants were divided into four aliquots and analyzed 
on a UPLC-Q-TOF system (Agilent Technologies 6550 Q-TOF). 
Metabolites were separated, independently, using a hydrophilic 
interaction column (HILIC) and a reversed-phase C18 column. For 
each column, profiling data was acquired in positive and negative 
electrospray ionization modes (in separate runs), resulting in a total 
of four runs per sample. Mass Profiler (Agilent, Santa Clara, CA) 
software was used to read the chromatograms from the Agilent 
instrument native files, filter the noise, and detect peaks. Intensity 
of the peaks was normalized using the total ion current seen per 
sample. Detected peaks were identified by matching their pre-
cursor masses and retention times against the NIST LC-MS (version 
11) and METLIN metabolite databases.

Plasma samples were also profiled using a GC-MS platform using 
the Fiehn laboratory protocol (22). In brief, metabolites were ana-
lyzed as their methyl oxime, trimethylsilyl derivatives (MOX-TMS) 
under electron impact conditions. Full scan data were processed 
using Fiehn GC/MS metabolomics RTL library. AMDIS software 
was used to process the experimental mass spectra and retention 
time indices (MSRI), remove noise peaks, detect components, and 
deconvolute spectra. Processed peaks were matched against the ref-
erence GC-MS library for identification. Intensities of the identified 
metabolites that were within ±0.1 minutes of the library reference 
retention time (RT) were reported.

Statistical Analysis
Values are presented as means and standard error. To evaluate the 
effect of age on metabolite and lipoprotein concentrations, unpaired 
t tests were used for comparison between young adults and older 
adults (preintervention). Due to the large number of metabolite com-
parisons between groups, the Benjamini–Hochberg Procedure was 
used to maintain the type I error rate at 5%. To evaluate the effects 
of omega-3 fatty acid supplementation in older adults, paired t tests 
were used for comparison of metabolite values before and after the 
intervention. The Benjamini–Hochberg Procedure was used to adjust 
p-values to minimize the false discovery rate.

Results

Participant Characteristics
Physical descriptors and clinical characteristics of the participants 
have been described previously (13). Body mass index was mar-
ginally yet nonsignificantly elevated in older (26.3  ± 2.8  kg/m2) 
compared to young (24.3 ± 2.7 kg/m2). Fasting blood glucose was 
significantly higher in older (91.6 ± 8.6 mg/dL) compared to young 
(84.3 ± 7.2 mg/dL), although still within normal limits.

Blood Lipids and Lipoprotein Subclass Analyses
The NMR-based measurement of lipoprotein class-specific concen-
trations of cholesterol and triglycerides revealed subtle differences 
between young and old adults, but more substantial changes with 
n3-PUFA supplementation (Tables 1–3). Prior to supplementation, 
older adults exhibited increased number of small, dense low-density 
lipoprotein (LDL) particles (LDL-6) and increased phospholipid 
and Apo-B concentrations in this LDL subclass (Table 1). No other 
parameters met the FDR cutoffs for significance in young versus 
older adults. In contrast to the subtle differences between young and 
old, n3-PUFA supplementation resulted in more profound changes 
in the lipoprotein profile of older adults with 53 of the 117 features 
being significantly changed following the intervention (Tables 1–3). 
As expected, total triglycerides were reduced with n3-PUFAs, as 
were the triglyceride levels in very low-density lipoprotein (VLDL) 
and IDL lipoprotein fractions. The triglyceride concentrations in the 
LDL fraction were significantly increased following n3-PUFA supple-
mentation, attributed to higher triglyceride (TG) levels in the smaller, 
denser LDL-4, LDL-5, and LDL-6 particles. In contrast to the small, 
dense LDL particles, the larger LDL-1 particles showed decreased 
TG content after supplementation. The TG content of high-density 
lipoprotein (HDL) main fraction did not change significantly with 
n3-PUFAs, but there was a significant decrease in TG content of the 
small, dense HDL-4 subfraction and a reciprocal increase in TG con-
tent of the larger HDL-1 and HDL-2 subfractions.

Total cholesterol was unchanged with age or n3-PUFAs, but 
n3-PUFAs decreased total VLDL cholesterol (esterified and free), de-
creased IDL cholesterol (free only), increased HDL cholesterol (esteri-
fied and free) with no changes in IDL (esterified) or LDL cholesterol 
fractions (Table 1). Within the VLDL subfractions, cholesterol was 
reduced across all five VLDL subfractions following the n3-PUFAs 
(Table 2). Across the six LDL subfractions, there was an increase in 
cholesterol in the small, dense LDL-5 (free only) and LDL-6 fractions 
(free and esterified) after the intervention (Table 2). There were no 
significant effects of n3-PUFAs on cholesterol content of the larger 
LDL fractions (LDL1-4). The free and esterified cholesterol content 
in HDL fractions was increased in the less dense fractions (HDL-
1, HDL-2) and decreased in the denser fractions (HDL-3, HDL-4) 
(Table 3). Similar patterns were observed for phospholipids, Apo-A1, 
and Apo-A2, which were increased following n3-PUFA supplementa-
tion in the less dense HDL fractions (HDL-1, HDL-2) and decreased 
in the more dense fractions (HDL-3, HDL-4) (Table 3).

Aside from the aforementioned shift in the triglyceride content of 
LDL subfractions, there were negligible changes following n3-PUFA 
supplementation in the cholesterol, phospholipid, or Apo-B content 
of any of the LDL subfractions with the exception of the smallest, 
most dense LDL-6 (Table 2). Following the intervention, LDL-6 par-
ticles increased significantly in triglyceride content, cholesterol (free 
and esterified), phospholipids, and Apo-B. There was also a notable 
increase in LDL-6 particle number in older adults that was further 
increased following n3-PUFA supplementation (Table 2).
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We used a quantitative analytical approach involving NMR 
and mass spectrometry platforms to measure the concentrations 
of >250 plasma metabolites in healthy young and older adults 
(Figure 1A, Supplementary Tables 1–5). The analytes detected 
included acylcarnitines, organic acids, amino acids, biogenic 
amines, glycerophospholipids, sphingolipids, cholesterol esters, 
diglycerides, and triglycerides. Of these metabolites, only urea 
reached significance (elevated in older adults) after adjusting for 
false discovery in the comparison of young and older adults be-
fore n3-PUFA supplementation (Supplementary Table S1). There 
were several noteworthy metabolites that were on average at least 
25% higher in plasma from older adults compared to young, 
including citrate, kynurenine, 2-oxoglutarate, cis-aconitate, gly-
cerol, lactate, ornithine, myo-inositol, and 1-methylhistidine 
(Supplementary Tables S1 and S2) but did not reach significance 

based on FDR corrected p-values. Following n3-PUFA supplemen-
tation, there were modest changes in amino acids including sig-
nificant increases in hydroxyproline and decreases in kynurenine 
(Figure 1B, Supplementary Tables S1 and S2). Notable metabol-
ites that exhibited marginal but nonsignificant effects of n3-PUFA 
supplementation include lactate, pyruvate, 3-hydroxybutyrate, 
alanine, phenylalanine, and tryptophan. The most pronounced 
changes in response to n3-PUFA supplementation were observed 
in various lipid classes, including phospholipids, cholesterol esters, 
diglycerides, and triglycerides, which demonstrated an overall pat-
tern (Figure 1B, Supplementary Tables S3–S5) where the majority 
of these lipid species were decreased following n3-PUFA supple-
mentation with the exception of the individual species containing 
long chain polyunsaturated acyl chains, which increased in re-
sponse to n3-PUFA.

Table 1.   Lipoprotein Main Parameters, Particle Number, and Main Fractions

Young 
N = 12

Old 
N = 12

Old n-3 
N = 12

Young vs Old Old n-3 vs Old

Ratio Adj p Ratio Adj p

Main Parameters
  Triglycerides 85.5 ± 8 88.0 ± 6.4 72.7 ± 4.8 0.97 .668 0.83 .774
  Cholesterol 176 ± 9 192 ± 9 190 ± 10 0.92 .902 0.99 .002
  LDL Cholesterol 97.9 ± 7.7 104 ± 7 105 ± 8 0.94 .866 1.01 .842
  HDL Cholesterol 54 ± 4 58.5 ± 2.7 64.5 ± 3.6 0.92 .720 1.10 .041
  Apo-A1 136 ± 6 143 ± 4 141 ± 5 0.95 .759 0.99 .513
  Apo-A2 31.6 ± 1.8 27.6 ± 0.7 24.5 ± 0.8 1.14 .403 0.89 .003
  Apo-B100 70.8 ± 3.8 80.7 ± 4.6 80.1 ± 4.8 0.88 .457 0.99 .825
Particle Number
  Apo-B 1290 ± 70 1467 ± 83.3 1457 ± 87 0.88 .457 0.99 .825
  VLDL 112 ± 14 120 ± 12 96.2 ± 9.4 0.93 .882 0.80 .009
  IDL 58.3 ± 7.7 64.0 ± 10.4 56.7 ± 9.0 0.91 .882 0.89 .312
  LDL 1094 ± 71 1240 ± 75.4 1256 ± 84.7 0.88 .591 1.01 .757
  LDL-1 230 ± 12 283 ± 21 266 ± 26 0.81 .403 0.94 .186
  LDL-2 203 ± 20 209 ± 18 192 ± 18 0.97 .909 0.92 .312
  LDL-3 186 ± 19 179 ± 20 164 ± 16 1.04 .906 0.92 .264
  LDL-4 161 ± 19 135 ± 19 115 ± 20 1.19 .759 0.85 .264
  LDL-5 117 ± 11 121 ± 16 142 ± 21 0.97 .909 1.17 .249
  LDL-6 179 ± 13 259 ± 15 319 ± 20 0.69 .029 1.23 .017
Lipoprotein Main Fractions
  Triglycerides, VLDL 47.9 ± 5.6 43.0 ± 4.4 34.6 ± 2.9 1.11 .830 0.80 .009
  Triglycerides, IDL 6.41 ± 1.03 6.31 ± 0.87 3.17 ± 0.65 1.02 .950 0.50 <.001
  Triglycerides, LDL 13.6 ± 1.3 17.0 ± 1.5 19.1 ± 1.4 0.80 .444 1.12 .020
  Triglycerides, HDL 8.74 ± 1.08 9.88 ± 1.02 10.6 ± 1.1 0.88 .806 1.07 .129
  Cholesterol, VLDL 13.9 ± 1.6 13.6 ± 1.5 9.54 ± 1.30 1.02 .930 0.70 .002
  Cholesterol, IDL 6.65 ± 0.96 7.20 ± 1.46 6.01 ± 1.20 0.92 .902 0.83 .264
  Cholesterol, LDL 97.9 ± 7.7 104 ± 7 105 ± 8 0.94 .866 1.01 .842
  Cholesterol, HDL 53.5 ± 3.5 58.5 ± 2.7 64.5 ± 3.6 0.91 .720 1.10 .041
  Free Cholesterol, VLDL 6.28 ± 0.71 6.75 ± 0.66 5.16 ± 0.53 0.93 .882 0.76 .003
  Free Cholesterol, IDL 2.19 ± 0.30 2.25 ± 0.42 1.60 ± 0.34 0.97 .934 0.71 .051
  Free Cholesterol, LDL 26.9 ± 2.1 29.4 ± 2.0 29.9 ± 2.0 0.91 .806 1.02 .637
  Free Cholesterol, HDL 10.2 ± 0.8 12.1 ± 0.8 15.0 ± 0.9 0.84 .457 1.24 .002
  Phospholipids, VLDL 14.5 ± 1.6 13.7 ± 1.3 11.1 ± 1.0 1.06 .882 0.81 .016
  Phospholipids, IDL 4.42 ± 0.36 4.28 ± 0.53 3.58 ± 0.56 1.03 .909 0.84 .076
  Phospholipids, LDL 57.2 ± 3.6 61.2 ± 3.7 61.0 ± 3.9 0.93 .806 1.00 .928
  Phospholipids, HDL 79.5 ± 4.3 83.4 ± 3.8 85 ± 4.6 0.95 .830 1.02 .513
  Apo-A1, HDL 137 ± 6 143 ± 5 142 ± 6 0.96 .806 0.99 .788
  Apo-A2, HDL 32.0 ± 1.7 28.4 ± 0.6 25.5 ± 0.7 1.13 .435 0.90 .003
  Apo-B, VLDL 6.2 ± 0.8 6.6 ± 0.6 5.3 ± 0.5 0.94 .882 0.80 .009
  Apo-B, IDL 3.21 ± 0.42 3.52 ± 0.57 3.12 ± 0.50 0.91 .882 0.89 .312
  Apo-B, LDL 60.2 ± 3.9 68.2 ± 4.1 69.1 ± 4.7 0.88 .591 1.01 .757

Note: Data are shown as mean ± SEM with p-values adjusted for multiple comparisons using the Benjamini–Hochberg Adjustment. HDL = High-density lipo-
protein; LDL = Low-density lipoprotein; VLDL = Very low-density lipoprotein.

878� Journals of Gerontology: BIOLOGICAL SCIENCES, 2020, Vol. 75, No. 5

http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glz141#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glz141#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glz141#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glz141#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glz141#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glz141#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glz141#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glz141#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glz141#supplementary-data


A merged data set containing metabolite concentrations meas-
ured by NMR and MS was further analyzed by partial least squares 
discriminant analysis (PLS-DA) to differentiate the plasma of young 
adults and older adults before and after n3-PUFA supplementation. 
The scores plot of component 1 versus component 2 (Figure 2A) 

shows modest separation of young and old baseline plasma sam-
ples, but obvious clustering and separation of samples from older 
adults before versus after n3-PUFA supplementation. The vari-
able importance in projection (VIP) scores indicates that 14 of the 
top 15 metabolites contributing to the PLS model were lipids (6 

Table 2.   Lipoprotein VLDL and LDL Subfractions

Young 
N = 12

Old 
N = 12

Old n-3 
N = 12

Young vs Old Old n-3 vs Old

Ratio Adj p Ratio Adj p

VLDL Subfractions
  Triglycerides, VLDL-1 22.8 ± 3.3 18.0 ± 2.4 13.1 ± 1.7 1.27 .684 0.73 .014
  Triglycerides, VLDL-2 6.12 ± 1.26 4.63 ± 0.70 5.22 ± 0.41 1.32 .742 1.12 .296
  Triglycerides, VLDL-3 5.12 ± 1.27 3.96 ± 0.71 3.72 ± 0.54 1.29 .806 0.94 .757
  Triglycerides, VLDL-4 5.85 ± 1.09 6.68 ± 0.87 5.88 ± 0.67 0.88 .868 0.88 .312
  Triglycerides, VLDL-5 2.98 ± 0.31 3.61 ± 0.20 3.49 ± 0.23 0.82 .457 0.97 .589
  Cholesterol, VLDL-1 5.96 ± 0.58 4.47 ± 0.42 2.86 ± 0.40 1.33 .830 0.64 .003
  Cholesterol, VLDL-2 1.56 ± 0.30 1.32 ± 0.17 1.01 ± 0.13 1.18 .830 0.76 .044
  Cholesterol, VLDL-3 1.74 ± 0.42 1.13 ± 0.26 0.56 ± 0.19 1.54 .668 0.49 .036
  Cholesterol, VLDL-4 2.97 ± 0.57 3.56 ± 0.64 2.71 ± 0.51 0.83 0.830 0.76 .100
  Cholesterol, VLDL-5 2.07 ± 0.21 2.55 ± 0.16 1.92 ± 0.18 0.81 .444 0.75 .003
  Free Cholesterol, VLDL-1 1.92 ± 0.22 1.60 ± 0.21 0.85 ± 0.15 1.2 .742 0.53 .001
  Free Cholesterol, VLDL-2 0.80 ± 0.15 0.59 ± 0.09 0.39 ± 0.06 1.36 .684 0.66 .001
  Free Cholesterol, VLDL-3 0.80 ± 0.18 0.60 ± 0.12 0.35 ± 0.09 1.36 .799 0.58 .029
  Free Cholesterol, VLDL-4 1.37 ± 0.30 1.39 ± 0.29 1.01 ± 0.25 0.99 .964 0.73 .097
  Free Cholesterol, VLDL-5 0.81 ± 0.12 1.03 ± 0.11 0.57 ± 0.10 0.79 .659 0.55 .001
  Phospholipids, VLDL-1 4.28 ± 0.51 3.11 ± 0.36 2.22 ± 0.26 1.38 .444 0.71 .007
  Phospholipids, VLDL-2 1.95 ± 0.31 1.38 ± 0.18 1.31 ± 0.11 1.41 .497 0.95 .637
  Phospholipids, VLDL-3 2.28 ± 0.40 1.66 ± 0.28 1.36 ± 0.21 1.37 .668 0.82 .286
  Phospholipids, VLDL-4 3.31 ± 0.51 3.61 ± 0.47 3.06 ± 0.39 0.92 .882 0.85 .186
  Phospholipids, VLDL-5 2.23 ± 0.23 2.59 ± 0.16 2.10 ± 0.19 0.86 .659 0.81 .010
LDL Subfractions
  Triglycerides, LDL-1 5.17 ± 0.57 7.15 ± 0.65 6.19 ± 0.63 0.72 .403 0.87 .009
  Triglycerides, LDL-2 2.32 ± 0.17 2.74 ± 0.24 2.92 ± 0.28 0.85 .591 1.07 .279
  Triglycerides, LDL-3 2.24 ± 0.18 2.89 ± 0.21 2.98 ± 0.21 0.77 .403 1.03 .426
  Triglycerides, LDL-4 1.57 ± 0.27 1.71 ± 0.26 2.22 ± 0.25 0.92 .882 1.30 .029
  Triglycerides, LDL-5 1.19 ± 0.17 1.59 ± 0.20 2.18 ± 0.21 0.75 .527 1.37 .022
  Triglycerides, LDL-6 1.82 ± 0.18 2.60 ± 0.17 4.13 ± 0.18 0.70 .100 1.59 <.001
  Cholesterol, LDL-1 24.7 ± 1.5 29.5 ± 2.3 27.2 ± 2.7 0.84 .444 0.92 .111
  Cholesterol, LDL-2 20.1 ± 2.4 20.5 ± 2.0 19.2 ± 2.0 0.98 .934 0.94 .501
  Cholesterol, LDL-3 17.9 ± 2.1 16.7 ± 2.0 14.8 ± 1.7 1.07 .882 0.89 .186
  Cholesterol, LDL-4 14.5 ± 1.7 12.2 ± 1.7 11.0 ± 1.8 1.19 .759 0.90 .426
  Cholesterol, LDL-5 9.60 ± 0.91 9.43 ± 1.27 10.9 ± 1.8 1.02 .934 1.16 .296
  Cholesterol, LDL-6 11.4 ± 1.0 16.5 ± 1.0 21.7 ± 1.4 0.69 .046 1.31 .009
  Free Cholesterol, LDL-1 6.77 ± 0.46 8.37 ± 0.64 7.79 ± 0.77 0.81 .403 0.93 .175
  Free Cholesterol, LDL-2 5.71 ± 0.65 5.91 ± 0.59 6.07 ± 0.64 0.97 .909 1.03 .788
  Free Cholesterol, LDL-3 5.02 ± 0.55 5.32 ± 0.56 5.56 ± 0.48 0.94 .882 1.04 .449
  Free Cholesterol, LDL-4 4.01 ± 0.44 3.81 ± 0.43 4.26 ± 0.42 1.05 .902 1.12 .155
  Free Cholesterol, LDL-5 2.54 ± 0.27 2.70 ± 0.28 3.38 ± 0.41 0.94 .882 1.25 .049
  Free Cholesterol, LDL-6 2.70 ± 0.27 3.77 ± 0.24 5.04 ± 0.35 0.72 .135 1.34 .004
  Phospholipids, LDL-1 14.0 ± 0.7 16.7 ± 1.2 15.6 ± 1.4 0.84 .435 0.93 .104
  Phospholipids, LDL-2 11.3 ± 1.2 11.5 ± 1.0 11.0 ± 1.0 0.98 .909 0.96 .537
  Phospholipids, LDL-3 10.1 ± 1.0 9.56 ± 1.01 8.70 ± 0.82 1.06 .882 0.91 .202
  Phospholipids, LDL-4 8.25 ± 0.89 7.11 ± 0.85 6.50 ± 0.91 1.16 .785 0.91 .428
  Phospholipids, LDL-5 5.68 ± 0.47 5.48 ± 0.62 6.29 ± 0.91 1.04 .906 1.15 .287
  Phospholipids, LDL-6 7.31 ± 0.50 9.79 ± 0.46 12.4 ± 0.7 0.75 .046 1.27 .006
  Apo-B, LDL-1 12.7 ± 0.7 15.6 ± 1.2 14.6 ± 1.4 0.81 .403 0.94 .186
  Apo-B, LDL-2 11.2 ± 1.1 11.5 ± 1.0 10.6 ± 1.0 0.97 .909 0.92 .312
  Apo-B, LDL-3 10.2 ± 1.0 9.83 ± 1.09 9.03 ± 0.89 1.04 .906 0.92 .264
  Apo-B, LDL-4 8.83 ± 1.05 7.41 ± 1.03 6.31 ± 1.10 1.19 .759 0.85 .264
  Apo-B, LDL-5 6.46 ± 0.60 6.65 ± 0.86 7.81 ± 1.14 0.97 .909 1.17 .249
  Apo-B, LDL-6 9.86 ± 0.71 14.3 ± 0.8 17.5 ± 1.1 0.69 .029 1.22 .017

Note: Data are shown as mean ± SEM with p-values adjusted for multiple comparisons using the Benjamini–Hochberg Adjustment. LDL = Low-density lipo-
protein; VLDL = Very low-density lipoprotein.
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phospholipids, 6 triglycerides, 1 diglyceride, and 1 cholesterol ester; 
Figure 2B). Notably, the metabolite feature that emerged as the 
most important feature contributing to the model was an unknown 
metabolite detected by NMR profiling. The signals originating from 
this unidentified component were absent from the NMR spectra of 
young and older adults at baseline, but clearly visible after n3-PUFA 
supplementation (Supplementary Figures S1 and S2). Specifically, 
the signals at δ 0.85 (t, J = 7.4 Hz, 3H,), δ 1.56 (sextet, J = 7.4, Hz 
2H), δ 2.50 (t, J = 7.4 Hz, 2H), and δ 1.96 ppm (s, 3H) could be 
attributed to propyl and methyl group of the unknown component 
(Supplementary Figure S3). When the spectrum of older adults at 
baseline was subtracted from its counterpart after the supplemen-
tation with highest content of the unknown, the spectral difference 
revealed two additional signals at δ2.46, (d, J = 7.8 Hz, 2H,) δ3.02, 
(d, J = 7.8 Hz, 2H) that could be assigned to two mutually coupled 
CH2 groups (Supplementary Figures S4 and S5). Yet this 1H-NMR 
information had no match in Chenomx and HMDB databases and 
was not sufficient for structure elucidation. In an attempt to re-
solve the identity of this unknown metabolite, we performed add-
itional discovery-based untargeted metabolomics using LC-MS and 
GC-MS in a subset of four individuals who exhibited the most robust 
changes in this particular unknown metabolite. A notable difference 
was observed in the LC-MS chromatogram recorded using a C18 
column in negative detection mode. A strong peak at 7.99 minutes 
appeared in plasma samples from older adults following n3-PUFA, 
which was absent from baseline samples (Supplementary Figure 
S6). The peak exhibited [M-H]− at m/z 239.0930, corresponding to 
molecular formula C12H16O5. The METLIN library search identi-
fied component as 3‐carboxy‐4‐methyl‐5‐propyl‐2‐furanpropionic 

acid (Supplementary Figure S7). In C18-positive mode, the peak 
at the same RT was observed, showing [M+Na]+ at m/z 263.0892 
and several other adducts, all in accordance with C12H16O5 formula 
(Supplementary Figure S8). Again the first library search hit was 
3‐carboxy‐4‐methyl‐5‐propyl‐2‐furanpropionic acid (CMPF) 
(Supplementary Figure S9). For further confirmation of the identity 
of the unknown metabolite, additional untargeted metabolomics 
was performed using an optimized GC-MS assay using the Fiehn 
method (Agilent G1676AA) with MOX/MSTFA derivatization. The 
major difference between baseline and n3-PUFA supplementation 
was a component at 18.28 minutes, with molecular ion at m/z 384 
and base peak at m/z 266 (Supplementary Figure S10). Fiehn and 
NIST libraries search showed no positive match, but the present EI 
MS spectrum was in accordance with the structure of CMPF-2TMS 
and available literature (23). The observed NMR signals originating 
from the unknown compound were, indeed, in good agreement 
with published data, taking into account that the different solv-
ents were used (24). Thus, by leveraging several complementary 
analytical platforms, we were able to determine that the abundant  
unknown compound observed in plasma of older adults following 
n3-PUFA supplementation is (CMPF), a major metabolite of furan 
fatty acids.

Discussion

There is considerable evidence that n3-PUFAs reduce circulating 
lipids (25,26), but fewer studies have examined the effects of 
n3-PUFAs on serum lipoproteins with attention to particle size, 
number, and composition, which provide a better window into 

Table 3.   Lipoprotein HDL Subfraction

Young 
N = 12

Old 
N = 12

Old n-3 
N = 12

Young vs Old Old n-3 vs Old

Ratio Adj p Ratio Adj p

HDL Subfractions
  Triglycerides, HDL-1 2.24 ± 0.38 3.54 ± 0.52 4.81 ± 0.74 0.63 .403 1.36 .004
  Triglycerides, HDL-2 1.55 ± 0.24 1.67 ± 0.21 2.06 ± 0.25 0.93 .882 1.23 .005
  Triglycerides, HDL-3 2.06 ± 0.28 1.97 ± 0.20 1.94 ± 0.17 1.05 .906 0.98 .825
  Triglycerides, HDL-4 3.10 ± 0.36 2.92 ± 0.21 2.07 ± 0.20 1.06 .882 0.71 .001
  Cholesterol, HDL-1 13.3 ± 2.0 19.5 ± 1.9 27.2 ± 3.1 0.68 .403 1.39 .004
  Cholesterol, HDL-2 8.47 ± 0.80 8.98 ± 0.64 11.2 ± 0.9 0.94 .882 1.25 .003
  Cholesterol, HDL-3 11.1 ± 0.7 10.5 ± 0.5 10.5 ± 0.5 1.06 .837 1.00 .921
  Cholesterol, HDL-4 19.7 ± 1.1 18.7 ± 0.7 14.1 ± 1.0 1.05 .806 0.75 <.001
  Free Cholesterol, HDL-1 2.81 ± 0.47 3.52 ± 0.50 5.49 ± 0.64 0.80 .742 1.56 .001
  Free Cholesterol, HDL-2 1.77 ± 0.19 1.54 ± 0.18 1.94 ± 0.18 1.15 .799 1.26 .002
  Free Cholesterol, HDL-3 1.75 ± 0.20 1.50 ± 0.14 1.38 ± 0.10 1.17 .742 0.92 .186
  Free Cholesterol, HDL-4 2.99 ± 0.31 2.71 ± 0.10 1.90 ± 0.21 1.10 .806 0.70 .002
  Phospholipids, HDL-1 17.5 ± 2.3 23.6 ± 2.5 31.6 ± 3.7 0.74 .742 1.34 .001
  Phospholipids, HDL-2 14.0 ± 1.2 14.4 ± 1.0 16.5 ± 1.2 0.97 .906 1.15 .007
  Phospholipids, HDL-3 18.5 ± 1.2 17.3 ± 0.7 15.8 ± 0.7 1.07 .806 0.91 .001
  Phospholipids, HDL-4 29.0 ± 1.4 27.0 ± 0.6 19.6 ± 1.3 1.07 .666 0.73 <.001
  Apo-A1, HDL-1 18.9 ± 3.4 27.7 ± 3.5 39.7 ± 5.2 0.68 .444 1.43 .004
  Apo-A1, HDL-2 18.6 ± 1.3 19.4 ± 1.0 19.7 ± 1.2 0.96 .882 1.01 .646
  Apo-A1, HDL-3 29.0 ± 1.8 27.8 ± 1.0 26.1 ± 0.9 1.04 .882 0.94 .009
  Apo-A1, HDL-4 70.6 ± 3.5 68.8 ± 1.5 55.0 ± 2.7 1.03 .882 0.80 <.001
  Apo-A2, HDL-1 2.13 ± 0.34 2.42 ± 0.36 3.18 ± 0.48 0.88 .882 1.31 .006
  Apo-A2, HDL-2 3.62 ± 0.32 3.16 ± 0.27 3.30 ± 0.31 1.14 .742 1.04 .473
  Apo-A2, HDL-3 6.93 ± 0.53 5.63 ± 0.33 5.34 ± 0.26 1.23 .403 0.95 .186
  Apo-A2, HDL-4 18.8 ± 1.1 16.3 ± 0.6 11.2 ± 1.0 1.15 .403 0.69 <.001

Note: Data are shown as mean ± SEM with p-values adjusted for multiple comparisons using the Benjamini–Hochberg Adjustment. HDL = High-density lipo-
protein.
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cardiovascular risk. These studies have been historically done in 
overweight, obese, or hyperlipidemic individuals (27–29) whereas 
we targeted healthy, nonobese, nonhypertriglyceridemic older adults. 
The main effects of n3-PUFA supplementation in this population 
were a reduction in total TG, a reduction in VLDL particle number, 
a modest increase in HDL cholesterol, a shift in the composition of 
HDL subclasses, and no significant effects on LDL subclasses other 
than a significant increase in small, dense LDL particles.

Our finding that n3-PUFAs lowered total circulating TG without 
changing total cholesterol or LDL cholesterol is consistent with prior 
reports in other populations (25,28), but the current study dem-
onstrates that this holds true in healthy older adults with normal 
triglycerides. Although total Apo-B100 levels did not change with 
n3-PUFAs, there was a significant decrease in VLDL Apo-B levels, 
suggesting that the TG lowering effects that we observed in healthy 
older adults could be at least partially mediated by reduction in 
VLDL apo B production as shown by others (30–32) rather than 
increased catabolism of Apo B-containing LDL or IDL, which re-
mained unchanged following n3-PUFAs in the current study.

The effects of n3-PUFAs on HDL are less consistent in the lit-
erature with some studies reporting that HDL is increased (33,34), 
decreased (25), or unchanged (28,29,35). We find a modest but sig-
nificant increase in total HDL levels following n3-PUFA supplemen-
tation in healthy older adults. While this finding may suggest some 

cardiovascular benefit of n3-PUFAs beyond lowering TGs, we fur-
ther examined this possibility by examining the composition of the 
various HDL subclasses, which exhibit considerable heterogeneity 
in size and composition. Of particular interest, we observed that the 
smaller, dense HDL particles contained more cholesterol following 
n3-PUFA supplementation whereas the larger, less dense particles 
contained less cholesterol. This observation is consistent with the 
notion that n3-PUFAs may improve HDL function as more chol-
esterol is scavenged by the small, dense LDLs and more cholesterol 
is offloaded to the liver for hepatobiliary secretion by the large, 
dense HDL particles (ie, greater cholesterol efflux capacity). This 
finding is consistent with prior studies that showed that n3-PUFA 
consumption is associated with increased large, less dense HDL and 
decreased small, dense HDL subspecies (34,36,37). Although we did 

Figure 1.  Quantitative plasma metabolomics. Quantitative metabolomics 
was performed in plasma using 1H-NMR and MS analytical platforms. 
Volcano plots compare metabolite abundance in old preintervention with 
young (panel A) and old postintervention with old preintervention (panel B).

Figure 2.  Partial Least Squares – Discriminant Analysis (PLS-DA). PLS-DA 
was performed using combined NMR and MS data sets. (A) Scores plot 
between the selected components with the explained variances are shown 
in brackets for each component. (B) Important features identified by PLS-DA. 
The colored boxes on the right show the relative concentrations of each 
metabolite in each group.
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not measure HDL function in terms of reverse cholesterol transport, 
antioxidant, and anti-inflammatory activities, there is a growing 
body of literature supporting a beneficial role for n3-PUFAs in HDL 
function (38). It is possible that the observed reduction in some chol-
esterol esters (eg, CE(18:3)) may reflect such influence on HDL func-
tion, although this possibility requires further investigation.

The NMR lipoprotein subclass analysis altogether sug-
gests potentially antiatherogenic effects of n3-PUFAs in healthy, 
nonhypertyglyceridemic older adults based on observed decreased 
VLDL particle number, decreased TG, increased HDL, and shifted 
composition of HDL subclasses suggestive of improved HDL func-
tion. It was therefore surprising to observe a significant increase in the 
number of small, dense LDL particles, which are recognized for their 
atherogenic properties because of the ease at which they penetrate 
vessel walls, delayed clearance from plasma, affinity for proteogly-
cans, and susceptibility to oxidation (39,40). This finding is in con-
trast to previous studies that report lower levels of small, dense LDL 
particles following n3-PUFA administration (41–43). However, these 
studies enrolled patients with hypertriglyceridemia whereas studies in 
patients with normal TGs, including ours, showed that n3-PUFAs in-
crease small, dense LDLs (27) and increased LDL apo-B concentrations 
(44). In terms of cardiovascular disease risk factors, the participants in 
this study were healthy, relatively lean older adults, without evidence 
of hypertension, diabetes, or hypertriglyceridemia (13). Nevertheless, 
n3-PUFA administration improved several established parameters that 
define cardiovascular risk, including lowering systolic blood pressure, 
decreasing total cholesterol, and lowering fasting insulin (13).

Beyond their influence on circulating lipid profiles, other bio-
logical effects of dietary n3-PUFAs have not been characterized 
in detail. There was an early flurry of excitement about potential 
metabolic benefits of n3-PUFAs in glucose metabolism and insulin 
sensitivity, although the promising findings from preclinical models 
have been difficult to reproduce in humans (10). Emerging evidence 
suggests that n3-PUFAs may have beneficial influence on mitochon-
drial physiology (13,45) and muscle protein metabolism (13,15), al-
though the mechanisms have not been fully unveiled. In an effort 
to help characterize some less well-recognized effects of n3-PUFA 
supplementation in healthy older adults, we performed untargeted 
metabolite profiling of peripheral blood by NMR and MS platforms. 
Consistent with known anabolic effects of n3-PUFAs (13,15), we 
observed significant increases in hydroxyproline following sup-
plementation in older adults. Hydroxyproline is produced by hy-
droxylation of proline during protein synthesis (46). Indeed, we 
previously reported significant increases in muscle protein synthesis 
following n3-PUFA supplementation in these individuals (13). We 
also observed significant reductions in circulating kynurenine levels 
in older adults following n3-PUFA supplementation. The kynurenine 
pathway of tryptophan degradation is increased in response to in-
flammation (47), and activation of this pathway is associated with 
depression (48). A  previous study demonstrated that fish oil sup-
plementation attenuated the activation of the kynurenine pathway 
upon administration of lipopolysaccharide as a model of sickness be-
havior (49). Another recent paper describes how n3-PUFAs protect 
against hippocampal neurogenesis in response to IL-1β by modu-
lating the kynurenine pathway (50). Here, we show that n3-PUFAs 
significantly reduce circulating kynurenine levels in healthy older 
adults who exhibited modest elevations in kynurenine compared to 
young as well as increased circulating inflammatory markers such as 
interleukin 6 (13). The possibility that n3-PUFAs may confer benefits 
to individuals with age-related neurodegenerative diseases by modu-
lating the kynurenine pathway will require further investigation.

Substantial efforts were made to identify the major unknown 
compound observed by 1H-NMR profiling because this compound 
was the strongest contributor to the PLS-DA separation of plasma 
samples before and after n3-PUFA supplementation. We identified 
this compound as 3‐carboxy‐4‐methyl‐5‐propyl‐2‐furanpropionic 
acid (CMPF) through a combination of NMR, LC-MS, and GC-MS 
metabolite profiling. CMPF is a furan fatty acid that is strongly asso-
ciated with dietary fish intake (51). The precedent literature is mixed 
regarding the biological effects of CMPF. Plasma levels of CMPF 
were found to be elevated in humans with gestational diabetes and 
type 2 diabetes (52). The authors go on to show that CMPF is det-
rimental to islet function through a series of experiments where 
CMPF impaired glucose-stimulated insulin secretion when admin-
istered to mice or to cultured islets (52). In the current study, we 
observe plasma concentrations of CMPF approximately 50  μM, 
which is substantially lower than reported CMPF levels in diabetic 
patients (52). Furthermore, we found that fasting plasma insulin and 
HOMA-IR were significantly decreased following n3-PUFA supple-
mentation in these subjects (13), suggesting that insulin sensitivity 
was improved by n3-PUFA supplementation despite increasing 
CMPF levels. In agreement with this, another study showed that the 
increase in CMPF levels following fish consumption was not associ-
ated with impaired glucose metabolism (53). The source of elevated 
CMPF in diabetic patients is currently unknown, but early evidence 
suggests that the milder elevation in CMPF resulting from n3-PUFA 
supplementation is not detrimental to glucose metabolism.

In conclusion, the current study shows that n3-PUFA supplemen-
tation in healthy older adults with normal triglycerides results in sig-
nificant reduction in total TG, reduction in VLDL particle number, 
modestly increased HDL cholesterol, and a shift in the composition of 
HDL subclasses. Furthermore, n3-PUFA supplementation decreased 
levels of many diacylglycerols, phospholipids, and triacylglycerols, 
which are associated with metabolic and cardiovascular disease 
(54,55). It is important to point out that the current study design 
cannot address the possible temporal or seasonal changes in circu-
lating lipids or metabolites. Another caveat of the study design is that 
controlling diet for 3 days prior to blood sampling may obscure po-
tential metabolite differences between young and old related to dietary 
intake. Although plasma metabolomics revealed subtle differences be-
tween healthy young and older adults, n3-PUFA supplementation in 
older adults was accompanied by pronounced changes in phospho-
lipids, cholesterol esters, diglycerides, and triglycerides. Furthermore, 
significant changes in hydroxyproline, kynurenine, and CMPF fol-
lowing n3-PUFA supplementation provide further insight into some 
less well-recognized biological effects of n3-PUFA supplementation.

Supplementary Material

Supplementary data is available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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