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Abstract Natural variations in the 13C:12C ratio (car-
bon-13 isotopic abundance [δ13C]) of the food supply
have been used to determine the dietary origin and
metabolism of fatty acids, especially in the n-3 PUFA
biosynthesis pathway. However, n-6 PUFA meta-
bolism following linoleic acid (LNA) intake remains
under investigation. Here, we sought to use natural
variations in the δ13C signature of dietary oils and
fatty fish to analyze n-3 and n-6 PUFA metabolism
following dietary changes in LNA and eicosapentae-
noic acid (EPA) þ DHA in adult humans. Participants
with migraine (aged 38.6 ± 2.3 years, 93% female, body
mass index of 27.0 ± 1.1 kg/m2) were randomly
assigned to one of three dietary groups for 16 weeks:
1) low omega-3, high omega-6 (H6), 2) high omega-3,
high omega-6 (H3H6), or 3) high omega-3, low
omega-6 (H3). Blood was collected at baseline, 4, 10,
and 16 weeks. Plasma PUFA concentrations and δ13C
were determined. The H6 intervention exhibited in-
creases in plasma LNA δ13C signature over time;
meanwhile, plasma LNA concentrations were un-
changed. No changes in plasma arachidonic acid δ13C
or concentration were observed. Participants on the
H3H6 and H3 interventions demonstrated increases
in plasma EPA and DHA concentration over time.
Plasma δ13C-EPA increased in total lipids of the H3
group and phospholipids of the H3H6 group
compared with baseline. Compound-specific
isotope analysis supports a tracer-free technique
that can track metabolism of dietary fatty acids in
humans, provided that the isotopic signature of the
dietary source is sufficiently different from plasma
δ13C.
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Compound-specific isotope analysis (CSIA) is a rela-
tively simple and cost-effective method that has been
used to analyze the metabolism and dietary origin of
fatty acids by taking advantage of natural variations in
the dietary 13C isotope composition of the food supply
(1). 13C isotopic values of natural samples are universally
expressed as the difference between the 13C:12C ratio of
a metabolite and a reference material, identified as
carbon-13 isotopic abundance (δ13C) and reported in
milliUrey (mUr) (2). Each 1 mUr change demonstrates a
one per mille (1 in 1,000, ‰) change in the 13C:12C ratio
compared with the reference material. δ13C is refer-
enced to the remains of a Cretaceous marine fossil
(Belemnitella americana), having a higher δ13C signature
than all living things (3). Therefore, all living things will
have negative δ13C signatures because of the lower
13C:12C ratio compared to Belemnitella americana (4).

There are differences in carbon isotope composition
throughout the food chain, starting with differences in
photosynthetic processes and carbonfixation inplants (5).
This variation results in plants being categorized into C3

or C4, where fatty acids isolated from C3 plants have a
naturally lower 13C:12C ratio (−23 to −32 mUr) compared
with C4 plants (−10 to −16 mUr) (4). In addition, aquatic
organisms typically havemore intermediate 13C:12C ratios
(−16 to−23mUr) (5). These natural differences in the δ13C
signatures of the food supplyhavebeenutilized toanswer
questions relating to dietary assessment and metabolism.
For example, high δ13C-arachidonic acid (ARA; 20:4n-6)
and δ13C-docosahexaenoic acid (DHA, 22:6n-3) via for-
mula fed to infants were used to estimate turnover rates
of plasma phospholipid (PL) ARA and DHA (6), and
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feeding high δ13C corn oil to infants was used to estimate
the percentage conversion of linoleic acid (LNA; 18:2n-6)
to ARA (7). Our laboratory has also utilized these natural
variations in the 13C:12C ratio of the food supply to
determine the dietary origin of DHA in fat-1 mice using
high δ13C content corn oil and low δ13C content safflower
oil (8), or consumption of intermediate δ13C content DHA
and low δ13C content alpha-linolenic acid (ALA; 18:3n-3) in
BALB/cmice (1). In addition, natural variations in δ13C of
the food supply have been used to analyze the n-3 PUFA
biosynthesis pathway in rats (9) and humans (10). For
example, natural variations in the δ13C of eicosapentae-
noic acid (EPA, 20:5n-3) andDHA supplements were used
to determine EPA and DHA metabolism in humans (10).
Therefore, using δ13C signatures of fatty acids in the food
supply can provide insight into in vivo fatty acid meta-
bolism, especially in the n-3 PUFA biosynthesis pathway,
by analyzing changes in the δ13C of tissue or plasma fatty
acids following dietary intake compared with the δ13C
signature of fatty acids from the diet.

In the past century, the Western diet has seen a sig-
nificant increase in LNA intake (11), leading to concerns
about increased inflammation because of the down-
stream proinflammatory effects of ARA. However, high
dietary LNA intake is not associated with increased in-
flammatory markers (12–16), and ARA levels remain
unchanged (17). Despite these findings, it is still debated
why dietary LNA intake does not affect ARA concen-
tration. Hence, natural δ13C differences in the food
supply may also be a useful method to assess the
metabolite fate of LNA. The present study is an
exploratory secondary analysis using specimens from
the Nutrition for Migraine Prevention trial: a double-
blinded and randomized controlled trial where the pri-
mary end point analyzed the effectiveness of altering n-3
EPA + DHA and/or n-6 LNA on circulating lipid me-
diators in headache pathogenesis and headache impact
in adults with migraine (18). We utilize the natural vari-
ations in the δ13C of dietary oils from this trial to explore
1) the metabolism of the n-3 PUFA biosynthesis pathway,
specifically changes in plasma δ13C of EPA and DHA in
response to altering dietary EPA + DHA and 2) the
metabolism of the n-6 PUFA biosynthesis pathway,
especially changes in plasma δ13C of ARA and LNA
following changes in dietary LNA. We would expect to
see the δ13C of plasma EPA and DHA shift toward the
dietary δ13C signature of EPA and DHA in diets with
increased consumption of EPA and DHA and the δ13C of
plasma ARA and LNA change toward the dietary δ13C
signature of LNA in diets with increased LNA intake.
MATERIALS AND METHODS

Participants and study design
We analyzed a randomly selected subset of 30 participants

(aged 38.6 ± 2.3 years, 93% female, body mass index = 27.0 ±
1.1 kg/m2) from the original 141 study participants who
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completed participation in the Nutrition for Migraine Pre-
vention trial. These participants were recruited from head-
ache specialty clinics and community sources around the
University of North Carolina. Eligible participants were
required to be at least 18 years of age and met the 2004 In-
ternational Classification of Headache Disorders criteria for
migraine (5–20 migraine days per month). Exclusion criteria
included regular use of dietary supplements containing fatty
acids, food allergies resulting in a rash or dyspnea, aversion to
eating seafood, pregnancy or a recent change in hormone use,
marked depression, anxiety, or psychosis at the time of
enrollment, active treatment for a major medical illness (e.g.,
autoimmune disorder, malignancy), recent substance abuse,
or a history of head trauma, hemorrhage, hematoma, nervous
system infections (e.g., meningitis, encephalitis), intracranial
mass, clotting disorders, vasculitis, or cognitive dysfunction
that would prevent informed consent. The study was regis-
tered at clinicaltrials.gov (NCT02012790) and was conducted
from July 2014 to May 2018. Primary (plasma antinociceptive
mediator 17-hydroxy-DHA and headache impact test) and
secondary (headache frequency, patient-reported outcome
measurement information system-29 profile, 17-hydroxy
DHA trajectory) endpoints and sample size calculations are
previously described (18).

All participants provided written informed consent. The
study was approved by the Human Research Ethics Commit-
tee of the University of North Carolina (Institutional Review
Board no.: 13-3284) and abided by the Declaration of Helsinki
principles. In a three-armed, parallel-group, double-blinded,
and randomized design, participants were randomly
assigned to one of three dietary groups for a 16-week inter-
vention: 1) a low n-3, high n-6 group (H6) consisting of the
average US dietary intake of n-3 PUFAs and LNA (n = 10), 2) a
high n-3, high n-6 group (H3H6) consisting of increased DHA
and EPA intake with the average US dietary intake of LNA
(n = 10), or 3) a high n-3, low n-6 group (H3) consisting of
increased DHA and EPA with low LNA intake (n = 10). All
participants had fasting blood withdrawn at baseline (week 0)
and after 4, 10, and 16 weeks of diet exposure.
Dietary intervention
Detailed information regarding dietary interventions used

for the three dietary groups, including dietary adherence, has
been previously described (18–20). Foods and oils were care-
fully selected to achieve the nutrient intake levels of each diet
group and were provided to study participants. The H3H6
diet was designed to increase EPA + DHA intake to 1.5 g/day
while maintaining the average US intake of LNA (7.0% of
food energy). The H3 diet was designed to increase EPA +
DHA to 1.5 g/day while decreasing LNA intake to ≤1.8% of
energy. The H6 diet was designed to maintain the average US
intake of LNA (7.0% of energy) and EPA + DHA (<150 mg/
day). The three diets were similar in composition, with the
differences being in the study provided oil and butter for-
mulations, as well as protein sources (e.g., fatty fish or low-fat
fish and lean meats). The H6 and H3H6 groups consumed a
high-LNA oil blend, consisting of 75% corn oil and 25% extra
virgin olive oil, and a butter blend consisting of 50% corn oil
and butter. The H3 group consumed a low-LNA oil blend
containing 75% macadamia nut oil and 25% extra virgin olive
oil in addition to butter (supplemental Table S1). These di-
etary oils were the primary source of fat and used in home
cooking, the study provided salad dressing, and the study
provided foods. Dietary EPA and DHA intakes were achieved
in the H3 and H3H6 groups through the consumption of
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study-provided tuna, salmon, and sardines, whereas the H6
group consumed low-fat fish and lean meats. Participants in
all dietary interventions were provided with a variety of low-
LNA foods and were instructed to purchase other low-LNA
foods to complement the study-provided foods.

Blood collection
Methods for blood collection have been previously

described (19). Briefly, fasting blood was collected into EDTA
tubes. Blood fractions were immediately separated by centri-
fugation at 2,960 rpm for 15 min, and the upper plasma layer
was aliquoted. Samples were stored at the University of North
Carolina Bioanalytical Core Laboratory at −80◦C. Plasma
samples were shipped to the University of Toronto on dry ice
and stored at −80◦C until lipid extraction in 2021.

Lipid extraction, separation by TLC, and
transesterification

For the secondary analysis, ten participants from each di-
etary group who completed the study protocol were randomly
selected by a computer-generated random number list for
fatty acid analysis. Total lipids were extracted from 300 μl of
plasma using a modified Folch method (21), as previously
described (22, 23). Lipid extraction was performed with 2:1
chloroform:methanol in the presence of 10 μg of unesterified
heptadecanoic acid, cholesteryl ester (CE), triglyceride (TG),
and phosphatidylcholine (17:0 FFA, CE, TG; Nu-Chek Prep,
Inc; phosphatidylcholine; Avanti Polar Lipids) as the internal
standard. Potassium chloride (0.88% [w/v]) was added to
separate phases. Aliquots of total lipid extracts were used for
total lipid quantification and neutral lipid separation using
TLC. Lipid class separation was performed using TLC-G
plates (Miles Scientific) with heptane:diethyl ether:glacial
acetic acid (60:40:2, by volume) as the migration solvent. Lipids
were visualized by application of a 0.1% w/v solution of
8-anilino-1-napthalene sulfonic acid in methanol under UV
light. The PL, CE, TG, and FFA fractions were collected. Total
lipid extract and TLC scrapes containing internal standards
were transesterified to fatty acid methyl esters (FAMEs) with
14% boron trifluoride in methanol. For the dietary oils
described above (75% corn/25% extra virgin olive oil, 75%
macadamia nut/25% extra virgin olive oil, corn oil, macad-
amia nut oil, and extra virgin olive oil), total lipids were
extracted and methylated in triplicate from 10 μl of oil using
the same procedure for total lipid quantification. FAMEs
were analyzed by GC-flame ionization detection (GC-FID).

GC-FID
FAMEs were analyzed on a Varian 430 Gas Chromatograph

(Scion Instruments) equipped with a 30 m length × 0.25 mm
diameter × 0.20 μm film thickness DB-FFAP column with
helium as the carrier gas and nitrogen as the make-up gas
(Agilent Technologies). Samples were introduced by a Varian
CP-8400 autosampler (Scion Instruments) in the injector
heated to 250◦C at a split ratio of 30:1. The initial temperature
was 50◦C with a 1 min hold followed by a 30◦C/min ramp to
130◦C, a 10◦C/min ramp to 175◦C, a 5◦C ramp to 230◦C, and a
9.5 min hold and a 50◦C/min ramp to 240◦C with an 11.1 min
hold for a total run time of 40 min. The FID temperature was
300◦C with air and helium makeup gas flow rates of 300 and
25 ml/min, respectively, and a sampling frequency of 40 Hz.
Identification of peaks was performed by retention time
comparison to external FAME reference standard mixture
Compo
(GLC-569; Nu-Chek Prep, Inc). Chromatograms were analyzed
with CompassCDS (version 3.0.0.68; Scion Instruments).
FAMEs were quantified by comparing the concentration of
each fatty acid to the known amount of 17:0 internal standard
present in all the samples. After GC-FID analysis, vials were
recapped and stored at −20◦C until analysis by GC-isotope
ratio MS (GC-IRMS) in 2022 and 2023.
Isotopic analysis
The plasma and dietary oil δ13C of FAMEs were deter-

mined by GC-IRMS. FAMEs were separated using Trace 1310
Gas Chromatograph (Thermo Fisher Scientific) equipped
with TriPlus RSH autosampler, as previously described (24).
The GC was equipped with a fused silica capillary column
(100 mm × 0.25 mm × 0.2 μm film thickness; Supelco, Sigma-
Aldrich; catalog no.: 24056). Complete fatty acid separation
was achieved with the following program: initial temperature
of 60◦C with an immediate ramp of 15◦C/min to 180◦C with
no hold, followed by a 1.5◦C/min ramp to 240◦C with an 18-
min hold for a total run time of 66 min. The carrier flow
rate was set to 1.2 ml/min. Isolated fatty acids were combusted
by GC-Isolink II held at 1,000◦C and interfaced to MAT 253
IRMS (Thermo Fisher Scientific) via a continuous-flow Con-
Flo IV (Thermo Fisher Scientific). Carbon dioxide was dried
via flowing gas through a Nafion dryer before entering the
MAT 253 IRMS ion source for isotope detection. Peaks for
FAMEs were identified by retention time relative to injections
of reference material (GLC-462; Nu-Check Prep, Inc) and
integrated with peak detection parameters of start and stop
slopes of 0.2 mV/s and 1.4 mV/s, respectively, with individual
background correction.
Isotopic normalization
δ13C of plasma PUFA and dietary oils collected by GC-

IRMS were normalized and converted to the international
carbon isotope reference scale, Vienna Peedee Belemnite,
through multipoint linear normalization and reported in
mUr, as described previously (1, 8, 9). Certified calibrated
20-carbon FAME reference materials (USGS70, USGS71,
USGS72; Reston Stable Isotope Laboratory, US Geological
Survey) were injected periodically during the sequences.
Linear regression of measured values compared with true
values (−30.53 ± 0.04, −10.50 ± 0.03, and −1.54 ± 0.03 mUr for
USGS70, USGS71, and USGS72, respectively) was used to
generate the normalizing equation to report δ13C values for
all data. R2 values for all normalizing equations were
>0.9997.
Methyl correction
To account for the contribution of carbon from the

derivatized methyl group, a correction calculation was per-
formed by elemental analyzer as previously described (1, 9).
For the correction, we compared the isotopic signatures of
heptadecanoic acid (17:0, Nu-Chek Prep, Inc) and heptadeca-
noic acid methyl esters prepared using the same stock solution
of 14% boron trifluoride in methanol.
Data analyses
All statistical analyses were performed with GraphPad

Prism (version 9.3.1; GraphPad Software, Inc). Differences in
plasma fatty acid concentration, relative percentage, and δ13C
signature between baseline, 4-week, 10-week, and 16-week time
und-specific isotope analysis for fatty acid metabolism 3



points for each dietary intervention group for total lipids, PL,
CE, TG, and FFA were determined by one-way repeated-
measures ANOVA. Significant results were followed up with
Fisher’s least significant difference test to compare differ-
ences from each time point (4 weeks, 10 weeks, and 16 weeks)
to baseline. Carbon isotope ratio correlations between lipid
fractions and total lipids and carbon isotope ratio correlations
between specific fatty acids were determined by Pearson
correlations. The significance for all statistical analyses was
determined at P < 0.05. All data are presented as mean ± SEM.
Additional analyses for differences in plasma fatty acid con-
centration and δ13C signature adjusted for participant base-
line values are provided in supplemental Figs. S1–S5.
RESULTS

Participants
Final analyses for plasma fatty acid concentrations

and δ13C included randomly selected participants from
the 141 who completed the full study protocol: ten
participants in the H6 dietary group, ten in the H3H6
dietary group, and ten in the H3 dietary group. No
between-group differences in adverse effects were
observed during the intervention. Baseline participant
characteristics for each dietary group, including age (y),
body mass index (kg/m2), sex, race, relationship status,
education, and annual household income are reported
in supplemental Table S2.

Fatty acid composition and δ13C of dietary oils
The fatty acid compositions and δ13C of selected fatty

acids of each dietary oil are reported in Table 1. The
75% corn/25% olive oil blend (high-LNA oil blend)
contained 44.6% ± 0.06% of its total fatty acids as LNA,
with a δ13C-LNA signature of −16.1 ± 0.04 (mUr ± SEM),
whereas the 75% macadamia/25% olive oil blend (low-
LNA oil blend) contained 4.46% ± 0.26% of its total
TABLE 1. Fatty acid composition and δ13C of

Fatty acid 75% Macadamia/25% olive 75% Corn/25% o

16:0 9.21 ± 0.02 11.6 ± 0.02
18:0 2.97 ± 0.004 1.79 ± 0.003
20:0 1.71 ± 0.004 0.35 ± 0.000
22:0 0.43 ± 0.002 0.10 ± 0.000
Saturated fatty acids 15.0 ± 0.02 14.0 ± 0.02
16:1n-7 14.9 ± 0.14 0.34 ± 0.000
18:1n-7 2.90 ± 0.02 0.90 ± 0.006
18:1n-9 59.5 ± 0.11 38.4 ± 0.01
20:1n-9 1.78 ± 0.006 0.32 ± 0.000
22:1n-9 0.15 ± 0.0006 0.04 ± 0.002
MUFAs 79.3 ± 0.21 40.1 ± 0.008
18:2n-6 4.46 ± 0.26 44.6 ± 0.06
20:2n-6 0.003 ± 0.0001 0.02 ± 0.000
n-6 PUFA 4.46 ± 0.26 44.6 ± 0.06
18:3n-3 0.35 ± 0.003 0.83 ± 0.002
20:3n-3 0.005 ± 0.0003 0.008 ± 0.000
n-3 PUFA 0.35 ± 0.003 0.84 ± 0.001
δ13C-18:2n-6 −28.3 ± 0.69 −16.1 ± 0.04
δ13C-18:3n-3 −29.8 ± 0.02 −20.0 ± 0.67

Data are means ± SEM, n = 3. Fatty acid composition expressed as
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fatty acids as LNA, with a δ13C-LNA signature of −28.3
± 0.69.

Plasma LNA and ARA concentrations and δ13C
following intervention

H6 dietary intervention did not affect the plasma
concentration of LNA for the total, PL, CE, TG, and
FFA lipid pools (Fig. 1A, C, D, E, and F). The H6 inter-
vention increased plasma total lipid δ13C of LNA at 4,
10, and 16 weeks from −28.2 ± 0.42 (mUr ± SEM)
to −26.2 ± 0.73 at 4 weeks, −26.4 ± 0.65 at 10 weeks,
and −26.7 ± 0.36 at 16 weeks (Fig. 1B, P < 0.05). Plasma
PL δ13C of LNA increased at 4 weeks (P < 0.05), though
there was no effect at 10 or 16 weeks or at any time
point in the CE, TG, and FFA lipid fractions
(supplemental Fig. S6). There was no effect on the
plasma concentration of ARA for total lipids and all
other lipid fractions (Fig. 2A, C, D, E, and F). Further-
more, H6 intervention did not affect plasma total lipid
δ13C of ARA (−25.9 ± 0.72 at baseline to −24.7 ± 0.17 at
4 weeks, −24.7 ± 0.29 at 10 weeks, and −24.9 ± 0.25 at
16 weeks) (Fig. 2B) or plasma PL, CE, TG, and FFA δ13C
of ARA (supplemental Fig. S7).

H3H6 dietary intervention revealed no effect on the
plasma concentration of LNA for total, CE, TG, and
FFA pools (Fig. 1A, D, E, and F), though there was a
decrease of 19.3% in LNA concentration at 10 weeks in
the PL fraction (Fig. 1C, P < 0.05). There was no H3H6
effect on plasma total lipid δ13C of LNA (−27.3 ± 0.42 at
baseline to −26.1 ± 0.34 at 4 weeks, −26.2 ± 0.54 at
10 weeks, and −27.0 ± 0.48 at 16 weeks) (Fig. 1B) or
plasma PL, CE, TG, and FFA δ13C of LNA
(supplemental Fig. S6). The H3H6 intervention did not
affect the plasma concentration of ARA for total lipids
and all other lipid fractions as well as the plasma δ13C-
ARA (Fig. 2 and supplemental Fig. S7).
selected fatty acids contained in dietary oils

Dietary oil

live Macadamia Corn Olive

8.60 ± 0.03 11.5 ± 0.06 12.2 ± 0.04
3.11 ± 0.004 1.36 ± 0.007 2.35 ± 0.005

6 2.09 ± 0.02 0.28 ± 0.005 0.35 ± 0.0008
5 0.52 ± 0.006 0.08 ± 0.002 0.09 ± 0.0008

15.2 ± 0.003 13.3 ± 0.05 15.1 ± 0.04
9 19.7 ± 0.05 0.19 ± 0.04 0.85 ± 0.01

3.32 ± 0.03 0.49 ± 0.01 1.52 ± 0.03
55.4 ± 0.10 26.0 ± 0.05 73.1 ± 0.34

3 2.18 ± 0.02 0.25 ± 0.006 0.33 ± 0.002
0.19 ± 0.002 0.04 ± 0.0005 0.006 ± 0.0003
80.9 ± 0.04 27.0 ± 0.10 76.0 ± 0.35
2.57 ± 0.04 57.9 ± 0.12 7.71 ± 0.39

3 0.01 ± 0.0007 0.02 ± 0.0002 0.003 ± 0.0004
2.57 ± 0.03 57.9 ± 0.11 7.71 ± 0.39
0.23 ± 0.004 0.95 ± 0.002 0.75 ± 0.002

9 0.004 ± 0.0004 0.002 ± 0.00004 0.002 ± 0.0004
0.23 ± 0.004 0.95 ± 0.002 0.75 ± 0.002

−29.6 ± 0.03 −15.6 ± 0.08 −28.5 ± 0.70
−29.9 ± 0.03 −16.2 ± 0.13 −30.0 ± 0.25

the relative percentage of fatty acid in total fatty acids.



Fig. 1. Changes in plasma LNA (A) concentration of total lipids, (B) total lipid δ13C content, (C) concentration of PLs, (D) con-
centration of CEs, (E) concentration of TGs, and (F) concentration of FFAs from baseline (week 0) to 4, 10, and 16 weeks for low n-3,
high n-6 (H6; blue), high n-3, high n-6 (H3H6; red), and high n-3, low n-6 (H3; green) dietary groups. * represents a significant effect
of diet at the respective time point compared with baseline, as determined by one-way repeated-measures ANOVA with Fisher’s
least significant difference post hoc test, P < 0.05, n = 10, means ± SEM.

Fig. 2. Changes in plasma ARA (A) concentration of total lipids, (B) total lipid δ13C content, (C) concentration of PLs, (D) con-
centration of CEs, (E) concentration of TGs, and (F) concentration of FFAs from baseline (week 0) to 4, 10, and 16 weeks for low n-3,
high n-6 (H6; blue), high n-3, high n-6 (H3H6; red), and high n-3, low n-6 (H3; green) dietary groups. Statistically significant effects
were determined by one-way repeated-measures ANOVA, P > 0.05, n = 10, means ± SEM.

Compound-specific isotope analysis for fatty acid metabolism 5



H3 dietary intervention yielded no effect on plasma
total lipid δ13C of LNA and concentration of LNA for
the total, PL, CE, TG, and FFA pools (Fig. 1 and
supplemental Fig. S6). Similarly, the H3 dietary inter-
vention yielded no effect on the plasma concentration
of ARA for the total, PL, CE, TG, and FFA pools as well
as plasma total lipid δ13C of ARA (Fig. 2 and
supplemental Fig. S7). All dietary interventions did not
affect plasma δ13C of gamma-linolenic acid (18:3n-6)
and dihomo-γ-linolenic acid (20:3n-6) (supplemental
Fig. S8). Data were similar when comparing the
plasma δ13C of n-6 PUFAs in the H6 and H3H6 dietary
interventions compared with the H3 dietary group
(data not shown).

Plasma EPA, DHA, and ALA concentrations and δ13C
following intervention

H3 dietary intervention revealed an increase in
plasma total lipid concentration of EPA at 4, 10, and
16 weeks, by 154%, 131%, and 83.2%, respectively
(Fig. 3A, P < 0.05). There was an increase in the plasma
concentration of EPA for the CE lipid fraction at 10 and
16 weeks (Fig. 3D, P < 0.05), though there was no effect
for the PL, TG, or FFA fractions (Fig. 3C, E, and F). The
H3 intervention demonstrated an increase in the
plasma total lipid δ13C of EPA at all time points
from −30.1 ± 0.46 (mUr ± SEM) at baseline to −28.7 ±
0.31 at 4 weeks, −28.9 ± 0.29 at 10 weeks, and −28.4 ±
0.29 at 16 weeks (Fig. 3B, P < 0.05), while there was no
Fig. 3. Changes in plasma EPA (A) concentration of total lipids, (B
tration of CEs, (E) concentration of TGs, and (F) concentration of FF
n-6 (H6; blue), high n-3, high n-6 (H3H6; red), and high n-3, low n-6 (H
at the respective time point compared with baseline, as determin
significant difference post hoc test, P < 0.05, n = 10, means ± SEM.
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effect in the PL and CE lipid fractions (supplemental
Fig. S9). H3 dietary intervention increased the plasma
DHA concentration in the total lipid pool at 4 and
16 weeks, by 89.0% and 56.1%, respectively (Fig. 4A, P <
0.05). However, there was no effect on plasma DHA
concentration in the PL, CE, TG, and FFA fractions
(Fig. 4C–F). There was no effect on the δ13C of DHA
(Fig. 4B and supplemental Fig. S10).

The H3H6 intervention significantly increased
plasma total lipid concentration of EPA at 10 and
16 weeks, by 196% and 146%, respectively (Fig. 3A, P <
0.05). Similarly, there was an increase in the plasma
concentration of EPA in the PL and CE lipid fractions
at all time points compared with baseline (Fig. 3C, D, P
< 0.05). However, there was no effect on the plasma
concentration of EPA in the TG and FFA lipid frac-
tions (Fig. 3E, F). There was no effect on the plasma
total lipid δ13C of EPA (Fig. 3B), though there was an
increase in the plasma PL δ13C-EPA at 4 and 16 weeks
(supplemental Fig. S9, P < 0.05). H3H6 intervention
showed an increase in the plasma total lipid concen-
tration of DHA at 10 and 16 weeks, by 78.2% and 62.9%,
respectively (Fig. 4A, P < 0.05). In addition, the PL pool
demonstrated an increase (P < 0.05) in plasma DHA at
4, 10, and 16 weeks compared with baseline (Fig. 4C, P <
0.05), though there was no effect on plasma DHA in the
CE, TG, and FFA fractions (Fig. 4D–F). There was no
effect on the plasma δ13C of DHA (Fig. 4B and
supplemental Fig. S10).
) total lipid δ13C content, (C) concentration of PLs, (D) concen-
As from baseline (week 0) to 4, 10, and 16 weeks for low n-3, high
3; green) dietary groups. * represents a significant effect of diet

ed by one-way repeated-measures ANOVA with Fisher’s least



Fig. 4. Changes in plasma DHA (A) concentration of total lipids, (B) total lipid δ13C content, (C) concentration of PLs, (D) con-
centration of CEs, (E) concentration of TGs, and (F) concentration of FFAs from baseline (week 0) to 4, 10, and 16 weeks for low n-3,
high n-6 (H6; blue), high n-3, high n-6 (H3H6; red), and high n-3, low n-6 (H3; green) dietary groups. * represents a significant effect
of diet at the respective time point compared with baseline, as determined by one-way repeated-measures ANOVA with Fisher’s
least significant difference post hoc test, P < 0.05, n = 10, means ± SEM.
H6 dietary intervention did not affect plasma δ13C of
EPA and DHA and did not affect EPA and DHA con-
centration for the total lipid, PL, CE, TG, and FFA pools
(Figs. 3 and 4; supplemental Figs. S8 and S9). All dietary
interventions did not affect plasma concentration of
ALA for the total, PL, CE, TG, and FFA pools (Fig. 5A,
C, D, E, and F) and there was no effect of dietary
intervention on the plasma δ13C-ALA (Fig. 5B and
supplemental Fig. S11). Data were similar when
comparing the plasma δ13C of n-3 PUFAs in the H6 and
H3H6 dietary interventions compared with the H3 di-
etary group (data not shown).

Plasma fatty acid concentration of other fatty acids
No dietary intervention affected plasma concentra-

tions or relative percentage of 14:0, 16:0, 18:0, 20:0, 24:0,
16:1n-7, 16:1n-9, 18:1n-7, 18:1n-9, 20:1n-9, 22:1n-9, 24:1n-9,
18:3n-6, 20:2n-6, 20:3n-6, 22:4n-6, 20:3n-3, 22:5-3, total satu-
rated fatty acid, total MUFA, total n-6 PUFA, total PUFA,
or total fatty acids (supplemental Tables S3 and S4). The
H3H6 dietary intervention yielded decreases in the
plasma concentration of 22:0 andpercentage of 22:5n-6 at
4 and 10 weeks compared with baseline (supplemental
Tables S3 and S4, P < 0.05). Furthermore, H3H6 dietary
intervention increased the plasma concentration of total
n-3 PUFA at 10 and 16 weeks (supplemental Table S3, P <
0.05) and increased the relative percentage of total n-3
Compo
PUFA at 4, 10, and 16 weeks compared with baseline
(supplemental Table S4, P < 0.05).

The H3 dietary intervention decreased the plasma
concentration of 22:0 at 4 weeks (supplemental
Table S3, P < 0.05) and decreased the relative percent-
age of 22:5n-6 at 4 weeks (supplemental Table S4, P <
0.05). There was an increase in the relative percentage
of total n-3 PUFA at 4, 10, and 16 weeks (supplemental
Table S4, P < 0.05). However, no effect was observed
on the plasma concentration of total n-3 PUFA.

Comparison of plasma δ13C in total lipids with
plasma δ13C of lipid fractions

The PL lipid fraction was correlated with total lipids,
particularly in δ13C-LNA at week 4 (r = 0.51, P < 0.01),
week 10 (r = 0.85, P < 0.001), and week 16 (r = 0.57,
P < 0.001) (Fig. 6A), in δ13C-ARA at week 0 (r = 0.49,
P < 0.01), week 10 (r = 0.65, P < 0.001), and week 16 (r =
0.57, P < 0.001) (Fig. 6B), and δ13C-DHA at week 0 (r =
0.60, P < 0.001), week 10 (r = 0.56, P < 0.01), and week 16
(r = 0.40, P < 0.05) (Fig. 6E). The δ13C-LNA of the CE
lipid fraction was positively correlated with total lipids
at week 4 (r = 0.52, P < 0.01), week 10 (r = 0.68, P < 0.001),
and week 16 (r = 0.65, P < 0.001). There was a positive
correlation between the δ13C-LNA of the TG lipid
fraction and total lipids at week 4 (r = 0.68, P < 0.001),
week 10 (r = 0.74, P < 0.001), and week 16 (r = 0.37,
und-specific isotope analysis for fatty acid metabolism 7



Fig. 5. Changes in plasma ALA (A) concentration of total lipids, (B) total lipid δ13C content, (C) concentration of PLs, (D) con-
centration of CEs, (E) concentration of TGs, and (F) concentration of FFAs from baseline (week 0) to 4, 10, and 16 weeks for low n-3,
high n-6 (H6; blue), high n-3, high n-6 (H3H6; red), and high n-3, low n-6 (H3; green) dietary groups. Statistically significant effects
were determined by one-way repeated-measures ANOVA, P > 0.05, n = 10, means ± SEM.
P < 0.05), as well as between the FFA lipid fraction and
total lipids at week 0 (r = 0.52, P < 0.01), week 4 (r = 0.42,
P < 0.05), and week 10 (r = 0.68, P < 0.001). Pearson
Fig. 6. Comparison of the δ13C of (A) LNA, (B) ARA, (C) EPA, (D) D
(red), TGs (purple), and FFAs (blue) at weeks 0, 4, 10, and 16 for the c
significant correlation between the respective lipid fraction and to
correlation, aP < 0.05, bP < 0.01, cP < 0.001, n = 5–30, means ± SEM.
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correlation coefficients measured between plasma δ13C
of LNA, ARA, EPA, DHA, and ALA in total lipids
versus PL, CE, TG, and FFA lipid fractions at weeks 0, 4,
HA, (E) ALA between total lipids (TLs; black), PLs (orange), CEs
ombination of all dietary interventions. Superscripts represent a
tal lipids at the indicated time point as determined by Pearson



10, and 16 for the combination of all dietary in-
terventions are available in supplemental Tables S5–S9.

Correlation of plasma δ13C of LNA with plasma δ13C
of ARA

Pearson correlation coefficients between plasma
δ13C-LNA and plasma δ13C-ARA at weeks 0, 4, 10, and 16
are presented in Table 2. In the H6 dietary intervention,
δ13C-LNA was positively correlated with δ13C-ARA at
week 0 (r = 0.36, P < 0.05), week 4 (r = 0.70, P < 0.001),
week 10 (r = 0.56, P < 0.001), and week 16 (r = 0.51, P <
0.001). δ13C-LNA in the H3H6 dietary intervention was
positively correlated with δ13C-ARA at week 4 (r = 0.68,
P < 0.001), week 10 (r = 0.47, P < 0.01), and week 16 (r =
0.38, P < 0.05). In the H3 dietary intervention, δ13C-LNA
was positively correlated with δ13C-ARA at week
0 (r = 0.71, P < 0.001), week 4 (r = 0.65, P < 0.001), week 10
(r = 0.55, P < 0.001), and week 16 (r = 0.46, P < 0.01).
DISCUSSION

In this study, participants were assigned to the H6,
H3H6, or H3 dietary intervention for 16 weeks. Plasma
was collected at baseline, 4, 10, and 16 weeks to assess
participant plasma δ13C content and concentration of n-
6 and n-3 PUFAs. The H6 and H3H6 dietary groups
consumed a high-LNA oil blend with naturally δ13C-
enriched LNA (−16.1 ± 0.13 mUr) and a butter blend
containing corn oil (−15.6 ± 0.28 mUr), which was
higher than the δ13C of the participant’s plasma fatty
acids at baseline. Meanwhile, the H3H6 and H3 dietary
groups consumed fish that tend to have an intermedi-
ate δ13C signature (−16 to −23 mUr) higher than the
δ13C of the participant’s plasma at baseline. We found
that plasma δ13C-LNA increased toward the δ13C-LNA
of dietary oils used in the H6 group in total lipids and
TABLE 2. Correlation coefficients measured between plasma
δ13C-ARA versus δ13C-LNA of PL, CE, TG, and FFA lipid fractions at

week 0, 4, 10, and 16

ARA

LNA

Week 0 Week 4 Week 10 Week 16

H6
Week 0 0.36*
Week 4 0.70***
Week 10 0.56***
Week 16 0.51***

H3H6
Week 0 0.27
Week 4 0.68***
Week 10 0.47**
Week 16 0.38*

H3
Week 0 0.71***
Week 4 0.65***
Week 10 0.55***
Week 16 0.46**

Asterisks represent statistically significant correlations deter-
mined by Pearson correlation, *P < 0.05, **P < 0.01, ***P < 0.001,
df = 38.

Compo
PL, whereas plasma δ13C-EPA increased toward the
expected δ13C-EPA of the dietary source consumed in
the total lipids of the H3 group and PLs of the H3H6
group, suggesting turnover and replenishment from
the dietary source.

Plasma δ13C-LNA increased toward the δ13C-LNA of
dietary oils used in the H6 group, demonstrating
metabolism and maintenance of plasma LNA with di-
etary LNA for the first time in adult humans without
concurrent changes in LNA concentration. LNA con-
sumption in the diet is relatively high, up to 10% of
daily energy intake (13, 25), and plasma concentrations
may already be at a plateau. In rats, this plateau has
been demonstrated to start around 8% of daily energy
intake as LNA (26). As the high n-6 PUFA groups in this
study received a target daily energy intake of 7.0%
from LNA, baseline concentrations of plasma LNA
may have already reached saturation, making it un-
likely to observe increases in LNA concentration
following dietary intake. Despite the lack of change in
total plasma concentrations of LNA, plasma δ13C-LNA
increased toward the δ13C-LNA of the dietary oils used
in the H6 group by 4 weeks, providing evidence for
complete turnover of LNA and maintenance of total
and PL plasma LNA concentrations from dietary
intake.

The increase in plasma δ13C-EPA in the total lipids of
the H3 group and PL of the H3H6 group toward the
expected δ13C-EPA of the dietary source is consistent
with a previous study showing an increase in δ13C-EPA
toward δ13C-EPA of an EPA supplement with a δ13C
signature of −23.5 mUr (10). It is important to note that
we were unable to directly measure the dietary δ13C-
EPA signature; however, the fatty fish consumed in this
study, including tuna, salmon, and sardines, tend to
yield more intermediate δ13C signatures of around −16
to −23 mUr (5). Hence, dietary δ13C-EPA is sufficiently
different from participant plasma δ13C at baseline (total
lipids: −30.1 ± 0.46; PL: −31.6 ± 1.0 mUr), and changes in
δ13C-EPA were observed. Like LNA, δ13-EPA increased
toward the expected δ13C-EPA of the dietary source
used in the H3 and H3H6 groups by 4 weeks, suggesting
complete EPA turnover. However, one limitation of our
study is that the 4-week time point is the first time point
measuring concentration and δ13C signatures following
dietary intervention, and it appears that δ13C-EPA, as
well as δ13C-LNA, have already plateaued by 4 weeks. It
is unclear what might be occurring with metabolism
and concentration before this time point, thus, future
research could benefit from additional sampling at
earlier time points.

The increase in plasma δ13C-LNA and δ13C-EPA to-
ward the δ13C-LNA and δ13C-EPA of the dietary source
supports the utility of δ13C to determine the dietary
origin of fatty acids from the food supply and their
metabolism. Natural variations in δ13C content of the
food supply have previously been used to assess n-6
PUFA metabolism in infants (6, 7), particularly in one
und-specific isotope analysis for fatty acid metabolism 9



study showing that a formula-based diet with high
δ13C-LNA (−16.4 mUr) corn oil could increase serum
δ13C-LNA from −31.5 to −18.8 mUr and serum δ13C-
ARA from −30.1 to −27.4 mUr after 4 days (7). In
addition, previous studies in our laboratory have used
δ13C to analyze the dietary origin and metabolism of n-3
PUFA (1, 8–10). EPA and DHA supplementation have
been used in humans to show substantial conversion of
EPA to DHA (10). These studies, including the present
study, demonstrate the utility of CSIA to assess fatty
acid metabolism and the dietary origin of plasma fatty
acids in humans.

While changes in δ13C-LNA and δ13C-EPA were
observed in PL, these changes were not observed in the
CE, TG, and FFA lipid fractions. PL is generally the
largest contributor to plasma total lipids; hence, they
are a major pool for dietary PUFAs (27). In our study,
δ13C of total lipids were most closely correlated with
δ13C of PL, so it appears that changes in total lipid δ13C
were driven by changes in δ13C of PL. In addition, there
were technical limitations in the detection of fatty acid
peaks with GC-IRMS, especially, but not limited to the
FFA fraction. FFAs compromise a very small propor-
tion of total lipids compared with PL and CE (28), so
some peaks were below the minimal threshold for
quantification by GC-IRMS. As a result, some samples
were unable to be quantified, and the δ13C-EPA for
FFA was unable to be reported. Because of these tech-
nical limitations and the sample size limitations of a
secondary analysis, this study was underpowered to
observe changes in δ13C in some fatty acids, particularly
in the FFA fraction.

Multiple studies show that increasing LNA intake
results in no effect on peripheral ARA concentrations
in humans (17, 29–35). Decreasing LNA intake from as
high as 20% of daily energy to as low as 0% has also not
affected ARA concentrations in plasma or red blood
cells (36–40). Our current study supports these findings
as plasma ARA concentrations did not change
throughout the intervention in any dietary group,
including the H3 group with an LNA intake lowered to
3.2% of daily energy at 16 weeks of intervention (20).
Furthermore, the δ13C of total plasma ARA did not
change over time in dietary groups given δ13C-enriched
LNA in dietary oils. This result is in contrast with pre-
vious studies analyzing serum δ13C-ARA, where the
serum δ13C-AA shifted from baseline concentrations
toward the resemblance of dietary δ13C (7, 41). However,
the lack of change in δ13C-ARA in our study may be
explained by the higher baseline δ13C-ARA in the H6
and H3H6 dietary groups (total lipids: −25.9 ±
0.72, −24.2 ± 0.42 mUr) who consumed δ13C-enriched
LNA compared with baseline δ13C-LNA (total
lipids: −28.2 ± 0.42, −27.3 ± 0.42 mUr). Plasma δ13C-ARA
was already enriched at baseline, so it would be difficult
to observe further increases throughout the interven-
tion. δ13C-LNA was correlated with δ13C-ARA except at
baseline in the H3H6 dietary intervention, which
10 J. Lipid Res. (2023) 64(9) 100424
provides further evidence that changes in δ13C-ARA
were unable to be observed because of its enrichment
at baseline. In addition, we did not observe changes in
plasma δ13C-DHA over time in high n-3 PUFA diets.
Similarly, δ13C-DHA was more enriched at baseline in
the H3H6 and H3 groups (total lipids: −24.6 ±
0.40, −25.0 ± 0.46 mUr) compared with baseline δ13C-
EPA (total lipids: −29.9 ± 0.49, −30.1 ± 0.46 mUr) and
may not be sufficiently different from the dietary
source of DHA (−16 to −23 mUr). These results do not
mean that dietary LNA and EPA were not being con-
verted into ARA and DHA, respectively, or that the
dietary DHA was not being incorporated into plasma
but indicates an important limitation of our study. Be-
ing a secondary analysis of a randomized controlled
trial, the δ13C of the dietary intervention was not orig-
inally designed to contain appreciably different δ13C
content of any fatty acid compared with endogenous
human plasma. In addition, it is unclear how much of
the dietary oils or food the participants consumed, as
there were other components of the participant’s diets
that contributed to the dietary intervention. Future
studies need to be designed a priori to contain δ13C of
fatty acids that are adequately different from human
plasma δ13C concentrations and the general food
supply.

Although we could not observe changes in δ13C
content of DHA in the H3H6 and H3 groups because
of limitations of the secondary analysis, dietary in-
terventions containing high n-3 PUFA intake (as
EPA + DHA) demonstrated increases in plasma EPA
and DHA concentrations. This result is consistent with
published studies providing n-3 PUFA supplementa-
tion (10, 23, 42, 43) and confirms patient compliance
and efficacy of the dietary intervention. It is impor-
tant to note that 93% of the participants in this sec-
ondary analysis were female. Previous single oral
dosing studies of 2H5-ALA in humans have demon-
strated that more of this label is detected in down-
stream n-3 in PUFAs in females as compared to males
(44–46). However, because of the nature of these
studies, it is unclear if these differences are due to
differences in rates or metabolic consumption of the
2H5-ALA. Nonetheless, there may be potential differ-
ences in synthesis rates between sexes, and a future
study could address differences in synthesis rates.

Since the present study is a secondary analysis of a
clinical trial conducted between July 2014 and May 2018,
plasma samples were stored long-term until lipid anal-
ysis. Fatty acid stability has been analyzed previously,
demonstrating that fatty acids are stable at −80◦C for at
least 10 years and that PL, TG,CE, andFFA lipid fractions
are stable at −20◦C for a minimum of 1 year without
nitrogen (47). The samples used in thepresent studywere
stored at−80◦C until lipid extraction and at−20◦Cwhile
awaiting analyses by GC-FID or GC-IRMS, which is
generally within these time parameters. Therefore,
storage should not have greatly affected fatty acid



concentrations. In this study, we usedheptadecanoic acid
as the internal standard for fatty acid quantification.
Heptadecanoic acid is naturally present in butter and
dairy products that were included in the dietary in-
terventions, albeit in small amounts, with an average of
0.4–0.6% of the fatty acid composition in cheese, milk,
and various types of butter (48–51). However, this
amount is relatively small in comparison to the known
concentration of heptadecanoic acid used as the internal
standard, and all dietary interventions consumed butter
and at least one other type of dairy product. Hence, the
impact of naturally present heptadecanoic acid in dairy
products is relatively small and affects all dietary groups
similarly. In addition, the plasma fatty acid concentra-
tions and relative percentages presented in this study are
similar to other studies presenting these concentrations,
which suggests a minimal impact of sample storage and
the choice to use a heptadecanoic acid internal standard
(52, 53).

While the present study used natural variations in the
dietary 13C isotope composition of the food supply,
natural variations in the dietary 2H isotope composition
may also be useful for fatty acid analysis either as a
standalone or a dual isotope model with 13C (54).
Deuterium is fractioned similarly to 13C but within the
water cycle through different processes such as
condensation across different latitudes and evaporation
(54). 2H isotope composition has been used to track
migration using precipitation gradients across
geographical regions (55), though this method is rapidly
advancing to assess food sources and metabolism of
PUFA (56). 2H values may have a larger isotopic sepa-
ration between diet sources because of larger relative
mass differences (57), and could be use to study PUFA
metabolism in humans in a future study. The present
study used human plasma to determine changes in
concentration and δ13C over time. While plasma was a
suitable choice for dietary fatty acid incorporation and
an indicator of the fatty acid profile at the respective
time point (28), red blood cells, which have slower
turnover than plasma and generally indicate long-term
dietary compliance (58), could also be analyzed in a
future study.

In conclusion, this study assessed the changes in
plasma concentrations and δ13C of PUFAs in adult
humans following dietary intervention, specifically a
H6, H3H6, and H3 diet. We illustrated that changes in
dietary LNA and EPA intake can be detected in plasma
total lipid and PL δ13C-LNA and δ13C-EPA. These
findings suggest that 1) there is complete turnover of
plasma LNA and EPA within 4 weeks and 2) deter-
mining δ13C is an effective technique to measure
turnover if the isotopic signature of the dietary source
does not match the baseline plasma δ13C signature.
Despite the limitations and lack of changes observed in
plasma δ13C-ARA and δ13C-DHA, we demonstrate that
determining δ13C of PUFAs in humans has the potential
to track dietary intake patterns and provide insight into
Compou
n-3 and n-6 PUFA metabolism. Future studies utilizing
CSIA should a priori confirm that the isotopic signature
of any dietary fatty acid intervention differs from
plasma levels.
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