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Abstract

Aim
The aim of this study was to compare the plasma exposure and tissue accretion of docosa-

hexaenoic acid (DHA) in response to oral dosing of free carboxylic acid (OM3CA) and ethyl
ester (OM3EE) forms.

Materials and methods

Sixteen adult male Wistar rats, fed a low-fat, carbohydrate-rich, standard chow diet, were
chronically catheterized and gavaged for 5 consecutive days with either OM3CA (n=9) or
OMBSEE (n = 7), the last day fasted overnight and spiked respectively with either *C-DHA or
4C-DHA-ethyl ester (**C-DHA-EE) tracers. Appearance of "*C-labelled plasma polar and
neutral lipids over 4 h and retention of '“C-activity (R) in the tissues at 4 h were measured.

Results

Compared to OM3EE, OM3CA resulted in 2- and 3-fold higher areas under the plasma '*C-
labelled polar and neutral lipid curves (exposures), respectively, as well as, higher Rin all
tissues examined. For both OM3CA and OM3EE, R varied in a tissue specific manner; high-
estin liver, followed by red skeletal muscle, adipose tissue, brain and white skeletal muscle.
Multiple linear regression analysis revealed that Rin each tissue (except liver) was depen-
dent on polar lipid exposure alone (r*>0.87 and P<0.001), but not neutral lipid exposure, and
furthermore this dependence was indistinguishable for OM3CA and OM3EE. In the liver, R
was found to be dependent on both polar and neutral lipid exposures (r*> = 0.97, P<0.001),
with relative contributions of 85+2% and 15+2%, respectively. As for the other tissues, these
dependencies were indistinguishable for OM3CA and OM3EE.
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Conclusion

The present results, in fasted low-fat diet fed rats, are consistent with higher oral bioavail-
ability of OM3CA versus OM3EE forms of DHA. Once DHA has entered the circulation, the
tissue distribution is independent of the dosed form and uptake in the skeletal muscle, fat
and brain is driven by the polar pools of DHA in plasma, while DHA accretion in liver is sup-
plied by both polar and neutral plasma lipids.

Introduction

Since the initial finding of reduced platelet aggregation by fish oil [1], numerous studies have
shown that oral supplementation with omega-3 fatty acids have positive effects on plasma lipo-
proteins [2], inflammatory diseases [3], and potentially also positive effects on cardiovascular
disease [2, 4] and neurological disorders [5].

The main omega-3 fatty acids in prescription grade formulations are docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA). The intestinal digestion, absorption and uptake of
these n-3 polyunsaturated fatty acids depend on the chemical form of the fatty acids adminis-
tered, including triglycerides, phospholipids, ethyl esters or free fatty acids (FFA) as shown in
clinical [6-11] and animal studies [12-14]. The difference in uptake between the different
chemical forms is to some extent explained by differences in hydrolysis of the ester bonds by
pancreatic lipase; ethyl esters being hydrolyzed more slowly compared to other chemical
forms of omega-3 fatty acids by pancreatic lipase [11]. Moreover, not only intestinal absorp-
tion, but also the metabolic fate may be dependent on the chemical form of the fatty acids as
exemplified by greater tissue deposition and lower B-oxidation of DHA in rats given DHA
esterified in phospholipids as compared to triglycerides despite similar bioavailability [15].
Similar results were obtained in another study using radiolabeled DHA esters; oral 2-DHA-
phosphatidylcholine resulted in a higher accretion of DHA in the liver than 2-DHA-triglycer-
ide [16]. In summary, not only differences in bioavailability, but also differences in absorption
rate and re-esterification of different omega-3 fatty acid esters might influence tissue accretion.
Differences in tissue accretion are of potential importance because if such differences occur in
key target tissues (e.g. liver or brain), it may result in different therapeutic efficacy.

In a rat study, plasma DHA exposure was higher following dosing of the FFA form as com-
pared with the ethyl ester form [12]. In humans, systemic bioavailability of free omega-3 car-
boxylic acids (OM3CA) was higher than omega-3 fatty acid ethyl esters (OM3EE), as studied
in the fasted state after a period of low-fat diet [9, 10]. However, to the best of our knowledge,
no study has investigated both bioavailability and tissue accretion comparing free DHA and
DHA ethyl esters.

The aim in this study was to compare bioavailability and tissue distribution of free DHA and
the ethyl ester forms of DHA (DHA-EE). In our study, clinically applied formulations of
omega-3 fatty acids, based on mixtures of DHA and EPA, were used as sources of dosing mate-
rial for the OM3CA and OM3EE groups. While the groups received almost equimolar doses of
the total of both DHA and EPA, the relative contributions of DHA and EPA in the groups dif-
fered. Rats were given a low fat diet and orally dosed with either OM3EE or OM3CA for 5 days.
After an overnight fast to standardize the measurements of uptake and tissue accretion of DHA,
plasma exposure and tissue accretion of DHA, as well as their quantitative relationship, were
assessed using radioactive tracers. We hypothesized that a decreased bioavailability of DHA-EE,
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as compared to free DHA, would result in decreased DHA accretion in key target tissues,
including the liver and brain, with potential implications for metabolic effects of treatment.

Materials and methods
Animals

The experimental procedures were approved by the Gothenburg ethics review committee on
animal experiments (licence #157-2014 and #17-2016) and were in accordance with Swedish
laws on the use and treatment of experimental animals. Animals were kept in a facility accred-
ited by Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)
and they were attended daily. Sixteen adult male Wistar rats (Harlan, Netherlands) were main-
tained in a temperature-controlled (20-22°C) room with a 12 h light-dark cycle (lights on at
06:00) with free access to tap water and a low-fat, carbohydrate-rich, standard rodent chow
diet (R70, Lactamin AB, Stockholm), consisting of 4.5% fat, 60% carbohydrate and 14.5% pro-
tein by weight (energy content 1254 kJ/100 g). The lipids in the chow are from oatmeal, barley,
wheat bran and flour, linoleic acid being the major unsaturated fatty acid.

Seven days before the acute experiment, rats underwent aseptic surgery under anesthesia
with isoflurane (Forene®), Abbott Scandinavia AB, Solna, Sweden). After thorough shaving,
cleansing with Descutan™ (Fresenius Kabi AB, Uppsala, Sweden) and disinfection of the surgi-
cal field with chlorohexidine (Fresenius Kabi AB), a polyurethane catheter (C30PU-RJV1303,
Instech, Plymouth Meeting, PA, USA) was implanted in the right jugular vein. The catheter
was tunneled under the skin up to the neck and connected to a vascular access button
(VAB95BS, Instech). The catheter was filled with a “lock” solution (TCS™, Access Technolo-
gies, Skokie, II, USA) through the vascular access button to prevent clotting. Buprenorphine
(Temgesic™, 1.85 pg/kg, RB Pharmaceuticals Ltd, Berkshire, GB) was given subcutaneously
for analgesia. Prophylactic antibiotics were administered per os the day before, on the same
day and the day after surgery (sulfamethoxazole, 23.3 mg/kg, trimethoprim, 4.4 mg/kg, Bac-
trim™, Roche AB, Stockholm, Sweden).

Pre-treatment with OM3CA or OM3EE

Animals were adapted to the oral gavage procedure and OM3 formulations, by pre-treatment
for 5 consecutive days prior to the acute experiment, with the same formulation (excluding
tracer) that they would receive on the acute experiment day. Rats were assigned to either the
OMB3CA (n =7) or OM3EE (n = 9) groups and received daily gavages at 10:00 of a fixed vol-
ume (240 pL) of the capsule content of either OM3CA (Epanova®) or OM3EE (Omacor®),
respectively. To minimize oxidative degradation, formulations were drawn directly into the
gavaging syringe from the capsules via a syringe needle immediately prior to each gavage occa-
sion. Nominal daily doses were: OM3CA group; DHA ~0.42 mmol/kg, EPA ~1.27 mmol/kg;
and the OM3EE group; DHA-EE 0.73 mmol/kg, EPA-EE 0.98 mmol/kg.

Tracers and formulations for the acute study

[1-'*C] Docosahexaenoic acid (**C-DHA) and [1-'*C] Docosahexaenoic ethyl ester
(**C-DHA-EE) (Quotient Bioresearch Radiochemicals Ltd, Cardiff, GB) with specific activity
2.15 GBq/mmol were assessed a couple of days prior to each experiment and purified (see
below) as needed in-house to ensure >97% radiochemical purity.

Tracers were purified by preparative high pressure liquid chromatography (HPLC) on a
XBridge C;g column (10 pm, 250 mm, ID 19 mm) using a gradient of 30 to 95% acetonitrile in
0.1% H,O/trifluoro acetic acid buffer over 15 min, then 95% acetonitrile for 10 min with a
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flow of 15 mL/min. The compounds were detected by UV light at 234 nm. All solvents used
were degassed by purging with helium. The stock solutions of "*C-DHA or "*C-DHA-EE were
concentrated and residues redissolved in dimethyl sulfoxide (DMSO) prior to purification.
The fractions containing product were evaporated/co-evaporated with ethanol. The products
were dissolved in toluene and concentrations determined by liquid scintillation. Aliquots of
the individual tracers containing ~13 MBq (sufficient for 4 rats) of either '*C-DHA or
'“C-DHA-EE were stored in toluene under N, at -70°C until the acute experiment.

Approximately 2 hours before the acute tracer experiments, tracer aliquots were evaporated
under N, at room temperature. For the OM3CA group, the content of a capsule (~1 mL) of
OM3CA was added to ~13 MBq '*C-DHA. For the OM3EE group, the content of a capsule
(~1 mL) was added to ~13 MBq "*C-DHA-EE. Formulations were thoroughly mixed under a
N, stream using a magnetic stirrer for 30 min before dosing. The "*C-activity in each tracer
infusate was measured. Nominal dosing of DHA and EPA equivalents were as given above (see
Pre-treatment with OM3CA or OM3EE). The contribution of the tracers to the total formula-
tion DHA and DHA-EE doses was trivial (1.2 and 0.6% of the nominal doses, respectively) due
to the high specific activities of the tracers used (see above) and could be ignored.

Acute tracer experiment

On the experiment day, rats were fasted for 7 hours before the acute tracer study and were con-
nected to the swivel system at 08:30 and allowed to acclimatize for 1.5 hour. The jugular vein
catheter was maintained patent with a continuous infusion of sterile saline solution containing
sodium citrate (20.6 mmol/L) at a rate of 10 uL/min. Two basal blood samples (150 uL) were
taken 30 and 15 min before dosing. After oral administration by gastric gavage at 10:00, of
either OM3CA/'*C-DHA or OM3EE/"*C-DHA-EE, blood samples (200 L) were taken at 10,
15, 20, 30, 45, 60, 120, 180 and 240 minutes after dosing. Blood was collected in EDTA tubes
(Microvette® CB 300 K2E, Sarstedt, Niimbrecht, Germany) and immediately centrifuged at
10000 rpm in 4°C for 1 min. An aliquot of 25 uL plasma was added to 2 mL of lipid extraction
mixture and the rest of the plasma was transferred to a 0.5 mL micro-tube with cap (72.730,
Sarstedt) and frozen for later analysis of triglyceride (T'G) and free fatty acid (FFA) levels.
After collection of the last blood sample, rats were given an over-dose of Na-pentobarbital
(Allfatal vet. 100 mg/mL, Omnidea, Stockholm, Sweden) and the following tissues were col-
lected for analysis: red quadriceps (RQ), white quadriceps (WQ), liver, cerebellum and epididy-
mal adipose tissue (EAT). Tissue pieces (~100 mg) were weighed and placed in small cellulose
cones (Combusto-Cones™, Perkin Elmer) for combustion. Total liver weight was measured.

Lipid extraction and separation of neutral and polar species

Quantitative lipid extraction was performed based on the method developed by Dole [17]. An
aliquot of 25 uL freshly collected plasma, was pipetted directly into glass tubes containing 2
mL 2-propanol: heptane: 1 mol/L acetic acid (40:10:1 vol). Extraction tubes were stored at
-20°C for later analysis. To each lipid extraction tube was added 1.2 mL 1 mol/L acetic acid
and then 2 mL iso-hexane. Samples were vigorously mixed for 10 min on a multi-tube vortexer
after which two phases were allowed to spontaneously completely separate. Tubes were placed
in an ethanol/dry ice bath until the lower, aqueous phase was frozen ~10 min. The organic
phase was then poured off into new disposable glass tubes. Another 2 extractions were made
with 2 mL isohexane added to the thawed aqueous phase in the extraction tubes, according to
the same procedure with vortexing, freezing and decanting of the organic phase. Second and
third organic phase extractions were added to the initial organic extract.
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The organic phase was evaporated to complete dryness at 37-40°C under a stream of N.,.
Just prior to the separation step, lipids were redissolved in 2 mL methyl tert-butyl ether
(MTBE) and mixed for ~30 seconds. SPE columns (ISOLUTE®), NH, 200 mg, 3 mL, Biotage
AB, Uppsala, Sweden) were activated by adding 2 mL MTBE to each column and eluent was
discarded. Lipid extract was transferred to the SPE column and 2 mL of MTBE was added two
times to wash neutral lipid species through the column and eluent was collected into scintilla-
tion bottles (20 mL LCS Vial, Perkin Elmer, Higersten, Sweden). To elute polar lipid species, 3
mL 5% acetic acid in MTBE was added to the lipid extract tubes, which were mixed for 30 sec-
onds before transfer to the SPE column. Eluent was collected into a separate set of scintillation
bottles and another 3 mL 5% Acetic acid in MTBE was added to the original extraction tubes,
without mixing and transferred to the SPE columns and eluent was collected. To each lipid
fraction 10 mL of Optiphase Hisafe 3 (Perkin Elmer) was added and mixed awaiting counting.

Control experiments were performed to investigate to what extent phosphatidylcholine is
eluted as polar lipid species. Radiolabeled phosphatidylcholine (L-o.-DiPalmitoyl-[DiPalmi-
toyl-1-14C]-Phosphatidylcholine (**C-PC, NEC682010UC, Perkin-Elmer) was used in this
experiment. Ten pL of "*C-PC was diluted with 300 uL buffer (phosphate buffered saline, pH
7.4, Gibco®), Life technologies, Paisley, UK) and the solution was put on a magnetic stirrer for
30 minutes. Five replicates with 15 uL of '*C-PC solution and 10pL rat plasma added in 2 mL
2-propanol: heptane: 1 mol/L acetic acid underwent lipid extraction as described above. About
80% of radiolabeled PC was recovered in the organic phase and about 2% of radiolabeled PC
was recovered as neutral lipid species and less than 0.5% was recovered as polar lipid species.

Determination of total tissue '*C-content

Total tissue '*C-activity was determined using a Packard System 387 Automated Sample Prep-
aration Unit (Packard Instrument Co., Inc., Meriden, Connecticut, USA), which completely
oxidizes the tissue sample into '*CO, which is quantitatively trapped by Carbo-Sorb@®) (Perki-
nElmer) in scintillation vials. Following addition of liquid scintillant (Permafluor, PerkinEI-
mer) and mixing, the samples were ready for counting.

Liquid scintillation counting

The "“C-activity in liquid scintillation cocktails from plasma lipid extraction/separation and
total tissue oxidation samples were counted using liquid scintillation spectrometry (LS 6500
Multi-Purpose Scintillation Counter, Beckman Coulter™, USA).

Plasma TG and FFA levels

Enzymatic colorimetric methods were used for quantitative determination of plasma FFA
(NEFA-HR(2), Wako Chemicals GmbH, Neuss, Germany) and TG, with glycerol blanking
(Trig/GB, ref# 11877771, Roche Diagnostics GmbH, Mannheim, Germany). These analyses
were performed on an ABX Pentra 400 (HORIBA ABX Diagnostics, Kyoto, Japan).

Data analysis and statistics

Areas under the curves (AUCs) of the '*C-lipid species, based on discrete time point measure-
ments of the polar and neutral lipid species (AUCp; and AUCyy, respectively), were assessed
using trapezoidal approximations. Student’s t-tests, comparing group means, were performed
using the program GraphPad Prism™ 6 for windows (GraphPad Software Inc, San Diego, Cali-
fornia, U.S.A.).
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In order to examine the contributions of the different forms of circulating DHA (polar vs
neutral lipid species) to tissue uptake and retention of DHA the following model (Eq 1) was
applied:

R =K, x AUC,, + K, x AUC,, (1)

where the measured variables in this equation are: R, which is the tissue '*C-retention at
240 min (dpm/100g) and; AUCp and AUCyy are the areas under the curves from 0 to 240
min for the polar and neutral lipid forms, respectively, of '*C-activity (dpm x min/ml). The
unknowns, Kp; and Ky are the tissue specific clearance rates (ml/100g/min) of the polar and
neutral lipid species, respectively. Model fitting and clearance rate estimation were performed
using multiple regression analysis (IBM SPSS Statistics Subscription, IBM Corp, USA). Ini-
tially, we wanted to investigate whether there was a difference between the OM3CA and
OM3EE formulations in the dependence of the tissue retention on the circulating lipids. This
would be reflected by differences in the clearance parameters and was addressed by fitting the
model (Eq 2):

R =K,, X AUC,, + AK,, x AUC,, x G+ Ky, x AUCy, + AKy, x AUCy, x G (2

where G =0 or 1, for the OM3CA and OM3EE data, respectively, and the AK terms are the dif-
ferences between OM3EE and OM3CA. p<0.05 was considered statistically significant. Data
were expressed as meanstSEM.

Results

One week following surgical implantation of a jugular sampling catheter, both groups had
gained weight (~12 g) above the pre-surgical level. Body weights and fasting levels of plasma
TG and FFA, immediately prior to oral administration of the fish oil formulations were similar
in the OM3CA (n =9) and OM3EE (n = 7) groups of Wistar rats (Table 1). Total liver weights
at the end of the study were for OM3CA, 14.4+0.5 g and for OM3EE, 13.2+0.6 g.

Appearance of '*C-lipids in plasma following oral administration of either
*C-DHA/OM3CA or "*C-DHA-EE/OM3EE

The appearance of lipids in the plasma following oral dosing of either the '*C-DHA/OM3CA
or the '*C-DHA-EE/OMS3EE mixtures is shown in Fig 1. Plasma lipids were separated into
neutral (Panels A-C) or polar (Panel D-F) species. The appearance of '*C-activity in the neu-
tral lipid fraction (Fig 1, panel A), likely esterified DHA in the form of triglyceride, was delayed
by about 20 min, probably reflecting transport delay of chylomicrons via the lymphatic system
into the blood. The appearance curves were normalized for the "*C-tracer dose (10° dpm)
enabling direct comparison of the two groups. '*C-DHA/OM3CA administration resulted in
greater plasma *C-neutral lipid exposures, compared to '*C-DHA-EE/OM3EE dosing

Table 1. Body weights and fasting plasma TG and FFA levels immediately prior to oral administration of either
OM3CA or OM3EE in male Wistar rats.

OM3CA OM3EE
Body weight (g) 33616 352+14
Plasma TG (mmol/L) 0.74+0.09 0.64+0.07
Plasma FFA (mmol/L) 0.71+0.04 0.82+0.05

Values are means+SEM (OM3CA, n =9; OM3EE, n = 7).

https://doi.org/10.1371/journal.pone.0201367.t001
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Fig 1. Plasma lipid responses to oral administration of either '*C-DHA/ OM3CA or "*C-DHA-EE/ OM3EE-EE in Wistar rats. Lipid
species were separated into neutral- (A-C) and polar-species (D-F). Time courses for the '*C-lipids, in dpm/ml, were normalized to doses
of 10° dpm (panels A and D). Areas under the "*C-lipid curves, from 0 to 240 min (AUC), are presented in panels B and E. Estimates of the
AUCs for DHA, based on the specific activity of the dose formulations, are given in panels C and F. Values are means+SEM (OM3CA,

n =9; OM3EE, n = 7). dpm = disintegrations per minute. *p<0.05, **p<0.01 versus OM3CA, Student’s t-test.

https://doi.org/10.1371/journal.pone.0201367.9001

consistent with higher bioavailability of the OM3CA form of DHA. Thus, the area under the
'“C-neutral lipid curve, from 0 to 240 min (AUC) was significantly higher with OM3CA com-
pared to OM3EE dosing (Fig 1, panel B, P<0.05, t-test). Correcting the tracer appearance data
for the nominal DHA and DHA-EE specific activities of the dose formulations indicates
greater oral exposure from the FFA vs the ester form of DHA. Thus, a lower nominal dose of
OM3CA (146 pmol/rat versus an equivalent of 256 pmol/rat for OM3EE) tended to result in a
higher estimated DHA AUC in the neutral lipid fraction (Fig 1, panel C).

The appearance of "*C-activity in the polar lipid fraction in plasma, likely the FFA form of
DHA, started to increase above virtually undetectable levels about 30 min after oral dosing i.e.
delayed with respect to earlier emergence of the '*C-neutral lipid. *C-DHA/OM3CA adminis-
tration resulted in greater plasma "*C-polar lipid exposures, compared to '*C-DHA-EE/
OM3EE dosing, again consistent with higher bioavailability of the OM3CA versus the OM3EE
form. Thus, the area under the '*C-polar lipid curve, from 0 to 240 min (AUC) was signifi-
cantly higher with OM3CA compared to OM3EE dosing (Fig 1, panel E, p<0.01, t-test). Cor-
recting the tracer appearance data for the nominal DHA and DHA-EE specific activities of the
dose formulations confirmed the greater oral bioavailability for the free fatty acid versus the
ester form of DHA. Thus, a lower nominal dose of OM3CA (see above) did not result in lower
DHA AUC in the polar lipid fraction (Fig 1, panel F).

Uptake and retention of DHA in tissues following oral administration of
either “*C-DHA/OM3CA or '*C-DHA-EE/OM3EE

The retention of '*C-label, 4 h after oral administration of either '*C-DHA/OM3CA or
'"“C-DHA-EE/OMS3EE in a number of tissues is shown in Fig 2 (Panel A). Retention of "*C-
label varied across the different tissues, with the highest uptake in liver, intermediate uptake in
red skeletal muscle (RQ) and low uptake in white skeletal muscle (WQ), white adipose tissue
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Fig 2. Tissue uptake/retention of DHA, 4 h after oral administration of "*C-DHA/ OM3CA or **C-DHA-EE/
OMB3EE in rats. (A) Tissue retention of **C-label normalized to **C-doses of 10° dpm. (B) Estimated tissue retention
of DHA based on the specific activity of the dose formulations. EAT = epididymal adipose tissue. WQ = white
quadriceps muscle. RQ = red quadriceps muscle. Values are means+SEM (OM3CA, n = 9; OM3EE, n =7).

dpm = disintegrations per minute. *p<0.05, “**p<0.01, ***p<0.001 versus OM3CA, Student’s t-test.

https://doi.org/10.1371/journal.pone.0201367.9002

(WAT) and the brain. In all tissues examined, the OM3CA formulation resulted in higher tis-
sue incorporation of '*C-label than OM3EE dosing. Based on measured total liver weights and
the hepatic '“C-activity, fractional retention of the dose in the liver at 4 h was estimated to be
higher with OM3CA (10.0£1.0%) than with OM3EE (3.2+0.2%) dosing (p<0.001). Estimates
of the DHA retention were made based on the tissue '*C-data and the specific activities of the
dose formulations (Fig 2, panel B). Thus, despite higher dosing of DHA (equivalents) in the
OM3EE formulation, the liver DHA retention was significantly lower than that achieved by
the OM3CA formulation (Fig 2, panel B). In the other tissues, the lower bioavailability of
DHA-EE was compensated for by the higher equivalent dose of DHA resulting in similar esti-
mated DHA retentions for the two formulations.

The dependence of tissue '*C-DHA retention on the circulating polar and neutral lipid
forms of DHA was examined using Eq 1. An important assumption of this multiple regression
analysis is that the independent variables (AUCs) are not correlated. Poor correlation between
the AUCpy and AUCy pairs for individual experiments was confirmed with Pearson’s corre-
lation coefficients of 0.44 (p>0.05) and 0.18 (p>0.05) for the OM3CA and OM3EE groups,
respectively and a value of 0.30 (P>0.05) for the pooled data set, excluding one outlier.

Based on application of Eq 2, we found no evidence in any tissue examined for a difference
in K values between the OM3EE and OM3CA groups. Specifically, the AK terms in Eq 2 were
not found to be significantly different from 0. Thus, there was no evidence for any difference
between OM3EE and OM3CA in the relationship between the tissue retention of DHA and
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the plasma exposures of the two forms of DHA. This allowed us to ignore treatment group and
analyze the pooled data set using Eq 1.

Eq 1 provided a good description of the relationship between the '“C-retention data and
plasma exposures, with r* > 0.84 and significance values for the overall model fit F-statistic of
P<0.001 for all tissues examined. Table 2 summarizes the best fit Kp; and Ky estimates. In all
tissues examined, uptake/retention of DHA was apparently most strongly determined by the
circulating polar lipid. Only in the liver, was there a significant additional component coming
from the neutral lipid. Even in this tissue, however, the contribution from polar lipid (Kpy x
AUCpy, /R) was estimated to be 85+2% (range 65 to 95%) with only 15+2% (range 5 to 35%)
from neutral lipid. A 3D visualization of the liver data versus AUCp; and AUCy; and linear
model fit (which describes a plane) is shown in Fig 3. Fig 3 (Panel A) shows the greater depen-
dence of liver retention of DHA on circulating polar versus neutral lipid: by comparing the
slopes of the model fit plane intersection with the RetentionxAUCp; and Retentionx AUCyy,
backplanes. Fig 3 (Panel B), oriented to illustrate data-fit residuals, confirms that the model
provides a description of both OM3CA and OM3EE group data. In all other tissues, according
to the linear model, there was no significant, direct contribution of the circulating neutral lipid
to the uptake/retention of DHA with Ky indistinguishable from zero.

Discussion

We compared the plasma appearance and tissue accretion of docosahexaenoic acid (DHA) in
response to oral dosing of free carboxylic acids and ethyl ester forms of this omega-3 fatty acid.
The results are consistent with markedly higher bioavailability of the free carboxylic acids
compared to ethyl ester forms, culminating in an increased accretion of DHA in the liver. Our
analysis suggests that following entry into the plasma, the transport, tissue distribution and
metabolic fate of DHA is independent of the dosing form. Thus, we found no evidence for a
change in tissue distribution associated with reduced bioavailability. In plasma, DHA is trans-
ported as both polar and neutral lipid forms. Evidence is provided that polar lipid is, by far, the
quantitatively most important form, driving uptake into a range of tissues (skeletal muscle, fat
and brain). Only to the liver was there an additional, smaller, but significant contribution from
neutral lipid in plasma.

Table 2. Dependence of tissue uptake/retention of DHA on plasma exposure of DHA in either polar lipid or neu-
tral forms.

Tissue Kpr(mL/100g/min) Kxz(mL/100g/min)
Liver 51.945.1%%* 0.55+0.21*
Brain 1.40+0.20%** 0.007+0.008
EAT 1.58+0.38** 0.014+0.016
RQ 4.40+1.03** 0.028+0.044
wQ 1.11+£0.18*** 0.003%0.007

EAT, epididymal white adipose tissue; RQ, red quadriceps; WQ, white quadriceps. Results show best fit parameter
estimates + SEM.

*p<0.05,

**p<0.001,

***p<0.001 is the probability that the Kp;, or Ky, estimates significantly differ from zero. Multiple linear regression
analysis was used to obtain estimates of tissue-specific clearance rates of either the polar lipid form of DHA (Kp;) or
the neutral lipid form (Ky;) from the relationship between retained DHA in the tissue and plasma AUCs for polar
and neutral DHA, respectively. Estimates were obtained from pooled results of both OM3CA and OM3EE groups
(n=16).

https://doi.org/10.1371/journal.pone.0201367.t1002
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Fig 3. Dependence of liver uptake/retention of DHA (R) on plasma exposure of DHA in either polar lipid
(AUCpy) or neutral lipid (AUCyy) forms. (A) A plot of the best fit plane given by the equation for R and represented
by the grey dots projecting out of the inner corner of the diagram, as well as, the data points for the OM3CA (blue
dots) and OM3EE (red dots) groups. (B) Shows the same 3D data set as in A, following a rotation of the vertical axis to
view the (model fit) plane, edge on, revealing the data point residuals. Units: Liver '*C-DHA Retention at t = 240 min,
dpm/100g; AUCp;, dpm.min/ml; AUCyy, dpm.min/ml.

https://doi.org/10.1371/journal.pone.0201367.9003

Results from this study are consistent with a number of previous studies in animals and
humans showing greater systemic bioavailability of free omega-3 fatty acids compared to
omega-3 fatty acid ethyl esters [6-14]. Furthermore, the current work verifies that, compared
to the ethyl ester form of DHA, dosing of the free carboxylic acids has a higher efficiency of
DHA accretion across the observed range of tissue types: liver, skeletal muscle, white adipose
tissue and brain. Indeed, we calculated that despite the nominally lower dose of DHA equiva-
lents given, the OM3CA formulation actually achieved significantly higher absolute levels of
DHA deposition in the liver. This is of potential importance to efficacy, as a major tissue locus
of the therapeutic effect of omega-3 fatty acid treatment on plasma lipids is thought to be the
liver [18]. Published evidence indicates that the difference in OM3CA and OM3EE bioavail-
ability is especially pronounced in situations where pancreatic lipase is limited [9, 10], proba-
bly because absorption of the active moiety of OM3EE, requires cleavage of the ethyl ester by
the action of this enzyme in the intestinal lumen [11]. The fasted, low-fat diet fed rat used in
the current study is a model, which also has a relative limitation in pancreatic lipase. Thus,
increasing dietary fat content above the level in the currently used model (12% of calories) has
been shown to increase pancreatic lipase in the rat [19]. Thus, a higher fat intake, mimicking
the human situation, would have reduced the difference in systemic bioavailability between
the two formulations.

Our analysis of the relationship between tissue accretion and systemic exposure of DHA
suggests that the quantitatively most important direct route of DHA delivery to the tissues is in
the form of a polar, rather than neutral, lipid. Thus, accretion of labelled DHA in skeletal mus-
cle, adipose tissue and brain is approximately proportional to exposure of labelled polar lipid
and (linearly) independent of the neutral lipids. Based on previous studies [20, 21], the domi-
nant polar lipid form is probably free carboxylic acids (i.e. FFA), whereas, the dominant neu-
tral lipid form is esterified DHA in TG [22]. To estimate the contribution of phospholipids to
the polar fraction, we did a control experiment using radiolabelled phosphatidylcholine. The
results indicate that a minor fraction of phosphatidylcholine and therefore likely also other
phospholipids contribute to the polar lipid species. It is therefore likely that uptake of DHA
into the above tissues is driven by FFA rather than TG. The partial regression coefficients, Kp;
and Ky, obtained from the multiple linear regression analysis could in fact be equivalent to
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plasma clearance rates into the tissues of polar and neutral lipid species, respectively. For this
to be true, a major requirement is that the tissue pool behaves as a sink, i.e. that all DHA enter-
ing this pool over the experimental period from the plasma is retained, as discussed in [23].
This assumption is probably a reasonable approximation given that the majority of the tissue
DHA tracer is likely in the form of structural and storage lipid [24]. The clearance rate esti-
mates, which index the ability of the tissues to take up and store DHA, varied in a tissue-spe-
cific manner with by far the highest value in liver, followed by red skeletal muscle and lower
levels in fat, brain and white skeletal muscle. Interestingly, a similar pattern of tissue specific
clearance rates is seen for the long chain FFA, palmitate [25, 26]. Our results in the brain agree
well with a detailed kinetic study, which concluded that the plasma free carboxylic acid form
was the major pool supplying this tissue with a negligible contribution from plasma DHA
esterified into TG [20]. Remarkably, even at a quantitative level, results from the two studies
are very similar, with Chen et al reporting a brain clearance rate of plasma DHA, as carboxylic
acid, into storage products of ~1.2 mL/100 g/min versus our estimate of 1.4 mL/100 g/min.
Only in the liver was there a significant additional contribution from labelled neutral lipid.
This neutral lipid most likely represents flux of TG associated with hepatic clearance of chylo-
micron remnants. Finally, there is no evidence for a difference between the DHA circulating
lipid forms for orally dosed free carboxylic as compared to ethyl ester forms, which is perhaps
not that surprising given that, in both cases, it is the free carboxylic acid form of DHA that is
absorbed.

What could be the source of the polar lipid form of DHA driving uptake into tissues? Orally
administered DHA enters the circulation, as other longer chain fatty acids, esterified to TG,
phospholipids and to a lesser extent cholesterol esters and transported as chylomicrons. DHA
esterified in TG and phospholipids are then released as free DHA, through the action of lipo-
protein lipase (LPL) in the tissues. It is known for long-chain chain fatty acids that some of the
liberated fatty acid is not taken up locally, but instead, escapes into the systemic circulating
FFA pool [27]. Indeed, this transport route may be especially exaggerated for long chain
omega-3 fatty acids. Lucinda et al [28] provided evidence for a substantial escape of both DHA
and EPA, liberated by LPL, from the adipose tissue capillaries into the plasma FFA pool. In
response to a meal containing a mixture of fatty acid species, including these omega-3 fatty
acids and palmitate, adipose tissue release of the free omega-3 fatty acids increased markedly,
while palmitate release was suppressed. This also fits well with the observationthat only very
small quantities of DHA and EPA are stored in the adipose tissue, suggesting a limited storage
ability in this tissue [29].

There are several limitations of the current study. Firstly, we have not specifically identified
the circulating labelled species but rather, for simplicity and robustness, broadly classified
them based on the presence or absence of charge using a lipid separation procedure. We
assume, in the discussion above, that the polar lipid fraction is predominantly free carboxylic
acids. However, in addition plasma DHA also exists as polar lysophosphatidylcholine esters
[20, 21], which depending on the relative concentration and tissue clearance rates could influ-
ence the interpretation of our clearance rate estimates. It is worth pointing out that although
in vivo retroconversion of DHA to EPA may have occurred in our study, it probably did not
influence the reported tracer based parameters since this requires a cycle of f-oxidation [30],
which would result in exclusion of the radiolabel from the lipid fractions. A second limitation
is that we cannot conclude to what extent the FFA in the polar fraction are derived from
hydrolysis of TG as compared to phospholipids. Also, we have not measured radioactivity in
the different esterified lipid classes and therefore the contribution of DHA in TG as compared
to phospholipids for the uptake of whole particles in the liver is unclear. A third limitation con-
cerns the fact that our results only provide information about DHA transport and tissue
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distribution for a relatively short duration after oral dosing. Another potential limitation of the
study is that the EPA to DHA ratios are different in the OM3CA and OM3EE formulations. A
differential affinity for a common transporter or enzyme step involved in the metabolism of
EPA and DHA in combination with saturable kinetics could result in a lack of correspondence
between the relative dose and relative plasma exposure. Therefore, we cannot exclude that
there is an interaction between the two fatty acids that would influence the kinetics of DHA.
The tissue distribution at 4 hr is unlikely to accurately represent the fate of DHA at later time
points. In particular, the liver takes up a large fraction of the plasma DHA, but the liver pool
turns over relatively rapidly, subsequently releasing the initially accreted DHA in VLDL over a
period of hours [31]. At the same time brain levels progressively increase, perhaps more
dependent on supply of plasma lysophosphatidylcholine esters compared with the free DHA
over the longer term [21].

In conclusion, our study based on clinically approved omega-3 formulations for the treat-
ment of severe hypertriglyceridemia, confirms the higher oral bioavailability, both at the sys-
temic and target tissue levels, of the free carboxylic acid versus ethyl ester form of DHA, in a
preclinical model of limited pancreatic lipase activity. In addition, we provide evidence based
on a quantitative analysis that following absorption the plasma transport and tissue distribu-
tion of DHA is independent of these dosed forms. Furthermore, plasma free carboxylic acids,
rather than TG esters likely supply the major flux of DHA to the tissues.

Acknowledgments

The authors would gratefully like to acknowledge Dr Chad Elmore for purification of the trac-
ers used in the acute experiments and Dr Ralf Nilsson and Dr Lars Lofgren for their support in
setting up the lipid separations.

Author Contributions

Conceptualization: Jan Oscarsson, Nicholas D. Oakes.

Data curation: Anna Lindblom, Therese Hagstedt, Ann Kjellstedt.

Formal analysis: Anna Lindblom, Nicholas D. Oakes.

Methodology: Cecilia Ericsson.

Project administration: Anna Lindblom.

Writing - original draft: Anna Lindblom, Jan Oscarsson, Nicholas D. Oakes.

Writing - review & editing: Anna Lindblom, Jan Oscarsson, Nicholas D. Oakes.

References

1. DyerbergJ, Bang HO. Haemostatic function and platelet polyunsaturated fatty acids in Eskimos. Lan-
cet. 1979; 2(8140):433-5. PMID: 89498.

2. Davidson MH, Benes LB. The future of n-3 polyunsaturated fatty acid therapy. Curr Opin Lipidol. 2016;
27(6):570-8. https://doi.org/10.1097/MOL.0000000000000353 PMID: 27798489.

3. Calder PC. Omega-3 polyunsaturated fatty acids and inflammatory processes: nutrition or pharmacol-
ogy? British journal of clinical pharmacology. 2013; 75(3):645-62. https://doi.org/10.1111/j.1365-2125.
2012.04374.x PMID: 22765297

4. Mozaffarian D, Micha R, Wallace S. Effects on coronary heart disease of increasing polyunsaturated fat
in place of saturated fat: a systematic review and meta-analysis of randomized controlled trials. PLoS
Med. 2010; 7(3):e1000252. https://doi.org/10.1371/journal.pmed.1000252 PMID: 20351774; PubMed
Central PMCID: PMCPMC2843598.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201367  August 2,2018 12/14


http://www.ncbi.nlm.nih.gov/pubmed/89498
https://doi.org/10.1097/MOL.0000000000000353
http://www.ncbi.nlm.nih.gov/pubmed/27798489
https://doi.org/10.1111/j.1365-2125.2012.04374.x
https://doi.org/10.1111/j.1365-2125.2012.04374.x
http://www.ncbi.nlm.nih.gov/pubmed/22765297
https://doi.org/10.1371/journal.pmed.1000252
http://www.ncbi.nlm.nih.gov/pubmed/20351774
https://doi.org/10.1371/journal.pone.0201367

@° PLOS | ONE

Uptake and tissue distribution of DHA forms in rats

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Trepanier MO, Hopperton KE, Orr SK, Bazinet RP. N-3 polyunsaturated fatty acids in animal models
with neuroinflammation: An update. Eur J Pharmacol. 2016; 785:187-206. https://doi.org/10.1016/j.
ejphar.2015.05.045 PMID: 26036964.

Lawson LD, Hughes BG. Human absorption of fish oil fatty acids as triacylglycerols, free acids, or ethyl
esters. Biochem Biophys Res Commun. 1988; 152(1):328-35. PMID: 3358766.

el Boustani S, Colette C, Monnier L, Descomps B, Crastes de Paulet A, Mendy F. Enteral absorption in
man of eicosapentaenoic acid in different chemical forms. Lipids. 1987; 22(10):711—4. PMID: 2828810.

Dyerberg J, Madsen P, Moller JM, Aardestrup |, Schmidt EB. Bioavailability of marine n-3 fatty acid for-
mulations. Prostaglandins Leukot Essent Fatty Acids. 2010; 83(3):137—41. https://doi.org/10.1016/j.
plefa.2010.06.007 PMID: 20638827.

Davidson MH, Johnson J, Rooney MW, Kyle ML, Kling DF. A novel omega-3 free fatty acid formulation
has dramatically improved bioavailability during a low-fat diet compared with omega-3-acid ethyl esters:
the ECLIPSE (Epanova((R)) compared to Lovaza((R)) in a pharmacokinetic single-dose evaluation)
study. Journal of clinical lipidology. 2012; 6(6):573-84. https://doi.org/10.1016/j.jacl.2012.01.002 PMID:
23312053

Offman E, Marenco T, Ferber S, Johnson J, Kling D, Curcio D, et al. Steady-state bioavailability of pre-
scription omega-3 on a low-fat diet is significantly improved with a free fatty acid formulation compared
with an ethyl ester formulation: the ECLIPSE Il study. Vasc Health Risk Manag. 2013; 9:563-73. hitps://
doi.org/10.2147/VHRM.S50464 PMID: 24124374; PubMed Central PMCID: PMCPMC3794864.

Yang LY, Kuksis A, Myher JJ. Lipolysis of menhaden oil triacylglycerols and the corresponding fatty
acid alkyl esters by pancreatic lipase in vitro: a reexamination. J Lipid Res. 1990; 31(1):137—47. PMID:
2313198.

Ikeda |, Imasato Y, Nagao H, Sasaki E, Sugano M, Imaizumi K, et al. Lymphatic transport of eicosapen-
taenoic and docosahexaenoic acids as triglyceride, ethyl ester and free acid, and their effect on choles-
terol transport in rats. Life Sci. 1993; 52(16):1371-9. PMID: 8464336.

Ikeda |, Sasaki E, Yasunami H, Nomiyama S, Nakayama M, Sugano M, et al. Digestion and lymphatic
transport of eicosapentaenoic and docosahexaenoic acids given in the form of triacylglycerol, free acid
and ethyl ester in rats. Biochim Biophys Acta. 1995; 1259(3):297-304. PMID: 8541338.

Ding N, Xue Y, Tang X, Sun ZM, Yanagita T, Xue CH, et al. Short-term effects of different fish oil formu-
lations on tissue absorption of docosahexaenoic acid in mice fed high- and low-fat diets. J Oleo Sci.
2013; 62(11):883-91. PMID: 24200935.

Ghasemifard S, Hermon K, Turchini GM, Sinclair AJ. Metabolic fate (absorption, beta-oxidation and
deposition) of long-chain n-3 fatty acids is affected by sex and by the oil source (krill oil or fish oil) in the
rat. Br J Nutr. 2015; 114(5):684-92. https://doi.org/10.1017/S0007114515002457 PMID: 26234617.

Graf BA, Duchateau GS, Patterson AB, Mitchell ES, van Bruggen P, Koek JH, et al. Age dependent
incorporation of 14C-DHA into rat brain and body tissues after dosing various 14C-DHA-esters. Prosta-
glandins Leukot Essent Fatty Acids. 2010; 83(2):89-96. https://doi.org/10.1016/j.plefa.2010.05.004
PMID: 20580213.

Dole VP. A relation between non-esterified fatty acids in plasma and the metabolism of glucose. J Clin
Invest. 1956; 35(2):150—4. https://doi.org/10.1172/JCI103259 PMID: 13286333; PubMed Central
PMCID: PMCPMC438791.

Oscarsson J, Hurt-Camejo E. Omega-3 fatty acids eicosapentaenoic acid and docosahexaenoic acid
and their mechanisms of action on apolipoprotein B-containing lipoproteins in humans: a review. Lipids
Health Dis. 2017; 16(1):149. Epub 2017/08/12. https://doi.org/10.1186/s12944-017-0541-3 PMID:
28797250; PubMed Central PMCID: PMCPMC5553798.

Sabb JE, Godfrey PM, Brannon PM. Adaptive response of rat pancreatic lipase to dietary fat: effects of
amount and type of fat. J Nutr. 1986; 116(5):892-9. Epub 1986/05/01. PubMed https://doi.org/10.1093/
jn/116.5.892 PMID: 2422333.

Chen CT, Kitson AP, Hopperton KE, Domenichiello AF, Trepanier MO, Lin LE, et al. Plasma non-esteri-
fied docosahexaenoic acid is the major pool supplying the brain. Sci Rep. 2015; 5:15791. Epub 2015/
10/30. https://doi.org/10.1038/srep15791 PMID: 26511533; PubMed Central PMCID:
PMCPMC4625162.

Brossard N, Croset M, Lecerf J, Pachiaudi C, Normand S, Chirouze V, et al. Metabolic fate of an oral
tracer dose of [13C]docosahexaenoic acid triglycerides in the rat. Am J Physiol. 1996; 270(4 Pt 2):
R846-54. Epub 1996/04/01. PubMed https://doi.org/10.1152/ajpregu.1996.270.4.R846 PMID:
8967415.

Vidgren HM, Agren JJ, Schwab U, Rissanen T, Hanninen O, Uusitupa MI. Incorporation of n-3 fatty
acids into plasma lipid fractions, and erythrocyte membranes and platelets during dietary supplementa-
tion with fish, fish oil, and docosahexaenoic acid-rich oil among healthy young men. Lipids. 1997; 32
(7):697-705. PMID: 9252957

PLOS ONE | https://doi.org/10.1371/journal.pone.0201367  August 2,2018 13/14


https://doi.org/10.1016/j.ejphar.2015.05.045
https://doi.org/10.1016/j.ejphar.2015.05.045
http://www.ncbi.nlm.nih.gov/pubmed/26036964
http://www.ncbi.nlm.nih.gov/pubmed/3358766
http://www.ncbi.nlm.nih.gov/pubmed/2828810
https://doi.org/10.1016/j.plefa.2010.06.007
https://doi.org/10.1016/j.plefa.2010.06.007
http://www.ncbi.nlm.nih.gov/pubmed/20638827
https://doi.org/10.1016/j.jacl.2012.01.002
http://www.ncbi.nlm.nih.gov/pubmed/23312053
https://doi.org/10.2147/VHRM.S50464
https://doi.org/10.2147/VHRM.S50464
http://www.ncbi.nlm.nih.gov/pubmed/24124374
http://www.ncbi.nlm.nih.gov/pubmed/2313198
http://www.ncbi.nlm.nih.gov/pubmed/8464336
http://www.ncbi.nlm.nih.gov/pubmed/8541338
http://www.ncbi.nlm.nih.gov/pubmed/24200935
https://doi.org/10.1017/S0007114515002457
http://www.ncbi.nlm.nih.gov/pubmed/26234617
https://doi.org/10.1016/j.plefa.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20580213
https://doi.org/10.1172/JCI103259
http://www.ncbi.nlm.nih.gov/pubmed/13286333
https://doi.org/10.1186/s12944-017-0541-3
http://www.ncbi.nlm.nih.gov/pubmed/28797250
https://doi.org/10.1093/jn/116.5.892
https://doi.org/10.1093/jn/116.5.892
http://www.ncbi.nlm.nih.gov/pubmed/2422333
https://doi.org/10.1038/srep15791
http://www.ncbi.nlm.nih.gov/pubmed/26511533
https://doi.org/10.1152/ajpregu.1996.270.4.R846
http://www.ncbi.nlm.nih.gov/pubmed/8967415
http://www.ncbi.nlm.nih.gov/pubmed/9252957
https://doi.org/10.1371/journal.pone.0201367

@° PLOS | ONE

Uptake and tissue distribution of DHA forms in rats

23.

24,

25.

26.

27.

28.

29.

30.

31.

Oakes ND, Kjellstedt A, Forsberg GB, Clementz T, Camejo G, Furler SM, et al. Development and initial
evaluation of a novel method for assessing tissue-specific plasma free fatty acid utilization in vivo using
(R)-2-bromopalmitate tracer. J Lipid Res. 1999; 40(6):1155-69. Epub 1999/06/05. PMID: 10357848.

Kaur G, Molero JC, Weisinger HS, Sinclair AJ. Orally administered [(1)(4)C]DPA and [(1)(4)C]DHA are
metabolised differently to [(1)(4)C]EPA in rats. Br J Nutr. 2013; 109(3):441-8. Epub 2012/05/15. https:/
doi.org/10.1017/S0007114512001419 PMID: 22578196.

Oakes ND, Thalen PG, Jacinto SM, Ljung B. Thiazolidinediones increase plasma-adipose tissue FFA
exchange capacity and enhance insulin-mediated control of systemic FFA availability. Diabetes. 2001;
50(5):1158-65. PMID: 11334421.

Wallenius K, Kjellstedt A, Thalen P, Lofgren L, Oakes ND. The PPAR alpha/gamma Agonist, Tesaglita-
zar, Improves Insulin Mediated Switching of Tissue Glucose and Free Fatty Acid Utilization In Vivo in
the Obese Zucker Rat. PPAR Res. 2013; 2013:305347. https://doi.org/10.1155/2013/305347 PMID:
24285952; PubMed Central PMCID: PMCPMC3826326.

Evans K, Burdge GC, Wootton SA, Clark ML, Frayn KN. Regulation of dietary fatty acid entrapment in
subcutaneous adipose tissue and skeletal muscle. Diabetes. 2002; 51(9):2684—90. Epub 2002/08/28.
PMID: 12196459

Summers LK, Barnes SC, Fielding BA, Beysen C, llic V, Humphreys SM, et al. Uptake of individual fatty
acids into adipose tissue in relation to their presence in the diet. Am J Clin Nutr. 2000; 71(6):1470-7.
Epub 2000/06/06. PubMed https://doi.org/10.1093/ajcn/71.6.1470 PMID: 10837287.

Arterburn LM, Hall EB, Oken H. Distribution, interconversion, and dose response of n-3 fatty acids in
humans. Am J Clin Nutr. 2006; 83(6 Suppl):1467S-76S. Epub 2006/07/18. PubMed https://doi.org/10.
1093/ajcn/83.6.1467S PMID: 16841856.

Gronn M, Christensen E, Hagve TA, Christophersen BO. Peroxisomal retroconversion of docosahexae-
noic acid (22:6(n-3)) to eicosapentaenoic acid (20:5(n-3)) studied in isolated rat liver cells. Biochim Bio-
phys Acta. 1991; 1081(1):85-91. Epub 1991/01/04. PMID: 1825021.

Polozova A, Salem N Jr. Role of liver and plasma lipoproteins in selective transport of n-3 fatty acids to
tissues: a comparative study of 14C-DHA and 3H-oleic acid tracers. J Mol Neurosci. 2007; 33(1):56—66.
Epub 2007/09/29. PMID: 17901547.

PLOS ONE | https://doi.org/10.1371/journal.pone.0201367  August 2,2018 14/14


http://www.ncbi.nlm.nih.gov/pubmed/10357848
https://doi.org/10.1017/S0007114512001419
https://doi.org/10.1017/S0007114512001419
http://www.ncbi.nlm.nih.gov/pubmed/22578196
http://www.ncbi.nlm.nih.gov/pubmed/11334421
https://doi.org/10.1155/2013/305347
http://www.ncbi.nlm.nih.gov/pubmed/24285952
http://www.ncbi.nlm.nih.gov/pubmed/12196459
https://doi.org/10.1093/ajcn/71.6.1470
http://www.ncbi.nlm.nih.gov/pubmed/10837287
https://doi.org/10.1093/ajcn/83.6.1467S
https://doi.org/10.1093/ajcn/83.6.1467S
http://www.ncbi.nlm.nih.gov/pubmed/16841856
http://www.ncbi.nlm.nih.gov/pubmed/1825021
http://www.ncbi.nlm.nih.gov/pubmed/17901547
https://doi.org/10.1371/journal.pone.0201367

