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Abstract EPA and DHA protect against multiple metabolic
and neurologic disorders. Although DHA appears more ef-
fective for neuroinflammatory conditions, EPA is more ben-
eficial for depression. However, the brain contains negligible
amounts of EPA, and dietary supplements fail to increase it
appreciably. We tested the hypothesis that this failure is due
to absorption of EPA as triacylglycerol, whereas the trans-
porter at the blood-brain barrier requires EPA as lyso-
phosphatidylcholine (LPC). We compared tissue uptake
in normal mice gavaged with equal amounts (3.3 wmol/day)
of either LPC-EPA or free EPA (surrogate for current sup-
plements) for 15 days and also measured target gene ex-
pression. Compared with the no-EPA control, LPC-EPA
increased brain EPA >100-fold (from 0.03 to 4 pmol/g);
free EPA had little effect. Furthermore, LPC-EPA, but not
free EPA, increased brain DHA 2-fold. Free EPA increased
EPA in adipose tissue, and both supplements increased EPA
and DHA in the liver and heart. Only LPC-EPA increased
EPA and DHA in the retina, and expression of brain-derived
neurotrophic factor, cyclic AMP response element binding
protein, and 5-hydroxy tryptamine (serotonin) receptor 1A
in the brain. These novel results show that brain EPA can be
increased through diet.li Because LPC-EPA increased both
EPA and DHA in the brain, it may help in the treatment
of depression as well as neuroinflammatory diseases, such
as Alzheimer’s disease.—Yalagala, P. C. R., D. Sugasini,
S. Dasarathi, K. Pahan, and P. V. Subbaiah. Dietary lysophos-
phatidylcholine-EPA enriches both EPA and DHA in the
brain: potential treatment for depression. J. Lipid Res. 2019.
60: 566-578.
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The two major long-chain omega 3 FAs in animal tissues
are EPA and DHA. Both of these FAs are known to have
beneficial effects as anti-inflammatory agents and pro-
tect against various metabolic and neurologic diseases. Al-
though the DHA concentration is higher than EPA in most
tissues, the brain and retina are unique in having very high
levels of DHA but virtually no EPA (1). The major dietary
sources of EPA and DHA are fish, fish oil, and krill oil, all
of which usually contain more EPA than DHA (2). How-
ever, the EPA levels in the brain are not increased signifi-
cantly following the feeding of fish oil, krill oil, or even
ethyl ester of EPA, although other tissues are enriched in
both EPA and DHA (3-6). Interestingly, several clinical
and preclinical studies showed that dietary EPA is superior
to dietary DHA in the prevention and treatment of depres-
sion (7-9). It is therefore puzzling how EPA protects
against depression without being incorporated appreciably
into the brain. To explain this paradox, it has been pro-
posed that the beneficial effects of EPA may result from the
suppression of peripheral inflammation or from its hepatic
conversion to DHA, rather than from a direct effect on the
brain (10). However, the conversion of EPA to DHA can-
not explain why dietary DHA does not have similar effects.
The lack of enrichment of brain EPA by the dietary EPA
has been explained by proposing that EPA is rapidly oxi-
dized by the brain, in contrast to DHA (11, 12). This mech-
anism is supported by kinetic studies with labeled FAs
showing the generation of more water-soluble degradation
products from EPA, compared with DHA in the brain (10,
11). An alternative explanation that has not been explored
is that the omega 3 FAs taken up into the brain do not
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accumulate in the brain if they are not taken up by the
physiological transporter at the blood-brain barrier, namely
major facilitator superfamily domain-containing protein 2a
(Mfsd2a), which is specific for the lysophosphatidylcholine
(LPC) form of the FA (13). This sodium-dependent sym-
porter has been shown to be critical for the uptake and ac-
cumulation of DHA by the brain, and loss of its activity
leads to a deficiency of brain DHA, microcephaly, and
mental retardation (13, 14). Although itis expressed in sev-
eral tissues (15), it is functionally more important in the
endothelial cells of the blood-brain barrier (13), retina
(16), and placenta (17). Mfsd2a has been shown to trans-
port most long-chain FAs in the form of lysophospholipids,
as well as acylcarnitines (18). However, the potential role of
this transporter in the accrual of EPA by the brain has not
been investigated. Interestingly, recent studies show that
the concentration of LPC-EPA is significantly lower than
that of LPC-DHA in the plasma (19), suggesting that the
formation of LPC-EPA (presumably in the liver) may be a
limiting factor in the accumulation of brain EPA. If so, in-
creasing the plasma LPC-EPA concentration should result
in its increased uptake and retention by the brain. We re-
cently showed that feeding LPC-DHA (1 mg DHA per day
or ~40 mg/kg body weight) to normal mice for 30 days not
only increased the plasma LPC-DHA concentration, but
also increased the brain DHA content by 100% in normal
adult mice and improved their memory function, as deter-
mined by the Morris water maze test (20). The same
amount of unesterified (free) DHA, a surrogate for fish oil,
krill oil, and other current supplements, neither increased
brain DHA nor improved the memory. In the present
study, we tested the hypothesis that the brain EPA levels
can be similarly increased if it is provided in the form of
LPC-EPA in the diet by comparing the uptake and accre-
tion of dietary LPC-DHA and free EPA by the brain in
normal adult mice. The results show, for the first time, that
the brain EPA can indeed be increased several-fold using
a physiological dose of dietary LPC-EPA, but not free
EPA. Furthermore, the amount of DHA in the brain in-
creased even more than that of EPA by dietary LPC-EPA,
indicating that EPA taken up as LPC s efficiently converted
to DHA. However, there was no change in brain DHA by
dietary free EPA at the same concentration. The expres-
sion of the neurotrophic factor, brain-derived neuro-
trophic factor (BDNF), and its downstream targets, cyclic AMP
response element binding protein (CREB) and 5-hydroxy
tryptamine (serotonin) receptor 1A (5-HT1A), as well as
the phosphorylation of CREB were significantly elevated in
the brain following treatment with dietary LPC-EPA, but
not free EPA, showing that the dietary LPC-EPA is func-
tionally effective in the brain. Because of the known ben-
eficial effects of EPA in patients with depression, the
enrichment of brain EPA by this strategy might be poten-
tially useful in the prevention and treatment of depression.
Furthermore, because LPC-EPA increases both EPA and
DHA in the brain, it may be more beneficial than dietary
DHA for the treatment of depression as well as various neu-
roinflammatory diseases, including Alzheimer’s disease,
which are more responsive to DHA.

MATERIALS AND METHODS

Chemicals

Free FAs (15:0, 17:0, 22:3, and 20:5) and tri-15:0 triacylglycerol
(TAG) were purchased from Nu-Chek Prep Inc. (Elysian, MN).
Di-17:0 phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) were obtained from Avanti Polar Lipids (Alabaster, AL). All
other chemicals were purchased from Sigma Chemical Co. (St.
Louis, MO). All solvents (MS grade) were obtained from Thermo
Fisher Scientific (Waltham, MA).

Preparation of LPC-EPA

The sn-1 EPA-LPC was prepared by the treatment of di-EPA PC
with snake venom PLA,. di-EPA PC was synthesized by esterifica-
tion of celite-bound glycerophosphorylcholine (265 mg) with
EPA (1.48 g) in the presence of dimethylaminopyridine (0.31 g)
and dicyclohexylcarbodiimide (1.01 g), essentially as described by
Ichihara etal. (21). The PCwas purified by silicic acid chromatog-
raphy, dissolved in 20 ml of diethyl ether, and reacted with 10 mg
Crotalus adamenteus venom dissolved in 0.5 ml Tris-HCI buffer (pH
7.4) containing 10 mM CaCly. After 5 h of reaction on a metabolic
shaker at room temperature, the precipitated LPC-EPA was
washed with 5 ml of hexane to remove free EPA and extracted
with chloroform:methanol (2:1 v/v) and used without further pu-
rification. The preparation gave a single spot on TLC plates cor-
responding to authentic LPC and contained only EPA by GC
analysis.

Animals

All protocols were approved by the University of Illinois at
Chicago Institutional Animal Care and Use Committee, and the
procedures were performed in adherence to the institutional
guidance and regulations. Male C57BL/6 mice (age, 2 months)
were purchased from Jackson Laboratories (Bar Harbor, ME).
The mice were fed a standard rodent chow (Teklad LM 485;
Envigo, Indianapolis, IN) and water ad libitum throughout the
experiment. All mice were housed in rooms with a 12 h light/dark
cycle at controlled temperature (22°C + 2°C). After 1 week of ac-
climatization, the mice were randomly divided into three groups
(n = 6 each) and gavaged daily for 15 days with 80 wl of corn oil
containing no EPA (control) or 1 mg EPA (3.3 wmol) either as
free FA or as LPC.

The standard rodent chow, which contained 5.8% total fat, did
not contain any EPA or DHA, but had 0.3% a-linolenic acid (18:3,
n-3) and 2.6% linoleic acid (18:2, n-6). The food intake and the
body weights were not different between the three groups of
mice. After 15 days of treatment, the mice were fasted overnight
and anesthetized with 2% isoflurane. Blood was drawn by cardiac
puncture into a heparinized syringe, and plasma was separated by
centrifugation at 1,500 g for 15 min at 4°C. The mice were then
perfused transcardially with ice-cold 100 mM PBS (pH 7.4), and
liver, heart, brain, retina, and adipose tissues were harvested. All
samples were flash-frozen in liquid nitrogen and stored at —80°C
until analysis.

Lipid extraction and FA analysis

The lipids were extracted from the fractions or tissues by the
modified Bligh and Dyer procedure, as described by Ivanova et al.
(22), after adding tri-15:0 TAG and di-17:0 PC as internal stan-
dards. Methylation of FAs of total lipids and GC/MS analysis of
the methyl esters was performed as described previously (20, 23).

LC/MS analysis

LC/MS analysis of molecular species of lipids was performed
on an ABSciex 6500 QTRAP mass spectrometer coupled with an
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Agilent 2600 UPLC system, as described previously (20). Quantifi-
cation of EPA-, docosapentaenoic acid (DPA)-, and DHA-contain-
ing molecular species of PC, LPC, PE, and TAG in plasma and
tissues was performed from the relative intensities of the various
species and corresponding internal standards [17:0-17:0 PC, 17:0-
LPC, 15:0-15:0 PE, 17:0-17:0 phosphatidylserine (PS), 14:1-17:0
phosphatidylinositol (PI), and 15:0-15:0-15:0 TAG]. The data pro-
cessing was carried out using Analyst 1.6.2 (ABSciex, Redwood
City, CA).

Western blotting

The brain tissue was homogenized in lysis buffer [50 mM Tris
(pH 8.0), 25 mM KCI, 0.5 mM EDTA, Nonidet P-40, 0.1 mM
EGTA, 10 pl/mlaprotinin, 1 mM MgCl,, 1 mM CaCl,, 1 mM Na,P,O,
1 mM Na,MO,, 1% protease inhibitor cocktail, 1 mM phenyl
sulfonyl fluoride, 10 mM sodium flouoride, and 1 mM NaV] and
the suspension was left on ice for 30 min and centrifuged at
13,000 gat 4°C for 10 min. The supernatant (30 pg protein) was
separated on 10% SDS-PAGE and the separated proteins were
transferred on to methanol-rinsed polyvinylidene difluoride
membranes (Millipore) The membranes were blocked with 5%
(w/v) nonfat dried milk in TBS containing 0.1% Tween-20
(TBST) for 1 h at 4°C and probed with primary antibodies in
TBST overnight at 4°C. The membranes were then washed with
TBST three times and incubated with appropriate horseradish
peroxide-conjugated secondary antibodies at room temperature
for 1 h. Finally, the membranes were washed with TBST three
times and developed with ECL detection kits (Bio-Rad, Hercules,
CA) for 1 min, respective proteins were quantified in a Bio-Rad
ChemiDoc MP imaging system, and the results were expressed as
mean relative densitometric units.

ELISA

Brain tissue was homogenized in the lysis buffer. The homoge-
nates were centrifuged at 10,000 g for 20 min, the supernatants
were collected, and total protein concentration was determined
by MicroBCA procedure (Pierce, Rockford, IL) using BSA as stan-
dard. Endogenous concentrations of BDNF were quantified using
an ELISA kit (BDNF Emax ImmunoAssay System kit, (Promega
Inc., Madison, WI) according to manufacturer’s protocol.

RNA isolation

Total RNA was isolated from the brain using Trizol reagent
(Sigma) according to the manufacturer’s protocol. The resulting
RNA was reverse transcribed to cDNA using dNTP, oligo (dT) 12-18
as primer and Moloney murine leukemia virus reverse transcrip-
tase (Invitrogen, Thermo Fisher) in a 20 pl reaction mixture.

Real-time PCR analysis

The mRNA quantification was performed using the ABI-Prism7700
sequence detection system (Applied Biosystems, Foster City, CA) us-
ing SYBR Green super mix (Quantabio, Beverly, MA) and the follow-
ing primers for murine genes (Invitrogen): BDNF [forward (F):
5-ATGGGACTCTGGAGAGCCTGAA-3', reverse (R): 5-CGCCAGC-
CAATTCTCTTTTTGC-3']; CREB (F: 5 TCAGCCGGGTACTAC-
CATTC-3’, R: 5-TTCAGCAGGCTGTGTAGGAA-3"); 5-HT1A (F:

“CTGTTTATCGCCCTGGATG-, R: 5" ATGAGCCAAGTGAGCGA-
GAT-3'); TNFa (F: 5" TTCTGTCTACTGAACTTCGGGGTGATCG-
GTCC3 R:5-GTATGAGATAGCAAATCGGCTGACGGTGTGGGS);
GAPDH (F: 5-GGTGAAGGTCGGTGTGAACGY', R: 5 TTGGCTC-
CACCCTTCAAGTG-3).

The mRNA expression of the targeted genes was normalized to
the level of GAPDH mRNA. Data were processed by the ABI Se-
quence Detection system 1.6 software and analyzed by ANOVA.
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Statistics

Unless otherwise indicated, all statistical analyses were per-
formed using GraphPad Prism 7.0 software (La Jolla, CA). Analy-
sis of significance was determined by one-way ANOVA with post
hoc Tukey multiple comparison test.

RESULTS

Effect of feeding free EPA or LPC-EPA on plasma omega
3 FAs

Figure 1A shows the composition of long-chain omega 3
FA levels in the plasma following the gavage of corn oil car-
rier alone (no-EPA control) or with free EPA or LPC-EPA at
a dose of 1 mg EPA (3.3 umol/day for 15 days). The total
FA composition of plasma is shown in supplemental Table
S1. The EPA concentration was very low in control plasma
(0.15% of total FAs), but was increased significantly by free
EPA (to 4.3% of total FAs) and by LPC-EPA (to 3.9% of total
FAs) to a comparable extent. However, the increase in the
elongation products, namely DPA (22:5, n-3) and DHA
(22:6, n-3), was greater with free EPA than with LPC-EPA.
The DHA content increased from 2.7% of total FAs (in con-
trol) to 8.4% of total by free EPA and to 4.5% of total by
LPC-EPA. The DPA content rose from 0.53% of total (in
control) to 1.06% of total in the free EPA group, and to
0.86% of total in the LPC-EPA group. The total omega 3 FA
content (20:5 + 22:5 + 22:6) was thus significantly higher
with free EPA (13.7% of total FAs) compared with LPC-EPA
(9.3% of total FAs). The concentration of 20:4 decreased in
both groups to a similar extent (supplemental Table SI).
There were also significant decreases in 18:1 (n9), 18:1 (n-7),
and 16:1 (n-7) to a roughly equal extent by both treatments.
These results show that both molecular forms of EPA are
absorbed efficiently, and that EPA is converted to DPA and
DHA in the liver and other tissues and secreted into plasma
in the lipoproteins.

A significant increase in the net amount of plasma LPC-
EPA (expressed as nanomoles per milliliter) occurred after
feeding LPC-EPA compared with free EPA (Fig. 1B). There
was also an increase in the net amounts of LPC-DHA and
LPC-DPA (nanomoles per milliliter) in the mice fed LPC-
EPA. These results show that part of EPA absorbed through
the LPC-EPA pathway is converted to DPA and DHA in the
liver and secreted into plasma in the form of LPC. It is possi-
ble that LPC-EPA in the plasma was derived from direct ab-
sorption from the gut as well as secretion from the liver.
However, the isomer composition of LPC shows that over
75% of LPC-EPA and LPC-DHA were sn-2 acyl isomers. Be-
cause we fed only sn-1 EPA isomer, and the isomerization
does not favor the formation of sn-2 acyl isomer (24), these
results show that most of the omega 3 FA LPC in plasma was
secreted by the liver, which is known to secrete predomi-
nantly sn-2 acyl (unsaturated) isomers (25-27). It may also be
noted that the animals were fasted overnight before collec-
tion of the plasma, and therefore it is unlikely that the plasma
LPC-EPA measured here is derived from the recently ab-
sorbed LPC.

The molecular species of PC, PE, and TAG containing
the omega 3 FA were analyzed by LC/MS/MS to determine
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in the text. Only the omega 3 FAs are shown here. The total FA composition of plasma is shown in supplemental Table S1. The values shown
are mean + SD, n = 6 for each group. Statistical significance was determined by one-way ANOVA with post hoc Tukey multiple comparison
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ing omega 3 FA was analyzed by LC/MS/MS in the MRM mode, as described in the text. The values shown are mean + SD, n = 6 per group.
Statistical significance was determined by one-way ANOVA with post hoc Tukey multiple comparison test. Pvalue symbols are as in A. C: In-
corporation of omega 3 FA in plasma lipids. Molecular species of PC, PE, and TAG containing 20:5, 22:5, and 22:6 were analyzed by LC/MS/
MS in the MRM mode, as described in the text. The values shown are nanomoles of each omega 3 FA associated with the indicated plasma
lipid, and are mean + SD (n = 6 per group). The individual values were calculated by adding all the molecular species of each lipid containing
the indicated omega 3 FA. The values were corrected for the number of molecules of omega 3 FA expected in each molecular species (for
example: for 16:0-20:5 PC, the nanomoles of 20:5 are the same as the nanomoles of PC, whereas for 20:5-20:5 PC, the nanomoles of 20:5 are
double the nanomoles of PC, and for 20:5-20:5-20:5 TAG, there are three times the nanomoles of TAG). Bars with different letters are signifi-

cantly different from each other (one-way ANOVA).

whether the metabolic fates of dietary free EPA and LPC-
EPA differed after their absorption. Most of the lipid spe-
cies containing EPA, DPA, and DHA were elevated in the
plasma of mice fed LPC-EPA (Fig. 1C), supporting an effi-
cient assimilation of the absorbed LPCG-EPA by the liver,
elongation to DHA, and subsequent secretion into plasma
lipoproteins. In contrast to LPC-EPA, which increased the
omega 3 FAs of both phospholipids and TAG, free EPA
increased mostly the omega 3 FAs of TAG. The results also
show that the majority of the omega 3 FA was present in
plasma TAG in both the free EPA and LPC-EPA groups.
However, a significantly higher fraction of plasma omega 3
FAs was incorporated into the phospholipids in the LPC-
EPA group compared with the free EPA group.

Incorporation of dietary free EPA and LPC-EPA into
brain lipids

Figure 2 shows the percentage of omega 3 FAs in the
brain lipids, as well as the concentration in nanomoles per

gram of tissue in the three groups of mice. The total FA
composition is shown in supplemental Table S2. The EPA
concentration in the control group is very low (0.04% of
total FAs), as reported by several previous studies (3, 4).
Although this percentage was increased by both free EPA
and LPC-EPA, the brain EPA content was 7-fold greater in
the LPC-EPA group (4.14% of total FAs) compared with
the free EPA group (0.56% of the total). Furthermore,
there was a marked increase in DPA (22:5, n-3) and DHA
(22:6) in the LPC-EPA group, but not in the free EPA
group, whether expressed as percent of total FAs or as
nanomoles per gram of tissue. Thus feeding LPC-EPA in-
creased the net amount (nanomoles per gram) of DPA by
18-fold over the control and increased DHA by 2.5-fold
over the control group. The total omega 3 FA content
(nanomoles per gram) of the brain was increased by 2.8-
fold over the no-EPA control by LPC-EPA, whereas it was
not affected by the same dose of free EPA. These studies
therefore show that LPC-EPA is efficiently transported into
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statistical symbols are the same as in Fig. 1.

the brain and converted to DPA and DHA in addition to
increasing the EPA content by >100-fold. It is likely that
part of the increase in brain DHA is due to the uptake of
LPC-DHA from the plasma, because the plasma LPC-DHA
is also increased by oral LPC-EPA (Fig. 1B). We calculated
that about 12% of the administered EPA (5.9 pmol out of
49.5 wmol) was incorporated into brain lipids over the pe-
riod of 15 days, as indicated by the increase in omega 3 FAs
of the brain. This is a much higher incorporation com-
pared with the previous studies, which reported that less
than 1% of the oral dose is deposited in the brain after in-
gestion of either TAG-DHA or PC-DHA (28, 29).

The increase in the net amount of each omega 3 FA
(nanomoles per gram) in various brain phospholipid
classes was analyzed by LC/MS/MS and is shown in Fig. 3.
In all cases, the increase in omega 3 FA was greater in the
LPC-EPA group compared with the free EPA group. The
net increase in DHA was greater than that of EPA in all
phospholipids. However, a relatively large fraction of the
EPA was incorporated into PE and PS compared with PC.
DPA was a minor component in all phospholipids. It is of
interest to note that the increase in EPA (nanomoles per
gram) was almost equal in diacyl PC and plasmalogen PC,
although the concentration of diacyl PC is much greater,
suggesting a preferential enrichment of plasmalogen PC.
However, in the case of PE, the diacyl PE was more pre-
dominantly enriched compared with plasmalogen PE.

The increases in individual molecular species of diacyl
PC, diacyl PE, diacyl PS, and diacyl PI are shown in supple-
mental Figs. S1-S4. Most of the molecular species showed
an increase above the no-EPA control, especially in the
LPC-EPA group. An exception was the 20:4-22:6 species
in all phospholipid classes, which showed a significant
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decrease in the case of the LPC-EPA group compared with
the no-EPA group as well as the free EPA group. This is ap-
parently because of the decrease in 20:4 in all phospholip-
ids. There was a concomitant increase in the 22:6-22:6
species of all phospholipids, suggesting the replacement of
20:4 with 22:6.

Incorporation of free EPA and LPC-EPA into tissue lipids

Feeding free EPA increased the liver EPA content signifi-
cantly (from 0.17% to 2.85% of total FAs), but the increase
was greater with LPC-EPA (5.65% of total FAs) (Fig. 4A).
There was also a robust conversion of EPA to DPA and
DHA, as evident from the increases in their percentages, by
both free EPA and LPC-EPA. However, the conversion was
greater in the LPC-EPA group compared with the free EPA
group. In contrast to the brain, the liver accumulated sig-
nificant amounts of DPA with both of the EPA supple-
ments, suggesting a slower conversion of DPA to DHA. The
total percentage of omega 3 FA in the liver was increased
2.4-fold by free EPA and 4.1-fold by LPC-EPA, showing that
the latter was more efficient in enriching liver omega 3 FA,
similar to the brain. With regard to the other FAs in the
liver, the greatest percentage decrease occurred in 20:4
(supplemental Table S3, Fig. 5), and this decrease was
equal with both supplements. Free EPA increased the per-
centage of 18:1 (n-9), 18:1 (n-7), 16:0, and 18:0 in the liver,
and decreased 18:2 and 20:4; whereas, LPC-EPA decreased
18:2 and increased 18:0, in addition to the decrease in 20:4.

Dietary free EPA and LPC-EPA were incorporated
equally efficiently into heart lipids (Fig. 4B). Although the
increase in DPA percentage did not reach statistical signifi-
cance, the increase in percentage of DHA was highly sig-
nificant and was equal for the two supplements (4.6% in
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Fig. 3.

Increase in omega 3 FAs of brain phospholipids (nanomoles per gram). The molecular species of phospholipids containing the

three omega 3 FAs were analyzed by LC/MS/MS, as described in the text. The increase in each species above the average of the control value
was then calculated for the free EPA- and LPC-EPA-treated mice. The values shown are the sum of the increases in all molecular species
containing the indicated FA (mean + SD, n = 6 per group). ¥*P < 0.0001, all differences between free EPA and LPC-EPA were significantly
different by the unpaired #test with Welch’s correction (GraphPad Prism). The increases in individual molecular species are shown in supple-

mental Figs. S1-S4.

control, 7.14% in the free EPA group, and 7.23% in the
LPC-EPA group). The percentage of total omega 3 FA was
also increased equally in both cases (from 5.3% in the con-
trol to 13% with both free and LPC-EPA). The decrease in
the percentage of arachidonic acid (ARA) was also similar
with free EPA (—48%) and LPC-EPA (—46%) (supplemental
Table S4, Fig. 5). In addition to a decrease in 20:4, there
was a marked decrease in the percentage of saturated FAs
16:0 and 18:0 with both the supplements. A significant in-
crease in the percentage of a-linolenic acid [18:3 (n-3)]
was also observed with both the supplements, possibly
due to retro conversion of EPA and/or a slow turnover of
a-linolenic acid.

In contrast to the other tissues, the EPA concentration in
the white adipose tissue (peri-gonadal) was increased sig-
nificantly by dietary free EPA, but not by LPC-EPA (Fig. 4C).
There was no significant increase in the EPA metabolites,

DPA or DHA, with either supplement. A significant decrease
in the percentage of 20:4 occurred only after free EPA sup-
plementation (supplemental Table S5, Fig. 5), further indi-
cating that only free EPA was incorporated into adipose
tissue. Small but significant decreases occurred in 18:1 (n-9)
and 18:1 (n-7), especially in the free EPA group.

In the erythrocytes, only free EPA increased the percent-
ages of EPA and DHA (Fig. 4D). The percentage of total
omega 3 FAs of erythrocytes increased by >170% by free
EPA, but was unaffected by LPC-EPA. Although both DPA
and DHA were increased in the plasma by LPC-EPA, they
were unchanged in the erythrocytes. In fact, there was a
significant decrease in DPA by LPC-EPA. These results sug-
gest that there was a selective exchange of EPA between
erythrocytes and plasma. However, both free EPA and LPC-
EPA significantly decreased the ARA content of erythro-
cytes, similar to plasma (supplemental Table S6).
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Fig. 4. Omega 3 FA incorporation into tissue lipids: liver (A); heart (B); adipose tissue (C); and erythrocytes (D). The total FA composition
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ARA in tissues

The effect of free EPA and LPC-EPA on the ARA levels of
various tissues is summarized in Fig. 5. As mentioned above,
the ARA levels were significantly decreased by both molec-
ular forms of EPA in all the tissues except the adipose
tissue, where only the free EPA decreased the ARA. In gen-
eral, the decrease in the percentage of ARA correlated with
the increase in EPA and DHA, the exception being the
brain, where free EPA decreased the percentage of ARA
without increasing EPA or DHA. This suggests that free
EPA may have increased transiently in the brain at the ex-
pense of ARA, but was subsequently depleted possibly due
to 3 oxidation, as shown by Chen and Bazinet (11).

Effect on omega 3 FAs in retina

Because DHA is highly concentrated in the retina, and
Mfsd2a is required for the accretion of DHA in this tissue
(16), we have also determined the FA composition of the
retina following the treatment with free and LPC-EPA. The
total FA composition of the retina is shown in supplemen-
tal Table S7. As shown in Fig. 6, the percentages of all three
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omega 3 FAs were increased significantly by LPC-EPA, but
not by free EPA. Retinal EPA increased from 0.14% to 5%
of the total FAs, whereas the DPA increased from 0.3% to
about 1.8% of the total, and DHA went up from 19% of the
total in the control to 33% in LPC-EPA-treated animals.
There was a >50% reduction in the percentage of arachido-
nate in the retina by LPG-EPA, but free EPA had no signifi-
cant effect (supplemental Table S7). These results show
that, similar to the brain, the retina is specifically enriched
in all omega 3 FAs by dietary LPC-EPA presumably through
the Mfsd2a pathway, whereas free EPA at the same dosage
had no significant effect.

Effect of EPA supplementation on the expression of
selected genes in the brain

To examine the functional consequence of omega 3 FA
enrichment of the brain by LPC-EPA, we determined the
expression of several important genes known to be regu-
lated by omega 3 FA by quantitative PCR. As shown in
Fig. 7, the expression of BDNF, CREB, and 5-HT1A was
increased significantly, whereas that of TNFa was decreased
by LPC-EPA. Free EPA had no significant effect on any of
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Fig. 5. Effect of free EPA and LPC-EPA on ARA levels in tissues. The ARA values for each tissue are shown for comparison. The symbols are

as described in Fig. 1.

the genes tested. In addition, the BDNF concentration was
assayed by ELISA and was found be significantly increased
by LPC-EPA, but not by free EPA. The phosphorylation of
CREB, a downstream target of BDNF, was also increased by
both free EPA and LPC-EPA, but the increase was more
significant with the latter. All these results show that the
increase in brain EPA and DHA by LPC-EPA resulted in the
expected functional effects in the brain.

DISCUSSION

The two long-chain omega 3 FAs, EPA and DHA, have
overlapping functions in the brain, but are not inter-
changeable. Thus, while DHA has been shown to be effec-
tive in inhibiting amyloid and Tau pathologies (30, 31) and
improving cognition and memory (32, 33), it is not effec-
tive in improving depression (8, 9). On the other hand,
several clinical and experimental studies have shown that
EPA is more effective in the prevention and treatment of
depression (7-9, 34), but it is less effective than DHA in
improving memory and cognition (35). The EPA con-
centration in the brain is very low compared with DHA,
ranging from 0 to <1% of the DHA concentration (36).
Although theoretically the two FAs are interconvertible,
the conversion efficiency is tissue dependent and is not bi-
directional in most tissues. In the brain, EPA is converted
to DHA, but the retro conversion of DHA to EPA is negli-
gible (4, 37). Therefore, if EPA has certain unique benefits,
such as its mood-improving effects, it is unlikely that DHA

could substitute for it, as is evident from the preclinical and
clinical trials (8, 9). On the other hand, because EPA is eas-
ily converted to DHA in the brain (37), it is possible to get
the benefits of both EPA and DHA by increasing brain EPA
levels. It appears that both EPA and DHA are required for
the optimal effect because EPA increases the release of se-
rotonin from the presynaptic neurons and DHA increases
the activity of serotonin receptor in the postsynaptic neu-
rons (38). However, it has been difficult to test this hypoth-
esis clearly until now because the EPA levels in the brain
are not increased after feeding fish oil or other EPA-rich
supplements (3-6). The possible reasons for the low accu-
mulation of EPA in the brain have been proposed to be not
only due to its rapid oxidation through the B-oxidation
pathway but also due to its rapid loss from the membrane
lipids (36). However, a drawback of the previous studies is
that they were conducted with labeled free EPA, which ap-
parently enters the brain through diffusion (11), whereas
the recent evidence suggests that the physiological trans-
port of long-chain FAs, especially DHA, into the brain is
through a sodium-dependent membrane transporter (Mf-
sd2a) in the molecular form of LPC (13). This mechanism
supports the previous in vivo studies by Lagarde et al. (39),
who showed that intravenously injected LPC-DHA is taken
up more efficiently by the brain compared with free DHA.
Although this mechanism has been challenged by the ki-
netic studies of Chen et al. (40), our recent studies on long-
term feeding of free DHA and LPC-DHA showed that the
net accumulation of brain DHA occurs only through
dietary LPC-DHA, and not through free DHA (20). We
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showed that feeding LPC-DHA [1 mg DHA (3.04 pmol)/
day for 30 days] resulted in a 2-fold increase in the net
amount (nanomoles per gram) of brain DHA, whereas the
same dose of free DHA had no effect. Therefore, we pro-
posed that a similar enrichment of brain EPA can be
achieved by providing dietary EPA in the form of LPC. The
results presented here show for the first time that brain
EPA can indeed be increased several fold by providing a
clinically feasible dose of LPC-EPA. There was one report
that showed a similar enrichment of brain phospholipid
species with EPA after providing free EPA, but the dose
used in that study (3% w/w of diet) is about 100-fold higher
than the dose of LPC-EPA used in the present study, assum-
ing an average daily consumption of 3 g of diet by the adult
mouse. It is important to point out that such high doses of
omega 3 FAs could cause systemic complications, such as
increased bleeding times, and therefore the present stud-
ies employing a low dose of LPC-EPA are more translation-
ally relevant.

It is of interest to note that dietary LPC-EPA markedly
increased the omega 3 FAs not only in the brain but also in
the retina, where Mfsd2a-mediated uptake is known to play
a critical role (16). The protective role of EPA and DHA
against retinopathies has been shown by several studies
(41-43). The retina is unique in having very long-chain
omega 3 FAs that give rise to pro-homeostatic molecules
called elavonoids, which are essential for the integrity of
the retinal pigmental epithelial cells (44). Because EPA is
preferred over DHA for the synthesis of very long-chain
omega 3 FAs in the retina (45, 46), LPC-EPA may be more
beneficial than LPC-DHA for the prevention of retinopa-
thies and macular degeneration, in addition to the neuro-
inflammatory diseases.

The exact pathways by which dietary LPC-EPA (but not
dietary free EPA) specifically enriches brain EPA and DHA
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are not clear. LPC is known to be absorbed intact and con-
verted to PC in the mucosal cells, following which it is
transported in chylomicrons to various tissues (47). Part of
the LPC may also be hydrolyzed to free EPA, which is then
incorporated into chylomicron TAG. Our previous studies
on LPC-DHA showed that some of the PC formed from
the absorbed LPC is transported in HDL particles secreted
by the intestine (23). It is also possible that a part of di-
etary LPC is absorbed intact and transported in portal
blood as LPC because of its hydrophilic property, although
experimental evidence for this pathway is lacking. The re-
sults presented here show that the majority of plasma LPC-
EPA (in fasting plasma) was, in fact, sn-2 acyl isomer,
suggesting the secretion of sn-2 EPA LPC by the liver fol-
lowing the absorption and assimilation of sn-1 EPA LPC.
Whatever the isomeric form of LPC-EPA in the plasma, it
is clear that it behaves differently from the dietary free
EPA or TAG-EPA with regard to its uptake and metabolism
by the brain (Figs. 2, 3). Because of the efficient uptake
and retention of EPA derived from dietary LPC-EPA com-
pared with dietary free EPA, we propose that the EPA
taken up by the Mfsd2a-facilitated pathway enters a meta-
bolic pool distinct from that of free DHA, which is appar-
ently taken up by diffusion (11) (Fig. 8). Because there is
a rapid and efficient conversion to DHA after the uptake
of LPC-EPA, it is presumably hydrolyzed first to free EPA
and activated to acyl-CoA, followed by elongation and de-
saturation in the endoplasmic reticulum and peroxisomes.
LPC-EPA could also take part in various transacylation
reactions with endogenous lipids (48), resulting in an
exchange of EPA with endogenous ARA. Alternatively,
LPC-DHA may be formed and secreted by the liver into
the circulation, followed by its uptake by the brain. How-
ever, the following observations suggest that a signifi-
cant portion of brain DHA was formed in the brain from
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Fig. 7. Effect of free EPA and LPG-EPA on gene expression and CREB phosphorylation in the brain. A-D: Gene expression: BDNF (A); CREB
(B); 5-HT1A (C); TNFa (D). Quantitative PCR was carried out as described in the text. The values shown are the mean + SD of six animals per
group. E: BDNF protein levels were measured by ELISA. The values shown are the mean + SD of six samples for each group. The free EPA value
was not significantly different from the control. However, the BDNF level in in LPC-EPA-treated animals was significantly higher than the control
or free EPA-treated animals, both at P< 0.0001 (ANOVA with post hoc Tukey multiple comparison test). F: Phosphorylated CREB was measured
by Western blot as described in the text. Values shown are expressed as relative to control mean (n = 3 per group). *P < 0.05, **P < 0.01,
##%P < 0.001, and **#¥P < 0.0001 compared with control. ##P < 0.01, ##P < 0.001, and ##HH P < 0.0001 compared with free EPA (one-way
ANOVA with post hoc Tukey multiple comparison test).

elongation of EPA: 1) The amount of LPC-EPA was greater increase in brain DHA was greater than that of EPA, this
than LPC-DHA in the plasma and, therefore, more EPA suggests that the EPA taken up was converted to DHA in
than DHA would be taken up by the brain. Because the the brain. 2) There was very little LPC-22:5 in the plasma,
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This accounts for the loss of ARA after feeding EPA. In contrast to LPC-EPA, the free EPA generated in the plasma is taken up by diffusion
and enters a different metabolic pool where it is preferentially oxidized by the B-oxidation pathway (10, 11) and, therefore, does not accu-

mulate in the brain membranes.

but the brain 22:5 levels were significantly increased. This
increase could have occurred only from the elongation of
newly acquired EPA in the brain. 3) The conversion of
DPA to DHA (as measured by the increase in DHA/in-
crease in DPA) was much higher in the brain than in the
liver, which indicates that the conversion of 22:5 to 22:6
may be more efficient in the brain than in the liver.

The results presented here show that although normally
the brain EPA levels are very low (0.03 pmol/g), they can
be increased by over 100-fold (to 4.0 pmol/g) by feeding
LPC-EPA. Furthermore, the brain DHA could be increased
to the same extent as obtained with feeding LPC-DHA
(20). Because both EPA and DHA of the brain are in-
creased by LPC-EPA, it may be more beneficial than LPC-
DHA (which increases only DHA in the brain) for the
prevention and treatment of various neurological disor-
ders, including Alzheimer’s disease. Moreover, this pro-
vides an opportunity to test whether the beneficial effects
of EPA on mood disorders can be enhanced if its concen-
tration in the brain is increased. The enhanced expression
of BDNF, CREB, and 5-HTI1A, and the increased phos-
phorylation of CREB as well as reduced expression of
TNFo in the brain show that increasing the brain EPA levels
does result in physiological responses commensurate with
the known mechanisms for increased neuroplasticity and
cognition. Our results also show a significant increase in
the EPA and DHA content of the retina by LPC-EPA, but
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not by free EPA. Because the Mfsd2a-mediated transport of
DHA has been shown to be essential for normal retinal
function (16) and because the increase in retinal EPA may
lead to increased production of elavonoids (44), dietary
LPC-EPA could also benefit retinal health Al
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