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Abstract

Docosahexaenoic acid (DHA) is highly concentrated in the brain and its deficiency is associated
with several neurological disorders including Alzheimer’s disease. However, the currently used
supplements do not appreciably enrich brain DHA, although they enrich most other tissues. We
tested the hypothesis that the ability of the dietary carrier to augment brain DHA depends upon the
generation of DHA-lysophosphatidylcholine (LPC), the preferred carrier of DHA across the blood
brain barrier. We compared the efficacy of DHA-triacylglycerol (TAG), di-DHA
phosphatidylcholine (PC) and DHA-LPC to enrich brain DHA following their gavage to normal
rats for 30 days, all at a dose of 10 mg DHA/day. The results show that DHA from TAG, which is
released as free DHA or monoacylglycerol during digestion, and is absorbed as TAG in
chylomicrons, was incorporated preferentially into adipose tissue and heart, but not into brain. In
contrast, LPC-DHA increased brain DHA by up to 100%, but had no effect on adipose tissue. Di-
DHA PC, which generates both free DHA and LPC-DHA during the digestion, enriched DHA in
brain, as well as in heart and liver. Brain-derived neurotrophic factor was increased by di-DHA PC
and DHA-LPC, but not by TAG-DHA, showing that enrichment of brain DHA correlated with its
functional effect. We conclude that dietary DHA from TAG or from natural PC (sn-2 position) is
not suitable for brain enrichment, whereas DHA from LPC (at either sn-1 or sn-2 position) or from
sn-1 position of PC efficiently enriches the brain, and is functionally effective.
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1. Introduction

The brain contains very high concentration of DHA, which is essential for the normal
development and function of the brain [1]. Deficiency of brain DHA is associated with
several neurological diseases including Alzheimer’s, Parkinson’s, schizophrenia, and
depression [2,3]. A few studies in animal models of Alzheimer’s disease showed a beneficial
effect of dietary DHA on the cognitive behavior [4-7]. However, the amount of DHA needed
to show beneficial effect was too high for clinical application. Accordingly, attempts to
improve cognition and memory in patients with mild cognitive dysfunction, employing the
currently available supplements of DHA have largely failed [8-10]. Several animal studies
showed that DHA from these supplements (fish oil, krill oil, algal oil, ethyl esters) was not
incorporated appreciably into adult brain, although other tissues were enriched [11-16]. We
propose that the inability of these supplements to increase brain DHA is due to the presence
of two mutually incompatible natural barriers: 1). The intestinal barrier that releases DHA
from most natural carriers as free fatty acid which is consequently absorbed as
triacylglycerol (TAG), and 2). The blood brain barrier (BBB), which has a specific
transporter (Mfsd2a) that does not transport TAG or free DHA, but instead requires a
lysophosphatidylcholine (LPC) form of DHA [17]. We recently showed [18] that both these
barriers can be overcome by providing dietary DHA in the form of LPC, which largely
escapes intestinal hydrolysis and is absorbed as phospholipid, followed by its transport into
the brain through a transporter (Mfsd2a) at the BBB. Although both free DHA and LPC-
DHA are taken up by the brain through different mechanisms, the former does not
significantly increase the net amount of DHA in the brain, possibly because it is rapidly
oxidized [19,20]. It has in fact been estimated that >80% of dietary DHA consumed either as
TAG or as natural PC is oxidized by the p-oxidation pathway [20]. On the other hand, our
recent studies with normal mice showed feeding LPC DHA nearly doubled the brain DHA
levels, whereas feeding equal amount of free DHA had no effect [18]. Furthermore, the mice
which were fed LPC-DHA performed much better than the free DHA-fed mice in the Morris
water maze test, suggesting that we can not only increase the brain DHA levels by feeding
LPC-DHA, but also improve the memory and brain function. The levels of BDNF, the most
important neurotrophin for neurogenesis and repair, were increased in most regions of the
brain by feeding LPC-DHA, but not by free DHA, indicating one possible mechanism by
which oral LPC DHA was effective in improving the memory. In the current study, we
compared the efficacy of the commonly used dietary carriers of DHA, namely TAG, and PC
with LPC-DHA in enriching brain DHA and improving function in normal male rats,.

The two major natural sources of DHA are TAG and PC. The distribution of DHA among
the three positions of TAG can be either random, as in algal oil [21], predominantly in sn-2,
as in many fish oils [22] and squid oil [23], or predominantly in sn-1/sn-3 positions as in seal
oil [23]. However, the DHA in natural PC is almost always in the sn-2 position, although
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small percentages of DHA have been reported be present in sn-1 position of roe [24], and
krill phospholipids [25]. To determine the effect of the molecular carrier of dietary DHA on
its brain accrual, we employed algal oil (DHASCO) in which DHA is distributed equally
among the three positions of TAG, synthetic di-DHA PC, in which DHA is present equally
at sn-1 and sn-2 positions, and LPC-DHA in which DHA is present only at sn-1 position.
The hypothesis tested is that DHA from any position of TAG will not enrich the brain DHA,
but will enrich most other tissues because it is absorbed as TAG in the lymph chylomicrons.
On the other hand, LPC-DHA would preferentially increase brain DHA because it is
absorbed intact (or as sn-1 DHA PC and subsequently converted to LPC-DHA), and is taken
up by the transporter Mfsd2a at BBB. Di-DHA PC should increase DHA in the brain as well
as the peripheral tissues, since sn-2 DHA would be released as free fatty acid, and sn-1 DHA
would be retained as LPC during absorption. It should be therefore half as effective as LPC-
DHA in terms of DHA content for the brain enrichment, since only half of DHA (from sn-1
position) would be retained as phospholipid during absorption. Further, we postulate that the
increase in brain DHA would result in functional improvement in the brain function. The
results presented here confirm that the incorporation profile of TAG-DHA clearly resembles
that of free DHA we have reported in mice. While the DHA from dietary TAG-DHA is
preferentially incorporated into adipose tissue and heart, the DHA from LPC and from sn-1
position of PC is preferentially incorporated into the brain. As predicted from our model, di-
DHA PC was only half as efficient as LPC-DHA for brain enrichment, because the DHA
from the sn-2 position behaves similarly to the DHA derived from TAG.

2. Materials and Methods

2.1. Animals:

These studies were approved by the UIC animal care committee (IACUC # 17-115). Male
Sprague-Dawley rats (8 week old, 200-250 gm), were purchased from Harlan laboratories
(Indianapolis, IN). The animals were housed (2 per cage) in temperature controlled rooms
(22+2 °C) with 12 h light/dark cycle, and fed ad lib standard laboratory chow (Teklad
#7012, 5.8% fat, contains no DHA, but contains 0.3% 18:3, n-3).). After a one week
acclimation, they were randomly divided into 5 groups (10 animals each) and fed for 30
days, by daily gavage, the various DHA compounds dispersed in corn oil as described below.
The studies were performed in two batches of 25 animals each (5 rats/treatment).

The amount of DHA administered was 10 mg (30.4 pmol) /day in the form of TAG-DHA,
di-DHA PC, or LPC-DHA. An additional dose of 5 mg DHA (15.2 umol) was included for
LPC-DHA to be equivalent to 10 mg di-DHA PC, since only half of the DHA in PC would
be expected to be converted to LPC-DHA. The supplements were administered daily to rats
by gavage in corn oil for 30 days, while they were fed ad /ib normal rodent chow (Teklad
LM 485, Envigo, Indianapolis, IN).

2.2. DHA compounds:

The source of TAG-DHA was algal oil (DHASCO, DSM Nutritional Products, Columbia,
MD). This oil contained 40% of total fatty acid as DHA, which was distributed nearly
equally among the three positions of TAG (Fig. 1A). The distribution of DHA among the 3
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positions of TAG was 31% in sn-2, and 69% in sn-1 and sn-3. The other major fatty acids in
the preparation were 16:0 (14%), 14:0 (4%), 18:1, n-9 (17%), and 22:5, n-6 (11%). Di-DHA
PC (Fig. 1B), in which both positions of PC are occupied by equal amounts of DHA, and
LPC-DHA (Fig. 1C), in which DHA was present at sn-1 position only, were purchased from
Avanti Polar Lipids (Alabaster, AL, USA). All compounds were analyzed for their chemical
purity by TLC, and for the fatty acid composition by GC/MS.

For the preparation of samples for gavage, the DHA compounds in chloroform (equivalent to
684 umol of DHA) were taken into a glass vial, and the solvent was evaporated under
nitrogen. The lipids were dissolved in 200 pl of ethanol and added drop by drop to 5.6 ml of
corn oil while stirring for 15 min at room temperature. The ethanol was then evaporated
under N, and the sample was stored at 4 °C under nitrogen . The samples were warmed to
room temperature and thoroughly mixed before gavaging to rats (250 pl/day). Fresh
dispersions were prepared every 4 days. In the case of the half dose of LPC-DHA (5 mg
DHA) the amount of DHA used was decreased by half, but was dispersed in the same
volume of corn oil.

2.3. Behavioral studies- Spontaneous Alternation

2.4. Morris

The Y-maze behavior of the rats was determined as described previously [26], excepting for
the dimensions of the apparatus. Rats were placed in one arm of a Y-maze apparatus (56 cm
x 56 cm x 56 cm, spaced 120 degrees apart, with a height of 15 cm and width of 10 cm),
allowed to explore for 10 min, and the sequence of arm entries were recorded with overhead
camera. Spontaneous alternation was calculated (Any-Maze software) as the number of
alternations (entries into three different arms consecutively) divided by the total possible
alternations (the number of arms entered minus 2) and multiplied by 100.

Water Maze

Morris water maze (MWM) was conducted as described in [27] with slight modifications.
The circular pool was 150 cm in diameter and 59 cm tall, and the circular escape platform
was 10 cm in diameter. The pool was filled with water (maintained at 25°C) to 10 cm below
the top rim. The pool was divided into equal-sized imaginary quadrants, and the platform
placed in the center of one of the quadrants. High contrast visual cues, consisting of different
black and white poster board patterns were placed in the four corners for spatial orientation.
A single rat was tested in the pool for each testing phase/session. Any-Maze software was
used for calculations.

MWM testing was comprised of two phases. (a) Acquisition phase. Rats were trained over
the course of 4 days (120 sec trial time, 4 trials each day with a 60 sec inter trial interval) to
locate the position of the hidden platform (remains on the hidden platform for >2 sec). Once
located, the rat was allowed to remain on the platform for 15 sec before removal from the
pool. If the rat did not locate the platform within 120 sec, it was gently guided to the
platform and allowed to remain for 15 sec. For each day of the acquisition phase the
sequence of quadrant entries varied, but the platform location remained constant. Latency to
find the platform (sec) was measured. (b) Probe trial. 24 h following the final acquisition
trial, a single 60 sec probe trial was conducted with the platform removed. The latency to the
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target area (i.e., where platform was located during acquisition phase) and the time spent in
the target quadrant were calculated.

2.5. Lipid extraction and analysis:

The rats were fasted overnight, anesthetized with 2% isoflurane, and the blood collected into
heparinized tubes by cardiac puncture. The animals were then perfused transcardially with
ice-cold phosphate buffer-saline, and the various tissues collected and stored at =80 °C until
analysis. Total lipids from the tissues were extracted by the modified Bligh and Dyer
procedure, after adding the internal standards of di-17:0 PC and tri-15:0 TAG [18]. Total
fatty acids were analyzed by GC/MS following their conversion to methyl esters using
methanolic HCI. The analysis was carried out in a Shimadzu QP2010SE GC/MS equipped
with a Supelco Omegawax column (30 m x 0.25 mm x 0.25y). The temperature
programming was as follows: 165 °C for 1 min, raised to 210 °C at the rate of 3.5 °C/min,
and maintaining at 240 °C for 10 min. Total ion current, in the range of 50-400 m/z was used
for quantification of the methyl esters, and the values are expressed as percentage of the total
fatty acids. Isomer composition of LPC-DHA in plasma was measured by LC/MS/MS, using
a ABSciex QTRAP 6500, as described by Sugasini and Subbaiah [28].

2.6. BDNF analysis

BDNF levels in selected brain regions were determined by ELISA. Rat brain regions
(Cortex, hippocampus and striatum) were homogenized in the lysis buffer (Promega Inc,
Madison, WI, USA). The homogenates were centrifuged at 10,000 x g, for 20 min, and total
protein concentration in supernatant was determined by MicroBCA procedure (Pierce,
Rockford, IL, USA) using BSA as standard. Endogenous concentrations of BDNF were
quantified using an ELISA kit (BDNF Emax ImmunoAssay System Kit, (Promega Inc, WI,
USA) according to manufacturer’s protocol.

2.7. Statistical analyses:

The differences between treatment groups were analyzed one-way ANOVA, with Tukey
multiple comparison correction, using Prism software (GraphPad Software, La Jolla
California USA).

3. Results

3.1. Body weights

There were no significant differences in the body weights, or the weights of different tissues
between the treatment groups (results not shown).

3.2. Behavioral studies

In our previous studies, wild type mice showed a significant improvement in spatial memory
following LPC-DHA treatment. In general, wild type rats perform cognitive tasks much
better than wild type mice. Therefore, it is difficult to detect changes in cognition using wild
type rats after treatment, since their performance is already very high. However, we
conducted cognitive analysis to determine whether LPC-DHA treatment results in subtle
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changes in learning and memory using two behavioral tests: Y-maze test, which measures
the exploratory behavior as well as working memory, and Morris water maze test, which is
known to be a good indicator of spatial memory. As shown in Fig. 2A, there were no
significant differences in between the five groups either in the spontaneous alternation or in
number of entries in the Y-Maze apparatus. In the acquisition phase of Morris water maze
test, all rats learned the task well by Day 4 (Fig. 2B). Importantly, rats treated with 10 mg
LPC-DHA showed the fastest learning time. Indeed, on days 1, 2 and 3 of the acquisition
phase, the latency time to find the platform was faster in 10 mg LPC-DHA treated rats
compared to vehicle. In the probe test, however, we found no significant differences among
the 5 groups either in latency to find the previous platform, or in time spent in the target
quadrant (Fig. 2B), consistent with the finding that all groups learned the location of the
platform by day 4. These results support that LPC-DHA improves learning in wild type rats
and suggest that treatment of neurodegenerative models is required to assess the effect of
LPC-DHA on memory.

3.3. Effect of the supplements on plasma LPC-DHA:

Since LPC-DHA is the major transport form of DHA into the brain through the Mfsd2a
pathway [17], we determined the effects of various molecular carriers of dietary DHA on the
LPC-DHA level in plasma. We have also analyzed the isomer composition of LPC-DHA in
order to distinguish between the absorbed form (sn-1 DHA LPC) and the predominant form
secreted by the liver (sn-2 DHA LPC) [29-31]. As shown in Fig. 3, the highest increase in
LPC-DHA occurred after feeding 10 mg LPC-DHA (16-fold over control), followed by 5
mg LPC-DHA (10.5-fold), 10 mg PC-DHA (5.5-fold), and 10 mg TAG-DHA (2.5-fold).
Interestingly, the isomer composition revealed that the majority of LPC-DHA was present as
sn-2 DHA LPC in all groups. Furthermore, the increase in plasma LPC-DHA was mostly
due to an increase in the sn-2 DHA isomer. Since the rats were fed sn-1 DHA-LPC, this
indicates that the source of plasma LPC-DHA is not the recently absorbed LPC-DHA, but
the LPC secreted by the liver, which is known to be sn-2 acyl isomer [29-31]. It may also be
noted that the animals were fasted overnight before sacrifice, and therefore it is unlikely that
the recently absorbed lipids contributed significantly to the plasma LPC composition. We
also found increases in plasma PC and PE species containing DHA, which is similar to the
increases in LPC-DHA (Supplementary Figure S1).

3.4. Effect of supplements on the DHA and ARA content in systemic tissues

Fig. 4 shows the DHA content of various systemic tissues after 30 day supplementation with
the DHA compounds. In addition, the ARA content is shown because of the known
reciprocal relationship between these two fatty acids. The differences between the treatments
were analyzed by ANOVA and the significance denoted by different letter superscripts on
the bars. The magnitude of differences between treatments and their significance levels are
shown in Supplementary Figure S2. The total fatty acid composition of all tissues is shown
in Supplementary Tables 1-5. In the plasma, the maximum increase in DHA occurred with
10 mg LPC-DHA, followed by 5 mg LPC-DHA and 10 mg PC-DHA. The increase was the
lowest with TAG-DHA. However, these levels do not necessarily represent the absorption
efficiencies, since the analysis was done in fasted plasma. Instead, these values resemble
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those of liver DHA, suggesting their hepatic origin. The ARA levels were decreased to
similar extent by all preparations.

In the liver, all preparations increased the DHA content, but 10 mg LPC-DHA was the most
efficient. The increase was similar for 10 mg PC and 5 mg LPC, both of which were more
efficient than TAG. The decrease in liver ARA was comparable with all preparations except
for 10 mg LPC, which decreased more ARA than others.

In contrast to the liver, the DHA content of the heart was elevated most by TAG-DHA.
Dietary PC-DHA, and both doses of LPC-DHA elevated heart DHA to similar extent, but
less than TAG-DHA. However, the decrease in heart ARA was similar with all preparations.

In both peri-gonadal and inguinal adipose tissues, only TAG-DHA increased the DHA
content. PC-DHA, as well as the two doses of LPC-DHA were ineffective in increasing the
DHA or decreasing ARA in the adipose tissue.

3.5. Effect of the supplements on brain DHA and ARA

Six brain regions were analyzed for the fatty acid composition and the results are shown in
Figs. 5 and 6. The differences between the treatments was analyzed by ANOVA, and the
magnitude of differences is shown in Supplementary Figures S3 and S4. The total fatty acid
compositions of all regions are shown in Supplementary Tables 6-11. As shown in Fig. 5, the
DHA content of all brain regions was significantly increased by both di-DHA PC and LPC-
DHA, but not by TAG-DHA. As expected, the enrichment was the highest with 10 mg LPC-
DHA, whereas the enrichment with 5 mg LPC-DHA was comparable to 10 mg PC-DHA,
except in hippocampus and amygdala, where the 5 mg LPC-DHA was slightly more
effective. The ARA content was significantly decreased by both PC-DHA and LPC-DHA to
a similar extent with no dose dependent effect of LPC-DHA (Fig. 6). The exception was
striatum, where only 10 mg LPC-DHA decreased the ARA content. TAG-DHA significantly
decreased the ARA content in cortex and hypothalamus, although there was no significant
increase in the DHA content of these regions.

3.6. Brain BDNF levels

Since DHA is known to increase the expression and synthesis of BDNF [32], we determined
the BDNF levels by ELISA in selected regions of the brain. As shown in Fig. 7, in all three
regions of brain tested (cortex, hippocampus, and striatum) PC-DHA, as well as both doses
of LPC-DHA significantly increased BDNF levels, whereas TAG-DHA had no appreciable
effect. Furthermore, the increase in BDNF appears to be correlated with the increase in
DHA, since the highest increase occurred with 10 mg LPC-DHA, followed by 5 mg LPC-
DHA, and 10 mg PC-DHA, a pattern similar to the changes in DHA levels in the same brain
regions. These results show that the enrichment of brain DHA through dietary LPC-DHA
resulted in functional changes in the brain.

4. Discussion

Omega 3 fatty acid supplements, in the form of fish oil, krill oil, algal oil, and ethyl esters
have been beneficially employed for the prevention and treatment of several metabolic
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disorders, including cardiovascular diseases [33], fatty liver disease [34], and rheumatoid
arthritis [35]. Although DHA is highly concentrated in the brain, and its deficiency has been
linked to various neurological disorders [2,3,36], the currently available supplements have
not been successfully employed for the prevention or treatment of these disorders. The main
reason for this is the impermeability of BBB for most major molecular forms of DHA
present in the plasma. Majority of plasma DHA occurs in the form of diacyl phospholipids,
triacylglycerol, and cholesteryl ester, while smaller amounts occur as LPC, and as free
(unesterified) DHA. Of these molecular forms, only the free DHA and LPC-DHA have been
shown to cross the BBB, although there is controversy as to which of these two molecular
forms is the major supplier of DHA to the brain. The short term kinetic studies of Chen et al
in rats [37] suggested that free DHA is the major source of brain DHA, whereas previous
studies by Lagarde group suggested that LPC-DHA is the primary source of brain DHA
[38]. The recent demonstration of a specific transporter (Mfsd2a) at the BBB that transports
LPC-DHA, but not free DHA, and the decrease in brain DHA content in the absence of this
transporter [17] appear to support the role of plasma LPC-DHA as the primary molecular
form of transport into the brain. However, several previous studies failed to show a
significant net increase in brain DHA of normal adult mammals by dietary supplementation.
Thus feeding DHA-rich TAG or phospholipid preparations [15], free DHA [14], algal oil
[13], krill oil [16], ethyl esters [12], or canned sardines [11] failed to increase the DHA
content of the brain in adult animals, although they all increased DHA in other tissues. A
few other studies did report an increase in brain DHA and improved brain function after long
term feeding of large amounts DHA. Thus, Green et al [39] reported a 20% increase in brain
DHA after feeding about 1560 mg DHA/ kg body weight/day (calculated, assuming a 25 g
mouse consuming 3 g of diet per day). Chouinard-Watkins et al [40] reported a 9% increase
in brain DHA, following feeding of 840 mg/DHA/kg for 3 months, whereas Perez et al [5]
reported a 25% increase in brain DHA after feeding 720 mg DHA/kg for 3 months. In
contrast, we recently demonstrated that dietary LPC-DHA, either as sn-1 acyl or sn-2 acyl
isomer could increase the net amount of brain DHA by almost 100% in normal mice at a
very low daily dose (40 mg/kg) in a period of one month [18]. We have also recently
demonstrated that the brain EPA levels can be increased by 100-fold, and brain DHA
increased by 2-fold, by feeding LPC-EPA, but not free EPA [41].

Whereas our previous study [18] compared LPC-DHA with free DHA, the present study was
undertaken to compare LPC-DHA with the most widely used dietary carriers of DHA,
namely TAG-DHA and PC-DHA at equal DHA concentrations for their bioavailability to the
brain. We hypothesized that TAG-DHA would enrich most tissues except the brain, while
LPC-DHA would preferentially enrich the brain. Theoretically, di-DHA PC should provide
the combined effects of free DHA and LPC-DHA, and therefore should enrich both brain
and peripheral tissues. The results presented here confirm these hypotheses. In addition, we
show that the half dose of LPC-DHA (5 mg DHA/day) is equivalent to a full dose (10 mg
DHA/day) of di-DHA PC for brain DHA enrichment, since the DHA at the sn-2 position of
di-DHA PC would be released as free acid during digestion, and would be absorbed as TAG.

In our previous studies with normal mice [18], we found that only the LPC-DHA could
increase the brain DHA at the doses given (40 mg DHA/kg/day for 30 days). The current
results in rats, with equivalent dose of DHA confirm the effectiveness of LPC-DHA to
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enrich brain DHA, whereas TAG-DHA, was ineffectual. Furthermore, they show that the
incorporation pattern of TAG-DHA in various tissues closely resembles that of free DHA in
our previous study, showing that dietary free DHA can be used to trace the fate of DHA
from fish oil and other TAG sources of DHA. We propose the following scheme to explain
the differential distribution of DHA among the tissues, following its ingestion in different
molecular forms (Fig. 8). It is known that chylomicrons pass through adipose tissue, heart
and peripheral tissues before being cleared by the liver in the form of chylomicron remnants
[42]. Therefore, it appears that the DHA from TAG-DHA, as well as the DHA from sn-2
position of PC, both of which are absorbed in the form of chylomicron TAG, is partly taken
up by the heart, muscle, and adipose tissue first, before being taken up by the liver. This
accounts for the higher enrichment of adipose tissue and heart by TAG-DHA, compared to
the liver. Dietary LPC-DHA, on the other hand, may be either taken up directly by the brain
or first transported to the liver as PC, and subsequently secreted as LPC-DHA into plasma
[29,43,44]. The uptake of LPC-DHA by the Mfsd2a pathway leads to net accumulation of
DHA in the brain. Free DHA, released by lipolysis is also taken up by the brain [31], but
apparently does not increase the brain DHA level. The lack of incorporation of either PC-
DHA or LPC-DHA into adipose tissue shows the divergent metabolic pathways of free DHA
derived from dietary TAG-DHA and from the phospholipids.

An unexpected finding in our studies is that the majority of LPC-DHA found in the plasma
was sn-2 DHA isomer in all groups of animals, including those fed sn-1 DHA LPC (Fig. 5).
In fact, 80% of the LPC-DHA was present as the sn-2 acyl isomer in the animals fed sn-1
LPC-DHA. The exact mechanism by which feeding sn-1 DHA LPC selectively increases the
sn-2 DHA LPC in plasma is not clear. Since the analysis was performed in the fasting
plasma, the increase is not due to an isomerization of the recently absorbed sn-1 DHA LPC
in plasma. Furthermore, the acyl migration from sn-1 to sn-2 position of LPC is not
thermodynamically favored [45,46]. Our previous studies, however, showed that sn-2 DHA
LPC is more stable than other sn-2 acyl LPC’s in terms of acyl migration [28]. It therefore
appears that the increase in sn-2 DHA LPC is due to the secretion of LPC-DHA from the
liver, following the absorption of sn-1 DHA LPC, although the exact pathway by which this
occurs needs to be elucidated. Another possible mechanism for the formation of sn-2 DHA
LPC in the plasma is the cholesterol esterification reaction by lecithin-cholesterol
acyltransferase, whose positional specificity is altered in presence of sn-2 DHA PC,
producing a saturated cholesterol ester and sn-2 DHA LPC [47,48].

The increase of brain DHA after feeding 10 mg PC-DHA was equal to that of feeding 5 mg
LPC-DHA in most cases, as predicted from our hypothesis that only the sn-1 DHA would be
available for brain uptake. The exception was hippocampus where the 5 mg dose of LPC-
DHA was significantly better than 10 mg PC-DHA. We expected the incorporation of DHA
in the liver and heart by 10 mg PC-DHA dose to be higher than 5 mg LPC-DHA dose, since
both fatty acids of PC should be incorporated in these tissues. However, we found the
incorporation rates to be similar between these two groups, whereas 10 mg LPC-DHA
showed the highest incorporation. One possible explanation for this is that the absorption of
di-DHA PC is less efficient than that of LPC-DHA, as suggested from the higher plasma
DHA content in the case of 5 mg LPC-DHA, compared to 10 mg PC-DHA. There is indeed
some indirect evidence that the hydrolysis of DHA from the phospholipids by the pancreatic
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PLA; is less efficient than for other fatty acids [24], and therefore the absorption di-DHA
PC may be impaired.

During the preparation of this manuscript, Chouinard-Watkins et al [49] published a study in
which rats were gavaged with labeled tri-DHA TAG, or di-DHA phospholipids, and the
incorporation of the label into brain lipids was determined after a 6 h period. They reported
that the incorporation of DHA from the phospholipid was 6-fold higher than DHA from
TAG, although the changes in DHA mass were not determined. While these results confirm
the preferential uptake of phospholipid DHA by the brain, it is important to show an increase
in the mass of DHA, as shown here, because the increase in the label can also occur by a
simple exchange with endogenous DHA. Furthermore, since both DHA groups of
phospholipids were labeled in the above study, it is likely that the label in the brain was
derived primarily from the sn-1 position, according the scheme proposed here (Fig. 8).

Based on the results presented here, we conclude that the most commonly used carriers of
DHA, namely TAG-DHA (as in fish oil), sn-2 DHA PC (as in krill oil) or ethyl esters (as in
Lovaza®, Omacor®) do not enrich brain DHA, because they are absorbed as TAG, which is
not efficiently converted to LPC-DHA in the liver. We show that di-DHA PC is only half as
efficient as LPC-DHA on the basis of DHA content, supporting the hypothesis that only
DHA from the sn-1 position of PC is transported efficiently into the brain. It should be
pointed out that in contrast to PC-DHA, there is no difference between sn-1 and sn-2
isomers of LPC-DHA in their ability to enrich brain DHA. Contrary to previous studies,
which showed that even high doses of TAG-DHA only modestly enriched brain DHA, our
studies with clinically relevant doses of LPC-DHA show a near doubling of brain DHA.
Using the allometric scaling [50], we calculate that the human equivalent daily dose of LPC-
DHA for efficient brain enrichment is about 452 mg DHA for a 70 kg person, whereas the
dosage using TAG-DHA, based on the previous studies, is about 3.4 g to 8.9 g of DHA per
day. It may also be noted that an additional advantage of LPC-DHA is that for each
molecule of DHA transported through the Mfsd2a pathway, a molecule of choline is also
transported into the brain. Since choline is the essential component of acetylcholine, and is
also an epigenetic modifier in the brain [51], this could further contribute to improved brain
function. Although saturated LPC has been shown to be pro-inflammatory in many studies
[52,53]. LPC-DHA has been shown to be anti-inflammatory in both in vitro and in vivo
studies [54,55]. It has in fact been shown to counteract the inflammatory effects of saturated
LPC in vivo [56]. The nutraceutical potential of LPC-DHA is therefore worthy of further
investigation.
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DHA-TAG DHA-PC DHA-LPC

Fig.1: Structures of DHA compounds used in the study
The numbers in parentheses are the percentages of DHA in each position. The DHA in TAG

(DHASCO oil) is randomly distributed among the three positions. About 31% of DHA was
in sn-2 position, and the rest was equally distributed between sn-1 and sn-3. LPC-DHA and
PC-DHA were synthetic preparations, and contained only DHA.
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Fig. 2: Effect of DHA treatments on learning and memory.
A. Y-Maze behavior: Rats were treated with various DHA preparations by gavage for 30

days as described in section 2.2. Y-maze behavior was determined as described in 2.3.
Spontaneous alternation was calculated as the number of alternations (consecutive entries
into three different arms) divided by the total possible alternations (number of arms entered
minus 2) and multiplied by 100. No significant differences were found between treatment
groups (n=10 per group).

B. Morris water maze: The test was carried out as described in section 2.4. Rats were trained
for 4 consecutive days to locate the hidden platform. On the 5 day, the platform was
removed, and the latency to reach the target area, and the time spent in the target quadrant
were measured. The data were analyzed by Any-Maze software. The only significant
difference observed was between the rats treated with 10 mg LPC-DHA and all the other
groups during the acquisition phase (* p<0.05). There were no significant differences
between groups in the probe trial. (n=10 per group).
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LPC-DHA isomers in plasma
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Fig. 3: Isomers of LPC-DHA in plasma.
The positional isomers of LPC-DHA were analyzed by LC/MS/MS, as described previously

[18]. The results shown are mean + SD of 5 animals per group. Statistical significance
shown is between control (untreated) group and DHA-treated groups for the total LPC-
DHA. Similar significance values were obtained when the two isomers were analyzed
separately (not shown). *** p< 0.001; **** p< 0.0001.
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Fig. 4: Effect of dietary treatments on DHA and ARA levels in systemic tissues
The total fatty acid composition of plasma and various tissues was analyzed by GC/MS as

described in section 2.5. Only the values for DHA and ARA are shown here. The total fatty
acid composition is shown in supplementary Tables-1-5. The differences between treatment
groups were analyzed by one-way ANOVA with correction by Tukey multiple comparison
test (Prism, Graphpad software). Bars with common letter superscripts are not significantly
different from each other (n=10 for all groups) The magnitude of differences between

individual treatments is shown in Supplemental Figure S2.
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Fig. 5. Changes in DHA content of brain regions by DHA supplements
The DHA content of six brain regions was analyzed by GC/MS, as described in section 2.5.

The total fatty acid composition is shown in Supplemental Tables 6-11, in Supporting
Information.. Statistical significance between treatments was determined by one-way
ANOVA. Bars with common letter superscripts are not significantly different from each
other (n=5 for all groups). The magnitudes of differences are shown in Supplemental Figure

S3..
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Fig. 6. Changes in ARA content of brain regions by DHA supplements
The percentage composition of ARA in various brain regions was determined by GC/MS

(section 2.5). The statistical significance between treatments was determined by one-way
ANOVA, applying Tukey multiple comparison correction. Bars with common letter
superscripts are not significantly different from each other (n=>5 for all groups). The
magnitudes of differences are shown in Supplemental Figure S4..
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Fig. 7. Effect of dietary DHA on BDNF levels
BDNF concentrations were determined in cortex, hippocampus, and striatum by ELISA, as

described in 2.6. The values shown (ng/g) are mean + SD of 5 samples per group. Statistical
significance shown is between the control and treated groups (one-way ANOVA, with Tukey
multiple comparison correction). * p<0.05; ** p<0.01; **** p< 0.0001.
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Metabolic fates of dietary DHA carriers
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Fig. 8. Divergent metabolic fates of the molecular carriers of dietary DHA
Proposed mechanisms for the differential effects of the three dietary DHA carriers. 1. DHA

from TAG is hydrolyzed by the pancreatic lipase to free DHA and monacyl glycerol (MAG)
in the intestine, which are then absorbed as TAG-DHA in chylomicrons (CM). Free DHA is
released by lipolysis of the TAG-DHA of CM by lipoprotein lipase at the endothelial surface
of various tissues, especially adipose tissue, heart, and skeletal muscle, and is taken up by
the tissues. The TAG-depleted CM remnants are taken up by the liver, which assimilates the
DHA into cell membrane lipids or incorporates it into VLDL for transport to other tissues. 2.
Di-DHA PC is hydrolyzed to free DHA (green) and LPC-DHA (red) by pancreatic
phospholipase A, in the intestine. The free DHA released from PC follows the same
metabolic path as the free DHA released from dietary TAG-DHA. The released sn-1 DHA
LPC, on the other hand is either incorporated into PC of chylomicrons, or possibly enters the
blood directly as LPC.. Part of the DHA taken up by the liver in the form of PC is remodeled
and secreted into the blood as sn-2 DHA LPC. Small amounts of sn-2 DHA LPC may also
be formed from the TAG-DHA taken up by the liver. Both sn-1 and sn-2 isomers of LPC-
DHA are transported by the Mfsd2a pathway into the brain and increase the net content of
brain DHA. Free DHA, which is generated by lipolysis and is albumin bound in the plasma,
has also been shown to enter the brain apparently by passive diffusion, but unlike LPC-
DHA, does not increase the net amount of brain DHA. 3. Dietary LPC-DHA follows the
same metabolic pathway as the LPC-DHA released from the hydrolysis of di-DHA PC, and
increases brain DHA content.
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