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Synthesis and Biological Interest of Structured Docosahexaenoic Acid-Containing

Triacylglycerols and Phospholipids

Madeléne Picg*, Ndhalie Bemoud-Hiubac and Miclel Lagarde

Université de Lgn, Inserm UMR 1060 (CarMeN), Univ-Lyon 1, da, INSA-Lyon, IMBL, Villeurbanne France

Abstract: In light of rapid progress in biochemisg and moden bioengineering, there is a ged interest in understandidgw modifying
the stucture of naturdly occuring lipids can be used tonmprove ther nutritional and hedth propeties. Stuctured lipids (SLs)
or custom-madelipids can spply functional faty adds becausof ther specific positioning in the glycerol strcture. Hedth beneits o
n-3 faty adds such as docosexaenot add (DHA) have leen widdy repored Little informaion is avdlable on the partial for
health benéfs of the SLs moleculehd@ are rich inDHA and have wellddfined stuctureThis review a@tempts to smmarize our
preent state ofkknowledge ofvarious appoaches to prodice stuctured DHA-containing triglyceriles and phosphbpids as well ashigr

apgicaions.
Keywords: Chemistry, DHA, LipidsF&, Lipase,Nutrition.

1. INTRODUCTION

Lifestyle-related dseases such saatherosclerosis, hyperlipide-
mia, diabetes and hygtenson, and prevalentdiseases in nhdustrid
countris sud as cancr and neupdegeneratie disesses are in-
creasng. Attributed to over onsumgion of fats, obesityhas epe
cially emergedas one of the najor cardiovascular risk fator ac-
cording to epidemiobgic studes [1,2]. The mangement of the
vascular riskfactor together with thdife-style changes havéeen

reported todday theonset ofthe dementia syndromes such as Alz-

heimers dis@as [3]. As areallt, there is an ineesal awareness

consumersof their needs to rduce the intake of calories derived

from fats and mdify their dietary habits. As saturated fantakeis
associated with increased risk for obesity, higbod chdesterl,
coronary heart disase, cancer and arteriosclerosis, the quafitof
dietary lipids could decreasethe mortaty of the life-stylediseases
[4]. A great number of in vitro and in vivo invedigations have
shown phamacobgical and nutritional effectsfor long-chain n-3
polyunsaurated fatty acids (LC n-PUFAs) from fish oils, suchas
docosehexa@moic (DHA; 22:6n-3) and eicosapea¢noic (EPA,;

20:5n-3) acids [5]. They exert beneficial &cts on chronic inflam-
matory diseasses [6] andpossess hypdipidemic efects [7,8]. They
have been $iown atractive in the treatment ofpatients wth diabe-
tes [9], andnutritional DHA supplementation is also efface in
preventing experimatal diabetic neuropathy1p]. In a recentre-
view by Maaffarian [11], the @nclusion was than-3 PUFAs re-
duce the risk of amiac death. Recenh studies sugegded thatn-3

PUFAs ould be cancepreventive and suppssive agents,and then
used as axiliary agents for cancer thapy [12]. It is now reog
nized that DHA is inportant for the aquisition of ocular vision ad
brain devebpmert in infants So there are stong demads for
DHA concentrates ¥ the pharmaceuical as wel as hedth food
indwstries, foruse as 6od suppements. Human$ave limited abil-
ity to conwert the n-3 PUFApreaursor lindenic acid, ontained n
vegetable oils, intdHA. Currertly, ssdood is the prinary dietay
source ofthis PUFA. However, global fish stocks aréeclining and
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are not expected to meet futemutritiond neads. Alogical stratey is
to develop lipid produds, epecially those with specific structure and
high purity to meet theparticular nutritiond and pharraceuti- cal
requirements 13-15]. The concept of structed lipids (SLs) for
nutritional and medical use was first irdduced in 1987 by Baa
yan [16]. The term SLs redrs to lipids which are re-strictured, in
order to chentdly or enzymaicaly modify the compositionand
/or position of their fatty acids (FAs), inontrast to natural oils and
fats. The latter are simply mixtes of anumber of molealar spe-
cies of triglyceride (TAGs) or phosphtipids (PLs), different in
terms of FA species (satirated monoursguratel or polyunsatu-
rated) and position distribution on the gterol badkbone, and types
of polar head in the case d?Ls.

In this review, we povide a concise andp-to-date survey of
novel enzymatic andhemical gproaches to modify TAGs and Plsin
orde to obtain DHA-enriched TAGs ard PLs, as wel as an
overview on the interesof theseSLs.

2. SYNTHESIS OF STRUCTURED TRIACYLGLYCEROLS
(STAGS)

2.1. Synthesis of STAGs from Natural Oilsand Fats

TAG results from esrificaion of glycerol by three FAs. Each
TAG may ontain different fatty agyls or partidly identical ones.
TAGs are naturdly synthesised by enzyme (ag/! transfeases)
which have specifidgty for positions sn-1 and sn-2 of L-gterol-
phophate, and for the sn-3position following the phoghate re-
moval. Therefore in plants and animals, specific fatgyls occupy
specific positions within the TAG moleaile depading on the pe
cies. SLs that havea pre-determinedconposition and distbution
of FAs on the glycerol backbone hae recently gainedconsiderabé
attention as nutritional ard hedth suppgements Since thee is
emerging evidence of heficial PUFAs, itis important to sibsttute
saurated FAs $FAs) with PUFAs, but a balace in the dietry fat
containing PUFAs SFAs amd monoursdurated FAs (MUFAS)
present in significant quantities in mary sources ms be stated
World Hedth Organizatim recommerds Oil Techndogists ard
Nutritionists an deal oil which would have the S/M/P te of 1/14
[17]. Like the degreeof unsaturdion, the geometry of double bonds
(E or Z) and FA chan length are inportant. Medium-chai FAs
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Fig. (1). Stucture of docosahexaenoaad (DHA).
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Fig. (2). Scheme for prdudng structured tacylglycerols (STAGS3. Where
FA = fatty add, MCFA = medum-chain faty acid, MAG = monoaylglyc-
erol,DAG = dacylglycerol.

(MCFAs) with C6-C12 cabon chain legths aremore rapidly me-
tabolized than dngchan FAs (LCFAs)with C14-C24 cabon chain
lengths, thus poviding a rapid source of enegy. This has led to th
devebpment of anew type of SLs in food induwstries called medium
and long-chan TAGs (MLCTs). Usudly, STAGs have LC-PUFAs
located at the irgmal position with MCFAs at the externalposi-
tions. TheseSLs are madeby modifying natural oils or fats and,

depading on thetype of substrates available, chemical or enzy-

matic readions can beused to gnthesize them. In the processf
random chemical inter-esterificath, the fa is heaed (at about100-
140°C) for a shorperiod of time, in the preece ofa caalyst (e.g.
sodium methoxide).The FAs arereleased from the gycerol back-
bone and re-esterified in @dom manner within the three sposi-
tions. Chemical inter-esterification issimple, inepensive, and asy to
scaleup, but is not cgpable of nodifying specific positions due to
the random nature of @tions [18]. In addition, it may produce side
produds that arehard to eliminate and idikely to alter the all- cis
framework of PUFAs. As a matter of facEPA and DHA may be
drastically alteed by oxidation, Z-E isomerisatn, double-bond
migrations orpadymerization[19].

In contrast, the reaatins atalyzed by enzymes suds lipases or
phophdipases are more promisindor position-specfic modifi-
cdions of lipids They offer high efficiency and nidnes and thei
applications inorganicmedia isestablishel.

Lipase-catlyzed enzymatic pproacies are: inter-esterifican,
acidolysis and esterifition readions. Inter-esterificdion consists
in exchage of fatty acyl moieties within (intra-esterificain) and
among (inter-esterificatin) TAGs mokalles. Enzyme-direted inter-
esterifcations ae usal to aceate TAGs with specific positional
composition using enzymeswith regio-specifigty from vegetatd
oil like coonu, palm lemel, soyean or rapesead oil. Acidalysis or
inter-esterifcation methods areagyl exchage in oils with excessof
FA or its ehylesterrespetively.

Acidadlysis: RCOOR + RCOOH ——» RCOOR+R;COOH

Inter-esterification: RiCOOR, + R;COOR, —» R;COOR, +
R3COOR;

Choosing the right type of enzyme $ important, and 1,3-
specific imnobilized enzymes may besel to be sure that the es-
satial FA is maintained at thesn-2 position, creating the dsired
structure of MLCTs. Thesereactions @plied to codliver oil, with
high EPA and/or DHA concentraton, in presene of 1,3+egio-

specific immobili zed lipase from the fungusMucor mieheiresulted in
TAGs ontaining 60-65% EPA or DHA. Degite the 1,3regio-
specificity of the lipasethe intemal position became enriched ot
equal extent asthe exernal positions due to nonenzymatt acgyl-
migration proeses P0]. Soybea oils can be sibstrates forpro-
ducing DHA-enriche TAGs using twoimmobilized lipasesfrom
Rhizomucor mieheand Candida antartica [21]. There is an exten-
sive literatire concerning incgoration of MCFAs in PUFA-rch
fish oil via lipase-assistedcidolysis [22-26].

Hamam and Shaihidi2[f] produed STAGs via aciddysis of
DHA single cell oil derivedfrom Crypthecodinium ®hni microal-
gae wth cgoric acid (C10:0 CA) usindive canmercially available
lipasesAmong theselipasesPS30 from Psaudomonas spwas the
most effective to prduce TAGs with CA presehmainly at the sn-1
and sn-3pasitions, whereasDHA was preent at the sn-2paosition,
athoudh pattially located at the sn-Iand sn-3 po#tions. Xu and ka
[28] used an ultra-filtration membyane reactor for acidalysis be-
tween fish oil oncentrates and medium-chaiPAGs (MCTs) with
immobilized Rhizomucor mihe lipase (lipozyme IM) as biocata-
lyst. The membiane was gel to separate teased MCFAs from the
mixture during the readion. Thus, incorporation oEPA/DHA into
MCTs was incressad by dou 15%. Garcia et al. [29] have tested
five lipases ina readion medium composed solebf substates anl
either free or mmobilized commerciallipase preparaton, and suc-
cessfully incorporated¢onjugated lindeic acid CLA) in Menhaden
ail, a rich surce ofn-3 FAs.

Acidadlysis is the simfest and most dect route for the synthe sis
of MLCTs. Nevertheless, acyl-migration isa major poblem in
batch reactors causing adecrease inthe yield of the amget TAGs.
To prevent it, someauhors relate one alemative process in tw
steps. First stepvas produdion of 2-moncagyl-glycerol (2-MAG)
by enzymatic alohdysis of fish oils and send stepwas enzy-
matic esterification of the extarad positions of the 2-MAG using
sn-1,3 specifidipases.

Alcohdysis: RRCOOR + ROH —» ROH +R;COOR,

Some gidies using oils vth a high DHA content show that
fungal sn-1,3lipases sarcely act onDHA residues at the sn-land
3-positions egpecially whe& immobilized Rhizomucormiehé was
usal. Irimesau et al. [30] reported that Ipase from Candidaantar-
tica (Novozym 435) presentshigh 1,3-regio-spdfic activity toward
tri-docosahexaenoyl-glycerol in the ethanolysis stepto produce 2-
DHA-MAG with a high excess ofthand. So, spontaneus agl
migration was mininzed since 2-DHA-MAG needsnat to be puri-
fied before its usein the re-esterificion step. Then, wsing the same
condtions for ethandysis d bonto oil, the auhors obtained 2-
DHA-MAG which was re-esterifte with ehyl caprylate (CA) by
lipozyme IM [31]. By this way theyproduced 85% TAGs rich in
DHA with CA at theextemal positions, but also side-prdicts like
TAGs with only one CA resdue or tri-capryloyl-glyceral More
recently, ancther team stdied the factors that ifluene the etha-
nolysis o cod live and tina oils, and esterifcation of 2-MAGs
with CA. The auhors reported that during the almhdysis step
lipase Dfrom R. oryzaeimmobilized on Accurel MPLOOD and No-
vozym 435 were sitable to produe 2-MAG. Howeer, lipae D
quickly lost adivity due to pure ethad. Higher yield wasobtained
for esterifcation with lipases D and DRrom R. oryzae immobi-
lized on Accurel MROOQ Very recertly [33], the sameteam tested
the feasillity of produwcing 2-DHA-MAGs by alcoholysis of cod
liver oil with different alohds caalyzed by Novozym 435. Egeri-
fication of 2-DHA-MAG s with CA was catalzed by sn-1,3 specific
lipase DF. Theybtainedpure TAGs with mainly the strcture CA-
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DHA-CA. Zhang et al. [34] tested differentreaction routesto pro-
duce 1,3-oleyl-2-DHA-glycerol (ODO). First, they produed 1,3-
diolein by thereadion of glycerol with oleic acid in the prence of
Novozym 435 or Lipozyme RM IM (formerly IM), followed Lty
DHA esterificationat the sn-2paosition with Novozym 435. A poor
yield of TAGs (9.4% was obtained in this seand step Then, they
studied the aadalysis of single cell oil rich in DHA (53.7%) in
excess of oleic acidusng Novozym 435.The enzyme ghibited a
high reection ratebut with a poor regio-specificity withonly 39.3%
DHA remaining atthe sn-2 paosition, perhapsdue to ag/l migration
again. So, they used the above-metioned médtod via 2-MAG by
ethanolysis of single cell oil with Novozym435, and esterificdion by
oleic acd with Lipozyme RM IM to obtain ODO with good
yields, even idarge scale.

2.2. Direct Esterification of Glycerol

2.2.1. Chemical Methods

Traditiond synthetic organic chemistry methodssed for s/n-
thesis of STAGs reyuire a full regio-ontrol and can hadly be un-
dertaken wthou multi-step protector/de-protedion processe
They are bagkon acyldagion of 1,3DAG or 1,2DAG or via 2-
MAG. The agylation is gaeally achieved by reaton of thefree
acid in preece of 4-dimétylaminopyridine (DMAP) and N,N’-
dicyclohexylcamodiimide (DCC). Bythis metod Endo et al. [35]
prepaed small amountof TAGs with three reslues of DHA or
ag/mmetical TAGs with DHA. Instead of DCC, 1-(3-
dimethylamnopropyl)-3-ethylcaboimide hydrochloride  (EDCI) has
increasingly beenused as araltemative couping agent.

2.2.2. Chemo-enzymatic Methods

Lipases 1,3 ating preferenially, or exclusively, atthe exterral
postions of the gyceml backbone, may beused to intodue FAs
of selectd type a the® positions by esterificdion or trans-
esterificdion proceses. Haraldssonet al. reported succesive tests
of chemo-enzymati STAGs g/nthesis. At firg [36], they obtained
TAGs with a MCFA (C8, C10, C12) atthe sn-1 and -3 positins
and pure EPA or DHA a the intemd position with a two-sep
method. In a firststepthey obtained 1,BAG by enzymatic esteri-
fication of glycerol wth caprylic, capric and lauric acids pres-
ence of the lpozyme M. In the sibsequent stepthey introduced

DHA at the sn-2position of 1,3DAG by chenical reaction with
EDCI and DMAP vith a high yieldby contrast toZhang et al. [34].
The nature and thehain length of faty ag/ls at the sn-1 and -3
positions certainlyinfluence the adationreadion. However yields of
the enzymatic step &re noderate due to low regio-sdectivity of the
enzyme. Later [37], the same aubrs described the synthesis of
TAGs with satrated FAs €8 C1Q C12, C14 C16 at exemal
postions andEPA or DHA at the internalone, and more @ntly
[38], the gnthesis of STAGs with diort-chain fatty ags
(C2,C4,C6) at the extemal positions andEPA or DHA at the sn2
postion. They improved the first step by using Novozy85 in-
stead of Lipozyme RM IM, low tempeiature (0-4°C) ingead of
room temperature and vinyl estes of FAs insiea of ther free
form. They reported thatseveral swudes bring clearly to ght that
the Rhizomucormiehe lipase is inferior toCandida antartica one
to produwce 1,3-TAGs. Howeve Zharg et al [34], reported that
Lipozyme RM IM is preferable tagylate glycerolwith oleic acid
Also, temperaitre is acrucial factor in termsof controlling the re-
gio-seletivity of the reacon. Because they deteded traces of 1-
MAG during the lipase reacton, the auhors noted tha agl-
migration and hydrolysis sidereaction ould occur due to thepres-
ence of lowquantities of water in the orgé reection essatial for
the lipase actity. The ag/l-migration process being time-
dependent, they sal vinyl eders which offered a fast and neversi-
ble readion. In sumnary, the best conditons for the enzymatic step
would favour specific agylation a sn-1 ad -3 positions while
avoiding acyldion at the intmd postion, as well asacyl migraion of
sn-1 and -3-acyl substituents amgdrolysisside-reations.

Fraseret al. [39] reportal the gnthesis of regio-isomericajt
enrichel symmetricd ard agyymmerical TAG isomers ontaining
two palmtoyls and one linoleoyl, lindenoyl, or docosaheaenoyl
moieties. By chenical readions and enzymtic readion with Can-
dida antartica from glycerd as stating materia] they obtained
TAGs with good yields. The auhors noted a little acgyl migration
(8-12%) in the synthesis of the asymmetrica TAGs ard a low
amount of migration (2-3%) during synthesis of the symmetrical
one. According to the ahbrs, this diference mght be due to the 3-
MAG intemediate m asymmetrical synthesis. Indeed, MAG are
known to i®merize faster than 1,2DAG or 1,3DAG that is the
intermediatén symmetricalsynthesis.



2.2.3. Enzymatic Methods

For some @plications, especially whehuman feedingtrials ae
involved, ynthesis of STAGs by nonchemical, purely enzymatic
methods isprefered. Along with avoiding toxic solvents andeac-
tants, the mild condtions of enzymatt reactons are egecialy
useful wth EPA or DHA which are suscejble to oxidaion. Kawa-
shimaetal. [24] attempted to ynthesize TAGswith CA at the 1,3-
postions and EPA or DHA at the 2-position by a two-step enzy-
matic method In a first step they synthesized TAGs of PUFA
(TriP) by reection in vaaium of free FAs in preence of Novozym
435 and glycerol. By neeated adiolyses of thereailting TriP with

CA using the mmobilized Rhzopus lipase, high-punty 1,3-
dicgpryloyl-2-eicosgpenta@oyl-glycerol was obtained in good
yields whereas 1,3dicgryloyl-2-docasehexa@moyi-glycerol was

synthesized in a pooryield.

Very recently, a novel iteresting @proach to synthesize sym-
metric TAGs posessing EPA or DHA at the externabositions has
been devebped. Indeed, Magnison and Haraldon [40] suggeded
that these compounds nght be of high value forpharmaceutical
and medicalpurposes sice they may be esterifiedith a drug at
the 2position, ard sud pro-dugs would aquire the biological
propetties of bath n-3 PUFA and the drug \thin the same mole-
cule. They nght indeedprovide impiovements to drg’s therapeu-
tic value. As we reported @@ove in “chemo-enzymationethods’,
Magnuson and Haraldon [38] haveobtained1,3-DAG congsting in
saturated MCFAs at the external pasif of the gycerol, with an
efficient mehod using vnyl esters of SFAs as acyl donar in
presence of the Novozymnd35 lipase.Doing so,EPA or DHA must
be actvated to be inserted at the externalositions of glycerol.In
their report, the adtors tried toobtain vinyl estersbut they noted
severe cetriments in the famework of theDHA moiety. Other ypes of
adivated estes of EPA or DHA were prepared like 2,2,2-
trifluoroehylestee ard oxime ester The auhors conddered that
oxime esgers arethe sutable acyléing agentsince they react fastemi
a trans-eseification readion than the correpondng 2-habyl
esters.They obtained \th sucess thedesired1,3-DAGs with EPA
or DHA at the exémal positions in very high yields 85%) under
conditions similar tothose previoudy desaibed but with the pres-
ence of molecular sieves to impive the catalytic process. In the
sane way, they gnthesized 1-O-akyl,3-agyl-sn-glycerols andtheir
courterparts withEPA or DHA.

By contras with Magnuwson ard Haaldson, Xu ard co-
workers B1] optimized the conditins of enzymatic poduction of
the sameSTAGs wmntaining n-3 PUFAs at the exted positions
and MCFAs at thesn-2 position by acylating with free n-3 PUFRA
or ethyl esters. They esthlished satisfactoryguadratic model to
find optimd readion conditions in the produdion of ABA-type
TAGs.

3. PROPERTY ATTRIBUTES OF MEDIUM AND LONG
CHAIN TRIACYLGLYCEROLS

In dietary oils, the n-3.C-PUFAs are loated at different posi-
tions of TAGs, but the stereoqsecificity of most native oils favour
PUFAs or MUFAs at thesn-2 position. The ncept of a SL implies
modification of the FA conposition and/or FA locadion on the
glycerol badkbone, and immvement of the physicalna/or physio-
logical properties of dietanfipids.

The lipid structire has been propsel as animportant factor b
affect theoxidative stabity of unsaturat® FAs. End et al. [35]
compared theoxidative stalility of rendomized andnative TAGs

from marine oils.They found bha fish oils, that contained highly
unsaurated TAGs th two orthreeresidues of EPA or DHA, wee
very unstable.They observed thatEPA or DHA located at the 1,2-
or 2,3positions of TAGs were morexidizable thanthose at the
1,3position in reponse tothe 2,2-azbis@2-amidnopropane) di-
hydrochlorideoxidation.

The positional distrbution of n-3 LC-PUFAs hasbeen shown to
influence theoxidative stabity as well asthe absorpion and me-
tabdism of n-3 LC-PUFA oils. DHA has leen shown to be moe
resistant tooxidation and also more efficiettly absorbed when lo-
cated at thesn-2 position of the TAGs. In a reent review, Karu-
paiah et al. [42] reported that displacing PUFAs or MUFASom
the critical sn-2position by sibstitution with SFAs is hypothesizedat
caue lipid ard lipoprotein abnormalities Studies conparing
chain length of SFAs arelimited but indicate that saturates are sto
detimental at the sn-2 position in animalstudies The auhors stated
that it is still too early b conclude on the behavir of unusual
positiond distribution of FAs in TAGs spedes originatirg from
oils.

Nagat et al. [43] evauaed the physiological function of
STAGs wntaining MCFAs and PUFAs (EPA-C8-EPA, C8-EPA-
C8, DHA-C8-C8, and C8-DHA-C8) compaed with soybean oil ri
rats. They observed that seruntipid levels were lowered bfLs,
and per-renal adpose tsale weght was loweredby DHA-C8-C8
and C8-DHA-C8 treatment. Thus, FAspedes and the diferences n
intra-molecular distbution of FAsin dietary TAGs affect thenutri-
tional behavour of dietary lipids.

It hasbeen obgved by Yoshida and co-workefd4], that feel-
ing rats with seal oil, in whictEPA or DHA is located at the sn-1,3-
positions of TAGs, moreeffedively reduced plasma andiver TAG
levels through suppressionof FA gnthesis than fish oil in wbh
EPA and DHA arelocated at the sn-2 posit. Beaman et al. [45]
invedigated the effects of a dietay test intake containig 72%
MCFAs and22% n-3 LC-PUFAs onthe fat metdolism in hedthy
people after 15 days and found a significant reduction of total
plasmaTAGs, likely due to increased Bxidaion with synergistic
effects of MCFAs andLC-PUFAs. The auhors stated thathe rapid
cleaance of bbod fat induced by increasedsimulation of heato-
cytic B-oxidation may repFent a new mechanism to loose fat mass
St-Onge et al. [46] reported that ansumgion of an oil composedf
medium-tiain TAGs, phytostrols and n-3FAs, substantially low-
eredplasma total and LDLlcholesterol but did not affect circulaing
TAGs or HDL cholesterol in overweight women. Recent sties of
Shirouchi and al. [47] suggested ha feeding porpose oil @ntain-
ing SLs as a comiation of n-3 PUFAs and awaleric acid (iso-
C5:0), prevents the declopment of fattyliver disease through tte
enhancement of lipoprotein esretion and incresse the adiponectin
produwction in obeseaats.

4. SYNTHESIS OF STRUCTURED PHOSPHOLIPIDS (SPLS)

Although being the mainoadituents of cell membraes, PLs
shoud not be simply depicted atha. Many alvances in lipid bio-
chemistry andmoleaular biology have led to remgnize PLs ontain-
ing PUFAssuchas DHA or EPA, which $iow important biological
adivities, as esgdial molecules and beneficidbr human health.
Among PUFAs,DHA is espedlly sensitive to oxidation. A strat-
egy to pevent oxidation is to incorporateDHA into a lipid mole-
cule. hdeed, ithasbeen denonstrated thaDHA esterified inPLs is
lesseadly oxidisable than in the forms of either free FAhgester
or even AGs [4849]. PLs like lysoPLs may bgood cariers for



n-3 PUFAs. Numerus stidies $owed that supplement#on with
EPA and DHA in PLs from krill oil, exerts songer biological ef-
fects compeed with EPA and DHA in TAGs from fish oil. Ross-
meid et al. [50] recertly reported superio metdolic effects of
EPADHA in PLs from marine fie comparedwith TAGs in the
context of high-fat diet-induced obesity in mice. Vigerust et al. [51]
studied krill oil versusfish oil in moddation of inflammation ad
lipid metdolism in mice transgenic for TNF- and onduded that,
when similar doses of n-3 PUFAs are administeredi Ikoil seems to
have a greater potential to prote lipid catdolism, althoughno
differerces in the levek of inflammatory markers could be ob-
served. Thepositive effects ofPLs could be partidly due to a betr
bioavailahlity of EPA or DHA when povided in the form of PLs
comparedto TAGs or ehyl esters. Lemaitre-Delmay et al. [52],
reported peferentialuptake of DHA by human erythrocyteswhen t
was povided as phgshatidylcholine (PC)-DHA compared to TAG-
DHA and onseuently a better potential interest of PCBHA over
TAG-DHA. Sudy of Wijendran et al. [53] showed thatbrain ara-
chidonic acid (AA) bioavailahlity was more than doubled by ugin
PC compeed to TAG as carrier of AAThies et al. [54] showed a
preferential brain incorporation of 2-DHA-LysoPC over unesteri-
fied DHA, in the young rat. Bnoud et al. [55] also $iowed apref-
erence for 2-DHA-LysoPC to cross a re-condituted blood brain
barier compared withunesterified DHA Also, LysoPGDHA in-
hibited the produtton of pro-inflammatory cydkines in egponse ¢
LPS whereasunesterifiedDHA was virtudly inactive[56).

There is a growingdemand by tle food and phameaceutical in-
dustry thathas dimulated anextensiveseach for g/nthetic methods
to produe specificPLs with new combination of FAsSPLs mntain-
ing EPA or DHA oould be drectly isolated from fishbut numer-
ous, &pandve, and rather leorious extaction and separation pro-
ceduresare rejuired. On the dier hand, numerous publicagions and
patents oncem recent pogress in physical chemical, ad enzy-
matic nodifications of naturdly sourced PLs to enrich certain PL
species. Our group has decided to focg on the geeration of SPLs,
egpecidly DHA-containing PC, using chencal, or biotecindogy
methods involvingenzymes.

In the most common piocedure for gnthesis ofa mixed aci
PL, PC ontaining DHA at the sn-2position is usel as staing ma-
terial. The FA at the sn-1 mition is exchanged with the diesd one
by trans-esgrification using a 1,3lipase. A combirteon of a hy-
drolysis step via a Ly®oPC intermediate with subsequert re-
esterificdion, ispossible aswell. A problem with thelater route is the
acyl migraion within 2DHA-LysoPC pone to yield the more
stabe 1-DHA-LysoPC. Ancther altemdive enzymatt procedure
uses PC wh thedesiredFA at the sn-Iposition as substrate. PC is
thus hydrolyzed by phosphthpase A (PLA,) and re-esterified
DHA by a chenrcal or engmatic mehod usingPLA, favoring the
synthetic reaction over hydroysis. In the two methodsan excessof
DHA is required. Anothe mehod is possibke using glycero-
phosphobdine (GPC) as stating material, followed by specific
esterificdion at tke snil position by the desird FA usirg a 1,3
lipase, fiowed by chemical or enzymatic esterifican by DHA at
thesn-2postion.

4.1. Enzymatic Incorporation of Fatty Acids at the sn-1 Position

Haraldsson and coworkers5[7] reported resultsfor incompora-tion
of n-3 PUFA by trans-esterifickon or acdoysis reactonsfrom
1,2-diagyl-PC, using the lipozyme RM IM lipase.They noted that
the rate of reactions with zwitterionic head groups is much

lower when comared to TAGs. AISOEPA was abetter substrae than
DHA. The hydrolysis side eections were much more extensive
in the inter-esterificatiorreadion than in adolysis readion, likely
due to a amge exess of FA (7x) in the latter eaction. How- ever,
excessive amounts of FAs arebdieved to @hance the agyl-
migration from the sn-2 to sn-positions. The lipasecan also influ-
ence the acyl migteon, partialarly whenthe support is an annic-
exchange resinPadson et al. [58] showed tha after 3h of enzy-
matic hydrolysis of 1-padmitoyl-2-DHA-PC a 40°C by a non-
immobilized lipase from Rhizopus oryae, DHA has taaly moved
from the sn-2 positin. Lowering tenperature from 40°C to 30°C
reducel DHA migrdion by 40%. The auhors reported that by
contrast, acyl myration from sn-1to sn-2was ngligible. Croset et
al. [59) studied the isomerization of 2indeoyl-LysoPC loaded on
albumin and incubated in @ana at physialgical pH and at37°C
as a @inction of time, and rported that after 20 min75% isomeri-
zation had taken place. This isonzation was prevented at acidic
pH (< 5). Raes of isomeriziion can be different in acilolysis or
esterificdion processusing immobilized lipases in organic solvent
or solvent-fee.

Other examples of FA exchge between the sn-landsn-2 po-
sitions of PLs by one step (adodlysis) or two-step processs have
been reviewed by Atercreutz et al. [60]. The one-stepreadion or
two-step @proach via LysoPC intermediateobtained by hydrolysis
or alcohdysis, ard re-esteriication with the same enzyme give
similar yields; however time is longer fothe acdolysis readion.
The auhors also rported that incomporation of FAs into the sn-1
position was more favorable than to the sn-2 positidmecause the
lipasecan be used at much lower tea adivity than PLA,, whichis
in favor of the egerification reacton. Acylation by EPA and DHA
mixture usng pancreatidPLA, realized in organicsolvents needed a
water activty of 0.2 and highFA concentration. Some acylaion by
EPA and DHA indicatedthat glyeml coud be agoad solvent, and
betteryields were obtained wth addtion of some amino acidn the
readion mixture [61]. When pure EPA was alded in presere of
glycine + alamne, the EPA-PL anournted 49%, comparedwith
19% DHA-PL when54% DHA wasused.

Conversion of 2-palitoyl-LysoPC in PC by regio-sdective in-
comporation of EPA and DHA from fish oil to the sn-1 pason wa
invedigatedusng five different immobilized lipases andPLA; [62].
Reailts $owed that lipases discriminated againsEPA and epe
cially DHA. Indeed, Candida antartica was the only lipae that
incorporated gnificant armournts of DHA. For incorporatiom of
DHA to the sn-2position, PLA, was used but the low reaction ah
yield showed that thigeadion wasnat efficient. Chemical cuping of
1-palmtoyl-LysoPC and DHA was prefered. The auhors re-
ported low yield (< 30% mol) of LyoPC oonversion withimmobi-
lized PLA;. Howewer, some recent papenmgported production of
structured PC with immobilized PLA; [63-64]. First one study
reported PLA-catalyzed acidolysis of PC by mixture of FAs from
fish oil containing mainly DHA, EPA and DPA in solvent-fee
conditions From their eailts obtained by nodifying water adivity,
vaauum and enzyme loadg, the autors conduded that the ynthe-
sis protocols éaling to krge propotions of n-3 PUFA residues in
PC andLysoPC lead simultaneusly to low yields of these com-
pounds.The seond sudy pointed out that the high substrate purity
usal affected the eqlibrium of the adolysis reactionand clearly
favored theagylation by the immobilized PLA; Indeed, sdection of
optimum synthesis condtions may wel deped on the specific
applications of interest.Vikberg et al. [65] studied the acylmodifi-



cdion of the sn-Zposition of PC from soykan by acidolysis usirg
immobilized PLA, and different FAs as acy donas. Under the
sane ondtions, different FAs result in diffeent incoporation into
PLs or diferentyields. They described the ghest degree of incor-
poration for conjugated linoleic acid 89%) followed by CA 25%)
and DHA (20%). When usingDHA as acyldona, the yield (21%)
was also lower than for C{9%).

A chemo-enzymtéc synthesis of a particular stuctured PC on-
taining an acety group a the sn- position to mimic 2-DHA-
LysdPC, andprevent the acymigration hasbeen reorted [66]. 2-
DHA-LysoPC waspreparedfrom 1-seaoyl-2-DHA by enzymatt
hydrolysis usng the Rhizopus arrhizus lipase, and wascetylated
by acetic anhydride into 1-acetyl-BPHA-PC. This new structued
PC, named AceDoPChas been produced with more important
quartities and better yield by ane step-trasesterification of mi-
croalgaeDHA-containing PC usinglipozyme fromMucor miehein a
bioreactor{67].

5. INTEREST OF MODIFIED PHOSPHOL IPIDS

To date, fev SPLs havedund wide industrial applications. This
may bedue to thelack of sudies to evaluate the properties abvel
compounds. SPL$rom acdalysis of soybean lethin with oil en-
riched with omega3 FAs (containing 51.4% EPA/DHA), have been
recently shown to reduce atlerosclerosis riskn rats fedan ahero-
genic diet 8. New structired mdecules seemto be promisng,
like AceDoPC which showed a therapeutc potertid for aaite
stroke treatmentlndeed, the authors that onsidered this new mole-
cule as a brain-targeting form oDHA asssal in vivo neuro-
protection onferred by DHA compaed with AceDoPC in experi-
mental stooke in rats, by using mtimodal MRIto monitor thebrain
damage.They $howed a moreimportant neuro-potedive effect of
AceDoPC than unesteiified DHA, that ould be patly due tode
crease of lipid peroxidation [69].

Novel PLs could combine the FAs andthe drug’-adivities in
the same moleaule for simultan®us ddivery of the two agents
Zerouga etal. [70] reported a potertial use of PC withDHA at the
sn-1 position and the cytotoxic drug mehotrexate at the sn-Zaosi-
tion, in cancer chemotherpy.

Whereas the anti-inflammatory aotis of hydroxylated derva-
tives of DHA, such as newprotedin D1, have been reported, re-
cent literature $rowed that 1-DHA-2-LysoPC and 17-hydroperoxy-
DHA-2-LysoPC [71] exhibit anti-inflammatory effects as well. It
seems that oxygeted metholites derived from BIA, like relv-
ins and protectins may play agsificant role as they havepotent
anti-inflammatory andimmuno-regulatory adions [72-73]. Synhe
sis of nové PLs containing these compounds a@uid have agreat
interest.

6. CONCLUSION

For a long time, intse research onduded that n-3 PUFAs
posess nutritiond essentiaty, and beneficial effects in ardiovas-
cula disease hyperttensbn, and inflammatbn. There has been
much interest imecentyeas for a promising role oDHA in cogni-
tion, and prevertion of neundegeneative disorders However,
many results are onflicting, likely due to the quantity of adminis-
tered EPA or DHA, thepurity of FAs and tothe form used for thei
administraion. Stuctured lipids could pethaps hdp to chooe be
tweenPL, TAG orunesterifiedorms.
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