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Abstract: In light of rapid progress in biochemistry and modern bioengineering, there is a great interest in understanding how modifying 
the structure of naturally occurring lipids can be used to improve their  nutritional and health properties. Structured lipids (SLs) 
or custom-made lipids can supply functional fatty acids because of their specific positioning in the glycerol structure. Health benefits of 
n-3 fatty acids such as docosahexaenoic acid (DHA) have been widely reported. Little information is available on the potential for 
health benefits of the SLs molecules that are rich in DHA and have well defined structure.This review attempts to summarize our 
present state of knowledge of various approaches to produce structured DHA-containing triglycerides and phospholipids as well as their 
applications. 
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1. INTRODUCTION 

 

Lifestyle-related diseases such as atherosclerosis,  hyperlipide- 
mia, diabetes and hypertension, and prevalent diseases in industrial 
countries  such  as  cancer  and  neurodegenerative  diseases  are  in- 
creasing. Attributed to over consumption of fats, obesity has espe- 
cially emerged  as one of the major cardiovascular risk factor ac- 
cording  to  epidemiologic  studies  [1,2].  The  management  of  the 
vascular risk factor together with the life-style  changes have been 
reported to delay the onset of the dementia syndromes such as Alz- 
heimer’s disease [3]. As a result, there is an increased awareness by 
consumers of  their needs to reduce the intake of calories derived 
from fats and modify their dietary habits. As saturated fat intake is 
associated with increased risk for obesity, high blood  cholesterol, 
coronary heart disease,  cancer and  arteriosclerosis, the quality  of 
dietary lipids could decrease the mortality of the life-style diseases 
[4].  A  great  number  of  in  vitro  and  in  vivo  investigations  have 
shown pharmacological and nutritional effects for  long-chain n-3 
polyunsaturated fatty acids (LC n-3 PUFAs) from fish oils, such as 
docosahexaenoic   (DHA;  22:6n-3)   and   eicosapentaenoic   (EPA; 
20:5n-3) acids [5]. They exert beneficial effects on chronic inflam- 
matory diseases [6] and possess hypolipidemic  effects [7,8]. They 
have been shown attractive in the treatment of patients with diabe- 
tes [9], and nutritional  DHA  supplementation is also effective in 
preventing  experimental diabetic neuropathy [10]. In  a recent re- 
view by Mozaffarian [11], the conclusion was that n-3  PUFAs re- 
duce the risk of cardiac death. Recent  studies  suggested that n-3 
PUFAs could be cancer preventive and suppressive agents, and then 
used as auxiliary agents for cancer therapy [12].  It is now recog- 
nized that DHA is important for the acquisition of ocular vision and 
brain  development  in  infants.  So,  there  are  strong  demands  for 
DHA  concentrates by  the pharmaceutical  as well  as health  food 
industries, for use as food supplements. Humans have limited abil- 
ity to convert the n-3 PUFA precursor  linolenic acid, contained in 
vegetable oils, into DHA. Currently, seafood is the primary dietary 
source of this PUFA. However, global fish stocks are declining and 
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are not expected to meet future nutritional needs. A logical strategy is 
to develop lipid products, especiall y those with specific structure and 
high purity to meet the particular nutritional and pharmaceuti- cal 
requirements [13-15]. The concept of structured lipids (SLs) for 
nutritional and  medical use was first introduced in 1987 by Baba- 
yan  [16]. The term SLs refers to lipids which are  re-structured,  in 
order to chemically or enzymaticall y  modify the composition and 
/or position of their fatty acids (FAs), in contrast to natural oils and 
fats. The latter are simply mixtures of a number of molecular spe- 
cies of triglycerides  (TAGs) or  phospholipids  (PLs), different  in 
terms  of  FA  species  (saturated,  monounsaturated  or  polyunsatu- 
rated) and position distribution on the glycerol backbone, and types 
of polar head in the case of PLs. 

In this review, we provide a concise and up-to-date  survey of 
novel enzymatic and chemical approaches to modify TAGs and PLs in 
order  to  obtain  DHA-enriched  TAGs  and  PLs,  as well  as  an 
overview on the interest of these SLs. 

 
2. SYNTHESIS  OF STRUCTURED  TRIACYLGLYCEROLS 
(STAGS) 

2.1. Synthesis of STAGs from Natural Oils and Fats 
 

TAG results from esterifi cation of glycerol by three FAs. Each 
TAG may contain different fatty acyls or  partially identical ones. 
TAGs  are  naturally  synthesised  by  enzymes  (acyl  transferases) 
which have specificity  for  positions  sn-1 and sn-2 of L-glycerol- 
phosphate, and  for the sn-3 position  following the phosphate  re- 
moval. Therefore in plants and animals, specific fatty acyls occupy 
specific positions within the TAG molecule depending on the spe- 
cies. SLs that have a  pre-determined composition and distribution 
of FAs on the glycerol backbone have recently gained considerable 
attention  as  nutritional  and  health  supplements.  Since   there  is 
emerging evidence of beneficial PUFAs, it is important to substitute 
saturated FAs (SFAs) with PUFAs, but a balance in the dietary fat 
containing  PUFAs,  SFAs   and  monounsaturated  FAs  (MUFAs) 
present  in  signifi cant quantities  in  many  sources must  be  stated. 
World  Health  Organization  recommends  Oil  Technologists  and 
Nutritionists an ideal oil which would have the S/M/P ratio of 1/1/1 
[17]. Like the degree of unsaturation, the geometry of double bonds 
(E or Z) and  FA chain length are important. Medium-chain  FAs 
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Fig. (1). Structure of docosahexaenoic acid (DHA). 
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specific immobili zed lipase from the fungus Mucor miehei resulted in 
TAGs containing 60-65% EPA or DHA.  Despite the 1,3-regio- 
specificity of the lipase, the  internal position became enriched to 
equal extent as the  external positions due to non-enzymatic  acyl- 
migration  processes [20]. Soybean  oils can be substrates for pro- 
ducing DHA-enriched  TAGs using two immobilized  lipases from 
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Rhizomucor miehei and Candida antartica [21]. There is  an  exten- 
sive literature concerning incorporation of  MCFAs in PUFA-rich 
fish oil via lipase-assisted acidolysis [22-26]. 

Hamam and Shaihidi  [27] produced STAGs via  acidolysis of 
DHA single cell oil derived from Crypthecodinium cohnii microal- 
gae with capric acid (C10:0 CA) using five commercially available 
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lipases. Among these lipases PS-30 from Pseudomonas sp was the 
most effective to produce TAGs with CA present mainly at the sn-1 
and sn-3 positions, whereas DHA was present at the sn-2 position, 
although partially located at the sn-1 and sn-3 positions. Xu and al 
[28] used  an  ultra-fil tration  membrane  reactor  for  acidolysis  be- 

Fig. (2). Scheme for producing structured triacylglycerols (STAGs). Where 
FA = fatty acid, MCFA = medium-chain fatty acid, MAG = monoacylglyc- 
erol, DAG = diacylglycerol. 

 
(MCFAs) with C6-C12 carbon chain lengths are more rapidly me- 
tabolized than long-chain FAs (LCFAs) with C14-C24 carbon chain 
lengths, thus providing a rapid source of energy. This has led to the 
development of a new type of SLs in food industries called medium 
and long-chain TAGs (MLCTs). Usually, STAGs have LC-PUFAs 
located at the internal position with MCFAs  at  the external posi- 
tions. These SLs are made by  modifying natural oils or fats and, 
depending on the type  of substrates available, chemical or enzy- 
matic reactions  can be used to synthesize them. In the process of 
random chemical inter-esterification, the fat is heated (at about 100- 
140°C) for a short period of time, in the presence of a catalyst (e.g. 
sodium methoxide). The FAs are released  from the glycerol back- 
bone and re-esterified in a random manner within the three sn posi- 
tions. Chemical inter-esterif ication is simple, inexpensive, and easy to  
scale-up, but is not capable of modifying specific positions due to 
the random nature of reactions [18]. In  addition, it may produce side 
products that are hard to eliminate and is likely to alter the all- cis 
framework of PUFAs. As a matter of fact, EPA and DHA may be 
drastically altered by oxidation, Z-E isomerisation, double-bond 
migrations or polymerization [19]. 

In contrast, the reactions catalyzed by enzymes such as lipases or 
phospholipases are more promising for position-specifi c modifi- 
cations of lipids. They offer high efficiency and mildness and their 
applications in organic media is established. 

Lipase-catalyzed enzymatic approaches are: inter-esterification, 
acidolysis and esterification reactions.  Inter-esterification  consists 
in exchange of fatty acyl  moieties within (intra-esterification) and 
among   (inter-esterification) TAGs molecules. Enzyme-directed inter-
esterifications are used to create TAGs with specific positional 
composition using  enzymes with  regio-specificity  from vegetable 
oil like coconut, palm kernel, soybean or rapeseed oil. Acidolysis or 
inter-esterification methods are acyl exchange in oils with excess of 
FA or its ethylester respectively. 

Acidolysis: R1COOR + R2COOH  R2COOR +R1COOH 

Inter-esterif ication: R1COOR2    + R3COOR4  R1COOR4  + 
R3COOR2 

Choosing  the  right  type  of  enzyme  is  important,   and   1,3- 
specific immobil ized enzymes may be used to  be sure that the es- 
sential FA is maintained at the sn-2  position, creating the desired 
structure of MLCTs. These  reactions applied to cod li ver oil, with 
high  EPA  and/or  DHA  concentration,  in  presence  of  1,3-regio- 

tween fish oil concentrates and medium-chain TAGs (MCTs) with 
immobil ized Rhizomucor miehei li pase  (lipozyme IM) as biocata- 
lyst. The membrane was used to separate released MCFAs from the 
mixture during the reaction. Thus, incorporation of EPA/DHA into 
MCTs was  increased by about 15%. Garcia et al. [29] have tested 
five lipases in a reaction medium composed solely of substrates and 
either free or immobili zed commercial lipase preparation, and suc- 
cessfully incorporated conjugated linoleic acid (CLA) in Menhaden 
oil , a rich source of n-3 FAs. 

Acidolysis is the simplest and most direct route for the synthe- sis 
of MLCTs. Nevertheless, acyl-migration is a major problem in 
batch reactors causing a decrease in the  yield of the target TAGs. 
To prevent it, some authors  relate one alternative process in two 
steps. First step was  production of 2-monoacyl-glycerol (2-MAG) 
by  enzymatic  alcoholysis of fish oils and second step was  enzy- 
matic esterification of the external positions of the  2-MAG using 
sn-1,3 specific lipases. 

Alcoholysis: R1COOR + R2OH  ROH + R1COOR2 

Some studies using oils with  a high DHA  content  show that 
fungal sn-1,3 lipases scarcely act on DHA residues at the sn-1- and 
3-positions especially  when  immobilized Rhizomucor  miehei  was 
used. Irimescu et al. [30] reported that lipase from Candida antar- 
tica (Novozym 435) presents high 1,3-regio-specific activity toward 
tri-docosahexaenoyl-glycerol in the ethanolysis step to  produce 2- 
DHA-MAG with  a high excess of ethanol.  So,  spontaneous acyl 
migration was minimized since 2-DHA-MAG needs not to be puri- 
fied before its use in the re-esterification step. Then, using the same 
conditions  for  ethanolysis  of  bonito  oil,  the  authors  obtained  2- 
DHA-MAG which was re-esterified with ethyl caprylate  (CA) by 
lipozyme IM [31]. By this way they produced  85% TAGs rich in 
DHA with CA at the external positions, but also side-products li ke 
TAGs with  only  one  CA  residue or tri-capryloyl-glycerol.  More 
recently,  another team studied the factors that influence the etha- 
nolysis of  cod liver  and tuna oils,  and  esterification  of  2-MAGs 
with  CA.  The  authors  reported  that  during  the  alcoholysis  step, 
lipase D from R. oryzae immobilized on Accurel MP1000 and No- 
vozym 435 were suitable to  produce 2-MAG. However, lipase D 
quickly lost activity due to pure ethanol. Higher yield was obtained 
for  esterification with lipases D and DF from R. oryzae  immobi- 
lized on Accurel MP1000. Very recently [33], the same team tested 
the feasibil ity of producing  2-DHA-MAGs by alcoholysis of cod 
li ver oil with different alcohols catalyzed by Novozym 435. Esteri- 
fication of 2-DHA-MAG s with CA was catalyzed by sn-1,3 specific 
lipase DF. They obtained pure TAGs with mainly the structure CA- 



+ 

+ 

Synthesis and Biological Interest of Structured Docosahexaenoic  

 
FAx OH 

 
 

DHA 
 
 

O 
 

O     P 
O 

-O 

DHA 
 
 
N+ 

 
O 

 

O     P 
O 

N 
-O 

LysoPC 
 

Structured Phospholipids (SPLs) 
 

FA OH 

 
DHA  

O 

O     P 
O 

N+
 

-O 

OH 
O 

 

O     P 
O 

N 
-O 

 

PC GPC 
 

Fig. (3). Scheme for producing structured phospholipids (SPLs). Where GPC = glycerophosphocholine FAx    = fatty acid different from FA (in PC) from C2 
to longer-chain. 

 

DHA-CA. Zhang et al. [34] tested different reaction routes to pro- 
duce 1,3-oleoyl-2-DHA-glycerol (ODO). First,  they produced 1,3- 
diolein by the reaction of glycerol with oleic acid in the presence of 
Novozym 435  or Lipozyme  RM  IM (formerly IM), followed by 
DHA esterification at the sn-2 position with Novozym 435. A poor 
yield of TAGs (9.4%) was obtained in this second step. Then, they 
studied the acidolysis  of single  cell oil  rich  in  DHA  (53.7%) in 
excess of oleic acid using Novozym 435. The  enzyme exhibited a 
high reaction rate but with a poor regio-specificity with only 39.3% 
DHA remaining at the sn-2 position, perhaps due to acyl migration 
again. So,  they used the above-mentioned method via 2-MAG by 
ethanolysis of single cell oil with Novozym 435, and  esterification by 
oleic acid  with  Lipozyme RM  IM to  obtain  ODO  with  good 
yields, even in large scale. 

 
2.2. Direct Esterification of Glycerol 

 

2.2.1. Chemical Methods 

Traditional synthetic organic chemistry methods used  for syn- 
thesis of STAGs require a full regio-control and  can hardly be un- 
dertaken   without   multi-step   protection/de-protection   processes. 
They are based  on  acylation  of 1,3-DAG  or 1,2-DAG  or  via  2- 
MAG. The  acylation is generally achieved by reaction of the free 
acid in presence  of 4-dimethylaminopyridine (DMAP)  and  N,N’- 
dicyclohexylcarbodiimide (DCC). By this method, Endo et al. [35] 
prepared small amounts of  TAGs  with three residues of DHA or 
asymmetrical    TAGs with DHA. Instead of DCC, 1-(3- 
dimethylaminopropyl)-3-ethylcarboimide hydrochloride    (EDCI) has 
increasingly been used as an alternative coupling agent. 

 
2.2.2. Chemo-enzymatic Methods 

 

Lipases 1,3 acting preferentially, or exclusively, at the external 
positions of the glycerol backbone, may be used  to introduce FAs 
of  selected  type  at  these  positions   by  esterification  or  trans- 
esterification processes. Haraldsson et al. reported successive tests 
of chemo-enzymatic STAGs synthesis. At first [36], they  obtained 
TAGs with a MCFA (C8, C10, C12) at the  sn-1 and -3 positions 
and  pure  EPA  or  DHA  at  the  internal  position  with  a  two-step 
method. In a first step they obtained 1,3-DAG by enzymatic esteri- 
fication of  glycerol with caprylic, capric and lauric acids in pres- 
ence of the lipozyme IM. In the subsequent step they  introduced 

DHA at the sn-2 position of 1,3-DAG by chemical  reaction with 
EDCI and DMAP with a high yield by contrast to Zhang et al. [34]. 
The nature and the chain  length of fatty acyls at the sn-1 and -3 
positions certainly influence the acylation reaction. However, yields of 
the enzymatic step were moderate due to low regio-selectivity of the 
enzyme. Later [37], the same authors described the synthesis of 
TAGs with  saturated FAs (C8, C10,  C12,  C14,  C16)  at external 
positions and EPA or DHA at the internal one, and more recently 
[38],   the   synthesis   of   STAGs   with   short-chain   fatty   acyls 
(C2,C4,C6) at the  external positions and EPA or DHA at the sn-2 
position.  They improved the first step by using Novozym 435 in- 
stead  of  Lipozyme  RM  IM,  low  temperature  (0-4°C)  instead  of 
room  temperature,  and  vinyl  esters  of  FAs  instead  of  their  free 
form. They reported that several  studies bring clearly to light that 
the Rhizomucor miehei  lipase is inferior to Candida antartica one 
to  produce  1,3-TAGs.  However  Zhang  et al.  [34],  reported  that 
Lipozyme RM IM is preferable to acylate glycerol with oleic acid. 
Also, temperature is a crucial factor in terms of controlling the re- 
gio-selectivity of the reaction. Because  they detected  traces of 1- 
MAG  during  the  lipase   reaction,  the  authors  noted  that  acyl- 
migration and hydrolysis side-reaction could occur due to the pres- 
ence of low quantities of water in the organic reaction essential for 
the   lipase   activity.   The   acyl-migration   process   being   time- 
dependent, they used vinyl esters which offered a fast and irreversi- 
ble reaction. In summary, the best conditions for the enzymatic step 
would  favour  specific  acylation  at  sn-1  and  -3  positions  while 
avoiding acylation at the internal position, as well as acyl migration of 
sn-1 and -3-acyl substituents and hydrolysis side-reactions. 

Fraser et al. [39] reported  the synthesis of  regio-isomerically 
enriched  symmetrical  and  asymmetrical  TAG  isomers containing 
two palmitoyls and one  linoleoyl, linolenoyl, or docosahexaenoyl 
moieties. By  chemical reactions and enzymatic reaction with Can- 
dida  antartica  from  glycerol  as  starting  material,  they  obtained 
TAGs with good yields. The authors noted a  little acyl migration 
(8-12%)  in  the  synthesis  of  the  asymmetrical  TAGs  and  a  low 
amount of migration  (2-3%) during  synthesis of the symmetrical 
one. According to the authors, this difference might be due to the 3- 
MAG intermediate in  asymmetrical synthesis.  Indeed, MAGs  are 
known to isomerize faster than  1,2-DAG or 1,3-DAG that is the 
intermediate in symmetrical synthesis. 



2.2.3. Enzymatic Methods 

For some applications, especially when human feeding trials are 
involved, synthesis of STAGs by non-chemical,  purely enzymatic 
methods is preferred. Along with avoiding toxic solvents and reac- 
tants,  the  mild  conditions  of  enzymatic  reactions  are  especially 
useful with EPA or DHA which are susceptible to oxidation. Kawa- 
shima et al. [24] attempted to synthesize TAGs with CA at the 1,3- 
positions 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 reaction in vacuum of free FAs in presence of Novozym 
435 and glycerol. By repeated acidolyses of the resulting TriP with 
CA   using   the   immobilized   Rhizopus   lipase,   high-purity   1,3- 
dicapryloyl-2-eicosapentaenoyl-glycerol   was   obtained   in   good 
yields   whereas   1,3-dicapryloyl-2-docosahexaenoyl-glycerol   was 
synthesized in a poor yield. 

Very recently, a novel interesting approach to  synthesize sym- 
metric TAGs possessing EPA or DHA at the external positions has 
been developed. Indeed, Magnusson and Haraldsson [40] suggested 
that these  compounds might be of high value for pharmaceutical 
and medical purposes since they may be esterified with  a  drug at 
the 2-position,  and  such  pro-drugs  would  acquire  the  biological 
properties of both n-3 PUFA and  the drug within the same mole- 
cule. They might indeed provide improvements to drug’s therapeu- 
tic value.  As  we reported  above in  “chemo-enzymatic methods”, 
Magnusson and Haraldsson [38] have obtained 1,3-DAG consisting in 
saturated MCFAs at the external positions of  the glycerol, with an 
efficient method using vinyl esters  of SFAs as acyl donors  in 
presence of the Novozym 435 lipase. Doing so, EPA or DHA must 
be activated to be  inserted at the external positions of glycerol. In 
their  report, the authors tried to obtain vinyl esters but they  noted 
severe detriments in the framework of the DHA moiety. Other types of  
activated  esters  of  EPA  or  DHA  were  prepared,  like  2,2,2- 
trifl uoroethylester  and  oxime  ester.  The  authors  considered  that 
oxime esters are the suitable acylating agent since they react faster in  
a  trans-esterif ication  reaction  than  the  corresponding  2-haloyl 
esters. They obtained with success the desired 1,3-DAGs with EPA 
or DHA at the external positions in  very high yields (85%) under 
conditions similar to those previously described but with the pres- 
ence of molecular  sieves to improve the catalytic process. In the 
same way, they synthesized 1-O-alkyl,3-acyl-sn-glycerols and their 
counterparts with EPA or DHA. 

By  contrast  with  Magnusson  and  Haraldsson,  Xu   and  co- 
workers [41] optimized the conditions of  enzymatic production of 
the same STAGs containing n-3  PUFAs at the external positions 
and MCFAs at the sn-2 position by acylating with free n-3 PUFAs 
or ethyl esters.  They established satisfactory quadratic models  to 
find  optimal  reaction  conditions  in  the  production  of  ABA-type 
TAGs. 

 
3. PROPERTY ATTRIBUTES OF MEDIUM AND   LONG 
CHAIN TRIACYLGLYCEROLS 

 

In dietary oils, the n-3 LC-PUFAs are located at different posi- 
tions of TAGs, but the stereo-specificity of most native oils favour 
PUFAs or MUFAs at the sn-2 position. The concept of a SL implies 
modification  of  the  FA  composition  and/or  FA  location  on  the 
glycerol backbone, and improvement of the physical and/or physio- 
logical properties of dietary lipids. 

The lipid structure has been proposed as an important factor to 
affect the oxidative stability of unsaturated  FAs.  Endo  et al. [35] 
compared the oxidative stabil ity of  randomized and native TAGs 

from marine oils. They found that fish oils, that  contained highly 
unsaturated TAGs with two or three residues of EPA or DHA, were 
very unstable. They observed that EPA or DHA located at the 1,2- 
or  2,3-positions of TAGs were more oxidizable than those  at the 
1,3-position in  response to the  2,2’-azobis(2-amidinopropane) di- 
hydrochloride oxidation. 

The positional distribution of n-3 LC-PUFAs has been shown to 
influence the oxidative stability as well as the  absorption and me- 
tabolism of n-3 LC-PUFA oils. DHA has been shown to be more 
resistant to oxidation and  also more efficiently absorbed when lo- 
cated at the sn-2  position of the TAGs. In a recent review, Karu- 
paiah et al. [42] reported that displacing PUFAs or MUFAs from 
the critical sn-2 position by substitution with SFAs is hypothesized to  
cause  lipid  and  lipoprotein  abnormalities.  Studies  comparing 
chain length of SFAs are limited but indicate that saturates are most 
detrimental at the sn-2 position in animal studies. The authors stated 
that  it  is still too  early to  conclude on the behaviour of  unusual 
positional  distribution  of  FAs  in  TAGs  species  originating  from 
oils. 

Nagata  et  al.  [43]  evaluated  the  physiological   function  of 
STAGs containing MCFAs and PUFAs  (EPA-C8-EPA, C8-EPA- 
C8, DHA-C8-C8, and C8-DHA-C8) compared with soybean oil in 
rats. They  observed that serum lipid levels were lowered by SLs, 
and peri-renal adipose tissue weight was lowered by  DHA-C8-C8 
and C8-DHA-C8 treatment. Thus, FA species and the differences in 
intra-molecular distribution of FAs in dietary TAGs affect the nutri- 
tional behaviour of dietary lipids. 

It has been observed by Yoshida and co-workers [44], that feed- 
ing rats with seal oil, in which EPA or DHA is located at the sn-1,3- 
positions of TAGs, more effectively reduced plasma and liver TAG 
levels through suppression  of FA synthesis than fish oil in which 
EPA and DHA are located at the sn-2 position. Beerman et al. [45] 
investigated  the  effects  of  a  dietary  test  intake  containing  72% 
MCFAs and 22% n-3 LC-PUFAs on the fat metabolism in healthy 
people  after  15  days,  and  found  a  significant  reduction  of  total 
plasma TAGs,  li kely  due to increased ß-oxidation with synergistic 
effects of MCFAs and LC-PUFAs. The authors stated that the rapid 
clearance of blood fat induced by increased  stimulation of hepato- 
cytic ß-oxidation may represent a new mechanism to loose fat mass. 
St-Onge et al. [46] reported that consumption of an oil composed of 
medium-chain TAGs, phytosterols and n-3 FAs, substantially low- 
ered plasma total and LDL cholesterol but did not affect circulating 
TAGs or HDL cholesterol in overweight women. Recent studies of 
Shirouchi and al.  [47] suggested that feeding porpoise oil contain- 
ing SLs  as a combination of n-3 PUFAs and isovaleric acid (iso- 
C5:0), prevents the development of fatty li ver disease  through the 
enhancement of lipoprotein secretion and  increase the adiponectin 
production in obese rats. 

 
4. SYNTHESIS OF STRUCTURED PHOSPHOLIPIDS (SPLS) 
 

Although being the main constituents of cell  membranes, PLs 
should not be simply depicted as that. Many advances in lipid bio- 
chemistry and molecular biology have led to recognize PLs contain- 
ing PUFAs such as DHA or EPA, which show important biological 
activities,  as essential molecules and beneficial for  human  health. 
Among PUFAs, DHA is especially  sensitive  to oxidation. A strat- 
egy to prevent oxidation is  to incorporate DHA into a lipid mole- 
cule. Indeed, it has been demonstrated that DHA esterified in PLs is 
less easily oxidisable than in the forms of either free FA, ethylester, 
or even TAGs [48-49]. PLs li ke lysoPLs may be good  carriers for 



 
n-3 PUFAs. Numerous studies showed that  supplementation with 
EPA and DHA in PLs from kril l oil,  exerts stronger biological ef- 
fects compared with  EPA  and DHA in TAGs from fish oil. Ross- 
meisl  et al.  [50] recently reported superior metabolic effects of 
EPA/DHA in PLs from marine fish  compared with  TAGs  in the 
context of high-fat diet-induced obesity in mice. Vigerust et al. [51] 
studied kril l oil versus fish oil in  modulation of inflammation and 
lipid metabolism in mice transgenic for TNF-   and concluded that, 
when similar doses of n-3 PUFAs are administered, kril l oil seems to 
have a greater potential to promote lipid catabolism, although no 
differences  in  the  levels  of  inflammatory  markers  could  be  ob- 
served. The positive effects of PLs could be partially due to a better 
bioavailabil ity of EPA or DHA when provided in the form of PLs 
compared to  TAGs or ethyl esters. Lemaitre-Delaunay et al. [52], 
reported preferential uptake of DHA by human erythrocytes when it 
was provided as phosphatidylcholine (PC)-DHA compared to TAG- 
DHA and consequently a better potential interest of PC-DHA over 
TAG-DHA. Study of  Wijendran et al. [53] showed that brain ara- 
chidonic acid (AA) bioavailabil ity was more than doubled by using 
PC compared to TAG as carrier of AA. Thies et al. [54] showed a 
preferential brain  incorporation of  2-DHA-LysoPC over  unesteri- 
fied DHA, in the young rat. Bernoud et al. [55] also showed a pref- 
erence for  2-DHA-LysoPC  to  cross  a  re-constituted  blood  brain 
barrier compared with unesterified DHA.  Also,  LysoPC-DHA in- 
hibited the production of pro-inflammatory cytokines in response to 
LPS whereas unesterified DHA was virtually inactive [56]. 

There is a growing demand by the food and pharmaceutical in- 
dustry that has stimulated an extensive search for synthetic methods 
to produce specific PLs with new combination of FAs. PLs contain- 
ing EPA or DHA  could be directly isolated from fish, but numer- 
ous, expansive, and rather laborious extraction and separation pro- 
cedures are required. On the other hand, numerous publications and 
patents concern  recent progress in  physical,  chemical, and  enzy- 
matic modifications of  naturally sourced PLs to enrich certain PL 
species. Our group has decided to focus on the generation of SPLs, 
especially DHA-containing  PC,  using chemical, or  biotechnology 
methods involving enzymes. 

In the most common procedure for synthesis of a  mixed acid 
PL, PC containing DHA at the sn-2 position is used as starting ma- 
terial. The FA at the sn-1 position is exchanged with the desired one 
by trans-esterif ication  using  a 1,3-lipase. A combination of a hy- 
drolysis  step   via  a  LysoPC  intermediate,  with  subsequent  re- 
esterification, is possible as well. A problem with the latter route is the 
acyl migration within 2-DHA-LysoPC prone to yield the more 
stable  1-DHA-LysoPC.  Another  alternative  enzymatic  procedure 
uses PC with the desired FA at the sn-1 position as substrate. PC is 
thus hydrolyzed by phospholipase A2 (PLA2) and re-esterified with 
DHA by a chemical or enzymatic method using PLA2   favoring the 
synthetic reaction over hydrolysis. In the two methods, an excess of 
DHA  is  required.  Another  method  is  possible  using   glycero- 
phosphocholine (GPC)  as  starting  material,  followed  by  specific 
esterification at the  sn-1  position  by  the desired  FA using  a 1,3 
lipase, followed by chemical or enzymatic esterification by DHA at 
the sn-2 position. 

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

 

Haraldsson and coworkers [57] reported results for  incorpora- tion  
of  n-3  PUFA  by  trans-esterification  or  acidolysis  reactions from 
1,2-diacyl-PC, using the lipozyme RM IM lipase. They noted that  
the  rate of  reactions with  zwitterionic head  groups  is  much 

lower when compared to TAGs. Also, EPA was a better  substrate than 
DHA. The hydrolysis side reactions were  much more exten- sive 
in the inter-esterification reaction  than in acidolysis reaction, likely 
due to a large excess of FA (7x) in the latter reaction. How- ever, 
excessive  amounts of FAs are believed to enhance the acyl- 
migration from the sn-2 to sn-1 positions. The lipase can also influ- 
ence the acyl migration, particularly when the support is an anionic- 
exchange resin. Poisson et al. [58]  showed that after 3h of enzy- 
matic  hydrolysis  of  1-palmitoyl-2-DHA-PC  at  40°C  by  a  non- 
immobil ized  lipase from Rhizopus oryzae, DHA has totally moved 
from  the sn-2 position. Lowering temperature from 40°C to  30°C 
reduced  DHA  migration  by  40%.  The  authors  reported  that,  by 
contrast, acyl migration from sn-1 to sn-2 was negligible. Croset et 
al. [59] studied the isomerization of 2-linoleoyl-LysoPC loaded on 
albumin  and  incubated in plasma at physiological pH and at 37°C 
as a function of time, and reported that after 20 min, 75% isomeri- 
zation had taken place. This isomerization was prevented at acidic 
pH (< 5). Rates of isomerization can  be different in acidolysis or 
esterification process using  immobilized lipases in organic solvent 
or solvent-free. 

Other examples of FA exchange between the sn-1 and sn-2 po- 
sitions of PLs by one step (acidolysis) or  two-step processes have 
been reviewed by Adlercreutz et al. [60]. The one-step reaction or 
two-step approach via LysoPC intermediate obtained by hydrolysis 
or  alcoholysis,  and  re-esterification  with  the  same  enzyme  give 
similar yields; however time is longer for the  acidolysis reaction. 
The authors also reported that  incorporation of FAs into the sn-1 
position was more  favorable than to the sn-2 position because the 
lipase can be used at much lower water activity than PLA2, which is 

in favor of the esterifi cation reaction. Acylation by EPA and DHA 
mixture using pancreatic PLA2   realized in organic solvents needed a 

water activity of 0.2 and high FA  concentration. Some acylation by 
EPA and DHA indicated that glycerol could be a good solvent, and 
better yields were obtained with addition of some amino acids in the 
reaction mixture [61]. When pure EPA was added in presence of 
glycine + alanine, the EPA-PL amounted  49%, compared with 
19% DHA-PL when 54% DHA was used. 

Conversion of 2-palmitoyl-LysoPC in PC by regio-selective in- 
corporation of EPA and DHA from fish oil to the sn-1 position was 
investigated using five different immobilized lipases and PLA1  [62]. 

Results showed that  lipases discriminated against EPA  and espe- 
cially DHA.  Indeed, Candida  antartica  was  the  only  lipase  that 
incorporated  significant  amounts  of  DHA.  For  incorporation  of 
DHA to the sn-2 position, PLA2   was used but the low reaction and 
yield showed that this reaction was not efficient. Chemical coupling of 
1-palmitoyl-LysoPC  and  DHA  was preferred.  The  authors  re- 
ported low yield (< 30% mol) of LysoPC conversion with immobi- 
lized PLA1.  However,  some recent papers reported  production of 

structured  PC  with  immobil ized  PLA1   [63-64].  First,  one  study 

reported PLA1-catalyzed  acidolysis of PC by mixture of FAs from 
fish oil  containing mainly DHA, EPA and DPA, in solvent-free 
conditions. From their results obtained by modifying water activity, 
vacuum and enzyme loading, the authors concluded that the synthe- 
sis protocols leading to large proportions of n-3 PUFA residues in 
PC and LysoPC lead  simultaneously to low yields of these com- 
pounds. The second study pointed out that the high substrate purity 
used  affected the equilibrium of the acidolysis reaction and clearly 
favored the acylation by the immobilized PLA1. Indeed, selection of 
optimum  synthesis  conditions  may  well  depend  on  the  specifi c 
applications of interest. Vikberg et al. [65] studied the acyl modifi-  



 
cation of the sn-2 position of PC from soybean by acidolysis using 
immobil ized  PLA2   and  different  FAs  as  acyl  donors.  Under  the 

same conditions, different FAs result in different incorporation into 
PLs or diff erent yields. They described the highest degree of incor- 
poration for conjugated linoleic acid (39%) followed by CA (25%) 
and DHA (20%). When using DHA as acyl donor, the yield (21%) 
was also lower than for CA (29%). 

A chemo-enzymatic synthesis of a particular structured PC con- 
taining  an  acetyl  group  at  the  sn-1  position  to  mimic  2-DHA- 
LysoPC, and prevent the acyl migration has been reported [66]. 2- 
DHA-LysoPC was prepared  from 1-stearoyl-2-DHA by enzymatic 
hydrolysis using the  Rhizopus arrhizus lipase, and was acetylated 
by acetic  anhydride into 1-acetyl-2-DHA-PC. This new structured 
PC, named AceDoPC, has been produced with more  important 
quantities and better yield by a one  step-trans-esterification of mi- 
croalgae DHA-containing PC using lipozyme from Mucor miehei in a 
bioreactor [67]. 

 
5. INTEREST OF MODIFIED PHOSPHOLIPIDS 

 
To date, few SPLs have found wide industrial applications. This 

may be due to the lack of studies to evaluate the properties of novel 
compounds. SPLs from  acidolysis of soybean lecithin with oil en- 
riched with omega-3 FAs (containing 51.4% EPA/DHA), have been 
recently shown to reduce atherosclerosis risk in rats fed an  athero- 
genic diet [68]. New structured molecules seem  to be promising, 
like  AceDoPC  which  showed  a  therapeutic  potential  for  acute 
stroke treatment. Indeed, the authors that considered this new mole- 
cule  as  a  brain-targeting form of DHA assessed in vivo neuro- 
protection conferred by DHA compared with AceDoPC in  experi- 
mental stroke in rats, by using multimodal MRI to monitor the brain 
damage. They showed a more important neuro-protective effect of 
AceDoPC than unesterified  DHA, that could be partly due to de- 
crease of lipid peroxidation [69]. 

Novel PLs could combine the FA’-s and the drug’-activities in 
the same  molecule  for  simultaneous  delivery  of  the  two  agents. 
Zerouga et al. [70] reported a potential use of PC with DHA at the 
sn-1 position and the cytotoxic drug methotrexate at the sn-2 posi- 
tion, in cancer chemotherapy. 

Whereas the anti-inflammatory actions of hydroxylated deriva- 
tives of DHA, such as neuroprotectin D1, have  been reported, re- 
cent li terature showed that 1-DHA-2-LysoPC and 17-hydroperoxy- 
DHA-2-LysoPC  [71] exhibit anti-inflammatory effects as well. It 
seems that oxygenated metabolites derived from DHA, like resolv- 
ins and protectins may play a signifi cant role as  they have potent 
anti-inflammatory and immuno-regulatory  actions [72-73]. Synthe- 
sis of novel  PLs containing  these  compounds could have a great 
interest. 

 
6. CONCLUSION 

 

For  a long time, intense research  concluded  that n-3  PUFAs 
possess nutritional essentiality, and beneficial  effects in cardiovas- 
cular  disease,  hypertension,  and   inflammation.  There  has  been 
much interest in recent years for a promising role of DHA in cogni- 
tion,  and   prevention  of  neurodegenerative  disorders.  However, 
many results are conflicting, likely due to the quantity of adminis- 
tered EPA or DHA, the purity of FAs and to the form used for their 
administration. Structured lipids could  perhaps help to choose be- 
tween PL, TAG or unesterified forms. 
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