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ABSTRACT: Human milk fat contains 20-25% palmitic acid,
and about 70% of the fatty acid is esterified to the 2-position of
triglycerides. It was also reported that arachidonic acid (AA) ac-
celerated the growth of preterm infants. Thus, we attempted the
synthesis of 1,3-arachidonoyl-2-palmitoyl-glycerol by acidoly-
sis of tripalmitin with AA using 1,3-specific Rhizopus delemar
lipase. When a mixture of 10 g tripalmitin/AA (1:5, w/w) and
0.7 g immobilized Rhizopus lipase was incubated at 40°C for
24 h with stirring, the AA content in glycerides reached 59
mol%. The immobilized lipase could be used five times with-
out a decrease in the extent of acidolysis. Glycerides were ex-
tracted from the reaction mixture with n-hexane, and regiospe-
cific analysis was performed. As a result, the AA contents at the
1,3- and 2-positions were 56.9 and 3.2 mol%, respectively. It
was therefore confirmed that the fatty acids at the 1,3-positions of
triglyceride were exchanged for AA. High-performance liquid
chromatography showed that the contents of triarachidonin,
1,3-arachidonoyl-2-palmitoyl-glycerol, and 1(3)-arachidonoyl-
2,3(1)-palmitoyl-glycerol were 7.3, 75.9, and 12.4 wt%, respec-
tively.
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Arachidonic acid (AA, 20:4n-6) is arare fatty acid that has
potential pharmaceutical value and isa precursor of hormones
(prostaglandins, leukotrienes, and thromboxanes) involved in
the AA cascade (1,2). Arachidonylethanolamide (anand-
amide) (3) and 2-arachidonylglycerol (4) were recently re-
ported to bind to the receptor of cannabinoid, a psychotropic
agent, and are expected to act as analgesics. Furthermore, AA
is contained in human milk and accelerates the growth of
preterm infants, as does docosahexaenoic acid (22:6n-3)
(5,6). Human milk fat contains 20—25% palmitic acid (PA,
16:0), and about 70% of the fatty acid is esterified to the 2-
position of the triglycerides (7,8). In addition, the main com-
ponent of the milk dienoic triglyceridesis 1,3-oleoyl-2-pal mi-
toyl-glycerol. Gastric and pancreatic lipases hydrolyze di-
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etary fat to free fatty acids and 2-monoglycerides, and the ab-
sorption efficiency of free PA isrelatively low compared with
that of free unsaturated fatty acids (9). Thus, fat absorption is
higher in infants fed fats with PA at the 2-position of triglyc-
erides than the 1,3-position (10). It has been hypothesized
from these facts that the high absorption efficiency of human
milk fat isthe result of specific positioning of PA at the 2-po-
sition of the triglyceride moiety (10,11). Thus, we attempted
to synthesize 1,3-arachidonoy!-2-palmitoyl-glycerol for pos-
sible use as a component of infant formula.

Structured lipids have been efficiently produced by ex-
changing fatty acids at the 1,3-position of triglycerides with
desired fatty acids using immobilized 1,3-specific lipase
(12-18). The system containing organic solvent is effective
in the reaction, especially when the substrate is in a solid
state. However, when the substrate isin aliquid state at the
reaction temperature, the reaction efficiently proceeds even
in a solvent-free system. This paper deals with the synthesis
of 1,3-arachidonoyl-2-palmitoyl-glycerol in a solvent-free
system by acidolysis of tripalmitin with AA using immobi-
lized Rhizopus delemar lipase.

MATERIALS AND METHODS

Materials. Tripalmitin (PA content, 90 mol%; stearic acid
content, 8 mol%) was purchased from Tokyo Kasei Kogyo
Co. (Tokyo, Japan). AA (purity, 91 mol%) is a product of
Suntory Co. (Osaka, Japan).

Preparation of immobilized lipase. Rhizopus delemar li-
pase (Ta-lipase) was a gift from Tanabe Seiyaku Co. Ltd.
(Osaka, Japan). The lipase was immobilized on a ceramic car-
rier (SM-10; NGK Insulators, Aichi, Japan) as described in
our previous paper (14). After the ceramic carrier (20 g) was
suspended in 80 mL of 10% lipase solution, 240 mL of cold
acetone (-80°C) was gradually added with stirring, and the
precipitate was dried in vacuo. Approximately 90% of the li-
pase was immobilized on the carrier by this procedure.

Reaction. Because the freshly prepared immobilized lipase
did not show any acidolysis activity (14,19), it was activated
asfollows: A mixture of 10 g AA/tripalmitin (5:1, w/w), 0.2
g water, and 0.7 g immobilized lipase was incubated at 40°C
for 24 h in a screw-capped vessel with shaking at 140 oscilla-
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tions/min. The activated enzyme was transferred into a fresh
substrate mixture of AA/tripalmitin without water, and the
acidolysis was then conducted under the same conditions as
those for the pretreatment.

Analysis. Glycerides were extracted with 100 mL n-hexane
after adding 70 mL of 0.5 N KOH (20% ethanol solution) in
10 g reaction mixture. Fatty acids in glycerides were methyl-
ated in methanol using sodium methylate as a methylating
reagent. The methylesters were analyzed by a Hewlett-
Packard (Avondale, PA) 5890 gas chromatograph equipped
with a DB-23 capillary column (0.25 mm x 30 m; J&W Sci-
entific, Folsom, CA) as described previously (20). Thin-layer
chromatography (TLC) of glycerides was performed accord-
ing to our previous paper (21). The glycerides were applied
to asilicagel 60 plate (Merck, Darmstadt, Germany), and
then developed with a mixture of chloroform/acetone/acetic
acid (96:4:1, vol/vol/val). The contents of mono-, di-, and
triglycerides were measured by a TL C/flame-ionization de-
tector (FID) analyzer (latroscan MK-5; latron Co., Tokyo,
Japan) after development with a mixture of benzene/chloro-
form/acetic acid (50:20:0.7, vol/vol/vol). Regiospecific analy-
sis of triglycerides was carried out by Grignard degradation
with allyl magnesium bromide, and followed by isolation and
analysis of the 1,3-diglyceride fraction (22). Triglycerides
were analyzed on two octadecy! silica (ODS) columns (4.6 x
150 mm; Cosmosil 5C18-AR, Nacalai Tesque Inc., Kyoto,
Japan), connected with a high-performance liquid chromatog-
raphy (HPLC) system (LC-9A; Shimadzu Co., Kyoto, Japan).
The sample was eluted with a mixture of acetone/acetonitrile
(2:1, vol/val) at aflow rate of 0.4 mL/min at 40°C, and de-
tected with arefractometer.

RESULTS

Factors affecting acidolysis of tripalmitin with AA. In gen-
eral, lipases act well on liquid-state substrates, but not on
solid-state ones. Because a mixture of AA/tripalmitin (3:1,
w/w) was liquid at 40°C, the reaction temperature was fixed
at 40°C. To investigate the effect of the amount of AA, aci-
dolysis was conducted at various ratios of AA to tripalmitin
(Fig. 1). When tripalmitin was acidolyzed with more than
three times excess AA for 6 h using 4% immobilized lipase,
the AA incorporated in glycerides was almost the same in its
content (25-30%). However, the AA content in glycerides
after 24- and 48-h reactions depended on the amount of AA,
and reached a constant value at aweight ratio of 5:1.
Acidolysis of tripalmitin with AA was performed using
2-10% immobilized Rhizopus lipase as a catalyst (Table 1).
Thefirst reaction with 4% enzyme achieved 57 mol% AA in-
corporation in glycerides, and larger amounts of the lipase did
not increase the AA incorporation. However, when the aci-
dolysis was repeated by transferring the enzyme to a fresh
substrate mixture, the decrease in the acidolysis extent de-
pended on the amount of immobilized lipase. Repeated aci-
dolyses with 7 and 10% lipase did not decrease the AA con-
tent in glycerides during cycles 3 and 5, respectively. The de-
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FIG. 1. Effect of amount of arachidonic acid (AA) on acidolysis of tri-
palmitin with AA. The acidolysis was performed at 40°C in a mixture of
10 g of tripalmitin/AA and 0.4 g immobilized Rhizopus delemar lipase
which had been activated by incubating in the same mixture contain-
ing 2% water. Open boxes, 6-h reaction; hatched boxes, 24-h reaction;
closed boxes, 48-h reaction.

crease of the acidolysis extent may be due to the inactivation
of enzyme at 40°C.

Time course of acidolysis of tripalmitin with AA. On the
basis of the above results, the reaction conditions for the aci-
dolysis were determined as follows: A mixture of 10 g
AA/tripalmitin (5:1, w/w) and 0.7 g immobilized lipase was
incubated at 40°C with stirring. Figure 2 shows atypical time
course of the acidolysis under these conditions. The contents
of PA in glycerides rapidly decreased until 10 h, and then
gradually decreased thereafter. The increasein AA content in
glycerides corresponded completely with the decrease in
these fatty acid contents. The AA contents after 24- and 34-h
reactions reached 59 and 63 mol %, respectively.

TABLE 1
Effect of Enzyme Amount on Acidolysis of Tripalmitin
with Arachidonic Acid?

Enzyme amount Cycle Fatty acid composition (mol%)°
(%) number 16:0 18:0 183 20:3 204
2 1 75.5 6.2 0.3 ND 16.0
2 786 6.2 0.2 ND 13.1
4 1 353 30 15 0.8 56.8
2 47.2 3.8 1.1 0.6 45.8
3 645 49 0.5 0.3 27.5
7 1 331 29 1.7 0.8 58.9
3 32.3 29 1.7 0.9 59.5
4 56.8 4.6 1.0 0.5 35.7
5 738 56 0.3 ND 18.3
10 1 35.2 3.1 1.4 0.8 57.0
3 326 29 1.9 0.9 59.8
5 328 29 2.0 0.9 59.0
6 47.2 3.8 1.1 0.6 44.8
7 709 6.7 0.3 ND 20.2

aAcidolysis was performed at 40°C for 24 h in a mixture of 10 g arachidonic
acid (AA)/tripalmitin (5:1, w/w), and 0.2-1.0 g of immobilized Rhizopus
delemar lipase which had been activated by incubating in the same mixture
containing 2% water. The reaction was repeated by transferring the lipase to
a fresh substrate mixture without adding water.

bFatty acid composition of glycerides.
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FIG. 2. Time course of acidolysis of tripalmitin with AA. A mixture of
30 g AA/tripalmitin (5:1, w/w) and 2.1 g immobilized Rhizopus lipase
was incubated at 40°C with shaking. o, palmitic acid content in glyc-
erides; @ , AA content. See Figure 1 for abbreviations.

Components in transesterified oil. Acidolysis of tri-
palmitin with AA was performed for 24 h under the condi-
tions determined, and the glycerides were extracted with n-
hexane. The glycerides contained 60 mol% of AA. The con-
tents of triglycerides and diglycerides were 95.4 and 4.6 wt%,
respectively. Monoglycerides were not present in the glyc-
eride fraction.

Table 2 shows the fatty acid compositions of the 1(3)- and
2-positions in the transesterified oil. The AA contents at the
1(3)- and 2-positions were 56.9 and 3.2 mol %, respectively,
and palmitic acid was esterified mainly at the 2-position.
These results suggested that fatty acid at the 1(3)-position in
triglyceride was exchanged for AA by the acidolysis with im-
mobilized Rhizopus lipase.

Triglycerides in the transesterified oil were analyzed by
HPLC (Fig. 3). The components eluted between 12 and 14
min were diglycerides as shown by TLC, and the components
eluted after 18 min were triglycerides. To identify the triglyc-
eride components fractionated by HPL C, the peaks numbered
in Figure 3 were collected and their fatty acid compositions
were analyzed (Table 3). On the basis of the molar ratio of
fatty acids, the structures of peaks 1 to 5 were estimated as
follows: peak 1, triarachidonin (AAA); peak 2, 1,3-arachi-

TABLE 2
Fatty Acid Composition of 1(3)- and 2-Positions
in Transesterified Oil?

Fatty acid composition (mol%)

Position 16:0 180 182 183 20:3 204
1,2,3 (Total)® 317 28 0.5 21 09 601
1,3 30 09 0.5 20 09 569
2 287 19 ND° 01 ND 32

aThe fatty acids located at the 1(3)-position of triglyceride were analyzed
using 1,3-diglycerides obtained by Grignard degradation. The content of a
fatty acid located at the 2-position was calculated by subtracting the content
at the 1(3)-position from that of undigested triglycerides.

bFatty acid composition of the transesterified oil.
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FIG. 3. Triglyceride components of transesterified oil. High-perfor-
mance liquid chromatographic analysis was carried out as described in
Materials and Methods section. As shown in Table 3, the triglyceride
structures of peaks 1 to 5 were estimated as follows: peak 1, triarachi-
donin; 1,3-arachidonoyl-2-palmitoyl-glycerol; 1,3-arachidonoyl-2-
stearoyl-glycerol; 1(3)-arachidonoyl-2-palmitoyl-3(1)-palmitoyl-glyc-
erol; and triglycerides with arachidonic, palmitic, and stearic acids, re-
spectively.

donoyl-2-palmitoyl-glycerol (APA); peak 3, 1,3-arachi-
donoyl-2-stearoyl-glycerol; peak 4, 1(3)-arachidonoyl-2-
palmitoyl-3(1)-palmitoyl-glycerol; peak 5, triglyceride with
AA, stearic acid and PA. Therelative areas for peaks 1to 5
were 7.3, 75.9, 3.1, 12.4, and 1.3%, respectively.

DISCUSSION

We have reported how APA was efficiently produced by aci-
dolysis of tripalmitin with AA using immobilized Rhizopus
lipase in a solvent-free system. The absorption of AA in the
structured lipid couples to hydrolysis of the lipid by pancre-
atic lipase. Pancreatic lipase is a 1,3-specific lipase. However,
it acts on polyunsaturated fatty acids weakly. Hence, 0.5 g of
structured lipid was stirred at 35°C in 5 mL of 50 mM acetate
buffer (pH 5.6) with porcine pancreatic lipase. As aresult, the
lipid was hydrolyzed, although the hydrolysis rates were 24%
of the hydrolysis rate of olive oil (data not shown). There-
lease of AA by hydrolysis with the lipase suggests that AA
can be absorbed into the intestinal mucosa.

We previously reported that immobilized Rhizopus lipase
was effective for the production of structured lipids with
caprylic acid and afunctional fatty acid at the 1,3- and 2-po-
sitions, respectively (14-17). When acidolysis of tunaoil with
caprylic acid was conducted using 4% immobilized enzyme,
the lipase could be used 15 times without a decrease in the
acidolysis extent (14). Furthermore, the enzyme maintained
this acidolysis extent for 35 to 50 cycles in acidolyses of saf-
flower and linseed oils with caprylic acid (15). On the other
hand, the enzyme was usable only six times in the present
study, although 10% lipase was used as a catalyst. The reac-
tions reported previously were conducted at 30°C, but the re-
action presented here was done at 40°C. The results suggest
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TABLE 3
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Fatty Acid Composition of Triglycerides Fractionated

by High-Performance Liquid Chromatography

Retention time Fatty acid composition (mol%) Triglyceride
Triglyceride? (min) 16:0 18:0 18:3 20:4 structure®
Peak 1 18.9 1.6 0.3 2.6 94.4 AAA
Peak 2 24.0 33.7 ND 1.8 64.5 APA
Peak 3 27.7 5.1 29.8 1.9 63.2 ASA
Peak 4 32.1 66.3 ND 1.0 32.7 APP
Peak 5 37.5 35.8 31.0 0.7 31.4 APS

apeaks 1 to 5 correspond to the components numbered in Figure 3.
bAAA, triarachidonin; APA, 1,3-arachidonoyl-2-palmitoyl-glycerol; ASA, 1,3-arachidonoyl-2-
stearoyl-glycerol; APP, 1(3)-arachidonoyl-2 palmitoyl-3(1)-palmitoyl-glycerol; APS, triglycerides with

arachidonic, palmitic, and stearic acids.

that the immobilized lipase was gradually inactivated by use
at 40°C for along period.

Acidolysis of tripalmitin with AA produced 7 wt% of
AAA as aby-product (Fig. 3). Because the positional speci-
ficity of Rhizopus lipaseis very strict (15,16), it was strongly
suggested that AAA was not generated by exchanging fatty
acid at the 2-position for AA. The presence of 4.6 wt% of
diglycerides showed that hydrolysis occurred concomitantly
with the acidolysis. In addition, concomitant esterification
could be expected to occur during the reaction. Therefore,
AAA may be generated via the following process: Diglyc-
eride with AA at the 1(3)-position and PA at the 2-positionis
generated by hydrolysis, and the PA migrates spontaneously
to the 3(1)-position. PA at the 3(1)-position is acidolyzed with
AA, and diarachidonin is generated. After AA at the 1(3)-po-
sition migrated to the 2-position, AAA is synthesized by es-
terification of free AA to the 1(3)-position. It was confirmed
that diarachidonin was present in the reaction mixture, be-
cause the peak eluted at 12 min by HPLC analysis contained
95 mol% of AA (Fig. 3). Thisfact strongly supported the hy-
pothesis.
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