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Arachidonic acid (AA) is a long-chain polyunsaturate (LCP)
present in human breast milk as both triglyceride (TG) and as
phospholipid (PL). There has been little attention to the meta-
bolic consequences of lipid form of AA in infant formulas. Our
objective was to investigate the efficacy of dietary TG and PL as
carriers of AA for accretion in the brain and associated organs of
term baboon neonates consuming a formula with LCP composi-
tion typical of human milk. TG and phosphatidylcholine (PC)
with [U-13C]-AA in the sn-2 position and with unlabeled 16:0 in
the remaining positions (TG-AA* or PL-AA*, respectively) were
used as tracers to study the tissue AA* incorporation. Baboon
neonates received a single oral dose of either TG-AA* (n � 3) or
PL-AA* (n � 4) at 18–19 d of life. Tissues were obtained 10 d
later (28–29 d of life) and isotopic enrichment was measured. In
the brain, 4.5% of the PL-AA* dose and 2.1% of the TG-AA*
dose were recovered as brain AA*, respectively, indicating that
PL was about 2.1-fold more effective than TG as a substrate for
brain AA accretion. Preferential incorporation of PL-derived
AA* over TG source of AA* was also observed in the liver, lung,
plasma, and erythrocytes. Because of the quantitative predomi-
nance of TG-AA in formula, total brain AA accretion, expressed
as absolute weight, was 5.0-fold greater from TG-AA than from
PL-AA. We estimate that about half of postnatal brain AA
accretion is derived from dietary preformed AA in term baboon

neonates consuming a formula with lipid composition similar to
that of human milk. (Pediatr Res 51: 265–272, 2002)

Abbreviations
AA, arachidonic acid
AA*, [13C] arachidonic acid
DHA, docosahexaenoic acid
LA, linoleic acid
TG, triglyceride
PL, phospholipid
PC, phosphatidylcholine
TG-AA*, triglyceride containing [13C] arachidonic acid in the
sn-2 position
PL-AA*, phosphatidylcholine containing [13C] arachidonic
acid in the sn-2 position
TG-AA, dietary arachidonic acid provided as triglyceride
PL-AA, dietary arachidonic acid provided as phospholipid
LCP, long-chain polyunsaturated fatty acids
RPE, retinal pigment epithelium
CS, cesarean section
dGa, days of gestational age
FAME, fatty acid methyl esters
GC-FID, gas chromatography with flame ionization detector
GCC-IRMS, gas chromatography–combustion isotope ratio
mass spectrometry

AA (20:4n-6) is the predominant polyunsaturated fatty acid
(PUFA) in mammalian brain and neural tissues (1, 2). As major

components of structural phospholipids, AA is critical for mem-
brane function (3, 4) and serves as a precursor for eicosanoids,
which play important roles in cell division (5, 6) and signal
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transduction (7, 8) and many other physiologic processes. Several
studies implicate dietary AA as a critical factor for growth in
preterm and term human infants (9–12). AA also serves as a
precursor for adrenic acid (22:4n-6), which is the third most
abundant PUFA in the brain and may be essential for myelin
development during the early postnatal period in infants (13, 14).

Compared with other stages of the life cycle, the LCP (Cn, n � 18)
AA and DHA (22:6n-3) rapidly accumulate in the brain during its
development (1, 15), which is greatest starting at the beginning of the
third trimester of gestation up to about 2 y of age in humans (16, 17).
Human milk contains AA and DHA (18, 19), whereas formulas in
North America do not provide these preformed LCP, although LCP
are available in many countries in Europe, Asia, and South America.
Although preterm and term infants can synthesize AA and DHA
from their precursors LA (18:2n-6) and linolenic (LNA; 18:3n-3)
acids, respectively (20, 21), there is increasing evidence that a dietary
supply of preformed LCP is conditionally essential for preterm and
term infants (22–25). The composition, molecular structure, and
source of LCP in the diet all influence LCP uptake and accumulation
in tissues.

The roles of LCP composition (26–29) and molecular struc-
ture (30–33) in absorption and tissue accretion are well docu-
mented. In general, preformed LCP are more efficiently incor-
porated into tissues than LCP derived from their C18
precursors, and the n-3 and n-6 families each influence incor-
poration of the other (34–36). However, the major dietary form
of fatty acids is as acyl esters, either TG or PL. In human breast
milk, TG carry 98% of all fatty acids with the remainder in PL
(19). However, LCP are more highly concentrated in PL, so
that PL carries 5%–15% of LCP to the infant with the remain-
der in TG (37). Its form in source materials, which are typically
single-cell organisms or egg lecithin, has normally dictated the
lipid class carrying AA in infant formulas.

PL as a carrier of AA is reported to be absorbed at least as
efficiently as human breast milk AA and as formula AA
provided primarily in the form of TG in preterm infants (38,
39). Dietary TG and PL derived PUFA were differently dis-
tributed into lipoprotein lipids and transported to target organs
in rats (40) and in adult humans (41, 42). Lagarde et al. (42)
provided evidence for higher bioavailability of DHA provided
as PL compared with TG for incorporation into erythrocytes in
human adults. Further, preterm infants fed a formula supple-
mented with LCP in the form of PL but with significantly lower
LCP concentrations than human milk developed similar LCP
composition in plasma and erythrocytes as human milk–fed
infants, suggesting that the PL source of LCP was more
efficiently incorporated (43). However, there are no direct
measurements of the bioavailability of dietary TG and PL as
sources of LCP for brain accretion in primate neonates.

The objectives of this study were to compare the efficacy of
dietary TG and PL as carriers of AA for AA accretion in the
brain and associated organs of term baboon neonates and to
estimate the contribution of dietary preformed AA to postnatal
brain AA accumulation in primate neonates using 13C-labeled
AA and high-precision isotope ratio mass spectrometry. In the
baboon, the brain growth spurt peaks only few weeks before
term birth (17) and adequate n-6 and n-3 LCP supply is most
important in the immediate neonatal period to support rapid

brain development. Thus, brain AA accumulation in baboon
neonates at 4 wk postnatal age reported in this study reflects
human brain AA accretion during the critical postnatal period.

METHODS

Animals and diet. The Cornell Institutional Animal Care
and Use Committee approved the care of animals and the
American Association for Laboratory Animal Care approved
the facility. Seven female pregnant baboons (Papio cynoceph-
alus) obtained from the Southwest Foundation for Biomedical
Research (San Antonio, TX, U.S.A.) were used in this study.
After confirmation of pregnancy, the baboons were transported
to the Laboratory for Pregnancy and Newborn Research at
Cornell University, and a complete veterinary examination was
performed upon arrival. Pregnant baboons were housed in
individual cages in sight of at least one other baboon. The room
temperature and humidity were maintained at 24°C and 70%
respectively, with a 14-h light and 10-h dark cycle. Adult
animals consumed a commercial primate chow.

Neonate baboons were obtained by CS while females were
under halothane general anesthesia at estimated conceptual
ages of 176 to 178 dGa. Animal details are presented in Tables
1 and 2. They were housed initially in an enclosed incubator
and transferred to individual cages after about 5 d of age, in a
controlled-access nursery where the temperature and humidity
were maintained at 28°C and 50%, respectively.

Neonate baboons were fed a formula containing LCP, pro-
vided by Numico Research Group (Friedrichsdorf, Germany).
The energy, carbohydrate, fat, and protein content of the
formula were 67 kcal, 7.5 g, 3.5 g, and 1.4 g/100 mL, respec-
tively. The fatty acid composition of the formula is presented
in Table 3. The LCP composition and the n-6:n-3 ratio of 7.5
in the study formula are in the range reported for human breast
milk (18, 19). Distribution of AA into TG and PL was 92% and
8%, respectively, which is also within the range reported for
human breast milk (37).

Doses and sampling. Doses were chemically synthesized
and kindly provided by Roche (Switzerland). The isotopic
enrichment in [U-13C]-AA (AA*) was determined as 97% by
gas chromatography mass spectrometry. The triglyceride tracer
(TG-AA*) contained the AA* in the sn-2 position with unla-
beled 16:0 in the sn-1 and sn-3 positions. The phospholipid
tracer (PL-AA*) was PC with AA* in the sn-2 position and

Table 1. Birth weight, weight gain, and organ weights of animals
in the study

TG group* (n � 3) PL group† (n � 4)

Birth weight (g) 897 � 88 891 � 105
Body weight at death (g) 1100 � 142 1112 � 148
Weight gain (g) 203 � 61 221 � 71
Organ weights (g)

Brain 95 � 9 103 � 13
Liver 31.0 � 7.7 29.9 � 4.7
Heart 7.0 � 0.4 6.9 � 1.4
Lung 9.2 � 1.0 7.3 � 0.5

Data expressed as mean � SD.
* Neonates dosed with TG-AA*.
† Neonates dosed with PL-AA*.
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unlabeled 16:0 in the sn-1 position. Either TG-AA* or PL-AA*
tracer was weighed into a tared 10-mL round-bottom flask.
Known amount of unlabeled PC (soy lecithin, Sigma Chemi-
cal, St. Louis, MO, U.S.A.) and olive oil carriers were added
and the mixture was dissolved in 200 �L ethanol and vortexed.
The amounts of unlabeled PC and olive oil added to the dose
mixtures were adjusted such that the total amounts of PC and
TG in both the TG-AA* and PL-AA* doses were equivalent.
Ethanol was removed by rotary evaporation under vacuum.
Warm reconstituted formula (2.5 mL) was added to the tracer
mixture, vortexed for 30 s, and sonicated for 1 min. A 50-�L

sample of the dose was saved for fatty acid analysis. The dose
and three rinses with formula were administered orally to the
neonates.

Neonate baboons were randomized to receive either a single
bolus dose of TG-AA* (n � 3) or PL-AA* (n � 4). The dose
was administered orally to the neonates at 18–19 d of age
(Table 2), just before a morning feed. Neonates were fed as
usual immediately after the dosing. The quantities of AA* in
the tracer doses given to the neonates calculated from volumes
administered and fatty acid concentration determined by cap-
illary GC-FID are shown in Table 2.

Neonate tissues were obtained 10 d post dosing (28–29 d of
age) when the animals were killed by exsanguination under
halothane anesthesia. Tissue, plasma, and erythrocyte samples
were collected. Blood was collected with heparin as anticoag-
ulant, and plasma and erythrocytes were separated immediately
by centrifugation at 4°C and frozen in liquid N2. The brain,
liver, lung, and heart tissues were quickly removed, weighed,
aliquoted into vials, and immediately frozen in liquid N2.
Retina and RPE were collected in saline and immediately
frozen in liquid N2. All samples were stored in a �80°C
freezer until analysis.

Lipid extraction and analysis. Total lipids were extracted
from samples of brain occipital lobe including the visual
cortex, right liver lobe, right heart ventricle, right lung, whole
retina and RPE, plasma, and erythrocytes by the Bligh and
Dyer method (44) and FAME were prepared using 14% BF3 in
methanol. Butylated hydroxytoluene was added to solvents as
an antioxidant and a known quantity of freshly prepared hep-
tadecanoic acid in chloroform (99�% pure, Sigma Chemical)
was added as an internal standard to tissue samples just before
extraction. FAME were dissolved in heptane with butylated
hydroxytoluene and stored at �80°C until analysis.

FAME were analyzed using a Hewlett Packard 5890 series
II GC-FID with a BPX 70 column (60 m � 0.32 mm inner
diameter � 0.25 �m film; Hewlett Packard, Palo Alto, CA,
U.S.A.) and H2 as carrier gas. Quantitative profiles were
calculated using the internal standard and an equal weight
FAME mixture to derive response factors for each fatty acid.
GC-FID conditions and calibration details have been reported
previously (32).

Tracer enrichment analysis was performed using high-
precision GCC-IRMS, described in detail previously (45).
Briefly, high-precision data are presented as the relative devi-
ation of the sample isotope ratio from the standard Pee Dee
Belemnite (PDB) with a 13C/12C isotope ratio � RPDB �
0.0112372, as:

�13CPDB � �RX � RPDB

RPDB
� � 1000 � � RX

RPDB
� 1� � 1000

where �13CPDB is expressed in permil (‰) units and X refers to
the sample. RX derived from the above equation was directly
converted to atom percent (AP) 13C and atom percent excess
(APE) by subtracting the baseline isotope levels.

The absolute mass (grams or mol) of AA* tracer in the
sampled pool was calculated by multiplying APE by the
concentration of AA determined by GC-FID. Label is reported

Table 2. Characteristics of baboon neonates in the study

Gestational
age (d) Gender

Dose amount
(mg)*

Age at
dosing

(d)

Age
at

death
(d)

TG group†
142 176 M 8.6 18 28
143 178 M 10.9 18 28
149 176 M 10.4 19 29

PL group‡
141 176 M 14.1 19 29
147 176 F 10.1 18 28
148 176 M 9.8 19 29
150 176 F 6.7 19 29

M, male; F, female.
* AA concentration (mg) analyzed in the dose orally administered to the

neonates.
† Neonates dosed with TG-AA*.
‡ Neonates dosed with PL-AA*.

Table 3. Fatty acid composition of the neonate formula

Fatty acid
Total fatty acids

(%wt)

SFA
14:0 5.6
16:0 24.3
18:0 1.4
20:0 0.38
22:0 0.38

�SFA 32.1
MUFA

18:1 47.0
20:1 0.31

�MUFA 47.4
n-6 PUFA

18:2 14.0
g/100 mL 0.40
18:3 0.28
20:4 0.55
mg/100 mL 15.8
22:4 0.25

�n-6 PUFA 15.1
n-3 PUFA

18:3 1.6
g/100 mL 0.046
20:5 0.10
22:6 0.30
mg/100 mL 8.6

�n-3 PUFA 2.0
Ratio of n-6:n-3 PUFA 7.5

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids.
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as percentage of dose (%Dose) found in a particular pool, the
whole organ for instance, to adjust for differing dose sizes. The
efficacy of PL-AA* to TG-AA* was estimated by directly
comparing the %Dose of AA* recovered in the particular pool
from the TG and PL sources.

22:4n-6* and 22:5n-6* synthesis from AA* were estimated
as molar equivalents by adjusting for the number of mol of C
in the tracer and analyte fatty acid. Thus for estimating 22:4n-6
synthesis,

D22:4n-6 � APE22:4n-6/100 � Q22:4n-6 � 22/20

Where, D is dose equivalents and Q is the concentration of
22:4n-6 determined by GC-FID. Dose equivalents of 22:4 and
22:5n-6 were also expressed as %Dose. They express the
number of mol of tracer (AA*) that appear in the products.

Statistics. Group differences were analyzed using the t test
and Mann-Whitney test performed by SPSS for Windows 98
(Microsoft, Redmond, WA, U.S.A.), with significance declared
at p � 0.05.

RESULTS

Neonatal birth weight and organ weights. Birth weight,
weight gain, and organ weights are presented in Table 1. Body
and organ weights were not significantly different between
TG-AA*-dosed and PL-AA*-dosed neonates. Birth weight of
the neonates ranged between 776 and 1015 g. Brain and liver

weights were about 9% and 3% of total body weight, respec-
tively, at 4 wk of age in these neonates.

Fatty acid composition of baboon neonate tissues. Fatty
acid composition of brain, retina, RPE, liver, heart, lung,
plasma, and erythrocytes of 4-wk-old baboon neonates are
shown in Table 4. No statistically significant differences were
found in fatty acid composition of tissues between TG-AA*-
and PL-AA*-dosed neonates. Therefore, they are presented in
pooled form. AA was the major PUFA in the brain and RPE,
and second only to DHA in retina, consistent with findings in
human infants (1). The brain mean AA composition of 9.7% in
neonate baboons in this study compares well with the figure of
11% reported in human infants (46). 22:4n-6 was present in
significant quantities in neural tissues and lung, again in good
agreement with human infant data (1). As expected, DHA was
the most prevalent n-3 PUFA in neural tissues.

Tracer data: brain, liver, retina, and RPE. The incorpora-
tion of AA* provided as a component of TG (TG-AA*) or PC
(PL-AA*) into whole brain, liver, retina and RPE of baboon
neonates, presented as %Dose, is shown in Figure 1, A and B.
In the brain of neonates, 2.1% of TG-AA* and 4.5% of
PL-AA* doses were recovered as AA*. From these data, we
can calculate that PL-AA* was 2.1-fold more efficiently incor-
porated and retained in the brain than TG-AA*. In the liver,
accumulation of AA* from PL-AA* was significantly higher
than TG-AA* (4.8% versus 3.1% of doses, respectively). The

Table 4. Fatty acid composition of neonatal tissues

Fatty acid Brain Retina RPE Liver Heart Lung Plasma RBC

SFA
16:0 30.08 � 2.26 23.68 � 3.34 22.72 � 4.82 30.36 � 4.33 24.20 � 2.81 42.57 � 2.93 14.31 � 2.12 49.19 � 4.59
18:0 20.05 � 0.58 15.28 � 3.96 15.46 � 1.05 23.74 � 3.62 17.96 � 1.20 14.07 � 0.87 18.27 � 1.39 5.55 � 0.52

�SFA 50.23 � 2.42 39.08 � 6.00 39.39 � 6.68 54.22 � 7.34 42.32 � 3.36 57.06 � 2.47 32.82 � 2.92 55.46 � 4.13
MUFA

18:1 14.35 � 1.47 14.38 � 1.12 15.33 � 2.64 11.79 � 0.66 16.45 � 2.14 18.37 � 0.78 22.42 � 0.62 12.55 � 1.76
20:1 0.42 � 0.25 0.57 � 0.11 0.37 � 0.073 0.18 � 0.018 0.25 � 0.033 0.63 � 0.10 0.33 � 0.12 0.65 � 0.044

�MUFA 16.53 � 2.19 18.39 � 3.33 23.42 � 4.02 12.18 � 0.72 16.92 � 2.39 19.00 � 0.87 22.70 � 0.68 13.42 � 1.74
n-6

PUFA
18:2 1.01 � 0.18 1.88 � 0.31 4.94 � 1.08 11.81 � 1.00 14.97 � 1.78 6.54 � 0.46 22.00 � 1.35 15.49 � 1.98
18:3 0.099 � 0.020 0.18 � 0.046 0.16 � 0.10 0.23 � 0.028 0.14 � 0.038 0.19 � 0.020 0.50 � 0.18 0.19 � 0.043
20:2 1.40 � 0.40 0.38 � 0.18 0.52 � 0.16 0.56 � 0.083 0.33 � 0.045 0.40 � 0.044 0.31 � 0.17 0.47 � 0.056
20:3 1.56 � 0.16 1.41 � 0.40 1.20 � 0.27 2.42 � 0.44 0.84 � 0.14 1.40 � 0.31 2.54 � 0.69 0.92 � 0.11
20:4 9.65 � 0.77 9.22 � 0.94 9.21 � 0.70 9.06 � 1.94 10.59 � 2.74 10.21 � 0.36 9.62 � 0.55 8.01 � 0.64
20:4
mg*

171.6 � 28.89 0.075 � 0.006 0.068 � 0.011 74.49 � 17.98 14.29 � 3.14 11.69 � 1.92 0.13 � 0.015 0.24 � 0.048

22:4 4.98 � 0.50 1.24 � 0.25 1.34 � 0.24 0.60 � 0.093 0.81 � 0.054 1.97 � 0.23 0.63 � 0.098 1.41 � 0.14
22:5 1.77 � 0.32 0.72 � 0.28 0.47 � 0.13 0.63 � 0.23 0.61 � 0.17 0.56 � 0.063 0.52 � 0.19 0.68 � 0.042

�n-6
PUFA

20.47 � 1.62 14.99 � 2.48 17.85 � 0.88 25.94 � 3.79 28.25 � 3.86 21.27 � 1.14 36.04 � 1.68 27.17 � 1.95

n-3
PUFA
18:3 0.037 � 0.018 0.046 � 0.023 0.034 � 0.018 0.18 � 0.042 0.15 � 0.065 0.15 � 0.042 0.47 � 0.12 0.13 � 0.064
20:5 0.078 � 0.042 0.12 � 0.067 0.071 � 0.035 0.15 � 0.051 0.19 � 0.061 0.24 � 0.014 0.35 � 0.076 0.54 � 0.12
22:5 0.30 � 0.05 0.53 � 0.12 0.48 � 0.097 0.71 � 0.18 0.89 � 0.19 0.71 � 0.068 0.89 � 0.11 0.73 � 0.049
22:6 8.11 � 0.76 15.36 � 7.19 2.78 � 0.15 2.90 � 0.47 3.95 � 1.42 1.85 � 0.28 4.30 � 0.25 3.26 � 0.35

�n-3
PUFA

8.52 � 0.82 16.07 � 7.29 3.41 � 0.17 3.89 � 0.62 5.15 � 1.57 2.95 � 0.33 5.88 � 0.72 4.43 � 0.61

Data expressed as mean � SD (n � 7, wt% of total fatty acids). SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty
acids.

* Milligrams/whole tissue; mg/mL plasma, or mg/mL erythrocytes.
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ratio of PL-AA* to TG-AA* as a substrate for liver AA was
1.6 at 10 d postdose. Although a similar trend was seen with
retina and RPE, incorporation of AA* as %Dose in these
tissues was not significantly different between PL-AA* and
TG-AA*.

Accretion of AA from dietary TG and PL AA (tracees)
intake in whole brain, liver, retina, and RPE is presented in
Figure 1, C and D. In all these tissues, AA derived from dietary
TG-AA was higher than from PL-AA. In the brain, AA accu-
mulation per day from dietary TG-AA was 810 �g, and from
PL-AA was 163 �g AA intake. The ratio of dietary TG-AA to
PL-AA contribution toward brain AA was 5.0. Overall total
accumulation of dietary AA in the neonate brain was about 1
mg/d. At 10 d postdose, the ratio of dietary TG-AA to PL-AA
derived AA was 6.9, 6.3, and 7.5 in the liver, retina, and RPE,
respectively.

Tracer data: heart, lung, plasma, and erythrocytes. Figure
2, A and B, presents the incorporation of TG-AA* and PL-
AA*, as %Dose, in whole heart, lung and per milliliter plasma
and erythrocytes. TG-AA* and PL-AA* were incorporated and
retained in the heart to a similar extent. In the lung, about
1.7-fold more PL-AA* than TG-AA* was recovered as lung
AA*. AA* derived from PL-AA* remained higher than TG-
AA* in plasma, (0.0075%Dose/mL versus 0.0045%Dose/mL)
and in erythrocytes (0.013%Dose versus 0.008% per mL eryth-
rocytes), even 10 d after dosing.

Dietary AA accumulation in heart lung, plasma, and eryth-
rocytes is shown in Figure 2, C and D. In heart, 12.6-fold more
formula TG-AA than PL-AA appeared as heart AA. In lung,
plasma, and red blood cells, dietary TG-derived AA accretion
was about 6.2- to 6.4-fold more than the PL source of AA.

22:4n-6* and 22:5n-6* synthesis in neonate tissues.
22:4n-6* derived from TG-AA* and PL-AA* in liver, brain,
retina, heart, and lung of baboon neonates is shown in Figure
3. In neonate brain and lung, recovery of tissue 22:4n-6* from
PL-AA* was 2-fold and 1.7-fold higher than TG-AA*-derived
22:4n-6* respectively, which was close to the ratios of PL-
AA* to TG-AA* derived brain and lung AA*.

22:5n-6* recovered in brain, retina, and liver were not
different between TG-AA*- and PL-AA*-dosed neonates.

Figure 1. (A and B) Incorporation of AA* derived from TG (open bars) and
PL sources (solid bars), expressed as %Dose, in the whole liver, brain, retina,
and RPE of neonates. Ratios of PL-AA*- to TG-AA*-derived AA* incorpo-
ration into liver, brain, retina, and RPE were 1.6, 2.1, 1.7, and 1.4, respectively.
(C and D) Total dietary AA accretion from TG and PL sources, expressed as
micrograms per day per whole tissue, in the neonate liver, brain, retina, and
RPE. Ratios of dietary TG-AA to PL-AA accretion in the liver, brain, retina,
and RPE were 6.9, 5.0, 6.3, and 7.5, respectively. *Significant differences with
p � 0.05. TG-AA*, neonates dosed with TG-AA* (n � 3); PL-AA*, neonates
dosed with PL-AA* (n � 4).

Figure 2. (A and B) Incorporation of AA* derived from TG (open bars) and
PL sources (solid bars), expressed as %Dose, in the whole heart and lung, per
milliliter plasma and erythrocytes of neonates. Ratios of PL-AA*- to TG-AA*-
derived AA* incorporation were 0.95 in the heart and 1.7 in lung, plasma and
erythrocytes. (C and D) Total dietary AA accretion from TG and PL sources,
expressed as micrograms per day per whole heart and lung and per milliliter
plasma and erythrocytes. Ratios of dietary TG-AA to PL-AA accretion in the
heart, lung, plasma, and erythrocytes were 12.6, 6.2, 6.4, and 6.4, respectively.
*Significant differences with p � 0.05. TG-AA*, neonates dosed with TG-AA*
(n � 3); PL-AA*, neonates dosed with PL-AA* (n � 4).

Figure 3. 22:4n-6* derived from TG (open bars) and PL (solid bars) sources
of AA*, expressed as %Dose, in whole liver, brain, retina, heart, and lung of
neonates. In case of retina, %Dose � 102 is reported. *Significant differences
with p � 0.05. TG-AA*, neonates dosed with TG-AA* (n � 3); PL-AA*,
neonates dosed with PL-AA* (n � 4).
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About 0.15%, 0.0002%, and 0.06% of AA* doses were recov-
ered as brain, retina, and liver 22:5n-6* in the 4-wk-old
neonates, respectively.

DISCUSSION

This study is the first to determine the efficacy of dietary AA
provided as a component of TG and PL as substrates for brain
AA accretion in primate neonates. In the baboon neonate brain,
accretion of AA provided as PL was 2.1-fold greater than TG
source of AA, on a per mol basis measured at 10 d postdose.
Accretion levels sampled at one time point using labeled
tracers reflect overall integrated accretion levels if turnover of
the metabolite is low. Because AA is the precursor for metab-
olites such as eicosanoids, AA turnover in all organs including
brain is required. However, a previous study with fetal baboons
(47) showed that 18:2-derived-AA continues to accumulate in
fetal brain after 29 d, indicating that brain AA accretion is
much faster than turnover. Hence, in this study a single bolus
dose of 13C-labeled AA* in the sn-2 position of TG and PC
were used as tracers to compare the two dietary lipid classes as
sources of preformed AA for accretion in the brain and other
organs of baboon neonates.

Brain is a primary target organ for AA and DHA accretion
in human infants (1, 15). The accretion ratio of dietary AA
provided as PL to TG, as %Dose, was highest in brain com-
pared with all the other neonatal organs in this study. Consis-
tent with this observation, 22:4n-6 derived from PL-AA was
higher than from TG-AA in the neonate brain, suggesting that
PL-AA was the more active metabolic substrate.

Preferential incorporation and retention of PL-AA over
TG-AA was also observed in the liver, lung, plasma, and
erythrocytes of neonates, but the ratios of PL to TG AA
accretion were smaller in these tissues than in the brain. The
liver incorporated a slightly higher fraction of dose compared
with brain, consistent with its major role in the uptake and
primary metabolism of most fatty acids, including AA, in
neonates when an adequate dietary supply of preformed AA is
available (48).

Dietary AA accumulation expressed as absolute weight
showed that formula TG-AA contributed to a greater extent
than PL-AA to brain and other tissue AA in neonates. Total
tissue AA accretion was greater from formula TG-AA because
of the predominance of TG in the formula (92% formula AA in
TG versus 8% in PL). We estimate that overall 2.3%, 0.002%,
and 3.2% of dietary AA was incorporated into brain, retina,
and liver, respectively. Unlike most commercial infant formu-
las that do contain LCP, this formula is similar to human milk
in its PL-bound LCP composition. These estimates are there-
fore likely to provide a better estimate for human milk values
than, for instance, estimates derived for LCP-free formulas or
formulas where LCP are exclusively in TG.

We can estimate the contribution of dietary preformed AA to
postnatal brain AA accretion in term baboon neonates. The
baboon brain weight is about 80 g at term gestation of 182 d
(49). Brain AA concentration in the fetal baboon was about
1.37 mg/g wet weight (47), which was not correlated to
gestational age. The mean total AA content of neonate brain at

4 wks of age was 172 mg. Hence, net accretion of AA during
the 4-wk postnatal period is 62.4 mg. Neonates consumed an
average of 44 mg AA/d. Our measurements indicate that 2.3%
of formula AA appeared as brain AA. Thus, 28.8 mg of
formula AA accumulated as brain AA over the 4-wk period in
the term neonate. This indicates that about 46% (28.8/62.4) of
postnatal brain AA was derived from dietary preformed AA in
the 4-wk term baboon neonate. This calculation assumes that
the incorporation of AA into brain has plateaued at 10 d
postdose when the brain AA pool was sampled and that
turnover of brain AA or output of AA from the brain is
negligible. Although our measurements of 18:2-derived-AA
fetal baboon kinetics demonstrate that AA plateaus out to 29 d
after a single 13C-18:2 dose (47), AA is an active substrate for
several enzymes and undoubtedly turns over at a nonzero rate.
Hence, the estimate derived from our calculations represents
the minimum contribution of dietary preformed AA to brain
AA accretion in baboon neonates.

Term and preterm neonates can synthesize LCP from their
18 carbon precursors (21, 50). Hence, formula 18:2n-6 –
derived AA also contributes to brain AA accretion in neonates.
However, the quantitative relationship of dietary 18:2n-6 to
brain AA accretion in primate neonates is not known. We can
derive an estimate for maximal bioequivalence of dietary
18:2n-6 as a source of brain AA in primate infants based on our
measurements. Dietary preformed AA contributed to 46% of
brain AA; if all the remaining brain AA was derived from
formula 18:2n-6, 54% of brain AA would be from dietary LA.
Mean dietary LA consumed by the neonates was 1.1 g/d or
31.5 g over the 4-wk period. Maximal LA derived AA accu-
mulation in brain was 0.034 g. Hence the maximal percentage
accretion of dietary LA as brain AA is only 0.11% (0.034/
31.5). Thus, dietary preformed AA was 21-fold (2.3/0.11)
more effective than dietary LA-derived AA as a substrate for
brain AA accretion in 4-wk-old baboon neonates. However, in
term neonates, brain AA could also have been derived from
neonatal body stores, including liver LCP stores, which, along
with adipose, have been shown to be important postnatal
sources for brain LCP accretion in term infants (48). Thus, the
estimated LA-derived AA accretion of 0.11% in brain repre-
sents the upper limit for LA conversion efficiency to brain AA.
The bioequivalence of preformed AA as a substrate for brain
AA compared with dietary LA derived AA is likely to be �21
in term primate neonates.

Dietary LCP concentrations, the ratio of n-6 to n-3 PUFA,
and the ratio of dietary LCP enrichment in TG to PL are factors
that all influence endogenous pool of fatty acids within tissues
and thus the supply of AA to developing brain. Therefore, the
accretion levels determined for dietary AA provided as TG and
PL in this study apply strictly only to diets similar to the
formula used in this study. However, the values for these
factors used in this study are all within the range reported for
human breast milk (18, 19) and therefore should provide
physiologically relevant estimates of AA accretion.

The mechanisms underlying the preferential incorporation of
dietary PL source of AA over TG source into neonate tissues
remain to be investigated. Dietary PL is a minor source of PL
presented to the gut at the time digestion and absorption,
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whereas bile-derived PL is reported to be the major source of
intestinal PL (51). In this study, we included equal amounts of
exogenous PC in both TG-AA* and PC-AA* doses to avoid
any confounding effects of exogenous PC on intestinal assem-
bly of lipoproteins and plasma PC content. Absorption of
dietary AA provided as PL has been shown to be similar to
breast milk AA, which is predominantly found as TG-AA (38,
39) and also similar to formula AA provided primarily as
TG-AA (39). However, dietary source has been shown to alter
the distribution of fatty acids into lipoproteins and lipid frac-
tions (40). Lagarde et al. (41, 42) provided evidence that
plasma lysoPC and nonesterified fatty acid fractions supplied
PC derived DHA to erythrocytes, whereas lysoPC was the only
major carrier of TG-DHA in human adults, suggesting higher
bioavailability of PC-DHA for brain DHA accretion. Prefer-
ential incorporation of sn-2 lysoPC AA and DHA over nones-
terified LCP into developing brain has been reported in rats
(52). There are no published reports as to whether dietary AA
carried by PC is preferentially incorporated into the PC fraction
of lipoproteins, where HDL is the major carrier, or whether
there is significant conversion of PC to unsaturated sn-2 ly-
soPC, to act as major carriers of LCP to primate neonate brain.

Another factor that may enhance accumulation of PC-AA
into tissues is the prolonged retention of PC-derived AA in the
plasma compared with TG-derived AA. This is consistent with
the finding of higher PC-AA in plasma than TG-AA even after
10 d postdosing in the baboon neonates. Prolonged retention of
dilinoleoyl PC in the plasma of human adults has been reported
(53). Further, recycling of LA, LNA, and DHA for de novo
lipogenesis in neural tissues has been shown to be a major
pathway in neonates (54, 55). The extent to which AA is
recycled in primate neonates, and role of dietary lipid class in
AA recycling, remain open questions.

The practical significance of this study is that it provides
evidence that dietary PL-derived AA when included at breast
milk levels in formulas is a more efficient carrier for primate
brain AA accretion, compared with TG as a carrier of AA. This
is particularly relevant in the case of preterm infants, who are
born with low stores of n-6 and n-3 LCP (56, 57). Our
measurements suggest that formulas with LCP carried by PL
may be more effective for brain LCP accretion compared with
formulas that provide LCP as TG only.

In conclusion, this study showed a 2.1-fold preferential
incorporation and retention of dietary PL-derived AA over
TG-derived AA in developing brain of primate neonates. Over-
all, 2.3%, 0.002%, and 3.2% of dietary AA was found in brain,
retina, and liver, respectively, in term baboon neonates con-
suming a formula with LCP and lipid class composition similar
to human breast milk. Dietary preformed AA was at least
21-fold more effective than dietary LA-derived AA as a sub-
strate for brain AA accretion. Dietary AA accounted for about
46% of brain AA accumulated in 4-wk-old term neonates,
emphasizing the importance of dietary preformed AA supply
for postnatal brain AA accretion in term primate infants.
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