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Lipidomic analyses of the frontal cortex of Rhesus macaques across three

selected age groups (young, sexually-mature, old) revealed that docosahexaenoic
acids (DHAs) displayed notable and unique accretions in sexually-mature macaques
for all phospholipid classes examined, which were not observable in all remaining
polyunsaturated fatty acids (PUFAs) investigated. On the other hand, arachidonic
acid (ARA) exhibited sharp attritions in the membrane lipidomes of sexually-mature
macaques, a decline which was attenuated only for cardiolipins (CLs). DHA enrichment
in phospholipids was lost in old macaques, with accompanying augmentations in
very-long-chain sphingomyelins (VLC-SMs). Age-dependent alterations in membrane
lipidomes point to a possibly complex temporal interplay between DHA-enriched
membrane microdomains and SM-/cholesterol-rich rafts in neural membranes during
normative aging. Lipid co-regulation data revealed an increasingly intense degree of
co-regulation between membrane lipid classes with age, and suggest that reduction
in CLs during normative brain aging may prompt alternative membrane lipid synthetic

pathways driven by a compromised energy availability in the aging brain.

INTRODUCTION

The brain invests an estimated 26% of its net ATP
expenditure in maintaining phospholipid dynamics, which
comprises processes including de novo biosynthesis,
remodeling, as well as preserving the asymmetric
distributions of specific types of phospholipids in cellular
and subcellular membrane bilayers [1]. Numerous
biophysical studies using model membranes have validated
that the precise identity of fatty acids attached within a
phospholipid molecule represents a major determinant
of its membrane properties. For instance, Wassall et
al has shown that while docosahexaenoic acid (DHA;
C22:6) alters the lateral distribution of sterol-enriched
raft regions in model membranes, eicosapentaenoic acid
(EPA; C20:5), also an omega-3 fatty acid, does not exhibit
similar membrane properties [2, 3]. Apart from fatty acid
specificity, phospholipid head group per se can also give
rise to differing membrane properties. Model membrane

assays have demonstrated that whereas cholesterol
solubility is markedly diminished in phosphatidylcholine
(PC) bilayers comprising polyunsaturated fatty acids
(PUFAs) at both the sn-/ and sn-2 positions, the
presence of a single DHA at the sn-2 position for
phosphatidylethanolamine (PE) bilayers is sufficient
to elicit similar reduction in cholesterol solubility [4].
A precise distribution of fatty acyl heterogeneity across
various phospholipid classes would, therefore, be of
immense importance in maintaining membrane lipid
integrity and proper functioning of the brain.

A myriad of previous studies based on the technique
of gas-chromatography (GC) has cumulatively constructed
a rather comprehensive overview of the changing profiles
of individual fatty acids in the brain during normative
aging and in neurodegenerative diseases [5-7]. While
these studies are informative in contributing to our general
understanding on the relationship between the overall
distribution of individual fatty acids and neurological
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health, the precise biological meanings of such changes
are often masked; as information pertaining to the specific
lipid molecules that encompass the different fatty acids
is lost in the process of converting the latter to their
methylated esters prior to GC analysis. In the current
study, an extensive lipid library specific to the brain tissues
of Rhesus macaques was constructed upon principle of
high-performance liquid chromatography coupled with
multiple reaction monitoring detection (HPLC-MRM)
using electrospray ionization (ESI). ESI is a soft ionization
technique that enables the detection of phospholipids,
sphingolipids and glycerolipids in their intact forms with
minimal loss of structural information, due to the relatively
low energy employed in the ionization process [8]. Based
on our pilot analysis, the lipid library was further expanded
to include fatty acid-specific transitions of individual
phospholipid molecules, which in all constitutes more
than 700 distinct lipid species, providing an unprecedented
view of the changing membrane lipid landscape of the
Rhesus macaque frontal cortex during the process of
normative aging. In addition, it has been estimated that
DHA and arachidonic acid (ARA; 20:4), the two PUFAs
deemed most critical to brain homeostasis and normal
function, are esterified to phospholipids at a ratio of close
to 10 000:1 compared to their unesterified free forms [9].
A global profiling of fatty acid compositional changes in
each phospholipid class is thus of critical importance to
unveiling the precise biological role that individual fatty
acid exerts during the process of normative brain aging.
On basis of their high genetic homology to humans
(c.a. 92.5% to 95%), the Rhesus macaques share a
remarkably similar profile of normative aging, which
include numerous age-related phenotypes such as visual
decline, development of cataracts, as well as deterioration
in hearing and psychomotor skills [10, 11]. Despite the
considerable research efforts dedicated to unraveling the
neurological impacts of PUFAs; and that several clinical
studies have clearly established a changing pattern of
DHA homeostasis during normative aging in humans [7,
12, 13], no clear counterpart has been observed in animal
or in vitro studies [14]. The lack of a suitable animal
model, coupled with the ethical constraints in working
with human brain tissues, has largely circumscribed
the arena of PUFA brain research. Herein, we report an
extensive lipidomic atlas of the changing membrane lipid
landscape in the frontal cortex of Rhesus macaques during
normative aging to details of individual fatty acyls; and
shown that the Rhesus monkeys displayed a remarkably
similar brain lipidomic signature of normative aging to
humans with respect to PUFA regulation. Based on the
lipid alterations manifested in young through sexually-
mature to old monkeys, this study therefore unveils
critical gerotargets for brain aging in macaques that
could be of potential translational relevance to humans.
Correlation matrix analysis was also conducted on the
membrane lipidomes obtained from individual age groups

in an attempt to unveil the important roles exerted by
the complex interplay of membrane dynamics that may
essentially underlie the process of normative brain aging,

RESULTS

Age-dependent changes in individual lipid classes

As a preliminary analysis, an analytical library
comprising approximately 150 MRM transitions that were
specific to the head groups of individual phospholipid
species detected in the frontal cortex of Rhesus macaques
was constructed based on precursor ion scanning. This
pilot analytical platform also included an additional 200
sphingolipids and neutral lipids (i.e. diacylglycerols
DAG:s; triacylglycerols TAGs; cholesteryl esters CEs;
and free cholesterol Cho); and was employed to analyse
the lipidomic changes across the monkeys from the
three age-groups (i.e. young, sexually-mature and old)
under investigation. Age-related changes in the frontal
cortex of Rhesus macaques for 22 individual lipid classes
examined is summarized in Figure 1A. A significant
accumulation (p < 0.05) of total phosphatidic acids
(PAs), the common substrate channeled downstream
into the bifurcating pathways for the biosynthesis of
zwitterionic phospholipids (Kennedy’s pathway) and
anionic phospholipids (CDP-DAG pathway) [15],was
observed in old monkeys. Accordingly, a significant
reduction in total phosphatidylglycerols (PGs) (p < 0.05)
was noted, which was accompanied by diminished level
of total cardiolipins (CLs) downstream, albeit not reaching
statistical significance. On the other hand, no significant
changes were observed for the levels of zwitterionic
phospholipids including PC and PE in old monkeys, while
an enhanced level of total phosphatidylserines (PSs) was
noted (p < 0.05). In addition, total lyso-PC (LPC) and
lyso-PE (LPE) were appreciably increased (p < 0.05) in
sexually-mature monkeys compared to young individuals,
with accompanying reduction (p < 0.05) in total PC. As
for sphingolipids, a general accumulation of glycosylated
sphingolipids including lactosylceramides (LacCers) and
monosialodihexosylgangliosides (GM3s) were observed
(p <0.05) in old macaques, with concomitant reduction (p
< 0.05) in sphingosine (Sph).

Age-dependent changes in membrane lipidome
according to unsaturation index

An investigation into the unsaturation levels of
the frontal cortical phospholipidome revealed decreases
in the levels of phospholipids containing four (p < 0.05)
and five (p < 0.01) double bonds in their structures in
both sexually-mature and old monkeys compared to
their young counterparts (Figure 1B). Interestingly, the
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Figure 1: Head group-specific transitions revealed interesting changes in the unsaturation index of membrane lipids
across young, sexually-mature and old macaques. A. Heatmap illustrating changes in 22 individual lipid subclasses. B. Alterations
in the abundances of lipids comprising varying total double bond number (C = C) in frontal cortical phospholipidome. C. Changes in
individual LPE and PE species. D. Changes in individual LPC and PC species. For heatmaps, the mean of z-scores was plotted for each
biological group examined. Y/M denotes comparison between young and sexually-mature monkeys; Y/O denotes comparison between
young and old monkeys; M/O denotes comparison between sexually-mature and old monkeys. **p < 0.01; *p < 0.05.
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relationship between age and unsaturation index in cortical
phospholipids does not simply exhibit a linear pattern.
Phospholipid species comprising six and seven double
bonds were not reduced with age, and slight increases
were observed for sexually-mature monkeys indeed, albeit
not reaching significance (Figure 1B). These observations
suggested fatty acid (or PUFA)-specific changes in cortical
phospholipid abundances instead of an overall reduction in
PUFAs with age. In line with this, PE species containing
six or seven double bonds in their structures, namely
PE 38:6, PE 38:7, PE 40:6 and PE 40:7 (p < 0.05), were
elevated in sexually-mature monkeys; while reductions
were observed in species containing four or five double
bonds, including PE 38:4 (p < 0.05), PE 40:4 (p < 0.05)
and PE 40:5, compared to young monkeys (Figure 1C).
Similar trends were noted for PC, plasmalogen PE (pPE)
and plasmalogen PC (pPC) (Figure 1C-1D), despite
not all changes observed were statistically significant.
As individual parent phospholipid molecule (i.e. of a
defined number of total carbons and double bonds) can
comprise numerous variants each containing different
combinations of fatty acids, quantitation of individual
phospholipids using head group-specific transitions could
mask potentially meaningful age-related changes specific
to distinct fatty acids. Therefore, the preliminary analytical
method was further expanded to include fatty acid-specific
transitions, which expanded the entire lipidomic library
to a total of 705 individual lipid species, to monitor fatty
acyl-specific changes in cortical membrane lipids of
Rhesus monkeys during aging.

Fatty-acyl profile of cardiolipins indicated active
remodeling during normative aging

Our analysis shown that changes in the frontal
cortical phospholipidome across the three age-groups
obtained using fatty-acyl-specific transitions were
consistent with that obtained using head group-based
transitions. Furthermore, the expanded method provided
a greater resolution in terms of the changes in distinct
fatty acyl esterified to individual phospholipids across
the three age-groups, and revealed that the increases in
species containing a total of six or seven double bonds
in sexually-mature macaques (Figure IB) can be solely
attributed to accretions in phospholipids comprising DHAs
(see below). A global terrain map obtained by clustering
the averaged z-scores of the frontal cortical levels of 391
individual phospholipids across macaques from the three
age-groups examined shown that lipids were segregated
into distinct clusters, each displaying a unique pattern
of change with age (Figure 2). Six meaningful clusters
were selected and magnified using the same scale as
the global map. Clusters 1A and 1B both contain lipid
species that displayed progressive decline in levels with
increasing age, with CLs constituting the majority of these

clusters (Figure 2). Notably, Cluster 1B contains species
predominantly comprising ARA that exhibited a linear
reduction with age; while Cluster 1A constitutes CLs of
various fatty acids that displayed a more gradual, abated
reduction in sexually-mature macaques. CL in the frontal
cortex of macaques shown a preponderance of species
comprising ARA 20:4 by abundance (Supplemental Figure
S1). Notably, the level of CL76:9 (20:4), which by itself
constitutes approximately 36% of the total CL levels in
young macaques, exhibited a drop of close to 40% in
old monkeys compared to young individuals (Figure
3A). CL represent lipids exclusive to the mitochondrial
membranes known to be critical for efficient oxidative
phosphorylation; by virtue of their abilities in generating
membrane bending and creating segregated membrane
domains [16, 17]. Thus, the drastic reduction in CL
is aligned with an expected decline of mitochondrial
metabolic activities with advancing age; and could
have serious implications for mitochondrial membrane
dynamics.

Accordingly, Cluster 2 comprises several PGs,
which serve as immediate substrates for the biosynthesis
of CL downstream, that were significantly reduced in both
sexually-mature and old macaques compared to young
ones (Figure 2). Notably, unlike the trend observed in
CL, the reductions in sexually-mature and old monkeys
was consistently observed across all PUFA-containing
PG except for species containing DHA 22:6; and not only
confined to species containing ARA 20:4 (Figure 3B). In
addition, species containing ARA 20:4 merely constitute
less than 7% of total PG, in contrast to the 30% observed
in CL. Since the fatty acid profiles of PG are not directly
reflective of that for CL, this suggests that mature CL
undergo active remodeling to generate the final acyl chain
composition observed in the frontal cortex. In line with
this, two other major ARA-containing CL species, namely
CL76:11(20:4) and CL76:10(20:4), were not reduced with
age, and even slightly elevated in sexually-mature animals
compared to young individuals (Figure 3A). Furthermore,
CL76:9 (20:4) were significantly reduced only in old
monkeys but not in sexually-mature individuals, despite a
significant drop in PG precursors in the latter (Figure 3A-
3B). These observations cumulatively suggests an active
CL remodeling mechanism that serves to tenaciously
retain 20:4 (and other PUFAs) in frontal cortical CLs may
exist in sexually-mature animals, and to a smaller extent,
in old monkeys.

PUFA-specific changes in membrane lipidome
during normative aging

Cluster 2 also constitutes lipid species that shown
considerable reductions in both sexually-mature and old
monkeys compared to young individuals. This cluster
is dominated by polyunsaturated pPE and PE species
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Figure 2: Euclidean clustering of 391 individual phospholipid species detected in the frontal cortex of young, sexually-
mature and old monkeys using fatty acid-specific transitions. Seven individual clusters with notably distinct patterns of changes
across the three age groups were magnified using the same scale as the global terrain map. The mean of z-scores was plotted for each
biological group examined.
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containing PUFAs in their structures, including C20:3,
C20:4, C20:5, C22:4 and C22:5; as well as several
saturated/monounsaturated PE species containing fatty
acids such as C15:0, C16:0, Cl6:1, C17:0, C17:1, C18:0
and C18:1 (Figure 2, Figure 3C). Coincidentally, Cluster
3 also comprises several PC, PS, PA and PI species
containing similar PUFAs (i.e. C20:3, C20:4, C20:5,
C22:4 and C22:5) in their structures; which were also
significantly and specifically reduced in sexually-mature
monkeys and to a smaller extent, in old monkeys compared
to young ones (Figure 2; Figure 3D; Figure S2A-S2B).
Notably, the reductions in several PUFA-containing
phospholipids occurred concurrently in sexually-mature
monkeys with the observation that CL, for which
PUFAs represent the predominant constituents, were not
significantly reduced despite drastic reductions in PUFA-
containing PG precursors. Since PEs and PCs represent
major constituents of mitochondrial membranes, these
classes of lipids may be plausible candidates that serve to
confer the PUFA substrates required for CL remodeling
based on their physical proximity with mitochondrial CLs
in the membrane layers.

Global clustering of lipids revealed an intriguing
age-dependent pattern of change in the levels of DHA 22:6
esterified to phospholipids, which was unique amongst
PUFAs. Notably, two prominent clusters comprising
predominantly of DHA-containing PCs (Cluster 4) and
DHA-containing pPEs and PEs (Cluster 5) emerged from
global clustering; that both displayed a peak in levels in
sexually-mature animals. While DHA-containing PCs
were not significantly reduced in old animals (Figure 2
Cluster 4; Figure 3D), noticeable reductions in PEs and
pPEs with DHA in their structures were observed in old
macaques (Figure 2 Cluster 5; Figure 3C). Interestingly,
LPC 22:6 and LPE 22:6 were also segregated into
Cluster 4; and their levels were more than doubled in
sexually-mature animals compared to young individuals
(p < 0.01) (Supplemental Figure S4-S5). In addition,
while ARA-containing PEs and PCs were significantly
reduced (p < 0.05) with increasing age (Figure 3C-3D),
no corresponding increases were noted for LPE20:4 and
LPC20:4 (Supplemental Figure S4-S5); implying that
ARA cleaved from these PE and PC species are efficiently
transacylated into other membrane lipids in an active
remodeling process. In line with this, significant increases
were observed for saturated and monounsaturated species
including LPE16:1 (»p < 0.05), LPE18:1(p < 0.01),
LPC16:0(p < 0.05), LPC16:1(p < 0.05) and LPC18:1(p <
0.05); probably generated as the other remaining products
during phospholipid remodeling principally to produce
PUFA-containing membrane lipids.

A final cluster of lipids exhibiting appreciable
accumulation in old animals is represented by
Cluster 6 (Figure 2), which consisted predominantly
of PA containing saturated and monounsaturated
fatty acids (C16:0, Cl16:1, C18:0, C18:1). Notably,

PS36:1(18:1/18:0), a monounsaturated species found
in highest abundance amongst frontal cortical PS,
was also segregated into Cluster 6. A closer look
into the distribution of individual PA species across
the three age groups revealed that the age-dependent
accretion was confined to PA species comprising only
saturated and/or monounsaturated fatty acids in their
structures (Supplemental Figure S2). Namely, major PA
species containing PUFA, such as PA38:5(18:1/20:4),
PA38:4(18:0/20:4), PA38:3(18:0/20:3), PA40:5(18:0/22:5)
and PA40:4(18:0/22:4) did not show appreciable
increases in old animals; and were specifically and
significantly reduced in sexually-mature animals (p <
0.05) instead. Interestingly, DHA-containing PA including
PA38:6(16:0/22:6) and PA40:6(18:0:22:6) again did not
exhibit similar reduction in sexually-mature animals.
A comparable trend was observed for PS compositional
alterations across the three age groups (Supplemental
Figure S3). Thus, the accretions of total PA and total
PS in old monkeys, as shown in Figure 1A, is mainly
attributed to increases in species containing saturated and/
or monounsaturated fatty acids only, implying an overall
increase in the saturation degree of fatty acids in PA and
PS in the frontal cortex of old animals.

Remarkably, results derived from our LC/MRM-
based analytical approach to monitor fatty acid-specific
changes in the frontal cortical phospholipidome of
Rhesus macaques are in good agreement with a previous
report using GC/MS to examine variations in the levels
of individual fatty acids in the cerebral cortex of human
subjects [7]. Carver et al reported a bilinear pattern of
variations in PUFA levels in the cerebral cortex, which
was divided at the age-point of 18 years in human
subjects (corresponding approximately to our sexually-
mature age group in Rhesus monkeys, see Materials
and Methods on Animals and Tissues). Specifically, the
authors found that PUFA generally sharply decreased
with age up to 18 years old, following which the decline is
either attenuated or much more gradual; while DHA 22:6
exhibited an increasing trend with a peak in abundance
at approximately 18 years, setting itself apart from all
remaining PUFAs (C22:5, C22:4, C20:4, C20:3) examined
[7]. Therefore, the sharp drop in PUFA-containing
phospholipids, with concomitant accumulation of DHA-
containing species in sexually-mature macaques seems to
recapitulate the age-dependent PUFA alterations in human
cerebral cortex.

Fatty-acyl dependent accumulation of
sphingolipids during normative aging

Major ceramide (Cer) species were significantly
reduced in sexually-mature monkeys irrespective of
acyl chain lengths (Figure 4A). On the other hand, no
significant differences were noted for galactosylceramides
(GalCers) (Figure 4B) and their downstream product
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sulfatides (SLs) (Supplemental Figure S6), which are
almost exclusively synthesized by oligodendrocytes and
constitute the major components of myelin sheath [18,
19]. Indeed, major SL species displayed slight but non-
significant increases in the older groups, in agreement
with previous work that reports a disproportionate
degeneration of neocortical regions during aging, with the
prefrontal cortical region (examined in the current study)
exhibiting selectively prolonged myelination [12]. While
both total LacCer (p < 0.05) and total GM3 (p < 0.05)
were appreciably elevated in old monkeys (Figure 1A),
compositional profiling indicated that the age-specific
increases (p < 0.05) were confined to LacCer comprising
fatty acids of 24C in length (Figure 4C). On contrary,
individual GM3 species were significantly increased
particularly in sexually-mature monkeys (p < 0.05), and
to a smaller extent, in old monkeys (p < 0.05) (Figure
4D) in a manner independent of acyl-chain lengths,
suggesting that Cer are probably channeled downstream
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for the biosynthesis of GM3 in sexually-mature monkeys.
Remarkably, sphingomyelins (SMs) comprising fatty acids
of > C20 were specifically and significantly elevated (p
< 0.05) in old monkeys (Figure 4E). This observation
coincides with reductions in lysobisphosphatidic acids
(LBPAs) comprising ARA, most prominently noted for
LBPA36:4(16:0/20:4) (p < 0.01), LBPA38:5(18:1/20:4)
(p < 0.05) and LBPA38:4(18:0/20:4) (p < 0.01) in old
monkeys (Figure 4F).

Correlation matrix analyses indicated altered
patterns of membrane lipid co-regulation during
normative aging

In view of the intriguing patterns of PUFA-specific
modifications in membrane lipids across macaques of the
three ages, lipid correlation matrix analysis was conducted
to unravel possible patterns of age-specific membrane lipid
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Figure 5: Lipid correlation matrix constructed based on the membrane lipidome of young macaques comprising a
selected pool of 386 individual membrane lipid species. Vertical axis indicates magnitudes of correlation coefficients (r).
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co-regulation that may account for the observed changes.
Three distinct lipid correlation matrices were constructed
from the frontal cortical membrane lipidomes obtained in
young, sexually-mature and old macaques, respectively
(Figures 5-7).

In young macaques, DHA-containing PCs displayed
strong positive correlations (» = 0.6 to 1) with CLs,
reaching statistical significance (p < 0.05) for species

including  PC38:6(16:0/22:6),  PC39:6(17:0/22:6),
PC40:6¢e(18:0e/22:6) and PC40:6p(18:0p/22:6).
On the contrary, saturated/monounsaturated PA

species exhibited negative correlations with CLs. For
instance, PA32:0(16:0/16:0), PA32:1(16:0/16:1) and
PA34:1(16:1/18:0) were negatively correlated (r = -0.7
to -1) with several CL species (p < 0.05). In addition,
DHA-containing PSs and PAs, such as PS40:6(18:0/22:6),
PS40:7(18:1/22:6) and PA38:6(16:0/22:6) were negatively
correlated (r = -0.6 to -1) with VLC-SMs and VLC-

CL
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PC
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pPC

PG
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20:4-LBPA T g
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GalCer
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Cers, as well as glycosylated sphingolipids including
GalCers, LacCers, and SLs; that were approaching
significance (p < 0.1); while monounsaturated PAs
including PA34:1(17:0/17:1), PA36:1(18:0/18:1) and
PA36:1(16:0/20:1) were positively correlated (r=10.8 to 1,
p <0.05). Thus, in the frontal cortex of young macaques,
a relatively high level of DHA-containing phospholipids
and concomitantly low level of saturated/monounsaturated
PAs are generally associated with enhanced CL accretion;
with corresponding diminutions in the levels of VLC-SM,
VLC-Cer and glycosylated sphingolipids (Figure 5).

The patterns of lipid co-regulation were
strengthened in sexually-mature macaques, as illustrated
by distinct clusters of enhanced intensities in the
correlation matrix (Figure 6). Notably, the negative
correlation between saturated/monounsaturated PAs
and CLs in young monkeys was lost in sexually-mature
animals. Relatively strong negative correlation (r = -0.6

0.4
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Figure 6: Lipid correlation matrix constructed based on the membrane lipidome of sexually-mature macaques
comprising a selected pool of 386 individual membrane lipid species. Vertical axis indicates magnitudes of correlation

coefficients (r).
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to -0.9) emerged between pPEs and ether PEs (ePEs)
containing PUFAs (other than DHA) with major CLs
comprising C20:3 and C20:4 in their structures that
were approaching significance (p < 0.1). The positive
correlation between DHA-containing phospholipids
and CLs in young macaques was further accentuated in
sexually-mature individuals. In particular, two major
CL species, namely CL76:11(20:4) and CL76:10(20:4),
which displayed slightly augmented levels in sexually-
mature individuals, were strongly positively correlated
(r=0.7 to 1) with PE39:6(17:0/22:6), PC40:6(18:0/22:6)
and PC40:7(18:1/22:6) (p < 0.05 for PC; p < 0.1 for
PE). Based on their elevating proportional abundances
in older animals, coupled with accompanying age-
dependent reductions in other major CLs comprising
20:4, in particular CL76:9(20:4), these two CL species
aforementioned are expected to elicit increasingly
important role in mitochondrial functions with advancing
age (Supplemental Figure S1). In accordance with

CL
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PG

DHA-PL
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GalCer

LacCer
SL
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their opposite correlations with CLs, a strong negative
correlation was observed between phospholipids
comprising DHA with ePEs and pPEs containing
non-DHA PUFAs. For example, PC38:6(16:0/22:6)
was negatively correlated with PE38:4p(16:0p/22:4)
(r -0.9; p < 0.05), PE40:4p(18:0p/22:4) (r
-1; p < 0.05), PE36:4e(16:0¢/20:4) (r = -1; p <
0.05), PE38:4¢(16:0¢/22:4) (r = -1; p < 0.05) and
PE38:5e(16:0e/22:5) (r = -1; p < 0.05). Therefore, in
sexually-mature monkeys, enrichment of DHA-containing
membrane lipids is positively associated with increasing
level of CLs. In addition, strong negative associations
were observed between CLs and PUFA-pPE/ePE species
that were absent in young macaques.

On another note, the strong positive correlations
observed between LPE22:6 and LPC22:6 with DHA-
containing phospholipids, such as PC40:6(18:0/22:6)
(r = 1; p < 0.05) and PC40:7(18:1/22:6) (r = 1; p <
0.05), indicated that the active uptake of DHASs in the
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Figure 7: Lipid correlation matrix constructed based on the membrane lipidome of old macaques comprising a selected
pool of 386 individual membrane lipid species. Vertical axis indicates magnitudes of correlation coefficients (r).
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form of lyso-phospholipids across the blood-brain
barrier subsequently channeled to active phospholipid
remodeling/biosynthesis may at least partially account
for the observed accretions of DHA-containing
phospholipids in sexually-mature animals. Moreover,
the positive correlations between LPE22:6 and LPC22:6
with major CLs such as CL76:11(20:4) (=1, p = 0.02)
and CL76:10(20:4) (r = 0.9, p = 0.08) suggest that the
increasing cortical levels of DHA-containing lyso-
phospholipids in sexually-mature macaques leads to an
accrual of phospholipids comprising DHAs, which may
further promote CL biosynthesis/remodeling to maintain
a physiologically functional level of CL in this age group.

Remarkably, our correlation matrix analysis
revealed that the strongest lipid co-regulation occurs

DHA-enriched membrane domains

DHA-esterified Monounsaturated/
phospholipid | k bulk phospholipid

in the frontal cortex of old macaques during normative
aging. First, the negative correlations observed between
saturated/monounsaturated PAs and CLs in young
animals, which were lost in sexually-mature individuals,
re-emerged and reached statistical significance in old
animals. For example, PA34:1(16:0/18:1), one of the more
abundant PA species, is strongly negatively correlated
with CL76:9(20:4) (r = -1, p < 0.05) in old animals.
Remarkably, the negative correlations between pPEs and
ePEs with CLs were further augmented in old individuals.
In addition, appreciable negative correlations between
pPCs and ePCs with CLs emanated in old macaques
that were not observed in other age stages. For example,
PC40:4¢(18:0e/22:4) was negatively correlated with two
major CLs in old macaques, namely CL76:10(20:4) (r

2 Raft membrane domains

»
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Figure 8: Schematic diagram illustrating the proposed role of changing membrane lipid dynamics that governs
normative brain aging in Rhesus macaques. The temporal switching of between DHA-enriched membrane microdomains and raft
membrane microdomains may serve as competing platforms to switch on distinct pathways that constitute the molecular basis of aging,
principally resulting in a gradual reduction in total CLs and a decline in energy availability from mitochondrial oxidative phosphorylation.
The brain turns to alternative, energy-saving phospholipid synthetic pathways in place of de novo biosynthesis to maintain membrane
dynamics under a compromised energy supply, leading to increasingly intense degree of membrane lipid co-regulation with aging.
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=-1, p =0.02) and CL76:11(20:4) (r = -0.9, p = 0.08).
On another note, while DHA-containing phospholipids
remained positively correlated with CLs in old macaques,
the intensity of the correlation was attenuated compared
to sexually-mature individuals. Unique to old monkeys,
strong negative co-regulation was observed between
VLC-SMs with DHA-containing PS, PA and PE
species, including PS40:6(18:0/22:6) (r = -0.7 to -9),
PA40:6(18:0/22:6) (r =-0.9 to -1) and PE38:6(16:0/22:6)
(r = -0.7). In addition, LBPA38:4(18:0/20:4) and
LBPA36:4(16:0/20:4) were negatively correlated (r = -0.8)
with VLC-SMs that were approaching significance in old
animals.

Despite an increasing degree of saturation
was noted in PAs with advancing age (Supplemental
Figure S2), primarily due to the accretion in saturated/
monounsaturated species with accompanying reductions
in polyunsaturated ones, similar alterations were not
observed in PCs and PEs further downstream. While
no appreciable increases were noted in saturated/
monounsaturated PC and PE species, a notable increase
(p < 0.05) in the monounsaturated PS36:1(18:1/18:0),
the most abundant species by abundance, was observed
in old macaques (Supplemental Figure S3). Interestingly,
appreciable positive correlations were observed between
PUFA-PS and PUFA-PE species in old macaques.
For instance, PS40:5(18:0/22:5) is strongly positively
correlated with PE40:5(18:0/22:5) (r = 1, p = 0.02);
while PS40:4(18:0/22:4) is positively correlated with
PE40:4(18:0/22:4) that is approaching significance (r =
0.9, p = 0.08), indicative of an appreciable level of co-
regulation between the levels of PUFA-PS and PUFA-PE
in old macaques.

Besides the age-specific lipid co-regulation
aforementioned, numerous correlations were consistently
observed across all three age groups, such as the positive
correlations between PGs and CLs, as well as that between
GluCers/GalCers and SLs, which represent well-studied
lipid metabolites implicated in common biosynthetic
pathways, vindicating the validity and accuracy of the use
of correlation matrix analysis for investigating lipid co-
regulation in the current study.

DISCUSSION

Our fatty-acid specific analysis of the monkey
frontal cortical membrane lipidome strongly justified the
suitability of Rhesus macaques as a model for studying
normative brain aging in humans, especially with regard
to brain PUFA metabolism, since age-dependent PUFA
alterations observed in humans in previous works [7, 13]
are fully recapitulated in this animal model. Utilization
of a fatty acid-specific LC-MRM approach has also
unambiguously shown that the intriguing pattern of
changes in phospholipid unsaturation index revealed via
head group-specific transitions can be fully explained

by the differential regulation of PUFA esterification in
phospholipids with advancing age. Besides, our method
based on ESI also confers additional information
compared to previous studies employing GC-MS [5, 7]
with respect to the specific class of phospholipids that
the individual PUFA is esterified to across macaques of
different ages.

CLs represent a unique class of phospholipids
signature to the mitochondria and are found exclusively
in membranes capable of generating an electrochemical
gradient ultimately utilized to generate ATPs [16].
Preserving a defined CL compositional profile could
be critical in maintaining an optimal level of oxidative
phosphorylation in order to sustain energy metabolism of
the brain throughout the course of life, as binding of CL to
cytochrome ¢ and ADP/ATP carrier had been previously
shown to optimize the catalytic functions of these two
critical components of the electron transport chain [20,
21]. Our global fatty acid-specific analysis indicated that
frontal cortical CLs are capable of maintaining relatively
high ARA levels for an extended period of the macaques’
lifespan, which is concomitant with corresponding sharp
attritions in ARA-containing PE and PC, the major lipid
constituents of mitochondrial membranes. This implies
that mitochondrial PE and PC could probably supply the
ARA substrates required for active CL remodeling in the
frontal cortex, although the biological implications of
these ARA-containing CLs on brain metabolism warrant
further mechanistic investigation. In addition, the strong
negative co-regulation observed between CLs and PUFA-
pPE/ePE species observed in sexually-mature and old
macaques is aligned with our postulation that such species
may confer the PUFA substrates required to fuel active
CL remodeling. The absence of such correlation in young
macaques suggests that CLs are probably maintained
principally via biosynthesis in the early phase of life,
in contrast to remodeling using available phospholipids
as substrates later on in life. Indeed, previous works
have demonstrated that the fatty acyl compositions
of CLs display a high degree of spatial and temporal
specificity, and that the precise molecular forms of CL
are specially tailored to meet the metabolic requirements
of different tissues at varying physiological time-points
[16, 22] principally achieved via remodeling instead
of biosynthesis [16]. It is therefore not surprising that
precise phospholipid-CL remodeling mechanism(s) that
serves to delicately fine-tune acyl compositions of CLs
could exist in the brain, the organ known to possess the
highest energy consumption [23], to meet the changing
metabolic demands throughout the course of life. In fact,
such temporally-specific regulation of CL composition
has previously been observed postnatally in mammalian
brains, which has been associated with the extensive
neuronal-remodeling after birth, giving rise to markedly
enhanced levels of ARA and, to a smaller extent, DHA in
the postnatal pool of brain CLs [24].
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The major functions of PUFAs in the brain can
be broadly classified into (1) regulation of membrane
dynamics and (2) modulation of cell signaling pathways/
neurotransmission via conversion into biologically active
lipid mediators [9]. Nonetheless, the pool of unesterified
PUFAs directed to the biosynthesis of lipid mediators is
still relatively minor in abundance compared to the major
pool esterified to membrane lipids. Clinical research
dedicated to investigating the effects of PUFA on brain
aging and neurodegenerative disorders has reached a
unanimous consensus in terms of the neurological benefits
conferred by an adequate supply of DHA throughout
human lifespan; and the cognitive improvement is
highly specific to DHA per se [25]. A myriad of studies
has also previously vindicated the uniquely positive
role exerted by DHA in altering neural membranes in a
manner that promotes cognitive function and neurological
health in general [26-28], which are not observed with
ARA [29]. Hence, a low ARA/DHA ratio in membrane
phospholipids, which was observed in sexually-mature
monkeys in our study, appears to be a positive indicator
of general neurological health. Indeed, the brain employs
distinct mechanisms governing the turnover of DHA and
ARA, which functions independently of each other; and
also of the respective concentrations of the two PUFAs
[30]. Therefore, a unique PUFA composition in neural
membranes is probably instrumental to brain homeostasis
and physiological functioning, which may explain the
high energy expenditure partitioned to maintaining
phospholipid dynamics in the brain [1].

Remarkably, our global phospholipidome analysis
revealed that the reductions of ARA-containing PE and
PC in sexually-mature macaques were accompanied by
concomitant accumulations of their DHA-containing
counterparts. Furthermore, the levels of LPE22:6 and
LPC22:6 were increased at the same time. Using Mfsd2a-
knockout mouse model, Nyugen et al have previously
shown that plasma DHAs in the form of LPC22:6 can
transverse the blood-brain barrier to enter the brain,
which serve as substrates for the biosynthesis of DHA-
containing phospholipids [31]. The simultaneous increases
in LPE22:6 and LPC22:6, as well as DHA-containing
PEs and PCs, are therefore aligned with a possibility
that the major membrane lipids (i.e. PE and PC) in the
frontal cortex of sexually-mature macaques are actively
remodeled to raise their DHA content using the plasma
pool of DHA as substrates. Our correlation matrix
analysis revealed that considerable co-regulation exists
between phospholipids comprising DHAs and CLs,
which was most intense in sexually-mature monkeys and
subsequently attenuated in old age. It is therefore plausible
that DHA-enriched phospholipid monolayers create a
membrane topology that may favour CL remodeling,
thereby facilitating the maintenance of physiological
level of CLs required for proper mitochondrial functions
during the early and middle phases of the macaques’ life.

Based on this postulation, CL remodeling is possibly
circumvented in the frontal cortex of old macaques as
a result of attritions in PCs and PEs comprising DHAsS,
which explains the reductions in CLs; as well as the
abated co-regulation between DHA-containing PCs
and PEs with CLs in old individuals. Interestingly, the
loss of co-regulation between LPC22:6 and LPE22:6
with DHA-containing membrane phospholipids implies
that the diminutions of the latter in old macaques may
not be predominantly attributed to a lack of DHA-
containing lysophospholipid substrates for phospholipid
biosynthesis/remodeling; and other factors, such as the
afflicted activities of remodeling enzymes and perturbed
membrane microenvironments, may be responsible for
driving the reductions in DHA-phospholipids in old age.
Interestingly, such mechanistic presumption is aligned
with the clinical observations that while DHA diet
supplementation is effective in preventing or delaying the
onset of neurodegenerative diseases, no therapeutic effect
of DHA supplementation was found for the treatment of
established Alzheimer’s disease (AD) [32].

In synaptic membranes, DHA and cholesterol
represent the major determinants of membrane molecular
order [4]. Notably, DHA-containing PE was shown to
demonstrate a particularly strong aversion to cholesterol
in membranes [3]; and that a single DHA esterified to the
sn-2 position of PE is sufficed in triggering the expulsion
of sterols from model membranes [4]. Thus, the steric
incompatibility between highly chaotic PUFA-rich regions
and sterol-rich regions that are relatively rigid and compact
serves to promote lateral segregation of membrane lipids
into PUFA-rich/sterol poor and PUFA-poor/sterol-
rich regions [2]. Such mutually exclusive membrane
microdomains comprising either SM-/cholesterol-rich
rafts or PUFA-rich/cholesterol-poor domains could
serve as competing platforms that differentially regulates
specific protein functions [2]. Indeed, it has been
demonstrated in lymphoid cells that enriching membrane
phospholipids with DHA strongly displaces phospholipase
D (PLD) towards raft domains, leading to its activation
[33]. Indeed, we observed reductions in frontal cortical
total PC (p < 0.05) (Figure 1A) with concomitant increases
in major PA species (p < 0.05) (Figure S2A) in sexually-
mature macaques, for which DHA accretions in membrane
phospholipids were noted.

PE serves as the primary receptacle for DHA
in the brain, with an estimated 5.7 times preferential
incorporation of DHA into PEs compared to PCs in
cultured cells [4]. In addition, DHAs incorporated into
PEs display stronger avoidance of cholesterol-rich
microdomains than their corresponding PC counterparts
[3]. Accordingly, while we noted enhanced levels of
both PEs and PCs containing DHAs in sexually-mature
monkeys in our study, only DHA-containing PEs were
appreciably decreased in old animals. In concordance with
this, significant accumulations of SMs with > 20C were
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observed in old monkeys that exhibited diminutions in
DHA-containing PEs. Furthermore, our correlation matrix
analysis demonstrated negative co-regulation between PS,
PA and PE species comprising DHAs with VLC-SMs in
old macaques, further reinforcing the idea that DHA-
enriched membrane domains and raft-microdomains may
operate in a segregated and perhaps mutually exclusive
manner, with the latter possibly being predominant in the
neuronal membranes of old macaques.

On another note, correlation matrix analyses
indicated that reductions in 20:4-LBPAs were associated
with increases in VLC-SMs. Previous work has implicated
LBPAs in the invagination process responsible for the
formation of intraluminal vesicles of multivesicular
bodies (MVBs) via increasing local curvature of limiting
membranes [34, 35]. In addition, MVBs were previously
shown to facilitate degradation of long-chain SMs by
transporting these lipids towards the lysosomes [36]. Thus,
the selective accretions of long-chain SMs may indicate
perturbations in their degradation due to compromised
formation of intraluminal vesicles in MVBs, which could
be attributed to the attenuated levels of polyunsaturated
LBPAs in old monkeys. The exact mechanism of how
polyunsaturated LBPAs outperform their saturated
counterparts in terms of facilitating the degradation of
long-chain SMs remains an interesting question, but
a higher degree of unsaturation in the acyl chains is
conventionally associated with an enhanced tendency for
negative membrane curvature and vesicle formation [37].

Selective enrichment of long-chain SMs could have
profound implications on membrane properties by driving
the formation of ordered raft domains, of which SM
represents a critical component. Our global analysis of the
frontal cortical membrane lipidome across macaques of
different ages therefore points to an intriguing possibility
that DHA-rich microdomains and SM-/cholesterol-rich
raft microdomains may operate in a temporally segregated
manner, with DHA-rich microdomains dominating in
sexually-mature monkeys, and a switch to a preponderance
of raft-mediated regulation in old monkeys. Such temporal
transitions in membrane dynamics could possibly set forth
an alternate array of pathways via differential regulation
of protein targets during the course of life, which may
constitute the molecular basis of normative aging. Indeed,
previous work has demonstrated that the specificity in
acyl exchange reaction catalyzed by taffazin, the major
CL remodeling enzyme, is conferred by the distinct
membrane curvature (or the precise packing of lipids) of
the mitochondrial membranes [38]. Therefore, changing
membrane dynamics per se may account for the temporal
alterations in CL profile observed in the current study,
leading to a decline in energy metabolism associated with
brain aging (Figure 8).

Accordingly, the drop in energy availability may
herald in alternative pathways for membrane lipid
synthesis that are less energy-intensive in an attempt to

upkeep proper membrane dynamics in the aged brain.
Notably, our correlation matrix analysis has revealed
tight co-regulation between PUFA-PS and PUFA-PE that
is specific to old macaques, suggestive of an enhanced
level of phosphatidylserine decarboxylase (PSDC)
and/or phosphatidylserine synthase 2 (PSS2) activities
in the frontal cortex as normative aging progresses
[39, 40]. Indeed, numerous studies employing CDP-
base incorporation in vivo or in vitro have previously
demonstrated that while de novo PC and PE biosynthesis
decline appreciably with age in the brains, the content of
major phospholipid classes was nevertheless maintained at
an acceptable level [41-43]. These observations imply that
alternative enzymatic pathways, which are probably more
energy-efficient/saving than the Kennedy pathway, may
set forth in aged brain tissues to maintain the physiological
pools of PEs and PCs under compromised energy
availability. In particular, PSS2 is known to catalyse
base exchange reactions in an energy-independent but
calcium-dependent manner [39], and such base exchange
activities have been previously shown in the brain tissues
of rats to increasingly contribute to PC and PS synthesis
with aging [44]. It is noteworthy that both PSS2 and
PSDC are localized to the mitochondrial membranes [39,
45]. Perturbations in membrane dynamics or membrane
curvature are therefore highly likely to alter the activities
of these enzymes, via fine-tuning their three-dimensional
structures or by changing the presentation of membrane-
adjacent substrates for their catalytic activities.

CONCLUSIONS

The half-life of DHA in the brain is estimated at
approximately 2.5 years [46], which is about 20 times
longer than that in the rest of the body, implying that
specific mechanism(s) probably exist in the brain that
prioritizes its DHA requirement over other body regions
in order to maintain a persistent level of DHA in neural
membranes [14]. An in-depth understanding into how
precisely the lipid dynamics of neural membranes
may be maintained throughout the course of life could
potentially unveil novel, hitherto unknown mechanisms
that essentially underlie the process of normative brain
aging. Indeed, clinical interventional studies have found
that while an elevated habitual intake of DHA confers
appreciable protection against the onset of AD, DHA
supplements failed to elicit any significant improvement
once AD has been diagnosed [14], suggesting that a
failure in effectively incorporating/retaining DHA into
neural membranes may prove more detrimental than a
diminished dietary supply of DHA per se. It is therefore
critical to understand how such mechanisms that sustain
global neural membrane dynamics could fall apart during
aging and neurodegeneration. In this light, Wassall and
colleagues have previously postulated that the competing
tendency to form either SM-/cholesterol-rich rafts or
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PUFA-rich/cholesterol-poor microdomains may be
an avenue to fine-tune protein functions for which the
individual membrane region serves as a platform [2].

Based on our global, fatty acyl-specific analysis
of the frontal cortical lipidome of Rhesus macaques,
we hypothesize that differing membrane microdomain
regulation may be operative during the temporal course
of normative brain aging, which initiates distinct cascades
of protein functions downstream that essentially form
the molecular basis of aging. In particular, the temporal
switching of functional membrane microdomains may be
associated with the efficiency of CL remodeling, leading
to a gradual reduction in the level of total CLs and decline
in energy availability from mitochondrial oxidative
phosphorylation. The diminished energy supply, probably
in concert with an altered membrane topology, may herald
in alternative phospholipid synthetic pathways in place
of de novo biosynthesis to maintain membrane dynamics
in a more energy-saving manner, which may explain the
intense degree of membrane lipid co-regulation unique to
old macaques (Figure 8). Central to this idea, it appears
that the key event that initiates brain aging may lie
essentially in the precise mechanism that leads to a failure
in maintaining a high level of esterified DHAs in neural
membrane lipids.

Our study has demonstrated the sheer capacity of
lipidomics to decipher the possible mechanistic basis of
normative brain aging via capturing the fine temporal
details of individual fatty acyls esterified to distinct
membrane lipids during the course of aging, thereby
unveiling several gerotargets and mechanistic leads
central to brain aging that warrant further pursuit. The
current study has several deficiencies. First, the study is
circumvented by a limiting sample size, as macaque frontal
cortical tissues are relatively scarce and difficult to obtain,
especially for the old macaque group, which entailed
keeping and rearing the monkeys for more than twenty
years in enclosed facilities under standard conditions.
As such, only non-parametric analyses that make no
assumptions on sample size had been conducted in this
study. Nevertheless, statistical results were reported prior
to multiple comparison correction in the current study, as
our extensive lipidomic assays coupled with a limiting
sample size could have possibly eliminated several
potentially meaningful gerotargets that could be further
pursued via future mechanistic validation. Nonetheless,
we have performed correction for false positives using
the ¢ values [47], which shown that most of the reported
lipidomic changes have remained significant at ¢ < 0.05
or marginally significant at ¢ < 0.1 even after correction
for multiple comparisons (Supplemental Tables S2-4),
vindicating the validity of the proposed gerotargets and
pathways in the current study.

MATERIALS AND METHODS

Animals and tissues

Sexual maturation occurs at 3 to 5 years of age for
Rhesus monkeys, with an estimated median lifespan of 25
years and a maximum lifespan of 40 years [5]. Thus, the
Rhesus macaques age at rate of approximately three times
that of humans. Five male monkeys from three individual
age groups were selected for the study, with a mean age
of 1.5 years (young), 7.6 years (sexually-mature) and 20.4
years (old), respectively. The ages of individual monkeys
were listed in Supplemental Table S1.

All monkey brain tissues were provided by the
Kunming Institute of Zoology, Chinese Academy of
Sciences (KIZ-CAS). All animal procedures were
conducted by adhering to the international standards, and
were approved in advance by the Institutional Animal
Care and Use Committee of KIZ-CAS (Approval No:
SYDW-2010002). Prefrontal cortex was used in the
analysis, and tissues were collected immediately after
the animals were euthanized and stored at -80 °C prior to
use. We have chosen the prefrontal cortex for our study
because it represents the brain area associated with the
most advanced cognitive executions, and is known to
undergo a protracted period of development comprising
peri- and post-pubertal cognitive maturation [48]. It would
therefore be interesting to investigate if the temporal
changes in membrane dynamics of the prefrontal cortex
could actually mirror the process of cognitive maturation
and the possible association between lipid alterations and
cognitive development during normative aging in this
region of the brain.

Lipid extraction

The details of the extraction protocol has been
previously described elsewhere [49]. Briefly, frozen
tissues were inactivated by addition of 900 pL of
chloroform:methanol(1:2) containing 10% deionized H,O.
Tissues samples were homogenized on an automated bead
ruptor (Omni, USA) using an optimized programme, and
further incubated at 1500 rpm at 4 °C for 1 hour. At the end
of the incubation, 400 pL of deionized H,O and 300 pL of
chloroform were added to break phase. The lower organic
phase was transferred to a fresh tube. A second extraction
was carried out via addition of 500 pL of chloroform. The
two extractions were pooled into the same tube and dried
using SpeedVac (Genevac, UK). Samples were stored at
-80 °C until mass spectrometric analysis.
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HPLC-MRM analysis

Mass spectrometric analysis

Quality control sample was run at the 1*, 8" and 16"
sample in the queue sequence. All reported peaks were
identified manually based on desirable peak shapes and
signal-to-nose ratios of > 3; and demonstrated coefficients
of variations of less than 12% amongst replicates of the
same biological groups. Qualitative deuterated lipid
standards from LIPID MAPS were pre-corrected using
suitable quantitative lipid standards from the same lipid
class based on molar response prior to their use for
quantitation.

Normal-phase LC/MS

Separation of individual lipid classes of polar
lipids by normal phase HPLC was carried out using
a Phenomenex Luna 3u silica column (i.d. 150x2.0
mm) with the following conditions: mobile phase A
(chloroform:methanol:ammonium hydroxide, 89.5:10:0.5),
B (chloroform:methanol:ammonium hydroxide:water,
55:39:0.5:5.5). Multiple reaction monitoring (MRM)
transitions were set up for quantitative analysis of various
polar lipids. Individual lipid species were quantified by
referencing to spiked internal standards. PC-14:0/14:0,
PC34:1-d31, LPC-d4-26:0, PE-14:0/14:0, PE34:1-d31,
LPE-17:1, PS-14:0/14:0, PS-16:0/18:1-d31, LPS-17:1,
PA34:1-d31, PA-17:0/17:0, LPA-17:0, PG34:1-d31,
PG-14:0/14:0, P134:1-d31, LPI-17:1, CL-22:1(3)/14:1,
LBPA-C14:0, Cer-d18:1/17:0, GluCer-d18:1/8:0,
GalCer-d18:1/8:0, LacCer-d18:1/8:0, Sph-d17:0, SL-
d18:1/17:0, SM-d18:1/12:0 were obtained from Avanti
Polar Lipids (Alabaster, AL, USA) and LIPIDS MAPS.
Dioctanoyl phosphatidylinositol (PI, 16:0-PI) was used
for phosphatidylinositol quantitation and obtained from
Echelon Biosciences, Inc. (Salt Lake City, UT, USA).
GM3-d18:1/17:0 was synthesized in-house. For all LCMS
analyses, individual peaks were manually examined and
only peaks above the limit of quantitation and within the
linearity range were used for quantitation. The absolute
amounts of all qualitative lipid standards were pre-
corrected against quantitative standards prior to their use
for quantitative purposes. Details of the analytical protocol
has been previously described elsewhere [49, 50].

Reverse-phase LC/MS

Neutral lipids (TAGs, DAGs and CEs) were
analyzed using a modified version of reverse phase HPLC/
ESI/MS/MS described previously [51]. Briefly, separation
of lipids aforementioned was carried out on a Phenomenex
Kinetex 2.6p-C18 column (i.d. 4.6x100mm) using
an isocratic mobile phase chloroform:methanol:0.1M
ammonium acetate (100:100:4) at a flow rate of 150 pl/min
for 22 min. Using neutral loss-based MS/MS techniques,
the levels of TAG were calculated as relative contents to

the spiked d5-TAG 48:0 internal standard (CDN isotopes),
DAG species were quantified using 4ME 16:0 Diether DG
as an internal standard (Avanti Polar Lipids, Alabaster,
AL, USA) and CE species were quantified using d6-CE
(CDN isotopes) as internal standard.

Atmospheric pressure chemical ionization (APCI)

Free cholesterols were further analyzed using
HPLC/APCI/MS/MS as previously described with
corresponding d6-Cho (CDN isotopes) as internal standard
[52].

Statistical analyses

Lipid levels were expressed in terms of molar
fractions normalized to the total polar lipids (MFP)
detected in each sample, since membrane lipid
compositional changes represent the primary interest of
the current study. Statistical comparisons of MFPs among
young, sexually-mature and old macaques were conducted
using Kruskal-Wallis non-parametric analysis of variance
(ANOVA). Hierarchical clustering was performed to group
lipids that displayed similar patterns of changes across the
three age groups investigated, using the pdist() function
provided in MatLab (R2012b, The MathWorks. Natick,
MA, USA) with Euclidean distance metric. The details
of the algorithm utilized has been previously described
elsewhere [53]. Correlation matrix analysis was carried
out using the non-parametric Spearman’s correlation
algorithm in Matlab (R2012b, The MathWorks. Natick,
MA, USA). Correction for multiple comparisons were
conducted using the g values to control for false discovery
as reported previously [47]. For all analyses, **p < 0.01;
*p <0.05.

ACKNOWLEDGMENTS AND GRANT
SUPPORT

This work was financially supported by grants
from “100 Talents Program of Chinese Academy of
Sciences” and the National Natural Science Foundation
of China (31371515, 31130051, 3150040263), the
National Basic Research Program of China (973 Program;
2012CB825504) and the Chinese Academy of Sciences
(XDA04020413-02, XDB13010000). This work was
also financially supported by the Special Financial Grant
awarded to S.M. Lam from the China Postdoctoral Science
Foundation (Grant No: 2014T70137).

CONFLICTS OF INTERESTS

The authors declare no potential conflicts of
interests.

www.impactjournals.com/oncotarget

55986

Oncotarget



REFERENCES

10.

11.

12.

13.

Purdon AD, Rosenberger TA, Shetty HU and Rapoport
SI. Energy consumption by phospholipid metabolism in
mammalian brain. Neurochemical research. 2002; 27:1641-
1647.

Wassall SR, Brzustowicz MR, Shaikh SR, Cherezov V,
Caffrey M and Stillwell W. Order from disorder, corralling
cholesterol with chaotic lipids. The role of polyunsaturated
lipids in membrane raft formation. Chem Phys Lipids.
2004; 132:79-88.

Shaikh SR and Teague H. N-3 fatty acids and membrane
microdomains: from model membranes to lymphocyte
function. Prostaglandins, leukotrienes, and essential fatty
acids. 2012; 87:205-208.

Stillwell W and Wassall SR. Docosahexaenoic acid:
membrane properties of a unique fatty acid. Chemistry and
Physics of Lipids. 2003; 126:1-27.

Miller LR, Jorgensen MJ, Kaplan JR, Seeds MC, Rahbar
E, Morgan TM, Welborn A, Chilton SM, Gillis J, Hester
A, Rukstalis M, Sergeant S and Chilton FH. Alterations in
levels and ratios of n-3 and n-6 polyunsaturated fatty acids
in the temporal cortex and liver of vervet monkeys from
birth to early adulthood. Physiology & behavior. 2016;
156:71-78.

Fraser T, Tayler H and Love S. Fatty acid composition
of frontal, temporal and parietal neocortex in the normal
human brain and in Alzheimer’s disease. Neurochemical
research. 2010; 35:503-513.

Carver JD, Benford VJ, Han B and Cantor AB. The
relationship between age and the fatty acid composition of
cerebral cortex and erythrocytes in human subjects. Brain
Res Bull. 2001; 56:79-85.

Lam SM and Shui G. Lipidomics as a principal tool for
advancing biomedical research. J Genet Genomics. 2013;
40:375-390.

Bazinet RP and Laye S. Polyunsaturated fatty acids and
their metabolites in brain function and disease. Nature
reviews Neuroscience. 2014; 15:771-785.

Nadon NL. Of mice and monkeys: National Institute on
Aging resources supporting the use of animal models in
biogerontology research. J Gerontol a-Biol. 2006; 61:813-
815.

Roth GS, Mattison JA, Ottinger MA, Chachich ME, Lane
MA and Ingram DK. Aging in rhesus monkeys: relevance
to human health interventions. Science. 2004; 305:1423-
1426.

Ryan VH, Primiani CT, Rao JS, Ahn K, Rapoport SI
and Blanchard H. Coordination of gene expression of
arachidonic and docosahexaenoic acid cascade enzymes
during human brain development and aging. PloS one.
2014; 9:¢100858.

Norris SE, Friedrich MG, Mitchell TW, Truscott RJ and

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Else PL. Human prefrontal cortex phospholipids containing
docosahexaenoic acid increase during normal adult aging,
whereas those containing arachidonic acid decrease.
Neurobiology of aging. 2015; 36:1659-1669.

Cunnane SC, Chouinard-Watkins R, Castellano CA and
Barberger-Gateau P. Docosahexaenoic acid homeostasis,
brain aging and Alzheimer’s disease: Can we reconcile the
evidence? Prostaglandins, leukotrienes, and essential fatty
acids. 2013; 88:61-70.

Nohturfft A and Zhang SC. Coordination of lipid
metabolism in membrane biogenesis. Annu Rev Cell Dev
Biol. 2009; 25:539-566.

Claypool SM and Koehler CM. The complexity of
cardiolipin in health and disease. Trends Biochem Sci.
2012; 37:32-41.

Ren M, Phoon CK and Schlame M. Metabolism and
function of mitochondrial cardiolipin. Progress in lipid
research. 2014; 55:1-16.

Bosio A, Binczek E and Stoffel W. Functional breakdown
of the lipid bilayer of the myelin membrane in central and
peripheral nervous system by disrupted galactocerebroside
synthesis. Proc Natl Acad Sci U S A. 1996; 93:13280-
13285.

Coetzee T, Dupree JL and Popko B. Demyelination and
altered expression of myelin-associated glycoprotein
isoforms in the central nervous system of galactolipid-
deficient mice. J Neurosci Res. 1998; 54:613-622.

Belikova NA, Vladimirov YA, Osipov AN, Kapralov
AA, Tyurin VA, Potapovich MV, Basova LV, Peterson
J, Kurnikov IV and Kagan VE. Peroxidase activity and
structural transitions of cytochrome ¢ bound to cardiolipin-
containing membranes. Biochemistry. 2006; 45:4998-5009.

Beyer K and Klingenberg M. ADP/ATP carrier protein
from beef heart mitochondria has high amounts of tightly
bound cardiolipin, as revealed by 31P nuclear magnetic
resonance. Biochem J. 1985; 24:3821-3826.

Schlame M. Cardiolipin synthesis for the assembly of
bacterial and mitochondrial membranes. Journal of lipid
research. 2008; 49:1607-1620.

Peters A, Schweiger U, Pellerin L, Hubold C, Oltmanns
KM, Conrad M, Schultes B, Born J and Fehm HL. The
selfish brain: competition for energy resources. Neurosci
Biobehav Rev. 2004; 28:143-180.

Cheng H, Mancuso DJ, Jiang X, Guan S, Yang J, Yang K,
Sun G, Gross RW and Han X. Shotgun lipidomics reveals
the temporally dependent, highly diversified cardiolipin
profile in the mammalian brain: temporally coordinated
postnatal diversification of cardiolipin molecular species
with neuronal remodeling. Biochemistry. 2008; 47:5869-
5880.

Kitson AP, Stark KD and Duncan RE. Enzymes in brain
phospholipid docosahexaenoic acid accretion: a PL-ethora
of potential PL-ayers. Prostaglandins, leukotrienes, and
essential fatty acids. 2012; 87:1-10.

WWW

.impactjournals.com/oncotarget

55987

Oncotarget



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Mathieu G, Denis S, Langelier B, Denis I, Lavialle M and
Vancassel S. DHA enhances the noradrenaline release by
SH-SYS5Y cells. Neurochem Int. 2010; 56:94-100.

Champeil-Potokar G, Chaumontet C, Guesnet P, Lavialle
M and Denis 1. Docosahexaenoic acid (22:6n-3) enrichment
of membrane phospholipids increases gap junction coupling
capacity in cultured astrocytes. Eur J Neurosci. 2006;
24:3084-3090.

Derouiche A and Frotscher M. Peripheral astrocyte
processes: monitoring by selective immunostaining for the
actin-binding ERM proteins. Glia. 2001; 36:330-341.

Denis I, Potier B, Vancassel S, Heberden C and Lavialle
M. Omega-3 fatty acids and brain resistance to ageing and
stress: body of evidence and possible mechanisms. Ageing
research reviews. 2013; 12:579-594.

Chen CT, Green JT, Orr SK and Bazinet RP. Regulation
of brain polyunsaturated fatty acid uptake and turnover.
Prostaglandins, leukotrienes, and essential fatty acids. 2008;
79:85-91.

Nguyen LN, Ma D, Shui G, Wong P, Cazenave-Gassiot
A, Zhang X, Wenk MR, Goh EL and Silver DL. Mfsd2a
is a transporter for the essential omega-3 fatty acid
docosahexaenoic acid. Nature. 2014; 509:503-506.

Joffre C, Nadjar A, Lebbadi M, Calon F and Laye S. n-3
LCPUFA improves cognition: the young, the old and the
sick. Prostaglandins, leukotrienes, and essential fatty acids.
2014; 91:1-20.

Diaz O, Berquand A, Dubois M, Di Agostino S, Sette C,
Bourgoin S, Lagarde M, Nemoz G and Prigent AF. The
mechanism of docosahexaenoic acid-induced phospholipase
D activation in human lymphocytes involves exclusion
of the enzyme from lipid rafts. The Journal of biological
chemistry. 2002; 277:39368-39378.

Matsuo H, Chevallier J, Mayran N, Le Blanc I, Ferguson
C, Faure J, Blanc NS, Matile S, Dubochet J, Sadoul R,
Parton RG, Vilbois F and Gruenberg J. Role of LBPA and
Alix in multivesicular liposome formation and endosome
organization. Science. 2004; 303:531-534.

Kobayashi T, Stang E, Fang KS, de Moerloose P,
Parton RG and Gruenberg J. A lipid associated with the
antiphospholipid syndrome regulates endosome structure
and function. Nature. 1998; 392:193-197.

Koivusalo M, Jansen M, Somerharju P and Ikonen E.
Endocytic trafficking of sphingomyelin depends on its acyl
chain length. Mol Biol Cell. 2007; 18:5113-5123.

Barelli H and Antonny B. Lipid unsaturation and organelle
dynamics. Curr Opin Cell Biol. 2016; 41:25-32.

Schlame M, Acehan D, Berno B, Xu Y, Valvo S, Ren
M, Stokes DL and Epand RM. The physical state of lipid
substrates provides transacylation specificity for tafazzin.
Nat Chem Biol. 2012; 8:862-869.

Ilincheta de Boschero MG, Roque ME, Salvador GA
and Giusto NM. Alternative pathways for phospholipid

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

synthesis in different brain areas during aging. Exp
Gerontol. 2000; 35:653-668.

Salvador GA, Lopez FM and Giusto NM. Age-related
changes in central nervous system phosphatidylserine
decarboxylase activity. J Neurosci Res. 2002; 70:283-289.

Brunetti M, Gaiti A and Porcellati G. Synthesis of
phosphatidylcholine and phosphatidylethanolamine at
different ages in the rat brain in vitro. Lipids. 1979; 14:925-
931.

Gaiti A, Brunetti M, Piccinin GL, Woelk H and Porcellati
G. The synthesis in vivo of choline and ethanolamine
phosphoglycerides in different brain areas during aging.
Lipids. 1982; 17:291-296.

Lopez GH, Ilincheta de Boschero MG, Castagnet PI and
Giusto NM. Age-associated changes in the content and fatty
acid composition of brain glycerophospholipids. Comp
Biochem Physiol B Biochem Mol Biol. 1995; 112:331-343.

Ilincheta de Boschero MG, Lopez GH, Castagnet PI and
Giusto NM. Differential incorporation of precursor moieties
into cerebral cortex and cerebellum glycerophospholipids
during aging. Neurochemical research. 2000; 25:875-884.

Schuiki I and Daum G. Phosphatidylserine decarboxylases,
key enzymes of lipid metabolism. [UBMB Life. 2009;
61:151-162.

Umbhau JC, Zhou WY, Carson RE, Rapoport SI, Polozova
A, Demar J, Hussein N, Bhattacharjee AK, Ma KZ,
Esposito G, Majchrzak S, Herscovitch P, Eckelman WC,
Kurdziel KA and Salem N. Imaging incorporation of
circulating docosahexaenoic acid into the human brain
using positron emission tomography. Journal of lipid
research. 2009; 50:1259-1268.

Storey JD and Tibshirani R. Statistical significance for
genomewide studies. Proc Natl Acad Sci U S A. 2003;
100:9440-9445.

Zhou X, Zhu D, Katsuki F, Qi XL, Lees CJ, Bennett
AlJ, Salinas E, Stanford TR and Constantinidis C. Age-
dependent changes in prefrontal intrinsic connectivity. Proc
Natl Acad Sci U S A. 2014; 111:3853-3858.

Lam SM, Wang Y, Duan X, Wenk MR, Kalaria RN, Chen
CP, Lai MK and Shui G. Brain lipidomes of subcortical
ischemic vascular dementia and mixed dementia.
Neurobiology of aging. 2014; 35:2369-2381.

Lam SM, Tong L, Duan X, Petznick A, Wenk MR and Shui
G. Extensive characterization of human tear fluid collected
using different techniques unravels the presence of novel
lipid amphiphiles. Journal of lipid research. 2014; 55:289-
298.

Shui G, Guan XL, Low CP, Chua GH, Goh JS, Yang H
and Wenk MR. Toward one step analysis of cellular
lipidomes using liquid chromatography coupled with mass
spectrometry: application to Saccharomyces cerevisiae and
Schizosaccharomyces pombe lipidomics. Mol Biosyst.
2010; 6:1008-1017.

WWW

.impactjournals.com/oncotarget

55988

Oncotarget



52. Shui G, Cheong WF, Jappar 1A, Hoi A, Xue Y, Fernandis 53. Shui G, Bendt AK, Jappar IA, Lim HM, Laneelle M, Herve

AZ, Tan BK and Wenk MR. Derivatization-independent M, Via LE, Chua GH, Bratschi MW, Zainul Rahim SZ,
cholesterol analysis in crude lipid extracts by liquid Michelle AL, Hwang SH, Lee JS, Eum SY, Kwak HK,
chromatography/mass spectrometry: applications to a Daffe M, et al. Mycolic acids as diagnostic markers for
rabbit model for atherosclerosis. J Chromatogr A. 2011; tuberculosis case detection in humans and drug efficacy in
1218:4357-4365. mice. EMBO Mol Med. 2012; 4:27-37.

www.impactjournals.com/oncotarget 55989 Oncotarget



