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SUMMARY

Lipids are prominent components of the nervous
system.Herewe performed a large-scalemass spec-
trometry-based analysis of the lipid composition of
three brain regions as well as kidney and skeletal
muscle of humans, chimpanzees, rhesus macaques,
and mice. The human brain shows the most distinct
lipid composition: 76% of 5,713 lipid compounds
examined in our study are either enriched or depleted
in the human brain. Concentration levels of lipids en-
riched in the brain evolve approximately four times
faster among primates compared with lipids charac-
teristic of non-neural tissues and show further accel-
eration of change in human neocortical regions but
not in the cerebellum. Human-specific concentration
changes are supported by human-specific expres-
sion changes for corresponding enzymes. These re-
sults provide the first insights into the role of lipids in
human brain evolution.

INTRODUCTION

Lipids represent an essential structural and functional compo-

nent of tissues and cells. Initially considered only as the building

material of membranes or as a bioenergetic fuel, lipids are now

also regarded as signaling messengers in neural tissues and

the brain, where they make up half of the organ’s dry weight

(Piomelli et al., 2007). By regulating the chemical andmechanical

properties of membranes, lipids influence vesicle fusion and

fission processes, ion flux, and lateral diffusion of membrane

proteins (Jacobson et al., 2007; Rohrbough and Broadie, 2005).

The distinct architecture of lipids therefore createsmicroenviron-

ments necessary for optimal cellular communication (McMahon
and Gallop, 2005; Rohrbough and Broadie, 2005). However,

despite growing evidence for the critical role of lipids in brain

function, little is known about the brain’s lipidome composition,

the lipid concentration differences among brain regions, and

the lipidome differences between the brain and other tissues.

Although the comprehensive identification and quantification

of lipid molecules in complex tissues such as the human brain

is a daunting task, recent progress in untargeted mass spec-

trometry (MS)-based lipidome analysis has provided experi-

mental opportunities for the large-scale quantitative profiling of

thousands of individual hydrophobic compounds (Harkewicz

and Dennis, 2011). To date, this methodology has been used

successfully to characterize the membrane lipid composition of

E. coli (Oursel et al., 2007) as well as the crucial role of lipids in

HIV replication (Brügger et al., 2006) and to inspect the lipid

changes in brain regions of a mouse model of Parkinson’s dis-

ease (Rappley et al., 2009). However, it has not yet been applied

to the comprehensive characterization of the primate brain lipi-

dome. Given the important role of lipids in the nervous system,

knowledge of lipidome features specific to the brain and to its

distinct regions, as well as of the evolution of lipidome composi-

tion across species, may provide novel insights into the mecha-

nisms and the evolution of brain functionality.

In this study, we used untargeted large-scale MS-based

lipidomics to characterize the lipidome composition of three

anatomically and functionally distinct brain regions and two

non-neural tissues of humans, chimpanzees, macaque mon-

keys, and mice. We identified differences in lipidome composi-

tion among tissues and assessed the evolutionary dynamics of

lipidome features across species. Using transcriptome data,

measured in the same set of samples using RNA-sequencing

(RNA-seq), we identified parallel changes in lipid concentration

and expression of the transcripts that encode the corresponding

metabolic enzymes. Finally, we identified human-specific lipid

composition changes potentially linked to the evolution of cogni-

tive features unique to the human species.
Neuron 85, 695–702, February 18, 2015 ª2015 Elsevier Inc. 695
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Figure 1. Lipid Concentrations in Brain and Non-Neural Tissues in Humans

(A) Heat map of human tissue samples based on Euclidian distances of lipid concentration levels. Darker shades of red correspond to shorter distances. Samples

are ordered according to the dendrogram shown in (B).

(B) Dendrogram of human tissue samples based on Euclidian distances of lipid concentration. The dendrogramwas constructed using hierarchical clustering with

complete linkage. The node colors indicate the tissue identity of the samples.

(C) Number (left y axis) and percentage (right y axis) of lipids showing concentration levels specific to a given tissue in humans. Numbers of lipids specific to a

given brain region were determined by comparison with the most similar brain region in the dataset: PFC to V1 and CBC to cortex.

(D) Clustering of lipids according to their concentrations in human tissues. Shown are lipids in the BE and BD clusters. Samples are ordered along the x axis

according to their tissue identity, as indicated below the axis. Shaded areas represent concentration profiles of all individual compounds within a cluster,

normalized by their Euclidian norm. Curves represent the average concentration profile of all compounds within a cluster. The star symbols show average

normalized concentration levels of all compoundswithin a cluster in a given tissue. The abbreviated name and the total number of lipid compoundswithin a cluster

are shown above each plot.
RESULTS

Lipidome Measurements
We assessed the repertoire and concentrations of hydrophobic

compoundswithmolecular weights below 3,000Daltons (hence-

forth referred to as ‘‘lipids’’ for simplicity) in five tissues: three

brain regions (the prefrontal cortex [PFC], primary visual cortex

[V1], and cerebellar cortex [CBC]) and two non-neural tissues

(the kidney renal cortex and thigh muscle). The two cortical brain

regions, PFC and V1, were selected to represent both function-

ally and transcriptionally distinct regions of the neocortex (Ber-

nard et al., 2012; Hawrylycz et al., 2012; Kang et al., 2011; Lein

et al., 2007). To assess the evolutionary dynamics of tissues’ lip-

idome composition and to identify lipidome features unique to

humans, wemeasured lipid concentrations in the same set of tis-

sues in chimpanzees, rhesus macaques, and mice (Supple-

mental Experimental Procedures available online). In each tissue

of each species, lipidomemeasurements were collected from 14

healthy adult individuals, allowing us to gauge intra-species lip-

idome variation. In addition to the lipidome measurements, we

further analyzed transcriptome data, obtained using RNA-seq,

in all five tissues in a subset of six individuals of each species

(Bozek et al., 2014).

The lipidome composition of all samples was assessed using

liquid chromatography coupled with high-precision mass spec-

trometry in positive and negative ionization modes (Giavalisco

et al., 2011). We quantified a total of 5,713 mass spectrometry

features detected in at least seven individuals in one tissue of

one species: 4,852 in positive and 861 in negative ionization

mode. Among them, 1,991 were annotated using computational

matching of the mass spectrometry features to the lipid data-

base entries (Fahy et al., 2009; Figure S1). The annotation proce-
696 Neuron 85, 695–702, February 18, 2015 ª2015 Elsevier Inc.
dure was additionally refined by merging MS peaks with match-

ing lipid annotation and highly correlated concentration levels

across tissue samples.

To assess the effects of postmortem delay characteristic of

human and chimpanzee samples on lipid concentrations, we

further analyzed macaque samples collected immediately after

death (n = 85) and after a 4- to 6-hr delay (n = 10; Supplemental

Experimental Procedures). This analysis revealed significant

concentration changes for a total of 516 mass spectrometry fea-

tures, including 205 annotated compounds (q < 0.05 in at least

one tissue; Figure S1). These features were excluded from

further analysis. Although many human samples had a longer

postmortem delay, lipids showing a significant concentration

relationship with postmortem delay in humans agreed well with

the ones found in macaques (permutations, p < 0.001; Supple-

mental Experimental Procedures). Furthermore, lipids showing

a significant concentration relationship with postmortem delay

as well as with tissue RNA preservation, age, and sex in any of

the four species did not overlap significantly and substantially

with lipids showing human-specific lipidome changes (Supple-

mental Experimental Procedures).

Lipidome Variation across Human Tissues
To examine lipidome differences among human tissues, we in-

spected the concentration profiles of all 5,713 detected hydro-

phobic compounds (mass spectrometry features). We observed

that, despite substantial individual variation, each tissue and

brain region shows distinct lipidome signatures, and the lipid

composition of the brain is markedly different from that of the

two non-neural tissues (Figures 1A and 1B).

Statistical analysis of lipid concentration differences among

the five human tissues confirmed these observations. Of 4,727
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compounds showing significant concentration differences be-

tween the human brain (PFC, V1, and CBC), kidney, and muscle

(t test, p < 0.01; permutations, p < 0.01), 3,542 (75%) showed

concentration profiles specific to the brain; i.e., concentration

levels were significantly different in the brain compared with

non-neural tissues (t test, p < 0.01; permutations, p < 0.01; Fig-

ure 1C; Figure S2). By contrast, only 13% and 20% of com-

pounds showed concentration profiles specific to kidney and

muscle, respectively (Figure 1C). This result was robust to the

number of samples used to represent each tissue (Figure S2).

Within the brain, differences in lipid composition among three

anatomically and functionally distinct brain regions were less

pronounced but still clearly detectable. 445 compounds (8%)

showed concentration profiles that differed between the PFC

and V1, 562 (10%) were specific to the CBC, and 899 (19%)

were specific to the cortex as a whole (t test, p < 0.01; permuta-

tions, p < 0.01) (Figure 1C). Importantly, the separation of the

brain from the two non-neural tissues does not occur at the tran-

scriptome level, where all three tissues are approximately equi-

distant from one another (Figure S2). Therefore, the extensive

lipid composition specificity of the brain supports the notion

that lipids play special roles in brain functionality.

To investigate the exceptional lipid composition divergence

between the brain and the two non-neural tissues, we sorted

all 5,713 detected compounds based on their concentration pro-

files across human tissues. Three main categories emerged:

brain-enriched (BE) lipids constituting 26% of all detected com-

pounds, brain-depleted (BD) lipids constituting as many as 50%

of all detected compounds, and ubiquitous (UB) lipids present

in all tissues at varying concentration levels and constituting

the remaining 24% of detected compounds (Figure 1D; Fig-

ure S2). Remarkably, each of these categories was enriched in

specific and distinct types of lipid molecules (hypergeometric

test, p < 0.01; permutations, p < 0.01) (Table S1). Two discern-

able lipid concentration patterns were also formed within the

brain (Figure S2).

To assess whether lipidome composition differences between

the brain and two non-neural tissues could be traced to differ-

ences in expression of the corresponding metabolic enzymes,

we linked 17,550 genes expressed in the tested tissues to de-

tected lipid compounds, based on the human metabolome

database (HMDB) annotation (Wishart et al., 2009), resulting in

1,245 enzymes linked to 1,188 lipid compounds. We found

that lipids enriched in brain (BE lipids) show a significantly

greater association with metabolic enzymes specifically ex-

pressed in the CBC, PFC, V1, and cortex as a whole than would

be expected by chance (permutations, p < 0.05; Table S2).

Therefore, although overall transcriptome differences among

tissues do not show a clear brain-specific profile, the expression

of metabolic enzymes supports the specific lipidome composi-

tion of the brain tissue.

General Features of Lipidome Evolution
We next compared the composition of the human lipidome to

that of chimpanzee, macaque, andmouse tissues. Lipid concen-

tration profiles measured in these species generally resembled

the lipidome profiles of human tissues. Within each species,

the lipidome profiles showed discrete tissue- and brain region-
specific concentration signatures, and the lipid composition of

the brain differed strikingly from that of non-neural tissues in

each species (Figure S3). Furthermore, lipids distinguishing brain

from the non-neural tissues (BE and BD lipids) overlapped and

correlated significantly among all four species (permutations,

p < 0.01; Supplemental Experimental Procedures), indicating

the general conservation of tissue-specific lipidome features

across species.

Despite this general conservation of tissue-specific lipidome

features among species, we found a number of important differ-

ences. First, although the brain lipidome is clearly distinct from

other tissues in all species, the extent of lipid composition diver-

gence between the brain and non-neural tissues varies signifi-

cantly among species. The largest lipidome divergence between

the brain and non-neural tissues was observed in humans,

followed by chimpanzees and macaques, with the smallest

divergence found in mice (Figure 2A). This was not caused by

general differences in lipidome measurements among species

because the numbers of detected compounds and compound

concentrations did not follow this trend (Figure S3 and Supple-

mental Experimental Procedures). Therefore, the extent to which

the brain lipidome differs from the other two tissues parallels

the brain’s anatomical and functional complexity among the

mammalian species analyzed.

Within the brain, over 73% of 3,556 lipid compounds detected

in at least one brain region of one species showed significant

concentration differences among the four species (ANOVA, p <

0.01; permutations, p < 0.01). By assigning these differences

to specific evolutionary lineages (t test, p < 0.01; permutations,

p < 0.01), we found that general lipidome divergence largely fol-

lows the genetic divergence among the species in the three

separate brain regions, cortex, and brain as a whole (Pearson

correlation, r2 = 0.88, p < 0.01) (Figure 2B) as well as in kidney

and skeletal muscle (Pearson correlation, r2 = 0.77, p < 0.02).

However, the divergent and conserved lipids were not distrib-

uted equally among tissue-specific categories. Among primates,

lipids enriched in brain (BE lipids) showed an almost 4-fold

greater proportion of divergent compounds than BD lipids (Fig-

ure 2C). This difference was not caused by the higher concentra-

tion of BE lipids in neural tissues; subsampling of BE and BD

lipids from the same concentration range did not affect the result

(Figure S3). Therefore, concentration levels of lipids enriched in

brain evolved at a much more rapid pace than concentration

levels of lipids characteristic of non-neural tissues (BD lipids).

Human-Specific Features of Brain Lipidome Evolution
As indicated by the above analysis, we detected two features

unique to brain lipidome evolution: greater lipidome divergence

between the brain and non-neural tissues in species showing

greater cognitive complexity and faster divergence of lipids en-

riched in brain compared with lipids enriched in non-neural

tissues. These features suggest a link between brain lipidome

evolution and the evolution of brain functionality—a hypothesis

that would be further supported by the existence of lipidome fea-

tures unique to the human brain lipidome.

To investigate this, we compared lipidome divergence on the

human and chimpanzee evolutionary lineages separately in the

three brain regions as well as in the cortex and brain as a whole.
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Figure 2. Brain Lipidome Evolution

(A) Average difference between lipid concentration

levels in the brain and non-neural tissues in the

four species. The squares represent the mean of

the concentration level differences. The whiskers

extend to the extremes of variation of the mean

calculated by random sampling of three-quarters

of all detected lipid compounds 1,000 times.

(B) Relationship between species-specific lipid

concentration divergence in each brain region,

cortex, and brain as a whole and the phylogenetic

distance among species. Phylogenetic distance is

represented by the time of species divergence

from the most recent common ancestor with hu-

mans (x axis). Lipid concentration divergence was

estimated as the proportion of species-specific

lipids in a given tissue among all lipids specific to

any species in this tissue (y axis). Each symbol

represents this ratio for one tissue in each species.

The linear regression between lipid concentration

divergence and phylogenetic distance is repre-

sented by the dashed line.

(C) Proportions of BD and BE lipids showing

significant species-specific concentration differ-

ences among primate species in any brain region,

cortex, or brain as a whole. The colors and

numbers to the left of the bars indicate the

percentage of lipids showing human-specific

(dark red) and chimpanzee-specific (orange) lipid

concentration changes. Changes separating ma-

caques from humans and chimpanzees are rep-

resented by the gray parts of the bars. The total

percentage of BD and BE lipids showing signifi-

cant change in any primate species is indicated

above the bars.

(D) Ratio of human-specific to chimpanzee-spe-

cific lipid concentration changes in different brain

regions. The error bars show variation of the ratio

estimates calculated by bootstrapping over compounds 1,000 times. The horizontal line represents the average ratio expected by chance calculated by

randomizing sample labels 1,000 times. The shaded regions extend to 0.5 and 1 SD of the chance ratio distribution. The brain regions are labeled below the bars.

PFC+V1, the ratio based on the sum of species-specific lipids determined in these two brain regions individually; cortex, the ratio based on species-specific lipids

determined using two brain regions as a single entity.
In the BD category, approximately equal numbers of lipids

showed a concentration divergence on the human (n = 66) and

chimpanzee (n = 67) evolutionary lineages. By contrast, BE lipids

showed a more than 2-fold excess of concentration changes on

the human (n = 186) than on the chimpanzee lineage (n = 87) (Fig-

ure 2C). Furthermore, human-specific lipidome changes were

not distributed equally among brain regions. The two cortical

regions, PFC and V1, showed a more than 3-fold excess of hu-

man-specific changes among BE lipids, significantly more than

expected by chance (permutations, p < 0.05), whereas there

was no difference between the amount of human-specific and

chimpanzee-specific divergence in the cerebellum (Figure 2D).

Notably, BD lipids as well as genes showed no significant differ-

ences between human-specific and chimpanzee-specific con-

centration and expression divergence in any brain region (Fig-

ure 2D; Figure S3). These results were robust to the choice of

p value cutoff used to define species-specific lipidome changes

and to the influence of confounding effects of tissue preser-

vation, postmortem interval length, and individuals’ age and

sex, as assessed using linear regression tests (Supplemental
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Experimental Procedures). Therefore, the observed acceleration

of lipidome changes on the human evolutionary lineage is partic-

ular to BE lipids in the cortex—the region commonly associated

with human-specific brain functions—and is not seen in the

cerebellum—the region associated with general cognitive tasks

such as motor coordination (Ramnani, 2006).

Lipids with Human-Specific Concentrations in the Brain
Lipids showing human-specific concentration changes were en-

riched in a narrow group of lipid classes (Table S4). Furthermore,

three discrete functional units could be distinguished by

combining lipid concentration and gene expression changes

specific to the human brain (Figure 3A). The identity of lipid com-

pounds in these three units, described below, was confirmed by

manual inspection of MS chromatograms.

The first functional unit involves lipids from the diacylglycero-

phosphocholines (GP0101) lipid subclass of the glycerophos-

phocholines (GP01) class. Lipids from this group showed pre-

dominantly lower concentration levels in the human brain and

are linked to two enzymes: phospholipase D family member 6
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Figure 3. Functional Lipid-Enzyme Units Specific to the Human

Brain and Environmental Effects on the Lipidome

(A) Functional units of the BE lipids and their linked enzymes showing human-

specific changes in the brain. Each unit is composed of lipid compounds of a

specific lipid subclass and their linked enzymes. The coloring of the nodes

represents the direction and amplitude of the change of lipid concentration

level or enzyme expression level on the human lineage compared with the

chimpanzee and macaque lineages. red indicates elevated and blue reduced

concentrations on the human lineage. The labels show subclasses (large font)

and classes (small font) of the lipids. Enzyme names are indicated in the

respective boxes.

(B). Effect of environmental changes on lipid concentration levels. The colored

symbols show numbers of lipidswith significant lipid concentration differences

in every tissue between six macaques subjected to environmental condition 1

(physical activity deprivation) or environmental condition 2 (high nutrition and

physical activity deprivation) and all control macaques. Horizontal black bars

show average numbers of lipids with significant lipid concentration differences

between six humans chosen randomly from all human individuals 1,000 times

and all chimpanzees. The error bars extend to the 0.05 and 0.95 quintiles of the

average number estimates.
(PLD6) and 3-hydroxybutyrate dehydrogenase type 1 (BDH1).

Both enzymes showed significantly higher expression levels in

humans compared with other species and are involved in lipid
biosynthesis and binding. The reported functions of these en-

zymes suggest that this unit may play roles in membrane con-

struction, signaling, and energy metabolism (Choi et al., 2006;

Maurer et al., 2011).

The second functional unit involves the diacylglycerols

(GL0201) subclass of the diradylglycerols (GL02) lipid class.

These lipids also showed decreased concentration levels in

the human brain and are linked to three enzymes showing hu-

man-specific expression patterns: phospholipase Ch1 (PLCH1)

and pleckstrin homology domain (PLEKHM1), both downregu-

lated in the human brain, and Rho GTPase activating protein 1

(ARHGAP1), upregulated in the human brain. The functions of

these enzymes are involved in signal transduction, immune

response, cancer, and neurological diseases (Tabata et al.,

2010; Xu et al., 2013).

The third functional unit involves one lipid compound, coen-

zyme Q10, representing the ubiquinones (PR0201) subclass

of the quinones and hydroquinones (PR02) lipid class, which

shows an elevated concentration in the human brain. Although

two more ubiquinone compounds, 3-decaprenyl-4,5-dihydroxy-

benzoic acid and dihydromenaquinone-9 are within the BE

cluster and show human-specific concentration levels in the

brain, only coenzyme Q10 is linked to enzymes in the database

annotation. We show that these enzymes, ubiquinol-cytochrome

C reductase, Rieske iron-sulfur polypeptide 1 (UQCRFS1),

and NADH dehydrogenase (ubiquinone) 1 a subcomplex 5

(NDUFA5), also have elevated expression levels in the human

brain. These enzymes are involved in oxidative phosphorylation

and have been linked with neurodegenerative diseases such as

Alzheimer’s disease, Huntington’s disease, and Parkinson’s dis-

ease and with autism, suggesting a role for ubiquinone lipids in

these neurodegenerative processes (Marui et al., 2011).

Environmental Effects on the Lipidome
Could environmental effects particular to humans explain the

excess of human-specific lipidome changes found among BE

lipids in certain brain regions?We conducted additional lipidome

measurements in adult macaque monkeys that were subjected

to altered diet and environmental conditionsmimicking some as-

pects of the modern human lifestyle. Specifically, monkeys were

placed for 1 month into indoor solitary standard-size cages with

no dietary change (stress and exercise factors, condition 1; n = 6)

or with an additional dietary change to a cooked diet with high

sugar and fat content (stress, exercise, and diet factors, condi-

tion 2; n = 6) (Supplemental Experimental Procedures). Parallel

to this treatment, the control macaques, as well as all other

macaques used in this study (standard condition, controls;

n = 17), were fed a balanced plant-based diet and housed in

family groups in spacious outdoor enclosures.

Less than 1% of the 5,713 detected lipids showed significant

change under condition 1 and less than 4% under condition 2

in any of the five tissues. For both conditions, the largest effect

was observed in the kidney. Each of the environmental perturba-

tions induced substantially fewer lipid concentration changes

compared with the lipidome differences observed between

the same numbers of randomly sampled chimpanzees and

human individuals (Figure 3B). Furthermore, unlike evolutionary

changes, lipidome changes induced by environmental effects
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Figure 4. Lipidome Changes in Primate

Brain Evolution

The colored lines indicate the proportions of

BE and BD lipid compounds in four evolutionary

categories: mammals, lipid compounds with

concentrations conserved between the three

primate species and mouse; primates, lipids

conserved among the three primate species and

distinct from mouse; apes, lipids conserved be-

tween humans and chimpanzees and distinct

from macaques; human, lipids with human-spe-

cific concentration levels. Lipids were classified

in these four categories based on all brain tissue

samples (solid line), cortex samples (dashed line),

and CBC samples (dotted line). The full list of lipid

classes and pathways enriched among lipids in

the four evolutionary categories is provided in

Table S6.
were not dominated by BE lipids. Instead, lipids in the BD cate-

gory constituted 57% of the total changes under condition 1 and

54% under condition 2 (Table S5). By contrast, less than 20%

of lipids affected by any of the two conditions belonged to the

BE lipids. Clearly, our experiment is limited by the spectrum of

tested environmental effects and the duration of exposure. Still,

similar experiments conducted in mice reproduced some of the

gene expression differences observed between human and

chimpanzee livers (Somel et al., 2008) and also resulted in a num-

ber of evident phenotypic changes (Engelman et al., 1994; Feige

et al., 2008; Kohsaka et al., 2007). Moreover, most lipids

composing brain tissue are synthesized in the brain and, there-

fore, are shielded from environmental and dietary changes by

the blood-brain barrier (Piomelli et al., 2007; Sherman and Bro-

phy, 2005). This fact, along with the results of our environmental

exposure experiment, suggests that environmental and lifestyle

differences between humans and other species are unlikely to

fully explain the human-specific lipidome changes observed in

our study.

DISCUSSION

This study represents the first global characterization of the lip-

idome of human, chimpanzee, macaque, and mouse tissues,

including three functionally and anatomically distinct brain re-

gions. The lipidome analysis, based on 5,713 hydrophobic com-

pounds, combined with a transcriptome analysis of over 17,000

mRNAs, including 1,245 metabolic enzyme transcripts, revealed

some of the general characteristics of evolution at both the tran-

scriptome and lipidome levels. We found that, similar to the tran-

scriptome, lipidome composition is generally conserved among

species and diverges largely following the genetic distances

among species, i.e., following the evolutionary molecular clock.

However, we found several noteworthy features particular to

the lipidome. One of these features is the high specificity of the

lipid organization of the brain compared with non-neural tissues.

75% of all detected lipids could be assigned exclusively to either
700 Neuron 85, 695–702, February 18, 2015 ª2015 Elsevier Inc.
neural or non-neural tissues, whereas only 25% of lipids showed

such differences between the kidney and skeletal muscle. By

contrast, at the transcriptome level, the extent of differences be-

tween the brain and non-neural tissues is comparable with that

between the kidney and skeletal muscle. The strong separation

of lipids between neural and non-neural tissues suggests that

they have specialized roles in brain function. Lipids enriched in

brain may, therefore, facilitate the unique architectural and dy-

namic properties of the cellular membranes in brain tissue.

Other features of lipidome evolution lend further support to this

notion. The extent of differences in lipidome composition be-

tween the brain and non-neural tissues increases in parallel

with the increase in brain function capacity frommice to humans.

Furthermore, lipids that distinguish brain and non-neural tissues

are enriched in specific classes of lipid compounds, suggesting

an organizational specificity of the brain lipidome. Concentra-

tions of lipids enriched in brain change four times more rapidly

than concentrations of lipids that are depleted in the brain but

abundant in non-neural tissues. In addition, we observe a 3-

fold acceleration of lipidome evolution in the neocortical regions,

but not in the cerebellum, on the human evolutionary lineage

compared with the chimpanzee. Again, this human-specific

acceleration is specific to lipids enriched in brain and is not

observed for lipids depleted in brain but abundant in non-neural

tissues or for gene expression changes. Rapid evolution of brain

lipids suggests that they may have contributed to the expansion

of the neocortex and brain as a whole, as well as the emergence

of novel cognitive functions, including those unique to the human

neocortex (Figure 4 and Table S6).

Although the lipidome features listed above are not observable

at the transcriptome-wide level, correlations between changes in

expression of specific metabolic enzymes and the concentration

changes of their corresponding lipids can be traced. Gene

expression information of the linked metabolic enzymes allows

us to validate the quantitative results of lipid concentration mea-

surements and localize lipid compounds within the functional

annotation framework.



Taken together, our results demonstrate that the brain lipi-

dome evolves rapidly, suggesting that lipids play important roles

in the evolution of brain functionality, including the cognitive ca-

pacities unique to the human brain. Although lipidome studies

still represent a methodological and analytical challenge, our

results demonstrate that an understanding of brain function,

its human-specific features, and its dysfunctions is incomplete

without knowledge of the lipidome organization of neural tissue.

EXPERIMENTAL PROCEDURES

Lipids were extracted from frozen tissue powder according to Giavalisco et al.

(2011). Unsupervised hierarchical clustering using complete linkage was used

to distinguish lipid clusters, based on Pearson correlation, as a distance mea-

sure. To annotate MS peaks, we used mass searches with a tolerance of 10

ppm against the LIPID MAPS (Fahy et al., 2009) database, followed by corre-

lation analysis to find annotations supported by multiple adducts. To test for

enzyme support for lipid clusters or species-specific lipids, first the link be-

tween an enzyme and a compound was determined using the HMDB (Wishart

et al., 2009).

Human tissues from respective brain banks were obtained according to the

brain bank protocols, requiring permission for brain autopsy and use of the tis-

sue for research purpose from the donors or their relatives. The use of human

autopsy tissue is considered non-human subject research and is institutional

review board-exempt under NIH guidelines. The animal studies were reviewed

and approved by the Institutional Animal Care and Use Ethics Committee of

the Shanghai Institute for Biological Sciences.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

three figures, five additional figures, six tables, and 12 additional tables and

can be found with this article online at http://dx.doi.org/10.1016/j.neuron.

2015.01.003.
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