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Abstract

Rodent experiments have emphasized a role of central fatty acid (FA) species, such as oleic acid, in regulating peripheral
glucose and energy metabolism. Thus, we hypothesized that central FAs are related to peripheral glucose regulation and
energy expenditure in humans. To test this we measured FA species profiles in cerebrospinal fluid (CSF) and plasma of 32
individuals who stayed in our clinical inpatient unit for 6 days. Body composition was measured by dual energy X-ray
absorptiometry and glucose regulation by an oral glucose test (OGTT) followed by measurements of 24 hour (24EE) and
sleep energy expenditure (SLEEP) as well as respiratory quotient (RQ) in a respiratory chamber. CSF was obtained via lumbar
punctures; FA concentrations were measured by liquid chromatography/mass spectrometry. As expected, FA
concentrations were higher in plasma compared to CSF. Individuals with high concentrations of CSF very-long-chain
saturated FAs had lower rates of SLEEP. In the plasma moderate associations of these FAs with higher 24EE were observed.
Moreover, CSF monounsaturated long-chain FA (palmitoleic and oleic acid) concentrations were associated with lower RQs
and lower glucose area under the curve during the OGTT. Thus, FAs in the CSF strongly correlated with peripheral metabolic
traits. These physiological parameters were most specific to long-chain monounsaturated (C16:1, C18:1) and very-long-chain
saturated (C24:0, C26:0) FAs. Conclusions: Together with previous animal experiments these initial cross-sectional human
data indicate that central FA species are linked to peripheral glucose and energy homeostasis.
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Introduction

Recent advances in lipidomic profiling have shown that specific

fatty acid (FA) species in human plasma are associated with

adiposity and lifestyle variables, such as smoking, physical activity

and diet, while others correlate with hepatic and whole-body

insulin sensitivity [1–4]. Circulating palmitate (16:0) is elevated in

individuals with coronary heart disease and an increase in dietary

intake thereof is associated with lower energy expenditure [5,6]. It

has previously been demonstrated by our group that palmitic acid

in the phospholipid fraction of skeletal muscle is associated with

increased adiposity in Pima Indians [7]. A number of recent

studies have shown that desaturation indexes are also linked to

adiposity and insulin resistance. For example, the ratios of palmitic

and stearic acid (18:0) to palmitoleic (16:1) and oleic acid (18:1)

respectively, have been correlated with adiposity and insulin

resistance, while the ratio of dihomogammalinoleic acid (20:3v6)

to arachidonic acid (20:4v6) is negatively associated with obesity

and insulin resistance [3,4,7–11]. Together, these data underscore

a possible link of FA saturation in the pathogenesis of the

metabolic syndrome. However, FA chain length appears to be an

important characteristic which specifies FA regulatory activity.

The length of the carbon chain of FAs can be modulated by

elongases which show substrate specificity for the degree of

saturation [12]. Kitazawa et al. have shown that ELOVL1, 3 and

6 show high substrate specificity for long chain saturated FAs

which they can elongate to C22–C26 carbon chain length [13].

Interestingly, a recent study in mice by Zadravec et al. has

demonstrated that ablation of elongase 3 (ELOVL3), leading to

decreased very-long-chain saturated FAs, protects mice from diet-

induced obesity, an effect largely attributable to increased resting

metabolic rates [14]. However, whether this was a central or

a peripheral effect has not been elucidated.

Recent studies in rodents do indicate a potential role for FA

sensing in the central nervous system (CNS), specifically in the

hypothalamus, which in turn regulates peripheral glucose and

energy homeostasis [15,16]. These data support the novel concept

that lipids may be sensed in the central nervous system leading

to profound changes in peripheral metabolism and hunger.
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Haywood et al. even showed that central but not peripheral lipid

infusion augments the counter-regulatory secretion of epinephrine

and glucagon in response to hypoglycemia [17]. Moreover, central

administration of specific FA species such as oleic acid markedly

improves insulin action, inhibits glucose production and reduces

food intake in rats [18,19]. Interestingly, this effect appears to be

dependent on chain length and degree of saturation of the FA

species being administered. Intervention studies have also pro-

vided evidence that inhibition of hypothalamic FA synthesis

triggers fatty acid oxidation in skeletal muscle and potently

increases whole body energy expenditure underscoring the

importance of a brain-muscle axis in energy homeostasis in

rodents [20–23].

Together, these animal data indicate that FAs in the CNS may

be regulators of peripheral glucose and energy metabolism.

Therefore, we explored associations of individual FA species in

human CSF and plasma with metabolic features in a metabolically

phenotyped group of individuals. We hypothesized that very-long-

chain saturated FAs would be associated with lower resting

metabolic rates and that monounsaturated FAs (such as oleic acid)

in the CSF would be associated with lower glucose concentrations

during an oral glucose tolerance test. Indeed, the data presented in

this manuscript demonstrate that in humans FA species in the

CNS stratified by chain length and degree of saturation are

associated with peripheral metabolism.

Materials and Methods

Study Outline
This is an analysis of paired plasma and cerebrospinal fluid

(CSF) samples collected in our research unit during a study

investigating the role of leptin in body weight regulation. Thirty-

two non-smoking volunteers (Caucasian: 15, American Indian 13,

African American: 4), healthy by history, physical examination

and standard laboratory tests were admitted to our clinical

research unit for 6 days on a weight maintaining diet. On day 2,

body composition was measured by dual-energy X-ray absorptio-

metry and glucose regulation was determined by an oral glucose

tolerance test (OGTT). On day 3, volunteers entered a metabolic

chamber for measurements of 24-hour energy expenditure (24EE)

and sleep energy expenditure (SLEEP). On day 5, lumbar

punctures were performed for collection of CSF, and paired

plasma samples were drawn. Individuals were discharged on day

6. CSF was available in 29 of the admitted subjects and 26 had

data available from the metabolic chamber. All subjects provided

written informed consent. The protocol and consent form were

approved by the Institutional Review Board of the National

Institute of Diabetes and Digestive and Kidney Disease.

Oral Glucose Tolerance Test
After an overnight fast subjects were given a 75 g oral glucose

load. Blood samples were drawn at 0, 30, 60, 120, and 180 min for

measurement of plasma glucose and insulin concentrations.

Whole-room Calorimetry
Energy expenditure (EE) was measured in a respiratory

chamber in 26 individuals with CSF samples available, as

previously described by our group [24]. Briefly, volunteers entered

the chamber at 0745 h after an overnight fast and remained

therein for 23 h. Meals were provided at 0700, 1100, and 1600 h,

and an evening snack was provided at 1900 h. The rate of EE was

measured continuously by the rate of CO2 production and O2

consumption, calculated for each 15-min interval, and then

averaged for the 24-h interval (24EE). SLEEP was defined as

the average energy expenditure of all the 15-min periods between

2330 and 0500 h during which spontaneous physical activity

(assessed by motion radar) was ,1.5%. The respiratory quotient

(RQ) was calculated by the mean ratio of CO2 production and O2

consumption over the 24-hour interval.

Lumbar Puncture and Plasma Sampling
Lumbar puncture was performed in the morning after a 12-

hour overnight fast. Volunteers were placed in a sitting position

with maximal flexion of the back. After infiltration with 1%

lidocaine, lumbar puncture was performed with sterile technique

at either L4–L5 or L5–S1 inter-space with a 22- or 25-gauge

needle. Approximately 8 ml of CSF was collected in each case.

CSF (2 ml) was analyzed locally for cell count, glucose and protein

concentrations to rule out excessive red blood cells (RBC)

contamination or other abnormalities. The remaining 6 ml were

aliquoted into polypropylene tubes and quick frozen in liquid

nitrogen with subsequent storage at 270uC. During the same time

of the lumbar puncture blood was drawn from the cubital vein and

centrifuged directly thereafter. Plasma was then stored at 270uC.

Glucose and Insulin Measurements
Plasma glucose concentrations were determined by the glucose

oxidase method (Beckman Instruments, Fullerton, CA, USA).

Plasma insulin concentrations were measured by Concept 4

radioimmunoassay (Concept 4; ICN, Costa Mesa, CA, USA) and

normalized to the modified Herbert-Lau assay using regression

equations.

Lipid Extraction and Analysis of Fatty Acids
FAs were measured in plasma and CSF samples. One ml of ice-

cold acetone containing heptadecanoic acid (17:0) (Nu-Check

Prep, Inc., Elysian, MN, USA) as internal standard was added to

1 ml of plasma or CSF. Proteins were precipitated by centrifuga-

tion at 1000xg for 20 min at 4uC. The supernatant was collected

and the excess of acetone was dried under nitrogen stream. Lipids

were extracted using 2 volumes of chloroform and 1 volume of

methanol and washed with 1 volume of water. The organic phase

were collected and dried under nitrogen. The extract was dissolved

in 2 ml of chloroform and fractionated onto small glass columns

packed with Silica Gel G (60-Å 230–400 Mesh ASTM; Whatman,

Clifton, NJ, USA) as described [25]. FAs were eluted with 2 ml of

chloroform/methanol (9:1, vol/vol), dried under nitrogen and

reconstituted in 60 ml of methanol. Thereafter, FAs were

quantified by liquid chromatography/mass spectrometry (LC/

MS) [26–28]. FAs are expressed as percentage of total FAs for

correlation analyses and both total concentration and relative

representation (%) are given in Table 1. Saturated fatty acids

(SAFA), monounsaturated fatty acids (MUFA) and polyunsaturat-

ed fatty acids (PUFA) were calculated by summing the concentra-

tions of individual FAs of each class if detectable divided by the

total concentration of FAs. Long-chain FAs are defined by carbon

chain length between 12 and 20 C-atoms. Very long chain FAs are

defined by carbon chain length greater than 20. Lipids are defined

as hydrophobic substances characterized by their long carbon tails.

Statistical Analyses
Statistical analyses were performed using SAS Enterprise Guide

9.1 (SAS Institute, Inc., Cary, NC, USA). Spearman correlation

tests were used to test associations of FAs with residuals of

adiposity variables adjusted for age and sex. Racial differences

were evaluated using analysis of variance (ANOVA) and

differences of FA concentrations between compartments by

CNS Fatty Acids Are Linked to Metabolism
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Wilcoxon rank test. Due to the relatively small sample size of

individuals with measured CSF, direct adjustment for all

covariates that vary with energy expenditure (notably: age, sex,

fat mass and most importantly fat free mass) would greatly reduce

the degrees of freedom and the ability to detect meaningful

associations. To overcome this limitation, we pooled the study

group with previously measured energy expenditure and substrate

oxidation data from 808 non-diabetic individuals who participated

in a longitudinal study of diabetes and obesity (EE group, Table 2,

for design of this study see [29]). We used linear regression models

to adjust 24EE for age, sex, fat mass, fat free mass, race, physical

activity, fasting and 2-hour glucose. SLEEP was adjusted for the

same confounders except physical activity, as was RQ with

additional adjustment for energy balance. Adjustments for glucose

were made due to slightly elevated glucose concentrations in the

EE group. Residuals for the original study group were then

extracted and used to perform correlation analyses with FAs, as

has been done previously [30]. Although participants received

a similar amount of dietary fat (30%), all significant associations

were confirmed in multivariate models with additional adjustment

for plasma pentadecanoic acid (15:0) (data not shown) to account

for dietary intake of short- and medium chain SAFAs [11]. This

essential odd-numbered saturated FA is almost exclusively

obtained from dairy fat and ruminant meat products and

correlates well with short- and medium-chain SAFA intake [31].

Unadjusted P-values are provided throughout unless otherwise

indicated (BON), with tests significant at 0.05 and tests that remain

significant after Bonferroni correction for multiple comparisons

indicated separately. Student’s T-tests were used to compare group

means for Table 2.

Results and Discussion

Group Characteristics
Group characteristics by race are shown in Table 2. Racial

groups were well matched for age, adiposity and glucose

regulation. Compared with the study group, the EE group (larger

group used to calculate residuals) had slightly elevated fasting, 2-

hour glucose and EE values.

Fatty Acid Concentrations in Plasma and Cerebrospinal
Fluid

Concentrations of specific saturated (SAFA), monounsaturated

(MUFA) and polyunsaturated (PUFA) FAs in plasma and CSF are

shown in Table 1. As expected, all FA species were by far more

abundant in plasma vs. CSF. Of note, except for a-linolenic and

docosahexaenoic acid (r = 0.58, P = 0.001; r = 0.48, P = 0.01,

respectively), none of the measured FA species were correlated

between plasma and CSF. The association of docosahexaenoic

acid between the two compartments is consistent with a recent

report in elderly patients demonstrating a positive correlation

between the representation of docosahexaenoic acid in plasma and

brain tissue [32]. However, to date supporting data specifically in

humans are scarce and limited in their statistical power, which is

why these data need to be viewed as preliminary and interpreted

with caution. Nevertheless, this association may support the

concept that FAs may act as signaling molecules between the CNS

and the periphery and implies that specific lipid transport

mechanisms exist across the blood brain barrier (BBB). It is

believed that FAs enter the CNS by at least two transport

mechanisms: diffusion and/or protein-mediated transport. The

regulation of these pathways appears to be dependent on chain

length and saturation of the substrate which may support the

concept that the transfer of FAs across the BBB is highly regulated

[33]. To date the exact regulatory mechanism of FA metabolism at

the interface of the BBB is not clear. Using deuterium-labeled FAs

Edmond has demonstrated that after peripheral injection, linoleic

acid is taken up by the brain, however palmitic, stearic and oleic

acid are not [34]. The author concludes that the brain is

autonomous in producing most lipids. However, others have

postulated that FAs enter the brain from the blood [35]. In

humans using 11C-labeled arachidonic acid it was shown that

peripherally injected FAs can be visualized (after only 15 min) in

cranial images [36]. Nevertheless, brain fatty acid uptake from the

periphery at physiological levels still awaits final proof and

therefore the interpretation of our findings is additionally limited.

One reason for the lack of associations of FAs between the

peripheral and the central compartment in our study could be that

by far the largest portion of plasma FAs are bound to plasma

proteins, such as albumin (99%), which could have blunted

associations between the respective FA species [33]. Another

potential issue which could account for this lack of association is

that plasma lipoproteins represent an additional source for FA

transport across the BBB. It has been proposed that the lipoprotein

lipase located on the cerebral microvessel endothelium can liberate

additional FAs from lipoproteins making them available for

transport into the brain [37]. Thus, whether associations of

respective FA species between the periphery and the CNS also

reflect FA trafficking between the two compartments needs to be

Table 1. Fatty acid concentrations in CSF and plasma.

Fatty
Acid CSF Plasma*

R-
value{

(pmol/ml) (%) (pmol/ml) (%)

16:0 55.51643.92 30.6763.76 37936838 19.5461.51 0.14

18:0 74.42629.37 46.28610.96 12966170 7.0462.05 20.09

20:0 2.7761.43 1.6660.52 20.8169.07 0.1260.07 0.06

22:0 0.0460.06 0.0260.03 18.62618.83 0.1260.17 0.13

24:0 4.0563.15 2.5261.75 22.53613.26 0.1360.10 0.18

26:0 1.8361.31 1.1960.78 8.8966.23 0.0660.04 0.05

16:1 2.2164.74 0.7660.49 13606729 6.5161.84 0.15

18:1 23.80655.08 7.2366.05 758862225 38.2263.29 20.07

20:1 1.0961.93 0.4260.23 83.02622.05 0.4360.08 0.24

22:1 0.8860.65 0.5460.36 18.2165.81 0.1060.05 0.23

24:1 0.8360.49 0.5160.23 25.5869.42 0.1560.07 0.35

18:2v6 14.82638.37 3.9064.29 404361240 20.3961.96 0.20

18:3v3 0.8161.59 0.3060.20 3136156 1.5960.39 0.581

20:3v6 0.8361.83 0.2760.21 94.68634.11 0.4960.13 20.01

20:3v9 0.1060.14 0.0560.03 9.8365.89 0.0560.02 0.09

20:4v6 7.05619.60 1.6762.30 4866278 2.5061.56 0.07

20:5v3 0.3660.58 0.1560.06 38.37634.43 0.1960.15 0.10

22:5v3 0.3860.59 0.1860.22 95.42639.53 0.4860.13 0.19

22:5v6 0.4960.46 0.2560.18 55.96618.40 0.2960.10 0.18

22:6v3 2.4564.00 1.1060.67 229675 1.1660.40 0.48{

22:4v6 0.6460.77 0.2360.14 89.87634.42 0.4560.10 0.06

Fatty acid concentrations are depicted as mean 6SD by their total
concentration (pmol/ml) and as percentual representation (%) of all measured
fatty acids (FA) (n = 28). *p,0.0001 for comparison between plasma and CSF
concentrations of FAs derived from Wilcoxon rank tests; {derived from
Spearman correlation tests between FA concentrations in the two
compartments. {p= 0.01, 1p= 0.001.
doi:10.1371/journal.pone.0041503.t001
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further explored and in this regard our data need to be viewed as

preliminary.

Race
Due to the low number of African-American individuals, race

comparisons were made only between Caucasians and American

Indians (Figure 1). All comparisons were adjusted for age, sex and

body fat. In plasma, American Indians had lower PUFA than

Caucasians while no racial differences were observed for the SAFA

and MUFA fraction. In CSF, no racial differences in any of the FA

fractions were observed.

Adiposity
In plasma the SAFA and MUFA fractions were associated with

percent body fat (r =20.58, P,0.001, r = 0.36, P = 0.04, re-

spectively), while the PUFA fraction was not (r = 0.22, P = 0.22).

The association of SAFA with percent body fat remained

significant after Bonferroni correction (BON: P = 0.02). However,

none of the FA fractions in CSF were associated with adiposity

(data not shown).

Individual Fatty Acid Species and Metabolic Traits
A correlation heatmap of individual FA species in CSF and

plasma with traits of energy expenditure, respiratory quotient

(RQ) and glucose metabolism is shown in Figure 2. Scatter plots

of associations that were significant after Bonferroni correction are

shown in Figure 3. In plasma, despite moderate positive

associations of very-long-chain saturated FAs with 24EE (not

significant after Bonferroni correction), the representations of

individual FA species were not associated with metabolic traits and

no clear correlation clusters with regard to chain length and

degree of saturation of the individual FAs were observed.

However, in CSF FA species showed strong associations with

metabolic traits and this was clustered by chain length and degree

of saturation. SAFAs with increased chain length were associated

with lower SLEEP (a surrogate for resting metabolic rate) but not

with 24EE (Figure 2, 3a and b). This observation is consistent

with the hypermetabolic phenotype in ELOVL3-ablated mice

(which have a lower capacity to produce very-long-chain saturated

FAs) specifically during the resting state [14]. The hypothalamic

melanocortin signaling system is a potential pathway by which

very-long-chain SAFAs may affect energy expenditure. Reduced

Table 2. Group characteristics.

Caucasian
American
Indian

African
American P* Study Group EE Group{ P{

N (male) 15 (9) 13 (7) 4 (1) – 32 (17) 803 (327) –

Age (years) 30.866.5 28.766.4 35.068.6 0.26 30.566.8 29.667.5 0.30

Weight (kg) 99.8621.9 87.2623.2 115.4630.1 0.10 96.6624.5 97.0626.4 0.55

Waist (cm) 109.0617.5 104.9618.5 115.3623.1 0.61 108.0618.3 108.5619.1 0.54

BMI (kg/m2) 34.868.1 32.367.6 37.6612.0 0.50 34.268.3 34.168.9 0.64

PFAT (%) 32.6611.2 31.968.9 31.2613.0 0.97 32.1610.2 31.969.0 0.72

Fasting plasma glucose (mg/dl) 84.769.0
(4.760.5)

82.9610.8
(4.660.6)

88.365.4
(4.960.3)

0.63 84.769.0
(4.760.5)

90.169.0
(5.060.5)

,0.001

2 hour plasma glucose (mg/dl) 115.3623.4
(6.461.3)

124.3650.5
(6.962.8)

109.969.0
(6.160.5)

0.67 118.9634.2
(6.661.9)

122.5630.6
(6.861.7)

0.04

24EE (kcal/day) 22476258 19966352 23816279 0.07 23786321 24046444 0.01

SLEEP (kcal/day) 15726224 13806248 17926155 0.02 15386259 17196327 ,0.01

*P-values for comparison across racial groups were derived from ANOVA. {P-values for comparison between the study group and the EE group were computed by
Student’s t-test. All data are represented as raw unadjusted group mean 6SD. Glucose values in brackets represent glucose concentrations in mmol/l. {This group is
comprised of individuals from an ongoing longitudinal study from our unit with data on energy expenditure. These data were pooled with energy expenditure data
from our study group to allow for adequate inclusion of covariates in regression models; residuals were extracted from this larger group for use in correlation analyses
as described in the Materials and methods section. Glucose values in parentheses are given in SI units (mmol/l). Energy expenditure data derive from 26 individuals of
the study group. BMI: Body mass index, Pfat: percentage of body fat, 24EE: 24 hour energy expenditure, SLEEP: Sleep energy expenditure.
doi:10.1371/journal.pone.0041503.t002

Figure 1. Plasma and CSF fatty acid fractions by race. Percentual
abundance of saturated (SAFA), monounsaturated (MUFA) and poly-
unsaturated (PUFA) fatty acids in plasma (a.) and CSF (b.) are shown for
Caucasian (C) and American Indian (AI) individuals in plasma and CSF.
Diamonds (¤) represent least squared means adjusted for age, sex, and
body fat and error bars indicate 95% confidence interval. *P = 0.01.
doi:10.1371/journal.pone.0041503.g001

CNS Fatty Acids Are Linked to Metabolism
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food intake increases the expression of pro-opiomelanocortin

(POMC) and decreases cocaine and amphetamine-regulated

transcript (CART) in the hypothalamus [38,39]. However, in

the hypermetabolic ELOVL3-ablated mouse model, hypothalamic

expression of POMC and CART were similar to the wild type

despite the lean phenotype and lower food intake [14]. Anorex-

igenic neurons that express POMC and CART project to central

melanocortin receptor (MCR)-expressing neurons. Disruption of

this system leads to hyperphagia and reduced metabolic rates in

mice [40,41]. Additionally, our group has previously shown that

humans with a frameshift or missense mutation in the MC4R gene

have lower metabolic rates [42]. Thus in light of the ELOVL3-

ablated mouse model, it is possible that very-long-chain SAFAs

regulate metabolic rate via inhibition of hypothalamic POMC

expression and MC4R signaling. Region-specific ablation of

ELOVL3 in the CNS in rodents may help elucidate this pathway.

Long-chain MUFAs (palmitoleic and oleic acid) in CSF were

moderately associated (notwithstanding correction for multiple

comparison) with lower 24 h RQ (indicating higher rates of lipid

or protein oxidation) (Figure 2). RQ was measured in 15 minute

intervals but no clear pattern of nocturnal or daytime RQ

measurements were seen when results were examined by

comparing the upper and lower strata (as defined by the median

measurement) of oleic or palmitoleic acid (data not shown).

Although these data did not survive strict Bonferroni correction,

previous human clinical data support this observation. Kien et al.

have shown that a diet intervention with diets high in oleic acid

reduces the RQ [5,43]. In this respect, Cha et al. have

demonstrated that attenuation of central FA synthesis leads to

a rapid increase in skeletal muscle lipid oxidation rates [20].

However, whether diet intervention effects on peripheral substrate

oxidation involve central fatty acid metabolism remains specula-

tive and still awaits exploration.

Finally, palmitoleic and oleic acid were also associated with

lower glucose area under the curve during the OGTT (Figure 2,
3c). These data support the initial hypothesis that central long-

chain MUFAs are linked with peripheral insulin-mediated glucose

utilization and are thus associated with lower blood glucose

concentrations. Stratifying the study group into a high and low

palmitoleic acid (PA) group, Figure 4 A shows that the high PA

group had lower glucose levels during the OGTT, however insulin

levels were not significantly different between the groups (Figure 4
B). Therefore, we calculated the insulin sensitivity index (ISI, see

[44]) which correlated positively with the representation of central

palmitoleic acid (P = 0.02) and oleic acid (P = 0.03), even after

adjustments for age, sex and body fat percentage. These data

indicate that individuals with higher central palmitoleic and oleic

acid may be more insulin sensitive. Indeed, in rodent experiments

the effect of central oleic acid infusion on glucose utilization in

peripheral organs has been demonstrated repeatedly together with

associated increases in hypothalamic expression of anorectic

neuropeptide expression [16,18,19]. In light of our data, these

rodent experiments where single FAs are centrally injected are

crucial to further the knowledge on the potential role of FA species

Figure 2. Correlation heatmap of fatty acid species with metabolic traits. Spearman Correlation Coefficients are represented by color codes
as illustrated in the side panel. CSF: cerebrospinal fluid; 24EE: 24 hour energy expenditure measured in a metabolic chamber; SLEEP: energy
expenditure measured during the sleep phase; RQ: respiratory quotient; GAUC: glucose area under the curve during the oral glucose tolerance test;
*p,0.05, {p,0.01, {p,0.001, #significant after Bonferroni correction.
doi:10.1371/journal.pone.0041503.g002

CNS Fatty Acids Are Linked to Metabolism
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as regulatory messengers in the CNS. However, in these previous

rodent experiments it was possible to inject supraphysiologic

concentrations of individual FAs and measure a specific metabolic

response. We believe our data confirm these studies and expand

on them as we demonstrate associations of FAs in the physiologic

range with metabolic traits. As with the rodent studies, our results

still indicate that specific FAs may serve as signals to control key

aspects of metabolism, but expand on the pool of FAs that may

have a role in regulating each trait. Future human intervention

studies need to test causality of such associations.

Obici et al. have suggested a K+-channel-mediated mechanism

in the CNS for this pathway [18]. To our knowledge, in humans

no data are available on central FAs and glucose concentrations

during an OGTT. However, recent studies have shown positive

associations between circulating palmitoleic acid and insulin

sensitivity and lower incidence of diabetes [2,45]. Chronic

administration of palmitoleic acid in mice also reduced insulin

resistance and hepatic lipid accumulation [46]. Various PUFAs

also correlated with lower GAUC such as arachidonic acid

(20:4v6), the product of the delta-5-desaturase. Although not

shown in neuronal tissues, Borkman et al. have demonstrated

Figure 3. Scatter plots of fatty acids in CSF and metabolic
factors. Erucic acid (C26:0, panel a.) and Lignoceric acid (C24:0, panel
b.) are negatively associated with residuals of energy expenditure
during sleep (SLEEP). SLEEP was adjusted for known confounders as
described in the Statistical analyses section of the Materials and
methods. Panel c. shows the association of palmitoleic acid (C16:1) with
residuals of glucose area under the curve (GAUC). GAUC was adjusted
for age, sex and percent body fat. Bonferroni-corrected p-values were a)
0.004, b) 0.004 and c) 0.02.
doi:10.1371/journal.pone.0041503.g003 Figure 4. Glucose and insulin levels during the OGTT. Glucose

(a.) and insulin (b.) levels are shown over the time course of the OGTT.
Dashed lines and open bars represent individuals with high palmitoleic
acid (PA) in the CSF, full lines and closed bars represent low PA in the
CSF. Groups were defined as PA.0.63 (high) and PA,0.63 (low), where
0.63 is the median of central PA representation. Error bars depict
standard deviation. AUC: area under the curve; *p,0.05; {p,0.01.
doi:10.1371/journal.pone.0041503.g004
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associations between insulin sensitivity and muscle phospholipid-

derived arachidonic acid. These data indirectly support our

observation of a negative association of central abundance of

arachidonic acid with GAUC [47]. In mice, Lam et al. have

demonstrated that under hyperlipidemic conditions hypothalamic

sensing of FAs is required for peripheral glucose homeostasis. This

occurs via coenzyme-A-esterified FAs which activate hypothalamic

K+-channels and recruit vagal efferents to the liver controlling

hepatic glucose production [15]. Together, based on our results

and existing literature, it may be possible that besides central oleic

and palmitoleic acid, central long-chain FAs with a higher degree

of desaturation may also be important candidates for central

regulation of peripheral glucose utilization in humans. Neverthe-

less, we cannot exclude the possibility that a change in metabolism

may itself lead to altered FA representation in the CNS.

One limiting factor of our study is the relatively low number of

study subjects. However, CSF is difficult to obtain thus limiting

sample size of such studies. Furthermore, we measured FA profiles

in CSF and not brain tissue. Thus, conclusions are based on the

assumption that FA in CSF are linked to peripheral metabolic

traits and we therefore can only speculate on brain tissue

concentrations and signal transduction pathways in the brain

tissue itself. It also must be acknowledged that due to the large

number of measurements, lipidomic studies are subject to false

discovery error due to multiple comparisons. Nevertheless, some of

the associations in this analysis were robust to the conservative

Bonferonni correction for multiple comparisons and at the same

time consistent with data previously presented in the literature.

Additionally, the presented data are limited by potential co-

variation of metabolic traits with menstrual cycle state in women

which was not accounted for. It also has to be acknowledged that

the presented data are of cross-sectional nature and thus represent

correlations that do not allow for proof of causality.

Altogether, FA species in the CNS are associated with metabolic

traits such as energy expenditure, plasma glucose and substrate

utilization in humans which is consistent with previous research in

rodents. These data set the ground for future intervention

experiments to test whether central FAs have the potential to

regulate peripheral metabolism in humans or whether the opposite

is the case.
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