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 The global impact of obesity and its comorbidities is 
widespread, signaling a need to identify key metabolic 
targets and molecular mechanisms involved in energy 
balance in response to altered nutrition. One such target 
is the group of  N -acylethanolamines (NAEs), which are en-
dogenous chemical signaling lipids identifi ed as regulating 
lipid metabolism and feeding behavior and, thus, possibly 
important in the etiology of obesity ( 1, 2 ). NAEs are a type 
of endogenous fatty acid amide that contain several types 
of acyl groups linked to the nitrogen atom of ethanolamine 
( 3 ). NAEs are synthesized from fatty acid substrates via in-
testinal phospholipase enzymes  N -acylphosphatidyletha-
nolamine   and  N- acyl phosphatidylethanolamine-specifi c 
phospholipase D ( 3 ). Concentrations of circulating NAEs 
are present at very low levels in tissues and biofl uids due 
to the action of fatty acid amide hydrolase enzyme, which 
degrades NAEs into their fatty acid substrate and ethanol-
amine ( 4 ). Specifi c NAEs, namely arachidonoyl ethanolamide 
(AEA), or anandamide, oleoylethanolamide (OEA), and 
palmitoylethanolamide (PEA), have been demonstrated 
to regulate lipolysis, lipogenesis, and satiety through their 
activation of lipometabolic genes ( 5 ). These pathways are 
primarily mediated by the central nervous system or pe-
riphery by cannabinoid (CB) receptors, CB1 and CB2, 
when bound to anandamide; whereas OEA and PEA as 
PPAR- �  agonists act to activate these genes via PPAR- �  ac-
tivation ( 6, 7 ). Accordingly, understanding the action of 
circulating NAE concentrations on energy balance, and 
whether specifi c fatty acids may alter these concentrations 
in humans, is of considerable interest. 

       Abstract    N -acylethanolamines (NAEs) are endogenous 
lipid-signaling molecules involved in satiety and energetics; 
however, how diet impacts circulating NAE concentra-
tions and their downstream metabolic actions in humans 
remains unknown. Objectives were to examine effects of 
diets enriched with high-oleic canola oil (HOCO) or HOCO 
blended with fl axseed oil (FXCO), compared with a Western 
diet (WD), on plasma NAE levels and the association with 
energy expenditure and substrate oxidation. Using a ran-
domized controlled crossover design, 36 hypercholester-
olemic participants consumed three isoenergetic diets for 
28 days, each containing 36% energy from fat, of which 
70% was HOCO, FXCO, or WD. Ultra-performance liquid 
chromatography    -MS/MS was used to measure plasma NAE 
levels and indirect calorimetry to assess energy expendi-
ture and substrate oxidation. After 28 days, compared with 
WD, plasma oleoylethanolamide (OEA) and alpha-linolenoyl 
ethanolamide (ALEA)   levels were signifi cantly increased 
in response to HOCO and FXCO ( P  = 0.002,  P  < 0.001), re-
spectively. Correlation analysis demonstrated an inverse as-
sociation between plasma OEA levels and percent body fat 
( r  =  � 0.21,  P  = 0.04), and a positive association was observed 
between the plasma arachidonoyl ethanolamide (AEA)/OEA 
ratio and android:gynoid fat ( r  = 0.23,  P  = 0.02), respec-
tively.   Results suggest that plasma NAE levels are upregu-
lated via their dietary lipid substrates and may modulate 
regional and total fat mass through lipid-signaling mecha-
nisms.  —Jones, P. J. H., L. Lin, L. G. Gillingham, H. Yang, 
and J. M. Omar.  Modulation of plasma  N -acylethanolamine 
levels and physiological parameters by dietary fatty acid 
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Board approved all study procedures as the institutional review 
board authority, reference number B2007:071. This clinical study 
is registered with the US National Library of Medicine public tri-
als registry record #NCT00927199. 

 Study design 
 This study, a randomized, single-blind, crossover, controlled-

diet clinical investigation using a 3 × 3 Latin square sequence 
design, consisted of three 29-day phases, each separated by a 4- to 
8-week washout period. Participants were randomized to one of 
three treatment arms per phase:  a ) control, a blend of oils typical 
of a Western diet (WD);  b ) high-oleic canola oil (HOCO); or  c ) a 
1:1 blend of HOCO and fl axseed oil (FXCO). Each participant 
received all treatments during the study. During each treatment 
phase, participants consumed one of these three diets fed at lev-
els commensurate with calculated caloric requirements, consist-
ing of three isoenergetic meals using a 3-day rotation menu, 
which were prepared by the metabolic kitchen at the Richardson 
Centre for Functional Foods and Nutraceuticals of the University 
of Manitoba. Food ingredients were weighed within 0.5 g accu-
racy. Participants’ individual energy requirements for weight 
maintenance were determined using the Miffl in equation ( 17 ) 
and multiplied by an activity factor of 1.7. If a participant’s body 
weight fl uctuated within the fi rst week of the study phase, then 
his or her energy intake was corrected by adjusting the activity 
factor to maintain body weight. Participants consumed their 
breakfast meal under supervision on a daily basis to ensure com-
pliance. The remaining meals were packed for takeaway, and 
empty containers were returned to ensure compliance. Further 
details of the trial design have been previously described ( 16 ). 

 Experimental diets 
 Experimental diets were designed to contain energy levels 

consistent with subjects’ needs and have an identical macronutri-
ent profi le, providing 50% energy as carbohydrate, 15% as pro-
tein, and 35% as fat as described previously ( 16 ). Seventy percent 
of total fat intake was provided by the experimental treatment 
oils:  1 ) control (WD), a blend of nonsalted butter (12%), extra-
virgin olive oil (35%), vegetable lard (35%), and sunfl ower oil 
(>60% linoleic acid [LA]) (18%);  2 ) HOCO, contributing  � 70% 
oleic acid (Canola Harvest HiLo®; Richardson Oilseed Limited, 
Lethbridge, Alberta, Canada); or  3 ) a 1:1 blend of the HOCO 
and FXCO,  � 55%  � -linoleic acid (ALA) and no lignans (Biorigi-
nal Food and Science Corporation, Saskatoon, SK, Canada). Ex-
perimental oils were incorporated into milkshakes at breakfast 
and puddings at lunch and dinner.   Table 2   outlines the fatty acid 
profi le of each experimental diet.   

 Plasma fatty acid composition 
 Fasting blood samples were drawn on days 1 and 29 of each 

phase into BD Vacutainer blood collection tubes (EDTA and 
heparin), then separated into plasma and red blood cells (RBCs) 

 The lipometabolic and feeding behavioral roles of AEA 
and OEA are increasingly well documented as several ani-
mal models have demonstrated the orexigenic and an-
orexigenic properties of AEA and OEA, respectively. In 
mice fed a high-fat diet, hepatic AEA levels were shown to 
increase, stimulating an increase in CB1-mediated fatty 
acid synthesis via upregulated lipogenic gene expression 
resulting in diet-induced obesity (DIO) and fatty liver, 
whereas CB1-defi cient mice were resistant to DIO ( 8 ). In 
contrast, OEA administration has been documented to re-
duce food intake and lower body-weight gain in a dose-
dependent manner through selective activation of PPAR- �  
in high-fat-fed wild-type but not PPAR- � -defi cient mice 
( 7 ). This effect of OEA on feeding behavior and body-
weight gain is also replicated with PEA, but with less po-
tency, potentially through increased leptin sensitivity ( 7, 
9 ). Similarly, overweight/obese T2D patients have in-
creased circulating levels of AEA and 2-arachidonoylglyc-
erol (2-AG), an AEA-related endocannabinoid, as well as 
increased subcutaneous white adipose tissue AEA levels 
confi rming the link between AEA levels and adiposity and 
also suggesting a link between AEA levels and insulin resis-
tance ( 10, 11 ). The reactive roles of endocannabinoids 
and their response to energy balance are well established; 
however, the important impact of diet fat selection as pro-
active precursors to circulating endocannabinoids and 
their role in metabolic control are still widely unknown 
( 12, 13 ). Previous research has confi rmed that a linoleic-
rich diet elevates AEA levels, whereas a diet supplemented 
with n-3 PUFAs DHA and EPA reduced AEA levels along 
with improving metabolic profi les in obese rats ( 14, 15 ). 
For instance, one study indicated that consumption of 
krill oil (2 g/day) over 4 weeks signifi cantly reduced 
plasma 2-AG levels and was directly correlated to the 
plasma n-6/n-3 ratio in obese subjects ( 15 ). However, the 
impact of different dietary fatty acids, from saturated fats 
to polyunsaturated fats, on circulating NAE levels in hu-
mans and their impact on energy metabolism has yet to be 
elucidated. The primary objective of this study was to ex-
amine the effects of specifi c dietary fatty acid consumption 
on plasma NAE concentrations and whether associations 
exist between modulated circulating NAE levels in re-
sponse to diet and shifts in body composition, substrate 
oxidation, and energy expenditure in hypercholesterol-
emic, but healthy, humans. 

 MATERIALS AND METHODS 

 Participant characteristics 
 The design and selection criteria of this study have been 

described elsewhere ( 16 ). Thirty-nine participants (males = 14, 
females = 25), aged 18 to 65 years, were screened and found eligible 
based on inclusion and exclusion criteria as previously described 
( 16 ). Participant baseline characteristics are summarized in 
  Table 1  .  Written informed consent was obtained from all partici-
pants prior to study commencement. The study was conducted 
according to the principles outlined in the Declaration of Hel-
sinki. The University of Manitoba Biomedical Research Ethics 

 TABLE 1. Baseline characteristics of study volunteers   

Anthropometric Measurement All Subjects

Age (y) 48.24 ± 11.88
Body weight (kg) 77.09 ± 16.02
BMI (kg/m 2 ) 28.12 ± 4.49
Body fat (%) 38.01 ± 7.36
FFM (kg) 47.56 ± 10.47
Android (% of fat) 45.81 ± 6.07
Gynoid (% of fat) 42.75 ± 8.98
RMR (kcal/min) 0.812 ± 0.176

Means ± SD (n = 36); baseline characteristics were previously 
published ( 19 ). FFM, fat-free mass; RMR, resting metabolic rate.



Dietary fat alters circulating NAE levels in humans 2657

 Indirect calorimetry measurements 
 Energy expenditure and substrate oxidation were analyzed by 

indirect calorimetry using an open-circuit ventilated canopy 
( V max   Encore software; Summit Technologies Inc., Burlington, 
ON, Canada), recording the rate (l/min) of oxygen consump-
tion (VO 2 ) and carbon dioxide production (VCO 2 ) on 1 day dur-
ing the fi rst week of phase 1 (baseline) and 1 day of the fourth 
week of each phase (phase end points). The detailed indirect 
calorimetry measurement method has been previously described 
( 19 ). Energy expenditure (fasting and postprandial) as well as 
carbohydrate and fat oxidation rates were calculated using re-
corded VO 2  and VCO 2  values (l/min) ( 19 ). 

 Statistical analysis 
 Statistical analysis was performed using SPSS 18.0 (SPSS Inc., 

Chicago, IL). Results are expressed as means ± SEM unless other-
wise noted. Effects of dietary treatment were examined using a 
mixed-model ANOVA procedure with diet, sequence, phase, and 
gender as fi xed factors and participant as the random factor. Sig-
nifi cant treatment effects were examined using Bonferroni post 
hoc tests for multiple comparisons. Pearson correlation analyses 
were conducted to test associations between individual NAE and 
participant characteristics, body composition, substrate oxida-
tion, and energy expenditure in each participant. The strength 
of association of coeffi cient ( r ) was proposed as weak ( r  = 0.1 to 
0.3 or  r  =  � 0.1 to  � 0.3), moderate ( r  = 0.3 to 0.5 or  r  =  � 0.3 to 
 � 0.5), or strong ( r  = 0.5 to 1.0 or  r  =  � 0.5 to  � 1.0). Statistical 
signifi cance was set at  P  < 0.05 for all analyses. 

 RESULTS 

 Participant characteristics 
 Participant baseline characteristics are displayed in  Ta-

ble 1 . Thirty-six participants (male = 13; women = 23, post-
menopausal = 5) completed the entire intervention study. 
Three participants withdrew due to residence relocation 
and work-related issues. Two participants did not com-
plete the indirect calorimetry procedure due to discom-
fort with the ventilated canopy. Participants reported no 
changes in physical activity across the study engagement 

by centrifugation at 3,000 rpm for 20 min at 4°C. Procedures 
used for plasma lipid extraction and plasma fatty acid composi-
tion analysis have been published previously ( 16, 18 ). 

 Plasma  N -acylethanolamine extraction 
 NAE extraction was executed via solid-phase extraction using 

a vacuum manifold (Agilent, Willington, CT) based on the 
method previously described ( 12 ). Plasma samples were blended 
with a mix of 6-deuterium NAE standards. Methanol and deion-
ized water were added to precondition the Oasis HLB 1 cc, 30 mg 
cartridge. Samples were then introduced into a preconditioned 
cartridge followed by washing with 40% methanol and then elut-
ing with acetonitrile. Eluted samples were dried under nitrogen 
and dissolved in acetonitrile. 

 UPLC-MS/MS measurement of NAE concentrations 
 Sample analyses were carried out using a Waters Acquity 

UPLC system coupled to a Quattro micro API mass spectrome-
ter (Waters Corp., Milford, MA). The chromatographic separa-
tion of all NAEs in plasma was achieved using a Kinetex XB-C 18  
column (100 × 2.1 mm, 1.7 µm; Phenomenex, CA) at a fl ow rate 
of 0.2 ml/min. The ultra-performance liquid chromatography-
MS/MS conditions were as previously described ( 12   ). Multiple 
reaction monitoring (MRM) mode was used to monitor the pre-
cursor ion to product ion transition under optimized MS/MS 
conditions. The MRM transitions selected were as previously 
described ( 12 ). Data were acquired and analyzed using Masslynx 
version 4.1 (Waters Corp.). Validation of UPLC-MS/MS measure-
ments, including limits of detection, precision, and accuracy of 
analyzed NAE based on nonextracted standards, was as previ-
ously described in detail ( 12 ). 

 Body composition measurement 
 Body composition of study participants was measured using 

dual-energy X-ray absorptiometry (General Electric Lunar Digi-
tal Prodigy Advance, Madison, WI) on days 1 and 29 of each 
phase to assess percentage of total fat mass, lean body mass, fat-
free mass (lean body mass plus bone mineral content), android 
fat mass, and gynoid fat mass, which in turn was used to deter-
mine android:gynoid fat ratio, as described ( 19 ). Resulting data 
were analyzed with corresponding volume integration software 
(Encore 2005, version 9.30.044; General Electric Lunar Prodigy 
Advance). 

 TABLE 2. Fatty acid profi le of treatment diets        

WD FXCO HOCO

Fatty Acid % Energy g/day % Energy g/day g/day % Energy  

Energy (kcal) 2,500
SFA 11.2 31.2 6.14 5.64 15.7 17.0
 12:0 0.23 0.64 0.13 0.13 0.35 0.37
 14:0 0.93 2.58 0.52 0.50 1.38 1.45
 16:0 6.65 18.5 3.39 3.07 8.53 9.42
 18:0 2.69 7.48 1.51 1.24 3.45 4.19
MUFA 16.1 44.8 15.9 22.9 63.5 44.2
 16:1 0.53 1.48 0.23 0.27 0.75 0.63
 18:1 15.3 42.6 15.3 22.1 61.4 42.6
PUFA 6.49 18.0 12.3 5.74 15.9 34.1
 18:2 n -6 5.97 16.5 4.85 4.84 13.3 13.5
 18:3 n -3 0.45 1.26 7.35 0.78 2.40 20.6
 20:4 n -6 0.02 0.06 0.02 0.02 0.06 0.06
 20:5 n -3 0.00 0.00 0.00 0.00 0.00 0.00
 22:5 n -3 0.00 0.00 0.00 0.00 0.01 0.01
 22:6 n -3 0.00 0.01 0.00 0.00 0.01 0.01

SFA, saturated fatty acid. The macronutrient profi le of the three experimental diets was estimated using FOOD 
PROCESSOR software (version 7.81; Food Processor, Salem, OR).
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 Correlational analysis for all subjects across every treat-
ment (composite group) showed that plasma ALEA con-
centrations were positively associated with those of plasma 
ALA ( r  = 0.54,  r  2  = 0.29,  P  < 0.001) and negatively associ-
ated with plasma PA ( r  =  � 0.20,  r  2  = 0.04,  P  = 0.047), OA 
( r  =  � 0.21,  r  2  = 0.04,  P  = 0.038), AA ( r  =  � 0.39,  r  2  = 0.15, 
 P  < 0.001), and DHA ( r  =  � 0.22,  r  2  = 0.05,  P  = 0.023). 
Plasma LEA levels were negatively associated with those of 
plasma PA ( r  =  � 0.21,  r  2  = 0.04,  P  = 0.026). No other cor-
relations were observed between plasma NAEs and fatty 
acid concentrations. The overall correlational analysis is 
summarized in   Table 3  .   

 Correlations between  N -acylethanolamine levels and body 
composition 

  Table 3  outlines correlations observed between NAE 
concentrations and body composition measurements for 
the composite group. Correlational analysis for the com-
posite group showed an inverse relationship between per-
cent body fat on the fi nal week of treatment and plasma 
OEA concentrations measured on day 29 ( r  =  � 0.21,  r  2  = 
0.04,  P  = 0.036). In addition, plasma AEA concentrations 
at day 29 were moderately negatively associated with per-
cent body fat ( r  =  � 0.31,  r  2  = 0.10,  P  = 0.001) and positively 
associated with lean mass ( r  = 0.33,  r  2  = 0.10,  P  = 0.001) and 
fat-free mass ( r  = 0.33,  r  2  = 0.11,  P  = 0.001) assessed on the 
fi nal days of treatment. Considering regional fat mass, 
plasma AEA concentrations at day 29 exhibited a weak 
negative association with android fat mass ( r  =  � 0.21,  r  2  = 
0.04,  P  = 0.033) and a moderate negative association with 
gynoid fat mass ( r  =  � 0.41,  r  2  = 0.17,  P  < 0.001) measured 
at the end of treatment, while moderately positively associ-
ated with the android:gynoid fat ratio ( r  = 0.33,  r  2  = 0.10, 
 P  = 0.001). Furthermore, plasma AEA/OEA ratio had a weak 

period, as well as no side effects and good tolerance to the 
experimental diets during the study protocol. 

 Plasma fatty acid composition in response to treatment 
 The pattern of plasma fatty acid composition was consis-

tent with the dietary fat compositional data.   Fig. 1   presents 
selected plasma fatty acid concentrations of interest after 
consumption of the three treatment diets.  WD resulted in 
the highest ( P  < 0.001) concentrations of plasma PA and 
LA compared with FXCO and HOCO treatments. Plasma 
AA concentrations were lowest ( P  < 0.001) after consump-
tion of the FXCO treatment compared with HOCO and 
WD. Consumption of HOCO resulted in higher concen-
trations of plasma OA compared with FXCO ( P  < 0.001) 
and WD ( P  < 0.022). Plasma OA concentrations also dif-
fered ( P  < 0.031) between consumption of FXCO and WD 
treatments. Finally, consumption of FXCO resulted in the 
highest ( P  < 0.001) concentrations of plasma ALA and the 
lowest ( P  < 0.01) concentrations of plasma DHA compared 
with HOCO and WD. 

 Plasma  N -acylethanolamine in response to treatment 
   Figure 2   outlines plasma NAE concentrations after con-

sumption of the three treatment diets.  Plasma OEA con-
centrations were higher ( P  = 0.002) after consumption of 
HOCO compared with the other two treatment diets. Con-
sumption of FXCO resulted in higher ( P  < 0.001) concen-
trations of plasma ALEA compared with the other two 
treatment diets. Considering plasma NAE ratios of inter-
est, after consumption of FXCO, plasma ALEA/AEA and 
ALEA/OEA ratios were higher ( P  < 0.001) compared with 
the other two treatment diets. No differences in plasma 
PEA, LEA, AEA, and DHEA concentrations, nor in LEA/
ALEA, DHEA/OEA, and AEA/OEA ratios, were observed 
between the three treatments. 

  Fig.   1.  Selected plasma fatty acid concentrations after consump-
tion of each of the three treatment diets: WD (white bars), FXCO 
(gray bars), and HOCO (black bars). Values are presented as 
means ± SEM (n = 36); mean values with different lowercase letters 
are signifi cantly different between treatment groups ( P  < 0.05) as 
analyzed by mixed-model ANOVA (with the Bonferroni adjust-
ment for multiple comparisons). AA, arachidonic acid; OA, oleic 
acid; PA, palmitic acid  .   

  Fig.   2.  Plasma  N -acylethanolamine concentrations after con-
sumption of each of the three treatment diets: WD (white bars), 
FXCO (gray bars), and HOCO (black bars). Values are presented 
as means ± SEM (n = 36 for all NAEs, except n = 34 for ALEA); 
mean values with different lowercase letters are signifi cantly differ-
ent between treatment groups ( P  < 0.05) as analyzed by mixed-
model ANOVA (with the Bonferroni adjustment for multiple 
comparisons). ALEA,  � -linolenoylethanolamide; DHEA, docosa-
hexaenoylethanolamide; LEA, linoleoylethanolamide  .   
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 TABLE 3. Pearson correlation coeffi cients ( r ) and coeffi cient of determination ( r  2 ) between composite NAE and NAE ratios and multiple variables             

NAE NAE Ratio

Parameter PEA OEA LEA ALEA AEA DHEA AEA/OEA ALEA/OEA DHEA/OEA ALEA/AEA LEA/ALEA

n 108 108 108 103 108 107 — — — — —
PA
  r  � 0.02  � 0.11  � 0.21  a   � 0.20  a   � 0.08 0.01 — — — — —
  r  2 0.00 0.01 0.04 0.04 0.01 0.00
OA
  r 0.01 0.01  � 0.15  � 0.21  a  0.00 0.05 — — — — —
  r  2 0.00 0.00 0.02 0.04 0.00 0.00
LA
  r  � 0.05  � 0.12  � 0.15  � 0.13  � 0.04  � 0.05 — — — — —
  r  2 0.00 0.01 0.02 0.02 0.00 0.00
ALA
  r  � 0.13  � 0.16  � 0.13 0.54  a   � 0.12  � 0.10 — — — — —
  r  2 0.02 0.03 0.02 0.29 0.01 0.01
AA
  r  � 0.06  � 0.10  � 0.16  � 0.39  a   � 0.02 0.06 — — — — —
  r  2 0.00 0.01 0.03 0.15 0.00 0.00
DHA
  r  � 0.12  � 0.14  � 0.19  � 0.22  a   � 0.10 0.17 — — — — —
  r  2 0.01 0.02 0.04 0.05 0.01 0.03
n 102 102 102 97 102 101 102 98 101 98 97
%Fat
  r  � 0.13  � 0.21  a   � 0.17  � 0.03  � 0.31  a  0.08  � 0.07 0.07 0.30  a  0.02 0.04
  r  2 0.02 0.04 0.03 0.00 0.10 0.00 0.00 0.00 0.09 0.00 0.00
%LM
  r 0.09 0.12 0.13  � 0.00 0.33  a   � 0.01 0.17  � 0.00  � 0.08  � 0.05  � 0.18
  r  2 0.00 0.01 0.02 0.00 0.10 0.00 0.03 0.00 0.00 0.00 0.03
%FM
  r 0.09  � 0.10  � 0.06  � 0.01  � 0.11 0.08  � 0.00 0.09 0.21  a  0.02  � 0.05
  r  2 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.05 0.00 0.00
%FFM
  r  � 0.03 0.12 0.13  � 0.00 0.33  a   � 0.01 0.17  � 0.00  � 0.08  � 0.05  � 0.17
  r  2 0.00 0.01 0.02 0.00 0.11 0.00 0.03 0.00 0.00 0.00 0.03
%AF
  r  � 0.08  � 0.16  � 0.11  � 0.00  � 0.21  a  0.09  � 0.05 0.09 0.28  a  0.02 0.05
  r  2 0.00 0.03 0.01 0.00 0.04 0.01 0.00 0.01 0.08 0.00 0.0
%GF
  r  � 0.04  � 0.14  � 0.19  � 0.03  � 0.41  a  0.07  � 0.19 0.04 0.18 0.05 0.09
  r  2 0.00 0.02 0.03 0.00 0.17 0.00 0.04 0.00 0.03 0.00 0.01
A:G
  r  � 0.06 0.00 0.10 0.02 0.33  a   � 0.03 0.23  a  0.03 0.06  � 0.05  � 0.08
  r  2 0.00 0.00 0.01 0.00 0.10 0.00 0.05 0.00 0.00 0.00 0.01
n 102 102 102 97 102 101 102 98 101 98 97
RMREE
  r 0.07 0.06 0.04  � 0.04 0.08 0.14 0.11  � 0.03 0.15  � 0.02  � 0.16
  r  2 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.00 0.02 0.00 0.03
PPEE
  r 0.04 0.02  � 0.00  � 0.05 0.11 0.08 0.15  � 0.03 0.11  � 0.03  � 0.14
  r  2 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.00 0.01 0.00 0.02
TEEE
  r  � 0.07  � 0.10  � 0.11  � 0.01 0.08  � 0.16 0.09  � 0.01  � 0.09  � 0.02 0.05
  r  2 0.00 0.01 0.01 0.00 0.01 0.03 0.01 0.00 0.01 0.00 0.00
n 102 102 102 97 102 101 102 98 101 98 97
RMRFatOx
  r  � 0.09  � 0.12  � 0.13  � 0.07  � 0.17 0.01 0.01 0.00 0.07 0.02  � 0.06
  r  2 0.01 0.01 0.02 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00
PPFatOx
  r  � 0.08  � 0.12  � 0.21  a   � 0.08  � 0.21  a   � 0.04  � 0.02  � 0.01  � 0.00 0.03  � 0.02
  r  2 0.01 0.01 0.04 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00
TEFatOx
  r 0.04 0.03  � 0.10 0.01  � 0.02  � 0.08  � 0.05  � 0.03  � 0.14 0.02 0.08
  r  2 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01
RMRChoOx
  r 0.18 0.22  a  0.21  a  0.07 0.31  a  0.09 0.07  � 0.03 0.01  � 0.04  � 0.04
  r  2 0.03 0.05 0.04 0.00 0.09 0.01 0.00 0.00 0.00 0.00 0.00
PPChoOx
  r 0.14 0.18 0.27  a  0.07 0.37  a  0.11 0.15  � 0.01 0.09  � 0.07  � 0.09
  r  2 0.02 0.03 0.07 0.00 0.14 0.01 0.02 0.00 0.01 0.00 0.01
TEChoOx
  r  � 0.07  � 0.08 0.06  � 0.01 0.05 0.02 0.10 0.03 0.12  � 0.03  � 0.07
  r  2 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00

 AF, android fat; A:G, android:gynoid fat mass; FM, fat mass; GF, gynoid fat; LM, lean mass; PPChoOx, postprandial carbohydrate oxidation; 
PPEE, postprandial energy expenditure; PPFatOx, postprandial fat oxidation; RMRChoOx, resting metabolic rate carbohydrate oxidation; RMREE, 
resting metabolic rate energy expenditure; RMRFatOx, resting metabolic rate fat oxidation; TEChoOx, total energy carbohydrate oxidation; TEEE, 
total energy energy expenditure; TEFatOx, total energy fat oxidation. Values are expressed as Pearson correlation coeffi cients ( r ) and coeffi cients 
of determination ( r  2 ).  

   a P  < 0.05. 
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positive association with android:gynoid fat ratio ( r  = 0.23, 
 r  2  = 0.05,  P  = 0.023), and plasma DHEA/OEA ratio was 
moderately positively associated with percent body fat ( r  = 
0.30,  r  2  = 0.09,  P  = 0.003), fat mass ( r  = 0.21,  r  2  = 0.05,  P  = 
0.031), and android fat mass ( r  = 0.28,  r  2  = 0.08,  P  = 0.005) 
across all diets. However, all correlations were weak to 
moderate with low correlation of determinations. In com-
parison, when treatment-specifi c NAE levels were tested 
against body composition parameters, plasma AEA levels 
exhibited an inverse association between plasma percent 
body fat and gynoid fat ( r  =  � 0.35,  r  2  =  � 0.12,  P  = 0.042; 
 r  =  � 0.44,  r  2  =  � 0.20,  P  = 0.009), as well as a positive as-
sociation between AEA and lean mass, fat-free mass, and 
android:gynoid fat ratio ( r  = 0.33,  r  2  = 0.11,  P  = 0.054; 
 r  = 0.33,  r  2  = 0.11,  P  = 0.054;  r  = 0.37,  r  2  = 0.14,  P  = 0.029) 
with HOCO consumption. However, the inverse association 
between plasma OEA levels and percent body fat observed 
in the composite group was not replicated when tested by 
treatment. Comparatively, similar correlations were ob-
served between plasma AEA levels in response to WD con-
sumption with an inverse association between plasma 
percent body fat and android and gynoid fat ( r  =  � 0.44, 
 r  2  = 0.19,  P  = 0.01;  r  =  � 0.35,  r  2  = 0.12,  P  = 0.04;  r  =  � 0.54, 
 r  2  = 0.29,  P  = 0.001), and a positive association between 
plasma AEA levels and percent lean mass, fat-free mass, 
and android:gynoid fat ratio ( r  = 0.49,  r  2  = 0.24,  P  = 0.003; 
 r  = 0.49,  r  2  = 0.24,  P  = 0.003;  r  = 0.36,  r  2  = 0.13,  P  = 0.04). No 
additional correlations were observed between plasma PAE, 
LEA, ALEA, or DHEA levels, nor LEA/ALEA, ALEA/AEA, 
or ALEA/OEA ratios, and body composition measures across 
the composite group as well as the individual treatments. 

 Correlations between  N -acylethanolamine levels and 
energy expenditure and substrate oxidation 

 Correlational analyses for all subjects across all dietary 
treatments (composite group) failed to reveal any statisti-
cally signifi cant relationship between plasma NAE concen-
trations measured at day 29 and energy expenditure 
measurements assessed by indirect calorimetry on the fi -
nal days of treatment for both the composite and treat-
ment-specifi c groups. For the composite group, plasma 
LEA and AEA concentrations were negatively correlated 
with PPFatOx ( r  =  � 0.21,  r  2  = 0.04,  P  = 0.03;  r  =  � 0.21,  r  2  = 
0.05,  P  = 0.03). Furthermore, it was observed that in re-
sponse to HOCO consumption, a similar moderate inverse 
association was detected between plasma LEA and PPFa-
tOx ( r  =  � 0.34,  r  2  = 0.12,  P  = 0.05) but not in other treat-
ments (  Table 4    ).  Similarly, the inverse association between 
plasma AEA levels and PPFatOx observed in the compos-
ite group was only replicated in the FXCO group ( r  = 
 � 0.41,  r  2  = 0.17,  P  = 0.02) when analyzed separately. Com-
paratively, a moderate inverse association was observed 
between plasma ALEA levels and RMRFatOx and PPFatOx 
( r  =  � 0.37,  r  2  = 0.14,  P  = 0.04;  r  =  � 0.40,  r  2  = 0.16,  P  = 0.03) 
in response to HOCO consumption but was not observed 
in the composite group. 

 For carbohydrate oxidation, RMRChoOx was positively 
correlated with plasma OEA, LEA, and AEA concentrations 
( r  = 0.22,  r  2  = 0.05,  P  = 0.029;  r  = 0.21,  r  2  = 0.04,  P  = 0.035; 

 r  = 0.31,  r  2  = 0.09,  P  = 0.002) in the composite group. Inter-
estingly, a signifi cant moderate to strong positive associa-
tion was demonstrated between RMRChoOx and plasma 
PEA, OEA, LEA, ALEA, and AEA levels in response to 
HOCO consumption ( r  = 0.34,  r  2  = 0.12,  P  = 0.05;  r  = 0.48, 
 r  2  = 0.23,  P  = 0.004;  r  = 0.52,  r  2  = 0.27,  P  = 0.002;  r  = 0.45, 
 r  2  = 0.20,  P  = 0.01;  r  = 0.56,  r  2  = 0.31,  P  = 0.001). The positive 
association between RMRChoOx was also observed with 
plasma AEA levels but only in the FXCO group ( r  = 0.42, 
 r  2  = 0.18,  P  = 0.01). Further, a signifi cant moderate positive 
association was also demonstrated between PPChoOx and 
LEA and AEA levels in the composite group ( r  = 0.27,  r  2  = 
0.07,  P  = 0.007;  r  = 0.37,  r  2  = 0.14,  P  < 0.001). Again, the 
positive association with PPChoOx was further demon-
strated with plasma PEA, OEA, LEA, ALEA, and AEA levels 
in response to HOCO consumption ( r  = 0.41,  r  2  = 0.17,  P  = 
0.02;  r  = 0.48,  r  2  = 0.23,  P  = 0.004;  r  = 0.57,  r  2  = 0.32,  P  < 
0.001;  r  = 0.44,  r  2  = 0.19,  P  = 0.01;  r  = 0.44,  r  2  = 0.19, 
 P  = 0.01) but was only observed in plasma AEA levels in 
response to FXCO consumption ( r  = 0.52,  r  2  = 0.27,  P  = 
0.002). No correlations were observed between plasma 
NAE levels or NAE ratios and thermic effect of food fat 
oxidation or carbohydrate oxidation across all groups. 

 DISCUSSION 

 The major fi nding from this controlled feeding study is 
that circulating NAE concentrations are modulated by the 
type of dietary fat consumed in humans. Specifi cally, con-
sumption of diets enriched in monounsaturated fat (OA) 
from HOCO, or enriched in omega-3 fat (ALA) from 
FXCO, resulted in elevated concentrations of plasma OEA 
and ALEA, respectively. Although this is the fi rst human 
intervention study measuring plasma NAE levels in re-
sponse to different dietary fat interventions, previous ani-
mal studies have been conducted examining similar 
questions. For instance, it has been observed that plasma 
and tissue levels of NAEs in hamsters are modifi ed in re-
sponse to dietary fatty acid composition and are observed 
to specifi cally activate lipid metabolism pathways through 
NAE-regulated mechanisms ( 5 ). Although it has been 
demonstrated that overall high-fat feeding modulates cir-
culating and peripheral NAE levels irrespective of their 
fatty acid composition ( 20, 21 ), the present human study 
shows that different dietary fatty acid compositions are ca-
pable of altering plasma NAE content in a composition-
dependent manner, irrespective of the isoenergetic 
high-fat content (34% energy), which is consistent with 
previous animal studies examining this question ( 5, 13 ). 
In fact, the plasma NAE levels were observed to shift solely 
in response to the type of fatty acid, rather than the quan-
tity of overall dietary fat, suggesting that NAE levels can be 
signifi cantly modulated through dietary fat choice. Fur-
thermore, the pattern of both plasma fatty acid composi-
tion and plasma NAE modifi cations are consistent with the 
fatty acid profi les presented in the individual diets, where 
consumption of the OA-rich HOCO diet stimulated a signifi -
cant increase in circulating OEA levels, while the ALA-rich 
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FXCO diet increased circulating ALEA levels. This associa-
tion is consistent with recent work by Alvheim and colleagues 
( 22 ), in which mice fed a low-fat diet supplemented with 
dietary LA exhibited elevated levels of RBC-phospholipid 
AA, a precursor for AEA and 2-AG synthesis, and thus 
also demonstrated increased levels of liver AEA and 2-AG 
and subsequent weight gain. However, the direct associa-
tion between increased dietary LA within our WD and in-
creasing levels of AA and subsequent AEA levels shown by 
Alvheim et al. ( 22 ) was not observed in our cohort. In fact, 
the PUFA-rich FXCO diet exhibited signifi cantly lower 
plasma AA levels than other treatments, but this did not 
translate into signifi cantly modifi ed plasma AEA levels. To 
our knowledge, shifts in circulating AEA and 2-AG levels 
have only been observed in response to changes in body 
weight or in a comparison between obese and lean hu-
mans ( 23, 24 ). These shifts have not been reported in 
weight-maintained humans as in this study and may not 
necessarily be altered considerably without signifi cant 
changes in body weight or direct feeding of AA to induce 
synthesis of its product, AEA. Based on the response of 
OEA and ALEA levels observed following feeding of OA- 
and ALA-rich diets, these results indicate that NAE synthe-
sis is highly dependent on the availability of its respective 
fatty acid substrate. 

 The second novel fi nding presently is the proposed cor-
relation between plasma NAE levels, body composition, 
and substrate oxidation in humans. A moderate inverse 
relationship was observed between percent body fat and 
plasma OEA concentrations, which is consistent with mul-
tiple previously published reports ( 7, 25 ). It has been de-
scribed that OEA exerts an inhibitory effect on body-weight 
gain due to the role of OEA as an endogenous PPAR- �  
agonist, which regulates the expression of genes involved 
in fatty acid absorption, transport, utilization, storage, and 
energy balance ( 26, 27 ). Previous animal studies have re-
ported that increased levels of OEA demonstrate en-
hanced lipolysis and fatty acid oxidation via simultaneous 
stimulation of PPAR- �  and the upregulation of the respec-
tive lipid catabolic genes, ultimately resulting in a decrease 
in body weight ( 5, 7, 25–27 ). Additionally, activation of 
PPAR- �  via OEA has been shown to increase satiety, result-
ing in decreased food intake and adipose tissue mass, all 
contributing to the effect OEA has on body weight and 
energy balance ( 28, 29 ). However, the present study only ex-
hibited a slight correlation between percent body fat and 
plasma OEA concentrations with no signifi cant change in 
body weight and was only observed in the composite group 
and showed no correlation when analyzed by treatment. 
Further, this slight correlation between OEA and percent 
body fat occurred with no correlations to fat oxidation but 
demonstrated a direct correlation to carbohydrate oxida-
tion along with other NAEs. Most interestingly, plasma 
AEA concentrations were also moderately inversely associ-
ated with percent body, android, and gynoid fat, but di-
rectly associated with lean and fat-free mass, which is an 
atypical correlation between AEA and fat deposition as 
AEA is generally associated with increased adiposity ( 1 ). 
However, when regional fat distribution was analyzed, 
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android:gynoid fat mass ratio showed a stronger positive 
association with AEA levels, as well as the AEA/OEA ratio, 
indicating that although both AEA and OEA levels were 
inversely associated with percent body fat, AEA levels ap-
peared to correlate stronger with android fat distribution 
more so than gynoid fat. Furthermore, a similar trend was 
exhibited with DHEA/OEA and percent android fat, indi-
cating that OEA levels have less affi nity for android fat dis-
tribution when compared with both AEA and DHEA. It 
has been identifi ed that the effect of AEA on weight gain 
can be reduced with the inclusion of dietary EPA and DHA 
and can reduce visceral fat mass in rats ( 15, 30, 31 ), thus 
the observation that DHEA, the NAE-analog of DHA, was 
correlated with android fat deposition more so than OEA 
suggests that circulating OEA levels may contribute to a 
more desirable regional body fat deposition profi le than 
do other NAEs. Moreover, it was also observed that plasma 
NAE levels exhibited a moderate direct correlation with 
carbohydrate oxidation but were inversely correlated with 
fat oxidation, both resting and postprandial, of which 
plasma AEA levels showed the strongest correlation. This 
observation is contradictory to the effects on regional adi-
posity as inverse associations between fat mass and NAE 
levels demonstrated in our cohort would suggest that a direct 
association with fat oxidation exists. However, the oppo-
site is evident with a positive association with carbohydrate 
oxidation and was most pronounced in response to the 
HOCO treatment. This anomaly may be explained with 
the observation that this moderate direct association was 
demonstrated across multiple NAEs, particularly OEA and 
AEA, which typically act as opposite metabolic regulators, 
with OEA linked to lipolysis and AEA to lipogenesis ( 1, 
26 ), suggesting that a factor other than circulating NAEs 
within the HOCO is driving the carbohydrate oxidation 
association in the HOCO treatment. As it has been shown 
in this study that feeding MUFA-rich OA through HOCO 
increases circulating OEA levels and PUFA-rich ALA 
through FXCO increases circulating ALEA levels, it is of 
interest to defi ne whether an LA-rich diet or AA supple-
mentation exacerbates the observed correlations between 
AEA levels and fat deposition and substrate oxidation es-
tablishing a connection between dietary fat type on AEA 
levels with regional adiposity and energetics. 

 Overall, the present results suggest that plasma NAE lev-
els are modifi able by dietary fatty acid type, and, as such, 
the shift in plasma NAE levels acts to induce modest shifts 
in processes that regulate body composition and substrate 
oxidation. However, the mechanisms regulating these ef-
fects, dietary and cellular, require further investigation.  
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