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Fatty acid amide hydrolase (FAAH) knockout mice are prone to
excess energy storage and adiposity, whereas mutations in FAAH
are associated with obesity in humans. However, the molecular
mechanism by which FAAH affects energy expenditure (EE)
remains unknown. Here we show that reduced energy expendi-
ture in FAAH−/− mice could be attributed to decreased circulating
triiodothyronine and thyroxine concentrations secondary to re-
duced mRNA expression of both pituitary thyroid-stimulating hor-
mone and hypothalamic thyrotropin-releasing hormone. These
reductions in the hypothalamic-pituitary-thyroid axis were associ-
ated with activation of hypothalamic peroxisome proliferating-ac-
tivated receptor γ (PPARγ), and increased hypothalamic deiodinase
2 expression. Infusion of NAEs (anandamide and palmitoylethano-
lamide) recapitulated increases in PPARγ-mediated decreases in EE.
FAAH−/− mice were also prone to diet-induced hepatic insulin re-
sistance, which could be attributed to increased hepatic diacylgly-
cerol content and protein kinase Cε activation. Our data indicate
that FAAH deletion, and the resulting increases in NAEs, predis-
pose mice to ectopic lipid storage and hepatic insulin resistance by
promoting centrally mediated hypothyroidism.
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N-acylphosphatidylethanolamines (NAPEs) and N-acyletha-
nolamines (NAEs) are nutrient-regulated lipokines that af-

fect energy homeostasis through regulation of satiety and energy
storage, selectively increasing in abundance with high-fat diet
(HFD) feeding (1–7). NAPEs are hydrolyzed to produce diverse
NAE species, which act as ligands for cannabinoid receptor 1
(CB1), G protein-coupled receptor 119 (GPR119), GPR55,
peroxisome proliferating-activated receptor α (PPARα), and
transient receptor potential cation channel subfamily V member
1 to affect appetite, gut hormone release, anxiety, and in-
flammation (8–12). Fatty acid amide hydrolase (FAAH) is the
major enzyme responsible for the degradation of NAEs. An in-
tegral membrane protein, FAAH is expressed predominantly in
the brain, liver, kidney, and intestine (13, 14). Mice lacking
FAAH (FAAH−/− mice) have increased body weight after 12 wk
of HFD feeding, independent of food intake (7) and decreased
energy expenditure (EE) (15). Furthermore, SNPs in the FAAH
gene correlate with obesity in humans (16, 17).
NAEs are lipid-signaling molecules that have diverse physio-

logical effects. Anandamide (AEA), an endocannabinoid and
an endogenous ligand of CB1, is the most well-studied NAE
(11). Inhibition of CB1 promotes EE, leading to decreased body
weight in HFD-fed mice (18). In addition, treatment with the
CB1 inhibitor rimonabant increases oxygen consumption in iso-
lated soleus muscle of obese mice (5).
Because FAAH is expressed in metabolically active tissues and

may be a genetic cause of obesity in humans, we investigated EE
and tissue-specific insulin sensitivity in FAAH−/− and FAAH+/+

mice. To do so, we measured the expression of genes and

hormones known to regulate EE, including PPARγ, proopio-
melanocortin (POMC), and thyroid hormones. Here we show
that FAAH regulates EE via the action of NAEs in the hypo-
thalamus, leading to changes in PPARγ activation and alter-
ations in the hypothalamic–thyroid axis in vivo.

Results
EE Is Decreased in Chow-Fed FAAH−/− Mice. In metabolic cage
studies, EE was lower in 8-wk-old FAAH−/− mice compared with
FAAH+/+ mice (Fig. 1A). An ∼10% decrease in EE was ob-
served during the light cycle when the mice were less active (Fig.
1B), in the absence of changes in locomotor activity (Fig. 1C).
We next investigated the potential role of thyroid hormones in
causing this reduction in whole-body EE and found ∼20–30%
lower concentrations of plasma triiodothyronine (T3) and thy-
roxine (T4) in FAAH−/− mice compared with FAAH+/+ mice
(P < 0.05) (Fig. 1D).
The FAAH expression patterns led us to hypothesize that

alterations in thyroid hormone signaling originate in the brain.
Consistent with centrally mediated hypothyroidism, we found a
50% reduction in thyrotropin-releasing hormone (TRH) mRNA
expression in the hypothalamus (Fig. 1E) and a 60% reduction in
thyroid-stimulating hormone (TSH) mRNA expression in the
pituitary gland (Fig. 1F). We also detected an 11-fold increase in
hypothalamic deiodinase 2 (DIO2) mRNA expression (Fig. 1G).
Because DIO2 is transcriptionally regulated by PPARγ, we in-
vestigated hypothalamic PPARγ activation in these mice. As we
hypothesized, FAAH−/− mice exhibited increased hypothalamic
PPARγ activation, as measured by the increased mRNA of
PPARγ target genes, including glucokinase, glycerol kinase, per-
ilipin, and CCAAT/enhancer-binding protein alpha (CEBPα)
(19–22) (Fig. 1H).
PPARγ also regulates energy metabolism via the melanocortin

system (23), and we observed suppression of hypothalamic POMC
expression in FAAH−/− mice (Fig. 1I). Finally, treatment with
the PPARγ inhibitor GW9662 increased EE in 12-wk-old
FAAH−/− mice by 45%, rescuing the EE phenotype by increasing
expenditure to FAAH+/+ levels (Fig. 1J). CB1 inhibitors pro-
mote EE, leading to decreased body weight in vivo (18); thus, we
postulated that increased activation of CB1 by anandamide
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would be sufficient to decrease EE in FAAH−/− mice. Inhibition
of CB1 by rimonabant was insufficient to rescue the FAAH−/−

phenotype, however (Fig. S1). The EE phenotype was more
pronounced in 12-wk-old chow-fed mice (Fig. 1 A and J).

NAEs Regulate EE. To directly examine whether increases in NAEs
[palmitoylethanolamide (PEA) and AEA] were responsible

for the reduced EE in FAAH−/− mice, we infused WT mice with
PEA or AEA via mini osmotic pumps implanted s.c.. This
treatment resulted in an ∼50–100% increase in circulating con-
centrations of these metabolites, as well as a 20–200% increase
in brain AEA and PEA concentrations, comparable to the dif-
ferences seen in FAAH−/− and FAAH+/+ mice (Fig. S2). The
PEA and AEA infusions decreased EE by 15% and 10%,
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Fig. 1. Energy metabolism and downstream regu-
lation. (A) EE was lower in 8-wk-old FAAH−/− mice
compared with 8-wk-old FAAH+/+ mice. (n = 12 per
group), (B) Average EE was significantly lower dur-
ing the light cycle, but not during the dark cycle, in
FAAH−/− mice compared with FAAH+/+ mice (n = 12
per group), (C) Locomotor activity during metabolic
cage studies was similar in FAAH−/− mice and
FAAH+/+ mice. (n = 12 per group). (D) Plasma T4
and T3 concentrations were lower in FAAH−/− mice
than in FAAH+/+ mice (n = 5–6 per group). (E) Hy-
pothalamic mRNA expression of TRH was lower in
FAAH–/– mice compared with FAAH+/+ mice (n = 8
per group). (F) Pituitary mRNA expression of TSH
was lower in FAAH−/− mice than in FAAH+/+ mice
(n = 5 per group). (G) mRNA expression of DIO2 in
hypothalamus was greater in FAAH−/− mice com-
pared with FAAH+/+ mice (n = 5–6 per group). (H)
mRNA expression of PPARγ gene targets in the
hypothalamus was greater in FAAH−/− mice than in
FAAH+/+ mice (n = 6–7 per group). (I) Hypothalamic
mRNA expression of POMC (n = 20 per group), and
neuropeptide Y (n = 8 per group) were lower in
FAAH−/− mice compared with FAAH+/+ mice, but
that of Agouti-related peptide was similar in the
two groups (n = 16 per group). (J) Inhibition of
PPARγ activity with PPARγ agonist GW9662 re-
stored EE to a greater degree in 12-wk-old FAAH−/−

mice than in 12-wk-old FAAH+/+ mice (n = 4 per
group).
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respectively (Fig. 2 A and D). AEA has been shown to activate
PPARγ in cultured adipocytes (24). Consistent with that finding,
PEA and AEA infusions increased PPARγ activation in the
hypothalamus, as reflected by increased expression of glucoki-
nase, glycerol kinase, and CEBPα (Fig. 2 B and E). Furthermore,
PEA and AEA infusion led to significant increases in hypotha-
lamic DIO2 expression (Fig. 2 C and F). These results demon-
strate that NAEs (PEA and AEA) have the capacity to activate
hypothalamic PPARγ in vivo, resulting in decreased EE.

FAAH−/− Mice Are Prone to Hepatic Steatosis and Hepatic Insulin
Resistance. To assess the effects of FAAH on glucose homeo-
stasis, we fed FAAH−/− and FAAH+/+ mice HFD for 4 wk and
then measured whole-body glucose homeostasis by i.p. glucose
tolerance tests (IPGTTs) and hyperinsulinemic-euglycemic (HE)
clamp studies. For these studies, the mice were matched for body
weight and fat mass (Fig. S3). By limiting high-fat feeding to 4
wk, we were able to study glucose metabolism before divergences
in body weight occurred, as reported previously (7). FAAH−/−

mice displayed mild glucose intolerance, as reflected by higher
plasma glucose concentrations compared with WT mice during
IPGTT (Fig. 3 A and B).
To further examine the mechanisms responsible for glucose

intolerance in these mice, we performed HE clamping in

combination with administration of radiolabeled glucose to as-
sess insulin action in liver, muscle, and adipose tissue. FAAH−/−

mice exhibited greater whole-body insulin resistance compared
with FAAH+/+ mice, as reflected by a 30% reduction in the
glucose infusion rate required to maintain euglycemia during the
HE clamp studies (Fig. 3 C and D) despite similar plasma insulin
concentrations (Fig. 3E). The reductions in whole-body insulin
sensitivity in the FAAH−/− mice could be attributed entirely to
hepatic insulin resistance, as reflected by a higher rate of endog-
enous glucose production during the HE clamp study (Fig. 3F),
resulting in a 45% suppression of glucose production in FAAH−/−

mice, compared with a 90% suppression in FAAH+/+ mice (Fig.
3G). In contrast, there was no difference in insulin-stimulated
peripheral glucose uptake between the groups (Fig. 3H).
To investigate the mechanisms by which FAAH deletion

decreases hepatic insulin sensitivity, we measured hepatic lipid
content and found higher triglyceride and diacylglycerol (DAG)
concentrations in FAAH−/− mice compared with FAAH+/+ mice
(Fig. 4 A and B). In contrast, we found no differences in liver
ceramide content between the two groups (Fig. S4). This in-
crease in hepatic DAG content was associated with a fourfold
increase in protein kinase Cε (PKCε) activation, as reflected by
increased translocation of PKCε to the plasma membrane (Fig.
4C), and impaired insulin-stimulated insulin receptor substrate
2 (IRS-2) tyrosine phosphorylation (Fig. 4D). Taken together,
these data demonstrate that FAAH deletion promotes reductions
in whole-body EE, predisposing FAAH−/− mice to ectopic lipid
(DAG) accumulation in the liver and hepatic insulin resistance.

Discussion
To date, FAAH has been studied mainly for its role in neuro-
biology. Based on its expression in organs central to metabolism,
we hypothesized that FAAH might play a role in energy balance
and glucose homeostasis. Here we describe a previously un-
reported role of FAAH as a central regulator of EE, and propose
a mechanism by which elevated levels of NAEs may exacerbate
diet-induced hepatic insulin resistance through the accumulation
of ectopic lipids in the liver.
In this study, the FAAH−/− mice exhibited reduced whole-

body EE, independent of activity. Given the key role of circu-
lating thyroid hormones in the regulation of whole-body EE,
we measured plasma concentrations of T3 and T4 and found
20–30% reductions in both hormones in FAAH−/− mice com-
pared with FAAH+/+ mice. To determine whether these reduc-
tions in plasma T3 and T4 concentrations were related to primary
hypothyroidism or to central causes, we assessed the pituitary
expression of TSH and hypothalamic expression of TRH. We
found that expression of both TSH and TRH was decreased by
>50% in FAAH−/− mice, implicating a hypothalamic-related
cause of the hypothyroidism in these mice. Recent studies have
demonstrated that increased hypothalamic expression of DIO2
results in local increases in T3 that suppress TRH and TSH (25,
26), and that DIO2 expression is regulated by PPARγ activity
(27). Moreover, AEA has been shown to increase PPARγ activity
in cultured adipocytes (24).
Given that NAEs are substrates for FAAH, we hypothesized

that ablation of FAAH would lead to increases in hypothalamic
NAEs, resulting in activation of PPARγ, increased DIO2 ex-
pression in the hypothalamus, and centrally mediated hypothy-
roidism in FAAH−/− mice. Consistent with this hypothesis, we
found that FAAH−/− mice exhibited increased hypothalamic
PPARγ activity, as reflected by increased hypothalamic expres-
sion of PPARγ-responsive genes, including hypothalamic DIO2.
These findings, along with reductions in whole-body EE, were
recapitulated by chronic infusions of PEA and AEA in C57BL6
WT mice. Finally, pharmacologic inhibition of PPARγ with
GW9662 restored the EE of FAAH−/− mice to WT levels. Al-
though we observed no effect of CB1 inhibition on EE in the
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Fig. 2. Chronic s.c. infusions of NAEs (PEA and AEA) leads to decreased EE.
(A) Chronic PEA infusion decreased EE by 18% compared with vehicle-trea-
ted mice. (B) PEA infusion led to hypothalamic PPARγ activation, as reflected
by increased mRNA expression of glucokinase, glycerol kinase, and CCAAT/
enhancer-binding protein α (CEBPα). (C) PEA infusion led to increased hy-
pothalamic expression of DIO2. (D) AEA infusion decreased EE by 10%
compared with vehicle-treated mice. (E) AEA infusion led to hypothalamic
PPARγ activation, as reflected by increased mRNA expression of glucokinase,
glycerol kinase, and CEBPα. (F) AEA infusion led to increased hypothalamic
expression of DIO2 (Fig. S2).
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FAAH−/− mice, it is possible that a sustained increase in hypo-
thalamic AEA could lead to dysregulation of the CB1 receptor.
Taken together, these data support our hypothesis that the de-
creased EE in FAAH−/− mice can be attributed, at least in part,
to hypothalamic activation of PPARγ from increased levels of
hypothalamic NAEs, which serve as endogenous ligands for
PPARγ, resulting in increased hypothalamic expression of DIO2
and centrally mediated hypothyroidism. These findings are con-
sistent with recent studies demonstrating that mice lacking
PPARγ in neurons had increased EE and that administration of
the PPARγ activator rosiglitazone in the brain led to significant
increases in body weight (28). Along with the effect of PPARγ
activation on the hypothalamic–thyroid axis, it is also possible

that PPARγ mediates some of its effects to modify whole-body
energy metabolism by altering the hypothalamic melanocortin
axis, as reflected by reductions in hypothalamic POMC expres-
sion in FAAH−/− mice (23).
To evaluate the weight-independent effects of FAAH ablation

on tissue-specific insulin sensitivity, we fed age- and weight-
matched FAAH−/− and FAAH+/+ mice a HFD for 4 wk and
performed IPGTT and HE clamp studies before the occurrence
of genotype divergence in weight or fat mass. We found that
deletion of FAAH resulted in mild glucose intolerance associ-
ated with whole-body insulin resistance, as reflected by a 30%
reduction in the glucose infusion rate required to maintain
euglycemia during HE clamp studies. This whole-body insulin
resistance could be entirely attributed to hepatic insulin re-
sistance, as reflected by decreased suppression of endogenous
glucose production during the HE clamp studies.
Previous studies in both rodents and humans have demon-

strated that ectopic deposition of fat in liver associated with
increases in hepatic DAG content and PKCε activation can lead
to hepatic insulin resistance (29–31). Furthermore, knockdown
of hepatic PKCε expression has been shown to protect rats from
diet-induced hepatic insulin resistance (32). Consistent with this
mechanism, we observed a 40% increase in hepatic DAG con-
tent in the FAAH−/− mice, associated with a marked increase in
PKCε activation and a 60% reduction in insulin-stimulated
IRS-2 tyrosine phosphorylation.
In summary, FAAH regulates the termination of endocanna-

binoid and related NAE signaling. By tuning the intricate balance
of NAEs, both circulating and in tissues, FAAH is positioned to
modulate a number of essential cellular processes. Known physi-
ological functions of NAEs include the analgesic and anti-in-
flammatory effects of PEA (33) and the satiating effects of
oleoylethanolamide (3). Expanding on these observations, we
demonstrate the potential role of NAEs in promoting central
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Fig. 3. FAAH−/− mice are prone to diet-induced hepatic steatosis and he-
patic insulin resistance. (A and B) FAAH−/− mice manifested mild glucose
intolerance during an IPGTT after an overnight fast (n = 5–8 per group). (C)
Plasma glucose concentrations in FAAH−/− mice and FAAH+/+mice during the
HE clamp studies (n = 8–9 per group). (D) Glucose infusion rates required to
maintain euglycemia during the HE clamp studies were lower in FAAH−/−

mice than in FAAH+/+ mice (n = 8–9 per group). (E) Plasma insulin concen-
trations were similar in the basal state and clamped state in FAAH−/− and
FAAH+/+mice (n = 8–9 per group). (F) Endogenous glucose production was
similar in the two groups of mice in the basal state and increased in FAAH−/−

mice during the HE clamp studies (n = 8–9 per group). (G) Suppression of
endogenous glucose was more impaired in FAAH−/− mice compared with
FAAH+/+ mice during the HE clamp studies (n = 8–9 per group). (H) Insulin-
stimulated peripheral glucose uptake was similar in FAAH−/− mice and
FAAH+/+ mice during the HE clamp studies (n = 8–9 per group) (Fig. S3).
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Fig. 4. FAAH−/− mice display increased hepatic triglyceride and DAG con-
tent associated with PKCε activation and reduced insulin-stimulated IRS-2
tyrosine phosphorylation on a HFD. (A) Liver triglyceride concentrations
were higher in FAAH−/− mice compared with FAAH+/+ mice after 4 wk of the
HFD (n = 16 per group). (B) Hepatic DAG concentrations were higher in
FAAH−/− mice compared with FAAH+/+ mice as assessed by LC/MS/MS (n = 8
per group). (C) PKCε activity was higher in FAAH−/− mice compared with
FAAH+/+, as reflected by increased PKCε translocation from cytosol (c) to the
plasma membrane (m) (n = 4 per group). (D) Insulin-stimulated IRS-2 tyrosine
phosphorylation was lower in livers of FAAH−/− mice compared with FAAH+/+

mice (n = 3–4 per group) (Fig. S3).
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PPARγ activation, centrally mediated hypothyroidism, and de-
creased whole-body EE. This decrease in whole- body EE in turn
predisposes FAAH−/− mice to ectopic lipid accumulation in the
liver and hepatic insulin resistance. Our data elucidate a unique
mechanism by which NAEs may regulate EE via the hypotha-
lamic–pituitary–thyroid axis.

Methods
Animals. FAAH+/+ and FAAH−/− mice were generated in the B.F.C. laboratory
as described previously (34). Mice were maintained on a standard 12-h/12-h
light–dark cycle in the Yale Animal Resources Center with ad libitum access
to food pellets (2018S; Harlan Laboratories), and water unless indicated
otherwise. All experiments were approved by the Yale University Animal
Care and Use Committee.

LC/MS/MS Analyses.All LC/MS/MS analyses were performed on a benchtop ABI
4000 QTRAP LC/MS/MS system (Applied Biosystems) equipped with a Dionex
UltiMate capillary liquid chromatograph and a Dionex Famos autosampler in
conjunction with a PEAK Scientific gas generator, as described previously (1).

Basal Mouse Studies. Mice were housed under controlled temperature (22 ±
2 °C) and lighting (12-h light/12-h dark) with water and food provided ad
libitum. FAAH+/+ and FAAH−/− mice were fed a regular chow diet (TD2018;
Harlan Teklad). To assess the effect of high-fat feeding on insulin action in
FAAH+/+ and FAAH−/− mice, an HFD (60% calories by fat; Research Diets
D12492) was fed to the mice (age 5–6 wk) for 4 wk. Fat and lean body mass
were assessed by 1H NMR (Bruker BioSpin).

Metabolic Cage Experiments.Micewere allowed to acclimate to the calorimetric
apparatus in individual cages. The Oxymax Comprehensive Minimal Metabolic
Monitoring System (Columbus Instruments) was used to evaluate activity, food
consumption, andEE. EE and respiratory quotient (RQ)were calculated from the
gas-exchange data [EE = (3.815 + 1.232 × RQ) × VO2], with RQ determined as
the ratio of VCO2 to VO2. Activity was measured in both horizontal and vertical
directions using infrared beams to count the beam breaks during the study.
Feeding was measured by recording the difference in scale measurements of
the center feeder from one time point to another. Drinking was assessed with
a computerized system that counted water droplets consumed.

Receptor Inhibitor Studies. After a 24-h basal period and 2 h before the start
of the light cycle, mice were given an i.p. Injection of GW9662 (1 mg/kg),
rimonabant (10 mg/kg), or vehicle. Calorimetry studies were continued for
24 h after injection.

NAE Infusion in Metabolic Cages. A mini-osmotic pump (Alzet) containing PEA
(10 mg/mL) or AEA (2 mg/mL) was implanted s.c. in each animal. NAEs were
infused at a constant rate of 1 μL/h for 7 d. AEA infusions resulted in
a twofold increase in plasma AEA concentrations, whereas PEA infusion
achieved a 50% increase in plasma PEA concentrations (Fig. S2). The mice
were killed after NAE administration, and plasma and hypothalami were
collected for quantitative PCR (qPCR) and hormone measurements.

HE Clamp Studies. HE clamp studies were conducted as described previously
(35, 36). Overnight-fasted mice were continuously infused with [3-3H]glucose
at 0.05 μCi/min over 2 h to assess basal rates of glucose turnover. After in-
fusion of [3-3H]glucose, HE clamp study was conducted for 140 min with
a primed continuous infusion of insulin [Humulin, 21 mU/kg primed over
3 min, 3 mU/(kg-min) infusion rate; Novo Nordisk] and a variable infusion of
20% dextrose to maintain euglycemia (120 mg/dL). [3-3H]glucose was infused
continuously at 0.1 μCi/min to evaluate insulin-stimulated glucose uptake and
endogenous glucose production. Samples were obtained at 0 and 135 min for
evaluation of insulin concentrations. At study completion, mice were anes-
thetized, and tissues were harvested within 3 min with liquid N2-cooled
aluminum tongs and then stored at −80 °C for subsequent analysis.

Biochemical Analysis and Calculations. Plasma glucose concentrations were
analyzed by the glucose oxidasemethod on a YSI 2700 Biochemistry Analyzer.
Plasma insulin concentrations were measured using LINCO RIA kits (Milli-
pore). Plasma [3H]glucose was measured by scintillation counting of ZnSO4/
Ba(OH)2 deproteinized serum, dried to remove 3H2O. Endogenous glucose
production rate was calculated as (rate of total glucose appearance) –

(glucose infusion rate). Tissue DAG and ceramide extraction and analysis
were performed as described previously (37).

Immunoblot Analysis. Membrane and cytosol of liver samples were separated
by centrifugation and assayed for PKCε activation under basal conditions
after a 6-h fast. Membrane and cytosolic proteins were separated by SDS/
PAGE gel and transferred to nitrocellulose membranes. Antibodies against
PKCε (Abcam) were used to determine protein abundance. PKCε found at
the membrane was considered active. Blots were quantified using ImageJ
analysis software (38). IRS-2 tyrosine phosphorylation was assessed after
a 20-min insulin stimulation (3 mg/kg i.p.) in liver protein extracts. IRS-2 was
immunoprecipitated using a polyclonal IRS-2 antibody (Cell Signaling) bound
to protein A/G beads. Proteins were then run on an SDS/PAGE gel and
blotted antibodies against p-tyrosine (Millipore) and monoclonal antibody
against IRS-2 (Millipore) (38).

mRNA Quantification by qPCR. Hypothalamic total RNA was isolated using the
RNeasy Kit (Invitrogen) and used in cDNA synthesis with a reverse-tran-
scriptase kit (Qiagen). Then qPCR was performed as described previously (35)
and normalized to β-actin. Primer sequences are displayed in Table S1.

Statistical Analysis. A two-tailed Student t test was used to test differences
between FAAH+/+ and FAAH−/− mice. Two-way ANOVA was performed to
test multiple effects during the IPGTTs and HE clamp studies. Values are
presented as mean ± SE; P < 0.05 was considered statistically significant.
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