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ABSTRACT: Fatty acid amide hydrolase (FAAH) is an integral membrane enzyme that catabolizes several
bioactive lipids in vivo. Most of the physiological substrates of FAAH characterized to date belong to the
N-acyl ethanolamine (NAE) class of fatty acid amides, including the endocannabinoid anandamide, the
anti-inflammatory lipidN-palmitoyl ethanolamine, and the satiating factorN-oleoyl ethanolamine. We
recently identified a second structural class of fatty acid amides regulated by FAAH in vivo: theN-acyl
taurines (NATs). Global metabolite profiling revealed high concentrations of long chain (gC20) saturated
NATs in the central nervous system (CNS) of FAAH(-/-) mice. Here, we use metabolite profiling to
characterize the FAAH-NAT system in peripheral mouse tissues. Livers and kidneys of FAAH(-/-)
mice possessed dramatic elevations in NATs, which, in contrast to those detected in the CNS, were enriched
in polyunsaturated acyl chains (e.g., C20:4, C22:6). Peripheral NATs rose more than 10-fold within 1 h
following pharmacological inactivation of FAAH and reached levels up to∼5000 pmol/g tissue (C22:6
in kidney), implicating a constitutive and highly active pathway for NAT metabolism in which FAAH
plays an integral part. Interestingly, NATs were found to activate multiple members of the transient receptor
potential (TRP) family of calcium channels, including TRPV1 and TRPV4, which are both expressed in
kidney. The dramatic elevation in endogenous levels of NATs following acute or chronic inactivation of
FAAH, in conjunction with the pharmacological effects of these lipids on TRP channels, suggests the
existence of a second major lipid signaling system regulated by FAAH in vivo.

Once viewed primarily as structural constituents of cell
membranes, lipids are now recognized to also serve valuable
signaling functions in vivo. Like other chemical transmitters,
lipids bind and activate specific protein receptors to produce
their biological effects (1, 2). On the other hand, the hydro-

phobicity of lipids endows them with a unique set of pro-
perties relative to aqueous-soluble small molecules, including
the ability to freely traverse the membrane compartments of
cells and tissues. This latter feature designates metabolic
enzymes with the primary responsibility of regulating the
magnitude and duration of lipid signals in vivo.

The fatty acid amide family of lipid transmitters, which
includes the endogenous cannabinoid anandamide [C20:4
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N-acyl ethanolamine (NAE)1 (3)], the sleep-inducing sub-
stance oleamide (4), the anti-inflammatory factorN-palmitoyl
ethanolamine [C16:0 NAE; (5)], and the satiating signal
N-oleoyl ethanoamine [C18:1 NAE; (6)], is regulated by the
integral membrane enzyme fatty acid amide hydrolase
(FAAH) (7). The genetic (8) or chemical (9) inactivation of
FAAH leads to elevated endogenous levels of fatty acid
amides and concomitant analgesic (10, 11), anxiolytic (9),
anti-depressant (12), sleep-enhancing (13), and anti-inflam-
matory (10, 14, 15) phenotypes, promoting FAAH as a
potential therapeutic target for a range of nervous system
and peripheral disorders (16). Prediction of the systems-wide
impact of acute or chronic FAAH inhibition would benefit
from an understanding of the full inventory of lipid metabo-
lites regulated by this enzyme in vivo.

We recently introduced an untargeted liquid chromatog-
raphy-mass spectrometry (LC-MS) method for character-
izing the global metabolic effects of enzyme inactivation in
vivo (17, 18). We applied this approach, termed discovery
metabolite profiling (DMP), to characterize nervous system
tissues from FAAH(+/+) and (-/-) mice, resulting in the
discovery of a novel structural class of endogenous FAAH
substrates: theN-acyl taurines (NATs). NATs were elevated
more than 10-fold in brains and spinal cords from FAAH-
(-/-) mice and were highly enriched in very long chain
(gC20) saturated acyl chains. These initial studies thus
expanded our appreciation of the endogenous substrate
portfolio of FAAH beyond the well-characterized NAEs and
have raised several provocative questions. For instance, are
NATs confined to the nervous system or do they exist in
other tissues, and if so, are they also under the control of
FAAH at these peripheral sites? Second, does the acute
inactivation of FAAH by chemical inhibitors lead to eleva-
tions in the endogenous levels of NATs? Finally, are NATs
biologically inert metabolites, or alternatively, might they
serve as ligands for specific protein receptors? Here, we
experimentally address each of these questions.

EXPERIMENTAL PROCEDURES

Tissue Isolation and Extraction.A 2:1:1 solution of CHCl3/
MeOH/H2O (8 mL per tissue) was prepared for tissue
extraction. For targeted LC measurements, standards were
also included in this mixture. FAAH(-/-) and (+/+) mice
(3-6 months of age) were sacrificed at the same time of
day and tissues immediately isolated, weighed, placed into
the CHCl3/MeOH/H2O solution, and homogenized using
dounce tissue grinders. Each sample was then centrifuged
at 2500 rpm for 10 min at 4°C in a glass vial. After
centrifugation, the organic (bottom) and aqueous (top) layers
were clearly distinguishable with a layer of insoluble material
between them. The organic layer was carefully removed and
transferred to another vial. The organic layer was concen-
trated under a stream of nitrogen and dissolved in 100µL
of CHCl3 prior to analysis by LC-MS.

Metabolite Analysis by LC-MS. LC-MS analysis was
performed using an Agilent 1100 MSD SL. For the LC
analysis, a Gemini (Phenomenex) C18 column (5µm, 4.6
× 100 mm) was used together with a precolumn (C18, 3.5
µm, 2 × 20 mm). Mobile phase A consisted of 95/5 water/
methanol, and mobile phase B was made up of 60/35/5
2-propanol/methanol/water. Both A and B were supple-

mented with 0.1% ammonium hydroxide as solvent modi-
fiers. The flow rate for each run started at 0.1 mL/min for 5
min, to alleviate the backpressure associated with injecting
CHCl3, followed by a flow rate of 0.4 mL/min for the
duration of the gradient. The gradient started at 0% B and
then linearly increased to 100% B over 60 min followed by
an isocratic gradient of 100% B for 30 min before equilibrat-
ing for 10 min at 0% B. The total analysis time, including 5
min at 0.1 mL/min, was 105 min. MS analysis was performed
with an electrospray source ionization (ESI) interface. The
capillary voltage was set to 3.0 kV and the fragmentor
voltage to 100 V. The drying gas temperature was 350°C,
the drying gas flow was 10 L/min, and the nebulizer pressure
was 35 psi. For untargeted metabolite analysis (DMP), data
was collected using a mass range of 200-1000 Da and each
run was performed using 40µL injections of tissue metabolite
extract. The analysis of the resulting LC-MS data was
performed with the program XCMS (http://metlin.scripps.edu)
(19). Targeted metabolite analysis was performed by isotope-
dilution MS using deuterated NAE and NAT standards, as
described previously (17, 20).

PreparatiVe HPLC Purification of NATs.The metabolite
extracts from five FAAH(-/-) livers were combined for a
single LC purification using a Hitachi 7000 series HPLC.
For the purification, a Gemini C18 column (5µm, 10× 50
mm) from Phenomenex was used. The mobile phase A
consisted of 95/5 water/methanol/0.1% ammonium hydrox-
ide, and mobile phase B was made up of 60/35/5 2-propanol/
methanol/water/0.1% ammonium hydroxide. The gradient
started at 0% B and then linearly increased to 100% B over
60 min followed by an isocratic gradient of 100% B for 20
min at a flow rate of 2.5 mL/min. Fractions (1 per minute)
were collected using a Gilson FC 203B fraction collector.
Fractions containing them/z 410 andm/z 434 ions were
identified by MS analysis. These fractions were then col-
lected, and the solvent was removed using a rotary evapora-
tor. The samples were then dissolved in a minimal amount
of solvent B (200-300 µL) for exact mass and MS/MS
analysis.

Fourier Transform MS (FTMS) Analysis of NATs.High
accuracy measurements were performed in negative ion mode
using a Bruker APEX III (7.0 T) FTMS (Billerica, MA)
equipped with an Apollo electrospray source. The collected
LC fractions were mixed with a collection of small molecule
standards and directly infused at 3µL/min using a Harvard
Apparatus (Holliston, MA) syringe pump. Pneumatic assist
at a backing pressure of 60 psi was used along with an
optimized flow rate of heated counter-current drying gas (300
°C). Ion accumulation was performed using SideKick without
pulsed gas trapping. Data acquisition times of approximately
1 min were used in broadband at them/z range of 200-
2200. Calculated molecular masses for ions generated by the
mixture of small molecule standards were used to internally
calibrate the data.

Tandem MS Analysis of NATs.MS/MS experiments were
performed in negative ion mode using a Micromass QTof-
Micro (Manchester, U.K.) equipped with a Z-spray electro-
spray source and a lockmass sprayer. The source temperature
was set to 110°C with a cone gas flow of 150 L/h, a
desolvation gas temperature of 365°C, and a nebulization
gas flow of 350 L/h. The capillary voltage was set at 3.2 kV
and the cone voltage at 30 V. Collision energy was set at
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40-45 V. Samples were directly infused at 4µL/min using
a Harvard apparatus syringe pump (Holliston, MA). MS/
MS data were collected in centroid mode over a scan range
of 50-500 m/z for acquisition times of 2 min.

Pharmacological Inhibtion of FAAH.FAAH(+/+) mice
were injected with URB597 (10 mg/kg, ip) or vehicle (saline/
emulphor/ethanol, 18:1:1). At given times post-injection,
tissue was isolated and processed as stated above. For 24 h
experiments, URB-597 was injected every 4 h to maintain
FAAH inhibition.

Cellular Expression and Analysis of TRP Channels.CHO
cells were cultured in DMEM/F12 supplemented with 10%
FBS. For expression of the TRP channels, the cells were
transiently transfected (Fugene 6, Roche) with pcDNA5/FRT
containing the ion channel cDNA and a yellow fluorescence
reporter plasmid at a 3:1 ratio, to allow identification of
transfected cells. Cells were plated in 24 well plates.
Experiments were performed 2 days after transfection.
Ratiometric calcium imaging of transiently transfected CHO
cells was performed essentially as described (21). Briefly,
cells were plated in 24 well plates, transiently transfected
with the cDNA, and loaded with Fura-2 acetomethoxy ester
according to manufacturer’s protocol (Molecular Probes).
After loading, the cells were washed with assay buffer
(HEPES-buffered Hanks-balanced salt solution) and fluo-
rescence was measured at excitation wavelengths alternating
between 340 and 380 nm. Following subtraction of back-
ground fluorescence, the ratio of fluorescence at 340 and
380 nm was calculated. All graphs are averaged ratios of
20-40 individual cells. All experiments were performed at
room temperature.

Enzymatic Production of NATs. In a glass vial were added
taurine (4µL, 0.5 M stock, final concentration 20 mM), tissue
lysate (1µg protein/µL final concentration), and PBS(pH
7.4) to a final volume of 99µL. Heat-denatured samples
were placed at 90°C for 5 min and cooled to room
temperature prior to the assay. The assay was initiated by
the addition of arachidonoyl-CoA (1µL, 10 mM stock in
DMSO, final concentration 100µM, Avanti Polar Lipids)
followed by incubation for 60 min at 37°C. The reaction
was quenched with 0.5 N HCl (100µL), and C18:1 NAT (1
uL, 2.5 mM stock in DMSO final concentration 25µM) was
added to the mixture as an internal standard. The lipids were
extracted with a chloroform/methanol solution (2:1, 600µL)
and subseqeuently analyzed by LC-MS to measure the
amount of 20:4 NAT produced. Additional reactions per-
formed in the presence of the FAAH inhibitor URB597 (1
µM) confirmed that FAAH is not responsible for the
enzymatic production of NATs (i.e., by potentially working
in reverse).

RESULTS

DMP Analysis of LiVers from FAAH(+/+) and (-/-)
Mice. In addition to the nervous system, FAAH is also
expressed at high levels in several peripheral tissues in
rodents, including liver, kidney, and testis (7, 14). Of these
peripheral tissues, the liver contains the highest quantity of
FAAH activity, exceeding even the levels of FAAH observed
in brain. We therefore elected to focus our DMP studies on
liver tissues from FAAH(+/+) and (-/-) mice. Metabolite
samples were prepared by organic extraction of freshly

isolated and homogenized livers and subjected to untargeted
LC-MS analysis as described in Experimental Procedures.
Data analysis to identify differentially expressed metabolites
in FAAH(+/+) and (-/-) tissues was carried out using the
XCMS program (19), which computationally aligns and
ratios the mass ion peaks observed in two LC-MS data sets
and then rank-orders the observed differences based on
statistical significance.

Two major groups of lipid metabolites were elevated in
livers of FAAH(-/-) mice which corresponded in mass and
retention time to NAEs and NATs (Figure 1A and Table 1).
Other common classes of lipids were unaltered in these
tissues, including free fatty acids and phospholipids (Table
1). These data sets indicate that the role for FAAH in liver,
as in the CNS, is primarily restricted to the catabolism of

FIGURE 1: Discovery and characterization of polyunsaturated NATs.
(A) Untargeted metabolite profiling of livers from FAAH(+/+)
and (-/-) mice, plotted over a mass range of 200-600 and a
retention time between 20 and 80 min, revealed a striking increase
in the mass ion intensities ratios [(-/-)/(+/+)] of the NAT and
NAE classes of lipids. Two of the largest changes within the NAT
family belonged to metabolites withm/z values of 410 and 434.
Further characterization of these metabolites by (B) ESI-FTMS and
(C) MS/MS identified their structures as polyunsaturated NAT
species containing C20:4 (m/z410) and C22:6 (m/z434) acyl chains
(data only shown for C20:4 NAT). By extension, them/z 386
metabolite was interpreted to represent C18:2 NAT.
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amidated lipids. Interestingly, however, the molecular masses
of liver NATs differed considerably from those observed in
the CNS (17). For example, two of the most intensely
elevated NAT signals in FAAH(-/-) livers corresponded
to them/z ions 410 and 434 (Table 1), neither of which were
elevated in the CNS of FAAH(-/-) mice. These masses
matched those predicted for NATs bearing the polyunsatu-
rated acyl chains C20:4 (arachidonoyl) and C22:6 (docosa-
hexaenoyl), respectively. FTMS and MS/MS measurements
of the m/z 410 ion verified these structural assignments
(Figure 1B,C). Thus, despite performing a similar overall
catabolic function in the CNS and liver, FAAH’s specific
substrate profile appeared to differ in these tissues. To further
explore this premise, we compared the absolute levels of
NATs in the CNS and peripheral tissues of FAAH(-/-)
mice.

Quantitation and Tissue Distribution of NATs.We mea-
sured the absolute levels of NATs in FAAH(+/+) and (-/-)
tissues by isotope-dilution MS (IDMS), where isotopically
labeled standards are added to biological samples to enable
ratiometric quantification of endogenous metabolites (17).
In addition to providing estimates of the absolute concentra-
tions of metabolites, IDMS exhibits increased sensitivity
compared to DMP, owing to the measurement of mass ions
in the targeted mode. We hoped that the enhanced sensitivity
of IDMS would facilitate the characterization of NATs in
FAAH(+/+) livers, where some of these lipids (e.g., C20:4
NAT) were too low in abundance for detection by DMP.
Other peripheral tissues known to express high levels of
FAAH (kidney and testis) were also evaluated to determine
the anatomical distribution of NATs. IDMS experiments were
performed using representative mono- and polyunsaturated
d4-NATs as internal standards (d4-C18:1 NAT and d4-C22:6
NAT, respectively).

NAT species withN-acyl chains ranging from C16 to C24
were identified in liver, kidney, and brain tissues (Figure
2), but not in testis (data not shown). The largest fold changes
in NAT levels between FAAH(+/+) and (-/-) mice were
observed in liver and corresponded to NATs bearing
polyunsaturated acyl chains (C18:2, C20:4, C22:6) (Table
2). These polyunsaturated NATs were found at remarkably
high levels in FAAH(-/-) mice, exceeding 2 nmol/g of
tissue for the C20:4 and C22:6 NATs (Table 2). In contrast,
concentrations of polyunsaturated NATs were at least 50-
fold lower in FAAH(+/+) livers, where the C22:6 NAT was
estimated at 50 pmol/g and the C20:4 NAT remained below
the detection limit (20 pmol/g). Saturated and monounsat-
urated NATs were also elevated in FAAH(-/-) livers, but
were present at lower absolute levels compared to polyun-
saturated NATs (Table 2). Qualitatively similar results were
obtained from kidney tissue, where NATs were elevated
3-37-fold in FAAH(-/-) samples with the highest absolute
levels again being observed for polyunsaturated species
(Table 2). In contrast to these peripheral tissues, FAAH-
(-/-) brains did not possess elevations in polyunsaturated
NATs, instead being enriched exclusively in long chain
saturated and monounsaturated NATs (Figure 2; also see ref
17). The acyl chain distribution of NATs did not correlate
with that of free fatty acids (FFAs) in either livers or brains
of FAAH(-/-) mice (Figure 3), indicating that the distinct
NAT profiles of these tissues were not simply due to
differences in respective fatty acid composition.

NAT LeVels in Mice Treated with a FAAH Inhibitor.The
striking differences in acyl chain distribution of NATs from
brains and livers/kidneys of FAAH(-/-) mice suggested
distinct mechanisms for the production of these lipids in the
CNS and periphery. To further examine this premise, we
compared the accumulation of NATs in tissues from mice
treated with the irreversible FAAH inhibitor URB597 (9).

Wild-type mice were administered URB597 (10 mg/kg,
ip) or vehicle (saline/emulphor/ethanol 18:1:1) for specific
times ranging from 60 min to 12 h, after which tissues were

Table 1: Relative Levels of Representative Lipids Measured by
DMP in Liver Tissue from FAAH (+/+) and FAAH (-/-)a

lipid class
acyl chain

FAAH(-/-)/FAAH(+/+)
liver

NAEs
C16:0 6.4**
C18:1 8.6**
C18:0 3.9**

ceramides
C16:0 1.2
C18:1 1.4

NATs
C18:2 (386) 37.0*
C18:1 (388) 14.3*
C20:4 (410) 42.0**
C22:6 (434) 11.0*

phospholipids
C34:1 PA 0.6
C36:2 PA 0.7
C34:1 PE 0.9
C36:3 PE 0.9
C36:2 PE 0.6
C36:2 PC 0.8
C36:2 PS 0.7

FFAs
C16:0 0.9
C18:1 0.9
C18:0 0.9
C20:4 1.4
C22:6 1.1

a **, p < 0.01.

FIGURE 2: Absolute concentrations and acyl chain distribution of
NATs in tissues from FAAH(-/-) mice. Measurement of the
absolute levels of NATs was performed by targeted profiling [brain
(black bars), liver (white bars), and kidney (hatched bars)]. Note
that, although the distribution of FAAH-regulated NATs in both
the CNS and periphery favors long acyl chains (g C20), their
degrees of unsaturation vary dramatically. In the CNS, FAAH-
regulated NATs are predominantly saturated, while these lipids are
enriched in polyunsaturated chains in the liver and kidney.
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harvested and NAT concentrations measured by IDMS. NAT
levels escalated rapidly in liver and kidney, rising greater
than 35-fold by 1 h following URB597 treatment compared
to vehicle controls (Figure 4). Interestingly, peak concentra-
tions of NATs observed at 2-4 h approached and, in certain

cases, surpassed those observed in FAAH(-/-) tissues (e.g.,
20:4 and 22:6 NAT in kidney). The remarkable rate and
magnitude of accumulation of NATs in both livers and
kidneys of mice following acute inactivation of FAAH
indicates the presence of a tonically active pathway for the
production of these lipids in peripheral tissues.

In contrast, NAT levels in the CNS were largely un-
changed at early time points (e.g., 2 h) following the acute
inhibition of FAAH (Table 3). Extension of the time course
to 24 h with repeated injections every 4 h tomaintain FAAH
inhibition revealed a modest, but significant increase in NATs
in CNS tissues of URB597-treated mice (Table 3). As was
observed previously in FAAH(-/-) mice (17), elevated
NATs in the CNS contained saturated and monounsaturated,
but not polyunsaturated, acyl chains. These results indicate
that NATs in the CNS and periphery are not only distin-
guishable based on their acyl chain composition (saturated
and polyunsaturated, respectively), but also on their rate of

Table 2: Absolute Concentrations (pmol/g) and Ratios of NATs in Liver and Kidney Tissues of FAAH(+/+) and (-/-)Mice (for All Data
Shown,p < 0.01)

liver kidney

FAAH(-/-)
(pmol/g)

FAAH(+/+)
(pmol/g) (-/-)/(+/+)

FAAH(-/-)
(pmol/g)

FAAH(+/+)
(pmol/g) (-/-)/(+/+)

C18:2 741 18 41 632 59 11
C18:1 408 22 19 510 109 5
C18:0 141 20 7 311 92 3
C20:4 2128 20 106 1130 157 7
C22:6 2966 51 58 849 23 37
C22:0 228 20 11 126 12 10
C24:1 217 20 11 112 14 8
C24:0 83 20 4 241 39 6

FIGURE 3: Normalized acyl chain distribution of free fatty acids [FFAs (black bars)] and NATs (white bars) in liver (A) and brain (B)
tissue of FAAH(-/-) mice. Differences between the acyl chain profiles of FFAs and NATs in both the liver and brain indicate that the
NAT distribution in these tissues is not simply correlated with their respective FFA concentrations.

FIGURE 4: Acute inhibition of FAAH with URB597 (10 mg/kg,
ip) leads to rapid accumulation of NATs in the liver (black lines
with square symbols) and kidney (gray lines with inverted triangle
symbols). Data are shown for 20:4 (A) and 22:6 (B) NATs. Mice
treated with vehicle (18:1:1 saline/emulphor/ethanol) showed no
change in their tissue NAT levels (liver, black dashed lines with
triangle symbols; kidney, gray dashed lines with diamond symbols).
Note that the peak NAT concentrations of inhibitor-treated mice
reached and, in certain instances, even surpassed those found in
FAAH(-/-) tissue (e.g., C22:6 NAT at 4 h).

Table 3: Fold Increases in NAE and NAT Levels in Mouse Tissues
Following Acute and Prolonged Inhibition of FAAH with URB597
(10 mg/kg, ip) Compared to Vehicle-Treated Controls

brain liver

2 h 24 ha 2 h 24 ha

NAEs
C16:0 8.0** 13.9** C16:0 3.0 g14*,b

C18:1 9.4** 9.3* C18:1 1.4 g12**
C18:0 2.2 6.2** C18:0 1.3 g8**

NATs
C22:0 1.2 2.1* C18:1 33.9** 20.9**
C24:1 1.2 2.6* C20:4 98.6** 89.1**
C24:0 1.0 1.7 C22:6 28.2** 73.9**

a Prolonged inhibition for 24 h was achieved by administering
URB597 every 4 h tomaintain FAAH inactivation for the duration of
the experiment.b Signals from vehicle-treated controls that fell below
the MS detection limit (5× 104) resulted in fold-changes being reported
asg for these lipids. *,p e 0.05; **, p e 0.01.
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accumulation following FAAH inactivation, which was slow
in the CNS and rapid in the periphery.

EVidence for an Enzymatic Pathway That Produces NATs.
The rapid accumulation of NATs in the liver and kidney of
FAAH inhibitor-treated animals suggested an enzymatic
pathway for the production of these lipids. Structurally related
bile salts are biosynthesized by the enzyme bile acid
coenzyme A (CoA):amino acidN-acyltransferase (BAT) that
conjugates cholyl CoA to glycine or taurine (22). Consistent
with a similar enzymatic pathway for the production of
NATs, a heat-sensitive activity was detected in mouse tissue
extracts for the formation of NATs from fatty acyl CoAs
and taurine (Figure 5). This fatty acyl CoA:taurineN-
acyltransferase activity was predominantly membrane-as-
sociated and most strongly expressed in liver, with lower
levels also being detected in kidney, brain, and testis. On
first glance, it is perhaps somewhat surprising that the levels
of this enzyme activity were not higher in kidney, given that
this organ possessed levels of NATs that were on par if not
higher than liver following FAAH inactivation (Figure 4).
A closer examination of the kinetics of NAT accumulation
in liver and kidney revealed, however, a slight delay in the
latter tissue (Figure 4). This intriguing finding might suggest
that the major site of synthesis for NATs is the liver, with
the accumulation of these lipids in kidney occurring primarily
as a result of transport rather than de novo production at
this organ site. Regardless, these data support the presence
of an enzymatic pathway for NAT biosynthesis based on
the conjugation of fatty acyl-CoAs and taurine in a process
analogous to the generation of bile salts.

NATs ActiVate Members of the TRPV Family of Cation
Channels.Lipids have been identified as ligands for multiple
types of receptors, including G-protein-coupled receptors
(GPCRs) (1, 2), nuclear receptors (23), and ion channels (24).
Fatty acid amides, in particular, have been shown to activate
cannabinoid (CB) receptors (GPCRs) (3), peroxisome pro-
liferation activated receptor alpha (PPARR) (nuclear receptor)
(25), and members of the transient receptor potential (TRP)

family of cation channels (26). Our initial pharmacological
studies with NATs did not reveal any agonist activity for
cannabinoid (GPCR) or nuclear receptors (e.g., PPARs) (data
not shown). In contrast, NATs acted as excellent ligands for
a subset of TRP channels. For example, 20:4 NAT activated
both TRPV1 and TRPV4, but not TRPM8 (Figure 6A).
Concentration-dependence profiles established EC50 values
of 21 µM (3-130 µM, 95% confidence limits) and 28µM

FIGURE 5: Evidence for a fatty acyl CoA:taurineN-acyltransferase activity in mouse tissues. Taurine (20 mM) and arachidonoyl-CoA (100
µM) were combined in the presence of tissue proteomes (100µg, 1 µg/µL) and reacted for 1 h at 37°C. Activities are shown for native
membrane and soluble tissue fractions (black and hatched bars, respectively), as well as their respective heat-denatured controls (white and
gray bars). Preincubation of tissue samples with URB597 (1µM) did not affect the accumulation of NATs, indicating that FAAH does not
participate in this process (data not shown).

FIGURE 6: TRP channel activation by NATs. (A) 20:4 NAT was
tested as an activator of the TRPV1 (black line), TRPV4 (gray line),
and TRPM8 (black-dashed line) ion channels. Channel activation
was measured using a Fura-2-based calcium-imaging assay as
described in Experimental Procedures, where the ratio between the
fluorescence at 340 and 380 nm is reflective of cellular calcium
concentrations. (B) Activation of TRPV1 and TRPV4 by 20:4 FFA
(arachidonic acid), 20:4 NAE (anandamine), and 20:4 NAT (lipids
tested at 20µM). Note that 20:4 NAT, but not 20:4 NAE, activated
TRPV4. FFA was not tested with TRPV1. **,p-valuee 0.01 with
respect to the DMSO control.
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(11-70 µM, 95% confidence limits) for the activation of
TRPV4 and TRPV1 by 20:4 NAT, respectively (see Supple-
mentary Figure 1, Supporting Information). In the case of
TRPV4, activity of 20:4 NAT was comparable to that of
arachidonic acid and superior to that of anandamide, which
did not affect TRPV4 (Figure 6B). Conversely, anandamide
was a potent activator of TRPV1 (EC50 value of 2.2µM),
as has been reported previously (27). Other NATs bearing
saturated or monounsaturated acyl chains also stimulated
TRPV4 (data not shown). These results suggest that the
NAT-TRPV4 interaction depends on the negatively charged
taurine headgroup, but accommodates a wide range ofN-acyl
chains. This latter observation raises the provocative pos-
sibility that NATs could act in concert to activate TRPV
channels in vivo.

DISCUSSION

Individual metabolic enzymes may possess multiple classes
of endogenous substrates in vivo (28). The order of discovery
of these substrates can unduly influence our view of the
primary functions of enzymes. Untargeted profiling methods,
like DMP (17, 18), offer a powerful means to shed these
historical biases and capture a more global view of the
portfolio of physiological substrates of enzymes. Our current
and previous DMP studies of FAAH offer an excellent case
study that speaks to this point. Prior to this work, FAAH
was recognized principally as a regulator of the NAE family
of signaling lipids. The identification by DMP of NATs as
a second class of lipids elevated in the CNS of FAAH(-/-)
mice invoked biochemical functions for this enzyme that
extended beyond the catabolism of NAEs. Here, we explored
this premise further by characterizing NAT metabolism in a
number of central and peripheral tissues from mice with acute
(chemical) or chronic (genetic) disruption in FAAH activity.
The resulting data sets confirm a key role for FAAH in
controlling NAT levels in both the CNS and select peripheral
tissues (e.g., liver, kidney), although some intriguing differ-
ences in these NAT pathways were illuminated.

The NATs regulated by FAAH in the CNS were highly
enriched in long chain saturated and monounsaturatedN-acyl
chains that accumulated very slowly following acute FAAH
inhibition by URB597. In contrast, pharmacological inactiva-
tion of FAAH led to a rapid elevation of polyunsaturated
NATs in the liver and kidney. The extent to which FAAH
exerts tonic control over these polyunsaturated NATs is
perhaps best underscored by noting that the levels of these
lipids rose from barely detectable (sub-20 pmol/g tissue) to
concentrations that approximated, and in some cases sur-
passed, those observed in FAAH(-/-) tissues (∼5000
pmol/g tissue) within 2 h following URB597. Interestingly,
the rate and magnitude of accumulation of NATs in the liver
and kidney of FAAH inhibitor-treated mice compared
favorably to the elevation of NAEs in the CNS of these
animals. Thus, inasmuch as these parameters reflect the
physiological relevance of a substrate-enzyme pair, NATs
may be regarded as equivalent in significance to NAEs when
considering FAAH’s endogenous functions.

Our data also argue for the existence of at least two
distinguishable metabolic pathways for NAT production in
vivo, one in the liver and kidney that displays high
constitutive activity and a preference for polyunsaturated
NATs, and a second in the CNS that is much slower and

selective for saturated members of this lipid class. The rapid
accumulation of polyunsaturated NATs in liver and kidney
following URB597 treatment suggests further that these lipids
are being tonically produced in the periphery, but under strict
catabolic regulation by FAAH. Such endogenous metabolic
tones established by a balance of biosynthetic and degradative
enzyme activities are commonly invoked as a means of
regulating lipid messengers (29), which cannot readily be
stored in vesicles for controlled release. In these circuits,
elevations in “lipid signaling tone” can be achieved by either
increasing biosynthetic output or diminishing degradative
activity. Although the identity of the enzyme(s) responsible
for NAT biosynthesis remains unknown, high levels of an
activity capable of biosynthesizing NATs from fatty acyl-
CoA and taurine were detected in liver. Considering that the
BAT enzyme responsible for bile salt production is also
enriched in liver (30), it is possible that this enzyme may
catalyze the formation of NATs. Consistent with this premise,
human BAT has been shown to formN-acyl glycines when
incubated with fatty acyl CoA substrates in vitro (31). Future
studies with recombinant mouse BAT should clarify whether
this enzyme can catalyze the conjugation of fatty acyl CoAs
and taurine.

Evidence supporting a potential signaling function for
NATs was obtained by screening these lipids against a panel
of receptors and channels. Although NATs did not serve as
ligands for the subset of GPCRs and nuclear hormone
receptors tested in this study, they did activate multiple TRP
channels (TRPV1, TRPV4) with a potency superior to NAEs
in some cases. The activation of TRPV1 and TRPV4 by
NATs is particularly intriguing given that both of these
channels, like the NATs, are present in kidney, where they
have been proposed to play roles in regulation of blood
pressure and osmotic sensation (32, 33). The EC50 values
for activation of TRPV1 and TPRV4 by C20:4 NAT were
28 and 21µM, respectively. Interestingly, the aggregate
estimated concentration of NATs in kidneys from FAAH
inhibitor-treated animals exceeded 10µM (assuming 1 g of
tissue) 1 mL) suggesting that this family of lipids could
achieve levels sufficient to activate TRPV channels in vivo
(at least under conditions of FAAH inactivation). These
findings suggest that further physiological studies of the
FAAH-NAT-TRPV1/4 system in kidney are warranted. In
this regard, it is noteworthy that FAAH inhibitors have been
shown to reduce blood pressure in hypertensive rats (34).
Although these antihypertensive effects were blocked by the
CB1 receptor antagonist AM251, the additional participation
of TRPV receptors cannot be excluded (especially consider-
ing that AM251 increased blood pressure independent of
FAAH inactivation).

In summary, we have used metabolite profiling to bolster
our understanding of the full inventory of biochemical
functions performed by FAAH in vivo. The discovery of
family of polyunsaturated NATs regulated by FAAH in liver
and kidney suggests that this enzyme may regulate peripheral
physiological events in addition to its recognized role as a
terminator of endocannabinoid signaling in the CNS. In
general support of this notion, inactivation of FAAH has been
shown to modulate a number of peripheral processes,
including blood pressure (34) and inflammation (14), and,
at least in certain cases (14), these effects appear to be
independent of CNS involvement. Finally, it is also provoca-
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tive to consider the possibility that polyunsaturated NATs
could serve as substrates for other metabolic enzymes,
including cyclooxygenases (35) and lipoxygenases (36),
which could produce NAT derivatives with unique signaling
functions. Elucidating the contribution of NATs and their
potential secondary metabolites to phenotypes observed in
FAAH-inactivated animals will likely require experimental
strategies to manipulate NAT tone without impacting other
FAAH-regulated pathways (e.g., the NAE-endocannabinoid
system). We describe in the accompanying paper (37) efforts
toward achieving this goal in the form of an engineered
FAAH mutant that shows a selective defect in the hydrolysis
of NATs.
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