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Abstract

Endocannabinoids (EC) and cannabinoids are very lipophilic molecules requiring the presence of 

cytosolic binding proteins that chaperone these molecules to intracellular targets. While three 

different fatty acid binding proteins (FABP3, 5, 7) serve this function in brain, relatively little is 

known about how such hydrophobic EC and cannabinoids are transported within the liver. The 

most prominent hepatic FABP, liver fatty acid binding protein (FABP1, L-FABP), has high affinity 

for arachidonic acid (ARA) and ARA-CoA—suggesting that FABP1 may also bind ARA-derived 

ECs (AEA, 2-AG). Indeed, FABP1 bound EC with high affinity as shown by displacement of 

FABP1-bound fluorescent ligands and by quenching of FABP1 intrinsic tyrosine fluorescence. 

FABP1 also had high affinity for most non-ARA containing ECs, FABP1 inhibitors, EC uptake/

hydrolysis inhibitors, phytocannabinoids, and less so synthetic cannabinoid receptor (CBR) 

agonists and antagonists. Physiological impact was examined with liver from wild-type (WT) 

versus FABP1 gene ablated (LKO) male mice. As shown by LC/MS, FABP1 gene ablation 

significantly increased hepatic levels of AEA, 2-AG, and 2-OG. These increases were not due to 

increased protein levels of EC synthetic enzymes (NAPEPLD, DAGL) or decreased level of EC 

degradative enzyme (FAAH), but correlated with complete loss of FABP1, decreased SCP2 (8-fold 

less prevalent than FABP1, but also binds ECs), and decreased degradative enzymes (NAAA, 

MAGL). These data indicated that FABP1 is not only the most prominent endocannabinoid and 

cannabinoid binding protein, but also impacts hepatic endocannabinoid levels.
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INTRODUCTION

While brain receptors and enzymes comprising the endocannabinoid system (ECS) are 

increasingly understood, mechanisms whereby the highly hydrophobic endocannabinoids 

(EC) and cannabinoids are solubilized and traffic through brain cytosol to intracellular 

targets for metabolism have only recently been resolved (1–3). Pioneering work by 

Kaczocha, Deutsch, and colleagues demonstrated for the first time that three cytosolic fatty 

acid binding proteins found in brain (i.e. FABP3, FABP5, FABP7) all bind arachidonic acid 

(ARA)-derived EC (AEA, 2-AG) and cannabinoids (4–6). Importantly, pharmacological 

inhibition or ablation of these FABPs found in brain inhibits EC degradation, thereby 

enhancing EC accumulation and physiological action in brain (7–10). Surprisingly, although 

the liver form of fatty acid binding protein (FABP1) is not detectable in brain (11–13), 

nevertheless ablation of FABP1 markedly increases brain EC levels—especially AEA and 2-

AG (13). The proposed mechanism whereby FABP1 gene ablation increases brain AEA and 

2-AG levels is by its ability to bind ARA such that loss of FABP1 decreases hepatic ARA 

clearance, increases serum ARA availability for brain uptake, and increases brain ARA 

substrate for brain synthesis of AEA and 2-AG (13).

How FABP1 gene ablation may impact hepatic EC levels is not known and difficult to 

predict a priori. For example, FABP1 gene ablation inhibits uptake of other fatty acids by 

cultured primary hepatocytes and in vivo (14–16) while FABP1 overexpression enhances 

uptake of such fatty acids as well as ARA (17–20). This would suggest that FABP1 gene 

ablation would decrease hepatic ARA uptake and availability for synthesis of AEA and 2-

AG, opposite to the increased AEA and 2-AG observed in brain of FABP1 gene ablated 

male mice (13). On the other hand, it may be postulated that FABP1 will also binds these 

ECs to enhance their cytosolic trafficking for enzymatic degradation—analogous to the 

impact of ablating/inhibiting FABPs found in brain (7–10). Since FABP1 has high affinity 

for ARA-CoA as well as ARA itself (21), we hypothesize that FABP1 may also bind other 

ARA-containing lipids (AEA, 2-AG), exogenous CB ligands (phytocannabinoids, synthetic 

cannabinoids), EC metabolic inhibitors, and impact hepatic AEA and 2-AG levels.

The work presented herein examined the possibility that FABP1 binds EC and cannabinoids 

through use of recombinant FABP1, quenching of intrinsic FABP1 tyrosine fluorescence, 

and displacement FABP1-bound fluorescent ligands by non-fluorescent EC, cannabinoids, 

and/or inhibitors. Functional significance of FABP1 in regulating hepatic EC levels and 

expression of proteins in the ECS was addressed in livers of wild-type (WT) versus FABP1 

gene ablated (LKO) mice. The data showed that FABP1 has high affinity for ligands 

impacting the ECS. Furthermore, loss of FABP1 (LKO) elicited a sex-dependent increase in 

hepatic levels of AEA and 2-AG.

EXPERIMENTAL PROCEDURES

Materials

Cis-parinaroyl-CoA was synthesized from cis-parinaric acid, obtained from Invitrogen/Life 

Technologies (Grand Island, NY, USA), as described (22). NBD-AEA (NBD-N-

arachidonoylethanolamide or [20-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino] 
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arachidonoylethanolamide) was synthesized by Dr. Shengrong Li and generously provided 

by Drs. Stephen Burgess and Walt Shaw (Avanti Polar Lipids, Alabaster, AL). NBD-stearic 

acid [12-N-methyl-(7-nitrobenz-2-oxa-1,3-diazo)aminostearic acid] was also obtained from 

Avanti Polar Lipids (Alabaster, AL). DAUDA (11-(dansylamino) undecanoic acid) was 

obtained from Cayman Chemical (Ann Arbor, MI). ANS (1-anilinonaphthalene-8-sulfonic 

acid) was from Life Technologies (Grand Island, NY). All reagents and solvents used were 

of the highest grade commercially available.

N-acylethanolamides and 2-monoacylglycerolss (2-MGs)

Unlabeled AEA (n-6 arachidonoylethanolamide), OEA (oleoylethanolamide), PEA 

(palmitoylethanolamide), DHEA (n-3 docosahexaenoylethanolamide), EPEA (n-3 

eicosapentaenoylethanolamide), 2-AG (2-arachidonoylglycerol), 2-OG (2-oleoylglycerol), 

and 2-PG (2-palmitoylglycerol) were purchased from Cayman Chemical (Ann Arbor, MI). 

Deuterated AEA-d4, OEA-d2, PEA-d4, DHEA-d4, EPEA-d4, and 2-AG-d8 were also from 

Cayman Chemical (Ann Arbor, MI).

Phytocannabinoids, synthetic cannabinoids, and inhibitors

The native phytocannabinoids Δ9-tetrahydrocannabinol (Δ9-THC, also called dronabinol, 

psychoactive high affinity CB1 and CB2 agonist) and cannabidiol (non-psychoactive, very 

low affinity CB1 and CB2 indirect antagonist thought to attenuate the action of Δ9-THC) 

were obtained from Cayman Chemical (Ann Arbor, MI). Synthetic cannabinoids obtained 

from Cayman Chemical (Ann Arbor, MI) were as follows: dronabinol (also called Δ9-

tetrahydrocannabinol or Δ9-THC; high affinity CB1 and CB2 agonist), HU-210 (potent CB1 

and CB2 receptor agonist analogue of Δ9-THC), JWH 018 (high affinity CB1 and CB2 

ligand, mildly selective for CB2); Rimonabant high affinity selective CB1 receptor inverse 

agonist), JWH-133 (high affinity, 200-fold selective CB2 agonist), SR-144528 (high affinity 

CB2 inverse agonist), CP55,940 (high affinity non-selective CBR agonist, more potent than 

Δ9-THC). Synthetic cannabinoids that inhibit AEA uptake without affecting AEA hydrolysis 

(AM404), inhibit AEA uptake and weakly inhibit AEA hydrolysis (OMD1, OMD2), or 

inhibit AEA hydrolysis (VDM11) were purchased from Cayman Chemical (Ann Arbor, MI). 

BMS309403, known to bind/inhibit other FABPs (FABP3,4,5,7) was obtained from Cayman 

Chemical (Ann Arbor, MI). SCP2 inhibitors (SCPI1, SCPI3, and SCPI4) were from 

ChemBridge Corporation (San Diego, CA).

Recombinant proteins

Recombinant murine liver fatty acid binding protein (FABP1, L-FABP) (23), murine acyl 

CoA binding protein (ACBP) (24), and human sterol carrier protein-2 (SCP2) (25) were 

obtained as described in the cited papers from our laboratory.

Antibodies

Antibodies to liver proteins were obtained as follows: goat polyclonal anti-acyl-CoA-binding 

protein (ACBP, sc-23474), anti-fatty acid amide hydrolase (FAAH, sc-26427), anti-N-

acylphosphatidylethanolamide phospholipase-D (NAPE-PLD; sc-163117), anti- fatty acid 

transport protein 4 (FATP-4; sc-5834), and liver-type fatty acid binding protein (FABP1, L-
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FABP; sc-16064) from Santa Cruz Biotechnology (Santa Cruz, CA); rabbit polyclonal anti-

monoacylglyceride lipase (MAGL, sc-134789); anti- diacylglycerol lipase α (DAGLα; 

sc-133307); mouse monoclonal anti-N-acylethanolamide-hydrolyzing acid amidase (NAAA; 

sc-100470) from Santa Cruz Biotechnology (Santa Cruz, CA); mouse polyclonal anti-fatty 

acid transport protein 5 (FATP5, ab89008); rabbit polyclonal anti fatty acid transport protein 

2 (FATP2, ab83763) and specific monoclonal anti-mouse heat shock protein-70 (HSP70; 

ab2787) from Abcam (Cambridge, MA); mouse monoclonal glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH, MAB374) from Millipore, Inc (Billerica, MA); rabbit polyclonal 

anti-sterol carrier protein-2 (recognizing 58 kDa SCPx, 15 kDa pro-SCP2, and 13.2 kDa 

SCP2) as described earlier (26).

Direct endocannabinoid binding to cytosolic ‘chaperone’ proteins (FABP1, SCP2, and 
ACBP): intrinsic tyrosine or tryptophan fluorescence

The major liver cytosolic lipidic ligand ‘chaperone’ proteins are each intrinsically-

fluorescent due to the presence of Tyr or Trp residues as follows: Rat FABP1 has three Tyr 

residues but no Trp (27), SCP2 has a single Trp residue but no Tyr (25), and ACBP has four 

Tyr plus two Trp residues (28). Therefore, direct endocannabinoid binding to FABP1 was 

examined by quenching of intrinsic Tyr fluorescence as described earlier (29). Direct 

endocannabinoid (OEA) binding to SCP2 was determined similarly except that binding 

resulted in an increase in intrinsic Trp fluorescence emission when measured as in (25). 

Direct endocannabinoid binding to ACBP was determined similarly as for FABP1 as in (28).

Binding of N-acylethanolamides (NAEs), 2-monoacylglycerols (2-MGs), 
phytocannabinoids, synthetic cannabinoids, and inhibitors to cytosolic chaperone 
proteins (FABP1, SCP2, ACBP): displacement of protein-bound fluorescent ligands by non-
fluorescent ligands

The following fluorescent ligand displacement assays at 24°C were used to further confirm 

and/or determine if the cytosolic lipidic ligand ‘chaperone’ proteins FABP1, SCP2, and 

ACBP also bound non-fluorescent NAEs, 2-MGs, phytocannabinoids, synthetic 

cannabinoids, or inhibitors: i) NBD-stearic acid displacement (26); ii) ANS displacement 

(29); iii) DAUDA displacement (30); iv) cis-parinaroyl-CoA displacement (25,31); and v) 

NBD-AEA displacement analogous to NBD-stearic acid displacement (26). Data were 

corrected for the following blanks/controls: protein only, fluorescent ligand only, fluorescent 

ligand with increasing amount of non-fluorescent ligand, and photobleaching. Ki values 

were calculated from the experimentally-obtained EC50 according to the equation EC50/

[fluorescent ligand] = Ki/Kd using the known Kd values for: i) FABP1 binding NBD-stearic 

acid (Kd = 0.046 ± 0.008 μM), ANS (Kd = 2.5 ± 0.2μM), DAUDA (Kd = 0.464 ± 0.04 μM), 

and cis-parinaroyl-CoA (Kd1=27±4 nM, Kd2=66±8 nM) in the above cited papers; ii) 

FABP1 binding NBD-AEA (Kd = 0.70 ± 0.10 μM) and SCP2 binding NBD-stearate (Kd = 

0.22 ± 0.03 μM) obtained similarly herein (not shown).

Animal care

Experimental protocols for animal use were approved by the Institutional Animal Care and 

Use Committee at Texas A&M University. Wild-type (WT) inbred male and female C57BL/

6NCr mice 8 weeks were obtained, maintained, housed, and fed for an additional 4 weeks on 
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a phytol-free, phytoestrogen-free defined diet exactly as described earlier (13). Mice were 

fasted overnight, anesthetized (ketamine, 100 mg/kg; xylazine, 10 mg/kg), blood collected 

by cardiac puncture, and livers harvested for immediate flash freezing and storage at −80°C. 

Blood was processed to serum for storage at −80 °C. Mice were sentinel monitored quarterly 

and confirmed free of all known rodent pathogens.

N-Acylethanolamide (NAE) and 2-monoacylglycerol (2-MG) quantitation in liver

Following addition of deuterated internal standards, the NAEs and 2-MGs were extracted 

from liver homogenates as in (32) with modifications described in (13). The major N-

acylethanolamides in liver (AEA, OEA, PEA, DHEA, and EPEA) were resolved and 

quantitated by liquid chromatography/mass spectrometry (LC/MS) in the Protein Chemistry 

Laboratory (directed by Dr. Larry Dangott at Texas A&M University) as in (33) modified as 

previously described (13). Individual 2-monoacylglycerols (2-AG, 2-OG, and 2-PG) were 

resolved and quantitated by LC/MS in the Protein Chemistry Laboratory (directed by Dr. 

Larry Dangott at Texas A&M University) also as described earlier (9,13).

QrtPCR to determine liver transcription of genes in the endocannabinoid system and other 
genes impacted by the endocannabinoid system

All procedures to extract total RNA, determine mRNA purity, and perform QrtPCR to 

determine mRNA levels of liver genes were performed analogous to those for brain as 

described earlier (13). The following hepatic mRNA levels were determined: N-

acylphosphatidylethanolamide phospholipase-D (Napepld, Mm00724596_m1); 

diacylglycerol lipase α (Dagla, Mm00813830_m1); diacylglycerol lipase β (Daglb, 

(Mm00523381_m1); fatty acid amide hydrolase (Faah, Mm00515684_m1); N-

acylethanolamide-hydrolyzing acid amidase (Naaa, Mm01341699_m1); 2-monoacylglycerol 

lipase (Mgll, Mm00449274_m1); cannabinoid receptor-1 (Cnr1, Mm01212171_s1); 

cannabinoid receptor-2 (Cnr2, Mm02620087_s1); transient receptor potential cation channel 

subfamily V member 1 (Trvp-1, Mm01246302_m1), Peroxisome Proliferator-Activated 

Receptor Alpha (Ppara, Mm00440939_m1); Peroxisome Proliferator-Activated Receptor 

Beta/Delta (Ppard, Mm00803184_m1); Carnitine Palmitoyltransferase 1A (Cpt1a, 

Mm00550438_m1); Acyl-CoA Oxidase 1 (Acox1, Mm00443579_m1); Sterol Regulatory 

Element Binding Transcription Factor 1 (Srebf1, Mm01138344_m1); Acetyl-CoA 

Carboxylase Alpha (Acaca, Mm01304285_m1); Fatty Acid Synthase (Fasn 
Mm00662319_m1); Adipose Triglyceride Lipase (Pnpla2, Mm00503040_m1); CGI58 

(Abhd5, Mm00470734_m1). Each sample reaction (10μL total volume each) was performed 

in duplicate in 96 well optical reaction plates (Applied Biosystems®, Foster City, CA). The 

mRNA data were normalized to the 18S RNA housekeeping gene. For final calculations, the 

data were made relative to the control mouse group (male WT mice on control diet).

Western blotting to determine liver protein translation products for enzymes and Ooher 
proteins in the endocannabinoid system

Liver post nuclear supernatants (PNS) were subjected to sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE) to resolve proteins for detection and 

quantitation by western blot analysis similarly as described earlier for brain (13). Western 

blotting was performed to determine relative protein levels of: acyl CoA binding protein 
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(ACBP), cannabinoid receptor-1 (CB1), diacylglycerol lipase A (DAGL-A), fatty acid amide 

hydrolase (FAAH), fatty acid binding protein-1 (FABP1), fatty acid transport protein 2 

(FATP-2), fatty acid transport protein 4 (FATP-4), fatty acid transport protein 5 (FATP5), 

heat shock protein-70 (HSP70), 2-monoacylglycerol lipase (MAGL), N-acylethanolamide-

hydrolyzing acid amidase (NAAA), N-acylphosphatidylethanolamide phospholipase-D 

(NAPE-PLD), and sterol carrier protein 2 (recognizing 58 kDa SCPx, 15 kDa pro-SCP2, and 

13.2 kDa SCP2). GAPDH, β-Actin or COX-4 was used as internal loading control. 

Densitometric analysis was performed using ImageJ software (National Institutes of Health, 

Bethesda, MD) to quantify individual protein bands for normalization to loading control as 

in (13). Representative cropped western blots were inserted into figure panels similarly as in 

earlier publications where individual blots were separated by a white line/space.

Statistical analysis

Values are the mean ± standard error of the mean (SEM). One-way analysis of variance 

(ANOVA), followed with the Newman-Keuls post-hoc analysis either with GraphPad 

software (La Jolla, CA) or Sigma Plot software (Systat, San Jose, CA), was used for all 

statistical analyses. P-values of p < 0.05 were considered statistically significant and denoted 

by a * (FABP1 KO vs wild-type) or # (Male vs Female of the same genotype) in the tables 

or figure panels.

RESULTS

Direct binding of endocannabinoids to FABP1

FABP1 exhibits high affinity for arachidonic acid (ARA, C20:4n-6) and its CoA thioester 

(20,21,34). However, it is not known if FABP1 also binds the ARA-containing 

endocannabinoids AEA or 2-AG. To begin to address this issue, direct AEA binding to 

FABP1 was measured by determining its impact on FABP1 intrinsic aromatic amino acid 

(Tyr) fluorescence. AEA decreased FABP1’s intrinsic Tyr fluorescence emission intensity at 

304 nm (Fig. 1A) analogous to that shown by other FABP1 ligands such as oleic acid and 

oleoyl-CoA (27).

Binding of N-acylethanolamides (NAEs) to FABP1: displacement of protein-bound 
fluorescent ligands by non-fluorescent ligands

To further establish the ability of FABP1 to bind NAEs, displacement of FABP1-bound 

fluorescent ligands by native non-fluorescent AEA and other N-acylethanolamides was 

determined.

Since FABP1 binds NBD-stearic acid (26,29) and AEA as well as cannabinoids displace 

NBD-stearic bound by the three major brain FABPs, i.e. FABPs 3, 5, 7 (4,6), the possibility 

that AEA would similarly displace FABP1-bound NBD-stearic acid was examined. 

However, AEA did not displace FABP1-bound NBD-stearic acid (not shown). Likewise, 

although FABP1-bound ANS is displaced by many other FABP1 ligands (fatty acids, 

fibrates, phthalates, and others) (29,35,36), AEA did not displace FABP1-bound ANS (not 

shown). Even FABP1-bound DAUDA, which is displaced by other lipidic ligands (30), was 

only very weakly (13%) displaced by very high AEA concentration (e.g. 9 μM) (not shown). 
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These data suggested that the ethanolamide group of AEA may significantly impact the 

localization of AEA’s arachidonoyl group within the FABP1 binding site as compared to the 

localization of FABP1-bound unesterified fatty acid probes (NBD-stearic acid, DAUDA) or 

even ANS which binds to the FABP1 protein polypeptide chain.

This possibility was addressed using a cis-parinaroyl-CoA displacement assay developed by 

our laboratory (22,25). The cis-parinaroyl-CoA displacement assay has two key advantages 

over the above assays: i) Analogous to the carboxyl of ARA being esterified to the polar 

ethanolamide moiety in AEA, the carboxyl of cis-parinaric acid is esterified to a polar CoA 

group in cis-parinaroyl-CoA (21); ii) Since FABP1 has two cis-parinaroyl-CoA binding sites 

(21), this allowed determination of whether AEA displaced only one or both of the FABP1-

bound cis-parinaroyl-CoAs. Representative cis-parinaroyl-CoA displacement curves showed 

that AEA maximally displaced about 50% of FABP1-bound cis-parinaroyl-CoA (Fig 2A). 

Analysis of multiple FABP1-bound cis-parinaroyl-CoA displacement curves showed that 

FABP1 bound AEA with high affinity, Ki=0.111±0.003 μM (Table 1).

Likewise, FABP1 bound almost all other N-acylethanolamides (NAE) tested. Each of the 

unsaturated NAEs tested (OEA, EPEA, DHEA) displaced FABP1-bound cis-parinaroyl-CoA 

(Fig. 2B,C). Analysis of multiple FABP1-bound cis-parinaroyl-CoA displacement curves 

showed that FABP1 bound the monounsaturated oleic acid-containing ethanolamide (OEA) 

with highest affinity, Ki=0.043±0.004μM (Table 1). The n-3 polyunsaturated fatty acid 

containing ethanolamides, i.e. eicosapentaenoylethanolamide (EPEA) and 

docosahexaenoylethanolamide (DHEA), were also bound but 4–10 fold more weakly as 

shown by Kis of 0.39±0.03 and 0.163±0.004 μM, respectively (Table 1). In contrast, the 

saturated palmitic acid-containing PEA did not displace either FABP1-bound cis-parinaroyl-

CoA or FABP1-bound NBD-AEA (Table 1). Taken together, the FABP1-bound cis-

parinaroyl-CoA and/or NBD-AEA displacement assays established that FABP1 had a single 

binding site for AEA and unsaturated NAEs with affinities in the overall order: OEA > AEA 

> EPEA, DHEA ⋙ PEA.

Binding of native 2-monoacylglycerides (2-MGs) to FABP1: displacement of FABP1-bound 
fluorescent cis-parinaroyl-CoA by non-fluorescent ligands

To determine if FABP1 also binds 2-MGs, the cis-parinaroyl-CoA displacement assay was 

applied as described in Methods.

Not only 2-AG, but 2-monoacylglycerols (2-MGs) such as 2-oleoylglycerol (2-OG) and 2-

palmitoylglycerol (2-PG) displaced FABP1-bound cis-parinaroyl-CoA. 2-AG maximally 

displaced about 50% of FABP1-bound cis-parinaroyl-CoA (Fig 3)—consistent with a single 

site as shown for direct AEA binding above. Likewise, the monounsaturated fatty acid 

containing 2-OG displaced FABP1-bound cis-parinaroyl-CoA to almost similar extent (Fig. 

3). Interestingly, unlike the saturated palmitic acid containing PEA (Table 1), the palmitic 

acid-containing 2-PG displaced FABP1-bound cis-parinaroyl-CoA—albeit not as effectively 

as 2-AG or 2-OG (Fig 3). Analysis of multiple FABP1-bound cis-parinaroyl-CoA 

displacement curves showed that FABP1 bound native non-fluorescent 2-AG with high 

affinity, Ki=0.061±0.001 μM (Table 1). FABP1 also bound 2-OG and 2-PG with high 
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affinity as demonstrated by Kis of 0.040±0.003 μM and 0.070±0.005 μM, respectively 

(Table 1).

In summary, FABP1 bound polyunsaturated fatty acid containing 2-AG, monounsaturated 

fatty acid containing 2-OG, and saturated fatty acid containing 2-PG in the overall order: 2-

OG > 2-AG, 2-PG. This suggested potential roles for FABP1 in reuptake and intracellular 

targeting/degradation of 2-MGs as well as NAEs.

Binding of inhibitors to FABP1: displacement of FABP1-bound fluorescent cis-parinaroyl-
CoA by non-fluorescent inhibitors

While BMS309403 is a synthetic molecule shown to bind and inhibit a variety of FABPs 

including FABP4 (37) as well as FABPs 3,5, and 7 (6,9), it is not known if FABP1 also binds 

BMS309403 and/or possibly other inhibitors employed to manipulate the endocannabinoid 

system. This possibility was examined using the FABP1-bound cis-parinaroyl-CoA 

displacement described in Methods.

BMS309403 maximally displaced FABP1-bound cis-parinaroyl-CoA almost completely 

(Fig 4B)—consistent with BMS309403 displacing cis-parinaroyl-CoA from both of binding 

sites within FABP1 (21). Analysis of multiple displacement curves demonstrated that 

FABP1 has high affinity for BMS309403 as shown by Ki1=0.021±0.001μM, 

Kd2=0.052±0.001μM (Table 1).

Although cellular uptake fatty acids across the plasma membrane appears to be mediated by 

both protein-mediated as well as diffusional mechanisms (38–41), the available evidence 

indicates that endocannabinoid uptake across the plasma membrane is primarily diffusional 

(3,42). Since inhibitors such as AM404, OMDM-1, and OMDM-2 are thought to inhibit 

AEA uptake, the possibility that they might do so by binding to cytosolic chaperones such as 

FABP1 was examined. AM404, OMDM-1, and OMDM-2 all displaced FABP1-bound cis-

parinaroyl-CoA, the maximal extent of displacement approaching about 50% (Fig 4A). 

Likewise, an inhibitor of AEA hydrolysis (VDM11) also maximally displaced about 50% of 

FABP1-bound cis-parinaroyl-CoA (Fig 4A). Analysis of multiple displacement curves 

showed that all of these inhibitors of AEA uptake (AM404, OMDM-1, OMDM-2) or 

hydrolysis (VDM11) were bound with very similar high affinity by FABP1 as shown by Kis 

of 0.04 μM (Table 1).

FABP1 binding of compounds (SCPI1, SCPI3, and SCPI4) that inhibit another potential 

cytosolic endocannabinoid chaperone, i.e. SCP2 (see following sections), was examined 

with NBD-stearate and ANS displacement assays. NBD-stearate and ANS were used 

because of SCPI’s high absorbance in the region of cis-parinaroyl-CoA’s emission. SCPI1 

displaced FABP1 bound NBD-stearate (Fig. 4C, closed dark circles. Ki = 0.35 ± 0.05μM, 

Table 1), but not ANS (Fig. 4D, closed dark circles). In contrast, SCPI4 displaced FABP1 

bound ANS (Fig. 4D, black triangles. Ki=0.033 ± 0.002μM, Table 1), but only displaced 

about 20% FABP1 bound NBD-stearate (Fig. 4C, black triangles). SCPI3 displaced NBD-

stearate more weakly (Ki = 0.9 ± 0.1μM, Table 1).
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In summary, FABP1 bound the general FABP binding inhibitor BMS309403 at both fatty 

acyl-CoA binding sites. In contrast, FABP1 bound the inhibitors of AEA uptake/hydrolysis 

at a single site similar to FABP1 binding only a single NAE or 2-MG. Interestingly, FABP1 

also bound inhibitors (SCPI1, SCPI3, SCPI4) of SCP2, another potential endocannabinoid 

chaperone.

Binding of phytocannabinoids and synthetic cannabinoids to FABP1: displacement of 
FABP1-bound fluorescent cis-parinaroyl-CoA and/or NBD-AEA by non-fluorescent ligands

Since both endocannabinoids (AEA, 2-AG) and cannabinoids bind to CB1 receptors (43), 

the possibility that FABP1 also binds cannabinoids was considered and tested in the cis-

parinaroyl-CoA and NBD-AEA displacement assays.

The phytocannabinoids (THC, cannabidiol) differentially impacted FABP1 bound cis-

parinaroyl-CoA. THC maximally displaced essentially all of FABP1-bound NBD-AEA from 

its single binding site (Fig. 5A, open circles). Likewise, THC maximal displacement of 

FABP1 bound cis-parinaroyl-CoA approached 50% (Fig. 6A)—again consistent with 

displacing cis-parinaroyl-CoA from only one of FABP1’s two binding sites for cis-

parinaroyl-CoA (21). Analysis of multiple displacement curves indicated that THC 

displaced FABP1-bound NBD-AEA with Ki = 1.0±0.2 μM (Table 2). Cannabidiol 

maximally displaced about 50% of FABP1-bound cis-parinaroyl-CoA (Fig 5B). Analysis of 

multiple displacement curves yielded a Ki = 0.167±0.009 μM for cannabidiol (Table 2).

With regards to the synthetic cannabinoids, most much more weakly (Fig. 5C and 5D) or did 

not displace FABP1-bound cis-parinaroyl-CoA or bound NBD-AEA (Fig. 5E), except 

JWH018. One synthetic cannabinoid SR144528 actually increased the fluorescence of 

FABP1-bound NBD-AEA but not bound cis-parinaroyl-CoA (Fig 5E). Analysis of multiple 

displacement curves showed that the synthetic CB1 receptor agonists HU-210 displaced 

FABP1-bound NBD-AEA with Ki=0.85, while the full CB1 and CB2 receptor agonist 

JWH-018 displaced FABP1-bound cis-parinaroyl-CoA with Ki=0.058±0.005 (Table 2). The 

selective central CB1 receptor inverse agonist rimonabant displaced FABP1-bound NBD-

AEA with Ki=2.0±0.4 μM (Table 2). The synthetic cannabinoids that are more selective for 

peripheral CB2 receptor (JWH-133, SR-144528) did not displace either FABP1-bound 

NBD-AEA or bound cis-parinaroyl-CoA (Table 2). The THC mimic CP55,940 more weakly 

displaced FABP1-bound cis-parinaroyl-CoA with Ki=0.99±0.07μM (Table 2).

Taken together, these data showed that FABP1 bound phytocannabinoids and synthetic 

cannabinoids, especially those bound to CB1 receptors, but much less or not those that were 

CB2 receptor selective. This suggested potential roles for FABP1 in hepatic uptake and 

intracellular targeting/degradation of phytocannabinoids and their synthetic agonist and 

antagonist analogues.

FABP1’s Specificity as a Potential Cytosolic NAE and 2-MG ‘Chaperone’: Intrinsic 
Tryptophan and Tyrosine Fluorescence of SCP2 and ACBP

To establish specificity of EC binding to FABP1, the possibility that that these EC are also 

bound by other liver cytosolic ‘chaperones’ of lipidic ligands was examined. SCP2 and 

ACBP share in common with FABP1 the ability to bind fatty acyl CoAs (25), while SCP2 
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and FABP1 both also bind fatty acids (21,44). Therefore, the impact of EC binding on 

intrinsic Trp and Tyr emission of SCP2 (contains 1 Trp, no Tyr) and ACBP (contains 3 Tyr, 

no Trp) was determined as described in Methods.

With regards to SCP2, OEA significantly increased SCP2’s maximal fluorescence emission 

of Trp near 335 nm (Fig. 1B), analogous to the effect of oleoyl-CoA binding on SCP2 Trp 

fluorescence emission (25). With increasing OEA, SCP2 Trp fluorescence emission 

increased to a plateau typical of a saturation binding curve (Fig. 1C). Analysis as described 

in Methods yielded a Kd of 0.39 μM for SCP2 binding OEA. Inhibitors of SCP2 such as 

SCPI1, SCPI3, and SCPI4 as well as the FABP inhibitor BMS309403 displaced SCP2-

bound NBD-stearic acid (Fig. 1D), with Kis of 0.68±0.06 μM, 3.9±0.1 μM, 2.9±0.2μM, and 

5.5 ± 0.5μM for SCPI1, SCPI3, SCPI4, and BMS309403, respectively.

Finally, neither OEA nor AEA quenched ACBP aromatic amino acid fluorescence emission 

of ACBP Tyr (Fig 1F). This was in marked contrast to the impact of another known ACBP 

ligand (oleoyl-CoA) which significantly quenched the intrinsic Tyr fluorescence emission of 

ACBP (Fig. 1E), consistent with earlier studies (28),

Taken together, SCP2 (but not ACBP) also directly bound EC as well as known inhibitors of 

SCP2 and FABPs. This suggested SCP2 as another EC ‘chaperone’ protein in the cytosol 

and potentially a pharmaceutical target.

FABP1 ablation (LKO) elicits sex-dependent increase liver levels of endocannabinoid AEA 
and differentially impacts other NAEs

FABP1 has high affinity for arachidonic acid (ARA, C20:4n-6) which is the precursor of 

ARA-derived AEA (20,21,45). However, as shown herein FABP1 also has high affinity for 

AEA itself which may chaperone AEA and 2-AG to intracellular enzymes for degradation. 

To determine the physiological net effect of these opposite influences on AEA level, LC/MS 

was used to quantitate hepatic AEA and other NAEs in livers of wild-type (WT) and FABP1 

gene ablated (LKO) mice. While all the major NAEs were qualitatively present in livers of 

both WT and LKO mice, quantitative amounts were highly dependent on FABP1 gene 

expression in a sexually dimorphic manner.

Livers of male wild-type (WT) mice had low levels of n-3 polyunsaturated LCFA containing 

NAEs, i.e. AEA (Fig. 6A), DHEA (Fig 6D) or EPEA (Fig 6E), and relatively higher levels 

of OEA (Fig. 6B) and PEA (Fig. 6C). LKO increased hepatic levels of AEA (Fig 6A) and 

EPEA (but not DHEA, Fig. 6D,E), decreased or trended to decrease levels of OEA and PEA 

(Fig 6B,C) in livers of male mice.

In contrast, livers of WT female mice had at least 7-fold lower levels of AEA (Fig 6A) and 

EPEA (Fig 6E) concomitant with higher levels of PEA (Fig 6C) and DHEA (Fig 6D) as 

compared to their WT male counterparts. In female mice, LKO did not alter liver levels of 

AEA, OEA, or EPEA (Fig 6A,B,E), but instead markedly increased that of PEA (Fig 6C) 

while decreasing that of DHEA (Fig 6D).

Taken together, the data showed that WT females had much lower level of the endogenous 

CB receptor agonist AEA, compensated for only in part by higher PEA levels. The much 
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lower level of EPEA in WT females was compensated by much higher level of DHEA. 

Finally, LKO selectively increased the hepatic level of AEA only in males, while increasing 

that of PEA in females.

FABP1 ablation (LKO) elicits sex-dependent increase in liver endocannabinoid 2-AG and 2-
OG

LC/MS resolved and quantitated all three major 2-MGs in liver, with the respective levels 

again highly dependent on FABP1 gene expression in a sexually dimorphic manner.

Wild-type (WT) male mouse livers had at least 10-fold higher levels of the other endogenous 

CB1 receptor agonist 2-AG (Fig 6F) as compared to that of AEA (Fig 6A). WT male liver 

level of 2-OG (Fig 6G) was nearly 8-fold higher than that of 2-AG (Fig 6F) while the level 

of 2-PG (Fig 6H) was similar to that of 2-AG (Fig 6F). LKO significantly increased hepatic 

levels of 2-AG (Fig 6F) and 2-OG (Fig 6G), but not 2-PG (Fig 6H) in males.

Livers of female mice had much higher levels of the endogenous CB receptor agonist 2-AG 

(Fig 6F) and 2-OG (Fig 6G), but not 2-PG (Fig 6H), as compared to WT males. FABP1 gene 

ablation did not further impact the level of 2-AG (Fig 6F) and actually decreased that of 2-

OG (Fig 6G) in livers of female mice. Thus, livers of both WT (and even more so LKO) 

mice had markedly higher levels of the CB agonist 2-AG as compared to the other CB 

agonist AEA. Further, WT females had higher levels of 2-AG and 2-OG as compared to 

males. LKO selectively increased 2-AG and 2-OG levels in livers of males, but not females.

Impact of FABP1 ablation (LKO) on liver protein levels of enzymes in endocannabinoid 
synthesis and degradation

Almost nothing is known about the impact of sex on protein levels of liver enzymes in 

endocannabinoid synthesis or degradation. Western blotting showed that NAPE-PLD was 

not significantly different between WT males and females (Fig. 7A), but that of DAGLα was 

lower in WT females compared to males (Fig. 7B). Although LKO did not alter NAPEPLD 

in either sex (Fig. 7A), DAGLα was decreased by LKO mice in both sexes (Fig. 7B).

With regards to enzymes for endocannabinoid degradation/hydrolysis (FAAH, NAAA), 

western blotting showed that FAAH was significantly higher in the females vs. males (Fig. 

7C) and NAAA was lower in females (Fig. 7D) while MAGL did not differ (Fig 7E). LKO 

had no impact of FAAH in either sex (Fig. 7C), decreased NAAA in males (Fig. 7D), and 

decreased MAGL in both sexes (Fig. 7E).

Overall, these data indicated that the higher levels of AEA and 2-AG (along with higher 

potentiating ‘entourage’ 2-OG) in livers of male FABP1 gene ablated mice were not 

associated with increased protein levels of the respective endocannabinoid synthetic 

enzymes (NAPEPLD, DAGLα). While the higher AEA level in LKO males was not 

associated with any decreased protein level of the major AEA degradative/hydrolytic 

enzyme FAAH, it was associated in part to decreased level of the less prevalent NAAA. In 

contrast, higher 2-AG in LKO males was associated with decreased protein level of 2-AG 

degradative/hydrolytic enzyme MAGL.
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Effect of FABP1 gene ablation (LKO) on liver protein levels of membrane transport/
translocase proteins involved in arachidonic acid (ARA) uptake

Three membrane associated proteins (FATP2, FATP4 and FATP5) facilitate translocation/

uptake of long chain fatty acids such ARA in liver (46). Western blotting of liver 

homogenates from WT male and female mice showed that males did not differ from females 

in liver level of FATP2 (Fig 8B), but females had higher protein levels of FATP4 and FATP5 

(Fig 8A,C). LKO had no impact on any of these membrane fatty acid translocase/transport 

proteins localized in either the plasma membrane FATP5 (Fig 8A) or in intracellular 

membranes, FATP2 or FATP4 (Fig. 8B,C).

These data indicate that the overall higher level of total ARA-containing ECs (AEA + 2-AG) 

in female livers as compared to males was associated at least in part with higher protein 

levels of membrane fatty acid transporters/translocases involved in hepatic ARA uptake. In 

contrast, the FABP1 gene ablation-induced increase in liver AEA and 2-AG levels in males 

was not associated with higher expression of membrane proteins involved in ARA uptake. 

LKO did not further affect liver levels of these proteins in females.

Impact of FABP1 gene ablation (LKO) on liver protein levels of cytosolic ARA, AEA, and 2-
AG ‘chaperone’ proteins

Liver expresses at least three cytosolic proteins involved in the uptake and intracellular 

chaperoning of fatty acids such as ARA and their CoA thioesters: FABP1 (21), sterol carrier 

protein-2 (SCP2) (25), and ACBP (28). Two of these (FABP1, SCP2), but not ACBP, also 

bind and potentially chaperone endocannabinoids (e.g. AEA, 2-AG) to/from sites of 

synthesis and degradation (Table 1, Figs. 1–3). In addition, liver also expresses one other 

known endocannabinoid binding/chaperone protein, i.e. HSP70 (47). Therefore, quantitative 

western blotting was performed as described in Methods to determine the impact of sex and 

FABP1 gene ablation on these hepatic proteins.

Liver cytosolic ‘chaperone’ levels were differentially expressed in males vs females. On a 

ng/μg liver protein basis, hepatic levels of FABP1 (Fig. 8D) and SCP2 (Fig. 8E) were lower 

in females than males. In contrast, liver protein levels of ACBP and HSP70 did not differ 

between the sexes (Fig. 8F,G). Consequently, the quantitative pattern of chaperone 

expression in males (FABP1, HSP70, ACBP > SCP2) differed somewhat from that in 

females (ACBP > FABP1, HSP70 > SCP2).

LKO resulted in complete loss of FABP protein in both males and females as expected (Fig. 

8D). Loss of FABP1 was not compensated for by concomitant upregulation of SCP2, ACBP, 

or HSP70 in either males or females (Fig. 8E,F,G). Instead, hepatic protein levels of SCP2 

were significantly decreased (Fig. 8E) in male LKO livers. In contrast, hepatic protein levels 

of SCP2, ACBP, and HSP70 were not significantly altered by FABP1 gene ablation (Fig. 

8E–G) in female mice.

Taken together, these data showed that on a protein mass basis the livers of male WT mice 

expressed much higher levels of EC binding proteins (FABP1, HSP70 > SCP2) as compared 

to females. This in turn correlated with male livers having lower basal levels of total ARA-

containing ECs (AEA + 2-AG) as well as non-ARA-containing ECs (2-OG, PEA) (Fig. 6). 
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By analogy, reduction of cytosolic EC chaperones in brain is known to reduce EC 

degradation/hydrolysis to thereby raise brain EC levels (7–9). Since LKO decreased (males) 

or did not alter (females) protein levels of other hepatic EC chaperone proteins, the total loss 

of cytosolic EC binding/chaperone capacity was much greater in livers of male than female 

LKO mice. This in turn correlated with marked upregulation of ECs (AEA, 2-AG) and 

potentiating non-ARA containing NAEs and 2-MGs (Fig. 6) in males, but not females.

Effect of FABP1 gene ablation (LKO) on liver protein level of the major cannabinoid 
receptor, CB1

While present at lower levels than in brain, nevertheless liver expresses the endocannabinoid 

receptor CB1 (hepatocytes), but only very low level of CB2 (Kuppfer cells) (1,48). Our 

studies showed that livers of male LKO mice had significantly reduced protein levels of CB1 

(Fig. 7F) in comparison to male WT mice. In contrast, the LKO female mice had 

significantly increased CB1 protein levels (Fig. 7F) in comparison to both male and female 

WT livers. Thus, the lower LKO male liver level of CB1, the major ARA and 2-AG receptor 

in liver, inversely correlated with the male LKO liver’s higher level of total ARA-containing 

ECs (AEA + 2-AG) (Fig. 6). Although the CB1 level was significantly increased in the 

female LKO mice in comparison to the female WT mice, the total ARA-containing ECs 

(AEA + 2-AG) were unchanged.

FABP1 ablation (LKO) elicits selective sex-dependent alteration in expression of liver 
receptors and proteins involved in fat accumulation

Endocannabinoid (AEA, 2-AG) activation of CB1 receptors facilitates fat accumulation in 

liver through activation of SREBP1, while other NAEs induce PPARα (1,48,49).

While livers of male and female mice did not or only slightly differed in transcription of 

mRNAs for Ppara, Pparb, or Srebpf1 (Table 3), transcription of liver PPARα-regulated 

genes in fatty acid oxidation (Cpt1A, Acox1) was higher in males (Table 3). Conversely, 

transcription of SREBP1 target gene mRNAs (Acaca, Fasn) encoding proteins in de novo 
fatty acid synthesis did not differ between the sexes (Table 3). Transcription of the 

triacylglyceride hydrolytic enzyme (Pnpla2) also did not differ between the sexes, but that of 

its positive regulator (Abhd5) was significantly lower in males (Table 3). LKO selectively 

increased mRNA levels of these three nuclear receptors in livers of females (but not males) 

in the order Srebpf1 ⋙ Ppara > unaltered Pparb (Table 3). Nevertheless, LKO increased 

transcription of SREBP1c target gene (Fasn) in both males and females (Table 3). LKO did 

not alter transcription of Abhd5 or Pnpla2 in males, but significantly increased that of 

Pnpla2 in females (Table 3). Taken together, these findings suggested that LKO impacted 

mRNA levels of liver nuclear receptors and target genes in a complex manner only partially 

attributed to changes in mRNA levels of affected genes.

DISCUSSION

Because of their very lipophilic nature, endocannabinoids are highly membrane-associated 

and require soluble ‘chaperone’ proteins to facilitate their solubilization and cytosolic 

trafficking for targeting to intracellular organelles and degradation/hydrolysis (1,3). Ground-
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breaking discoveries by Kaczocha, Deutsch, and colleagues for the first time demonstrated 

that brain cytosol contains three fatty acid binding proteins (FABP3, FABP5, FABP7) that 

bind both ARA-derived ECs (AEA, 2-AG) and cannabinoids to facilitate their intracellular 

targeting for degradation (4–6). While the liver also has a functional endocannabinoid 

system (50,51), relatively little is known regarding the identity of the corresponding EC 

‘chaperone(s)’ in liver cytosol. While relatively large (70 kDa) liver protein HSP70 has 

heretofore been shown to bind AEA, its affinity was very weak as evidenced by Kd = 3.7 

± 0.5 μM (47). However, liver does contain three families of 10–14 kDa soluble proteins 

(FABP1, ACBP ≫ SCP2) that analogously bind and ‘chaperone’ a variety of other lipidic 

ligands through hepatic cytosol (52). The finding that these proteins exhibit high affinity for 

arachidonoyl-CoA (ARA-CoA) (21,22,25), suggested that they might also bind ARA 

esterified to other molecules such as ethanolamide and glycerol, i.e. the ARA-derived ECs 

(AEA, 2-AG). This possibility was examined with the respective recombinant proteins, 

fluorescent endocannabinoid binding assays, and livers of FABP1 gene ablated mice. The 

results contributed several key new insights to our understanding of the hepatic 

endocannabinoid system:

First, FABP1 and SCP2, but not ACBP, bind endocannabinoids (EC) with high affinity. 

FABP1 bound AEA and 2-AG ≥3-fold more strongly as compared to SCP2 (13). In fact, 

FABP1 bound AEA and 2-AG with the highest affinity yet reported for any FABP family 

member. For example, FABP1 bound AEA 8–10-fold more strongly as compared to FABP3, 

FABP5, and FABP7 (4). Similarly, FABP1 bound 2-AG with 2–15-fold stronger affinity 

versus FABP3, FABP5, and FABP7 (4). A caveat, however, is that FABP1 binding 

determined herein and earlier for SCP2 (13) was determined by displacement of bound cis-

parinaroyl-CoA while that of FABP3,5, and 7 was by displacement of NBD-stearic acid, a 

ligand not displaced from FABP1 by AEA (shown herein). Since different binding assays 

may give rise to somewhat different affinities for the same ligand, it would be of interest in 

future studies to determine FABP3, 5, and 7’s affinities for AEA using the cis-parinaroyl-

CoA displacement assay. It is important to note, however, that FABP1 is not detected in 

brain (11,12,53), while the FABP3,5 and 7 found in brain are not present or only at very low 

level in liver (52). Taken together, these data indicated FABP1 as the first non-CNS FABP 

capable of binding ECs.

Second, FABP1 also bound both phytocannabinoids and synthetic cannabinoids. FABP1’s 

affinities for THC and several synthetic cannabinoids (HU-210, rimonabant, CP55,940) 

were in the same range as that shown by FABP3, FABP5, and FABP7 for THC (4). 

Interestingly, FABP1 bound cannabidiol and synthetic cannabinoids such as JWH018 with 

even higher affinities (0.05 to 0.16 μM) which were 9–11 fold stronger than exhibited by 

FABP3,5, and 7 for cannabidiol (4). Taken together with the fact that the FABPs present in 

brain are not or only weakly very detectable in liver (52), these data indicated FABP1 as the 

first known hepatic cytosolic chaperone protein for cannabinoids.

Third, FABP1 bound a variety of inhibitors of the EC system as well as inhibitors of SCP2. 

FABP1 had very high affinity (29–40 nM Ki range) for synthetic inhibitors of AEA uptake

—as much as 130-fold more strong binding than that exhibited by FABP5 found in brain (6). 

Likewise, FABP1 had even higher affinity for the FABP inhibitor BMS309403 (Ki up to 
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21nM). In contrast, FABP1 bound BMS309403 much more strongly than FABPs found in 

brain: 12–50-fold more strongly than FABP5; 10-fold more strongly than FABP3 (4,6). Only 

the adipocyte FABP4 bound BMS309403 with higher affinity (<2 nM) than FABP1 (20 nM) 

(37). These data suggest a preliminary order of relative BMS309403 affinities (FABP4 > 

FABP1 ≫ FABP3, FABP5). However, this order may be subject to change since the reported 

studies determined Kis using displacement of different ligands (cis-parinaroyl-CoA, ANS, 

NBD-stearic acid). While analogous high affinity inhibitors (SBF126, SBF150, SBF160, 

SBF162) with specificity for FABP7, but not FABP3 or 5, have been reported (9), their 

specificity for FABP1 is not known. Finally, FABP1 also bound inhibitors of SCP2 with a 

wide range of affinities, some as high as that for AEA (SCPI4) and others similar to those 

for THC, cannabidiol, and some synthetic cannabinoids (SCPI1, SCPI3). Taken together, 

these data suggested FABP1 as a novel extra-CNS therapeutic target for chemical inhibitors 

of EC binding, transport, and metabolism.

Fourth, FABP1 is the most prevalent cytosolic protein capable of binding EC, cannabinoids, 

and inhibitors of the endocannabinoid system. Quantitative western blotting showed that the 

hepatic FABP1 concentration was nearly 10-fold higher than that of SCP2—consistent with 

earlier studies (38,52,54,55). Moreover, nearly half of hepatic SCP2 is sequestered in the 

peroxisomal matrix rather than cytosol (56). Importantly, ACBP did not bind EC, as shown 

herein. Although quantitative Western blotting showed that, despite being present at equal 

mass as FABP1 in liver (Fig. 8), the molar amount of HSP70 was actually 5-fold lower than 

that of FABP1 due to HSP70’s much greater molecular weight. Despite the high prevalence 

of FABP1 in hepatic cytosol (0.1–1.0mM or 2–10% of soluble protein) (29,38,52,57), 

FABP1 has enough unoccupied binding sites (25% of total) that are more than sufficient to 

accommodate binding of ECs (58–60). Finally, it is important to note that FABP1 

concentration in liver cytosol (29,38,52,57) is >10-fold higher than the sum of FABP3, 5, 

and 7 in brain (61–63). This would suggest that hepatic FABP1 may effectively compete 

with and regulate availability of cannabinoids, CB receptor agonists/antagonists, and/or 

inhibitors brain for uptake/metabolism by brain. Consistent with this possibility, nearly 50% 

of ARA (precursor of AEA and 2-AG) (64–67) and 90% of oral cannabinoid (68–72) 

undergo first-pass clearance by liver.

Fifth, loss of FABP1 markedly increased ARA-containing endocannabinoid (AEA, 2-AG) 

levels in liver (shown herein) and brain (13) of male mice. Despite similar endpoint, 

however, these increases were likely due to somewhat different mechanisms since FABP1 is 

not found in brain (11–13,53). For example, FABP1 gene ablation appears to indirectly 

increase brain AEA and 2-AG levels by: i) increasing plasma ARA availability for uptake in 

brain which would facilitate AEA and 2-AG synthesis; ii) decreasing expression of several 

other cytosolic EC binding proteins in brain which would normally facilitate targeting to 

AEA and 2-AG degradative enzymes (13). Conversely, the data presented herein suggest that 

FABP1 gene ablation increased AEA and 2-AG levels in liver by: i) directly decreasing 

cytosolic capacity to bind and/or enhance ARA uptake and intracellular targeting to AEA 

and 2-AG synthetic pathways; ii) directly binding AEA and 2-AG for targeting to 

degradative enzymes—the expression of several of which (NAAA, MAGL) was decreased. 

Furthermore, the impact of FABP1 gene ablation on non-ARA containing EC levels (OEA, 

PEA, EPEA, 2-OG, 2-PG) in brain differed significantly to that in liver. While loss of 
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FABP1 increased brain levels of OEA, PEA, 2-OG, and 2-PG (13), FABP1 gene ablation 

increased liver levels of EPEA and 2-OG while decreasing that of PEA (shown herein) in 

male mice. While non-ARA containing ECs do not bind CB receptors, they nevertheless 

enter the nucleus to downregulate PPARα transcription of fatty acid oxidative genes (Cpt1) 

and decrease lipid accumulation—effects opposite to those exhibited by AEA which 

increases lipid accumulation (51,73–75).

In summary, the data presented herein provide two novel contributions to the 

endocannabinoid field: i) FABP1 bound ECs, cannabinoids, and inhibitors with high affinity. 

This suggests that the FABP1 displacement assays developed herein (i.e. direct FABP1 

binding of NBD-AEA; displacement of FABP1-bound cis-parinaroyl-CoA) may be useful 

preclinical model for screening cannabinoid agonists/antagonists/inhibitors to be cleared by 

liver; ii) FABP1 gene ablated mice provide an important physiological pre-clinical model for 

testing the physiological role(s) of FABP1 in impacting the endocannabinoid system not 

only in brain but also in liver. This suggests that FABP1 may be a future target for 

development of novel pharmaceuticals to diminish pain, appetite, and diminish hepatic fat 

accumulation as in NAFLD, AFLD, and diet-induced obesity (49).
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Abbreviations

ACBP acyl-CoA binding protein

ACCα acetyl-CoA carboxylase-α (Acaca gene)

ACOX1 acyl CoA oxidase-1 (Acox1 gene)

ARA C20:4n-6 arachidonic acid

ACC acetyl-CoA carboxylase

AEA N-acylethanolamide (anandamide)

ACOX1 acyl-CoA oxidase 1, palmitoyl (Acox1 gene)

AFLD alcoholic fatty liver disease

2-AG 2-arachidonoylglycerol

ANS 1-anilinonaphthalene-8-sulfonic acid

ATGL adipose triglyceride lipase (Pnpla2 gene)

CPT1A carnitine palmitoyltransferase 1A (Cpt1a gene)

CB1 cannabinoid receptor-1
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CB2 cannabinoid receptor-2

CGI58 comparative gene identification-58 or 1-acylglycerol-3-

phosphate O-acyltransferase (Abhd5 gene)

cis-PnCoA cis-parinaroyl-CoA

DAGLα diacylglycerol lipase-α

DAGLβ diacylglycerol lipase-β

DAUDA 11-(dansylamino)-undecanoic acid

DGAT2 diacylglycerol O-acyltransferase 2

DHEA (n-3 docosahexaenoylethanolamide)

EC endocannabinoids

ECS endocannabinoid system

FABP1 liver fatty acid binding protein

FABP3 heart fatty acid binding protein-3

FABP4 adipocyte fatty acid binding protein

FABP5 epidermal fatty acid binding protein

FABP7 brain fatty acid binding protein

FASN fatty acid synthase (Fasn gene)

FATP2, 4, and 5 fatty acid translocase protein-2,4, and 5

GPCR*s G protein-coupled receptors other than CB1/CB2

GPR119 G protein-coupled receptor 119

HSP70 heat shock protein 70

LC/MS liquid chromatography/mass spectrometry

LKO FABP1 gene ablated mouse on C57BL/6NCr background

MAGL monoacylglycerol lipase

2-MG 2-monoacylglycerol

NAAA N-acylethanolamide acid amide hydrolase

NAE N-acylethanolamide

NAFLD non-alcohol fatty liver disease

NAPE-PLD N-acyl phosphatidylethanolamine phospholipase D
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NBD-AEA NBD-N-arachidonoylethanolamide or [20-[(7-nitro-2-1,3-

benzoxadiazol-4-yl)amino] arachidonoylethanolamide

NBD-stearic acid 12-N-methyl-(7-nitrobenz-2-oxa-1,3-diazo)-aminostearic 

acid

OEA oleoylethanolamide

2-OG 2-oleoylglycerol

PEA palmitoylethanolamide

2-PG 2-palmitoylglycerol

PPARα, -β/δ peroxisome proliferator-activated receptor alpha or beta/

delta (Ppara or b gene)

SCP2 sterol carrier protein-2

SREBP1c sterol regulatory element binding protein-1c (encoded by 

Srepf1 gene)

WT wild-type C57BL/6NCr mouse.
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Summary Statement

FABP1 is major hepatic endocannabinoid and cannabinoid binding protein.
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Fig. 1. FABP1 and SCP2 directly bind native endocannabinoids (ECs)
In Panels A–C, direct binding of ECs to FABP1 and SCP2 was determined by impact on 

FABP1 and SCP2 aromatic amino acid fluorescence emission as described in Methods. (A) 

FABP1 (500nM) was incubated with (dashed line) or without (solid line) AEA (3μM) and 

fluorescence emission spectra of FABP1 Tyr determined over the range 295–450 nm, Ex 280 

nm. (B) SCP2 (500nM) was incubated with (dashed line) or without (solid line) OEA (1.4 

μM) and fluorescence emission spectra of SCP2 Trp determined over the range 295–420 nm, 

Ex 275 nm. (C) SCP2 (500nM) was titrated with increasing concentration of OEA (0–3 μM) 

and fluorescence emission maximum of SCP2 Trp monitored with Ex 275nm/Em 330nm. In 

Panel D, direct binding of inhibitors to SCP2 was determined by displacement of SCP2-

bound NBD-stearic acid as described in Methods. SCP2 (500nM) was incubated with NBD-

stearate (500nM) and then titrated with increasing concentration of SCP2 inhibitor: SCPI1 

(closed black circles), SCPI3 (open circles), SCPI4 (closed black triangles), and FABP 

inhibitor BMS309403 (open triangles). With increasing amount of inhibitor, NBD-stearate 

emission decreased (Ex = 490 nm, Em max = 528nm). Kis were calculated from Kd = 0.22 

± 0.03 μM, which was determined by reverse and forward titrations of SCP2 and NBD-

stearate, and the EC50 for displacement of NBD-stearate by the respective ligands as 
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described in Methods. In Panels E–F, direct binding of EC to ACBP was determined by 

impact on ACBP Tyr/Trp fluorescence emission: (E,F) ACBP (500nM) was incubated with 

AEA (closed black circles), OEA (open circles), or Oleoyl CoA (solid black triangles) and 

fluorescence emission spectra of ACBP Tyr/Trp determined over the range 290–450 nm, Ex 

274 nm.
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Fig. 2. FABP1 binds N-acylethanolamides (NAEs): displacement of FABP1-bound fluorescent cis-
parinaroyl-CoA
Displacement assays were performed as in Methods by equilibrating FABP1 (500nM) with 

cis-parinaroyl-CoA (500nM) and then titrating with increasing amount of: (A) AEA (0–

8μM); (B) OEA (0–1.5 μM, solid black circles), PEA (0–2μM, open circles); (C). EPEA (0–

14μM, solid black circles), DHEA (0–10μM, open circles). As N-acylethanolamide 

concentration increased, cis-parinaroyl-CoA emission (Ex = 304nm, Em max = 420nm) 

decreased.
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Fig. 3. FABP1 binds 2-monoacylglycerols (2-MGs): displacement of FABP1-bound fluorescent 
cis-parinaroyl-CoA
Displacement assays were performed as in Methods by equilibrating FABP1 (500nM) with 

cis-parinaroyl-CoA (500nM) and then titrating with increasing amount of: 2-AG (0–2μM, 

solid black circles); 2-OG (0–1.2μM, open circles); or 2-PG (0–2.6μM, solid black triangle). 

As 2-MG concentration increased, emission of cis-parinaroyl-CoA (Ex = 304nm, Em max = 

420) decreased.
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Fig. 4. FABP1 binds inhibitors of N-arachidonoylethanolamide (AEA) uptake, FABPs and SCP2: 
displacement of FABP1-bound fluorescent cis-parinaroyl-CoA and NBD-stearate, or ANS
FABP1-bound cis-PnCoA, NBD-stearate, and ANS fluorescence displacement assays were 

performed as in Methods. Briefly, FABP1 (500nM) was equilibrated with cis-parinaroyl-

CoA (500nM), NBD-stearate (500nM), or ANS (35μM), and then titrated with increasing 

amount of AEA uptake inhibitors: (A) AM404 (0–1.6μM, solid black circles), VDM11 (0–

1.6μM, open circles), OMDM1 (0–1.2μM, solid black triangles), OMDM2 (0–1.2μM, open 

triangles); (B) general FABP inhibitor BMS309403 (0–2.4μM, solid black circles); (C,D) 

SCPI1 (solid black circles); (C) SCPI3 (open circles); and (C,D) SCPI4 (solid black 

triangles. As inhibitor concentration increased, fluorescence emission of FABP1-bound cis-

parinaroyl-CoA (Ex = 304nm, Em max = 420), NBD-stearate (Ex = 490nm, Em max = 

548nm), and ANS (Ex = 380nm, Em max = 480nm) decreased.
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Fig. 5. FABP1 binds phytocannabinoids and synthetic cannabinoids: displacement of FABP1-
bound fluorescent cis-parinaroyl-CoA and NBD-arachidonoylethanolamide (NBD-AEA)
FABP1-bound cis-PnCoA and NBD-AEA fluorescence displacement assays were performed 

as in Methods. FABP1 (500nM) was equilibrated with cis-parinaroyl-CoA (500nM) or 

NBD-AEA (1μM) and then titrated with increasing amount (0–5μM) of phytocannabinoids: 

(A) tetrahydrocannabinol (THC) (solid circle, cis-PnCoA displacement; open circle, NBD-

AEA displacement); (B) Cannabidiol cis-PnCoA displacement; or synthetic cannabinoids 

(C) JWH018 cis-PnCoA displacement (solid circle), CP55940 cis-PnCoA displacement 

(open circles); (D) HU-210 cis-PnCoA displacement (solid circle), Rimonabant cis-PnCoA 

displacement (open circles); (E) JWH-133 (cis-PnCoA displacement, solid circles; NBD-

AEA displacement, open circles); SR-144528 (cis-PnCoA displacement, solid triangles; 

NBD-AEA displacement, open triangles). As cannabinoid concentration increased, 

fluorescence emission of cis-parinaroyl-CoA emission (Ex = 304nm, Em max = 420) or 

NBD-AEA (Ex = 490nm, Em = 540nm) were recorded.
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Fig. 6. Impact of FABP1 ablation on liver N-acylethanolamide and 2-monoacylglycerol levels
C57BL/6N male and female WT and FABP1 gene ablated mice (8 wk old) were fed phytol-

free, phytoestrogen-free control chow for 3 months, overnight fasted, and livers removed/

flash frozen and stored at −80°C. LC-MS analysis to quantitate N-acylethanolamides and 2-

monoacylglycerols using deuterated internal standards (Cayman Chemical) was performed 

as described in Methods to quantitate: (A) arachidonoylethanolamide (AEA); (B) 

oleoylethanolamide (OEA); (C) palmitoylethanolamide (PEA); (D) 

docosahexaenoylethanolamide (DHEA), (E) eicosapentaenoylethanolamide (EPEA); (F) 2-

arachidonoylmonoglycerol (2-AG); (G) 2-oleoylmonoglycerol (2-OG); H. 2-

palmitoylmonoglycerol (2-PG). Values are the mean ± SEM, n=8. *p<0.05 for LKO vs 

WT; #p<0.05 for female vs male of same genotype.
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Fig. 7. Effect of FABP1 ablation on protein levels of liver proteins involved in endocannabinoid 
synthesis, degradation, and action
C57BL/6N male and female WT and FABP1 gene ablate mice (8 wk old) were fed phytol-

free, phytoestrogen-free control chow for 3 months, overnight fasted, and livers removed/

flash frozen and stored at −80°C. Aliquots of liver homogenate proteins were examined by 

SDS-PAGE and subsequent western blot analysis as we described (5,76) to determine 

protein levels of: NAPE-PLD (A), DAGL-α (B), FAAH (C), NAAA (D), MAGL (E), and 

CB1 (F). Insets show representative western blots of the respective protein (upper blot) and 

the gel-loading control protein (GAPDH, lower blot). Relative protein was normalized to 

internal control and WT was set to 1. Values are the mean ± SEM, n=8. *p<0.05 for LKO vs 

WT; #p<0.05 for female vs male of same genotype.

Huang et al. Page 31

Biochemistry. Author manuscript; available in PMC 2017 September 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. FABP1 ablation impacts protein levels of liver membrane proteins and cytosolic 
‘chaperone’ proteins involved in fatty acid uptake
All conditions were as in legend to Fig. 7 except that western blot analysis was performed to 

determine levels of: FATP5 (A), FATP2 (B), and FATP4 (C). Insets show representative 

western blots of the respective protein (upper blot) and the gel-loading control protein 

(GAPDH, lower blot). Relative protein was normalized to internal control and WT was set to 

1. Mean ± SEM (n=8 different subjects). Quantitative Western blotting to determine protein 

levels (ng/μg total protein) of FABP1, SCP2, ACBP, and HSP70 was performed by 

comparison to standard curves of the respective pure recombinant proteins similarly as 

described for FABP1(77–80). (D) FABP1, (E) SCP2, (F) ACBP, (G) HSP70. Values are the 

mean ± SEM, n=8. *p<0.05 for LKO vs WT; #p<0.05 for female vs male of same genotype.
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Table 1

FABP1 has high affinity for N-acyl-ethanolamides, 2-acyl-monoglycerols, and inhibitors

LIGAND Ki (μM)

ENDOCANNABINOID

AEA 0.111±0.003a

OEA 0.043±0.004a

PEA NDa,b

EPEA 0.39±0.03a

DHEA 0.163±0.004a

2-AG 0.061±0.001a

2-OG 0.040±0.003a

2-PG 0.070±0.005a

AEA UPTAKE INHIBITOR

AM404 0.029±0.002a

VDM11 0.037±0.003a

OMDM1 0.040±0.004a

OMDM2 0.040±0.005a

FABP INHIBITOR

BMS309403 0.021±0.001(Ki1)

0.052±0.001(Ki2)a

SCPI1 0.35±0.05c

SCPI3 0.90±0.10c

SCPI4 0.033±0.002d

Kis were determined as described in Methods from displacement of FABP1-bound fluorescent ligands,

a
cis-parinaroyl-CoA,

b
NBD-AEA,

c
NBD-stearic acid, and

d
ANS.

ND = no significant displacement. Values are the mean ± SEM, n=5.
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Table 2

FABP1 has high affinity for phytocannabinoids and some synthetic cannabinoids

LIGAND Ki (μM)

PHYTOCANNABINOID

THC 1.0±0.2b

Cannabidiol 0.167±0.009a

SYNTHETIC CANNABINOID

HU-210 0.85b

JWH 018 0.058±0.005a

Rimonabant 2.0±0.4b

JWH-133 NDa,b

SR-144528 NDa,b

CP55,940 0.99±0.07a

Kis were determined as described in Methods from displacement of FABP1-bound fluorescent ligands,

a
cis-parinaroyl-CoA and

b
NBD-AEA.

ND = no significant displacement. Values are the mean ± SEM, n=5.

Biochemistry. Author manuscript; available in PMC 2017 September 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Huang et al. Page 35

Table 3

Effect of sex and FABP1 gene ablation (LKO) on transcription of genes encoding liver nuclear receptors and 

proteins involved in downstream effects of ECs.

mRNA

MALE FEMALE

WT LKO WT LKO

Ppara 1.0±0.007 0.91±0.05 1.00±0.07 1.30±0.08*#

Pparb 1.0±0.004 0.86±0.08 1.17±0.07# 1.33±0.09#

Cpt1a 1.0±0.007 1.12±0.05* 0.71±0.04# 0.63±0.03#

Acox1 1.0±0.027 0.72±0.06* 0.50±0.03# 0.43±0.02#

Srebf1 1.0±0.010 1.23±0.09 1.14±0.08 2.27±0.27*#

Acaca 1.0±0.011 0.73±0.10* 1.10±0.05 1.2±0.16#

Fasn 1.0±0.010 2.44±0.56* 1.48±0.20 2.46±0.46*

Pnpla2 1.0±0.010 1.03±0.06 1.05±0.06 1.54±0.17*#

Abhd5 1.0±0.008 1.20±0.10 1.53±0.11# 1.52±0.09#

All conditions were as described in legend to Fig. 7 except that QrtPCR was performed to determine mouse mRNA levels for hepatic nuclear 
receptors (Ppara, Pparb, Srebf1) and target genes in fatty acid metabolism (Cpt1a, Acox1, Acaca, Fasn, Pnpla2, Abhd5) similarly as for other 
mRNAs in brain (13). mRNA levels were normalized to an internal control (18S RNA). Mean ± SEM (n=6–8),

*
p<0.05 for LKO vs WT;

#
p<0.05 for female vs male of the same genotype.
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