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Abstract

Carboxylesterases (CES) have important roles in pesticide and drug metabolism, and contribute to

the clearance of ester-containing xenobiotics in mammals. Tissues with the highest levels of CES

expression are the liver and small intestine. In addition to xenobiotics, CES also harness their

broad substrate specificity to hydrolyze endobiotics, such as cholesteryl esters and

triacylglycerols. Here we determined if two human CES isoforms, CES1 and CES2, hydrolyze the

endocannabinoids 2-arachidonoylglycerol (2AG) and anandamide (AEA), and two prostaglandin

glyceryl esters (PG-Gs), which are formed by COX-mediated oxygenation of 2AG. We show that

recombinant CES1 and CES2 efficiently hydrolyze 2AG to arachidonic acid (AA), but not amide-

containing AEA. Steady-state kinetic parameters for CES1- and CES2-mediated 2AG hydrolysis

were, respectively: kcat, 59 and 43min−1; Km, 49 and 46μM; kcat/Km, 1.2 and 0.93μM−1 min−1.

kcat/Km values are comparable to published values for rat monoacylglycerol lipase (MAGL)-

catalyzed 2AG hydrolysis. Furthermore, we show that CES1 and CES2 also efficiently hydrolyze

PGE2-G and PGF2α-G. In addition, when cultured human THP1 macrophages were treated with

exogenous 2AG or PG-G (10μM, 1h), significant quantities of AA or PGs were detected in the

culture medium; however, the ability of macrophages to metabolize these compounds was

inhibited (60-80%) following treatment with paraoxon, the toxic metabolite of the insecticide

parathion. Incubation of THP1 cell lysates with small-molecule inhibitors targeting CES1

(thieno[3,2-e][1]benzothiophene-4,5-dione or JZL184) significantly reduced lipid glyceryl ester

hydrolase activities (40-50% for 2AG and 80-95% for PG-Gs). Immunodepletion of CES1 also

markedly reduced 2AG and PG-G hydrolase activities. These results suggested that CES1 is in

part responsible for the hydrolysis of 2AG and PG-Gs in THP1 cells, although it did not rule out a

role for other hydrolases, especially with regard to 2AG metabolism since a substantial portion of

its hydrolysis was not inactivated by the inhibitors. An enzyme (Mr 31-32kDa) of unknown

function was detected by serine hydrolase activity profiling of THP1 cells and may be a candidate.
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Finally, the amounts of in situ generated 2AG and PG-Gs in macrophages were enhanced by

treating the cells with bioactive metabolites of OP insecticides. Collectively, the results suggest

that in addition to MAGL and fatty-acid amide hydrolase (FAAH), which have both been

documented to terminate endocannabinoid signaling, CES may also have a role. Furthermore,

since PG-Gs have been shown to possess biological activities in their own right, CES may

represent an important enzyme class that regulates their in vivo levels.
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Introduction

Endocannabinoids are bioactive arachidonoyl derivatives produced on demand in cells that

act locally to affect multiple physiological and pathophysiological processes in central and

peripheral tissues (1). The two best studied endocannabinoids are 2-arachidonoylglycerol

(2AG) and arachidonoyl ethanolamide (AEA). Both lipid mediators bind and activate G-

protein coupled receptors known as cannabinoid receptors (CB1 and CB2). CB1 is

abundantly expressed in the central nervous system and to a lesser degree in peripheral

tissues (2). CB2 receptors, however, are predominantly expressed in macrophages and other

immune cells and to a lesser amount in the CNS (3).

Endocannabinoids are also substrates for COXs (4,5) and cytochrome P450s (6), producing

glyceryl ester and amide derivatives of prostaglandins (PG-Gs/PG-EAs) and

hydroxyeicosatrienoic acid and epoxyeicosatrienoic acid (HETE-Gs/EET-Gs), respectively.

Recombinant COX-2 protein was shown to oxygenate 2AG with the same catalytic

efficiency as arachidonic acid (AA), whereas COX-1 was less efficient at metabolizing 2AG

compared to AA (5). Furthermore, activation of murine RAW 264.7 cells and primary

murine peritoneal macrophages with LPS/IFN-γ, followed by treatment with exogenous

2AG or zymosan led to the robust production of PGE2-G and PGD2-G, demonstrating that

2AG can be oxygenated to PG-Gs within intact cells (7). It has been speculated that

oxygenated PG-G metabolites are produced to regulate the levels of bioactive lipids, such as

2AG, and/or to produce novel endocannabinoid-derived lipid mediators that possess unique

receptors and physiological functions (8). In line with this, treatment of RAW macrophages

with PGE2-G was found to increase intracellular Ca2+ concentration in a concentration-

dependent manner, and Ca2+ mobilization was not blocked by PG receptor antagonists

suggesting that PGE2-G did not bind to PG receptors (9). Furthermore, PGE2-G was shown

to be produced endogenously in rat paw and to have roles in pain and inflammation (10).

Taken together, these findings indicate that PG-Gs are biosynthesized in vitro and in vivo,

bind to unique non-PG receptors, and have biological relevance in health and disease.

Recent findings in animal models of disease suggest that CB1 receptor antagonism can

reduce atherosclerosis (11), whereas activation of CB2 receptors by a cannabinoid agonist

(Δ9-THC) is atheroprotective (12). These findings suggest that the endocannabinoid system

(ECS) has an important role in vascular homeostasis and that its perturbation may lead to
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disease. The ECS is composed of several components, including CB receptors, receptor

ligands (2AG and AEA), 2AG and AEA biosynthetic enzymes, transporters for

endocannabinoid uptake, and hydrolytic enzymes that degrade 2AG and AEA thereby

terminating their actions. Monoacylglycerol lipase (MAGL) and fatty-acid amide hydrolase

(FAAH) catalyze the hydrolysis of 2AG and AEA, respectively (13). Although

pharmacological agonists and antagonists that target CB receptors have been developed for

clinical use, their utility has been limited because of side effects that include cognitive/

motility impairment and suicidal ideation, respectively, thus preventing their widespread

use. However, an attractive alternative to targeting CB receptors directly is to inhibit the

catabolic enzymes MAGL and/or FAAH with pharmacological agents with the intent of

increasing endocannabinoid levels in tissues (13).

In addition to MAGL and FAAH, carboxylesterases (CES) are also members of the serine

hydrolase superfamily. Satoh and Hosokawa (14) classified mammalian CES into five

groups (CES 1-5), based on their amino acid homology. The majority of identified CES fall

within the CES1 and CES2 sub-families. CES have a very broad substrate specificity, which

is attributed to a large conformable active site that permits entry of numerous structurally

diverse substrates, including endobiotics and xenobiotics (15,16). Organophosphate (OPs),

carbamate, and pyrethroid insecticides can be metabolized by CES (17-19); however, CES

are irreversibly inhibited by OPs during attempted catalytic turnover of these substrates, or

reversibly inhibited by carbamates due to slow decarbamoylation rates. There are five CES

genes reported in the Human Genome Organization database, although CES1 and CES2 are

the two best characterized genes (20). CES are widely distributed in several tissues,

including liver and intestine, and the hepatointestinal axis is of particular importance in

xenobiotic metabolism because of the high concentrations of ester-containing toxins that are

ingested orally (21). Although CES1 is found in much greater amounts (~50-fold) than

CES2 in human liver (22), CES2 is much more abundant than CES1 in human intestine (23).

The high level of CES1 expression in liver was recently underscored by findings of the

Human Liver Proteome project, which determined that CES1 was the tenth most abundant

protein (out of >6,000) expressed in the human liver (24). Furthermore, CES1 protein is also

expressed in human primary monocytes/macrophages and THP1 macrophages, where it

functions in part to liberate free cholesterol from neutral lipid droplets (25).

In this study, it was determined whether carboxylesterases are another enzyme family that

can catalyze the hydrolysis of endocannabinoids. The specific goals of this study were to

establish if 2AG, AEA, and PG-Gs are natural substrates for human carboxylesterases 1 and

2 using both recombinant enzymes and cultured human immune cells (THP1 monocytes/

macrophages), and whether the levels of these lipid mediators could be modulated by CES1

inhibition following exposure of THP1 macrophages to bioactive metabolites of OP

insecticides. Paraoxon (PO) and chlorpyrifos oxon (CPO) are metabolites of the

phosphothionate insecticides parathion and chlorpyrifos, respectively, which are compounds

still widely used for pest control resulting in widespread human exposure (26). Bioactive

oxon metabolites are formed by P450-mediated biotransformation of phosphothionates in

the liver and are potent and non-specific covalent inhibitors of serine hydrolases (27).

Covalent modification of serine hydrolases in their native cellular environment may result in
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the accumulation of endogenous substrates for these enzymes (e.g., 2AG), thereby

modulating physiological homeostasis.

Experimental procedures

Chemicals, cells, and reagents

2AG, AA, AA-d8, PGE2-G, PGF2α-G, PGE2, PGF2α, and 8-iso-PGF2α-d4 were from

Cayman Chemicals (Ann Arbor, MI). PO and CPO were kind gifts of Dr. Howard Chambers

(Mississippi State University). Trypan Blue solution (0.4% w/v), PMA, β-mercaptoethanol,

benzil, phorbol 12-myristate 13-acetate (PMA), fatty-acid free bovine serum albumin

(BSA), lipopolysaccharide (LPS), ionomycin, penicillin, streptomycin, indomethacin, and

all buffer components were purchased from Sigma (St. Louis, MO). Thieno[3,2-e]

[1]benzothiophene-4,5-dione (S-3030) was synthesized as previously described (28).

JZL184 and WWL70 were purchased from Cayman. The activity-based serine hydrolase

probe, fluorophosphonate-biotin (FP-biotin), was from Toronto Research Chemicals (North

York, Ontario). HPLC grade solvents were from Burdick and Jackson. Human THP1

monocytes, murine J774 macrophages, RPMI-1640 medium, Dulbecco’s Modified Eagle’s

Medium (DMEM), gentamicin sulfate solution (50 mg/ml), and Hanks’ balanced salt

solution without calcium, magnesium or phenol red were purchased from the American

Type Culture Collection (ATCC) (Manassas, VA). Fetal bovine serum (FBS) was purchased

from Invitrogen (Carlsbad, CA). Recombinant human CES1 and CES2 proteins were

expressed in baculovirus-infected Spodoptera frugiperda cells and purified (29,30).

Recombinant human MAGL and FAAH proteins and N-arachidonoyl maleimide (NAM)

were from Cayman. Anti-MAGL and anti-FAAH antibodies were from Cayman, anti-CES1

was a kind gift of Dr. M. Hosokawa (Chiba University, Japan), anti-β-actin and anti-COX-2

antibodies were from Santa Cruz Biotechnology.

Culture conditions

THP1 monocytes were grown in suspension in RPMI-1640 medium supplemented with 10%

FBS, 0.05 mM β-mercaptoethanol, and 50 μg gentamicin/mL (growth medium) at 37°C and

5% CO2. The cells were grown at a density between 0.2×106 and 1×106 cells/ml as

recommended by ATCC. THP1 monocytes were differentiated into macrophages by

incubating in growth medium containing 100 nM PMA for 48-72 h at 37°C and 5% CO2.

Culture medium was replaced every two days with fresh PMA and growth medium.

Preparation of cell lysates

THP1 monocytes were collected by centrifugation (200 × g for 7 min) and washed with

phosphate-buffered saline (PBS). The cells were re-suspended in ice-cold 50 mM Tris-HCl

(pH 7.4) buffer and lysed by sonication (four 15 second bursts while on ice). Protein

concentrations of cell lysates were determined using the BCA reagent according to the

manufacturer’s instructions (Pierce, Rockford, IL).

Hydrolysis of 2AG and PG-Gs by recombinant CES1 and CES2 protein

Reactions using recombinant proteins were performed in 50 mM Tris HCl (pH 7.4) buffer

with 0.01% fatty-acid free bovine serum albumin (BSA) containing substrate concentrations
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varying from 0–250 μM (for PG-Gs) and 0–400 μM (for 2AG) in a total reaction volume of

50 μl. After pre-incubation of buffer and substrate for 5 min at 37°C, reactions were initiated

by the addition of recombinant CES1 or CES2 enzyme (0.2 μg) or buffer (non-enzymatic).

Reactions were quenched after 10 min with an equal volume of acetonitrile containing 8-iso-

PGF2α -d4 (140 pmol, for PG-Gs) or AA-d8 (500 pmol, for 2AG). Quenched reactions were

placed on ice for 15 min, then centrifuged at 16,000 × g (4°C, 5 min) prior to transferring

supernatants into HPLC vials. Supernatants were analyzed for the hydrolysis products

PGE2, PGF2α, or AA by LC-MS (see below for details). Kinetic parameters were

determined by performing non-linear regression analysis using the Michaelis-Menten

equation with Sigma Plot v. 8.02. The kinetic parameters kcat, Km, and kcat/Km were

obtained.

2AG hydrolysis by recombinant human CES1 and MAGL following incubation with OP
oxons

To compare the inhibition potencies of OP oxons (CPO and PO) toward CES1 and MAGL,

reactions were performed in 50 mM Tris-HCl (pH 7.4) buffer containing OP oxon

concentrations varying from 0–100,000 nM in a total volume of 50 μl. Recombinant CES1

or MAGL enzymes (0.5 μg) were added to each reaction along with the desired

concentration of oxon. After pre-incubation of enzyme and oxon for 15 min at 37°C,

reactions were initiated by the addition of 10 μM 2AG. After 15 min, reactions were

quenched with an equal volume of acetonitrile containing arachidonic acid–d8 (AA-d8, 500

pmol), placed on ice, and centrifuged at 16,000 × g (4°C, 5 min). Supernatants were

analyzed for AA by LC-MS.

Treatment of THP1 monocyte lysates with oxons, JZL184 or reversible inhibitor S-3030

Control (untreated) THP1 cell lysates were diluted in 50 mM Tris-HCl (pH 7.4) buffer to a

final concentration between 0.25-0.50 mg protein/ml. Oxon (PO or CPO), JZL184 or

reversible in-hibitor (S-3030) was added from ethanolic or acetonitrile stock solutions to

dilute cell lysates to give concentrations indicated in figures. The final concentration of the

organic solvent in all reactions was 0.1% (v/v). After pre-incubation times between 5-30 min

at 37°C, lipid substrate was subsequently added to yield the indicated final concentrations

(2AG, 10 or 25 μM; PGE2-G and PGF2α-G, 10 or 25 μM). After 30-45 min, reactions were

terminated by addition of an equal volume of acetonitrile containing deuterated internal

standard (8-iso-PGF2α-d4 or AA-d8, 140 pmol).

Detection of serine hydrolases in THP-1 cell lysates using activity-based protein probe FP-
biotin

THP1 monocytes lysates (1 mg/ml protein, 25 μl reaction volume, 50 mM Tris-HCl, pH 7.4)

were treated with FP-biotin (2 μM final; 1 μl of a 50 μM stock dissolved in DMSO) for 1 h

(room temp). Reactions were quenched by adding 10 μL of 6× SDS-PAGE loading buffer

(reducing) and heating for 5 min (95°C). Biotinylated proteins were resolved by SDS-PAGE

and detected with avidin-HRP as described in detail in (31). In certain reactions, THP1

lysates were preincubated for 30 min with the irreversible inhibitors PO, CPO or JZL184,

followed by addition of FP-biotin (2μM) and incubation for 1h (room temp). For the
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reversible inhibitor S-3030, lysates were treated sequentially with S-3030 and FP-biotin (0.2

μM) and incubation for 7.5 min, a time pre-judged to permit visualization of the biotinylated

CES1 product by avidin-HRP blotting although the reaction between enzyme and FP-biotin

had not proceeded to completion.

PG-G and 2AG hydrolysis by immunodepleted THP1 monocyte lysates

THP1 monocyte lysates, solubilized in 50 mM Tris-HCl (pH 7.4) containing 0.5% w/v Brij

(mixed gently for 1h, 4°C), were incubated overnight with preimmune IgG (used as control)

or anti-CES1 IgG in the presence of protein A-agarose beads to deplete CES1, as described

in detail in (31). PG-Gs or 2AG were then added to the immunodepleted THP1 cell lysate to

determine the extent of their hydrolysis. Briefly, triplicate reactions were performed in 50

mM Tris-HCl (pH 7.4) buffer containing 25 μM PG-Gs or 10 μM 2AG in a total reaction

volume of 50–125 μl. After pre-incubation of buffer and substrate for 5 min at 37° C,

reactions were initiated by the addition of 10-30 μg of control or immunodepleted THP1 cell

lysate. Reactions were quenched after a 30 min incubation with an equal volume of

acetonitrile containing internal standard 8-iso-PGF2α-d4 (140 pmol) and placed on ice for 10

min. Samples were centrifuged at 16,000 × g (4°C, 5 min) to remove precipitated protein

prior to transferring supernatants into HPLC vials. Supernatants were analyzed by LC-MS to

quantify the hydrolysis products PGE2, PGF2α, or AA.

Western blot analysis of CES1, FAAH, and MAGL

THP1 macrophage lysate proteins were separated by SDS-PAGE. Following electrophoretic

transfer, PVDF membranes were probed with rabbit anti-CES1 (1:4000 v/v), rabbit anti-

FAAH (1:250 v/v), or rabbit anti-MAGL (1:133 v/v) for 1 h at room temperature.

Membranes were washed, followed by incubation with goat anti-rabbit secondary antibody

conjugated to HRP (1:20,000 v/v). The chemiluminescent signal was recorded using X-

OMAT photographic film (Eastman Kodak Co., Rochester, NY). Increasing amounts of

recombinant CES1 and MAGL (1-50 ng) were used on gels as calibrants for quantitative

immunoblots. In certain cases, rabbit anti-βactin was included to verify equal protein loading

on gels.

Sequential treatment of intact THP1 cells with oxon followed by 2AG and PG-Gs

Monocytes—THP1 monocytes (2×106 cells in 2-ml serum-free culture medium) were

placed into wells of a 6-well plate. Paraoxon was added to wells to give a final concentration

of 1 μM, whereas controls received solvent vehicle (ethanol); the final concentration of

ethanol in each well was 0.1% (v/v). Cells were exposed to paraoxon for 30 min and

subsequently treated for 60 min with 2AG, PGE2-G, or PGF2α-G (25 μM each). Following

treatments, cells were pelleted and the culture medium removed for analysis. The cells were

washed three times with ice-cold PBS, re-suspended in 50 mM Tris-HCl (pH 7.4) buffer,

and lysates prepared by sonication as described above. Carboxylesterase activity of the

lysates was determined using p-nitrophenyl valerate as substrate to verify inhibition by oxon

(31). The culture medium was spiked with internal standard (AA-d8, 500 pmol) and

extracted with 3 volumes of ethyl acetate containing 0.1% acetic acid. The ethyl acetate

layer was recovered and evaporated to dryness under nitrogen. The residues were
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redissolved in 100 μl of acetonitrile:water (1:1, v/v), filtered through a microfuge filter unit

(0.22 μm), and transferred to LC vials for LC-MS analysis.

Macrophages—THP1 monocytes (~3×106 cells) were plated into 6-well dishes in

complete growth medium and differentiated into macrophages by addition of PMA (70 nM)

for 48-72 h. After the cells had differentiated, the culture medium was removed and cells

washed with Hank’s buffer. Cells were then overlaid with serum-free culture medium

containing PO (0.1-10 μM) or vehicle (ethanol) and incubated for 30 min. 2AG was then

directly added to the culture medium (10 μM) and incubation continued for another 60 min.

Cells and medium were then combined with AA-d8 (500 pmol) and extracted with ethyl

acetate (0.1% acetic acid) as described above for LC-MS analysis.

In situ formation of PG-Gs by THP1 macrophages

THP1 monocytes (~3-5×106 cells) were plated into 60-mm dishes in complete growth

medium and differentiated into macrophages by the addition of PMA (70 nM) for 48-72 h.

After the differentiation period, culture medium was removed and cells washed with Hank’s

buffer. Fresh serum-free culture medium supplemented with lipopolysaccharide (LPS, 1

μg/ml) was added to the cells. After 5 h incubation with LPS, the culture medium was

discarded and the cells were washed with Hank’s buffer or PBS. The macrophages were

then pre-treated with oxons (CPO or PO, 1 μM) or vehicle (ethanol, 0.1% v/v) in fresh

serum-free medium for 30 min. After 30 min, 2AG (10 μM) or ionomycin (5 μM) was added

to the culture medium and the cells incubated for an additional 30 min. Ionomycin

stimulates macrophages to biosynthesize 2AG from endogenous arachidonic acid-containing

phospholipids (53). In some experiments, a non-specific COX inhibitor, indomethacin, was

added to the culture medium at the same time as the oxons to give a final concentration of 3

μM. After incubation with 2AG or ionomycin, the culture medium was removed and spiked

with internal standards (8-iso-PGF2α-d4 and 2AG-d8; 7 pmol and 50 pmol, respectively).

The medium was extracted with 3 volumes of ethyl acetate (containing 0.1% acetic acid)

and the ethyl acetate fraction was evaporated to dryness under nitrogen. The residues were

resuspended in 100 μl of 1:1 methanol: water and the extract analyzed by LC-MS/MS.

LC-MS analytical procedures

Analysis of products obtained from recombinant enzyme-catalyzed reactions and THP1 cell/

medium extracts was performed on a Thermo MSQ single-quadrupole system interfaced

with a Surveyor LC pump (Thermo Fisher Scientific, San Jose, CA). The mobile phases

were a blend of solvent A (0.1% v/v acetic acid in water) and solvent B (0.1% v/v acetic

acid in acetonitrile). Samples (20 μL) were injected onto a C18 column (2.1 mm × 100 mm,

Thermo) equipped with guard column and analytes were eluted with the following gradient

program: 0 min (95% A, 5% B), 0.5 min (95% A, 5% B), 10 min (0% A, 100% B), 15min

(0% A, 100% B), 20 min (95% A, 5% B). Flow rate was 0.5 mL/min and the column eluate

was directed into the mass spectrometer. Ions were introduced into MS by electrospray

ionization in positive or negative ion modes. The MS single quadrupole was operated in

single-ion mode (SIM) to detect the following ions: AA ([M-H]− m/z 303), 2AG ([M+H]+

m/z 379.3), PGF2α ([M-H]− m/z 353.2), and PGE2 ([M-H]− m/z 351.2). Internal standards
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included AA-d8 (m/z 310) and 8-iso-PGF2α-d4 (m/z 357), which were used to quantify the

amounts of AA and PGs.

Extracts of culture medium from LPS-pretreated macrophages that had been stimulated to

produce PG-Gs were analyzed by UPLC-MS/MS. In brief, a Waters Acquity UPLC was

interfaced with a Thermo Quantum Access triple-quadrupole mass spectrometer. The mobile

phase was a blend of solvent A (2 mM ammonium acetate/0.1% acetic acid in water) and

solvent B (0.1% acetic acid in methanol). Samples (10 μL) were injected into an Acquity

UPLC BEH C18 column (2.1 × 50 mm, 1.7 μm) equipped with VanGuard pre-column (2.1 ×

5 mm, 1.7 μm), and analytes were eluted with the following gradient program: 0 min (95%

A, 5% B), 0.5 min (95% A, 5% B), 5 min (5% A, 95% B), 6 min (5% A, 95% B), 7 min

(95% A, 5% B), 8 min (95% A, 5% B). Flow rate was 0.4 mL/min and the entire column

eluate was directed into the mass spectrometer (heated electrospray ionization in positive ion

mode). Single reaction monitoring (SRM) of ammoniated adducts of each analyte were as

follows: PGF2α-G, [M+NH4]+ m/z 446.4>393.3; PGE2-G, [M+NH4]+ m/z 444.4>391.3;

2AG, [M+NH4]+ m/z 396.3>287.3; and 2AG-d8, [M+NH4]+ m/z 404.3>295.3 (32). Scan

times were 0.2 s per SRM and scan width was 0.01 m/z. Collision energies and tube lens

voltage were optimized using autotune software for each analyte by post-column infusion of

individual compounds into 50% A/50% B mobile phase, pumping at a flow rate 0.4 ml/min.

The source settings were as follows: spray voltage, +4000V; vaporizer temp, 350°C;

capillary temp, 285°C; sheath gas pressure, 50 psi; aux gas pressure, 5 psi.

Calibration standards containing each analyte were routinely prepared in serum-free RPMI

culture medium at 4 different concentration levels (1, 0.1, 0.01, and 0.001 μM). Fortified

culture medium was spiked with internal standards (8-iso-PGF2α-d4 and 2AG-d8, 7 pmol

and 50 pmol, respectively) and extracted with ethyl acetate, as described above.

Results

Hydrolysis of 2AG and PG-Gs by recombinant human CES1 and CES2: comparison to
MAGL and FAAH

Recombinant CES1 and CES2 enzymes can hydrolyze the ester-containing 2AG to AA and

glycerol (see Fig. 1A,B; mass chromatograms for AA obtained from CES1-catalyzed

hydrolysis of 2AG are shown in Fig. 1B). However, neither enzyme could hydrolyze the

amide-containing AEA. The extent of 2AG hydrolysis by each recombinant CES was

protein concentration-dependent (data not shown), time-dependent (CES1 data shown in

Fig. 1C), and 2AG concentration-dependent (Fig. 1D). Steady-state Michaelis-Menten

kinetic parameters for CES1 and CES2 are reported in Table 1. The turnover number (kcat)

for CES1 is greater than CES2, but there was not a marked difference between the catalytic

efficiencies (kcat/Km) for CES1 and CES2. Furthermore, kcat/Km values for human CES1-

and CES2-catalyzed hydrolysis of 2AG were comparable to rat MAGL (2.1 min−1μM−1; 33)

and human MAGL (0.73±0.43 min−1μM−1; this study), suggesting that human CES

enzymes might contribute to 2AG metabolism in vivo.

Prostaglandin glyceryl esters, PGE2-G and PGF2α-G, are formed by COX-mediated

oxygenation of 2AG and retain the esterified glycerol moiety (5). We next showed that
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recombinant CES1 and CES2 enzymes could hydrolyze PGE2-G and PGF2α-G to their

respective free prostaglandins. Analysis of substrate concentration-velocity plots yielded

Michaelis-Menten parameters for CES1- and CES2-mediated PG-G hydrolysis that are

reported in Table 1. As judged by kcat/Km values, hydrolysis rates for PGE2-G and PGF2α-G

were not significantly different when using CES1 as catalyst, but PGF2α-G was hydrolyzed

significantly faster (6.5-fold) than PGE2-G when using CES2. Also, PGF2α-G was

hydrolyzed three times faster by CES2 than CES1 (Table 1).

Recombinant rat MAGL and FAAH enzymes were previously reported to hydrolyze 2AG

and PG-Gs (PGE2-G and PGF2α-G) (33), but this is the first time that these lipid mediators

have been reported to be substrates for human CES1 and CES2. Therefore, we compared

recombinant forms of human MAGL, FAAH, and CES1 for their ability to hydrolyze a fixed

amount of each substrate (Fig. 1E-G). The three enzymes appeared to hydrolyze 2AG at

comparable rates when normalized per nmol of enzyme (Fig. 1E), with CES1 exhibiting

slightly higher activity than FAAH and MAGL. For the PG-Gs, the rank order of hydrolysis

rates was as follows: MAGL>CES1>>FAAH (Fig. 1F,G). MAGL was 2- and 4-fold more

active than CES1 when hydrolysis rates of PGE2-G and PGF2α-G were compared,

respectively. In contrast to MAGL and CES1, FAAH had little activity toward either PG-G

substrate. Also, it was found that human MAGL could metabolize PG-Gs 13-25–fold more

rapidly than rat MAGL when kcat/Km values for rat MAGL and human MAGL were

compared (33; current study): PGF2α-G, 0.027 and 0.36 min−1μM−1 for rat and human

MAGL, respectively; PGE2-G, 0.064 and 1.6 min−1μM−1 for rat and human MAGL,

respectively. On the other hand, rat MAGL hydrolyzed 2AG 2.9-fold more efficiently than

human MAGL (compare 2.1 and 0.73 min−1μM−1 for rat and human MAGL, respectively).

Cultured human THP1 monocytes hydrolyze exogenous 2AG and PG-Gs

Intact THP1 monocytes could hydrolyze synthetic 2AG or PG-Gs when each of these

compounds was added to serum-free culture medium (25 μM final concentration).

Significant quantities of 2AG-derived AA or PG-G-derived PGs were detected in the culture

medium at the end of 1 h incubations (see Fig. 2A for mass chromatograms of AA obtained

from vehicle- and 2AG-treated THP1 monocytes). Note the large amount of AA detected in

the 2AG-treated sample but the lack of AA in the vehicle-treated sample. To ensure that

measured AA and PGs were obtained by metabolism of 2AG and PG-Gs by THP1 cells,

2AG or PG-G were added to serum-free culture medium in the absence of THP1 cells;

negligible amounts of AA or PGs were formed during the incubation period (data not

shown). These results clearly demonstrated that intact THP1 monocytes could hydrolyze

exogenous 2AG and PG-Gs. Furthermore, similar findings were obtained when using THP1

macrophages instead of monocytes (see below).

Inhibition of CES1 activity by small-molecule inhibitors (S-3030 and JZL184)

CES1, but not CES2, is robustly expressed in cultured human THP1 monocytes/

macrophages (31). When cell lysates of untreated THP1 monocytes were incubated with a

CES1 inhibitor, S-3030 (28), in the presence of 2AG, PGE2-G, or PGF2α-G, substantial

reductions in 2AG and PG-G hydrolysis rates were noted (maximal inhibition using 100 μM

S-3030: 55%, 80%, and 97% for 2AG, PGF2α-G and PGE2-G, respectively; Fig. 2B). This

Xie et al. Page 9

Chem Res Toxicol. Author manuscript; available in PMC 2014 June 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



result suggested that CES1 is in part responsible for the hydrolysis of 2AG and PG-Gs in

THP1 cells, although it did not rule out a role for MAGL or other hydrolases, especially

with regard to 2AG metabolism since a substantial portion of 2AG hydrolytic activity was

not inhibited by S-3030.

To further investigate the serine hydrolases present in THP1 cells, monocyte lysates were

treated with the activity-based protein probe FP-biotin (51). Following separation of treated

proteins by SDS-PAGE, the biotinylated proteins were detected by avidin-HRP blotting.

CES1 and a 31-32kDa enzyme were robustly labeled by FP-biotin in their native form (Fig.

2C); however, both enzymes were not labeled when lysate was heated before addition of FP-

biotin, demonstrating that the enzymes needed to be active to be labeled. Although a

complete list of off-target hydrolases for the CES1 inhibitor S-3030 are not known at this

time, it is important to note that S-3030 did not inhibit recombinant human MAGL activity

(Supplementary Fig. 2A), thus MAGL does not appear to be an off target for this inhibitor.

Moreover, although identifying off-targets for reversible inhibitors such as S-3030 is more

challenging than for covalent inhibitors using activity-based protein probes, a competitive

kinetic assay was performed using THP1 cell lysate and S-3030 (0-100 μM) and FP-biotin

(0.2 μM, 7.5 min reaction time; Supplementary Fig. 2B). The data indicate that native CES1

is inhibited by S-3030 (IC50 ~23μM), but the 31-32 kDa enzyme is not, thus it does not

appear to be an off target enzyme for S-3030.

The 31-32kDa enzyme observed on the activity gel (Fig. 2C) resembled the migration and

doublet behavior of MAGL (47). However, this enzyme does not appear to be MAGL based

on the following lines of evidence. First, MAGL has a molecular weight of 35-36kDa (ref.

35 and Supplementary Fig. 4B), not 31-32kDa. Second, after stripping the blot in Fig. 2C,

the 31-32kDa enzyme was not immunoreactive toward a human MAGL antibody raised

against the N-terminal peptide in MAGL (amino acids 1-14) (data not shown). Third, the

31-32kDa enzyme was not inhibited by the potent MAGL inhibitor JZL184 at

concentrations as high as 100 μM, as judged using FP-biotin as an activity probe (Fig. 2D).

JZL184 is a carbamate inhibitor that covalently modifies the active-site serine residue in

MAGL, thus preventing FP-biotin from reacting with this amino acid (34). Furthermore, the

31-32kDa enzyme is not particularly sensitive to CPO; indeed, high micromolar

concentrations (>10 μM) were needed to reduce its activity toward FP-biotin, whereas CES1

was completely inhibited (Supplementary Fig. 1A,C). As shown below and by others (47),

MAGL is very sensitive to inhibition by CPO, so there appears to be a differ-ence in the

sensitivities of MAGL and the 31-32kDa enzyme toward this oxon. Therefore, based on FP-

biotin activity assays and the fact that 2AG hydrolysis activity in THP1 cells cannot be fully

ablated by S-3030 or by activated organophosphates at concentrations that inhibit CES1

(Supplementary Fig. 3A,C), these findings are suggestive of a role for the 31-32kDa enzyme

in 2AG hydrolysis in THP1 cells. However, in the absence of inhibitors or siRNA that

selectively inactivate the 31-32kDa enzyme, one cannot rule out other enzymes at this time.

Interestingly, we also found that JZL184 can potently inhibit both recombinant human CES1

activity using pNPV as substrate (data not shown) and native CES1 in THP1 lysates

(IC50<0.1μM, Fig. 2D), thus we determined what effect JZL184 had on 2AG and PG-G

hydrolysis activity of THP1 monocyte lysates. Inhibition of CES1 in THP1 monocyte
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lysates by JZL184 led to maximal reductions of 2AG and PGF2α-G hydrolytic activity of

40% and 80%, respectively (Fig. 2E). Importantly, the activity blot in Fig. 2D showed that

JZL184 as low as 0.1 μM can completely inhibit CES1 but not the 31-32kDa enzyme in

THP1 cell lysate. Based on results obtained with S-3030 and JZL184, CES1 is in part

responsible for the hydrolysis of 2AG (40-50%), and is a major hydrolase (80-95%) of PG-

Gs in THP1 cells. Moreover, these results are also consistent with the notion that the

31-32kDa enzyme is a possible candidate responsible for the JZL184-insensitive glyceryl

ester hydrolytic activity in THP1 cells.

Expression of MAGL, FAAH, and CES1 in human THP1 monocytes/macrophages

Western blotting of THP1 cell lysate proteins was done to examine the levels of hydrolytic

enzymes implicated in endocannabinoid and PG-G catabolism. The results show that CES1

and MAGL proteins were expressed in THP1 macrophages, whereas FAAH was not

detectable (Fig. 3A). Similar expression patterns were also noted in THP1 monocytes.

Moreover, the absolute amount of CES1 in THP1 macrophages was 1.12±0.05 μg/mg lysate

protein (18.7±0.8 pmol/mg lysate protein), whereas the level of MAGL was 28.4±7.6 ng/mg

lysate protein (0.81±0.22 pmol/mg lysate protein) when quantitative immunoblotting was

performed (mean±SD, n=3; Supplementary Fig. 4A,B). Thus, CES1 is expressed at levels

23-fold greater than MAGL in THP1 macrophages when molar amounts of enzyme are

compared, whereas FAAH is undetectable.

Blankman et al. showed that ABHD6 (38kDa) is a minor player in the hydrolytic

metabolism of 2AG in mouse brain (48). To determine whether ABHD6 is present in THP1

cells, we transfected COS7 cells with human ABHD6 cDNA and examined its expression

using FP-biotin. Based on its migration behavior in SDS-PAGE, ABHD6 does not appear to

be expressed in THP1 monocytes/macrophages (Supplementary Fig. 5A). Moreover, we also

treated THP1 cell lysates with a specific ABHD6 inhibitor (WWL70; 48) and found that this

compound did not inhibit 2AG hydrolytic activity (Supplementary Fig. 5B). Both lines of

evidence are consistent with ABHD6 not being expressed in the THP1 cell line. In addition,

ABHD12 (45kDa) is another enzyme implicated in 2AG hydrolysis. However, inspection of

Figure 3 from Blankman et al. (48) and comparison with our own activity blots (Figure 2C)

indicates that ABHD12 is also not expressed in THP1 cells. Thus, it is unlikely that ABHD6

and ABHD12 contribute to 2AG hydrolysis in THP1 cells.

Hydrolysis of 2AG and PG-Gs by recombinant enzymes, THP1 monocyte lysates, and
intact cells: inhibition of this activity by bioactive metabolites of OP insecticides

Inhibition of recombinant CES1 and MAGL—The extent of inhibition of human

CES1 and MAGL activity by two bioactive insecticide metabolites, PO and CPO, was

determined. Each enzyme was pretreated with increasing amounts of PO and CPO for 15

min, followed by addition of 2AG substrate (10 μM). The results showed that CES1 is much

more sensitive to inhibition by PO when compared to MAGL, whereas CPO can inhibit both

enzymes although CES1 appeared to be more sensitive than MAGL based on IC50s (Fig.

3B,C). Even at high concentrations of PO, very little inhibition of human MAGL is seen

(IC50 >10,000 nM; Fig. 3C). It was also found in our study that a widely used small-

molecule inhibitor of MAGL, N-arachidonoyl maleimide (NAM), inhibited recombinant
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CES1 activity toward 2AG (Supplementary Fig. 2A). Moreover, as already mentioned

above, JZL184 (34) also inactivates human CES1 activity, which is consistent with a

previous report that showed murine CES1 orthologs were inhibited by this compound (35).

Therefore, since CES1 appears to be an off target for these two MAGL inhibitors, and the

fact that PO can potently inhibit CES1 but not MAGL, the activities of MAGL and CES1 in

THP1 cells may be distinguished by using PO as a “selective” CES1 inhibitor.

Hydrolysis of 2AG and PG-Gs by THP1 monocyte lysate after pretreatment
with PO or CPO—We hypothesized that since MAGL and CES1 are both inhibited by

CPO, whereas only CES1 is inhibited by PO, differential inhibition of 2AG hydrolysis

activity would be observed when THP1 cell lysate proteins were treated with these oxons at

a concentration of 1 μM. It should be noted here that the 31-32kDa enzyme is not inhibited

by either oxon at this concentration, based on FP-biotin activity gels (Supplementary Fig.

1A,B). Following pretreatment of lysates with PO or CPO (1 μM), hydrolysis of exogenous

2AG (10 μM) was significantly inhibited compared to control (35% and 49% for PO and

CPO, respectively; p<0.05; Supplementary Fig. 3A). Similar results were found when intact

THP1 monocytes were pretreated with 1 μM PO or CPO before adding 2AG to the cells

(Supplementary Fig. 3C). However, essentially no difference in inhibition potency was

observed for the two oxons at 1 μM using either cell lysates or intact cells, which suggested

that MAGL did not play a significant role in 2AG hydrolysis in THP1 cells because 1 μM

CPO would have been expected to completely inhibit any MAGL contribution. Increasing

CPO to 10 μM in cell lysates caused a further decrease in 2AG hydrolysis activity (72%

inhibition, p<0.05), whereas increasing PO to 10 μM did not further enhance inhibition

(Supplementary Fig. 3A). When THP1 monocyte lysate was titrated with high

concentrations of CPO, the 2AG hydrolysis activity was maximally knocked down by 94%

at 500 μM. On the other hand, 2AG hydrolysis activity was knocked down by 55% with 500

μM PO. It was also noted that PO and CPO (1 μM) caused near complete inhibition of

PGE2-G hydrolysis activity in THP1 cell lysate (Supplementary Fig. 3B). This was

consistent with the result in Fig. 2B, which showed that S-3030 could inhibit >95% of the

PGE2-G hydrolytic activity in THP1 cell lysate.

Hydrolysis of 2AG and PG-Gs by intact THP1 monocytes and macrophages
following pretreatment with PO—Following pretreatment of intact THP1 monocytes

with PO (1 μM, 30 min) the ability of the cells to hydrolyze exogenous 2AG, PGE2-G, or

PGF2α-G (25 μM, 60 min) was found to be significantly inhibited by ~50% (p<0.05)

(Supplementary Fig. 6). Further, pretreatment of intact THP1 macrophages with increasing

amounts of PO prior to addition of synthetic 2AG or PG-Gs caused a concentration-

dependent inhibition of 2AG hydrolysis activity (Fig. 4) and PG-G hydrolysis activity (Fig.

5A,B). Significant inhibition in hydrolytic activities was seen at PO concentrations as low as

100 nM (p<0.05), which again indicates that CES1 has a role in the metabolism of these

lipid mediators. In addition to concentration-dependent reductions in AA levels,

concomitant increases in 2AG amounts were also observed (Fig. 4), indicating that exposure

of THP1 macrophages to PO causes endocannabinoid stabilization. Similar stabilization was

seen with PG-Gs following treatment of cells with PO.
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Immunoprecipitation of CES1 from cell lysates

Attempts were made to knockdown CES1 gene expression in THP1 macrophages with

shRNA constructs but this proved unsuccessful, which is not surprising considering the

difficulties that are encountered when transfecting macrophages. Therefore, we instead

immunoprecipitated CES1 protein from THP1 cell lysates. Immunoprecipitation of CES1

from THP1 monocyte lysates was confirmed by western blotting of supernatants, yet β-actin

and MAGL were detectable in both the control and CES1 depleted lysates (see Fig. 6A).

Furthermore, supernatants were treated with FP-biotin and proteins resolved by SDS-PAGE.

As can be seen from the activity gel in Fig. 6B, CES1 was completely depleted when cell

lysate was incubated with CES1 specific antibody, but not from lysate incubated with non-

specific antibody. In addition, the 31-32kDa enzyme is present in near equal amounts in

both supernatants, indicating that is was not precipitated by the CES1 antibody. The

hydrolysis activity of the CES1-depleted lysate toward PGE2-G and PGF2α-G was reduced

80% and 50%, respectively (Fig. 6C,D). In addition, the 2AG hydrolysis activity was

reduced on average by 64% when 2AG was added to immunodepleted lysates (Fig. 6E).

These data are consistent with the notion that CES1 has a role in the catabolism of PG-G and

2AG in the THP1 cell line. It was also noticed that solubilization of THP1 lysate proteins

using the non-ionic detergent Brij appeared to reduce the activity of the 31-32 kDa enzyme

but not CES1, as judged by the FP-biotin activity experiments (Fig. 6B). This may account

for why the relative amount of 2AG hydrolytic activity knocked down by CES1

immunoprecipitation (64%) was greater than the knock down caused by small molecule

inhibitors that apparently completely inhibit CES1 (0.5μM JZL184, 40% inhibition; 100μM

S-3030, 50% inhibition; 1μM PO, 35% inhibition).

In situ generation of PGF2a-G and PGE2-G in J774 and THP1 macrophages

To address the physiological relevance of these findings, murine J774 macrophages could be

stimulated to produce PGF2α-G and PGE2-G by priming cells with LPS (1 μg/ml) then

treating with either 2AG (10 μM) or ionomycin (5 μM) (Fig. 7 A,B; data shown for PGF2α-

G). This confirmed previous studies that used RAW cells and primary murine macrophages

(5,7). Our initial attempts to stim-ulate human THP1 macrophages to produce PG-Gs in the

same manner did not yield detectable amounts of these compounds. However, if LPS-

pretreated THP1 macrophages were exposed to bioactive metabolites of OP insecticides for

30 min prior to adding exogenous 2AG (10 μM), then PGF2α-G and PGE2-G accumulated in

the culture medium (Fig. 7C-F and Fig. 8). If oxon was not added to the culture medium,

then PG-Gs were detected at levels close to the detection limit of the LC-MS/MS assay;

however, addition of 1 μM PO to macrophages for 30 min prior to addition of 10 μM 2AG

caused a 4-fold and 2-fold increase in PGF2α-G and PGE2-G levels, respectively (Fig. 8).

Furthermore, addition of the non-selective COX inhibitor indomethacin blocked formation

of PG-Gs by THP1 macrophages (Fig. 7E), which is consistent with previous reports that

used murine macrophages (7).

It was also found that CPO and PO had differential effects on the amounts of PG-Gs and

2AG formed when LPS-primed THP1 macrophages were stimulated with ionomycin (Fig.

9). First, as expected, it was shown that LPS priming of THP1 macrophages led to robust

induction of COX-2 (Fig. 9A). Next, treatment of LPS-primed macrophages with 1 μM CPO
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significantly elevated PGF2α-G, PGE2-G, and 2AG levels compared to vehicle-treated cells

following ionomycin stimulation (Fig. 9B). In contrast, treatment of cells with 1 μM PO did

not significantly elevate the amounts of PG-Gs and 2AG compared to vehicle treated cells

(Fig. 9C). These differing results likely occurred because CPO is a more potent inhibitor of

glyceryl ester metabolism than PO within intact cells. Taken together, treatment of THP1

macrophages with CPO appeared to prevent the degradation of PG-Gs when produced from

either exogenous or endogenous sources of 2AG, whereas PO appeared to block the

degradation of PG-Gs only when they were produced from exogenous 2AG (Fig. 8). When

PG-Gs were generated in macrophages following ionomycin stimulation, PO did not

augment their levels (Fig. 9C).

When THP1 macrophages were cholesterol loaded and subsequently treated with CPO or

PO (0, 1 and 10 μM) for 24 h, increasing amounts of 2AG were found to accumulate in the

culture medium (Supplementary Fig. 7A,B). For the 1 μM and 10 μM CPO treatment

groups, the amounts of 2AG were 2.5-fold and 8.1-fold higher than the control group,

respectively. In contrast, 1 μM and 10 μM PO resulted in 3.1-fold and 3.5-fold increases in

2AG levels, respectively. This result suggested that THP1 foam cells are capable of 2AG

biosynthesis and secretion without having to be stimulated with agonists such as ionomycin.

It further showed that oxon-mediated inhibition of catabolic enzymes in foam cells can

contribute to the buildup of the endocannabinoid 2AG in culture medium in a dose-

dependent manner. Exposure of THP1 macrophage foam cells to OPs for 24h did not alter

CES1 protein levels (Supplementary Fig. 7C)

Discussion

Endogenous cannabinoids are lipid mediators that modulate several physiological functions,

including reproduction, motor control, appetite, cognition, analgesia, peripheral metabolism

and inflammation (1,36,37). The two most widely studied endocannabinoids, 2AG and

AEA, are produced on demand, act locally on CB receptors, and their physiological actions

are terminated by hydrolytic enzymes, the best characterized to date being MAGL and

FAAH. One of the main findings of this study is that human CES1 and CES2 can effectively

hydrolyze 2AG to AA and glycerol. Furthermore, the catalytic efficiencies of recombinant

CES1 and CES2 for this activity are similar to or better than recombinant rat MAGL and

FAAH (33). Another significant finding is that CES1 and CES2 also efficiently hydrolyze

PGF2α-G and PGE2-G, which are COX-mediated oxygenation products of 2AG. Since PG-

Gs have been shown to possess biological activities in their own right (9,10,38), CES may

represent an important enzyme class that regulates the in vivo levels of these compounds.

Therefore, CES might be an attractive target for selective inhibitors with the goal of

increasing endocannabinoid and/or PG-G levels in macrophages, thereby modulating lipid

glyceryl ester homeostasis. This is the first report to suggest that 2AG and PG-Gs are

substrates for human CES1 and CES2, although we previously reported that a bacterial CES

(pnbCE) could hydrolyze 2AG (39). Furthermore, it was previously reported that PG-Gs are

more rapidly degraded in rat serum than human serum (40). The most likely explanation for

this finding is that rat serum contains a CES enzyme that can metabolize PG-Gs, whereas

human serum does not (41).
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Endocannabinoids have well-described activities in the brain, including a role for 2AG in

retrograde signaling between neurons (2). However, they also have physiological roles in the

vasculature that may modulate development of atherosclerosis. For example, activation of

macrophage CB1 receptors led to increased expression of pro-inflammatory genes (42) and

scavenger receptors (43), decreased expression of cholesterol transporters (43), and

increased reactive oxygen stress (44). By contrast, CB2 receptor activation had opposing

effects on these proatherogenic pathways in macrophages (45,46). Therefore, the local

concentration of 2AG in the vessel wall may be an important determinant of foam cell

formation and atherosclerosis. To address this issue, we used THP1 macrophages as a model

system to examine the metabolism of 2AG and its COX-mediated PG-G metabolites. In our

study, intact THP1 macrophages were shown to effectively hydrolyze exogenously added

2AG and PG-Gs, yielding AA and PGs, respectively; however, this ability was significantly

reduced in a dose-dependent manner by the organophosphate metabolite PO (Fig. 4,5).

Interestingly, human MAGL was found to be insensitive to the inhibitory effects of PO

(IC50>10,000 nM), whereas CES1 was inhibited by this compound (IC50=77 nM; Fig. 3).

Our initial interpretation of these results was that inhibition of lipid glyceryl ester hydrolysis

by PO in intact monocytes (Supplementary Fig. 6) and macrophages (Fig. 4,5) was due to

CES1 inactivation, not MAGL. Surprisingly, although serine hydrolase activity profiling of

THP1 monocytes/macrophages indicated that CES1 was readily detectable, MAGL activity

was not (although it was detected by immunoblotting; Fig. 3A). Furthermore, a 31-32kDa

serine hydrolase was clearly evident in Fig.2C, which resembled the migration and doublet

behavior of MAGL. However, it could not be inhibited by JZL184 (Fig. 2D) and was

relatively insensitive to oxons (Supplementary Fig.1A-D). Based on the use of CES1

chemical inhibitors (S-3030, JZL184, and PO), we conclude that CES1 is responsible for

40-50% and 80-95% of the metabolism of 2AG and PG-Gs in THP1 cells, respectively. As

for the remaining hydrolytic activity not attributable to CES1, the 31-32kDa enzyme may be

a candidate because it cannot be inhibited by JZL184 and oxons (at low concentrations), but

it can be inhibited by high concentrations of oxons (>10μM), which somewhat resembles the

inhibition of 2AG metabolism by these compounds. Although the identity of the 31-32kDa

enzyme is presently unclear, based on related sequences to MAGL it may be a

lysophospholipase-like protein (http://www.uniprot.org/uniprot/Q2VYF8). This putative

protein has a predicted molecular weight of 30,720 Da. Interestingly, except for the first 51

amino acids, the remaining primary sequence of Q2VYF8 is identical to human MAGL. The

difference in amino terminal sequences between the two proteins might explain the lack of

immunoreactivity toward the commercial MAGL antibody, which was raised against an N-

terminal peptide of MAGL. This epitope appears to be lacking in the 31-32kDa enzyme.

Furthermore, the different N-terminal domain in Q2VYF8 may account for its lack of

inhibition by JZL184. Future studies on this protein may be warranted to characterize its

function in macrophages.

In contrast to the “selectivity” shown by PO, which inhibited the hydrolytic activity of CES1

but not MAGL, CPO could potently inhibit both recombinant MAGL and CES1 (Fig. 3B,C).

Con-sistent with this, it was previously shown that CPO and PO had different inhibition

profiles against MAGL, FAAH, and AChE in mouse brain, with CPO considered to be a

non-selective agent since it inhibited all three enzymes with low IC50s, and PO considered a
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selective inhibitor against AChE compared to MAGL and FAAH (47). Based on western

blot data (Fig. 3A) and activity profiling (Fig. 2C), MAGL is expressed in THP1 cells at

significantly lower levels than CES1 and FAAH is not detectable. Therefore, it seems that

MAGL and FAAH do not contribute significantly to overall lipid glyceryl ester metabolism

in this cell line. Nevertheless, PO and CPO were used to study lipid glyceryl ester hydrolysis

in intact THP1 macrophages because of potential human exposure to these compounds in the

environment. Addition of exogenous 2AG to CPO- and PO-pretreated THP1 macrophages

(LPS primed) caused a significant buildup of PG-Gs in the culture medium relative to

vehicle treated cells (Fig. 7,8). Similarly, when 2AG was biosynthesized in situ by addition

of ionomycin to LPS-primed macrophages, the levels of 2AG and PG-Gs were enhanced by

CPO pretreatment of cells (Fig. 9B). However, pretreatment with PO did not yield a similar

enhancement in lipid mediators (Fig. 9C), thus pointing to another hydrolase not inhibited

by PO under these conditions that can also degrade these compounds. Consistent with this

result, titration of monocyte lysates with high concentrations of CPO and PO revealed that

CPO was a more effective inhibitor of 2AG hydrolysis activity than PO (Supplementary Fig.

3A), which is actually consistent with the data in Fig. 3 and suggestive of a role for a PO-

insensitive MAGL-like enzyme. As already mentioned above, it seems unlikely that MAGL

has a role because of the low amounts of this enzyme in THP1 cells. Thus, another obvious

candidate is the 31-32kDa enzyme identified by activity profiling. This protein may

contribute to hydrolysis of 2AG and PG-Gs generated in situ and may be differentially

inhibited by CPO and PO in the same manner that MAGL is. However, activity profiling of

the 31-32kDa enzyme in both lysates and intact cells indicates that it is not particularly

sensitive to inhibition by either CPO or PO (Supplementary Fig.1). Yet there may be subtle

differences in the inhibition of the 31-32kDa enzyme by oxons that cannot be discerned by

activity profiling with FP-biotin. A next logical step will be to purify and identify this

protein, followed by its recombinant expression to identify compounds that can inactivate its

activity.

The difference observed in the PO-mediated stabilization of PG-Gs in THP1 macrophages

when using exogenous 2AG or ionomycin to stimulate their production (Fig. 8 and 9C)

might be caused by the larger amounts of PG-Gs likely generated from exogenous 2AG

treatment as compared to the ionomycin treatment. Consequently, after addition of

exogenous 2AG to the culture medium, intracellular concentrations of PG-Gs may reach

levels that saturate the PO-insensitive MAGL-like enzyme resulting in their accumulation in

the culture medium. By contrast, in the case of ionomycin-induced PG-G formation, the

concentrations of PG-Gs available to the PO-insensitive MAGL-like enzyme are likely not

saturating and PG-Gs are efficiently degraded (and thus do not accumulate in the culture

medium).

The possibility that exposure of macrophages to OP insecticides can interfere with

endocannabinoid production and its downstream COX-mediated metabolites suggests a

novel role for these xenobiotics in vascular wall dysfunction. Consistent with this premise,

Nomura et al. (47) showed that dual blockade of MAGL and FAAH by organophosphorus

agents caused ten-fold elevations in mouse brain levels of both 2AG and AEA.

Consequently, CB1-dependent behavioral effects were elicited. Interestingly, based on

Xie et al. Page 16

Chem Res Toxicol. Author manuscript; available in PMC 2014 June 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



activity-based proteomic profiling, MAGL and FAAH are much more abundant than CES in

mouse brain; MAGL accounts for ~85% of the 2AG hydrolase activity in brain with the

remaining 15% attributed to ABHD6 and ABHD12 (48). These data indicate that CES do

not have a role in the regulation of 2AG in the central nervous system. However, we

speculate that CES-regulated endocannabinoid metabolism may be an important metabolic

pathway in specific cell types within peripheral tissues, such as macrophages found in vessel

walls. Consistent with this premise, we also showed that cholesterol-loaded THP1

macrophages can produce significant quantities of 2AG, and that exposure to oxon

metabolites resulted in concentration dependent increases in 2AG levels in the culture

medium (Supplementary Fig. 7).

We hypothesize that the endocannabinoid tone of vessel wall macrophages may be

significantly perturbed by chronic exposure to bioactive OP metabolites, and an activated

endocannabinoid system can therefore modulate cholesterol metabolism in macrophages. In

support of this idea, patients with coronary artery disease were found to have elevated levels

of blood endocannabinoids and increased expression of CB1 receptors in coronary

atheromas, thus an activated ECS was demonstrated in this disease state (42). Further, CB1

receptor blockade by rimonabant (a CB1 antagonist) caused anti-inflammatory effects in

cultured THP1 macrophages, which might be beneficial in terms of atheroprotection (42).

Conversely, activation of macrophage CB1 receptors by a selective agonist, AM-251, was

shown to stimulate CD36 expression and to downregulate ABCA1 expression (43), thus

enhancing a pro-atherogenic phenotype. In contrast to evidence indicating that macrophage

CB1 receptor activation might prove atherogenic, activation of macrophage CB2 receptors

may be anti-inflammatory and atheroprotective (49). Future studies will be required to

determine if perturbed endocannabinoid homeostasis caused by chronic pesticide exposure

leads to adverse outcomes, such as increased plaque formation in vessel walls. However, the

results of this study demonstrate that the human THP1 macrophage cell line can metabolize

2AG and its PG-G metabolites, and that CES1 has a prominent role in their degradation.

Furthermore, whether CES1 and CES2 contribute to the metabolism of 2AG in the liver and

intestinal tract, respectively, should also be explored, particularly in light of the abundant

expression of these isoforms in these tissues.

In conclusion, human CES1 and CES2 can hydrolyze 2AG and its COX-derived PG-G

metabolites. CES1 is responsible in part for the 2AG and PG-G hydrolase activities present

in THP1 monocytes/macrophages, although with regard to 2AG metabolism other

hydrolase(s) also play a significant role. Studies to identify these hydrolases are currently on

going. In addition, when 2AG and PG-Gs were formed in situ by macrophages, the amounts

of these lipid mediators were significantly elevated (stabilized) by pre-treatment of cells

with a non-specific hydrolase inhibitor, CPO. These findings suggest that environmental

toxicants may interfere with endocannabinoid metabolic pathways in macrophages, which

may have implications for disease development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AA arachidonic acid

2AG 2-arachidonoylglycerol

CES1 carboxylesterase 1

CES2 carboxylesterase 2

CPO chlorpyrifos oxon

CVD cardiovascular disease

ECS endocannabinoid system

FAAH fatty-acid amide hydrolase

MAGL monoacylglycerol hydrolase

PO paraoxon

pNPV p-nitrophenyl valerate

PG-G prostaglandin glyceryl esters

PGE2-G prostaglandin E2 glyceryl ester

PGF2α-G prostaglandin F2α glyceryl ester

S-3030 thieno[3,2-e][1]benzothiophene-4,5-dione
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Figure 1.
Hydrolysis of 2AG and PG-Gs by recombinant human CES 1 and 2. (A) Chemical scheme

of 2AG hydrolysis. (B) LC-MS chromatograms of arachidonic acid (AA, m/z 303) obtained

when 2AG was incubated with CES1 for 10-75 min. (C) Time course of AA formation

when 2AG (250μM) was incubated in the presence (enzymatic) or absence (non-enzymatic)

of CES1. (D) Substrate concentration vs. velocity (rate of 2AG turnover) curves for human

recombinant CES1 and CES2. Curves are representative of at least 3 independent

experiments. (E-G) Comparison of the hydrolytic activities of FAAH, CES1, and MAGL
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toward 2AG (10 μM), PGE2-G (25 μM) or PGF2α-G (25 μM). Recombinant human enzymes

were incubated with (E) 2AG (10μM), (F) PGE2-G (25μM), or (G) PGF2α-G (25μM) for 15

min. Products were analyzed by LC-MS and quantified using internal standard (8-iso-

PGF2α-d4 or AA-d8). Data represent the mean ± SD of triplicate reactions. Different lower

case letters indicate statistical differences between groups (p<0.05, one-way ANOVA and

Tukey test).
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Figure 2.
THP1 monocytes hydrolyze the lipid mediators 2AG, PGE2-G, or PGF2α-G. (A) Intact

THP1 cells were incubated in serum-free medium in the absence (control) and presence of

exogenous 2AG (10μM) for 1 h. LC-MS chromatograms are shown. Solid black line (AA,

m/z 303); dashed grey line (AA-d8, m/z 310). (B) Inhibition of lipid glyceryl ester

metabolism in THP1 monocyte lysates by S-3030. Control THP1 lysate hydrolysis activities

for 2AG, PGF2α-G, and PGE2-G represent 2.5, 0.6, and 0.8 nmol product/min/mg protein,

respectively, when using 25 μM substrate. (C) Serine hydrolase activity profile of THP1

monocyte lysate determined with FP-biotin (2μM, 1h, room temp). heat indicates lysates

were boiled prior to addition of FP-biotin, native indicates lysates were not boiled. An

endogenous biotin-containing protein is detected ~75kDa in both heat and native samples

(band not shown) and is not dependent on FP-biotin treatment. (D) Activity profile of CES1

and 31-32kDa enzyme following incubation of THP1 lysate with JZL184 or 100μM CPO

(positive control) for 30 min (37°C), followed by FP-biotin (2μM, 1h, room temp). (E)

Inhibition of lipid glyceryl ester metabolism in THP1 monocyte lysates by JZL184. Bar

graphs represent the mean ± SD of triplicate reactions. * p<0.05 for inhibitor-treated lysate

versus vehicle-treated lysate, one-way ANOVA and Dunnett’s test.
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Figure 3.
Expression of 2AG hydrolytic enzymes in THP1 cells and sensitivity of CES1 and MAGL

toward oxons. (A) THP1 macrophages express CES1 and MAGL, but do not express

FAAH. PVDF membranes were probed using rabbit anti-CES1, rabbit anti-MAGL, or rabbit

anti-FAAH antibodies. Antigen-antibody complexes were detected using goat anti-rabbit

secondary antibody conjugated to HRP. Rabbit anti-βactin was used to verify equal protein

loading (25μg per lane). +, rat liver microsomal protein used as a positive control for FAAH

antibody. Normalized band intensities are shown below western blot. (B,C) Inhibition

curves for CES1- and MAGL-mediated hydrolysis of 2AG by PO (open symbol) and CPO

(closed symbol). Data represent the mean ± SD of triplicate reactions.
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Figure 4.
Treatment of intact THP1 macrophages with paraoxon inhibits the hydrolytic metabolism of

2AG. THP1 macrophages were pretreated with increasing amounts of PO (0.1-10 μM, 30

min), followed by addition of 2AG (10 μM, 60 min). Cells and culture medium were com-

bined, spiked with internal standard (AA-d8), and extracted with ethyl acetate (0.1% acetic

acid) for LC-MS assay. Data represent the mean ± SD of triplicate plates. * p<0.05 for

inhibitor-treated cells versus vehicle-treated cells, one-way ANOVA and Dunnett’s test.

2AG exists in aqueous solution as a mixture of two isomers, 2AG and 1(3)-AG (50).

Xie et al. Page 26

Chem Res Toxicol. Author manuscript; available in PMC 2014 June 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
Treatment of intact THP1 macrophages with paraoxon inhibits the hydrolytic metabolism of

PGE2-G and PGF2α-G. THP1 macrophages were pretreated with increasing amounts of PO

(0.1-10 μM, 30 min), followed by addition of PGE2-G (10 μM, 60 min) (A) or PGF2α-G (10

μM, 60 min) (B). Cells and culture medium were combined, spiked with internal standard

(8-iso-PGF2α-d4), and extracted with ethyl acetate (0.1% acetic acid) for LC-MS assay. Data

represent the mean ± SD of triplicate plates. * p<0.05 for inhibitor-treated cells versus

vehicle-treated cells, one-way ANOVA and Dunnett’s test.
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Figure 6.
Immunoprecipitation of CES1 from THP1 monocyte lysates significantly reduces the

hydrolysis of lipid glyceryl esters. CES1 was immunoprecipitated from cell lysates using

rabbit anti-CES1 IgG antibodies. As a negative control, lysates were incubated with

preimmune IgG antibodies. (A) Following centrifugation of antibody-lysate incubates,

aliquots of the supernatants were run on SDS-PAGE to detect CES1 and β-actin by western

blot (lanes 1 and 2) or MAGL (lanes 3 and 4). β-Actin was probed to verify equal gel

loading of lysate proteins. (B) Supernatants were also treated with FP-biotin to examine the

serine hydrolase activity profile. THP1 indicates lysates prepared in 50 mM Tris-HCl (pH

7.4) buffer, THP1* indicates lysates were solubilized in Tris-HCl (pH 7.4) buffer containing

0.5% Brij. (C,D) Supernatants were incubated with fixed amounts of PG-G (25 μM) for 30

min and ethyl acetate extracts analyzed by LC-MS to determine the amounts of hydrolysis

product formed (PGE2 and PGF2α). (E) Alternatively, supernatants were incubated with

2AG (10 μM) for 30 min. Data are from at least two independent IP experiments, each

reaction with substrate was performed in duplicate or triplicate. * p<0.05 for CES1-depleted

lysate versus control lysate, Student’s t-test.
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Figure 7.
Murine and human macrophage cell lines produce PG-Gs. (A,B) Murine J774 macrophages

were primed with LPS (1 μg/ml) for 5 h, followed by addition of 2AG (10 μM) (A) or

ionomycin (5 μM) (B). After 30 min, the culture medium was removed and extracted for

LC-MS/MS analysis (chromatograms for PGF2α-G are shown). (C) Human THP1

macrophages were primed with LPS (1 μg/ml) for 5 h, followed by addition of 2AG. No PG-

Gs were detected. (D) If macrophages were pretreated with CPO (1 μM) prior to adding

2AG, then PG-Gs were detected. (E) If the non-specific COX inhibitor indomethacin (3 μM)

was added along with CPO prior to 2AG addition, then no PG-Gs were produced. (F) A

chromatogram of the authentic standard of PGF2α-G is shown. Chromatograms shown are

representative of three independent experiments. As seen with 2AG, PG-Gs exist in aqueous

solution as a mixture of two isomers, 2-PG-G and 1(3)-PG-G (see Figure 10).
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Figure 8.
PO significantly elevates the amounts of PG-Gs formed in situ by THP1 macrophages

subsequently exposed to 2AG. THP1 macrophages were treated with lipopolysaccharide

(LPS, 1 μg/ml) for 5 h. Culture medium was removed and cells pre-treated with paraoxon

(PO, 1 μM) or vehicle (ethanol) in serum-free medium for 30 min. After 30 min, 2AG (10

μM) was directly added to culture medium and cells incubated for an additional 30 min.

Culture medium was re-moved and extracted for LC-MS/MS analysis of PGF2α-G (A,C)

and PGE2-G (B,D). Data represent the mean ± SD of triplicate plates in a single experiment,

and are representative of three independent experiments. * p<0.05 for PO-treated cells

versus vehicle-treated cells, Student’s t-test.
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Figure 9.
CPO-pretreated THP1 macrophages have elevated ionomycin-stimulated PG-G levels. (A)

LPS priming (1 μg/ml, 5 h) of THP1 macrophages induced COX-2, as determined by

western blot. (B) Prereatment of macrophages with 1 μM CPO followed by ionomycin

stimulation caused PG-Gs and 2AG levels to be elevated. (C) Prereatment of macrophages

with 1 μM PO followed by ionomycin stimulation did not elevate PG-G and 2AG levels.

Data represent the mean ± SD of triplicate plates in a single experiment, and are
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representative of three independent experiments. * p<0.05 for CPO-treated cells versus

vehicle-treated cells, Student’s t-test.
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Figure 10.
Cross talk between endocannabinoids and PG-Gs in THP1 macrophages. Abbreviations:

cPLA2, cytosolic phospholipase A2; PLC, phospholipase C; PLD, phospholipase D; DAGL,

diacylglycerol lipase; COX, cyclooxygenase; PGES, prostaglandin E2 synthase.
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Table 1

Steady-state kinetic parameters for hydrolysis of 2AG and PG-Gs by recombinant human CES1 and CES2

Human CES1

Substrate kcat (min−1) Km (μM) kcat/Km (min−1 μM−1)

2AG 59 ± 4
a 49 ± 11 (1.2)

PGF2α-G 29 ± 3.5
a,b 93 ± 43 0.49 ± 0.18

a
 (0.31)

PGE2-G 90 ± 16
b 250 ± 60 0.37 ± 0.05 (0.36)

Human CES2

Substrate kcat (min−1) Km (μM) kcat/Km (min−1 μM−1)

2AG 43 ± 4
a 46 ± 13 (0.93)

PGF2α-G 49 ± 5.4
a 35 ± 4.1 1.5 ± 0.30

a,b
 (1.4)

PGE2-G 150 ± 81 705 ± 380 0.23 ± 0.03
b
 (0.21)

Values are the average ± SE of 2-4 independent experiments. kcat/Km values in parentheses are obtained using the mean values for each kinetic

parameter.

a
p<0.05 for CES1 versus CES2 when using the same substrate, Student’s t-test

b
p<0.05 for PGF2-G versus PGE2-G when using the same enzyme, Student’s t-test
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