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Abstract

Inflammation is an important part of the innate immune response and is involved in the healing of 

many disease processes; however, chronic inflammation is a harmful component of many 

diseases. The regulatory mechanisms of inflammation are incompletely understood. One possible 

regulatory mechanism is the endocannabinoid system. Endocannabinoids such as 2-

arachidonoylglycerol (2-AG) and anandamide (AEA) are generally anti-inflammatory via 

engagement of the cannabinoid receptor 2 (CB2) on innate cells; therefore, preventing the 

degradation of endocannabinoids by specific serine hydrolases such as fatty acid amide hydrolase 

(FAAH), monoacylglycerol lipase (MAGL), and carboxylesterases (CES) might decrease 

inflammation. We hypothesized that the activities of these catabolic enzymes would decrease with 

a subsequent increase in 2-AG and AEA in a model of inflammation. Mice were injected with 

lipopolysaccharide (LPS) for 6 or 24 hr, and inflammation was confirmed by an increase in 

interleukin-6 (il6) and il17 gene expression. Activity-based protein profiling (ABPP) of serine 

hydrolases showed no significant difference in various serine hydrolase activities in brain or liver, 

whereas a modest decrease in Ces activity in spleen after LPS administration was noted. 2-AG 

hydrolase activity in the spleen was also decreased at 6 hr post LPS, which was corroborated by 

LPS treatment of splenocytes ex vivo. ABPP-MudPIT proteomic analysis suggested that the 

decreased 2-AG hydrolysis in spleen was due to a reduction in Ces2g activity. These studies 
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suggest that the endocannabinoid system could be activated via suppression of a 2-AG catabolic 

enzyme in response to inflammatory stimuli as one mechanism to limit inflammation.
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Introduction

Immune cells are recruited to tissues during acute inflammation to remove the inflammatory 

stimuli, clear cellular debris, and initiate healing. On the other hand, chronic inflammation is 

implicated as a contributor to several diseases, including autoimmune diseases, 

atherosclerosis, heart disease, metabolic disease, and cancer. Thus, regulatory mechanisms 

exist to control and/or resolve inflammation to prevent further tissue damage from pro-

inflammatory mediators, such as cytokines, chemokines, reactive oxygen or nitrogen 

species, and proteolytic enzymes.

Cannabinoids are plant-derived compounds from Cannabis sativa that possess anti-

inflammatory effects, in part via engagement of CB2 receptors on innate cells 1. 

Endocannabinoids, such as anandamide (AEA) and 2-arachidonlyglycerol (2-AG), also 

exhibit anti-inflammatory effects 2–7. This suggests that increasing endocannabinoid levels 

might be one mechanism by which inflammation is regulated in vivo. In fact, many studies 

have demonstrated that inhibition of endocannabinoid degradative enzymes, such as 

monoacylglycerol lipase (MAGL) or fatty acid amide hydrolase (FAAH), resulted in 

attenuated inflammatory responses 8–10. For instance, the MAGL inhibitor JZL184 

attenuated acute lung injury in response to intranasal LPS 9, reduced carrageenan-induced 

inflammatory pain 10, and inhibited trinitrobenzene sulfonic acid-induced colitis 8.

Carboxylesterases are promiscuous hydrolytic enzymes of the serine hydrolase family that 

have been shown to hydrolyze the endocannabinoid 2-AG 11, 12. In fact, recombinant human 

CES1 has the same catalytic efficiency as human MAGL when it comes to the hydrolysis of 

2-AG 12. On the basis of amino acid homology, the CES family of enzymes is classified into 

five groups in mammals (CES 1–5), with the majority of isoforms in the CES1 and CES2 

groups 13, 14. There are eight Ces1 genes and eight Ces2 genes encoded in the murine 

genome compared to just one human CES1 gene and one human CES2 gene. Further, the 

individual murine Ces1 and Ces2 genes within their group are highly redundant in terms of 

sequence homology, due to multiple gene duplication events that have occurred throughout 

the evolutionary history of the mouse 13.

The goal of the current work was to determine whether the activities of endocannabinoid 

catabolic enzymes are attenuated in response to an inflammatory stimulus as one mechanism 

by which inflammation is limited and/or resolved. Specifically, we hypothesized that LPS 

would simultaneously induce pro-inflammatory mediators and suppress activity of 

endocannabinoid degradative enzymes in brain, liver, and spleen following a single 

intraperitoneal injection. Upon verification that pro-inflammatory cytokines were induced in 
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spleen and liver, gel-based activity-based protein profiling (ABPP) of serine hydrolases was 

performed on all tissues at 6 and 24 hr post LPS injection. In addition, mass spectrometry-

based ABPP of spleen serine hydrolases indicated that Ces2g activity was selectively down 

regulated and 2-AG hydrolytic activity in spleen was concomitantly decreased early 

following LPS injection. We then verified that Ces2g is a bona fide 2-AG hydrolase by 

overexpressing recombinant murine Ces2g in COS7 cells and assessing its ability to 

metabolize 2-AG. Together, these results demonstrate that LPS, in addition to inducing pro-

inflammatory mediators, also inhibits endocannabinoid metabolizing enzyme activity, 

suggesting a possible negative feedback mechanism to control inflammation.

Materials and Methods

Chemicals and reagents

The activity-based serine hydrolase probe, fluorophosphonate-biotin (FP-biotin), was from 

Toronto Research Chemicals (North York, ON). β-mercaptoethanol, penicillin, 

streptomycin, p-Nitrophenyl valerate (pNPV), streptavidin–agarose beads, avidin–

horseradish peroxidase and all buffer components were from Sigma (St. Louis, MO). 

Authentic standards of 2-AG, AEA, arachidonic acid (AA), and AA-d8 were from Cayman 

Chemical (Ann Arbor, MI). O,O′-Diethyl p-nitrophenyl phosphate (paraoxon, PO) was a gift 

from H. Chambers (Mississippi State University). High-performance liquid chromatography 

(HPLC) grade solvents were from Thermo-Fisher. Reagents for ABPP-MudPIT were 

purchased from sources described in Wang, et, al,.11

Mice

C57BL/6 female mice were obtained from Harlan Laboratories (Indianapolis, IN). Mice 

were randomly assigned to cages and housed at 5/cage. Mice were acclimated for two weeks 

prior to use in experiments. Animal rooms were kept at 20–25°C and 40–60% humidity with 

a 12-hr light cycle. All protocols were conducted in accordance with the Mississippi State 

University Institutional Animal Care and Use Committee in an AAALAC-approved facility.

Treatment

Mice (N = 5/group) received either saline or LPS (25 μg/mouse delivered in 0.5 ml saline 

i.p.). Mice were euthanized at 6 or 24 hr post saline or LPS injection and spleen, liver, and 

brain were harvested. The spleen was divided: half was flash frozen, and the other half was 

used for immune function and/or mRNA analysis. Liver was also divided: the left cranial 

liver lobe was isolated for mRNA analysis and the remaining lobes were flash-frozen. The 

brain was removed and dissected on a stainless steel metal plate placed on dry ice. The brain 

was dissected into left and right hemispheres (excluding the optic chiasm, cerebellum, and 

olfactory bulb), and each portion was flash-frozen in liquid nitrogen. All frozen tissue and 

mRNA samples were stored at −80°C until sample preparation.

Splenocyte culture

Splenocytes were prepared in a single cell suspension by mechanical disruption. Cells were 

seeded at 2 × 107 cells/well in complete media (1X RPMI containing 1% v/v bovine calf 

serum, 1% w/v penicillin-streptomycin and 50 μM 2-mercaptoethanol). Splenocytes were 
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either not treated or treated with LPS (1 μg/ml) for 3.5 hr after which cells were lysed in ice-

cold 50 mM Tris-HCl (pH 7.4) buffer by sonication. The lysates were assayed for 2-AG 

hydrolytic activity, as described below.

RNA Isolation

Spleen and liver samples were stored in TRI reagent (Sigma Aldrich, St. Louis, MO). 

Samples were thawed at room temperature (RT) and then vigorously mixed with 0.2 ml 

bromochloropropane (BCP). After a 15-min incubation at RT, liquid phases were separated 

by centrifugation at 12000g for 15 min at 4°C. The aqueous phase was transferred to a fresh 

tube and RNA was precipitated with 0.5 ml isopropanol. Samples containing precipitated 

RNA were mixed and incubated for 10 min before centrifugation at 12000g for 10 min at 

4°C. The RNA pellet was then subjected to further purification and DNase treatment using 

the SV Total RNA Isolation System (Promega, Madison, WI) according to manufacturer’s 

instructions.

Real-time PCR

cDNA was prepared from total RNA using a High Capacity cDNA Archive Kit (Applied 

Biosystems/Life Technologies, Foster City, CA). cDNA was then used in a Taqman PCR 

Reaction with Universal 2X Master Mix and il6 or il17 primer/probes (Applied Biosystems/

Life Technologies). Fold change was calculated using the ΔΔCt method 15 using the 6-hr 

saline control as the group to which the other groups were compared. Water controls were 

included during cDNA synthesis and Taqman PCR reaction.

Preparation of Native Tissue Proteomes

For liver, ~100 mg tissue was homogenized (20% w/v) in sucrose buffer (50 mM Tris-HCl, 

0.32 M sucrose, pH 7.4) using a dounce homogenizer on ice. Homogenized samples were 

transferred to a 1.5-ml centrifuge tube and centrifuged at full speed (16,100g) for 30 min at 

4°C. The supernatant was retained and stored at −80°C until utilized further. Brain was 

processed the same way as liver using the entire right hemisphere. Spleen halves were 

homogenized in 250 μl sucrose buffer using a micro tissue homogenizer. Each sample was 

centrifuged at 1,000g for 30 min at 4°C to remove debris, and the supernatant was retained 

and stored at −80°C.

Protein Concentration Determination

Samples from the supernatants were diluted 1:30 v/v in deionized water and incubated with 

BCA reagent (ThermoPierce) for 30 min at 37°C. Absorbance of solutions at 560 nm was 

measured using a plate reader. The absorbance values were compared against a bovine 

serum albumin standard to determine protein concentrations.

ABPP

The native tissue proteomes for liver and brain were diluted with sucrose buffer (50 mM 

Tris-HCl, 0.32 M sucrose, pH 7.4) to a final protein concentration of 2 mg/ml in a 100 μl 

reaction volume (spleen was diluted to 0.5 mg/ml due to limited sample). FP-biotin was 

added to each sample (final concentration, 8 μM; 1.9% v/v DMSO) and allowed to react at 
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room temperature for 60 min. The reaction was stopped using 20 μl of 6X SDS-PAGE 

loading buffer (reducing) and samples heated at 90°C for 5 min. Samples were cooled and 

resolved on 10% SDS-PAGE gels. Electrophoresis proceeded at 100 V for 15 min and 120 

V for approximately 75 min. Following gel electrophoresis, proteins were transferred to a 

polyvinylidene fluoride (PVDF) membrane. Each membrane was blocked in 5% (w/v) non-

fat milk for 60 min then washed with tween buffer. The membranes were incubated with 

avidin-peroxidase (1:2000 v/v) in 1% (w/v) non-fat milk for at least 120 min before washing 

the membrane with tween buffer (3 × 10 min). The membranes were then incubated with 

chemiluminescent substrate for 5 min and images were obtained using X–ray film for 

various exposure times. Negative controls included proteomes that were heat denatured at 

90°C for 5 min before adding FP-biotin. In some experiments, proteomes were pre-

incubated with PO (1 and 10 μM), a broad-spectrum serine hydrolase inhibitor, for 15 min at 

37°C before adding FP-biotin.

Ces Western Blots

Proteomes from naïve mouse spleen were resolved by 10% SDS-PAGE. Mouse Ces1 and 

Ces2 proteins were detected by incubation with rabbit monoclonal anti-human CES1 

(1:25,000 v/v; Abcam) and goat polyclonal anti-mouse Ces2 (1:5,000 v/v; R&D Systems), 

respectively, followed by incubation with HRP-conjugated goat anti-rabbit or donkey anti-

goat secondary antibody. The anti-human CES1 antibody can recognize mouse Ces1 protein. 

Equal protein loading of the gel was verified by detecting β-actin with anti-β-actin antibody.

2-AG and AEA Hydrolysis Activity in Spleen Proteomes

Spleen proteomes were adjusted with 50 mM Tris-HCl (pH 7.4) buffer to a final 

concentration of 0.5 mg/ml in a 100 μl reaction volume and preincubated for 5 min at 37°C. 

2-AG or AEA was added (50 μM final concentration, 1.9% v/v ethanol) and the samples 

were incubated for 10 min at 37°C (a preliminary experiment showed that production of AA 

after 10 min was in the linear range of a reaction-time course). The reactions were 

terminated with 200 μl of cold acetonitrile (doped with AA-d8) and placed on ice for 15 min. 

The samples were centrifuged at full speed (16,100g) for 10 min at 4°C and supernatants 

transferred to HPLC vials with reducing inserts. The samples were stored at −20°C until LC-

MS/MS analysis. To account for the level of endogenous AA in homogenates, “blank” 

spleen samples were prepared without either exogenous 2-AG or AEA. Non-tissue proteome 

controls (i.e., non-enzymatic controls) were also prepared in 50 mM Tris-HCl (pH 7.4) 

buffer with 50 μM 2-AG or AEA. In some experiments, either PO (1 μM final 

concentration) or ethanol was added to spleen proteomes and incubated for 30 min at 37°C 

prior to the addition of 2-AG. Analysis of AA by LC-MS/MS was done as described 

previously 11.

ABPP-MudPIT Serine Hydrolase Profiling

Spleen proteomes were adjusted to 1 mg/ml protein concentration in 50 mM Tris-HCl (pH 

7.4) buffer in a total volume of 1 ml. The samples were treated with FP-biotin (8 μM) for 60 

min. Reactions were terminated by adding SDS (0.5% w/v final concentration) and heating 

at 90°C for 10 min. The samples were allowed to cool on ice. Meanwhile, a 3-kDa MWCO 
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Amicon Ultra centrifugal filter in cartridge (Millipore, Billerica, MA) was set-up in 2-ml 

centrifuge tubes for each sample to remove excess unreacted FP-biotin. The samples were 

transferred to the 3-kDa MWCO filter and centrifuged at 14,000 x g for 20 min, and the 

filtrate was discarded. The samples were washed three times with 500 μl of 50 mM Tris-HCl 

(pH 7.4) buffer and centrifuged each time. After the final wash, the filter was reversed into a 

new tube and centrifuged at 100 x g for 2 min. The filter was rinsed three times with 100 μl 

of 50 mM Tris buffer and each rinse transferred to sample tube. The samples were stored at 

4°C. Streptavidin-agarose beads (200 μl; Thermo) were washed in PBS and proteome 

samples added to the washed beads and incubated at room temperature for 3.5 h on a rotator. 

This is done to attach the serine hydrolases that had reacted with the activity probe FP-biotin 

on the streptavidin beads. After attachment, the beads are pelleted by centrifugation at 1,400 

x g for 3 min and the supernatant was discarded. The beads were then washed with 0.2% 

SDS in PBS (1 ml) once for 10 min before being centrifuged at 1,400 x g for 3 min. The 

supernatant was discarded. This wash process was repeated 3 times using PBS and 3 times 

using water. After washing the beads, the samples were reduced in 500 μl of 6 M urea in 50 

mM Tris-HCl (pH 7.4) and 10 μl of 500 mM TCEP [Tris (2-carboxyethyl) phosphine 

hydrochloride; final concentration of 10 mM]. Samples were incubated at 65°C for 15 min 

then cooled to 37°C. Fresh 500 mM IAA (iodoacetamide; 20 μl) was added to alkylate free 

cysteines and the samples incubated at 37°C for 30 min in the dark. Following the alkylation 

reaction, 950 μl of 50 mM Tris-HCl (pH 7.4) was added. Samples were centrifuged at 1,400 

x g for 2 min to pellet the beads, and the supernatant was discarded. Two-hundred μl of 2 M 

urea in 50 mM Tris-HCl (pH 7.4) and 4 μl of trypsin (Pierce) (0.5 mg/ml) were added to the 

beads. Trypsin was activated with 2 μl of 100 mM CaCl2 (1 mM final concentration) and the 

samples were incubated overnight at 37°C with gentle mixing. The samples were transferred 

to a spin-desalting column (Zeba 7-kDa MWCO, Thermo) to remove the beads and collect 

the filtrate containing the peptides. The beads in the column were washed two times with 

water and the filtrates were pooled together (total volume 300 μl). Three μl of 10% v/v 

formic acid in water was added to the filtrates containing peptides and the filtrates were 

desalted with a Sep-Pak C18 cartridge (Waters Associates, Milford, MA) following the 

manufacturer’s instructions. The peptides were eluted in 65% aqueous acetonitrile and the 

solvent was evaporated completely in a Speedvac concentrator. The residues were re-

suspended in 20 μl of 0.1% v/v formic acid in water for proteomic LC-MS/MS analysis as 

described previously 11. In brief, tryptic peptides were injected on a 75 μm (inside diameter) 

× 15 cm reverse phase C18 column (Thermo) controlled by an Ultimate 3000 nanoflow 

HPLC system (Dionex) and eluted using a water/acetonitrile (containing 0.1% formic acid) 

gradient at a flow rate of 0.3 μl/min. The separated peptides were introduced into an LTQ 

OrbiTrap Velos mass spectrometer (ThermoFisher). Normalized spectral counts for each 

identified serine hydrolase were determined using the commercially available Scaffold 

version 4.0.7 11.

Overexpression of Ces2g and Assessment of 2-AG Hydrolytic Activity

Recombinant murine Ces2g was overexpressed in COS-7 cells transfected with an 

expression vector containing Ces2g cDNA (Origene), as described previously 11, 12. Control 

transfections of COS-7 cells included an expression vector without the Ces2g cDNA insert 

(mock transfection). Cells were harvested 24–48 hr after transfection and lysed in 50 mM 
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Tris-HCl (pH 7.4) buffer by sonication. The esterase activity of the lysates was assessed 

using pNPV, as described previously 12. 2-AG hydrolytic activity of the lysates was 

determined by adding exogenous 2-AG (10 μM final concentration) and incubating for 10 

min at 37°C. Reactions were quenched by addition of an equal volume of cold acetonitrile 

doped with internal standard (AA-d8). The amount of AA produced in the reaction was 

determined by LC-MS/MS as previously described 11.

Statistical Analysis

The mean ± SE (or SD) was determined for each treatment group. Differences between 

means were determined with a two-way analysis of variance. When significant differences 

were detected, treatment groups within time points were compared to the 6 hr saline using 

Bonferroni’s test. For RT-PCR data, Grubb’s outlier test was performed for each treatment 

group using Delta Ct (Ct target gene − Ct18S). In addition, fold change values were 

transformed using natural log (fold change +1) prior to statistical analysis. Statistical 

analyses were performed using GraphPad Prism version 4.0a for Macintosh OSX, GraphPad 

software (San Diego, CA). Comparison of spectral count data from saline and LPS-treated 

samples following ABPP-MudPIT were assessed by Student’s t-test. Enzymatic activities of 

mock and Ces2g-overexpressed homogenates were assessed by Student’s t-test.

Results

LPS-induced inflammatory response

To verify that LPS induced inflammation in the mice, the levels of two pro-inflammatory 

cytokines, il6 and il17a, were assessed in spleen and liver (Fig. 1). Both il6 and il17a mRNA 

levels increased significantly in spleen and liver by 6 hr post LPS injection. By 24 hr, the 

mRNA levels of il6 and il17a had returned to baseline levels.

LPS-induced modulation of serine hydrolase activity

ABPP enables the activities of enzymes with conserved catalytic mechanisms, such as the 

serine hydrolases, to be evaluated in their native environments within tissues and cells 16. 

Serine hydrolase activities were assessed in brain, liver, and spleen proteomes in response to 

LPS using the activity probe FP-biotin and gel-based ABPP (Fig. 2). This probe reacts with 

most, but not all, active serine hydrolases. In brain, the serine hydrolases FAAH, NCEH1, 

ABHD12 and MAGL were detected, as we and others and others have previously 

shown 17, 18; however, none were altered by LPS treatment (Fig. 2A). In liver, Ces and 

AADAC activities were detected, but again, were not changed by LPS (Fig 2B). In spleen, 

there was a modest decrease in Ces activity in response to LPS at the 6 hr timepoint (Fig. 

2C), although it did not reach statistical significance. This Ces band at 60 kDa in the gel-

based ABPP is a composite of all Ces isoforms in the homogenate. No altered serine 

hydrolase activities were detected in any tissue at 24 hr post LPS (data not shown). Non-

specific bands indicate those proteins in tissues that are known to be detected by avidin-

peroxidase blotting in the absence of FP-biotin 17.
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Characterization of Ces activity in spleen

In order to verify that Ces and MAGL were active in the spleen, saline-treated spleen 

homogenates were incubated in the presence of PO, the bioactive metabolite of the 

insecticide parathion, which selectively inhibits Ces (at 1 μM) and at higher concentrations 

(≥ 10 μM) can also inhibit MAGL (PO is a more selective inhibitor of Ces relative to 

MAGL) 12, 19. As seen in Fig. 3A, pre-treatment of spleen proteomes with PO at a 

concentration of 1 μM resulted in the complete abrogation of Ces activity, as demonstrated 

by the lack of a visible band, indicating that the FP-biotin probe was unable to modify the 

PO-inactivated Ces proteins. On the other hand, the intensity of the band annotated as 

MAGL was unchanged relative to vehicle control; however, pre-treatment with a higher 

concentration of PO (10 μM) caused a decrease in its activity. Two serine hydrolases ~31 

kDa were also inhibited by PO, particularly at 10 μM, although their identities are unknown. 

Moreover, using PO (1 μM) to inhibit all Ces activity, the hydrolysis of exogenous 2-AG in 

spleen homogenates was completely abolished (Fig. 3B), suggesting that Ces can hydrolyze 

2-AG in the spleen.

In response to LPS, there was a significant inhibition of 2-AG hydrolysis activity at 6 hr post 

LPS, with no effect on 2-AG hydrolysis at the 24 hr timepoint. It was also notable that the 

AEA hydrolytic activity in spleen was markedly lower than the 2-AG hydrolytic activity 

(Fig. 4A). In addition, there was no difference in AEA hydrolysis activity detected in the 

spleen at 6 h post LPS compared to saline control. The LPS-induced suppression of 2-AG 

hydrolytic activity was confirmed in vitro using splenocytes treated with LPS (Fig. 4B).

Identification of Ces isoforms in the spleen

We next assessed the serine hydrolase activities in the 6 hr saline- and LPS-treated spleen 

samples using ABPP-MudPIT to specifically identify which serine hydrolase isoforms were 

modulated by LPS, because the gel-based ABPP results indicated that LPS-induced 

suppression of a Ces isoform was involved in the reduction in 2-AG hydrolysis by LPS (Fig. 

2C). Indeed, Ces1c, Ces2g, and Ces1d were all identified in spleen with Ces1c being most 

abundant (Fig. 5A). Interestingly, of the three Ces isoforms, only the activity of Ces2g was 

suppressed by LPS (Fig. 5A), suggesting that the reduced 2-AG hydrolysis in spleen at 6 hr 

(Fig. 4A) was due to LPS-induced suppression of Ces2g activity specifically. It was notable 

that FAAH was not detected in the spleen by ABPP-MudPIT (Fig. 5A), which is consistent 

with the minimal AEA hydrolysis activity detected (Fig. 4A). Moreover, MAGL (Mgll) 

activity was not significantly altered by LPS when assessed by ABPP-MudPIT, again 

supporting Ces2g as the primary target of suppression by LPS contributing to reduced 2-AG 

hydrolysis. Immunoblots of control spleen homogenates verified that Ces1 and Ces2 

isoforms were expressed (Fig. 5B), although specific subclasses of Ces isoforms, such as 

Ces1c and Ces1d, cannot be distinguished by immunoblotting due to the lack of specific 

antibodies.

Ces2g is a 2-AG hydrolytic enzyme

To verify that murine Ces2g is a 2-AG hydrolytic enzyme, we overexpressed it in COS7 

cells following transient transfection (Fig. 6A) and showed that it could hydrolyze 2-AG to 

AA (Fig. 6B). Thus, Ces2g appears to be a bona fide 2-AG hydrolytic enzyme. Finally, we 

Szafran et al. Page 8

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2016 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



also verified that Ces2g is highly sensitive to the inhibitory effects of PO (Fig. 6C), as was 

expected for a Ces isoform 19.

Discussion

The mechanisms involved in inflammation initiation are well-studied as compared to those 

involved in resolution. The inflammatory response we observed, as measured by il6 and 

il17a gene expression, in the spleen and liver in response to LPS demonstrates the classical, 

transient response with high expression early followed by almost complete resolution within 

24 hr. The resolution of inflammation must involve more than simply clearance of LPS 

because in one study in which cecal ligation and puncture was utilized as a model of 

systemic endotoxemia, plasma IL-6 levels returned toward baseline even when plasma 

endotoxin levels remained high 20.

In this work, we examined the possibility that LPS not only induced inflammation but also 

inhibited endocannabinoid metabolizing enzymes as one mechanism to raise 

endocannabinoid levels as a potential negative feedback system to limit inflammation. 

Specifically in the spleen, Ces2g activity was suppressed by LPS. Because we also 

demonstrated that Ces2g was a 2-AG hydrolytic enzyme, these results show that LPS 

suppresses 2-AG hydrolysis in part through inhibition of Ces2g. This result is similar to 

reports in which FAAH activity was inhibited by LPS 21–23. Interestingly, FAAH activity 

was not detected in the spleen proteome by ABPP-MudPIT, nor was there any AEA 

hydrolysis activity detected in spleen homogenates. Thus, 2-AG is the predominant 

endocannabinoid in the spleen, consistent with other reports in which 2-AG was found in 

nmol/g range, whereas AEA was detected in pmol/g range in the spleen 24.

Ces1c was the most abundant serine hydrolase detected by ABPP-MudPIT; however, Ces1c 

mRNA was not detected in mouse spleen (unpublished observation and 25). On the other 

hand, Ces2g mRNA was detected in spleen 25, which is consistent with our ABPP-MudPIT 

result. The high levels of active Ces1c detected in spleen by ABPP-MudPIT likely stems 

from contaminating Ces1c, which is present in abundance in mouse blood 26. Spleen is a 

richly perfused tissue and spleen proteomes would be prone to Ces1c contamination via the 

blood. Ces2g, however, is not found in mouse blood.

The results demonstrate that 2-AG hydrolysis in the spleen is inhibited early following LPS 

administration. The LPS-induced suppression of 2-AG hydrolysis was also shown in vitro in 

splenocytes, suggesting that the mediator induced by LPS to suppress CES2g activity in the 

spleen could be found in the cells. One such mediator for inhibition of CES2g activity is 

IL-6. It was demonstrated in a human HepG2 liver cell line that IL-6 directly inhibited the 

CES2 promoter region 27. Studies are currently ongoing to determine if IL-6 is part of the 

mechanism by which LPS suppressed CES2g in splenocytes leading to inhibition of 2-AG 

hydrolysis.

The mechanism by which elevated 2-AG exhibits anti-inflammatory actions could be 

engagement of CB1 or CB2 on innate cells 5, 6, 28. However, it is also possible that Ces2g 

inhibition leading to suppression of 2-AG hydrolysis causes the elevated 2-AG to be shunted 
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to an alternative metabolism pathway. For example, 2-AG can be metabolized by 

cyclooxygenase-2 (COX-2) to prostaglandin J2 glycerol esters, which are also anti-

inflammatory through their interaction with PPAR-γ 29–32. Other anti-inflammatory 

eicosanoids can be produced following metabolism of 2-AG by COX-2, and 2-AG can also 

be metabolized by lipoxygenase and cytochrome P450 enzymes, which could also yield anti-

inflammatory molecules 33–36.

The present studies demonstrate that inflammagens such as LPS possess pro-inflammatory 

actions and activate mechanisms to temper inflammatory responses simultaneously. 

Identification of the mediator(s) that participate in a negative feedback system to control 

inflammation would help guide therapy development; for instance, if IL-6 is an effective 

suppressor of endocannabinoid metabolizing enzymes, perhaps it is not a beneficial target of 

suppression for inflammatory diseases.
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Highlights

• LPS inhibited Ces activity and 2-AG hydrolysis in the spleen.

• Ces2g specifically was identified as one target of LPS suppression.

• Ces2g is a bona fide 2-AG hydrolytic enzyme.
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Figure 1. LPS induces inflammatory cytokine mRNA in liver and spleen
Real time RT-PCR was performed on total RNA isolated from liver or spleen at various 

times following saline or LPS injection. Taqman RT-PCR was performed for il6 and il17. 

Fold change was calculated as compared with 6 or 24 hr saline. *p < 0.05 as compared to 6 

hr saline in each tissue.
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Figure 2. Profile of serine hydrolases in brain, liver, and spleen following treatment with saline 
or LPS
Tissue homogenates were prepared from brain (A), liver (B) or spleen (C). Active serine 

hydrolases in the homogenates were detected following treatment with FP-biotin and 

subsequent resolution by SDS-PAGE. Probe-modified proteins were detected using 

streptavidin-conjugated horseradish peroxidase. Enzymes are identified based on molecular 

weight and previous publications 17, 18, 37. Saline- or LPS-treated tissues at the 6 hr 

timepoint are shown. Non-specific labels refer to proteins that are endogenously biotinylated 

and are detected in tissue homogenates that are not treated with FP-biotin (data not shown). 

Densitometry of CES bands in spleen samples are shown next to the blot (p = 0.17).
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Figure 3. Ces hydrolyzes 2-AG in the spleen
(A) Saline-treated spleen homogenates (6 hr) were preincubated with ethanol (EtOH) or PO 

(1–10 μM) for 15 min at 37°C, followed by treatment with FP-biotin for 1 h. Ces and 

MAGL activity was then detected using gel-based ABPP. (B) 2-AG hydrolytic activity was 

measured by quantifying AA production. Saline-treated spleen homogenates (6 hr) were 

preincubated with ethanol (EtOH) or PO (1–10 μM) for 15 min at 37°C, followed by the 

addition of 2-AG (50 μM). The amount of AA produced in 10 min was measured by LC-

MS/MS.

Szafran et al. Page 16

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2016 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. LPS suppresses 2-AG hydrolysis in the spleen
(A) Saline- or LPS-treated spleen homogenates were incubated with 2-AG or AEA as 

substrates (50 μM) for 10 min. * p < 0.05 as compared to 6 hr saline-treated spleen. (B) 

Splenocytes (n=6) were treated in vitro with LPS (1 μg/ml) for 3.5 hr. 2-AG hydrolytic 

activity (50 μM, 10 min) of cell lysate was measured by quantifying AA production by LC-

MS/MS. ** p < 0.01 as compared to control.
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Figure 5. LPS suppresses Ces2g activity in the spleen
(A) Saline or LPS-treated spleen homogenates were subjected to ABPP-MudPIT proteomic 

analysis. The activity of the identified serine hydrolases was quantified at 6 hr following 

saline or LPS treatments. Ces isoforms are designated with red boxes. * p < 0.05 when 

compared to 6 hr saline-treated spleen. (B) Immunoblots of Ces1 and Ces2 in naïve spleens 

verified the expression of these Ces family members.

Szafran et al. Page 18

Prostaglandins Other Lipid Mediat. Author manuscript; available in PMC 2016 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Ces2g is a 2-AG hydrolytic enzyme
COS-7 cells were transiently transfected with mouse Ces2g cDNA. The ability of the Ces2g-

expressing COS-7 homogenates to hydrolyze p-NPV (A) and 2-AG (B) was assessed. 

Endocannabinoid hydrolytic activity was measured by quantifying AA production by LC-

MS/MS. * p < 0.05 when compared to mock-transfected cell lysate. (C) Inhibition of Ces2g 

activity by PO. The enzyme was pre-incubated with the indicated concentrations of PO for 

10 min (37°C) before assaying the activity of the enzyme using the substrate p-NPV. The 

estimated IC50 for PO is 5.2 nM. Error bars are depicted but fall within the symbol.
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