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ABSTRACT: We are environmentally exposed to countless synthetic chemicals on a daily basis, with an increasing number of
these chemical exposures linked to adverse health eﬀects. However, our understanding of the (patho)physiological eﬀects of
these chemicals remains poorly understood, due in part to a general lack of eﬀort to systematically and comprehensively identify
the direct interactions of environmental chemicals with biological macromolecules in mammalian systems in vivo. Here, we have
used functional chemoproteomic and metabolomic platforms to broadly identify direct enzyme targets that are inhibited by
widely used organophosphorus (OP) pesticides in vivo in mice and to determine metabolic alterations that are caused by these
chemicals. We ﬁnd that these pesticides directly inhibit over 20 serine hydrolases in vivo leading to widespread disruptions in lipid
metabolism. Through identifying direct biological targets of OP pesticides, we show heretofore unrecognized modes of toxicity
that may be associated with these agents and underscore the utility of using multidimensional proﬁling approaches to obtain a
more complete understanding of toxicities associated with environmental chemicals.

T

terized proteins in the mammalian genome, giving rise to large
numbers of potential protein targets with unknown function
and toxicities that are not assayed for under current testing
paradigms. Understanding the toxicities associated with
environmental chemicals could be greatly enhanced by
employing strategies that facilitate a much broader assessment
of the functional state of both well-understood and
uncharacterized macromolecular targets in vivo to gain a
comprehensive overview of chemical interactions with complex
biological systems.
Over the past decade, functional chemical proteomic
strategies have emerged as a powerful tool to broadly assess
the functional state of the proteome and identify biological
targets of small molecules.8 One such chemoproteomic strategy
termed activity-based protein proﬁling (ABPP) is a particularly
powerful platform in which active-site directed chemical probes
are used to broadly assess both characterized and uncharacterized enzyme activities en masse in complex biological

he large and continually increasing numbers of chemicals
released into the environment necessitates a better
understanding of their interactions with complex biological
systems in order to predict and identify their toxicities and
associated adverse health eﬀects.1−3 Indeed, exposure to many
chemicals in our environment such as pesticides, plasticizers,
and ﬂame retardants has been epidemiologically linked to
human diseases,4−6 though their mode of action has often
remained obscure, in part due to the lack of knowledge
surrounding the direct biological targets of these chemicals with
speciﬁc protein targets in vivo. Current toxicology testing of
chemicals employs toxicity assessments in animal models or in
cell or model organisms, genomic and proteomic assessment of
transcriptional and protein expression changes, or testing
chemical interactions with a small number of well-known
toxicity targets.1,3,7 While these methods are powerful for
identifying chemicals that cause well-established toxicities, elicit
well-deﬁned toxic transcriptional or protein expression changes,
or interact with known toxic targets, these approaches are still
lacking in their abilities to globally assess the functional targets
of environmental chemicals on a proteome-wide scale. This
challenge of uncovering the functional targets of environmental
chemicals is further complicated by the majority of uncharac© 2013 American Chemical Society
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Scheme 1

Activity-based protein proﬁling and advanced metabolomic platforms can be combined to provide information on functional enzyme targets of
environmental chemicals and metabolic consequences of disrupting these enzymes in complex living systems. Collectively, these platforms provide
mechanistic and predictive insights into the toxicology of environmental chemicals.

systems.9−11 Because these activity-based probes bind to the
active sites of whole classes of enzymes, small molecules can be
competed against probe binding to identify chemicals that alter
protein function.9,10,12 Using ABPP platforms, we have
previously identiﬁed functional targets of organophosphorus
(OP) toxicants in mice and linked the inhibition of these
targets to behavioral abnormalities, though our analyses were
limited to either model OP compounds or low-content gelbased screens that provided restricted functional read-outs of
enzyme activities.13−15
In this study, we have combined ABPP and metabolomic
platforms to more comprehensively identify and characterize
both annotated and unannotated functional biological targets of
several widely used organophosphorus (OP) pesticides in vivo
across multiple tissues in mice. OP pesticides are used
worldwide to control agricultural pests and crops.16,17 Multiple
studies have associated chronic human exposure to OP
insecticides with a wide range of pathologies, including
neurobehavioral deﬁcits, developmental problems, obesity and
diabetes, hormone level abnormalities, and lung cancer, but the
mechanisms of action for these various health eﬀects have
remained obscure.18−24 Using ABPP and metabolomic platforms, we show here that these pesticides directly inhibit the
activities of over 20 metabolic enzymes in vivo in mice at
concentrations comparable to or lower than those required for
inhibiting the primary toxicity target acetylcholinesterase

(ACHE), leading to widespread alterations in lipid metabolism.
We show that chemoproteomic and metabolomic approaches
can be combined to more fully understand the biological eﬀects
associated with environmental chemicals, such as OP pesticides
(Scheme 1).

■

RESULTS AND DISCUSSION

Identiﬁcation of OP Pesticide in Vivo Oﬀ-Targets in
Mice Using ABPP. In this study, we used ABPP to
comprehensively identify all of the functional protein targets
of several OP pesticides in vivo in mice. We focused our
attention speciﬁcally on the serine hydrolase superfamily for
proﬁling OP oﬀ-targets since previous studies have shown that
the OP chemical scaﬀold is a privileged chemotype for this
enzyme class.11,25,26 The serine hydrolase superfamily is a large
class of metabolic enzymes that consists of lipases, esterases,
hydrolases, thioesterases, proteases, and peptidases that play
important (patho)physiological roles in nearly every biological
setting.27 We used the activity-based probes for the serine
hydrolase enzyme class, ﬂuorophosphonate-rhodamine (FPrhodamine) and FP-biotin, to detect a large number of serine
hydrolase activities in mouse tissues by in-gel ﬂuorescence or
mass-spectrometry-based proteomics (ABPP-Multidimensional
Protein Identiﬁcation Technology (ABPP-MudPIT)), respectively.25
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Figure 1. ABPP analysis of OP pesticides reveals large numbers of serine hydrolases inhibited in vivo in mice. (A) Structures of OP and
thiocarbamate pesticides used in this study. (B, C) Competitive ABPP-MudPIT analysis of mouse brains (B) and livers (C) ex vivo from mice treated
with OP and thiocarbamate pesticides CPF, EPF, PB, TBF, and PRF (50, 10, 100, 100, and 30 mg/kg ip, respectively, 4 h) shows multiple serine
hydrolases that are inhibited in vivo. Brain and liver proteomes from control and pesticide-treated mice were treated with FP-biotin, active serine
hydrolases were avidin-enriched, and after subsequent processing, tryptic peptides were analyzed by LC−LC−MS/MS (MudPIT). Heat maps show
all the serine hydrolases identiﬁed by ABPP-MudPIT. Darker blue shading on the heat map corresponds to high levels of activity, whereas lighter
blue or white shading indicates lower activity. Serine hydrolases highlighted in red are signiﬁcantly inhibited (p < 0.05 compared to control) by one
of the OP pesticides. Bar graphs show the signiﬁcantly inhibited targets of CPF in brain (B) and liver (C). (D) The in vitro inhibitory potency of
CPO against recombinantly overexpressed CPF oﬀ-target serine hydrolases. Serine hydrolases were individually expressed in HEK293T cells with the
exception of APEH, which was assayed directly in mouse brain proteomes. Lysates were preincubated with CPO, competitively labeled with FPrhodamine, and visualized by in-gel ﬂuorescence. IC50’s were derived from densitometry based on gel-based ABPP analysis. Six oﬀ-target enzymes
found in brain and liver are half-maximally inhibited (IC50) at CPO concentrations between 1 and 26 times less than required for CPF/CPO primary
toxicity, inhibition of ACHE. Bar graphs in panels B and C and IC50 values in panel D are represented as mean ± SEM; n = 3 or 4 per group.
Signiﬁcance is expressed in panels B and C as *p < 0.05 compared with vehicle-treated controls.

We selected ﬁve pesticides for analysis by ABPP-MudPIT
that we previously showed to be particularly promiscuous in
inhibiting serine hydrolasesthe OP insecticides chlorpyrifos
(CPF), ethoprophos (EPP), and profenofos (PRF), the OP
defoliant tribufos (TBF), and the thiocarbamate insecticide
pebulate (PB) (Figure 1A).13 Among these pesticides, CPF is
currently the most widely used OP insecticide with 10 million
pounds of active chemical annually applied in the U.S. alone.17
To comprehensively determine any in vivo oﬀ-target
interactions with serine hydrolases, mice were treated acutely

for 4 h with the maximum tolerated sublethal dose of each
pesticide, brains were removed, and then brain proteomes were
reacted with the FP-biotin serine hydrolase activity-based probe
for subsequent avidin enrichment, tryptic digestion, and
proteomic analysis (Scheme 1).
We ﬁnd that each OP pesticide exhibits shared as well as
distinct serine hydrolase inhibitory proﬁles, with CPF, EPF, and
PRF each inhibiting 11, PB inhibiting 9, and TBF inhibiting 16
serine hydrolases out of 34 total serine hydrolase activities
detected in vivo in mouse brain (Figure 1B, Supplementary
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Figure 2. Metabolomic proﬁling of CPF-treated mice reveals widespread alterations in the mouse brain and liver lipidome. (A, B) Targeted and
untargeted mass-spectrometry-based lipidomic proﬁling of brains (A) and livers (B) from mice treated with vehicle or CPF (50 mg/kg ip, 4 h). Left
panel shows a volcano plot showing all ions and metabolites detected by targeted and untargeted metabolomic proﬁling. Red and blue dots denote
elevated and lowered metabolite levels, respectively, in CPF-treated compared to vehicle-treated mice. Ions to the left (p > 0.05) and right (p < 0.05)
of the dotted line are metabolites that are not signiﬁcantly altered and signiﬁcantly altered, respectively, between vehicle- versus CPF-treated mice.
The heat map shows all identiﬁed metabolites in mouse brain that are signiﬁcantly altered in response to CPF treatment. These metabolites were
quantiﬁed by SRM-based targeted metabolomics and by untargeted metabolomics where putative identiﬁcations based on m/z and retention time
were conﬁrmed by analysis of a synthetic standard. Darker blue shading on the heat map corresponds to higher relative levels of metabolite, while
lighter blue or white shading indicates lower relative abundance. Relative levels of lipids grouped by class are shown in bar graphs. Abbreviations for
the lipid classes are as follows: PI, phosphatidyl inositol; LPI, lysophosphatidyl inositol; LPA, lysophosphatidic acid; LPC, lysophosphatidyl choline;
LPG, lysophosphatidyl glycerol; NAE, N-acyl ethanolamine; NAT, N-acyl taurine; MAG, monoacylglycerol; DAG, diacylglycerol; TAG,
triacylglycerol; AC, acyl carnitine; FFA, free fatty acid; MAGe, monoalkylglycerol ether; LPAp, lysophosphatidic acid plasmalogen; PSe, phosphatidyl
serine ether; LPSe, lysophosphatidyl serine ether; S1P, sphingosine-1-phosphate; SM, sphingomyelin; PIe, phosphatidyl inositol ether; LPIe,
lysophosphatidyl inositol ether, PCp, phosphatidyl choline plasmalogen. Acyl or alkyl chain length is denoted as C(carbon length):(unsaturation).
Raw data is presented in Supplementary Table S2. Bar graphs in panels A and B are presented as mean ± SEM; n = 3 or 4 per group. Signiﬁcance is
presented as *p < 0.05 comparing extracted lipid metabolome from CPF-treated and vehicle-treated mice.

Table S1). Thus, our results strikingly show that OP pesticides
block ∼30−50% of all serine hydrolase activities in vivo in the
brain beyond ACHE. These inhibited targets include serine
hydrolases monoacylglycerol lipase (MGLL) and fatty acid
amide hydrolase (FAAH), acylpeptide hydrolase (APEH),
KIAA1363, esterase 1 (ES1), carboxylesterase 1B (CES1B),
hormone-sensitive lipase (LIPE), ACHE, alpha/beta hydrolase
domain containing protein 3 (ABHD3), ABHD6, ABHD11,
protein methylesterase 1 (PME1), lysophospholipase 2
(LYPLA2), and isoamylacetate hydrolase 1 (IAH1).
Inactivation of several of these enzymes have been linked to
disease pathologies. Blockade of MGLL and FAAH, enzymes
responsible for the breakdown of endogenous cannabinoid

signaling lipids 2-arachidonylglycerol (C20:4 MAG) and
anandamide (N-arachidonoylethanolamine, C20:4 NAE), respectively, have been shown to elicit cannabinoid receptormediated behaviors such as catalepsy, through the elevations in
brain C20:4 MAG and C20:4 NAE.28 LIPE-deﬁcient mice
accumulate diacylglycerols and cholesteryl esters and exhibit
male sterility and impaired corticosterone responses.29,30 Mice
deﬁcient in the serine hydrolase KIAA1363, an acetyl
monoalkylglycerol ether (2-acetyl MAGe) hydrolase, show
increased foam cell formation and aggravated atherosclerosis.31
Mice lacking both KIAA1363 and LIPE display aggravated
atherosclerosis in an additive manner.31 ABHD3 hydrolyzes
medium-chain and oxidatively truncated phospholipids.32
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Figure 3. Several CPF-induced lipidomic alterations are linked to blockade of speciﬁc serine hydrolases. (A) Hydrolytic activities of lipids that are
elevated in CPF-treated mouse brains and livers assessed by quantitation of product formation by LC−MS. Lipids (100 μM, except C16:0 LPI at 10
μM) were incubated with vehicle- or CPF-treated (50 mg/kg ip, 4h) brain and liver proteomes for 30 min, 37 °C. C20:4 FFA production was
monitored for C20:4 MAG, C20:4 NAE, C20:4 NAT, and C20:4 LPA hydrolytic activity. C16:0 FFA production was monitored for C16:0 LPI
hydrolytic activity. C16:0 MAGe production was monitored for C16:0e/C2:0 MAGe hydrolytic activity. (B) Hydrolytic activity of lipids in lysates
from mock versus serine hydrolases-overexpressed in HEK293T cells. Lysates were incubated with lipids (100 μM, 10 μM C16:0 LPI) for 30 min at
37 °C and product formation as assessed by LC−MS. (C) First panel shows C20:4 LPA hydrolytic activity (measured by C20:4 FFA release) in
lysates from mock versus serine hydrolase-overexpressed HEK293T cells. Second and third panel shows C20:4 FFA and C20:4 MAG release,
respectively, from C20:4 LPA hydrolysis or dephosphorylation in mouse brain proteomes pretreated in vitro (1 μM, 30 min, 37 °C) with DMSO,
JZL184 (MGLL-selective inhibitor), PF3845 (FAAH-selective inhibitor), or JZL195 (MGLL/FAAH dual inhibitor). Fourth panel shows C20:4 FFA
release from C20:4 LPA upon preincubation with 1× protease/phosphatase inhibitor cocktail (Cell Signaling Technology) and 5-ﬂuoro-2-indolyl
des-chlorohalopermide (1 μM, phospholipase D inhibitor) for 15 min at 37 °C prior to 30-min preincubation with selective inhibitors at 37 °C and
incubation with C20:4 LPA for 30 min at 37 °C. (D) MAG, FFA, and LPA levels in mouse brains of MGLL+/+ and MGLL−/− mice showing elevated
levels of C18:1 MAG, C20:4 MAG, C20:4 FFA, and C20:4 LPA. Data in panels A−D are presented as mean ± SEM; n = 3 or 4 per group.
Signiﬁcance is presented as * p < 0.05 comparing CPF-treated, inhibitor-treated, or mock groups against vehicle-treated mice, control groups, or
mock transfection in panels A−C and MGLL−/− compared to MGLL+/+ mouse brain in panel D.

APEH has been shown to degrade monomeric and oligomeric
amyloid-beta peptides.33 LYPLA2 has been shown to
depalmitoylate proteins such as H-RAS and growth-associated
protein-43 and alter their cellular localization.34 CPF also
inhibits several uncharacterized serine hydrolases such as
carboxylesterases (CES) CES1B and ES1, isoamylacetatehydrolyzing esterase homologue 1 (IAH1), ABHD6, and
ABHD11, which may cause yet unknown (patho)physiological
responses.

Our results thus show that OP pesticides inhibit the activities
of large number of serine hydrolases in vivo in mouse brain that
play important roles in the metabolism of lipids and proteins
and contribute to disease phenotypes when inactivated.
Identiﬁcation of CPF Oﬀ-Targets in Peripheral Mouse
Tissues in Vivo. We ﬁnd that multiple enzymes such as
MGLL, FAAH, ABHD3, APEH, and CES enzymes are
inhibited in the brain as well as in peripheral tissues such as
liver (Figure 1B), lung, testes, and kidney (Figure S1, Table S1,
Supporting Information). We also report additional serine
427
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levels of sphingosine, LPC, and phosphatidyl serine-ether (PSe)
(Figure 2B, Table S2, Supporting Information).
Our results show that in vivo CPF inhibition of serine
hydrolases causes widespread alterations in many classes of
lipids spanning neutral lipids, phospholipids, fatty acids, ACs,
NAEs, NATs, ether lipids, and sphingolipids. These changes
include lipid signaling molecules such as the endocannabinoids
C20:4 NAE and C20:4 MAG that act on cannabinoid
receptors,37 LPA and LPAe that act on multiple Edg family
G-protein coupled LPA receptors as well as TRPV1 and
GPR35,38−41 S1P that also acts on multiple Edg family S1P
receptors,38 NATs that are agonists for the TRPV1 channel,42
DAGs that can stimulate protein kinase C,43 and LPIs that
stimulate GPR55.44
Many of the Metabolic Alterations Are Directly
Linked to Serine Hydrolase Oﬀ-Targets of CPF. We next
sought to determine whether the CPF-induced lipidomic
changes were a direct result of substrate accumulation or
product depletion caused by inhibition of speciﬁc serine
hydrolases. We performed a lipid hydrolysis screen on the
metabolites we found to be elevated upon CPF treatment, as
these lipids may be substrates for CPF-inhibited serine
hydrolases. Among the elevated lipids, we observed hydrolytic
activity for C20:4 MAG, C20:4 NAE, C16:0e/C2:0 MAGe,
C20:4 LPA, C16:0 LPI, and C20:4 NAT in mouse brain and
liver. Among these lipids, C20:4 MAG, C20:4 NAE, C16:0e/
C2:0 MAGe, C20:4 NAT, and C20:4 LPA hydrolytic activities
were signiﬁcantly inhibited in CPF-treated brain or liver
proteomes (Figure 3A).
We attribute the CPF-induced elevations in MAGs in both
brain and liver and C20:4 FFA depletion in brain and inhibition
of C20:4 MAG hydrolytic activity to blockade of MGLL, based
on previous studies with pharmacological or genetic inactivation of MGLL in mice.45 Consistent with these previous
studies, we show that MGLL hydrolyzes C20:4 MAG in
MGLL-overexpressed in HEK293T cells (Figure 3B). The
CPF-induced elevations in NAEs in brain and NAEs and NATs
in liver and inhibition of NAE and NAT hydrolytic activity in
brains or livers is attributable to inhibition of FAAH, based on
previous metabolomic proﬁling of FAAH−/− mice.46 Consistent
with these previous studies, we show that FAAH hydrolyzes
C20:4 NAE and C20:4 NAT (Figure 3B). We attribute the
CPF-induced lowering of MAGe levels and inhibition of
C16:0e/C2:0 MAGe hydrolytic activity in the brain to
inhibition of KIAA1363, based on previous studies with
KIAA1363 inactivation in human cancer cells.47 We show
that KIAA1363 indeed hydrolyzes C16:0e/C2:0 MAGe (Figure
3B).
The elevation in C16:0e/C2:0 MAGe in the liver and
inhibition of C16:0e/C2:0 MAGe hydrolytic activity was
intriguing to us, since we did not detect appreciable
KIAA1363 activity in the liver by ABPP-MudPIT. However,
AADAC shares 44% identity with KIAA1363 in the liver,
indicating that AADAC may control the levels and metabolism
of C16:0e/C2:0 MAGe in the liver. Consistent with this
premise, we show that AADAC, like KIAA1363, hydrolyzes
C16:0e/C2:0 MAGe (Figure 3B).
Another interesting ﬁnding from our metabolomic proﬁling
and lipid hydrolysis screen was an elevation in C20:4 LPA
levels and inhibition of C20:4 FFA release from C20:4 LPA
(Figure 3A), suggesting that one of the CPF-inhibited serine
hydrolases may control the levels of C20:4 LPA in mouse brain.
To identify this enzyme, we screened C20:4 LPA hydrolytic

hydrolases not found in the brain that are blocked upon CPFtreatment in peripheral tissues, including arylacetamide
deacetylase (AADAC), additional CES enzymes (CES1,
CES1F, CES2, CES2B, CES2G, CES3, CES5, CES6, ES22),
and butyrylcholinesterase (BCHE) (Figure 1C, Figure S1,
Table S1, Supporting Information). AADAC and CES enzymes
have been implicated as triacylglycerol hydrolases. In particular,
CES1-deﬁciency in mice has been shown to cause obesity,
hepatic steatosis, and hyperlipidemia through controlling
hepatic fat metabolism.35,36 Collectively, our study reveals a
staggering total of 21 metabolic serine hydrolases inhibited in
vivo by CPF.
Assessing Potency of CPF Oﬀ-Targets. To validate our
CPF in vivo targets, we comparatively assessed the inhibitory
potency of the bioactivated form of CPF, chlorpyrifos-oxon
(CPO), against either recombinantly expressed or native serine
hydrolases in order to determine the relative inhibitory potency
of CPO toward these oﬀ-targets compared to that of ACHE
(Figure 1D). These results show that seven of the serine
hydrolase oﬀ-targets have equivalent or lower 50% inhibitory
concentration (IC50) values compared to that of ACHE
(AADAC, HSL, CES1, CES2, MGLL, APEH, ABHD6), while
four oﬀ-targets have IC50 values comparable to that of the
ACHE IC50 (CES3, ABHD3, KIAA1363, FAAH) (Figure 1D).
Among these targets, AADAC was the most sensitive target to
CPO, showing a 28-fold lower IC50 of 0.6 nM, compared to 17
nM for ACHE. Many of the CPF oﬀ-targets may thus be
inhibited at lower concentrations than those required to inhibit
ACHE.
Metabolomic Proﬁling of CPF-Treated Mice Reveals
Widespread Dysregulation of Lipid Metabolism. Many of
the serine hydrolase oﬀ-targets inhibited by CPF have been
previously characterized as possessing hydrolase activity toward
both structural and signaling lipid substrates, suggesting that
functional inhibition of serine hydrolases may alter lipid
metabolism in vivo. To comprehensively identify CPF-mediated
alterations in lipid metabolism, we comparatively proﬁled the
levels of ∼150 lipids in mouse brain and liver of vehicle versus
CPF-treated mice by targeted mass-spectrometry-based metabolomics using single-reaction monitoring (SRM) and also
compared the relative abundances of >10,000 ions by
untargeted metabolomics (Scheme 1).
We observe widespread alterations in the lipidome of CPFtreated mouse brains and livers (Figure 2, Table S2, Supporting
Information). In the brain, CPF treatment leads to elevations in
the levels of neutral lipids monoacylglycerols (MAGs) and
triacylglycerols (TAGs), N-acylethanolamines (NAE), sphingomyelin (SM), and the lysophospholipids lysophosphatidyl
serine-ether (LPSe), C16:0, C18:0, and C18:1 lysophosphatidyl
inositol (LPI), and C20:4 lysophosphatidic acid (LPA). We
also ﬁnd that CPF causes concurrent reductions in the levels of
C20:4 free fatty acid (FFA) (arachidonic acid), acyl carnitines
(ACs), monoalkylglycerol ether (MAGe), sphingosine-1phosphate (S1P), and the lysophospholipids lysophosphatidic-ether (LPAe), C16:0 and C18:0 LPA, C20:4 LPI, and
lysophosphatidyl choline (LPC) (Figure 2A, Table S2,
Supporting Information). In the liver, CPF treatment leads to
elevations in neutral lipids MAGs and DAGs, ACs, NAEs, SM,
docosahexanoic acid (C22:6 FFA), N-acyl taurines (NATs) and
phospholipids phosphatidyl inositol (PI), phosphatidyl inositolether (PIe), LPI, lysophosphatidyl inositol-ether (LPIe), and
phosphatidyl choline-plasmalogen (PCp), and reductions in the
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Figure 4. Metabolic pathways directed disrupted by CPF blockade of speciﬁc serine hydrolases. (A) CPF inhibits MGLL and leads to an
accumulation of C20:4 MAG and lowering of C20:4 FFA levels with an indirect increase in C20:4 LPA, presumably through phosphorylation of
C20:4 MAG. (B) CPF inhibits FAAH and leads to an accumulation in the levels of C20:4 NAE and C20:4 NAT. (C) CPF inhibits KIAA1363 in the
brain and AADAC in the liver leading to lowered levels of MAGe in the brain and elevations of C16:0e/C2:0 MAGe in the liver, respectively.

presence of phosphatase and phospholipase D inhibitors.
Blockade of phosphatase activity signiﬁcantly reduced the
conversion of C20:4 LPA to C20:4 MAG (data not shown),
and the apparent inhibition in C20:4 LPA hydrolytic activity
with JZL184 was abolished (Figure 3C, fourth panel),
suggesting that C20:4 LPA is ﬁrst dephosphorylated to
generate C20:4 MAG, which is in turn hydrolyzed by MGLL.
Nonetheless, we were still intrigued by this connection
between MGLL and C20:4 LPA and therefore tested whether
MGLL−/− mouse brains had higher levels of this lipid. In
addition to elevated C20:4 MAG and decreased C20:4 FFA
levels reported previously,45 C20:4 LPA levels were signiﬁcantly
elevated by 2-fold in MGLL−/− brains compared to MGLL+/+
counterparts, showing that MGLL controls the levels of this
lipid in the brain, likely through heightened levels of C20:4
MAG undergoing phosphorylation to generate C20:4 LPA
(Figure 3D).
LPA is a well-studied class of bioactive signaling lipids with
signiﬁcant roles in inﬂammation, nociception, and nervous
system development, as well as in disease states such as

activity against CPF-oﬀ target serine hydrolases overexpressed
in HEK293T cells. We surprisingly ﬁnd that FAAH, MGLL,
CES2, LIPE, ABHD3, CES1, and KIAA1363 are all capable of
releasing C20:4 FFA from C20:4 LPA, with the highest
activities attributed to MGLL and FAAH (Figure 3C, ﬁrst
panel). We also show that MGLL blockade or MGLL/FAAH
dual inhibition by the MGLL-selective inhibitor JZL184 or
MGLL/FAAH-selective inhibitor JZL195, respectively, but not
FAAH blockade alone by the FAAH-selective inhibitor PF3845,
inhibits C20:4 LPA hydrolytic activity (Figure 3C, second
panel). These results indicate that C20:4 LPA may be
hydrolyzed by MGLL. However, we also noticed substantial
generation of C20:4 MAG from C20:4 LPA phosphatase
activity, which was stabilized upon blockade of MGLL (Figure
3C, third panel). In light of this ﬁnding, we wanted to
determine whether the apparent inhibition in C20:4 LPA
hydrolytic activity was acting through MGLL directly acting on
C20:4 LPA or through MGLL acting on the C20:4 MAG
generated by dephosphorylation of C20:4 LPA. We thus
performed the C20:4 LPA hydrolytic activity assay in the
429
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metabolic diseases, cancer, and atherosclerosis.39,41,48−51 LPA
signals through the LPA receptor family and has recently been
shown to produce nociceptive eﬀects through TRPV1.38,41
C20:4 LPA, in particular, has also recently been shown to be an
agonist for the GPR35 receptor, and GPR35 receptor signaling
has been shown to modulate pain, metabolism, and
inﬂammation.40 It will thus be of future interest to investigate
the (patho)physiological consequence of CPF-induced elevations in brain levels of C20:4 LPA. Our ﬁndings show that
MGLL may simultaneously control multiple signaling lipids in
the brain, such as C20:4 LPA and C20:4 MAG that act through
diﬀerent receptor signaling pathways. Our ﬁnding gives rise to
the possibility for cross-talk of these signaling lipids to
coordinate the various phenotypic eﬀects observed upon
MGLL inactivation.28,52,53
While we could not observe hydrolytic activities or inhibition
of hydrolytic activities with the other lipids that were elevated
in levels in CPF-treated mouse brain or liver under standard
assay conditions, these alterations in the lipidome may still be
linked to CPF-inhibited serine hydrolases either directly or
indirectly. For example, diacylglycerol levels have been shown
to be elevated in levels in LIPE-deﬁcient mice,54 but we did not
observe diacylglycerol hydrolytic activity in the brain. It will
thus be of future interest to optimize hydrolytic assays for many
of these lipids, such as LPI, DAG, and SM, to link CPF-induced
lipidomic changes to CPF oﬀ-targets. Furthermore, the changes
in these lipid species may also have (patho)physiological
consequences. For example, LPI and GPR55 signaling has been
linked to pain, inﬂammation, and cancer.44
Collectively, we show here that CPF blockade of MGLL,
FAAH, KIAA1363, and AADAC led to concordant changes in
several classes of lipids (Figure 4A−C). Additionally, we show
that AADAC, like KIAA1363, is also a C16:0e/C2:0 MAGe
hydrolase and that CPF blockade of AADAC may be
responsible for the increased C16:0e/C20:0 MAGe levels in
the liver. We also ﬁnd that CPF elevates C20:4 LPA levels
indirectly through MGLL blockade and phosphorylation of
C20:4 MAG.
Summary. In this study, we ﬁnd that OP pesticides disrupt
the functions of multiple metabolic enzymes in vivo to exert
alterations in lipid metabolism. Many of these enzymes, when
inactivated, have been linked to various disease pathologies
including neurobehavioral eﬀects and metabolic disease. We
show that several of these serine hydrolases are inhibited at
CPO concentrations equivalent to or less than those required
to inhibit ACHE and may thus represent toxicological targets
that may be responsible for the non-canonical toxicities
associated with chronic OP pesticide exposure. For example,
the cannabinoid-like behaviors that may result from CPF
blockade of MGLL and FAAH and 2-AG and AEA elevations in
brain may explain the neurobehavioral deﬁcits associated with
CPF exposure. The obesogenic eﬀects associated with CPF
exposure may be through heightened endocannabinoid signaling or CES1 blockade.
Furthermore, using our coupled chemoproteomic and
metabolomic approaches, we attribute novel functions to both
AADAC as a C16:0e/C2:0 MAGe hydrolase and MGLL as an
enzyme that indirectly controls brain C20:4 LPA levels. It will
be of future interest to determine whether chronic and lowdose exposure to OP pesticides elicits many of the phenotypes
associated with inactivation of the OP oﬀ-target serine
hydrolases.

More broadly, we show here that employing multidimensional chemoproteomic and metabolomic proﬁling strategies
facilitates a more comprehensive and deeper mechanistic
understanding into potential toxicities that may be associated
with chemical exposure by providing direct information on
functional interactions of chemicals with proteins in vivo. We
put forth that identifying direct functional targets of environmental chemicals provides information on the types of
biological or toxicological eﬀects that may be associated with
chemical exposure and facilitates predictive toxicology assessment and may help to inform chemical design and ultimately
improve chemical safety and human health (Scheme 1).

■

METHODS

Mice. C57BL/6 male mice (6 weeks old) were exposed by
intraperitoneal injection with each pesticide in a vehicle of 18:1:1
saline/emulphor/ethanol (10 μL/g mouse). Animal experiments were
conducted in accordance with the guidelines of the Institutional
Animal Care and Use Committee of the University of California,
Berkeley.
ABPP and Metabolomics. ABPP and metabolomic experiments
were performed as previously described.55,56 Details are outlined in
Supplemental Methods.
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