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Abstract Phytocannabinoids, such as Ag-tetrahydrocannabinol
(THC), bind and activate cannabinoid (CB) receptors,
thereby “piggy-backing” on the same pathway’s endogenous
endocannabinoids (ECs). The recent discovery that liver
fatty acid binding protein-1 (FABP1) is the major cytosolic
“chaperone” protein with high affinity for both A’THC and
ECs suggests that A’THC may alter hepatic EC levels. There-
fore, the impact of A’-THC or EC treatment on the levels of
endogenous ECs, such as N-arachidonoylethanolamide
(AEA) and 2-arachidonoylglycerol (2-AG), was examined in
cultured primary mouse hegatocytes from WT and Fabpl
gene-ablated (LKO) mice. A-THC alone or 2-AG alone sig-
nificantly increased AEA and especially 2-AG levels in WT
hepatocytes. LKO alone markedly increased AEA and 2-AG
levels. However, LKO blocked/diminished the ability of A’-
THC to further increase both AEA and 2-AG. In contrast,
LKO potentiated the ability of exogenous 2-AG to increase
the hepatocyte level of AEA and 2-AG. These and other data
suggest that A’ THC increases hepatocyte EC levels, at least
in part, by upregulating endogenous AEA and 2-AG levels.Hl
This may arise from A’-THC competing with AEA and 2-AG
binding to FABP1, thereby decreasing targeting of bound AEA
and 2-AG to the degradative enzymes, fatty acid amide hy-
drolase and monoacylglyceride lipase, to decrease hydroly-
sis within hepatocytes.—McIntosh, A. L., G. G. Martin, H.
Huang, D. Landrock, A. B. Kier, and F. Schroeder. A9-
Tetrahydrocannabinol induces endocannabinoid accumula-
tion in mouse hepatocytes: antagonism by Fabpl gene
ablation. J. Lipid Res. 2018. 59: 646—-657.
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Since the discovery of key elements of the endocannabi-
noid (EC) system in liver and its roles in nonalcoholic fatty
liver disease (NAFLD), much research has focused on de-
velopment of agonists/antagonists of this system. Canna-
binoid (CB) receptors, together with their endogenous
EC ligands, i.e., N-arachidonoylethanolamide (AEA) and
2-arachidonoylglycerol (2-AG), constitute a novel system
for modulating not only behavior, satiety, pain, and inflam-
mation (1-7), but also hepatic fat accumulation (8-10).
Ag-Tetrahydrocannabinol (THC), the main psychotropic
component of cannabis, binds and activates CB receptors,
thereby piggy-backing on the endogenous EC pathway
(11-13).

Several studies indicate that cannabis use or A~THC
treatment promotes steatosis and is associated with devel-
opment of NAFLD (14, 15). Similarly, activation of the en-
dogenous EC system to increase AEA, 2-AG, and CB
receptor-1 (CB1) is linked to NAFLD (8-10). CB1 is up-
regulated in patients with NAFLD (9, 10). Finally, studies
with gene-targeted mice reveal that CB1 activation is essen-
tial for NAFLD development (8, 9, 16). The mechanism
whereby CB1 induces hepatic lipid accumulation involves
downstream upregulation of SREBP1c, which in turn induces
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transcription of de novo lipogenic enzymes (8, 14). How-
ever, it is not known whether A’-THC elicits its steatotic ef-
fects in liver only by directly activating hepatic CB1 and/or
also by indirectly upregulating the liver endogenous EC
activators of CB1 (AEA, 2-AG). In support of the latter pos-
sibility, A’THC treatment increases circulating levels and
brain levels of ECs (AEA, 2-AG) in humans and rodents
17, 18) However, nothing is known regarding the impact
of A>THC on hepatic EC levels or the mechanism(s)
whereby this may occur.

Recent novel discoveries suggest mechanistic involve-
ment of liver fatty acid binding protein-1 (FABP1) in the
hepatic EC system (19-21). FABP1 binds both phytocan-
nabinoids (AQ-THC) and ECs (AEA, 2-AG) with high af-
finity and is the major cytosolic chaperone protein for
transport/targeting of these lipid ligands to intracellular
metabolic and regulatory sites (19-21). Moreover, the
level of hepatic FABP1 protein is markedly upregulated
in animal models of NAFLD (22, 23) and human NAFLD
(24), especially in human subjects expressing the highly
prevalent FABP1 T94A variant (26-38% minor allele fre-
quency; 8.3 + 1.9% homozygous) [reviewed in (21)]. Al-
though the human FABP1 T94A variant protein differs
only modestly from its WT FABP counterpart in affinities
for ECs (AEA, 2-AG) (25) as well as a variety of other li-
gands (26-29), the conformation of the FABP1 T94A
variant is much less responsive to ligand-induced change
(25, 26), which in turn diminishes its ability to enter nu-
clei and the interaction with and activation of PPAR«
therein (29).

To begin to address these issues, the effect of A-THC
treatment on ECs and proteins in the EC system was exam-
ined in cultured primary hepatocytes from male WT
C57BL/6N mice and from Fabpl gene-ablated (LKO) mice
on the same background. Hepatic levels of ECs (AEA,
2-AG) as well as non-arachidonic acid N-acylethanolamides
(NAEs) and 2-monoacylglycerols (2-MGs) were deter-
mined by LC-MS, while hepatic proteins in the EC system
were qguantltated by Western blotting. The results showed
that A THC treatment induced hepatic accumulation of
AFEA and 2-AG, effects antagonized by loss of FABP1.

MATERIALS AND METHODS

Materials

AFA, oleoylethanolamide (OEA), palmitoylethanolamide (PEA),
N-docosahexaenoylethanolamide (DHEA), N-eicosapentaenoyle-
thanolamide (EPEA), 2-AG, 2-oleoylglycerol (2-OG), and
2-palmitoylglycerol (2-PG) were purchased from Cayman Chemi-
cal (Ann Arbor, MI). Deuterated AEA-d,, OEA-dy, PEA-d,, DHEA-d,,
EPEA-d,, and 2-AG-dg were also from Cayman Chemical. The phy-
tocannabinoid, ATHC (also called dronabinol), was also acquired
from Cayman Chemical.

The following antibodies to liver proteins involved in the he-
patic EC system were obtained commercially as follows: anti-fatty
acid amide hydrolase (FAAH; sc-26427), anti-N-acylphosphatidyl-
ethanolamide phospholipase-D (NAPE-PLD; sc-163117), anti-fatty
acid transport protein (FATP)4 (sc-5834), rabbit polyclonal anti-
monoacylglyceride lipase (MAGL; sc-134789), anti-diacylglycerol

lipase (DAGL)a (s¢-133307), and FABP1 (L-FABP; sc-16064) were
from Santa Cruz Biotechnology (Santa Cruz, CA); anti-FATP4 (sc-
5834), polyclonal anti-FATP2 (ab83763), and specific monoclo-
nal anti-mouse heat shock protein-70 (HSP70; ab2787) were from
Abcam (Cambridge, MA). Mouse monoclonal anti-GAPDH
(MAB374) was from Millipore, Inc. (Billerica, MA). Rabbit poly-
clonal anti-sterol carrier protein (SCP)-2 recognizing both S¢p-
2/ Sep-x gene products (58 kDa SCPx and 13.2 kDa SCP-2) was
prepared as in (30). All solvents and reagents used were of the
highest commercial grade available.

WT and Fabpl gene-ablated mice

Male WT and Fabpl gene-ablated (LKO) mice were obtained
similarly as described earlier (31, 32). During maintenance of the
mouse colony, all mice were fed a standard rodent chow mix [5%
calories from fat, D8604 Teklad Rodent Diet; Teklad Diets (Madi-
son, WI)] and were maintained in barrier cages on ventilated
racks at 12 h light/dark cycle in a temperature-controlled facility
(25°C) with ad libitum food and water until study initiation. Mice
were sentinel monitored quarterly and confirmed free of all
known rodent pathogens. Experimental protocols for animal use
were approved by the Institutional Animal Care and Use Commit-
tee at Texas A&M University.

Isolation and culture of primary mouse hepatocytes

Male WT and LKO mice 5-7 months old were maintained,
housed, and fed as described above and primary hepatocytes iso-
lated as described earlier (32-34). Briefly, mice were euthanized
by CO, asphyxiation, livers excised, and perfused with buffer A
[10 mM HEPES (pH 7.4) in calcium/magnesium-free HBSS,
gentamycin sulfate (1 mg/ml medium), and 0.5 mM EGTA]. To
release the hepatocytes, the livers were then perfused with buffer
B [buffer A without EGTA, supplemented with 5 mM CaCl, and
collagenase type IV (Sigma) at a concentration of 100 units/ml]
and 5% FBS. To facilitate hepatocyte release, the liver capsule was
gently palpated during perfusion. Primary hepatocytes were then
washed twice in cold DMEM with 5% FBS, purified with Percoll
gradient (33), plated on collagen-coated dishes at 3 x 10° cells/
100 mm culture dish, and cultured overnight at 37°C in a CO,
incubator as described in the cited papers (32-34).

Treatment of cultured primary mouse hepatocytes with
phytocannabmmd (A-THC) and endogenous (2-AG)
agonists of CB1

A time course and dose response treatment was performed as
follows. Primary mouse hepatocytes were isolated from WT mice
and cultured overnight as described above. The hepatocytes were
washed with PBS and further incubated with 2 puM THC/0.015%
BSA, 20 pM THC/0.15% BSA, and 40 uM THC/0.3% BSA in
Puck’s buffer for 0-2 h time, as indicated in the figure legends, in
a 37°C incubator, as described (32-34). These concentrations
were chosen to be in the range of those used previously with a va-
riety of hepatoma and other cell lines (35-37). The concentra-
tions of BSA were chosen based upon an approximate 1 1 binding
stoichiometry at the micromolar concentrations of A"THC and
2-AG (34-36). The control was incubated in Puck’s buffer with
the same amount of methanol vehicle and 0.15% BSA (without
AQ-THC). The 20 pM A’THC concentration was chosen as used
previously (37). Multiple culture dishes of primary mouse hepato-
cytes were incubated at 20 pM THC/0.15% BSA in Puck’s buffer
for 1 hin a 37°C incubator, as described (32-34). The control was
incubated in Puck’s buffer with the same amount of methanol
vehicle and 0.15% BSA (without A-THC).

For treatment with endogenous CB1 agonist, hepatocytes were
incubated similarly as above except without or with 2-AG (1 uM),
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a low concentration that does not produce adverse effects in cul-
tured primary hepatocytes (38, 39).

Lipid extraction from cultured primary mouse
hepatocytes

Hepatocytes were removed from the culture plate and stored in
sealed microtubes at —80°C as described earlier (32, 40, 41). For
lipid analysis, the hepatocytes in each microtube were thawed on
ice, vortexed, and the contents subsequently transferred to an ice-
cold Dounce homogenizer. The microtubes were then rinsed
with 1 ml of ice-cold KPD [20 mM potassium phosphate (pH 7.4)
and 1 mM DTT] to remove any residual hepatocytes. This
solution was also vortexed and combined with the previous hepa-
tocyte/buffer mixture into the Dounce homogenizer. This hepa-
tocyte/buffer mixture was homogenized using 10 up/down
strokes of the Dounce homogenizer. For protein quantification,
an aliquot (200 pl) of the homogenate was removed and placed
in a separate microtube as described previously (19, 40). The fol-
lowing internal standard mixture was added: 4,000 pg each of
AFEA-d,;, OEA-dy, PEA-d,, and EPEA-d,, and 40,000 pg of 2-AG-d;
to the remaining homogenate in the Dounce homogenizer. Ex-
traction of the lipids from the hepatocyte homogenate was per-
formed as described previously (40). The final lipid extract was
dried under N, and then dissolved in 60 1 of acetonitrile with the
addition of 60 wl of water. Each of the samples was then purged
with Ny gas and stored at —80°C.

LC-MS analysis of NAEs and 2-MGs in cultured primary
mouse hepatocytes

The lipid extracts (above) were resolved to determine NAE and
2-MG levels as quantitated by LC-MS analysis in the Protein Chem-
istry Laboratory (directed by Dr. Larry Dangott at Texas A&M
University) as described (19, 42). An external standard bracket to
determine linear range was performed of 0.05, 0.10, 0.25, 0.50,
1.00, 2.50, 5.00, 10.0, 25.0, or 50.0 ng of AEA, OEA, PEA, DHEA,
EPEA, 2-AG, 2-OG, and 2-PG, respectively. Individual NAE or
2-MG values were expressed based on hepatocyte homogenate
milligrams of protein.

Impact of A’-THC treatment on protein levels in the EC
system of cultured primary hepatocytes from livers of WT
and LKO mice

To determine whether the altered EC levels in WT and/or
LKO hepatocytes treated with A>THC resulted from altered ex-
pression of proteins in the EC system, hepatocytes were homoge-
nized, protein determined, 2-10 pg protein loaded/resolved by
SDS-PAGE, bands of interest identified by Western blotting, and
quantitated as described (32, 40, 41). Hepatocyte levels of the fol-
lowing groups of proteins involved in the liver EC system were
determined by Western blotting: i) synthetic enzymes: NAPE-PLD
and DAGL«; i) degradative enzymes: FAAH, NAE-hydrolyzing
acid amidase, and MAGL; iii) CB receptors: CBI1; i) cytosolic
transport/chaperone proteins: FABP1, HSP70, and SCP-2 (recog-
nizes 58 kDa SCP-x as well as 13.2 kDa SCP-2); and v) membrane
fatty acid translocases involved in uptake of arachidonic acid
(ARA) (the precursor from which ECs are derived): FATP2 and
FATP4. GAPDH was used as internal loading control. Individual
protein bands on Western blots were quantitated by densitomet-
ric analysis by Image] software (National Institutes of Health,
Bethesda, MD) and normalized to GAPDH as in (42). Representa-
tive Western blots were then cropped and inserted (separated by
a white line/space) into figure panels as in earlier publications.

Statistical analysis

Values represent the mean + SEM. Statistical analysis was per-
formed by one-way ANOVA followed with the Newman-Keuls post
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hoc analysis using Sigma Plot software (Systat, San Jose, CA).
P < 0.05 was considered statisticallg/ significant and was denoted
by a # (FABP1 KO vs. WT) or * (A™-THC treated vs. untreated of
the same genotype).

RESULTS

Impact of A’ THC treatment on hepatocyte level of
endogenous CB1 agonists AEA and 2-AG: time and A’
THC concentration dependence

Hepatocytes primarily express CB1 (43), which is acti-
vated by both phytocannabinoids (e.g., A"THC) and ECs
(e.g., AEA, 2-AG) (12, 44). Likewise, the major liver cyto-
solic lipid binding/chaperone protein (i.e., FABP1) has
high affinity for both A"-THC and ECs (AEA, 2-AG) (19-21).
Therefore, the possibility that A’-THC treatment might
indirectly impact CB1 activation by altering the level of the
AEA and 2-AG was examined.

WT cultured primaryy mouse hepatocytes were incu-
bated with increasing ATHC (2-40 wM) and time (up to
2 h), and the hepatocyte AEA and 2-AG levels were deter-
mined as in the Materials and Methods. A*-THC treatment
elicited a concentration-dependent increase in AEA level
at all time points examined (Fig. 1A). Likewise, increasing
A"-THC generally increased the hepatocyte 2-AG level
(Fig. 1B). Based on these findings, a 20 pM A’-THC con-
centration and 1 h incubation time were chosen as the set
of nonsaturating conditions to determine statistical signifi-
cance of the impact of A"THC on AEA and 2-AG levels, as
described in the following sections.
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Fig. 1. Time and concentration dependence of A"THC impact
on hepatocyte levels of AEA and 2-AG. Cultured primary hepato-
cytes were isolated from WT mice, plated on culture dishes, and in-
cubated with increasing ATHC (2-40 uM) for increasing time
(0-2 h), as described in the Materials and Methods. Lipids were
then extracted followed by analysis and quantitation by LC-MS as de-
scribed in the Materials and Methods. AEA (A) and 2-AG (B) (n=1).



A’-THC treatment increases cultured primary hepatocyte
level of AEA: impact of Fabpl gene ablation

Because FABP1 has high affinity for ECs as well as A’-
THC (19-21), the possibility that loss of FABP1 protein
(i.e., Fabpl gene ablation, LKO) might alter the ability of
A’-THC to increase levels of AEA, an endogenous CB1 ago-
nist, was examined in cultured primary hepatocytes from
WT and LKO mice.

Treatment of WT hepatocytes with A’ THC alone signifi-
cantly increased AEA nearly 30% (Fig. 2A). LKO alone (in
the absence of AQ-THC) increased WT hepatocyte AEA by
nearly 2-fold (Fig. 2A). However, A’THC treatment of
LKO hepatocytes did not significantly increase the AEA
level (Fig. 2A).

Taken together, the above data indicated that both AY-
THC alone and, even more so, LKO alone significantly in-
creased the WT hepatocyte level of AEA. However, LKO
blocked the ability of A"THC to further increase AEA con-
tent in LKO hepatocytes.

Effect of A>THC treatment on hepatocyte levels of
non-ARA-containing NAEs (OEA, PEA, DHEA, and EPA)

Non-ARA-containing NAEs (PEA, OEA, DHEA, and
EPEA) and 2-MGs (2-OG and 2-PG) do not directly bind/
activate CB receptors. Nevertheless, such NAEs and 2-MGs
can act as “entourage” molecules that enhance the effects
of AEA and/or 2-AG by competing either with transporters
or the enzymes mediating the inactivation of ECs or by
enhancing binding/action of ECs, such as AEA and 2-AG,
on CB receptors (45-53).
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Fig. 2. Effect of A"THC and Fabpl gene ablation on hepatocyte
levels of AEA and non-ARA-containing NAEs. Cultured primary he-
patocytes were isolated from WT or LKO mice, plated on culture
dishes, and incubated with A’THC (20 M) for 1 h, as described in
the Materials and Methods. Lipids were then extracted followed by
AEA and NAE analysis and quantitation by LC-MS, also as described
in the Materials and Methods. AEA (A), OFEA (B), PEA (C), DHEA
(D), and EPEA (E). Values represent the mean + SEM, n = 4-6.
#P < 0.05 versus WT in the same treatment groups; *P < 0.05 versus
untreated of the same genotype.

A’ THC treatment alone did not significantly affect NAE
levels in cultured primary hepatocytes from WT mice (Fig.
2B-E). LKO alone increased the hepatocyte level of EPEA
by 1.8-fold (Fig. 2E), but did not significantly alter that of
OFA (Fig. 2B), PEA (Fig. 2C), or DHEA (Fig. 2D). LKO
completely blocked the effect of A’THC on increasing the
hepatocyte level of EPEA (Fig. 2E).

Thus, A’-THC alone did not significantly alter WT hepa-
tocyte levels of NAEs. In contrast, LKO alone selectively
increased the hepatocyte level of EPEA regardless of the
presence or absence of A"-THC.

The 2-AG treatment increases hepatocyte levels of AEA:
impact of Fabpl gene ablation

To determine whether the A THC-induced increase in
hepatocyte AEA was specific to this exogenous phytocan-
nabinoid CBI activator, the effect of the endogenous CB1
agonist, 2-AG, was examined. FABPI has high affinity
for the endogenous CB1 receptor agonist, 2-AG (19-21).
Therefore, the impact of 2-AG and/or FABP1 on the hepa-
tocyte level of AEA was examined in cultured primary he-
patocytes from WT and Fabpl gene-ablated (LKO) mice.

Treatment of WT hepatocytes with 2-AG significantly in-
creased the level of AEA (Fig. 3A). In contrast, LKO alone
(in the absence of 2-AG) increased AEA by 2.2-fold (Fig.
3A). Furthermore, LKO conferred on 2-AG the ability to
increase WT hepatocyte AEA level (Fig. 3A).

With regard to the non-ARA-containing NAEs, 2-AG
treatment of WT hepatocytes increased the level of EPEA
by 2-fold (Fig. 3E), while not changing that of OEA, PEA,
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Fig. 3. Effect of 2-AG and Fabpl gene ablation on hepatocyte lev-
els of AEA and non-ARA-containing NAEs. Hepatocytes were iso-
lated from WT or LKO mice, plated on culture dishes, and incubated
with 2-AG (1 uM) for 1 h. Lipids were then extracted and analyzed
by LC-MS to determine AEA and NAE levels, as described in the
Materials and Methods. AEA (A), OEA (B), PEA (C), DHEA (D),
and EPEA (E). Values represent the mean = SEM, n = 4-6. #P< 0.05
versus WT in the same treatment groups; *P < 0.05 versus untreated
of the same genotype.
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or DHEA (Fig. 3B-D). LKO alone likewise increased the
WT hepatocyte level of EPEA by 2-fold (Fig. 3E), but not
that of OEA, PEA, or DHEA (Fig. 3B-D). Finally, LKO
blocked the ability of 2-AG to increase the hepatocyte level
of EPEA (Fig. 3E) and did not affect levels of OEA, PEA, or
DHEA (Fig. 3B-D).

These data indicated that 2-AG treatment alone increased
WT hepatocyte AEA level analogous to A"THC-induced
AFA increase (Fig. 2A). LKO alone significantly increased
the hepatocyte level of AEA and, moreover, conferred on
2-AG the ability to increase hepatocyte AEA content. This
was in marked contrast to LKO blocking of the ability of
A’“THC to further increase AEA content therein (Fig. 2A).

Impact of A’THC and Fabpl gene ablation on hepatocyte
levels of the EC, 2-AG, and non-ARA-containing 2-MGs
(2-0G, 2-PG)

Because FABP1 exhibits high affinity for 2-AG as well as
A"THC (19, 20), the effect of ATHC on cultured primary
hepatocyte levels of the 2-MGs was examined, as described
in the Materials and Methods.

A"THC treatment significantly increased the WT hepa-
tocyte level of 2-AG 1.8-fold (Fig. 4A). LKO alone increased
the 2-AG level even more, i.e., by 3.3-fold (Fig. 4A). How-
ever, LKO impaired the ability of A-THC to increase hepa-
tocyte 2-AG by nearly half (Fig. 4A).

With regard to the non-ARA-containing 2-MGs, A-THC
treatment significantly increased the WT hepatocyte level
of 2-OG by 1.7-fold (Fig. 4B), while also increasing that of
2-PG by 1.5-fold (Fig. 4C). LKO alone increased the levels
of 2-OG even more by 3.5-fold (Fig. 4B), but not the level of
2-PG (Fig. 4C). However, LKO did not further potentiate
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Fig. 4. Effect of A"THC and Fabpl gene ablation on hepatocyte
levels of 2-AG and non-ARA-containing 2-MGs. Hepatocytes were
isolated from WT or LKO mice, plated on culture dishes, and incu-
bated with A*THC (20 uM) for 1 h, as described in the Materials
and Methods. Lipids were then extracted followed by 2-AG and
2-MG analysis and quantitation by LC-MS, also as described in Mate-
rials and Methods. 2-AG (A), 2-OG (B), and 2-PG (C). Values repre-
sent the mean = SEM, n = 4-6. #P < 0.05 versus WT in the same
treatment groups; *P< 0.05 versus untreated of the same genotype.
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the ability of A’-THC to increase hepatocyte 2-OG (Fig. 4B)
or 2-PG (Fig. 4C), as compared with their A°-THC-
treated WT counterparts.

Thus, A’ THC treatment alone in WT hepatocytes and,
even more so, LKO alone, markedly increased hepatocyte
levels of 2-AG much more than those of AEA (Fig. 2A).
Furthermore, both A’-THC treatment alone in WT hepato-
cytes and LKO alone markedly increased hepatocyte levels
of 2-OG and 2-PG, in marked contrast to the effect of A’
THC treatment on the non-ARA-containing 2-MGs, which
were not further increased by LKO (Fig. 4).

Impact of 2-AG and Fabp1 gene ablation hepatocyte level
of 2-AG and non-ARA-containing 2-MGs

It is not known whether the ability of A*THC to markedly
increase hepatocyte 2-AG and other 2-MGs noted above
was unique to this exogenous phytocannabinoid CB1 ago-
nist or also shared by the endogenous CB1 agonist, 2-AG.
Therefore, the impact of exogenous 2-AG on hepatocyte
levels of 2-AG and non-ARA-containing 2-MGs was exam-
ined in cultured primary hepatocytes from WT and LKO
mice, as described in the Materials and Methods.

The 2-AG treatment alone significantly increased 2-AG
levels by 16-fold in WT hepatocytes (Fig. 5A). LKO alone
also increased the 2-AG level to the same extent, i.e., 15-
fold (Fig. 5A). Further, LKO markedly potentiated the abil-
ity of exogenous 2-AG-increased hepatocyte 2-AG content
to a level over 5-fold more than in 2-AG-treated WT hepa-
tocytes (Fig. bA).

With regard to the non-ARA-containing 2-MGs, 2-AG
treatment and/or LKO selectively impacted only the 2-OG
level (Fig. 5B), but not the 2-PG level (Fig. 5C). While 2-AG
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Fig. 5. Effect of 2-AG and Fabpl gene ablation on hepatocyte lev-
els of 2-AG and non-ARA-containing 2-MGs. Hepatocytes were iso-
lated from WT or LKO mice, plated on culture dishes, and incubated
with 2-AG (1 pM) for 1 h, as described in the Materials and Meth-
ods. Lipids were then extracted followed by 2-AG and 2-MG analysis
and quantitation by LC-MS, also as described in the Materials and
Methods. 2-AG (A), 2-OG (B), and 2-PG (C). Values represent the
mean + SEM, n = 4-6. #P < 0.05 versus WT in the same treatment
groups; *P < 0.05 versus untreated of the same genotype.



alone had no effect on the WT hepatocyte 2-OG level, LKO
alone increased the hepatocyte 2-OG level by 4-fold (Fig. 5B).
In contrast, LKO diminished by 50% the ability of 2-AG to
increase the 2-AG level in the hepatocytes (Fig. bA). Nei-
ther 2-AG alone, LKO alone, nor both together signifi-
cantly affected the 2-PG level in the hepatocytes (Fig. 5C).

Taken together, these data showed that 2-AG treatment
markedly increased the hepatocyte levels of 2-AG several-
fold in WT hepatocytes, in marked contrast to Ag-THC,
which induced 2-AG much less in WT hepatocytes (Fig.
4A). LKO exacerbated this 2-AG-induced increase by sev-
eral-fold in the hepatocyte 2-AG level, again in marked con-
trast to LKO diminishing the ability of A*THC to increase
2-AG (Fig. 4A). The simple explanation for this may be that
the exogenous agent became sequestered in membranes,
accounting for the significant 2-AG increase that would be
unrelated to the presence of intracellular trafficking pro-
teins. This possibility was addressed in a control experi-
ment wherein cultured primary mouse hepatocytes were
incubated without and with a solution of 900 nM 2-AG and
100 nM 2-AG-dg similarly as described herein for unlabeled
2-AG (54). While the hepatocyte levels of both unlabeled
2-AG and 2-AG-dg were increased similarly in WT hepato-
cytes, this effect was exacerbated by LKO.

Impact of A’THC and Fabpl gene ablation on hepatocyte
protein levels of enzymes in EC synthesis and degradation

FABPI is the magor hepatic cytosol binding/chaperone
protein for both A-THC and ECs such as AEA and 2-AG
(19, 21, 25, 55). Competition between these ligands may
potentially impact hepatocyte protein levels of the enzymes
in EC synthesis and degradation, or CB1 receptor. Therefore,
cultured primary hepatocytes from WT and Fabpl-ablated
(LKO) mice were treated with or without A°-THC and
Western blotting of the respective proteins was performed
as described in the Materials and Methods.

ATHC differentially impacted hepatocyte protein levels
of the AEA and 2-AG synthetic enzymes, NAPE-PLD and
DAGL. Neither A*“THC nor LKO significantly altered the
hepatocyte protein level of NAPE-PLD, the key enzyme in
AEA and NAE synthesis (Fig. 6A). A"THC alone did not
alter the protein level of DAGL, the key enzyme in 2-AG and
2-MG synthesis, in WT hepatocytes (Fig. 6B). In contrast,
the DAGL protein level in LKO hepatocytes was decreased
regardless of the presence or absence of A“THC (Fig. 6B).

A"THC alone also differentially impacted hepatocyte
protein levels of AEA and 2-AG degradative enzymes,
FAAH and MAGL. A*-THC alone significantly increased
the protein level of FAAH, the major AEA and NAE hydro-
lysis enzyme, in cultured primary hepatocytes from WT mice,
an effect abolished by LKO (Fig. 6C). In contrast, neither
A"THC nor LKO significantly altered the protein level of
MAGL (degrades 2-AG and 2-MGs) in hepatocytes (Fig. 6D).

Finally, neither A-THC nor LKO altered the protein
level of CB1 (major CB receptor) in hepatocytes (Fig. 6E).

Overall, these data indicated that the A’ THC-induced
higher levels of AEA (Fig. 3) and 2-AG (Fig. 5) in WT hepa-
tocytes were not associated with any upregulation of syn-
thetic enzymes (NAPE-PLD, DAGL) or downregulation of
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Fig. 6. Effect of A"THC and Fabpl gene ablation on hepatocyte
levels of proteins involved in EC synthesis, degradation, and action.
Cultured primary hepatocytes were isolated from WT or LKO mice,
plated on culture dishes, and incubated with A’-THC (20 uM) for
1 h, as described in the Materials and Methods. Hepatocytes were
then washed, homogenized, protein determined, and aliquots used
for SDS-PAGE and Western blotting [as we described (79, 87)] to
determine levels of the following proteins: 46 kDa NAPE-PLD (A),
120 kDa DAGLa (B), 63 kDa FAAH (C), 33 kDa MAGL (D), and
53 kDa CB1 (E). The insets show representative Western blots of the
respective protein (upper blot) and the gel-loading control protein
(37 kDa GAPDH, lower blot). Relative protein was normalized to
internal control and WT was set to 1. Values represent the mean +
SEM, n = 4-6. #P < 0.05 versus WT in the same treatment groups;
*P < 0.05 versus untreated of the same genotype.

degradative enzymes (FAAH, MAGL). On the contrary,
A"-THC-induced upregulation of FAAH would have been
expected to decrease rather than increase the AEA level. It
appears that A"THC enhanced hepatocyte levels (to vary-
ing degrees of significance) of all acylethanolamides in WT
hepatocytes (Fig. 2). Perhaps this was due to modulation of
other lipid metabolic systems by A"THC, e.g., COX and
LOX isoforms. Likewise, the LKO-induced higher levels of
AFEA (Fig. 2) and 2-AG (Fig. 4) were also not associated
with any upregulation of synthetic enzymes (NAPE-PLD,
DAGL) or downregulation of degradative enzymes (FAAH,
MAGL). In fact, some downregulation of DAGL occurred
in the LKO hepatocytes (both without and with A"THC),
possibly because of significant accumulation of 2-AG in the
LKO hepatocytes as compared with the WT hepatocytes.
Some evidence indicates that DAGL synthesis of 2-AG oc-
curs “on demand” (56). While these possibilities contextu-
alize the findings, it is beyond the scope of the present
work to experimentally resolve all potential mechanisms.

Effect of A>THC and Fabpl gene ablation on hepatocyte
protein levels of membrane transport/translocase
proteins involved in uptake of ARA from which AEA
and 2-AG are derived

While the mechanism(s) whereby Ag-THC, AEA, and

2-AG undergo uptake/reuptake across membranes is not
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yet clear, uptake of fatty acids such as ARA (precursor of
AFEA and 2-AG) occurs, at least in part, by membrane-asso-
ciated FATPs (e.g., FATP2, FATP4) (57). Because A~THC
and LKO both increased hepatocyte levels of AEA and
2-AG, Western blotting was performed to determine the
impact of A’THC on protein levels of FATP2 and FATP4
therein. Neither ATHC nor LKO significantly altered he-
patocyte protein levels of FATP2 or FATP4. Thus, the AY-
THC-induced increase in hepatocyte AEA (Fig. 2) and
2-AG (Fig. 4) was not associated with altered expression of
membrane translocases involved in ARA uptake.

Effect of A>THC and Fabpl gene ablation on hepatocyte
protein levels of cytosolic proteins that bind/chaperone
A’-THC, AFA, 2-AG, and/or ARA

Several liver cytosolic proteins bind/chaperone lipidic
ligands, such as ARA [FABP1 (58, 59)1, AEA [FABP1 (19-
21, 58), SCP-2 (60), HSP70 (61)], 2-AG [FABP1 (19-21),
SCP-2 (60)], and ATHC [FABP1 (19-21)]. Therefore,
Western blotting was performed to determine the impact
of ATHC on protein levels of these cytosolic binding/
chaperone proteins in cultured primary hepatocytes iso-
lated from livers of WT and Fabpl-ablated (LKO) mice.

In cultured Brimary hepatocytes isolated from the livers
of WT mice, A-THC treatment alone did not significantly
alter the protein level of the binding/chaperone proteins,
FABP1 (Fig. 7C), HSP70 (Fig. 7D), or SCP-2 (Fig. 7E). In
contrast, LKO alone modestly increased the hepatocyte
protein level of HSP70 (Fig. 7D), but not SCP-2 (Fig. 7E).
However, LKO differentially impacted the ability of A’
THC to alter the protein levels of these proteins in cultured
primary hepatocytes, decreasing that of HSP70 (Fig. 7D),
which was offset by an increase in SCP-2 (Fig. 7E). A’-THC
has now been shown to bind not only to FABP1 (19, 21) but
also to other members of the fatty acid binding protein

(FABP) family (e.g., FABP3, FABP5, and FABP7) (37) with
moderate affinities. Because liver also expresses the intesti-
nal form of FABP, i.e., FABP2, it seems plausible that con-
comitant upregulation of FABP2 may also play some
transport role for ECs and/or CBs in hepatocytes. How-
ever, despite a significant 35% increase in upregulation of
the intestinal FABP (FABP2) in the LKO hepatocytes (data
not shown), FABP2 represents a very small constituent in the
liver, much lower than that of FABP1 (62). Furthermore,
FABP2 has not been found to bind monoacylglycerols (63),
although its binding affinities for ECs and A’ THC have
not been directly ascertained.

Thus, the A>THC-induced higher levels of AEA (Fig. 2)
and 2-AG (Fig. 4) in cultured primary hepatocytes from livers
of WT mice did not appear to be associated with overall al-
tered expression of cytosolic binding/chaperone proteins
in hepatocytes from livers from either WT or LKO mice.

DISCUSSION

Since the discovery that key elements of the EC system
are present in liver and are involved in NAFLD (9, 64),
much research has focused on development of agonists/
antagonists of this system. A"THC, the main psychotropic
component of cannabis, binds and activates CB receptors,
thereby piggy-backing on the endogenous EC pathway
(11-13). Although liver expresses both CB1 and CB2 re-
ceptor subtypes, their cellular distribution differs signifi-
cantly, such that hepatocytes contain primarily CB1 (43).
CB1 binds and is activated by both phytocannabinoids
(e.g., AQ—THC) and endogenous ECs (e.g., AEA, 2-AG (12,
44). However, it is not known whether phytocannabinoids,
such as AQ-THC, or ECs, such as 2-AG, themselves may indi-
rectly impact CB1 by concomitantly altering levels of other
endogenous ECs in liver hepatocytes. This possibility is
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suggested by recent findings that the most prevalent cyto-
solic lipidic ligand binding protein in hepatocytes, i.c.,
FABP1, has high affinity for both phytocannabinoid (e.g.,
A’-THC) and EC (e.g., AEA, 2-AG) agonists of CB1 (19-21,
65). Therefore, the impact of exogenous A"THC and 2-AG
treatment on hepatocyte AEA and 2-AG levels was exam-
ined in cultured primary mouse hepatocytes from WT and
Fabpl-ablated (LKO) mice. The data provide the following
new insights.

First, the phytocannabinoid CBI agonist, A~THC, sig-
nificantly increased AEA and 2-AG levels in WT hepato-
cytes. Consistent with this finding, phytocannabinoids (i.e.,
AQ-THC, cannabidiol) increase levels of AEA and 2-AG in
the blood and brains of humans and rodents (17, 18, 37).
Because CB1 has a similar affinity for AEA as for ATHC
(44), this suggests that ATHC may, at least in part, exert
its activating effect on CBI by increasing the hepatocytes’
endogenous level of AEA. A’-THC even more dramatically
increased the WT hepatocyte level of 2-AG by 2-fold more
than AEA. Despite CB1’s weaker affinity for 2-AG than for
either AFA or ATHC (44), 2-AG is about 3-fold more po-
tent than AEA at CB1 (8, 66, 67). While the 2-AG-induced
increase in WT hepatocyte level of 2-AG may be attribut-
able, atleast in part, to increased 2-AG available for uptake,
2-AG had no effect on the non-ARA-containing 2-MGs, i.e.,
2-OG and 2-PG, in WT hepatocytes. Taken together, these
novel observations showed that exogenously added A%
THC, as well as 2-AG, increased the WT hepatocyte level of
AFEA and, even more so, 2-AG. Although the hepatocytes
were incubated with about 20-fold higher concentration
levels than typically observed in mouse serum after either
intravenous injection of 3 mg/kg or inhalation of 20 mg of
A-THC (68), uptake did not appear saturated with respect
to concentration.

Second, loss of FABP1 (i.e., Fabpl gene ablation) alone
increased AEA and 2-AG levels in cultured primary mouse
hepatocytes by more than 2-fold. This finding is physiologi-
cally significant because LKO also significantly increased
AFA and 2-AG in mouse liver, albeit to a smaller extent,
near 30% (19). In addition, LKO concomitantly increased
WT hepatocyte levels of EPEA and 2-OG by >2- and 4-fold,
respectively. A similar effect, albeit also of smaller magni-
tude, was also observed in livers of LKO mice (19). The
significance of LKO’s impact on the non-ARA-containing
NAE (i.e., EPEA) and 2-MG (i.e., 2-OG) lies in their ability
to indirectly alter the effectiveness of CB1 agonists. While
non-ARA-containing NAEs (OEA, PEA) and 2-MGs (2-OG,
2-PG) do not directly bind/activate CB receptors, they rep-
resent entourage molecules that may enhance the effects
of AEA by competing with either the transporters or the
enzymes mediating the inactivation of ECs or by enhancing
binding/action of ECs, such as AEA (45-52). In contrast,
the EPA-derived EPEA displaces AEA and 2-AG from cell
membranes to reduce AEA and 2-AG release by synthetic
enzymes (53). In fact, EPA supplementation in humans
and animals decreases 2-AG and AEA in brain and plasma
(53). Because LKO elicits a several-fold larger increase in
hepatocyte 2-OG than EPEA, this would suggest potential
net potentiation of CB1 agonists.

Third, LKO blocked/diminished the ability of A-THC
to increase both AEA and 2-AG, but, in contrast, potenti-
ated the ability of 2-AG to increase the hepatocyte level of
AFEA and 2-AG. The reasons for the opposite effects of LKO
on the ability of A’THC and 2-AG to impact hepatocyte
AFEA and 2-AG are not completely clear. One possibility is
based on differences in CB1’s and FABP1’s affinities for
these ligands. For example, CB1 binds A"-THC with nearly
10-fold higher affinity than for 2-AG (44). On the other
hand FABP1 binds 2-AG with 10-fold higher affinity than
for A>THC (19). An alternate possibility may relate to a
mechanistic difference in uptake of A"THC and 2-AG.
Nearly 90% of oral CB undergoes first-pass removal by the
liver (69-73) by an as yet poorly understood mechanism
(72-76). Although the mechanism of EC (AFA, 2-AG) uptake
across the plasma membrane is also not completely clear
(74, 75), AEA uptake appears to be driven by intracellular
degradative enzymes (37, 76). Much less is known about
2-AG uptake, except that it is saturable and blocking 2-AG
hydrolysis does not alter the rate of 2-AG uptake (76, 77).

A potential mechanism whereby FABP1 may be involved
in mediating the above effects of A"THC and 2-AG on he-
patocyte levels of AEA and 2-AG is shown in a proposed
schematic model (Fig. 8). This model is based on the fact
that A~ THC, AEA, and 2-AG are all highly lipophilic mole-
cules that are highly associated with membranes, as shown
in Fig. 8. Within the hepatocyte, the lipophilicity of A~THC,
AFEA, and 2-AG requires soluble binding/chaperone pro-
teins that facilitate cytosolic transport to intracellular target
sites (e.g., release, reuptake, degradation). This is analo-
gous to what has been demonstrated for FABP5 and FABP7
in cultured transfected cells (75, 78-82). Because FABPI is
the most prevalent high-affinity liver cytosolic binding pro-
tein for both A THC and ECs, such as AEA and 2-AG (19—
21, 65), FABP1 may similarly function in this role in
hepatocytes (see the middle portion of Fig. 8). In support of
this possibility, FABP1 is known to enhance uptake, cyto-
solic transport, and targeting of other lipophilic ligands
(e.g., fatty acids) to oxidative organelles in cultured primary
mouse hepatocytes (31, 40) and transfected cells overex-
pressing FABP1 (83-86). The fact that A’-THC inhibits
uptake of AEA (37) suggests that inhibition of AEA inter-
nalization (for subsequent degradation) by A’ THC treat-
ment may account, at least in part, for the increased
hepatocyte AEA level. Furthermore, once A’-THC translo-
cates across the WT hepatocyte plasma membrane, the
FABP1 would bind/facilitate A-THC desorption into cyto-
sol as well as trafficking to intracellular sites for metabolism
(endoplasmic reticulum) or excretion (bile). Itis important
to note that A~THC is itself not an inhibitor of AEA hydro-
lysis by FAAH (37). Although FABP1 binds 2-AG and AEA
more strongly than A>THC (19-21, 65), AEA and 2-AG lev-
els in WT hepatocytes (shown herein) and WT liver [shown
earlier (19)] are normally very low. Thus, once sufficient
ATHC is taken up, it would displace FABP1-bound AEA
and 2-AG (see the left side of the schematic in Fig. 8). This,
in turn, would decrease the quantity of AEA and 2-AG traf-
ficking/targeting to intracellular degradative sites, thereby
increasing the hepatocyte level of AEA and 2-AG, as was
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Fig. 8. Proposed pathway regulating cultured primary mouse hepatocyte levels of ECs impact of phytocan-
nabinoids (A -THC), 2-AG, and Fabpl gene ablation. In serum, the highly lipophilic A’ THC, AEA, and 2-AG
are bound by albumin (and lipoproteins) (34, 35, 61, 88, 89). After binding to hepatocyte CB1 and/or enter-
ing the plasma membrane (90), these ligands are translocated across the plasma membrane by an as yet un-
known mechanism (s), with most evidence suggesting rapid spontaneous transbilayer migration (74, 75, 91).
Due to their lipophilicity, these ligands require cytosolic binding/chaperone proteins for trafficking to intra-
cellular sites of degradation/hydrolysis (21, 37, 79). In liver hepatocytes, the FABP1 is the most highly preva-
lent cytosolic lipophilic llgdnd binding/chaperone protein, recently shown to serve this function for
phytocannabinoids, such as A’-THC, and ECs, such as AEA and 2-AG (19-21, 55). FABP1 then transports the
bound AEA primarily to endoplasmic reticulum (ER) for hydrolysis by FAAH to yield ARA and ethanolamine
(EA). Similarly, FABP1 also transports bound 2-AG for targeting to monoacylglycerol hydrolase (MGL), local-
ized in cytosol and associated with lipid droplets (LD) to yield ARA and glycerol (GLY). The released ARA is
then available for subsequent metabolism, i.e., oxidation (OX) [mitochondria (MITO), peroxisomes
(PEROX)] or utilized for synthesis of ARA-containing phospholipids (PL) and triacylglycerols (TG). As
shown on the left side of the figure, A“THC competes with FABP1-bound AEA and 2-AG to displace them
from the FABP1 binding site, thereby increasing hepatocyte AEA and 2-AG levels. As shown on the right side
of the figure, 2-AG similarly competes with FABP1-bound AEA and 2-AG to displace them from the FABP1
binding site, thereby increasing hepatocyte AEA and 2-AG levels. Because 2-AG uptake is not driven by intra-
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cellular hydrolysis (77), continued uptake of 2-AG further exacerbates the hepatocyte level of 2-AG.

indeed observed herein. WT hepatocyte treatment with
2-AG significantly increased 2-AG, but did not statistically
increase AEA. However, LKO markedly enhanced the im-
pact of 2-AG by increasing both AEA and 2-AG.

In summary, the studies presented herein show for the first
time that phytocannabinoids such as A“THC not only di-
rectly bind/activate CB1 receptors in WT hepatocytes, but
also indirectly activate CB1 receptors by increasing WT hepa-
tocyte levels of both major ECs (AEA, 2-AG). The latter effect
was likely due to internalized A’ THC displacing these endog-
enous CB1 activators from FABPI1 binding sites and thereby
decreasing their hydrolysis by FAAH and MAGL. Fabpl gene
ablation LKO alone more markedly increased AEA and 2-AG
levels because loss of this major AEA and 2-AG binding pro-
tein would be expected to decrease even further the target-
ing of these ECs for hydrolysis. In contrast, treatment of WT
hepatocytes with the EC, 2-AG, did not increase AEA levels,
but only increased that of 2-AG, likely due to the increased
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availability of 2-AG for uptake rather than any reduction in
2-AG transport to degradative sites. However, relatively little is
known about the uptake of 2-AG (76, 77). Finally, LKO po-
tentiated the ability of both A~ THC and 2-AG to increase the
hepatocyte level of AEA and 2-AG. Taken together, these and
other data suggested that A“THC increases hepatocyte EC
levels, at least in part, by competing for binding to FABP1, a
cytosolic chaperone that facilitates targeting of bound EC to
intracellular degradative enzymes. Bl
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