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there are currently no effective therapies for NAFLD (2). 
To date, knowledge about cellular and molecular defects 
in NAFLD is heavily based on studies of HFD-induced male 
rodent models (3). However, almost all of these are fed 
HFD ad libitum, even though rodents exhibit a strong pref-
erence to consume more HFD than normal chow (4). The 
prevalence of obesity and NAFLD/nonalcoholic steatohep-
atitis (NASH) is greater in women, yet little is known about 
HFD effects on hepatic lipid in female rodents (5). Thus,  
it is unclear whether the HFD-induced NAFLD in males, 
much less females, is due to the higher proportion of fat in 
the diet or to the increased intake of HFD.

While the biochemical basis for NAFLD is not completely 
understood, recent studies have established a link between 
HFD-induced NAFLD and the hepatic endocannabi-
noid (EC) system. Hepatic expression of the cannabinoid 
receptor-1 (CB1) is increased by HFD and in patients with 
NAFLD (6–8). Concomitant to HFD-induced obesity and 
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Increasingly prevalent worldwide, high-fat diets (HFDs; 
about 40% of energy) induce obesity and nonalcoholic 
fatty liver disease (NAFLD) (1). Apart from weight loss, 
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NAFLD, hepatic arachidonoylethanolamide (AEA), but 
not 2-arachidonoyl glycerol (2-AG), is selectively increased 
in males, which, together with CB1’s higher affinity for 
AEA than 2-AG, results in hepatic activation of CB1 recep-
tors, a requirement for development of NAFLD in male 
mice (6, 7, 9). Poorly aqueous-soluble AEA and 2-AG re-
quire a cytosolic “chaperone” for intracellular binding/
trafficking between synthetic and degradative sites (10). 
The novel discovery that the liver FA binding protein-1 
(FABP1, L-FABP) has high affinity not only for the precur-
sor of AEA and 2-AG [i.e., arachidonic acid (ARA)] (11, 12), 
but also for AEA and 2-AG, suggested that FABP1 may ac-
count for the high first-pass hepatic clearance rate of the 
EC precursor, ARA, and likely first pass removal of plasma 
ECs for intracellular degradation (10, 13). Fabp1 gene abla-
tion (LKO) increased serum total ARA (free and esterified 
ARA) along with AEA and 2-AG in a nonhepatic tissue, i.e., 
brain, of male mice (14). Interestingly, hepatic FABP1 is 
markedly upregulated by ad libitum feeding of HFD (15, 16) 
and in NAFLD (17, 18), but it is not clear whether FABP1 
mitigates or antagonizes the HFD-induced NAFLD.

Taken together, these observations suggest that FABP1, 
itself, may impact the hepatic EC response to HFD. There-
fore, this possibility was examined not only in livers of HFD 
pair-fed WT and LKO male mice but also in female mice, 
of which less is known. Pair feeding the HFD eliminates the 
potential complications of mouse preference for and  
increased consumption of a HFD (19).

MATERIALS AND METHODS

Animal care
Male and female inbred WT C57BL/6NCr mice were obtained 

from the National Cancer Institute (Frederick Cancer Research 
and Development Center, Frederick, MD). Fabp1 gene-ablated 
(LKO) mice were generated and backcrossed to WT C57BL/6NCr 
mice for more than the N10 generation, as described (20). For 
maintenance of the colony, mice were housed in barrier cages on 
ventilated racks at 12 h light/dark cycle, maintained at 25°C, and 
allowed ad libitum access to water at all times and standard rodent 
chow mix [5% calories from fat, D8604 Rodent Diet; Teklad Diets 
(Madison, WI)] before the study. Animal protocols were ap-
proved by the Institutional Animal Care and Use Committee at 
Texas A&M University. Mice were sentinel monitored quarterly 
and confirmed free of all known rodent pathogens.

Dietary study
WT male, WT female, LKO male, and LKO female mice aged 7 

weeks were housed individually in Tecniplast Sealsafe IVC cages 
(external water bottles, wire lid holders for food pellets). All mice 
were then switched to a pelleted defined control diet (10 kcal% 
fat, #D12450B; Research Diets, Inc., New Brunswick, NJ) for 1 week 
for acclimation prior to either continuing on the control diet or 
the HFD, pair-fed similarly as described earlier (21). The defined 
control diet was free of phytol and phytoestrogen, which may im-
pact sex differences and FABP1 expression (22, 23). The pair-fed 
HFD (#D12451; Research Diets, Inc.) was based on a defined diet 
modified to increase fat from 10 to 45 kcal%, concomitantly  
decreasing carbohydrate from 70 to 35 kcal% and maintaining 
protein constant at 20 kcal%. The complete FA profiles, taken from 

the Research Diets website, are shown in supplemental Table S1. 
This showed the following composition for the control chow: n-6 
PUFA 18:2n-6 (precursor of 20:4n-6) and 20:4n-6 comprised 18.3 
and 0.1 g/kg, respectively, while n-3 PUFA 18:3n-3, 20:5n-3, and 
22:6n-3 comprised 2.2, 0, and 0 g/kg, respectively. The HFD 
had levels of C18:2n-6 and C20:4n-6 increased >3-fold to 56.7 and 
0.5 g/kg, respectively, while the n-3 PUFAs, 18:3n-3, 20:5n-3, 
and 22:6n-3, were only slightly increased to 4.3, 0, and 0.2 g/kg, 
respectively.

The pair-feeding regimen was performed similarly as described 
earlier (21). Briefly, after the 1 week of adaptation, described 
above, the mice were split into four groups of 16 mice each: male 
LKO, male WT, female LKO, and female WT. On the first day of 
the feeding study, the food consumption of half of each group 
was measured by weight. On the second day the other half was 
pair-fed the defined HFD (45 kcal% fat, #D12451; Research Diets, 
Inc.) in the amount of the measured control group (1 day offset). 
Body weights and food intake for all mice were measured every 
day for the duration of the 12 week study and food consumption 
for the HFD was adjusted to be within a nonsignificant margin by 
weight and calories from the previous day of the control group. 
At the end of the dietary study, total body weight change and  
total food intake were used to determine energy conversion effi-
ciency. In addition, at the end of the dietary study, mice were 
fasted overnight for whole-body phenotype analysis, euthanasia, 
serum collection, and liver collection, as described in the follow-
ing sections.

Dual-energy X-ray absorptiometry to determine fat tissue 
mass and lean tissue mass

To obtain an in vivo measurement of whole-body fat tissue mass 
(FTM) and bone-free lean tissue mass (LTM), mice were anesthe-
tized (at both the beginning and the end of the dietary study) 
with ketamine/xylazine (0.01 ml/g body weight; 10 mg ketamine 
per milliliter and 1 mg xylazine per milliliter in 0.9% saline solu-
tion) prior to analysis by dual-energy X-ray absorptiometry (DEXA) 
with a Lunar PIXImus densitometer (Lunar Corp., Madison, WI), 
as in (22). The PIXImus instrument was calibrated prior to the 
analysis using a phantom mouse of known bone mineral density 
and FTM, as in (22). Whole-body FTM and bone-free LTM were 
determined for the entire mouse, minus the head region, as 
described earlier (22).

Serum collection and analysis
At the end of the dietary study and after DEXA, as described 

above, blood was collected, serum prepared, and aliquots snap-
frozen on dry ice and stored at 80°C. Serum protein was deter-
mined by Bradford micro-assay (#500-0001; Bio-Rad Laboratories, 
Hercules, CA). Stanbio diagnostic kits (Boerne, TX) were used to 
determine serum levels of the hepatic enzymes, aspartate amino-
transferase (AST) and alanine aminotransferase (ALT). Serum 
content of individual lipid classes was determined using commer-
cially available kits from Wako Chemicals (Richmond, VA), in-
cluding triacylglycerol (L-type Triglyceride M), free cholesterol, 
total cholesterol (cholesterol E), phospholipid, and NEFA (HR 
Series NEFA-HR), as described (24). Quantitation of serum lipids 
using these kits did not differ significantly from quantitation by 
solvent extraction/thin layer chromatography/colorimetry (24).

Liver gross morphology and histopathology
After cervical dislocation as above, livers were immediately  

excised, washed with ice-cold PBS, photographed, weighed, and 
sectioned into several parts. For histology, one part was excised 
near the porta hepatis, fixed in 10% neutral buffered formalin for 
24 h, and then stored in 70% alcohol. The stored liver was then 
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processed, embedded in paraffin, sectioned (4–5  thickness), 
and stained with hematoxylin and eosin for histological evalua-
tion, with grading of hepatocyte fatty vacuolation, inflammation, 
and necrosis (if present), as in (25). Another part of the liver was 
placed in RNA stabilization buffer [RNAlater (Ambion, Austin, 
TX)] for storage at 20°C and quantitative (Q)RT-PCR analysis, 
as described in the following sections. The remainder of the liver 
was flash-frozen on dry ice, stored at 80°C, and used for lipid 
and Western blot analysis, as described in the following sections.

Liver lipid content and class composition
After liver samples (0.1 g) were thoroughly minced, 0.5 ml 

PBS (pH 7.4) was added, followed by homogenization using a 
motor-driven pestle (Tekmar Co, Cincinnati, OH) at 2,000 rpm. 
Liver homogenate protein concentration was determined by 
Bradford protein micro-assay (Bio-Rad Laboratories). Aliquots of 
liver homogenate were analyzed for lipid class composition using 
commercially available kits, as described above for serum lipids. 
Quantitation of liver lipids with these kits did not differ signifi-
cantly from quantitation by solvent extraction/thin layer chroma-
tography/colorimetry (24).

LC-MS analysis of liver N-acylethanolamides and 
2-monoacylglycerols

LC-MS analysis of liver N-acylethanolamides (NAEs) and 
2-monoacylglycerols (2-MGs) was performed as described earlier 
(14, 26).

QRT-PCR of liver gene transcripts in the liver EC system
TaqMan® specific gene expression probe primers from Life 

Technologies™ (Carlsbad, CA) were used to determine liver 
mRNA levels of: acetyl-CoA carboxylase- (Acaca) (Mm01304285_
m1); acyl-CoA oxidase-1 (Acox1) (Mm00443579_m1); 1-acylglyc-
erol-3-phosphate-O-acyltransferase (Abhd5) [Mm00470734_m1; 
also called comparative gene identification-58 (CGI58) or lipid 
droplet binding protein]; CB1 (Cnr1) (Mm01212171_s1); canna-
binoid receptor-2 (Cnr2) (Mm02620087_s1); carnitine palmitoyl-
transferase 1A (Cpt1a) (Mm00550438_m1); diacylglycerol lipase 
 (Dagla) (Mm00813830_m1); diacylglycerol lipase  (Daglb) 
(Mm00523381_m1); FA amide hydrolase (Faah) (Mm00515684_
m1); FASN (Fasn) (Mm00662319_m1); 2-MG lipase (Mgll) 
(Mm00449274_m1); N-acylethanolamide-hydrolyzing acid amidase 
(Naaa) (Mm01341699_m1); N-acylphosphatidylethanolamide 
(NAPE) phospholipase D (Nape-pld) (Mm00724596_m1); PPAR 
(Ppara) (Mm00440939_m1); PPAR (Pparb) (Mm00803184_m1); 
patatin-like phospholipase domain-containing protein 2 (Pnpla2) 
[Mm00503040_m1, also called adipose triglyceride lipase (ATGL)]; 
sterol carrier protein-2 (Scp2) (Mm01257982_m1); sterol regulatory 
element-binding transcription factor 1 (Srebf1) (Mm01138344_
m1); and transient receptor potential cation channel subfamily V 
member 1 (Trvp-1) (Mm01246302_m1). Each sample reaction 
(20 l total volume each) was performed on two replicates in 96-
well optical reaction plates (Applied Biosystems®, Foster City, 
CA). The threshold cycle from each well was established using 
ABI Prism 7000 SDS software (Applied Biosystems®). The 18S 
RNA housekeeping gene was used for normalizing QRT-PCR 
data for mRNA expression of the above genes, as described ear-
lier (14, 26, 27).

Western blotting
Aliquots of liver homogenates were subjected to SDS-PAGE fol-

lowed by Western blotting, as described earlier (14, 26, 27). The 
following antibodies for Western blotting were obtained from 
Santa Cruz Biotechnology (Santa Cruz, CA): goat polyclonal anti-
FAAH (sc-26427), anti-FA translocase protein (FATP)4 (sc-5834), 

anti-NAPE-PLD (sc-163117), anti-CB1 (sc-10066), anti-liver-type 
FABP1 (L-FABP; sc-16064), anti-acyl-CoA binding protein (ACBP) 
(sc-23474), monoclonal anti-mouse NAAA (sc-100470), mono-
clonal anti-mouse -actin (sc-47778), rabbit polyclonal anti-
monoacylglyceride lipase (MGL; sc-134789), anti-diacylglycerol 
lipase  (DAGL; sc-133307), and mouse monoclonal antibody to 
growth arrest and DNA damage inducible  (GADD45b; sc-377311). 
Mouse polyclonal anti-FATP5 (ab89008), rabbit polyclonal anti-
FATP2 (ab83763), anti-cytochrome C oxidase 4 (COX4) (ab16056), 
and specific monoclonal anti-mouse heat shock protein 70 (HSP70) 
(ab2787) were from Abcam (Cambridge, MA). Mouse monoclo-
nal GAPDH (MAB374) was from Millipore, Inc. (Billerica, MA). 
Rabbit polyclonal antibody recognizing 13.2 kDa sterol carrier 
protein-2 (SCP-2), 15 kDa pro-SCP-2, and 58 kDa SCP-x was  
described (25). To accommodate the molecular mass ranges of 
targeted proteins, as well as multiple targets on the same nitrocel-
lulose blots, COX4 (14 kDa), GAPDH (37 kDa), or -actin (43 kDa) 
was used as internal standard. Thus, relative protein levels were 
normalized to gel-loading control proteins, -actin, GAPDH, or 
COX4; values were compared with male WT set to 1; data are pre-
sented as mean ± SEM (n = 8).

Statistical analysis
All values represent the mean ± SEM. Statistical analysis was 

performed by one-way ANOVA followed by Newman-Keuls post 
hoc analysis. Statistical differences of P < 0.05 were considered 
significant: *P < 0.05 for LKO versus WT; #P < 0.05 for female 
versus male.

RESULTS

Impact of pair-fed control diet or HFD on whole-body 
phenotype of WT and LKO mice

HFD alone selectively increased body weight in male, but 
not female, WT mice (Table 1). While LKO alone did not 
significantly alter the change in body weight, LKO con-
ferred on HFD the ability to increase the body weight change 
(grams) in female mice (Table 1). While HFD-induced 
weight gain in WT mice was not attributable to increased 
total food consumption (kilocalories), LKO conferred on 
HFD the ability to slightly increase total food consumption 
(kilocalories) in both male and female mice (Table 1). 
When expressed in terms of energy conversion efficiency 
(i.e., percent weight change per kilocalorie of food con-
sumed), HFD alone selectively increased energy conver-
sion efficiency in WT male mice (Table 1). While LKO 
did not alter energy conversion efficiency in control-fed 
male or female mice, it conferred on HFD the ability to 
significantly increase energy conversion efficiency in both 
(Table 1).

To determine whether the above HFD- and LKO-induced 
increases in percent weight gain were associated with  
altered FTM change (percent) and/or LTM (percent), 
mice were analyzed at the beginning and end of the dietary 
study by DEXA, as described in the Materials and Methods. 
HFD alone selectively elicited a 4- and 5.6-fold increase in 
the percent FTM WT males and WT females, respectively  
(Table 1). Likewise, LKO alone increased the percent FTM by 
4- and 27-fold in male and female control-fed mice, respec-
tively (Table 1). HFD exacerbated the increase in percent 



FABP1 ablation blunts endocannabinoid response to fat 2117

FTM by 2.8- and 4.5-fold in LKO male and female mice 
(Table 1). Pair-fed HFD alone did not significantly alter 
LTM change (percent) in either male or female WT mice 
(Table 1). In contrast, LTM (percent) in LKO mice was 
inhibited in both male and female mice on control diet, 
while HFD increased the LTM change (percent) to be simi-
lar to that in the control-fed WT male and female mice 
(Table 1).

These data indicated that WT males were more sensitive 
to pair-fed HFD-induced body weight change (grams). 
LKO alone increased FTM change (percent) in both male 
and female control-fed mice, while retarding LTM change 
(percent).

Gross liver weight, gross morphology, histology, and 
serum enzyme markers of hepatotoxicity in WT and LKO 
mice pair-fed control diet or HFD

Neither pair-fed HFD nor LKO alone nor both together 
significantly altered liver weight (not shown) in either male 
or female WT mice. Thus, the increased weight gain in 
mice, especially LKO mice, fed HFD did not elicit hepato-
megaly. Likewise, neither pair-fed HFD nor LKO alone nor 
both together significantly altered the gross morphology of 
the mice (supplemental Fig. S1C vs. supplemental Fig. S1A; 
Fig. 1G vs. Fig. 1E; supplemental Fig. S1B vs. supplemental 
Fig. S1A; Fig. 1F vs. Fig. 1E; supplemental Fig. S1D vs. sup-
plemental Fig. S1C; Fig. 1H vs. Fig. 1G). On histologic eval-
uation, sections of liver from all groups were unremarkable 
(supplemental Fig. S2A–H). There was minimal hepato-
cyte vacuolation consistent with fatty change, including in 
control-fed WT male and female mice. Neither HFD alone 
(supplemental Fig. S2C vs. supplemental Fig. S2A; Fig. 2G 
vs. Fig. 2E) nor LKO alone (supplemental Fig. S2B vs. sup-
plemental Fig. S2A; Fig. 2F vs. Fig. 2E) nor both together 
(supplemental Fig. S2D vs. supplemental Fig. S2A; Fig. 2H 
vs. Fig. 2E) altered the appearance of livers or induced any 
significant change in hepatocyte vacuolation scores in ei-
ther male or female mice. There was no evidence of inflam-
mation or hepatocyte necrosis to indicate liver damage. 

The absence of histologically detectable inflammatory 
changes was consistent with LKO having relatively little 
overall effect on levels of inflammatory cytokines (MCP-1, 
PAI-1, TNF) and adipokines (adiponectin, resistin, leptin) 
in serum (not shown) or tissues (14, 26, 28). Finally, neither 
HFD nor LKO nor both HFD and LKO significantly altered 
serum AST (supplemental Fig. S3A) or ALT (supplemental 

TABLE  1.  Effect of LKO and HFD on whole-body phenotype of female versus male mice

Parameter

Male Female

WT LKO WT LKO

CO HFD CO HFD CO HFD CO HFD

Body weight change (g) 7.2 ± 0.835 11.7 ± 1.159a 6.4 ± 0.929 13.9 ± 1.364a 5.1 ± 0.467 4.7 ± 0.275 4.1 ± 0.432 8.4 ± 1.023a,b

Initial body weight (g) 21.1 ± 0.266 21.0 ± 0.328 21.3 ± 0.414 21.5 ± 0.35 16.1 ± 0.302 16.9 ± 0.210 17.0 ± 0.304 17.0 ± 0.232
End body weight (g) 28.4 ± 0.874 32.7 ± 1.349a 27.7 ± 0.946 35.3 ± 1.46a 21.3 ± 0.261 21.6 ± 0.338 21.3 ± 0.512 25.4 ± 1.09a,b

Total food consumption  
(kcal)

972 ± 12 1,020 ± 20 943 ± 12 1,037 ± 16a 893 ± 21 943 ± 25 886 ± 10 954 ± 17a

Energy conversion  
efficiency (%/kcal)

0.035 ± 0.004 0.054 ± 0.004a 0.032 ± 0.041 0.062 ± 0.005a 0.036 ± 0.003 0.030 ± 0.001c 0.027 ± 0.003 0.052 ± 0.006a,b

FTM change (%) 38.8 ± 13.2 156.0 ± 26.5a 156.4 ± 33.0b 431.9 ± 47.0a,b 2.1 ± 6.8c 11.7 ± 3.0a,c 56.7 ± 7.4b,c 252.4 ± 34.2a,b,c

LTM change (%) 13.8 ± 1.5 15.9 ± 2.3 2.7 ± 0.4b 13.2 ± 1.8 15.4 ± 2.5 15.6 ± 1.1 1.4 ± 1.0b 10.1 ± 2.3

Male and female WT and Fabp1-null (knockout; LKO) mice were pair-fed control diet (CO) (10 kcal%) or HFD (45 kcal%), as described in the 
Materials and Methods. All parameters were determined as described in the Materials and Methods. Food consumption and body weight, measured 
daily from the beginning to the end of the dietary study, were used to calculate body weight change (grams), total food consumption (kilocalories), 
and food conversion efficiency [body weight change (%)/total food consumed (kcal). At the beginning and end of the dietary study, mice were 
examined by DEXA to determine FTM change (percent) and LTM change (percent). Values represent average ± means ± SEM (n = 8).

a By ANOVA, P  0.05, HFD versus control diet.
b By ANOVA, P  0.05, LKO versus WT on same diet.
c By ANOVA, P  0.05, female versus male of same genotype and diet.

Fig.  1.   LKO and pair-fed HFD impact hepatic lipid accumulation 
in female and male mice. Male and female WT and Fabp1-null 
(knockout; LKO) mice on a C57BL/6N background were pair-fed 
control diet (black bars, CO) or HFD (open bars, HF), as described 
in the Materials and Methods. At the end of the dietary study, mice 
were fasted overnight and livers removed, flash-frozen, and stored 
at 80°C prior to liver lipid extraction and analysis, as described in 
the Materials and Methods. Levels of cholesteryl ester (A), unesteri-
fied free cholesterol (B), triacylglycerol (C), and phospholipid (D) 
were measured as in the Materials and Methods. Data are expressed 
as the mass (nanamoles per milligram protein) of each lipid class in 
the liver. Mean ± SEM (n = 8). By ANOVA, *P  0.05 HFD versus 
control diet; #P  0.05 LKO versus WT on same diet; ^P  0.05  
female versus male of same genotype and diet.
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Fig. S3B) values in either male or female mice. All serum 
AST and ALT values were well within the normal range of 
mouse values (blood chemistry and hematology in eight in-
bred strains of mice; Mouse Phenome Database: Eumorphia; 
http://phenome.jax.org).

These data suggested that, regardless of sex or genotype, 
neither LKO nor HFD nor both together elicited signifi-
cant gross, histological, or enzyme markers indicative of 
hepatic lipid accumulation, inflammation, or toxicity.

Impact of pair-fed HFD and LKO on hepatic lipid 
phenotype

HFD alone did not significantly alter hepatic accumula-
tion of total lipid or total neutral lipid in WT male or fe-
male mice as compared with their control-fed counterparts. 
Within the neutral lipid fraction, HFD alone differentially 
increased and decreased hepatic cholesteryl ester in WT 
males and females, respectively (Fig. 1A), but did not alter 
hepatic levels of free cholesterol (Fig. 1B) or triacylglycerol 
(Fig. 1C) in either male or female WT mice. Likewise, HFD 
alone did not change the hepatic level of total phospho-
lipid in WT males and females, respectively (Fig. 1D). LKO 
alone did not impact hepatic accumulation of individual 
neutral lipid species, such as cholesteryl ester (Fig. 1A) or 
cholesterol (Fig. 1B), but selectively decreased hepatic 

triacylglyceride in males, but not females (Fig. 1C). LKO 
alone selectively increased hepatic phospholipid in con-
trol-fed females, but not males (Fig. 1D). In pair-fed HFD 
mice, LKO increased total neutral lipid only in females, at-
tributable to increased levels of cholesteryl ester (Fig. 1A), 
free cholesterol (Fig. 1B), and triacylglycerol (Fig. 1C), but 
decreased liver total phospholipid selectively in females 
(Fig. 1D), resulting in no significant change in hepatic to-
tal lipid.

Thus, pair-fed HFD alone elicited small sex-dependent 
changes only in liver cholesteryl ester and phospholipid. 
LKO selectively conferred on pair-fed HFD females a mod-
est increase in hepatic neutral lipids (especially triacylglyc-
erol, free cholesterol, and cholesteryl ester). However, the 
extent of increases in these neutral lipids was markedly less 
than the 10- and 1.9-fold elevated hepatic triacylglycerol 
and cholesterol observed in human subjects with NAFLD 
(29).

Effect of pair-fed HFD and LKO on serum lipid 
phenotype

Overall, serum levels of almost all lipid classes were  
significantly lower in females than in males, regardless of 
pair-fed HFD or genotype (supplemental Table S2). Within 
each sex, pair-fed HFD alone had little, if any, effect on tria-
cylglycerol, cholesterol, or cholesteryl ester in either male 
or female WT mice, as compared with their control-fed 
counterparts (supplemental Table S2). While serum phos-
pholipid was decreased slightly (about 10%), this decrease 
was noted only in WT females pair-fed HFD (supplemental 
Table S2). In control-chow mice, LKO alone also did not 
impact serum triacylglycerol, cholesterol, or cholesteryl  
ester in either male or female WT mice, as compared  
with their control-fed counterparts (supplemental Table S2). 
Only serum phospholipid was decreased slightly (about 
10%) in both male and female control-fed WT mice (sup-
plemental Table S1). In HFD-fed mice, LKO decreased 
cholesterol in both sexes, while increasing cholesteryl ester 
only in males (supplemental Table S2). Serum NEFA levels 
were unchanged as a result of the LKO in both male and 
female mice (data not shown).

Taken together, these data indicated that pair-fed HFD 
alone, LKO alone, and LKO in the context of pair-fed HFD 
overall had very little effect on serum lipid content.

A pair-fed HFD elicits a sex-dependent increase in hepatic 
NAE and 2-MG levels in WT C57BL/6N mice

Pair-fed HFD alone selectively increased liver AEA level 
by nearly 3-fold in WT females, but this level was still only 
half that of their pair-fed HFD WT male counterparts (Fig. 
2A). In contrast, pair-fed HFD alone had little effect on 
liver AEA level in WT males (Fig. 2A). Similarly, in WT fe-
males, the pair-fed HFD selectively increased liver levels of 
several non-ARA-containing NAEs [e.g., palmitoylethanol-
amide (PEA) (Fig. 2C) and eicosapentaenoylethanolamide 
(EPEA) (Fig. 2E)], but not others [e.g., oleoylethanol-
amide (OEA) (Fig. 2B) and docosahexaenoylethanolamide 
(DHEA) (Fig. 2D)]. In contrast, in WT males, the pair-fed 
HFD increased the liver level of only one non-ARA-containing 

Fig.  2.   LKO diminishes the impact of a pair-fed HFD on liver 
NAE levels in male mice. Male and female WT and FABP1 LKO 
mice on a C57BL/6N background were pair-fed a control diet 
(black bars, CO) or HFD (open bars, HF), fasted overnight, livers 
removed, flash frozen, and stored at 80°C. NAEs were extracted 
and quantified by LC-MS analysis using deuterated internal stan-
dards, as described in the Materials and Methods. AEA (A), OEA 
(B), PEA (C), DHEA (D), and EPEA (E). Mean ± SEM (n = 8). By 
ANOVA, *P  0.05 HFD versus control diet; #P  0.05 LKO versus 
WT on same diet; ^P  0.05 female versus male of same genotype 
and diet.
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NAE [i.e., EPEA (Fig. 2E)], but decreased that of PEA  
(Fig. 2C). In contrast to the impact of pair-fed HFD on  
hepatic NAE levels, the pair-fed HFD markedly decreased 
hepatic levels of all 2-MGs in males, and even more so in 
females (Fig. 3A–C).

Taken together, these findings indicated that the in-
creased liver level of AEA (and most non-ARA-containing 
NAEs), along with the unaltered 2-AG level previously seen 
in males on an ad libitum-fed HFD (6, 7, 30, 31), may be 
attributable more to increased consumption of HFD than 
increased proportion of dietary fat. Interestingly, however, 
the pair-fed HFD study revealed for the first time that the 
higher proportion of fat increased AEA in females, but not 
males.

LKO differentially impacts the ability of a pair-fed HFD to 
alter hepatic NAE and 2-MG levels in male versus female 
mice

In mice pair-fed HFD, the LKO essentially blocked the 
ability of HFD to increase liver AEA in females and lowered 
AEA in males (Fig. 2A). Concomitantly, in females, LKO 
also blocked the ability of pair-fed HFD to increase hepatic 
levels of non-ARA NAEs, such as PEA (Fig. 2C) and EPEA 
(Fig. 2E), but not DHEA (Fig. 2D). In males, the LKO also 
decreased the ability of pair-fed HFD to increase liver AEA 

(Fig. 2A), while differentially impacting non-ARA-containing 
NAEs by not altering OEA (Fig. 2B) or DHEA (Fig. 2D), 
increasing PEA (Fig. 2C), and decreasing EPEA (Fig. 2E). 
The LKO also adversely impacted the effect of pair-fed 
HFD on hepatic 2-MGs in a sexually dimorphic manner. In 
female mice, the LKO only slightly impaired the ability of the 
pair-fed HFD to decrease hepatic levels of liver 2-AG (Fig. 3A), 
as well as the non-ARA 2-MGs, such as 2-oleoylglycerol 
(2-OG) or 2-palmitoylglycerol (2-PG) (Fig. 3B, C). In male 
mice, the LKO further enhanced the ability of the HFD to 
reduce hepatic levels of 2-AG (Fig. 3A), but not 2-OG 
(Fig. 3B) or 2-PG (Fig. 3C).

Thus, in general, the LKO counteracted some of the ef-
fects of a pair-fed HFD on hepatic AEA more in females, 
but 2-AG more in males.

LKO impact of a HFD on hepatic membrane FA 
transport/translocase proteins

Because LKO and sex both impacted the ability of a pair-
fed HFD to induce hepatic levels of AEA and/or 2-AG, it 
was important to determine whether these findings were 
associated with concomitant upregulation of membrane 
proteins involved in FA uptake/translocation into hepato-
cytes. Three hepatic membrane-associated proteins (FATP5, 
FATP2, and FATP4) mediate the uptake/transmembrane 
transport of FAs, such as ARA, from which AEA and 2-AG 
are derived (13, 32).

Western blotting determined that, in both male and  
female WT mice, the pair-fed HFD alone increased liver 
protein levels of only one major membrane FA transporter, 
FATP2 (Fig. 4B). In males, LKO differentially impacted the 
effect of pair-fed HFD on hepatic expression of membrane 
proteins in FA uptake/translocation, decreasing that of 
FATP5 (Fig. 4A) while increasing that of FATP4 (Fig. 4C). 
In females, the pair-fed HFD females LKO diminished the 
ability of HFD to increase hepatic levels of FATP5 (Fig. 4A).

These data suggested that the pair-fed HFD-induced  
alterations in the hepatic AEA and 2-AG levels of WT and 
LKO mice did not correlate well with marked upregula-
tion or downregulation of liver membrane FA transport/
translocase proteins.

The effect of LKO on the impact of a HFD on liver 
cytosolic proteins that chaperone ARA, AEA, and 2-AG

The possibility that the hepatic changes in NAE and 
2-MG may be associated with upregulation or downregula-
tion of liver cytosolic proteins that chaperone FAs and/or 
ECs was considered. Liver expresses four families of intra-
cellular cytosolic proteins that facilitate cytosolic transport 
of poorly aqueous-soluble lipidic molecules to intracellular 
organelles for metabolism: i) FABP1 binds not only ARA 
but also ARA esters, such as ARA-CoA, AEA, 2-AG, and 
most non-ARA-containing NAE and 2-MG (11, 13); ii) 
SCP-2 also binds ARA and ARA esters, such as ARA-CoA, 
AEA, and 2-AG (14, 33); iii) ACBP binds ARA-CoA, but not 
free ARA, AEA, or 2-AG (13, 34); and iv) HSP70 binds AEA 
(35).

Although the pair-fed HFD alone did not significantly 
alter hepatic FABP1 level in WT male mice, it decreased it 

Fig.  3.  LKO confers on HFD the ability to decrease liver 2-MGs  
in male mice. Male and female WT and FABP1 LKO mice on a 
C57BL/6N background were pair-fed a control diet (black bars, 
CO) or HFD (open bars, HF), as described in the Materials and 
Methods. All conditions were as in Fig. 2 except that 2-MGs were 
quantified by LC-MS analysis using deuterated internal standards 
(Cayman Chemical), as described in the Materials and Methods. 
Shown are 2-arachidonoylglycerol (2-AG) (A), 2-OG (B), and 2-pal-
mitoylglycerol (2-PG) (C). Mean ± SEM (n = 8). By ANOVA, *P  
0.05 HFD versus control diet; #P  0.05 LKO versus WT on same 
diet; ^P  0.05 female versus male of same genotype and diet.
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in WT females by nearly half (Fig. 5A). Concomitantly, the 
pair-fed HFD decreased the hepatic level of GADD45 in 
both males and females by 35% and 60%, respectively (Fig. 
5B). GADD45 is a protein that physically forms a complex 
with FABP1, causing FABP1 redistribution from cytosol to-
ward endoplasmic reticulum and/or plasma membranes, 
and thereby diminishes FABP1 function in facilitating  
FA uptake/cytosolic transport (36). In pair-fed HFD mice, 
LKO did not further impact GADD45 in males or  
females (Fig. 5B). These findings suggested that, despite the 

HFD-induced decrease in hepatic FABP1 level in WT fe-
males, the greater decrease in the inhibitory GADD45  
in female WT mice may have compensated to maintain 
functional activity in females approaching that in males. 
Conversely, any changes in GADD45 in LKO mice were 
likely functionally ineffective due to a complete absence of 
FABP1.

Regarding the other potential proteins involved in up-
take/intracellular trafficking of lipidic ligands, the pair-fed 
HFD alone had no effect on hepatic SCP-2 (Fig. 5C) or 
ACBP (Fig. 5D) in either male or female WT mice, but de-
creased HSP70 in both male and female WT mice (Fig. 
5E). LKO had no additional impact on the effect of pair-
fed HFD on SCP-2 (Fig. 5C), ACBP (Fig. 5D), or HSP70 
(Fig. 5E) in either males or females.

Taken together, these findings indicated that the HFD-
induced increase in hepatic AEA (and most other NAEs) 
observed in female WT mice was attributable, in part, to a 
significant decrease in the FABP1 inhibitory protein, 
GADD45, not counteracted by modest decreases in SCP-2 
and HSP70. The lack of effect on AEA and a decrease in 
2-AG in WT males were attributable, in part, to a higher 
intrinsic FABP1 level counteracted by more FABP1 inhibi-
tory protein, GADD45, as compared with those in WT  
females. LKO’s ability to block the pair-fed HFD-induced 
increase in hepatic AEA in females correlated largely with 

Fig.  4.  Effect of LKO on ability of HFD to impact liver protein 
levels of membrane FA transport/translocase proteins involved in 
uptake of FA. Male and female WT and FABP1 LKO mice on a 
C57BL/6N background were pair-fed a control diet (black bars, 
CO) or HFD (open bars, HF), as described in the Materials and 
Methods. All conditions were as described in Fig. 2 except that SDS-
PAGE followed by Western blotting on aliquots of liver homoge-
nates were done, as described in the Materials and Methods, to 
determine levels of: FATP5 (A), FATP2 (B), and FATP4 (C). Rela-
tive protein levels were normalized to gel-loading control protein 
COX4 (FATP5 and FATP2) and -actin (FATP4) and values com-
pared with male WT set to 1. Mean ± SEM (n = 6–7). By ANOVA,  
*P  0.05 HFD versus control diet; #P  0.05 LKO versus WT on 
same diet; ^P  0.05 female versus male of same genotype and diet.

Fig.  5.  LKO antagonizes the ability of HFD to decrease liver pro-
tein levels of cytosolic proteins that bind/chaperone ARA and/or 
ECs. Male and female WT and FABP1 LKO mice on a C57BL/6N 
background were pair-fed a control diet (black bars, CO) or HFD 
(open bars, HF), as described in the Materials and Methods. All 
conditions were as in Fig. 4 except that Western blot analysis was 
performed, as described in the Materials and Methods, to deter-
mine protein levels of: FABP1 (A), GADD45 (B), SCP-2 (C), ACBP 
(D), and HSP70 (E). Relative protein levels were normalized to 
gel-loading control protein -actin (FABP1, GADD45), GAPDH 
(SCP-2, ACBP), and COX4 (HSP70) and values compared with 
male WT set to 1. Mean ± SEM (n = 6–7). By ANOVA, *P  0.05 HFD 
versus control diet; #P  0.05 LKO versus WT on same diet; ^P  
0.05 female versus male of same genotype and diet.
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loss of FABP1 that was not compensated for by increased 
levels of SCP-2 and/or HSP70.

LKO: effect on the ability of a HFD to alter hepatic levels 
of proteins for AEA and 2-AG synthesis and degradation

Tissue levels of ECs are significantly determined by en-
zymes involved in EC synthesis (NAPEPLD and DAGL) 
and degradation (FAAH, NAAA, and MGL) (37–39). Thus, 
it was important to determine the impact of a pair-fed HFD 
and LKO on hepatic protein levels of these enzymes.

Western blotting showed that, in control-fed WT mice, 
HFD alone did not alter the hepatic level of NAPE-PLD in 
either males or females (Fig. 6A), while DAGL was in-
creased selectively only in male WT mice (Fig. 6B). In  
HFD-fed mice, LKO decreased the liver protein level of 
NAPE-PLD in males, but not females (Fig. 6A). Concomi-
tantly, LKO blocked the ability of pair-fed HFD to increase 
DAGL in males, while not altering the effect in females 
(Fig. 6B). Interestingly, these alterations in hepatic expres-
sion of protein measured by Western blotting poorly cor-
related with alterations in the respective hepatic mRNAs 
encoding these enzymes, by QRT-PCR (supplemental Fig. 
S4A–C). In WT mice, the pair-fed HFD decreased AEA degra-
dative enzymes, such as FAAH (Fig. 6C) and NAAA (Fig. 6D), 
in both males and females, while the 2-MG degradative 

enzyme, MGL, was decreased only in females (Fig. 6E). 
In pair-fed HFD mice, LKO did not alter hepatic protein 
levels of FAAH (Fig. 6C), NAAA (Fig. 6D), or MGL (Fig. 6E) 
in either males or females. Again, these HFD- and LKO-
induced alterations on liver protein levels of EC degrada-
tive enzymes correlated poorly with respective alterations 
in liver mRNA levels of Faah (supplemental Fig. S7D), 
Naaa (supplemental Fig. S7E), or Mgll (supplemental 
Fig. S7F).

These data indicated that the pair-fed HFD-induced in-
crease in AEA and decrease in 2-AG in WT females corre-
lated only in part with altered expression of the synthetic 
enzymes, NAPE-PLD and DAGL, or of key degradative 
enzymes.

Effect of LKO on the ability of a HFD to induce  
hepatic CB1

Hepatic expression of the major cannabinoid receptor, 
CB1, is normally low, but was markedly upregulated by 
HFD in male mice (6–8). Therefore, the impact of LKO on 
the ability of HFD to increase hepatic levels of CB1 protein 
and Cnr1 mRNA expression was examined in male and fe-
male WT and LKO mice.

In WT mice, HFD nearly doubled the hepatic CB1 pro-
tein level in WT males, but decreased it in females (Fig. 6F). 
The decreased CB1 protein level in WT females was at-
tributable, in part, to decreased Cnr1 mRNA in females 
(supplemental Fig. S5A). LKO diminished the ability of 
HFD to increase hepatic CB1 in males (Fig. 6F), attribut-
able, in part, to decreased Cnr1 mRNA in LKO males (sup-
plemental Fig. S5A). Conversely, in HFD-fed mice, LKO 
decreased the hepatic CB1 level in males, while not further 
altering it in females (Fig. 6F), an effect that correlated 
poorly with alterations in Cnr1 mRNA (supplemental Fig. 
S5A). For other cannabinoid receptors present at even 
lower levels in WT liver, Cnr2 mRNA was markedly in-
creased in HFD-fed female LKO mice (supplemental Fig. 
S5B), while hepatic transcription of Trpv1 mRNAs was de-
creased in HFD-fed LKO males, but not females (supple-
mental Fig. S5C).

Thus, the hepatic CB1 protein level in male and female 
mice was differentially susceptible to HFD, i.e., increased 
and decreased respectively in WT mice; but in both sexes, 
LKO tended to diminish the impact.

Impact of LKO on the ability of HFD to alter hepatic 
expression of SREBP1-regulated enzymes in lipogenesis

Ad libitum-fed HFD increases AEA, the ligand activator 
of CB1, which in turn is known to induce de novo lipogen-
esis via stimulation of SREBP1c transcription of lipogenic 
genes, such as Acaca and Fasn (1, 6, 31). Concomitantly, ad 
libitum-fed HFD also increases SREBP1 (40). Therefore, 
the impact of pair-fed HFD and LKO on SREBP and its 
target genes was examined.

In contrast to ad libitum-fed WT males (40), pair-fed 
HFD did not increase, but instead decreased, Srebpf1 mRNA 
levels in male and female WT mice (supplemental Fig. 
S6A). Consequently, transcription of the SREBP1 target 
gene rate limiting in de novo lipogenesis, i.e., Acaca 

Fig.  6.  LKO differentially impacts the ability of HFD to alter liver 
protein levels of membrane proteins involved in EC synthesis and 
degradation. Male and female WT and FABP1 LKO mice on a 
C57BL/6N background were pair-fed a control diet (black bars, 
CO) or HFD (open bars, HF), as described in the Materials and 
Methods. All conditions were as in Fig. 4 except that Western blot 
analysis was performed, as described in the Materials and Methods, 
to determine protein levels of: NAPE-PLD (A), DAGL (B), FAAH 
(C), NAAA (D), MGL (E), and CB1 (F). Relative protein levels were 
normalized to gel-loading control protein -actin (FAAH and 
DAGL), GAPDH (CB1), and COX4 (NAPE-PLD, NAAA, and 
MGL) and values compared with male WT set to 1. Mean ± SEM  
(n = 6–7). By ANOVA, *P  0.05 HFD versus control diet; #P  0.05 
LKO versus WT on same diet; ^P  0.05 female versus male of same 
genotype and diet.
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(supplemental Fig. S6), was reduced rather than increased 
in pair-fed HFD WT males and females (supplemental Fig. 
S6). SREBP1-mediated transcription of Fasn (another ma-
jor SREBP1 target gene) was increased in pair-HFD WT 
males, but not WT females (supplemental Fig. S6C). LKO 
conferred on pair-fed HFD the ability to increase Srebf1 
mRNA level in both male and female mice (supplemental 
Fig. S6A). However, this was not associated with increased 
transcription of the SREBP1 target genes, Acaca in either 
males or females (supplemental Fig. S6B) or Fasn in males, 
but increased that of Fasn in females (supplemental Fig. 
S6C). Pair-fed HFD alone had little effect on transcription 
of a key protein regulating hepatic lipid accumulation 
Pnpla2, encoding the key enzyme hydrolyzing triacylglyc-
erol, in either male or female WT mice (supplemental Fig. 
S6D). However, pair-fed HFD alone increased Abhd5, en-
coding the coactivator protein of PNPLA2 in male, but not 
female, WT mice (supplemental Fig. S6E). LKO alone  
significantly increased Pnpla2, encoding the key enzyme 
hydrolyzing triacylglycerol in control-fed males, but not fe-
males (supplemental Fig. S6D). In pair-fed HFD mice, 
LKO decreased Pnpla2 in females and increased Abhd5 in 
males (supplemental Fig. S6E).

Taken together, these findings suggested that, overall, 
pair-fed HFD induced transcription of only a few (Fasn, 
Abhd5) lipogenic genes in WT male mice, but not female 
mice, consistent with the inability of pair-fed HFD to in-
crease hepatic AEA or 2-AG levels (Figs. 2, 3). Likewise, 
overall, LKO did not confer on pair-fed HFD the ability to 
induce transcription of most lipogenic genes in male or 
female mice, consistent with the inability of pair-fed HFD 
to increase hepatic AEA or 2-AG levels, both of which were 
actually decreased rather than increased (Figs. 2, 3).

Effect of LKO on the ability of a HFD to alter the hepatic 
level of PPAR-regulated enzymes

Concomitant with AEA activation of CB1 inducing 
SREBP1-mediated transcription of lipogenic enzymes, CB1 
activation decreases CPT1 (rate limiting enzyme in mito-
chondrial FA oxidation) and decreases FA oxidation  
(31, 41). Conversely, the non-ARA-containing NAEs (OEA, 
PEA), which do not bind CB1, nevertheless enter the  
nucleus to activate PPAR transcription of FA oxidative 
genes, such as Cpt1a, Acox1, and Ppara itself (1, 19, 42, 43). 
Because pair-feeding a HFD markedly decreased hepatic 
levels AEA and also altered non-ARA NAEs, effects miti-
gated by the LKO (Fig. 2), it was important to determine 
the net impact of such alterations in NAE profile on tran-
scription of PPAR target enzymes.

Pair-fed HFD alone did not alter hepatic transcription of 
Ppara or Pparb (supplemental Fig. S7A, B) in either male or 
female WT mice. However, transcription of target enzymes, 
Acox1 and Cpt1a (supplemental Fig. S7C, D), was decreased 
in pair-fed HFD WT males, but not females. LKO alone 
also did not alter hepatic transcription of Ppara or Pparb 
(supplemental Fig. S7A, B) in either male or female WT 
mice. Consistent with this finding, transcription of only 
one target enzyme (Cpt1a) was increased in males, but not 
females (supplemental Fig. S7D), while Acox1 was unaltered 

in both males and females (supplemental Fig. S7C). In 
pair-fed HFD mice, LKO increased hepatic transcription of 
Ppara (supplemental Fig. S7A) in both male and female 
mice, as well as Pparb in females (supplemental Fig. S7B). 
However, it significantly increased only Cpt1a in males 
(supplemental Fig. S7D) and did not significantly alter 
Acox1 (supplemental Fig. S7C) or Cpt1a (supplemental 
Fig. S7D) in females.

Thus, although ad libitum feeding of a HFD to WT males 
decreased PPAR (40), pair-fed HFD did not decrease 
Ppara in either male or female WT mice, but nevertheless 
modestly decreased PPAR target enzymes in males (but not 
females). Taken together with the lack of AEA change in 
livers of pair-fed HFD WT mice, this would indicate that 
the lack of alteration in hepatic lipid accumulation therein 
was not associated with altered expression of FA oxidative 
enzymes. Likewise, the lack of major liver lipid accumula-
tion in pair-fed HFD LKO mice was not associated with sig-
nificant alterations in expression of FA oxidative enzymes 
overall.

DISCUSSION

The recently discovered connection between NAFLD 
and the liver EC system represents a major breakthrough 
in our understanding of factors regulating the EC system in 
hepatic fat accumulation. Several recent discoveries sug-
gested a potential link between NAFLD, the EC system, and 
FABP1 (10, 16, 40, 44). Hepatic FABP1 protein level was 
strongly upregulated in human NAFLD (44), human FABP1 
T94A expressors with NAFLD [reviewed in (10)], and ani-
mal models of NAFLD (16, 40). FABP1 is the major cytosolic 
EC and cannabinoid binding/chaperone protein in mouse 
liver (13). While ad libitum-fed HFD induces ECs and 
NAFLD in human and rodent models, whether this is due 
to the high proportion of dietary fat and/or preference 
for/increased consumption of HFD versus low fat diet is 
not completely clear. Ad libitum feeding HFD does not dis-
criminate between the impact (if any) of the higher fat 
content of the HFD versus increased total food intake. Un-
fortunately, there is a paucity of pair-fed HFD translational/
clinical and animal model studies to resolve this problem. 
Therefore, the current study examined the impact of the 
Fabp1 gene and pair-fed HFD on the hepatic EC system and 
NAFLD in C57BL/6N mice to provide the following new 
insights:

First, pair-fed HFD alone increased the proportion of 
FTM (percent FTM) in WT C57BL/6N mice. The finding 
of increased percent FTM in pair-fed HFD male mice was 
analogous to the effect of ad libitum-fed HFD, which in-
duces obesity in male C57BL/6N mice (5, 45–47). Like-
wise, pair-fed HFD also increased the percent FTM in 
female C57BL/6N mice, analogous to the effect of ad libi-
tum-fed HFD (albeit a lower percent fat than that used 
herein), which also increased percent FTM in female 
C57BL/6N mice (48). In view of the preference of both 
humans (49–52) and rodents (4, 19) for and higher con-
sumption of a HFD compared to a low fat diet, the current 
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Fig.  7.  Proposed schematic shows the impact of LKO on metabo-
lism of FAs, EC (AEA, 2-AG) metabolism, and lipid accumulation in 
livers of male mice. Long-chain FAs, including ARA, dissociate from 
serum albumin for translocation across the plasma membrane via 
transporters, such as the long-chain FATP. The schematic shows the 
pathways wherein liver FA binding protein facilitates uptake and me-
tabolism of long-chain FA, including ARA as well as the ARA-derived 
ECs, AEA and 2-AG. The heavy black arrows denote the impact of 
ablating the Fabp1 gene (i.e., LKO), with up arrows and down arrows 
denoting increase and decrease, respectively, while the thickness of 
the arrow indicates the strength of impact. Briefly, FABP1 facilitates 
the uptake of FAs (including ARA) and their cytosolic transport and 
targeting toward intracellular sites to: i) directly facilitate long-chain 
FA oxidation (FA-OX) via mitochondria (MITO) and peroxisomes 
(PEROX); ii) directly facilitate fatty acyl-CoA (FA-CoA) transacyla-
tion of glycerol-3-phosphate by glycerol-3-phosphate acyltransferase 
(GPAT) and lysophosphatidic acid to yield phosphatidic acid (PA) 
in the endoplasmic reticulum (ER); iii) indirectly facilitate FA oxi-
dation by cotransporting bound FA and FA-CoA into the nucleus, 
interacting with peroxisome PPAR, transferring FA and FA-CoA to 
PPAR to induce transcription of multiple FA oxidative enzymes, 
including the rate limiting enzyme in mitochondrial long-chain FA 
oxidation (CPT1A) and peroxisomal long-chain FA oxidation [acyl-
CoA oxidase (ACOX)]; iv) directly facilitate synthesis/release of 
ARA-containing ECs (AEA, 2-AG). By enhancing ARA uptake/
transport to the ER and esterification to PA, FABP1 also provides 
increased availability of ARA for incorporation into several other 
phospholipids downstream of PA (e.g., ARA-PC), which are subse-
quently incorporated into the plasma membrane (PM). Therein, a 
series enzymes, including NAPE-PLD and diacylglycerol lipase 
(DAGL), mediate synthesis/release of AEA and 2-AG, respectively, 
from the ARA-PC precursor. The released AEA and 2-AG then 
bind/activate the plasma membrane CB1, which, by downstream 
signaling, induces release of SREBP-1 (SREBP1) from its ER-bound 
precursor pro-SREBP1. SREBP1 then traffics to the nucleus wherein 
it interacts with sterol regulatory element (SRE) protein to induce 
transcription of key enzymes in de novo FA synthesis/lipogenesis, 
including acetyl-CoA acyltransferase-1 (ACC1) and FAS; v) hepatic 
AEA and 2-AG levels are thought to be regulated not only by synthe-
sis/release as in (iv) above, but also by reuptake for transport to in-
tracellular degradative enzymes. Because AEA and 2-AG are very 
poorly aqueous soluble, this requires a chaperone/binding protein, 
a function primarily served by FABP1. In these degradative path-
ways, FABP1 is thought to facilitate reuptake of released AEA to fa-
cilitate its trafficking to fatty acyl ethanolamide hydrolase (FAAH) 
in the ER for degradation to ARA and ethanolamine (EtNH2) and 
to monoacylglycerol lipase (MAGL), a primarily cytosolic enzyme, 
for degradation of 2-AG to ARA and glycerol (GLY). Finally, it is 
important to note that the net impact of LKO (denoted by heavy 
black arrows) is to redirect serum FA and ARA away from the liver 
to make them more available for uptake by other tissues, such as adi-
pose (shown herein by increased FTM) and earlier into brain (14).

finding that pair-fed HFD increased FTM in male and female 
C57BL/6N mice suggested that high dietary fat content 
alone, independent of dietary preference/consumption, 
increased FTM/obesity.

Second, pair-fed HFD alone did not induce hepatic fat 
accumulation in either male or female WT C57Bl/6N 
mice. The lack of effect of pair-fed HFD on hepatic fat level 
was consistent with pair-fed HFD not altering hepatic pro-
tein levels of FABP1 in males and even slightly decreasing it 
in WT females. FABP1 is known to enhance FA incorpora-
tion into glycerides (and less so cholesteryl esters), both of 
which accumulate in NAFLD [reviewed in (10)]. This was 
in marked contrast to ad libitum-fed HFD, which induced 
massive neutral lipid (triacylglycerol, cholesteryl ester)  
accumulation manifested as NAFLD in WT male mice  
(5, 45–47) and increased hepatic neutral lipid accumula-
tion in WT female mice fed HFD ad libitum (53). Hepatic 
FABP1 is markedly upregulated by ad libitum feeding of 
HFD to WT male mice (15, 16, 40). Thus, dietary content 
of high fat alone, independent of dietary preference/ 
consumption for HFD, did not elicit hepatic neutral lipid 
accumulation/NAFLD. It is important in future studies be-
yond the scope of the present investigation to determine 
the translational/clinical significance of this finding. While 
composition of the fat may also contribute (54), resolv-
ing this complex issue is beyond the scope of the current 
investigation.

Third, LKO markedly increased the whole-body propor-
tion of FTM (percent FTM) in both male and female con-
trol-fed mice, an effect exacerbated by pair-fed HFD. 
Remarkably, this increase was at the expense of LTM (per-
cent LTM), which increased only slightly in both control-
fed and HFD-fed mice. This apparent redirection of FAs 
toward adipose storage may be explained by the marked 
impact that FABP1 has on hepatic FA uptake/oxidation, as 
proposed in the schematic in Fig. 7. It has been shown in 
FABP1-overexpressing transformed cells, cultured primary 
hepatocytes from LKO mice, and in vivo with LKO mice 
that FABP1 enhances hepatic FA uptake and directly facili-
tates FA import via CPT1A into mitochondria (rate limiting) 
and into peroxisomes to directly enhance FA oxidation. 
FABP1 also enhances FA import into the nucleus for inter-
acting with and targeting bound FAs to PPAR to induce 
transcription of FA oxidative enzymes, thereby also indi-
rectly enhancing FA oxidation (55–60). In a variety of 
gene-ablated mice, hepatic FA oxidation correlated di-
rectly with hepatic FABP1 expression (55). Together, as 
outlined in the schematic in Fig. 7 (heavy black arrows), 
these cited studies showed that, in the absence of FABP1 
(i.e., LKO), less FA is taken up, targeted to mitochondria 
and peroxisomes, and targeted to nuclei for upregulating 
FA oxidative enzymes. This would make more FA available 
for redirection/deposition toward adipose, consistent with 
the findings presented herein (Fig. 7, heavy black arrow). 
Consistent with this possibility, LKO did not elicit hepatic 
neutral lipid (triacylglycerol, cholesterol, and cholesteryl 
ester) accumulation in males and, overall, only slightly in 
females. Under both control diet and HFD, there was little 
impact on histological vacuolation or hepatic inflammation, 
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as shown by histological examination. Although AEA and 
2-AG are key ECs known to be associated with HFD and 
NAFLD via CB1 activation of an intracellular pathway that 
promotes de novo lipogenesis (6, 7, 31), the lack of hepatic 
lipid accumulation, especially in male LKO mice fed con-
trol diet, was not attributable to any decrease in AEA and 
2-AG; both were instead increased (Fig. 7, heavy black ar-
row). The elevated AEA and 2-AG may be explained by the 
fact that FABP1 is the major hepatic cytosolic protein that 
binds and solubilizes the highly insoluble membrane-bound 
AEA and 2-AG (13). By binding AEA and 2-AG, FABPs en-
hance their reuptake and transport/targeting to degrada-
tive enzymes (FAAH and MAGL, respectively) (10, 61–63). 
LKO would inhibit AEA and 2-AG transport/targeting for 
degradation, thereby eliciting AEA and 2-AG accumula-
tion, as shown herein. Concomitantly, however, the loss of 
FABP1 (LKO) would also be expected to decrease trans-
port of AEA and 2-AG to the plasma membrane for efflux 
and subsequent activation of CB1 (Fig. 7, heavy black ar-
row). Finally, it is also important to note that FABP1 has 
high affinity for ARA and enhances ARA cellular uptake 
(56). Thus, LKO would be expected to decrease ARA up-
take and thereby reduce ARA availability for incorporation 
into ARA-containing phosphatidylcholine (ARA-PC), the 
immediate precursor from which AEA and 2-AG are syn-
thesized by NAPE-PLD and DAGL, respectively (Fig. 7, 
heavy black arrow) (14). Indeed, LKO increases serum to-
tal ARA and concomitantly increases brain levels of ARA 
and ARA-derived ECs (AEA, 2-AG) in other tissues (14). 
Also, as indicated by the data presented herein, HFD fur-
ther impacts this overall picture by increasing dietary ARA 
mass (grams) availability by 5-fold, as compared with the 
control diet (supplemental Table S1), consistent with in-
creased AEA and 2-AG in HFD-fed WT male mice. This ef-
fect of HFD was blocked by LKO. Finally, these effects were 
also sex dependent, consistent with WT female mice ex-
pressing significantly lower basal levels of FABP1 and other 
FA/EC cytosolic chaperone proteins than their male coun-
terparts (13, 27, 64, 65).

Fourth, pair-feeding HFD markedly diminished the 
impact of an ad libitum-fed HFD on hepatic ECs associ-
ated with NAFLD, suggesting that hepatic fat accumula-
tion in response to ad libitum-fed HFD (6, 7, 9) was 
attributable more to hyperphagia than to the proportion 
of fat. In contrast, the increased hepatic AEA level was 
attributable more to the proportion of fat in the HFD 
rather than hyperphagia in WT females. The fact that 
pair-fed HFD did not increase hepatic fat in WT males 
represented the balance of several factors: i) unaltered 
level of AEA and decreased 2-AG, the major CB1 endog-
enous agonist; ii) potentially increased hepatic PPAR 
activation of FA oxidative enzymes (PEA, a weak PPAR 
activator) (however, no increase in mRNA transcripts of 
FA oxidative genes was observed); and/or iii) the in-
creased hepatic level of CB1 may have compensated for 
the reduced level of 2-AG. Consistent with this possibility, 
induction of SREBP1 transcription of target genes in de 
novo lipogenesis was observed only for Fasn, but not for 
Acaca (which encodes the rate limiting enzyme for de 

novo lipogenesis) in WT males. Neither Fasn nor Acaca 
were increased in WT females.

Fifth, pair-fed HFD did not differ from ad libitum-fed 
HFD in impacting the hepatic CB1 receptor level. NAFLD 
is mediated by activation of hepatic CB1 receptor, and the 
CB1 receptor is required for development of HFD-induced 
NAFLD (6, 7, 9). The pair-fed HFD markedly increased he-
patic CB1 protein level in WT males, but decreased it in 
WT females. Although an ad libitum-fed HFD also increases 
hepatic CB1 in WT male mice (31), the effect of an ad libi-
tum-fed HFD on hepatic CB1 in WT females is not known. 
Differential hepatic CB1 expression between male and fe-
male WT mice reveals increased hepatic CB1 in females in 
comparison to males. Although LKO decreased hepatic 
CB1 levels in female mice, CB1 expression remained sig-
nificantly higher than in the male LKO mice. Furthermore, 
LKO significantly muted the response in hepatic CB1 levels 
to HFD pair-feeding in male and female mice.

In summary, as shown herein by pair-fed HFD and ear-
lier by ad libitum-fed HFD, both elicited obesity/increased 
FTM, indicating contributions from both the fat content of 
the diet and hyperphagy. However, pair-fed HFD did not 
elicit NAFLD, suggesting that in previous studies of ad libi-
tum-fed HFD, HFD-induced NAFLD was attributable to in-
creased consumption of ad libitum-fed HFD rather than to 
the higher proportion of fat in the diet. Independent of 
hyperphagia, however, pair-fed HFD nevertheless signifi-
cantly altered hepatic EC and CB1 receptor protein levels 
in a sex-dependent manner different from that in response 
to ad libitum-fed HFD. In addition, LKO differentially af-
fected the ability of pair-fed HFD to alter hepatic ECs and 
CB1 receptor level, again in a sex-dependent manner. 
While hepatic lipid mass was not markedly altered, regard-
less of sex, LKO did exacerbate the increase in percent 
FTM in both males and females in response to pair-fed 
HFD (see schematic in Fig. 7). Together these and other 
findings indicated that the lack of FABP1 modulated the 
impact of a pair-fed HFD on the hepatic EC system by sev-
eral mechanisms: i) Loss of FABP1 may reduce the hepatic 
uptake of ARA and -linolenic acid (-LNA; C18:2, n-6), 
which can be metabolized to ARA in liver. FABP1 has high 
affinity for ARA and -LNA (11, 12), is preferentially en-
riched in ARA and -LNA (12), and FABP1 overexpression 
enhances ARA uptake in cultured cells (56). ii) Lack of 
FABP1 may impede the ability of the very poorly aqueous-
soluble high membrane-bound ECs, such as AEA and 2-AG, 
to traffic through the cytosol to sites of degradation. The 
novel discovery that both murine and human FABP1 have 
high affinity for ECs, such as NAEs (AEA, OEA, EPEA, 
DHEA) (10, 13) and 2-MGs (2-AG, 2-OG, 2-PG) (10, 13, 66), 
combined with the high concentration of murine FABP1 
(2–3% of cytosolic protein) and the even higher concen-
tration of human FABP1 (up to 10% of cytosolic protein) 
in liver (10, 13) suggest that FABP1 is the major hepatic EC 
binding protein [reviewed in (10, 13)]. As such, FABP1 
may be the primary chaperone, binding and carrying ECs 
to intracellular sites for degradation, analogous to what has 
been shown for other FA binding protein family members 
(FABP3, -5, and -7) expressed in brain [reviewed in (10, 13)]. 
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Importantly, the fact that the pair-fed HFD did not induce 
massive hepatic fat accumulation in the FABP1 gene-ablated 
mice on the NAFLD-susceptible C57BL/6N background 
strain suggests FABP1 as a potential therapeutic target for 
impacting the hepatic EC system in the treatment of 
NAFLD. Finally, while beyond the scope of the current 
investigation, the translational relevance of these findings 
will be explored in future studies of samples and cells from 
human patients, especially liver and cultured primary 
hepatocytes from human subjects expressing the FABP1 
T94A variant versus the WT FABP1 T94T.
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