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ABSTRACT

Oleoylethanolamide (OEA) is an endogenous peroxisome proliferator-
activated receptor o (PPARq) agonist that acts on the peripheral
control of energy metabolism. However, its therapeutic potential
and related mechanisms in hepatic glucose metabolism under
type 2 diabetes mellitus (T2DM) are not clear. Here, OEA treatment
markedly improved glucose homeostasis in a PPARa-indepen-
dent manner. OEA efficiently promoted glycogen synthesis and
suppressed gluconeogenesis in mouse primary hepatocytes
and liver tissue. OEA enhanced hepatic glycogen synthesis
and inhibited gluconeogenesis via liver kinase B1 (LKB1)/5’
AMP-activated protein kinase (AMPK) signaling pathways.
PPARa was not involved in the roles of OEA in the LKB1/AMPK
pathways. We found that OEA exerts its antidiabetic effect by

increasing glycogenesis and decreasing gluconeogenesis via
the LKB1/AMPK pathway. The ability of OEA to control hepatic
LKB1/AMPK pathways may serve as a novel therapeutic
approach for the treatment of T2DM.

SIGNIFICANCE STATEMENT

Oleoylethanolamide (OEA) exerted a potent antihyperglyce-
mic effect in a peroxisome proliferator-activated receptor
a—independent manner. OEA played an antihyperglycemic role
primarily via regulation of hepatic glycogen synthesis and gluco-
neogenesis. The main molecular mechanism of OEA in regulating
liver glycometabolism is activating the liver kinase B1/5" AMP-
activated protein kinase signaling pathways.

Introduction

Type 2 diabetes mellitus (T2DM) is characterized by disrupted
glucose homeostasis largely due to insulin resistance (IR) in
target tissue (Danaei et al., 2011). The liver is the main site for
glycogen storage and the trigger for circulating glucose flow
(Nordlie et al., 1999). Glycogen synthesis improves glucose
uptake and storage under physiologic conditions (Nordlie et al.,
1999; Moore et al., 2018). However, liver sensitivity to insulin is
reduced during IR, and hepatic glycogen synthesis declines,
which results in the inefficient conversion of circulating glucose
(von Wilamowitz-Moellendorff et al., 2013). Another major
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reason for hyperglycemia is increased hepatic glucose production
via aberrantly activated gluconeogenesis in insulin-resistant
liver (Miller et al., 2013). Therefore, hepatic gluconeogenesis
inhibitors are used as first-line antidiabetes drugs, that is,
metformin and pioglitazone, which always work as an effective
therapeutic approach for T2DM (Foretz et al., 2010; Duca et al.,
2015; He et al., 2016; Petersen et al., 2017). Adipose is another
initial peripheral insulin-resistant tissue. IR in the liver is
a more sensitive factor than adipose tissue as a cause for fasting
hyperglycemia and T2DM (Grundy, 2015; Dong et al., 2016).
Increased glucose production and reduced hepatic glycogen
storage are the two most prominent features that contribute to
metabolic abnormalities in diabetes (Haeusler et al., 2014).
Oleoylethanolamide (OEA) is an endocannabinoid that is
produced by circadian enterocytes (Brown et al., 2017). Its
administration plays an important role in dyslipidemia
regulation by enhancing fatty acid B/w-oxidation, prolong-
ing eating latency or reducing meal size via peroxisome
proliferator-activated receptor @ (PPAR«) activation in the

ABBREVIATIONS: AMPK, 5’;AMP-activated protein kinase; DM, diabetes mellitus; DMEM, Dulbecco’s modified Eagle’s medium; G6Pase,
glucose 6-phosphatase; GPR, G protein-coupled receptor; GSK, glycogen synthase kinase; HFD, high-fat diet; HOMA-IR, homeostatic model
assessment of IR; IR, insulin resistance; KO, knockout; LDL-C, low-density lipoprotein cholesterol; LKB1, liver kinase B1; NAAA, N-acylethanol-
amine acid amidase; OEA, oleoylethanolamide; PA, palmitic acid; PAS, periodic acid-Schiff; PEPCK, phosphoenolpyruvate carboxykinase; PPARe,
peroxisome proliferator-activated receptor «; SD, Sprague-Dawley; STZ, streptozotocin; T2DM, type 2 DM; TC, total cholesterol; TG, triglyceride
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liver tissue and proximal small intestine (Fu et al., 2003;
Brown et al., 2017). OEA stimulates lipolysis in adipocytes
because it increases the release of nonesterified fatty acids
and glycerol in a PPAR«a-mediated manner (Guzmaén et al.,
2004; Gaetani et al., 2008). Serum OEA levels are markedly
increased in T2DM mammals (Annuzzi et al., 2010). The
role of OEA in G protein—coupled receptor (GPR) 119 and
GPR55 activation suggests that it regulates insulin secre-
tion in pancreatic islet cells (McKillop et al., 2013). OEA is
hydrolyzed to release free oleate, which regulates cytopro-
tection in B-cells (Stone et al., 2012). Previous studies of
OEA in glycose metabolism balance primarily focused on
adipocytes and B-cells (Gonzéalez-Yanes et al., 2005; Martinez
de Ubago et al., 2009). In addition, the liver is a main target
organ for the regulation of glucose metabolism via regulating
gluconeogenesis and glycogen synthesis. Furthermore, our
latest study indicates that OEA exerted antidiabetic effects in
high-fat diet (HFD) and streptozotocin (STZ)-induced mice
(Ren et al., 2019). However, it is unclear whether OEA inhibits
the elevation of blood sugar by regulating hepatic gluconeogen-
esis and glycogen synthesis.

Hepatocytes express more PPAR«a than adipocytes. Our
previous study showed that OEA ameliorated diabetes-induced
cognitive deficits via a PPARa-mediated pathway (Ren et al.,
2019). Whether PPAR« is a key target for the effect of OEA on
hepatocyte glucose metabolism balance is not clear. In the present
study, we used Sprague-Dawley (SD) rats, 129S4/SvJae mice, and
PPAR«a knockout mice subjected to HFD/STZ-induced T2DM
model or palmitic acid (PA)-stimulated mouse primary hepato-
cytes to investigate the effect of OEA on glucose homeostasis,
especially hepatic glycogen synthesis and gluconeogenesis.
Furthermore, we examined the underlying mechanism of OEA
in regulating hepatic glycogen synthesis and gluconeogenesis.

Methods and Experimental Procedures

Animal Preparations. Male SD rats (6-8 weeks old, weigh-
ing 160-170 g, male) were purchased from Vital River Laboratory
Animal Technology Co. Ltd. (Beijing, China). The 129S4/SvJae
mice (7-9 weeks old, male) and PPAR-a knockout mice (129S4/
SvdJae-Pparatm1Gonz/J) (7-9 weeks old, male) weighing 20-22 g
were purchased from Jackson Laboratory (Bar Harbor, ME). All
animals were maintained in specific pathogen-free conditions in
a 12-hour light/dark cycle environment with unrestricted access
to food and water. All animal studies (including mouse eutha-
nasia procedures) were performed in compliance with the in-
stitutional animal care regulations and guidelines of Xiamen
University and according to the Animal Research: Reporting of
In Vivo Experiments and Institutional Animal Care and Use
Committee guidelines. Maximum efforts were made to minimize
the pain and suffering of the animals.

HFD and STZ-Induced Model of T2DM. Animals were
fed a lard oil and sucrose—enriched HFD for 6 weeks. An
intraperitoneal injection of STZ (35 mg/kg for rats or 40 mg/kg
for mice) was administered the day after placement on the
HFD. The HFD incorporated 30% fat, 20% sugar, 15% protein,
2.5% cholesterol, 1% sodium cholic acid, and 31.5% custom
carbohydrate (Gilbert et al., 2011; Xu et al., 2015).

Treatment. Animals received a single daily intraperito-
neal injection of OEA (10, 30, or 60 mg/kg dissolved in Tween
20/saline, 10/90) or vehicle (saline, 10% Tween 20) for 6 weeks.
The schedule is shown in Supplemental Fig. 1.

Measurement of Metabolites. We measured fasting
blood glucose levels using a blood glucose meter (Johnson &
Johnson, New Brunswick). We measured plasma insulin
levels using an ELISA kit (ALPCO, Windham, NH). Insulin
resistance was assessed via calculating the homeostatic model
assessment of insulin resistance (HOMA-IR), which was previously
described. The serum concentrations of total cholesterol (TC),
triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and
glycogen levels were measured using commercial assay kits
(Jiancheng, China) according to the manufacturer’s instructions.

Periodic Acid-Schiff Staining. Immediately following
termination of the experiments, the liver tissue was fixed
with 4% paraformaldehyde after removal from anesthetized
rats. The tissue was embedded in optimal cutting temperature
and sectioned into 6-mm slices. Hepatic glycogen was stained
using periodic acid-Schiff (PAS) using commercial assay kits
(Solarbio, Beijing, China) according to the manufacturer’s
protocol. Purple-stained parts indicate the presence of glyco-
gen, and these parts were examined using a light microscope.

Western Blot Analysis. Protein extracts were electro-
phoresed, blotted, and incubated with the following primary
antibodies (1:1000) at 4°C overnight: anti-glycogen synthase
kinase (GSK)-38 (Cell Signaling Technology); anti-pGSK33
Ser9 (Cell Signaling Technology); anti—phosphoenolpyruvate
carboxykinase (PEPCK) (Abcam); anti—glucose 6-phosphatase
(G6pase) (Abcam); anti-AMPK (Cell Signaling Technology);
anti-pAMPK-a Thr172 (Cell Signaling Technology); anti-liver
kinase B1 (LKB1) (Cell Signaling Technology); anti-pLKB1
Ser428 (Cell Signaling Technology), and B-actin (1:10,000;
Abcam). The membranes were washed three times with Tris-
buffered saline/Tween 20 and incubated with the appropriate
secondary horseradish peroxidase—conjugated antibodies (di-
luted 1:10,000 in 5% skim milk) at room temperature for
1 hour. The membranes were washed in Tris-buffered saline/
Tween 20 five times for 5 minutes each, and the protein bands
were visualized and quantified using scanning densitometry
in ImageStation 4000R (Rochester, NY).

Cell Culture. Primary mouse hepatocytes were isolated
from male C57/BL6 mice according to a previously reported
method and cultured at 37°C in a 5% humidified CO, in-
cubator. After the cells adhered to the plate, the medium was
changed to Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 1000 mg/l glucose and 0.3 mM PA (Sigma)
and incubated for 24 hours to establish insulin resistance (Liu
et al., 2015). The cells were treated the following day with
saline or OEA (20 or 40 pM; Sigma-Aldrich) for 0, 6, 12, 24, or
36 hours. The cells were seeded in six-well plates, and then
GPR119 agonist PSN632408 (20 pM) and AMPK agonist
metformin (20 pM) were dissolved into the medium before
administration of OEA according to the manufacturer’s
instructions (MCE). Cells were lysed in radioimmunoprecipi-
tation assay lysis buffer (Solarbio) containing a protease
inhibitor mixture (Roche Applied Science), and protein con-
centrations were determined using the BCA protein assay
(Thermo Scientific).

Bioinformatic Analysis. T2DM gene expression data
were obtained from the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo). Datasets from GSE13760
were included in this study. Raw CEL files were downloaded
from the Gene Expression Omnibus database and normalized
using Robust Multichip Average. Blast+2.2.30 was used to
reannotate probes on GENCODE Release 21 sequence databases
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for mRNA. For multiple probes corresponding to one gene,
the maximum normalized signal was selected to generate the
expression of mRNA. Two-sample ¢ test or paired-sample
t test was used according to the experimental design as
a differential expression calling method, and then this was
followed by Benjamini and Hochberg (false discovery rate)
adjustment. To verify the expression correlation between
genes, Pearson’s correlation analysis was used after the
CEL files were downloaded from GSE13760 and normalized
by Robust Multichip Average (Assmann et al., 2017).

RNA Interference and Target Inhibitor. Primary
mouse hepatocytes were seeded in six-well plates and trans-
fected the next day with AMPK siRNA (100 nM), GPR119
siRNA (100 nM), or control siRNA (100 nM) using Lipofect-
amine 2000 (Invitrogen). AMPK siRNA (CTGCCAGAATTC
CATTTA) and GPR119 siRNA (CTCTTTGTCTTCTTCTACT)
were obtained from RIBOBIO. Transfected cells were har-
vested for further analyses. The LKB1 inhibitor Pim1/AKK1-
IN-1 (Bamborough et al., 2008) (eBiochemicals) (20 uM) was
dissolved in the medium 6 hours before OEA administration
according to the manufacturer’s instructions (MCE).

Glucose Production Assay. The cells were treated with
various concentrations of OEA in FBS and glucose-free
DMEM for glucose production testing. The blank, normal
(PA-free) cells and PA group cells were treated with the same
bovine serum albumin DMEM for the same time duration.
Glucose concentrations in the media were determined using
a glucose oxidase-peroxidase assay kit (Nanjing Jiancheng
Bioengineering Institute, China) after a 12-hour incubation.
The levels of glucose production were normalized to the total
protein content of whole-cell extracts.

OEA Biodistribution In Vivo. As we previously de-
scribed (Yang et al., 2019), OEA at dose of 30 or 60 mg/kg
was injected into peritoneal cavity of C57BL/6 mice. At 1, 5, 10,
20, 30, 60, 120, 240, and 360 minutes postinjection, the mice
were sacrificed, and the liver was excised, which was followed by
a washing of the surface with 0.9% NaCl for fluorescence intensity
measurement (Cambridge Research & Instrumentation).

Pharmacokinetic Studies. OEA was dissolved in Tween-
20/saline (10/90, v/v) and was administered to rats (30 or
60 mg/kg i.p.). After administrations, we anesthetized rats
with halothane and collected blood at various time points (1, 5,
10, 20, 30, 60, 120, 240, and 360 minutes). Freshly extracted
blood was collected and centrifuged immediately for 10 minutes
at 3000 rpm in a refrigerated centrifuge (4°C). Plasma was then
immediately separated from the blood and distributed in aliquots
for further processing or stored at —80°C. Plasma samples were
thawed in fewer than 30 minutes at room temperature and
processed on ice. Aliquots of 0.25 ml were transferred into glass
borosilicate tubes, diluted up to 0.5 ml with 0.1 M Ammonium
acetate. buffer (pH 4.0), extracted with 6 ml of tert-butyl methyl
ether, and centrifuged (3500 rpm, 5 minutes) at room tempera-
ture. The organic phase was transferred to clean tubes and
evaporated (40°C, 20 minutes) under a stream of nitrogen, and
extracts were reconstituted in 100 pl of a mixture of acetonitrile
and transferred to high-pressure liquid chromatography vials.
Twenty microliters were injected into the liquid chromatography
with tandem mass spectrometry system. Liquid chromatography
with tandem mass spectrometry analysis was according to
previous protocol (Pastor et al., 2014).

Statistical Analysis. The results are expressed as the
mean *+ S.E.M. Data for fasting blood glucose were compared

using two-way ANOVA followed by Bonferroni’s post hoc test,
and another statistical analysis was performed using one-way
ANOVA with Tukey’s post hoc test for comparisons between
two groups (Prism 7 for Windows; GraphPad Software Inc.).
Significance levels were established at a level of P < 0.05.

Results

OEA Ameliorated the HFD/STZ-Induced Hyperglyce-
mia in a PPARa-Independent Manner. Our latest study
indicated that OEA inhibited the elevation of plasma glucose
in HFD/STZ-induced mice (Ren et al., 2019). To further
confirm the antidiabetic effects of OEA in vivo, HFD/STZ
diabetic rats were administered OEA for 6 weeks. Consistent
with the effect of OEA on supressing plasma glucose in HFD/
STZ-induced mice (Ren et al., 2019), OEA treatment dose-
dependently decreased plasma glucose concentrations after
8-hour fasting in diabetic rats (Fig. 1A). Furthermore, OEA
decreased insulin and HOMA-IR levels in diabetic rats, which
exhibits its long-term impact on IR (Fig. 1, B and C).
Additionally, OEA treatment markedly attenuated TC, TG,
and LDL-C levels in HFD/STZ diabetic rats (Fig. 1D).

To evaluate the role of PPAR« in the hypoglycemic effect of
OEA, diabetes mellitus (DM) was induced in PPARa KO mice
after 6 weeks of HFD and a single dose of STZ. Fasting plasma
glucose concentrations increased significantly in wild-type
mice (Sv129) and PPAR« KO mice after HFD/STZ treatment
(Fig. 1E), which suggests that PPARa was not a necessary
factor in the pathologic development of hyperglycemia. How-
ever, OEA reduced the HFD/STZ-induced up-regulation of
fasting blood glucose levels in wild-type and PPAR« KO mice
(Fig. 1E). The level of HOMA-IR also decreased after OEA
treatment in diabetic PPARa KO mice (Fig. 1G). Therefore,
OEA ameliorated the HFD/STZ-induced hyperglycemia in
a PPARa-independent manner. However, OEA had no effect
on reducing serum levels of TC, TG, or LDL-C in diabetic
PPARa KO mice (Supplemental Fig. 2), which indicates that
OEA amelioration of plasma lipid abnormalities in diabetic
mice depended on PPARa.

OEA Metabolism in Serum and Distribution in
Liver. Given that OEA ameliorated the HFD/STZ-induced
hyperglycemia at the doses of 30 and 60 mg/kg, we further
examined the distribution of OEA in liver and plasma
following intraperitoneal administration in rats. As shown in
Supplemental Fig. 3, OEA (60 mg/kg i.p.) reached maximal plasma
levels (Cpay) 10 minutes after injection and was slowly cleared from
the circulation (Supplemental Fig. 3B). Its C,,,, in plasma
was 2-fold higher than that of OEA (30 mg/kg i.p.), in-
dicating that OEA administration was, as expected, dose
proportional.

OEA Enhanced Hepatic Glycogen Synthesis and
Inhibited Gluconeogenesis during IR. Based on the
glycose metabolism pathway, we focused on the ability of
OEA to regulate hepatic glycogen and gluconeogenesis in
HFD/STZ diabetic rats and PA-stimulated mouse primary
hepatocytes. First, we tested liver and muscle glycogen
contents in mice, and the data showed that liver and muscle
glycogen levels were reduced in STZ/HFD mice (Fig. 2, A and
B). OEA treatment increased liver and muscle glycogen
contents in a dose-dependent manner, especially the up-
regulation in hepatic glycogen levels (Fig. 2, A and B). PAS
staining in the liver showed that OEA treatment (60 mg/kg)
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Fig. 1. OEA ameliorated hyperglycemia in a PPARa-independent manner. OEA-treated groups received single daily intraperitoneal injections of
OEA (10, 30, 60, or 40 mg/kg), and the normal and HFD/STZ groups were treated with vehicle on a daily basis. Glucose metabolites were
measured using [(A) in diabetic rats; (E) in sv129 and PPARa ™/~ mice] sequential monitoring of blood glucose after 8 hours of fasting, [(B) in
diabetic rats; (F) in PPARa ™'~ mice] fasting blood insulin, [(C) in diabetic rats; (G) in PPARa ™~ mice] levels of HOMA-IR, and (D) the levels of lipid
homeostasis. Values are mean = S E.M. (n = 7 or 6 per group). (A and E) *P < 0.05 vs. the normal (SD/sv129) group; **P < 0.01 vs. the normal (SD/sv129) group;
###P < 0,001 vs. the normal (SD/sv129) group; *P < 0.05 vs. the HFD+STZ (SD/sv129) group; **P < 0.01 vs. the HFD+STZ (SD/sv129) group; ***P < 0.001 vs.

the HFD+STZ (SD/sv129) group; ®@®P < 0.001 vs. the normal PPARa ™~ group;
P < 0.01; **P < 0.001.

reversed STZ/HFD-induced hepatic glycogen down-regulation
(Fig. 2C). OEA also promoted GSK3B8 phosphorylation and
inhibited PEPCK and G6Pase expression in mouse liver
tissues (Fig. 2, D and E).

To elucidate the anti-IR effect of OEA on hepatocytes, PA was
used to induce IR in mouse primary hepatocytes. PA-treated
hepatocytes were induced with OEA (10, 20, and 40 pM) for
24 hours, and glycogen concentration and glucose production
were determined as metabolism markers. OEA treatment in-
creased glycogen content and reduced glucose production (Fig. 3,
A and B). OEA does-dependently improved the PA-stimulated
phosphorylation of GSK3g (Fig. 3C) and down-regulated protein
levels of G6Pase and PEPCK in primary hepatocytes (Fig. 3D).
We found that 20 uM OEA treatment resulted in the peak
levels of metabolism markers in hepatocytes (Fig. 3, A and B).
Therefore, the 20 wM concentration of OEA was selected to

&&p < (.01 vs. the HFD+STZ (SD/sv129) group. (B-D and F and G) *P < 0.05;

detect the optimal induction time of OEA in hepatocytes. OEA
treatment enhanced glycogen at 12 hours, and this increase was
sustained at 24 hours and reduced at 36 hours (Fig. 3E). OEA
improved the PA-stimulated phosphorylation of GSK38 in
a time-dependent manner (Fig. 3G). OEA significantly reduced
PA-stimulated glucose production and protein levels of
G6Pase and PEPCK at 12 hours, which were sustained
until 24 hours (Fig. 3, F and H). Taken together, OEA
suppressed gluconeogenesis and accelerated glycogen syn-
thesis in the liver.

OEA Regulated Liver Glycose Metabolism via LKB1/
AMPK Signaling Pathways. Potential binding of the OEA
digestive enzyme N-acylethanolamine acid amidase (NAAA)
(Bandiera et al., 2014) and RNA-binding proteins to OEA were
the predicted mechanisms of OEA regulation of liver glycose
metabolism from the web (http:/pridb.gdcb.iastate.edu/RPISeq/).
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Fig. 2. Effects of OEA on hepatic gluconeogenesis and glycogenesis in diabetic rats. OEA-treated groups received single daily intraperitoneal
injections of OEA (10, 30, or 60 mg/kg), and the normal and HFD/STZ groups were treated with vehicle on a daily basis. (A) Hepatic and (B)
musculoskeletal glycogen contents. (C) Histologic analyses using PAS staining for hepatic glycogen in rat livers. Representative Western blot
images of phosphorylated GSK38 and GSK3B and (D) quantitative analyses of phosphorylated GSK38 to total GSK38 in rat livers. (E)
Representative Western blot images and quantitative analyses of protein expression of PEPCK and G6Pase in the livers of rats. The values are
expressed as percentages compared with the normal group (set to 100%) and presented as the mean = S.E.M. (n = 7 per group), *P < 0.05; **P <

0.01; ***P < 0.001.

NAAA exhibited a significant positive correlation with AMPK
and LKB1 expression (Fig. 4, A and B). AMPK is a downstream
gene of LKB1 that reduces hepatic glucose production and plasma
glucose levels (Shackelford and Shaw, 2009). Therefore, the effect
of OEA in regulating hepatic glycose metabolism is related to
LKBI/AMPK pathways. The LKBI/AMPK pathways play a crit-
ical role in glucose metabolism and the pathogenesis of T2DM
(Shaw et al., 2005). To determine the effect of AMPK and LKB1 on
the antidiabetic effects of OEA, we tested the activities of
AMPK and LKB1 in PA-stimulated primary hepatocytes
and HFD/STZ-induced hepatic tissue of rats. We found that
OEA up-regulated the phosphorylation of AMPK and LKB1
in both primary hepatocytes and hepatic tissue (Fig. 4, C
and D), which suggests that OEA promotes the activation of
AMPK and LKB1. Whether OAE is a direct activator of
LKBI1 needs further study.

Next, we further confirmed whether AMPK was involved in
the effects of OEA in hepatic glycogen synthesis and gluco-
neogenesis. Primary hepatocytes were transiently transfected
with AMPK siRNA for 24 hours, and the knock-down effi-
ciency of AMPK was 66.02%, as determined by Western blot
analysis (Fig. 5D). OEA increased glycogen synthesis in the
negative controls in PA-stimulated hepatocytes, but AMPK
siRNA obviously antagonized the increased effects of OEA on
glycogen synthesis (Fig. 5A). OEA increased PA-induced
p-GSK3pB levels in the negative control, but this effect was
nearly abrogated in the AMPK siRNA cells (Fig. 5D). These
results suggest that OEA increased hepatic glycogen synthe-
sis in an AMPK-dependent manner. Furthermore, OEA de-
creased PA-induced glucose production and PEPCK and
G6Pase levels in the negative control, but AMPK silencing

nearly reversed the suppressive effects of OEA on glucose
production (Fig. 5B) and PEPCK and G6Pase expression
(Fig. 5D). These results indicate a key role of AMPK in OEA
regulation of gluconeogenesis. Therefore, our results suggest
that OEA regulates hepatic glycogen synthesis and gluconeo-
genesis via an AMPK pathway.

Considering the regulation of LKBI/AMPK on gluconeogenesis
(Miller et al., 2011; Patel et al., 2014; Duca et al., 2015) and the effect
of OEA on activation of AMPK signal, we further examined the role
of LKB1 in OEA regulation of glycogen synthesis and gluconeogen-
esis. As shown in Fig. 5, E and F, the LKB1 inhibitor Pim1/AKK-
IN-1 (Bamborough et al., 2008) reversed the effects of OEA on
glycogen content and glucose production. OEA enhanced
the phosphorylation of LKB1, AMPK, and GSK33 and inhibited
PEPCK and G6Pase expression in PA-stimulated primary
hepatocytes, but Pim1/AKK-IN-1 treatment nearly abro-
gated these effects (Fig. 5, G and H), which suggests that
OEA regulated hepatic glycogen synthesis and gluconeo-
genesis via LKB1/AMPK pathways.

OEA Activated LKB1/AMPK Pathways in a PPARa-
Independent Manner. We further examined whether PPAR«
was associated with AMPK/LKBI1 signaling. We detected the
activities of AMPK and LKB1 in PPAR« KO mice. The data
revealed that OEA treatment up-regulated the phosphorylation
of LKB1 and AMPK in liver tissues of HFD/STZ PPARa KO
mice (Fig. 6, A—C), which indicates that OEA activated AMPK and
LKB1 signals in PPARa KO mice. Therefore, the OEA-induced
activation of LKB1 and AMPK is not related to PPAR« signal.

OEA promotes hepatic glycogen synthesis and inhibits
gluconeogenesis, but PPAR« is not involved in the regulation
of OEA on glucose metabolism. Therefore, KEGG pathway
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Fig. 3. Effects of OEA on hepatic gluconeogenesis and glycogenesis in PA-stimulated mouse primary hepatocytes. OEA-treated cells received different
concentrations of OEA (10, 20, or 40 uM) for 24 hours or 20 pM OEA for different times (3, 6, 12, 24, or 36 hours), and the normal and PA-stimulated cells
were treated with vehicle. Glucose metabolites were measured for (A and E) glycogen content and (B and F) glucose production. (C, D, G, and H)
Representative Western blot images of phosphorylated GSK3B8, GSK3B, PEPCK, and G6Pase and quantitative analyses of phosphorylated GSK38 to
total GSK3B and the protein expression of PEPCK and G6Pase. The values are expressed as percentages compared with the normal group (set to 100%)
and presented as the mean = S.E.M. (n = 4 per group), *P < 0.05; ¥**P < 0.01; ***P < 0.001.

enrichment was performed via analysis of PPARa in the
GSE13760 dataset. Correlations between PPAR« levels and
GSK3p, PEPCK, G6Pase, and LKB1 or AMPK in patients with
GSE13760 T2DM were examined. PPARa did not correlate
with GSK3B or PEPCK gene expression (Fig. 6, D and E).
However, PPARa exhibited a significant positive correlation
with G6Pase gene expression (Fig. 6F). These results suggest
that OEA improved hepatic IR in a PPARa-independent
manner. PPARa was not significantly correlated with AMPK

or LKB1 (Fig. 6, G and H), which further suggests that OEA
activation of AMPK and LKB1 is not related to PPAR«. Taken
together, these data suggest that PPAR« is not involved in OEA
regulation of glucose metabolism.

GPR119 plays a key role in glucose and lipid metabolism, and
OEA is one of the most active ligands of GPR119. Therefore, we
further explore whether GPR119 is involved in the roles of OEA
in hepatic glycogen synthesis and gluconeogenesis. We found
that OEA treatment significantly up-regulated the mRNA
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(n = 4 per group), *P < 0.05; **P < 0.01; ***P < 0.001.

expression of GPR119 and glucagon-like peptide-1 level in
PA-induced primary hepatocytes (Supplemental Fig. 4,
A-D). Additionally, GPR119 siRNA obviously antagonized
the effect of OEA on glucose production but not on glycogen
synthesis (Supplemental Fig. 4, F and G). Furthermore, we
compare the effects of OEA and another GPR119 agonist,
PSN632408, on glycogen synthesis and glucose produc-
tion. The results show that OEA up-regulated glycogen
levels, but PSN632408 had no effect on glycogen synthesis
(Supplemental Fig. 4H). However, both OEA and PSN632408
markedly decreased glucose production in PA-stimulated
hepatocytes (Supplemental Fig. 4I). Meanwhile, we further
examined the role of CB1 in OEA regulation of glycogen
synthesis and gluconeogenesis. As shown in Supplemental
Fig. 5, A and B, CB1 mRNA were significantly up-regulated
by OEA in PA-induced primary hepatocytes. CB1 inhibitor
otenabant reversed the effect of OEA on glucose production
but not on glycogen content (Supplemental Fig. 5, C-E).

These data suggest that OEA reduced glycogen synthesis
independent of GPR119 and CB1 pathways.

Discussion

The salient findings of this study are that: 1) OEA improved
glucose homeostasis in a PPARa-independent manner, 2)
OEA exerted an antihyperglycemic effect primarily via regu-
lation of hepatic glycogen synthesis and gluconeogenesis, and
3) the main molecular mechanism of OEA in regulating liver
glycose metabolism is to regulate LKB1/AMPK signaling
pathway.

Several reports indicated that a PPAR« agonist suppressed
obesity-induced glucose metabolism abnormalities in animal
models (Kang et al., 2010; Park et al., 2016; Jeong et al., 2018).
Previous clinical studies showed that PPAR« agonists, fibrates,
may be useful for the treatment of disorders of glucose metab-
olism in noninsulin-dependent diabetes (Malur et al., 2017;
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Yuan et al., 2019). OEA is an endogenous ligand of PPAR«,
and it plays vital roles in reducing food intake and promoting
lipid catabolism. In the present study, we found that OEA
did not reduce serum hyperlipidemia in HFD/STZ-induced
PPARa KO mice, which indicates that PPARa also plays
a crucial role in regulating lipid metabolism in DM. OEA
regulates glucose uptake in isolated adipocytes (Guzmaéan
et al., 2004). Our latest research demonstratea that OEA
suppressed plasma glucose and reduced hippocampal distur-
bances of glycose metabolism in diabetic mice (Ren et al.,
2019). However, the role of PPARa in OEA regulation of
glucose metabolism is not clear. The present study used the
HFD/STZ-induced diabetic model in PPARe KO mice and
found that PPARa KO mice also developed DM after 6 weeks
of HFD and a single dose of STZ management, which is
consistent with a previous report (Neschen et al., 2007). This
result indicates that PPAR« is not a necessary factor in the
pathologic development of DM. Notably, we found that OEA
efficiently suppressed hyperglycemia and hyperinsulinemia
in HFD/STZ-induced diabetic PPARa KO mice, which sup-
ports a PPARa-independent mechanism of OEA blood sugar
regulation in diabetes. Therefore, our data suggest that OEA

reduces blood glucose levels in DM via a PPARa-independent
mechanism. However, previous studies showed that OEA
impaired glucose tolerance and inhibited insulin-stimulated
glucose uptake in rat adipocytes (Gonzalez-Yanes et al., 2005).
Several reasons may explain the differences between these
results and our data. First, the other studies tested the effect
of OEA on blood sugar in healthy rats, whereas we focused on
HFD/STZ-induced diabetic animals. Second, the other studies
were primarily concerned with sugar uptake in adipose tissue,
whereas we examined blood sugar levels in vivo. Third, the
other studies gave an acute administration of OEA (30 minutes
and 6 hours), whereas we used chronic administration (6
weeks). Previous studies reported that the PPAR« agonists
fenofibrate and gemfibrozil produced impairment of glucose
tolerance and a moderate increase of fasting blood glucose in
rats (Ohrvall et al., 1995; Liu et al., 2011). We found that,
unlike with fenofibrate, there were no changes in glucose
tolerance between the OEA-treated and vehicle-treated mice
(see Supplemental Fig. 6), which suggests that long-term OEA
administration did not impair glucose tolerance. Taken
together, our data indicate that the antihyperglycemic effects
of OEA in DM are PPAR« independent.
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Fig. 6. OEA activated LKBI/AMPK pathways in a PPARa-independent

manner. (A—C) OEA-treated groups received single daily intraperitoneal

injections of OEA (40 mg/kg), and the HFD/STZ groups were treated with vehicle on a daily basis. Representative Western blot images and quantitative
analyses of phosphorylated LKB1 to total LKB1 and phosphorylated AMPK to total AMPK. Values are mean *+ S.E.M. (n = 3 per group), **P < 0.01.
(D-H) The relationship between PPAR« expression and GSK38, PEPCK, G6Pase, LKB1, and AMPK mRNA levels was analyzed in profiles of samples
from patients with T2DM from GSE13760. The mean values and S.D. were calculated from triplicates of a representative experiment.

In addition to adipose tissue and skeletal muscle, the liver
is also a main target organ for the regulation of glucose
metabolism. The liver is primarily responsible for maintaining
blood glucose levels via gluconeogenesis and glycogen synthe-
sis (Santiago-Martinez et al., 2016). Hepatic insulin resistance
in patients with diabetes results in a decline of hepatic
glycogen storage and glycogen synthase activity (Nordlie
et al., 1999; Barthel and Schmoll, 2003). Abundant hepatic
glucose production is a major determinant of fasting hyper-
glycemia in type 2 diabetes. Hepatic insulin resistance in
diabetes directly leads to reduce the ability of insulin to inhibit
hepatic gluconeogenesis and enhance hepatic glucose pro-
duction (Petersen et al., 2017). Therefore, the increase of
glycogen storage via the promotion of glycogen synthase
activity or the reduction in glucose production via gluconeo-
genesis suppression is a therapeutic target in T2DM (Ismail,
2018). Results of the present study showed that OEA treat-
ment increased glycogen synthesis and storage and inhibited
gluconeogenesis and endogenous glucose production in pri-
mary hepatocytes and liver tissue. These results suggest that
OEA reduces fasting blood glucose and insulin resistance

through regulating hepatic gluconeogenesis and glycogen
synthesis in type 2 diabetes. Additionally, we also compared
the effects of OEA and metformin on glucose production and
glycogen synthesis. PA-stimulated primary hepatocytes were
treated with 20 pM of OEA and metformin, and we found that
there was no difference in increasing glycogen and glucose
production between OEA and metformin (Supplemental Fig.
7, A and B). However, we only compared one dose of two drugs
in the present study, and the comparison of them on regula-
tion of glucose metabolism need to be further study.

GSK3 plays a critical role in insulin resistance via the
inhibition of glycogen synthase activity (Dong et al., 2016).
Ser-phosphorylation at S21 and S9 inactivates GSK-3« and 83,
respectively, which enhances insulin-stimulated glycogen
synthesis (Cohen and Frame, 2001). GSK3 antagonists im-
prove glucose metabolism via increasing hepatic glycogen
levels, which suggests that the inhibition of GSK3 is a poten-
tial therapy for the treatment of insulin resistance and type 2
diabetes. Here, we found that OEA increased hepatic glycogen
synthesis via inhibition of GSK activity. This pathway is
similar to the role of insulin in promoting glycogen synthesis.
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Glucose isogenic targets PEPCK and G6Pase are closely
related to hepatic glucose production. Oral hypoglycemic
drugs, such as biguanides, thiazolidinediones, and sulfonylur-
eas, primarily reduce glucose production via inhibition of
PEPCK and G6Pase (He et al., 2016). Our data indicate that
OEA inhibited PEPCK and G6Pase expression, which is
similar to how the signaling pathway of metformin plays into
the suppression of gluconeogenesis.

AMPK is a central metabolic switch found in all eukaryotes
that governs glucose and lipid metabolism in response to
alterations in nutrients and intracellular energy levels
(Woods et al., 2017). AMPK controls two critical liver func-
tions, gluconeogenesis and lipogenesis, and it is activated
when ATP decreases and AMP concentrations increase in
response to nutrient deprivation and pathologic stresses. A
previous report revealed the role of AMPK in improving
hepatic glycogen metabolism (Viollet, 2017). For example,
metformin activates AMPK and reduces hepatic glucose pro-
duction, exenatide exerts direct protective effects on glucose
intolerance, and rosiglitazone enhances glycolysis and glucose
uptake (Foretz et al., 2010). When levels of ATP, glucose, or
oxygen are low, AMPK primes nearby serine residues for
subsequent phosphorylation by GSK-3 (Suzuki et al., 2013).
Several studies demonstrated that AMPK activation induces
insulin sensitization and promotes glucose intake via GSK-33
regulation (Kong et al., 2019). Notably, AMPK reduces hepatic
glucose production via decreasing PEPCK and G6Pase ex-
pression. In the present study, we found that OEA inhibited
gluconeogenesis and enhanced glycogen synthase in hepato-
cytes via an AMPK-dependent pathway, which is consistent
with metformin reduction of hepatic glycogen synthesis via
enhancing AMPK phosphorylation in diabetic rat liver. There-
fore, AMPK is one of the main targets of OEA in the regulation
of hepatic glycogen metabolism.

Another important finding of our study is that OEA
regulated the LKB1 signal in hepatocytes and liver tissue
with insulin resistance. LKB1 is a master upstream kinase
that directly phosphorylates and activates AMPK and a family
of 12 related kinases that play critical roles in cell growth,
metabolism, and polarity (Shaw et al., 2005). LKB1 is
inactivated under a chronic hyperglycemic state. Therefore,
LKB1 activation may be a significant strategy to stimulate
glucose uptake and fatty acid oxidation. Loss of LKB1 function
resulted in hyperglycemia with increased gluconeogenic and
lipogenic gene expression. Previous studies showed that blood
sugar and insulin levels in liver LKB1-deficient mice in-
creased over time (Bang et al., 2014), which suggests that
LKBI1 plays an important role in the regulation of blood sugar
and insulin homeostasis. LKB1 in liver is required for the
ability of metformin to lower blood glucose. The LKB1 kinase
is genetically required for AMPK activation by energy stress
in different kinds of mammalian cell lines. Chronic metformin
activates liver AMPK and reduces plasma glucose levels in
diabetic rodents (Park et al., 2002). In the present study, the
data shows that the LKB1 inhibitor Pim1/AKK-IN-1 reversed
the efficiency of OEA in hepatic glycogen synthesis and
glucose production, suggesting that OEA inhibited gluconeo-
genesis and increased glycogen synthase in hepatocytes via an
LKB1-dependent pathway. Additionally, Pim1/AKK-IN-1
blocked OEA-induced AMPK activity, which indicates that
OEA regulates AMPK activity through the LKB1 pathway.
Therefore, OEA enhances hepatic glycogen synthesis and

inhibits gluconeogenesis in an LKB1/AMPK-dependent man-
ner, which suggests that LKB1/AMPXK signaling is an impor-
tant mechanism of OEA regulation of glucose metabolism.

To further elucidate the role of PPARa in OEA glycose
metabolism, KEGG pathway enrichment analysis was per-
formed via analyses of PPAR« in the GSE13760 dataset. The
results revealed that PPAR«a was not correlated with GSK3g
or PEPCK gene expression, which suggests that OEA regula-
tion of glycogen synthesis and gluconeogenesis are indepen-
dent of the PPARa pathway. Moreover, the results from
PPAR«a KO mice and enrichment analysis indicated the effect
of OEA on regulation of LKB1 and AMPK signaling indepen-
dent of PPAR«a pathway. These results further indicated that
the regulatory effects of OEA on glycose metabolism in
diabetes mellitus are not related to PPAR« signal.

Conclusions

Our findings indicate that OEA attenuated hyperglycemia
and insulin resistance in a PPARa-independent manner. The
hypoglycemic effect of OEA primarily occurred via the regu-
lation of hepatic glycogen synthesis and gluconeogenesis via
activation of LKBI/AMPK signaling. These findings provide
new insight into the pharmacologic usefulness of OEA.
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Supplemental Figure 1
Supplementary Figure 1. The chemical structure of OEA and the schedule of animal
experiments. (A) The chemical structure of OEA. (B) The schedule of animal
experiments. Time points represent days after acclamation to living conditions. In
experiment 1, animals were fed an HFD for 6 weeks (during days 1-42), and STZ was
given on the 43rd day. OEA was subsequently administered for 6 weeks (during days
44-86). In experiment 2, animals were fed an HFD for 6 weeks (during days 1-42), and
STZ was given on the 43rd day. OEA was subsequently administered for 4 weeks

(during days 44-72).
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Supplemental Figure 2
Supplementary Figure 2. The effects of OEA on lipid profiles in diabetic PPARo” mice.
OEA-treated groups received single daily intraperitoneal injections of OEA (10, 30, 60
or 40 mg/kg), and the normal and HFD+STZ groups were treated with vehicle on a

daily basis. The levels of (A) total cholesterol, (B) total triglycerides and (C) low-
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density lipoprotein. Values are means +S.E.M. (n=7 or 6 per group), P < 0.05;

*kk

0.01;, " P <0.001.

—_ N [\&] N
o w o [&)]

OEA concentration (pg/ml)

o

o
&)

-o- 30mg/kg OEA adminstration

- 60mg/kg OEA adminstration

T T
01 5 10

20

3060

Time (min)

Supplemental Figure 3

*%

P<

Supplementary Figure 3. OEA metabolism in serum and distribution in liver. Time

course of OEA concentrations in plasma after i.p. administration in free-feeding rats.

Values are means £S.E.M. (n=3-5 per group).
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Supplementary Figure 4. OEA reduced glycogen synthesis independent of GPR119

pathway. OEA-treated cells received different concentrations of OEA (20 or 40 uM)

for 24 h or 20 uM OEA for different times (6, 12 or 24 h), while the normal and PA-

stimulated cells were treated with vehicle. (A and B) Quantitative analysis of GPR119
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level. (C and D) Quantitative analysis of GPR119 mRNA expression. (F and H) The
level of glycogen content. (G and I) The level of glucose production. The values are
expressed as percentages compared to the normal or PA group and are represented as

the means £S.E.M. of four separate experiments performed in duplicate (n = 4 per
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Supplemental Figure 5

Supplementary Figure 5. OEA reduced glycogen synthesis independent of CB1
pathway. OEA-treated cells received different concentrations of OEA (20 or 40 uM)
for 24 h or 20 uM OEA for different times (6, 12 or 24h), while the normal cells were
treated with vehicle. (A and B) Quantitative analysis of CB1 mRNA expression.
Primary hepatocytes were subjected to the CB1 inhibitor otenabant for 12 h, followed
by OEA (20 uM) treatment for an additional 12 h. (C) Quantitative analysis of GPR119
MRNA expression. (D and E) The levels of glycogen content and glucose production.
The values are expressed as percentages compared to normal or PA group and are
represented as the means =S.E.M. of five separate experiments performed in duplicate

(n =4 per group), "P< 0.05; “"P< 0.01; ""P< 0.001.
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Supplemental Figure 6

Supplementary Figure 6. Effects of OEA on glucose tolerance in normal KM mice. The
OEA-treated group received single daily intraperitoneal injections of OEA (60 mg/kg),
and the Fenofibrate-treated group received single daily oral treatments of fenofibrate
(20 mg/kg). The normal groups were treated with vehicle on a daily basis. OGTT assay
was performed after 15 weeks of treatment. VValues are means =S.E.M. (n=10 per
group). *P < 0.05 vs. the normal group; *P < 0.01 vs. the normal group; “P < 0.05 vs.

the HFD+ STZ group; “P < 0.01 vs. the HFD+STZ group.
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Supplemental Figure 7
Supplementary Figure 7. Effect of OEA and metformin on glycometabolism in PA-
stimulated mouse primary hepatocytes. Mouse primary hepatocytes received 20 uM
OEA and 20 uM metformin for 12 h. The levels of (A) glycogen content and (B)
glucose production. The values are represented as the means =S.E.M. of five separate

experiments performed in duplicate (n = 4 per group), ~P< 0.01.



