>
@
-
@]
0]
<
—
Ll
P

1748

Ll

Diabetes Volume 67, September 2018

Check for
updates
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Fasting and Obesity

Yuanyang Wang,! Shuai Yan,2 Bing Xiao,23 Shengkai Zuo,2 Qiangian Zhang,2 Guilin Chen,® Yu Yu,24
Di Chen,25 Qian Liu,® Yi Liu,2 Yujun Shen,t and Ying Yulz2

Diabetes 2018;67:1748-1760 | https://doi.org/10.2337/db17-1521

Gluconeogenesis is drastically increased in patients
with type 2 diabetes and accounts for increased fasting
plasma glucose concentrations. Circulating levels of
prostaglandin (PG) F,, are also markedly elevated in
diabetes; however, whether and how PGF,, regulates
hepatic glucose metabolism remain unknown. Here, we
demonstrated that PGF,, receptor (F-prostanoid receptor
[FP]) was upregulated in the livers of mice upon fasting-
and diabetic stress. Hepatic deletion of the FP receptor
suppressed fasting-induced hepatic gluconeogenesis,
whereas FP overexpression enhanced hepatic gluconeo-
genesis in mice. FP activation promoted the expression
of gluconeogenic enzymes (PEPCK and glucose-6-
phosphatase) in hepatocytes in a FOXO1-dependent man-
ner. Additionally, FP coupled with G, in hepatocytes to
elicit Ca®* release, which activated Ca®*/calmodulin-
activated protein kinase llg (CaMKIIg) to increase FOXO1
phosphorylation and subsequently accelerate its nuclear
translocation. Blockage of p38 disrupted CaMKIIg-
induced FOXO1 nuclear translocation and abrogated FP-
mediated hepatic gluconeogenesis in mice. Moreover,
knockdown of hepatic FP receptor improved insulin sensi-
tivity and glucose homeostasis in ob/ob mice. FP-mediated
hepatic gluconeogenesis via the CaMKIlg/p38/FOXO1
signaling pathway, indicating that the FP receptor might
be a promising therapeutic target for type 2 diabetes.

Type 2 diabetes constitutes a major worldwide public health
burden and is expected to affect - 642 million adults by
2040 (1). Type 2 diabetes is characterized by hyperglycemia,
insulin resistance, and b-cell dysfunction, and often is
associated with low-grade chronic in ammation (2). Blood
glucose homeostasis is maintained by the balance between
hepatic glucose production (HGP) (glycogenolysis and glu-
coneogenesis) and glucose utilization by peripheral tissues.
In patients with type 2 diabetes, hepatic gluconeogenesis
is considerably elevated and contributes to both fasting
and postprandial hyperglycemia, and suppressing hepatic
gluconeogenesis improves insulin sensitivity and glucose
homeostasis, making it an attractive target for the treatment
of diabetes (3). Hepatic gluconeogenesis is tightly controlled
by rate-limiting gluconeogenic enzymes, including PEPCK
(PCK1), glucose-6-phosphatase (G6Pase), and fructose-1,6-
bisphosphatase. The quantity and activity of these essential
enzymes are mainly regulated by the pancreatic hormones insu-
lin and glucagon (4). In addition to hormonal control, hepatic
gluconeogenesis is also directly regulated by in ammatory medi-
ators, such as cytokines (5) and phospholipid derivatives (6,7).

Prostaglandin (PG) F», is a bioactive lipid metabolite of
arachidonic acid produced through the sequential reaction
of cyclooxygenases and PGF synthase. PGF,, exerts a wild
range of pathological and physiological functions, including
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reproduction (8), blood pressure (9), and bone remodeling
(20), by binding to its receptor (F-prostanoid [FP]). Exper-
imental and clinical studies showed that PGF,, is involved
in different in ammatory conditions, including rheumatic
diseases, asthma, atherosclerosis, ischemia-reperfusion,
septic shock, and obesity (11). Interestingly, increased PGF,,
metabolite production is found in urine from patients with
both type 1 diabetes (12) and type 2 diabetes (13), and plasma
PGF,4 levels can be used as a marker to predict glycemic
control and oxidation status (14). Moreover, hepatic PGF,,
production is also signi cantly increased in fasted, high-
fat diet (HFD)—fed, or diabetic animals (7). FP receptor is
expressed in hepatocytes (15); however, whether an acti-
vated PGF,,/FP axis is implicated in aberrant glucose
metabolism in diabetes remains largely unclear.

In this study, we demonstrated that the activation of
FP receptor increased fasting-induced hepatic gluconeo-
genesis in mice by upregulating gluconeogenic genes (PCK1
and G6Pase) in a FOXO1-dependent manner. FP activation
promoted FOXO1 nuclear translocation by stimulating
Gq-mediated Ca?*/calmodulin-activated protein kinase Ilg
(CaMKIllg) signaling, with p38 required for FP/CaMKIlIg-
mediated FOXO1 nuclear translocation. Moreover, the silenc-
ing of hepatic FP receptor—ameliorated glucose metabolism
in obese mice. Therefore, FP activation facilitated hepatic
gluconeogenesis through the CaMKI1g/p38/FOXOL1 signaling
pathway under both fasting and diabetic conditions.

RESEARCH DESIGN AND METHODS

Mouse Models

Human FP (hFP) hepatocyte transgenic (HCTG) and
nontransgenic (NTG) littermates were obtained from
the mating of Tg-hFP-STOP™'®* (16) and AIb®"™ mice.
FP exon2- oxed mice (FP™F) were generated through
CRISPR/Cas9 technology by Shanghai Biomodel Organism
Science & Technology Development Co., Ltd. (Shanghai,
People’s Republic of China) and crossed with Alb®"® mice to
obtain hepatic FP-de cient mice (FP™FAIb™®). All mice used
were from a C57BL/6 background. For inhibitor treatment,
8-week-old HCTG and NTG mice were intraperitoneally
injected with KN-93 (3 mg/kg) (MedChem Express, Mon-
mouth Junction, NJ) three times weekly for 1 week (17) or
with SB202190 (2.5 mmol/L/kg) (Sigma-Aldrich, St. Louis,
MO) daily for 1 week (18). All animals were maintained and
used in accordance with the guidelines of the Institutional
Animal Care and Use Committee of the Institution for Nu-
tritional Sciences, Shanghai Institutes for Biological Scien-
ces, Chinese Academy of Sciences, People’s Republic of China.

Genotyping and Quantitative Real-time PCR

DNA was extracted from mice tails using the proteinase-K-
chloroform method, and PCR was performed on an S1000
thermal cycler (Bio-Rad, Hercules, CA). RNA was isolated
from tissues or cultured cells using TRIzol (Invitrogen,
Carlsbad, CA) and reverse transcribed to cDNA using an RT
Reagent Kit (TaKaRa, Dalian, People’s Republic of China).
The resulting cDNA was ampli ed for 40 cycles on a C1000
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Thermal Cycler (Bio-Rad) using SYBR Green PCR mix
(TaKaRa). Values were normalized to actin mMRNA or 18S
rRNA. See Supplementary Tables 1 and 2 for primer
sequences.

Immuno uorescence

The frozen sections from liver or chamber slides with
hepatocytes were washed with PBS and xed in cold
acetone. To block nonspeci ¢ binding of antibodies, sam-
ples were incubated with PBS containing 3% BSA and
0.1% Triton X-100 (for permeabilization) for 30 min. The
samples were then incubated with mCherry uorescent
protein (1:200; Abbkine, Redlands, CA) or FOXO1 (1:500;
Cell Signaling Technology, Danvers, MA) overnight at 4°C.
Slides were then washed with PBS three times and in-
cubated with secondary antibodies conjugated with Alexa
Fluor 594 or Alexa Fluor 633 (Invitrogen) for 1 h at room
temperature. ProLong Gold Antifade Reagent with DAPI
(Invitrogen) was applied to mount and counterstain the
slides. Images were obtained using confocal microscopy
(IX51; Olympus, Center Valley, PA).

Western Blot

Total protein and cytosolic and nuclear protein fractions
were isolated from tissues or cultured cells using a protein
extraction kit (Beyotime, Shanghai, People’s Republic
of China), followed by separation by SDS-PAGE, transfer
to nitrocellulose membranes, and probing with different
primary antibodies against PCK1, p38, and lamin B (Pro-
teintech, Wuhan, People’s Republic of China); G6Pase and
CaMKlIg (Santa Cruz Biotechnology, Dallas, TX); a-tubulin,
phospho-Thr287 CaMKIlg, phospho-p38, FOXO1, and
hemagglutinin (HA)-Tag (Cell Signaling Technology); hFP
(Epitomics, Burlingame, CA); and b-actin (Sigma-Aldrich).
The membranes were then conjugated with a horseradish
peroxidase—labeled secondary antibody in blocking buffer
for 2 h at room temperature. Blots were developed using
enhanced chemiluminescence reagents (Pierce, Rockford,
IL), followed by densitometric quanti cation using ImageJ
(National Institutes of Health, Bethesda, MD). See Supple-
mentary Table 3 for antibodies.

Live Imaging

Male mice (8 weeks old) were injected with G6P-Luc
adenoviruses (1 3 10® plaque-forming units) by tail vein.
On day 5 after adenovirus delivery, mice were subjected to
fasting for 8 h before imaging, followed by intraperitoneal
injection with 100 mg/kg sterile re y p-luciferin (Biosynth,
Itasca, IL). After 10 min, mice were imaged on the IVIS
100 Imaging System, and images were analyzed with Living
Image software (Xenogen, Alameda, CA).

Adenovirus Construction

Adenoviruses were constructed using the AdEasy Adeno-
viral System (Qibogene, Irvine, CA) as previously described
(19). For short hairpin RNA (shRNA) adenovirus, syn-
thetic hFP, p38, and CaMKIlg shRNA was inserted into
the pGE1 plasmid under the control of U6 promoter, then
a fragment containing shRNA and U6 promoter was digested
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and cloned into the pAd-Track-cytomegalovirus (CMV)
construct [pAd-Track-CMV] containing CMV-green uo-
rescent protein cassette. The empty vector [pAd-Track-CMV]
was used as a control. For dominant-negative (DN)-FOXO1
adenovirus, DN-FOXO1 cDNA was inserted into the pAd-
Track-CMV(+) construct under the control of the CMV pro-
moter. The empty vector [pAd-Track-CMV(+)] was used as
a DN-FOXO1 cDNA control. For WT-Flag-FOXOZland 9A-
Flag-FOXO1 expressing adenovirus (20), cDNAs were rst
inserted into a pAd-Track-CMV(+) plasmid using CMV pro-
moter, and then the constructs were subcloned into the
pAd-Easy-1 adenoviral-backbone vector through homo-
logous recombination in BJ5183. Adenoviral DNA was lin-
earized by Pacl restriction digestion and transfected into
HEK?293 cells using Lipofectamine 2000 (Invitrogen) for
adenovirus packaging. After several rounds of propagation,
recombinant adenovirus was puri ed by ultracentrifuga-
tion (Beckman, Urbana, IL) in a cesium chloride gradient.
See Supplementary Table 4 for shRNA sequences.

Metabolic Assessments

Insulin tolerance tests were performed by intraperitoneal
injection of 0.8 units/kg insulin after 6 h of fasting, and
pyruvate tolerance tests (PTTs) were performed by in-
traperitoneal injection of 2 g/kg sodium pyruvate after
overnight fasting. Fasting blood glucose was measured by
obtaining a tail-blood sample after 12 h of fasting. Se-
rum triglyceride (TG) and total cholesterol, as well as liver
glycogen levels, were measured using assay Kits (BJKT,
Beijing, People’s Republic of China).

Cell Culture and Treatments

Primary mouse hepatocytes were isolated from 8- to
12-week-old mice using a two-step collagenase-perfusion
technique as described previously (21). Hepatocytes were
cultured in DMEM supplemented with 25 mmol/L glucose,
10% FBS, and 50 mg/mL penicillin and streptomycin at
37°C and 5% CO,/95% air. Glucagon (100 nmol/L) and
PGF5, (100 nmol/L) from Cayman Chemical Company
(Ann Arbor, MI), and pertussis toxin (PTX), Wortmannin,
U73122, KN-93, and SB202190 from Sigma-Aldrich
were used to treat hepatocytes, as indicated.

Primary HGP

Primary hepatocyte glucose production was measured as
previously described (7,22). Brie vy, isolated hepatocytes
were cultured in monolayer in glucose- and phenol-free
DMEM with 20 mmol/L sodium lactate and 1 mmol/L
sodium pyruvate for 6 h after overnight FBS starvation,
and glucose levels were measured using a glucose assay kit
(Sigma-Aldrich). Total protein in the cell lysate was used
for normalization. For adenovirus experiments, a hepato-
cyte glucose production test was performed 48 h after
adenovirus infection.

Intracellular Measurement of Free Ca®*

Ca®" transients were recorded using a laser-scanning con-
focal microscope (Carl Zeiss, Oberkochen, Germany) as
previously described (23). Brie y, hepatocytes seeded on
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chamber slides (Thermo Fisher Scienti ¢, Waltham, MA)
were loaded with 5 mmol/L Fluo 3-AM (Dojindo Labora-
tories, Kumamoto, Japan) for 30 min, washed, and imaged
under an IX71 Fluorescence Microscope (Olympus). Fluo-3
was excited at 488 nm.

Statistical Analysis

Results are represented as the mean 6 SEM. All statistical
analyses were subjected to Student t test or two-way
ANOVA, followed by the Bonferroni post hoc test using
GraphPad Prism 5 software (GraphPad, La Jolla, CA). A
P value of , 0.05 was considered statistically signi cant.

RESULTS

The Hepatic PGF,,/FP Axis Promotes Gluconeogenesis
in Mice in Response to Fasting

PGF,4 production in the liver is markedly elevated in mice
in response to fasting and HFD treatment or those with
obesity (7), conditions associated with augmented hepatic
gluconeogenesis. Accordingly, we observed signi cantly
upregulated FP expression in livers from fasted, ob/ob,
and HFD-treated mice (Fig. 1A), indicating that the
PGF,./FP axis was activated in the liver upon fasting and dia-
betic stress. Interestingly, hepatic knockdown of FP receptor
by intravenous delivery of shRNA adenovirus (Ad-FP-shRNA)
(Fig. 1B and C) markedly reduced circulating glucose con-
centrations after an 8- to 12-h fast (Fig. 1D) and attenuated
gluconeogenic capacity in mice after pyruvate infusion
(Fig. 1E), but did not affect hepatic glycogen content under
fasting conditions (Supplementary Fig. 1). Consistently, FP
knockdown led to signi cant decreases in the expression of
hepatic gluconeogenic genes, such as PCK1 and G6Pase, with-
out altering the expression of the hepatic glycogenolysis
gene glycogen phosphorylase (Pygl) under fasting conditions
in mice (Fig. 1F-H). Similarly, in isolated primary hepato-
cytes, FP knockdown signi cantly reduced glucose output
after pyruvate challenge (Fig. 11) and suppressed gluconeo-
genic gene expression (G6pase and Pckl) without affecting
glycogenolytic gene expression (Pygl) (Fig. 1J-L). Further-
more, FP knockdown improved insulin sensitivity in mice
(Fig. 1M). These results suggested that FP is directly in-
volved in hepatic gluconeogenesis by promoting hepatic
gluconeogenic gene expression under both physiological
and pathological conditions.

To examine whether FP overexpression in hepatocytes
in uences gluconeogenesis in vivo, we generated hFP trans-
genic mice using a Cre-loxp strategy. Two strains exhibiting
hepatic hFP overexpression (HCTG-A and HCTG-E) were
obtained, with NTG littermates serving as controls (Sup-
plementary Fig. 2A and B). In HCTG mice, the hFP gene was
expressed under the control of the albumin promoter in
hepatocytes by Cre-mediated mCherry sequence excision
(Supplementary Fig. 2C), leading to highly effective and
selective expression in livers (Supplementary Fig. 2D and E).
There were no differences in body weight, body composi-
tion, and plasma TG and cholesterol levels between wild-
type and HCTG mice (Supplementary Fig. 3A-C). Notably,
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Figure 1—Knockdown of FP receptor in livers suppresses hepatic glucose output in mice. A: mRNA expression levels of FP in livers from
mice fed a diet of regular chow (Fed), HFD, those fasted, and those that were ob/ob. *P , 0.05 vs. Fed (n = 4). B: Representative live images of
green uorescent protein uorescence intensity in mouse liver at day 7 after tail infusion of FP shRNA or control adenovirus (Vector). C: FP
MRNA expression levels in livers at day 7 after tail infusion of FP shRNA or control adenovirus. *P , 0.05 vs. Control (n = 8). D: Blood glucose
alterations in response to fasting in mice after FP shRNA or control adenovirus infusion. *P , 0.05 vs. Control (n = 10). E: PTT (2.0 g/kg
pyruvate i.p.) in mice after FP shRNA or control adenovirus infusion. *P , 0.05 vs. Control (n = 10). F: Hepatic mRNA levels of Pygl, Pck1, and
G6pase in mice after 8 h of fasting and FP shRNA or control adenovirus infusion. *P , 0.05; **P , 0.01 vs. Control (n = 8). G: Immunoblotting
assay of hepatic PYGL, PCK1, and G6Pase in mice fasted for 8 h after FP shRNA or control adenovirus infusion. H: Quanti cation of PYGL,
PCK1, and G6Pase expression in G. *P , 0.01 vs. Control (n = 4). I: Glucose production in primary hepatocytes after FP shRNA or control
adenovirus infection. **P , 0.01 vs. Control (n = 6). J: mMRNA levels of Pygl, Pckl1, and G6pase in primary hepatocytes after FP shRNA or
adenovirus infection. *P , 0.01 vs. Control (n = 6). K: Immunoblotting assay for PYGL, PCK1, and G6Pase in primary hepatocytes (HC) after
FP shRNA or control adenovirus infection. L: Quanti cation of PYGL, PCK1, and G6Pase expression in K. *P , 0.05 vs. Control (n = 4). M:
Insulin tolerance test (ITT) in mice after FP shRNA or control adenovirus infection. *P , 0.05 vs. Control (n = 10).

HCTG mice showed signi cantly higher blood glucose
concentrations after 8-12 h of fasting compared with NTG
mice (Fig. 2A) and exhibited enhanced HGP according to
PTT results (Fig. 2B) along with upregulated hepatic gluco-
neogenic gene expression (G6pase and Pckl) (Fig. 2C-G).
Importantly, hFP transgenic mice also showed less sensi-
tivity to insulin challenge (Fig. 2H). We also examined
hepatic transcription activity of gluconeogenic genes in
HCTG mice by infusion of the adenoviral G6Pase-luciferase

(Ad-G6Pase-Luc) reporter containing both FOXO1-binding
and cAMP-responsive element—binding sites that mediate
upregulation of gluconeogenic genes during fasting (24). Dur-
ing fasting, Ad-G6Pase-Luc activity was markedly elevated
in HCTG mice compared with control mice (Fig. 21 and J).
Moreover, forced expression of the hFP gene increased basal
HGP in culture, and PGF,, treatment further augmented HGP
in HCTG hepatocytes (Fig. 3A). Furthermore, PGF,, induced
gluconeogenic gene expression (G6pase and Pck1) at both the
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Figure 2—Hepatic overexpression of hFP promotes hepatic glucose output in transgenic mice. A: Blood glucose levels in response to fasting
inmice.*P , 0.05vs.NTG (n=9). B: PTT (2.0 g/kg pyruvate i.p.)in HCTG mice.*P , 0.05;*P , 0.01vs. NTG (n=29). C: Hepatic mRNA levels
of Pygl, Pckl, and G6pase in mice fasted for 8 h. *P , 0.05vs. NTG (n = 8). D: Immunoblotting assays for hepatic PYGL, PCK1, and G6Pase in
HCTG-A mice after feeding or 8 h of fasting. E: Quanti cation of PYGL, PCK1, and G6Pase expressionin D.*P , 0.05vs. as indicated (n = 5).
F: Immunoblotting assays for hepatic PYGL, PCK1, and G6Pase in HCTG-E mice after feeding or 8 h of fasting. G: Quanti cation of PYGL,
PCK1, and G6Pase expression in F. *P , 0.05 vs. as indicated (n = 5). H: Insulin tolerance test (ITT) in HCTG and NTG littermates. *P , 0.05;
P , 0.01vs. NTG (n = 8). |: Representative live images of hepatic G6Pase-Luc activity in mice fasted for 8 h after adenovirus injection for
5 days. J: Quanti cation of luciferase activity in I. *P , 0.05 vs. NTG (n = 6).

mRNA and protein levels in NTG and HCTG hepatocytes
without altering glycogenolytic gene (Pygl) expression
(Fig. 3B-E). Consistently, Ad-G6Pase-Luc activity was mark-
edly increased in response to PGF,, in cultured HCTG
hepatocytes compared with levels observed in NTG cells
(Fig. 3F). Therefore, these results indicated that PGF,./FP
promoted hepatic gluconeogenesis by upregulating gluconeo-
genic genes.

FP Mediates Hepatic Gluconeogenesis by Activating
Ca?*/CaMKlIg Signaling

The FP receptor might couple to different G-proteins to
trigger downstream-signaling molecules, such as G4 to mo-
bilize cytosolic Ca?* or G; to reduce intracellular cAMP levels
(25). To determine which G-protein signal is involved in FP-
mediated gluconeogenesis, primary hepatocytes were treated
with the phospholipase C inhibitor U73122 (inhibits Ca®* re-
lease), the G; inhibitor pertussis toxin, or the phosphoinositide
3-kinase inhibitor Wortmannin in the presence of PGF,,,
followed by the monitoring of glucose production after
pyruvate challenge. U73122 signi cantly suppressed PGF,,-

induced glucose output and gluconeogenic gene expression
(G6pase and Pckl) in HCTG hepatocytes (Fig. 4A and B).
Additionally, hFP overexpression resulted in signi cantly
elevated intercellular Ca** concentrations in hepatocytes,
which was blocked by U73122 treatment (Fig. 4C). Because
the Ca®"-sensing kinase CaMKII is essential for gluconeo-
genesis in fasting conditions and obesity (26), we then
examined the expression levels of CaMKII isoforms (a, b,
g, and d) in mouse hepatocytes, nding only abundant
expression of CaMKIllg (Fig. 4D and E). FP knockdown
signi cantly suppressed CaMKIlg phosphorylation in
cultured hepatocytes and livers in mice (Fig. 4F-1), whereas
hFP overexpression dramatically increased CaMKIlg phos-
phorylation in cultured hepatocytes and livers from
HCTG mice (Fig. 4J-L). Blockage of Ca®" in ux by U-
73122 effectively attenuated increased CaMKIlg phos-
phorylation levels in hFP-overexpressing hepatocytes
from HCTG mice (Fig. 4M). Furthermore, treatment with
the speci ¢ CaMKIl inhibitor KN-93 suppressed CaMKlIg
phosphorylation, diminished the increased HGP in hFP-
overexpressing hepatocytes in response to pyruvate
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Figure 3—Overexpression of hFP receptor promotes glucose production in primary hepatocytes. A: Glucose production in primary
hepatocytes isolated from NTG and HCTG mice in response to glucagon (100 nmol/L), PGF,, (100 nmol/L), or vehicle control. *P ,
0.05;**P , 0.01vs.NTG, #P , 0.05vs. vehicle (n = 6). B-D: Expression of PCK1 and G6Pase in primary hepatocytes in response to glucagon,
PGF,,, or vehicle control. *P , 0.05; *P , 0.01 vs. NTG, #P , 0.05 vs. vehicle (n = 6). E: mMRNA expression levels of Pygl in primary
hepatocytes in response to glucagon, PGF,,, or vehicle control. F: G6Pase-Luc activity assay in primary hepatocytes. *P , 0.05; *P , 0.01

vs. NTG, #P , 0.05 vs. vehicle (n = 6).

challenge (Fig. 4N), and blunted the upregulated gluconeo-
genic protein expression in hepatocytes from HCTG mice
(Fig. 40). Consistent with in vitro observations, KN-93
treatment also abrogated elevated blood glucose concen-
trations in HCTG mice observed after 8-12 h of fasting (Fig.
4P). Collectively, these results showed that CaMKIlg
mediated PGF,,-induced hepatic gluconeogenesis in mice
upon fasting.

CaMKlIlg Facilitates PGF,5-Induced Hepatic
Gluconeogenesis Through p38

CaMKII modulates glucose metabolism and hepatic insulin
signaling through its downstream mediator p38 mitogen-
activated protein kinase (26,27), and p38 is involved in
fasting-induced gluconeogenesis (27,28). Strikingly, FP knock-
down signi cantly inhibited p38 phosphorylation, which
represents the activated form of p38, in primary hepatocytes
(Fig. 5A). By contrast, hFP overexpression enhanced p38
phosphorylation in primary hepatocytes in either the presence
or absence of exogenous PGF,, stimulation (Fig. 5B). Addi-
tionally, the inhibition of intracellular Ca®* in ux by U-73122
or CaMKII activity by KN-93 abrogated induction of p38
phosphorylation in HCTG hepatocytes (Fig. 5C and D). In
agreement with the in vitro observations, phosphorylated p38
levels in mouse livers were reduced by Ad-FP-shRNA infec-
tion (Fig. 5E and F), whereas they were elevated by hepatic
overexpression of hFP receptor (Fig. 5G). Importantly, the
administration of SB202190, which suppresses p38 activity
according to reductions in phosphorylated mitogen-activated
protein kinase—activated protein kinase 2 (p-MK2; a p38
kinase target), attenuated upregulated gluconeogenic pro-
tein expression (G6pase and Pckl) in HCTG hepatocytes

(Fig. 5H), thereby blunting increased HGP in HCTG hep-
atocytes (Fig. 5l1). Consistently, SB202190 treatment also
eliminated elevations in plasma glucose concentrations in
HCTG mice after fasting for 8-12 h (Fig. 5J). Moreover,
silencing of CaMKIIg, or p38a, a dominant expressed isoform
in liver (28), signi cantly attenuated the glucose production
and suppressed the upregulation of gluconeogenic gene
expression (G6pase and Pckl) in HCTG hepatocytes, respec-
tively (Supplementary Fig. 4A-F). Therefore, PGF,, promoted
hepatic gluconeogenesis by activating CaMKIlg/p38 signaling.

FP Activation Promotes Nuclear Translocation of
FOXO1 Through the CaMKIIg/p38 Signaling Pathway
FOXO1 is a major transcription factor involved in glucose
metabolism and is regulated mainly through changes in its
cellular localization between the cytoplasm and nucleus (29).
p38 can directly phosphorylate FOXO1 at ve different sites
(20), thereby promoting FOXO1 nuclear translocation and
facilitating HGP in hepatocytes (26). We hypothesized that
FP might facilitate HGP through P38-mediated FOXO1
nuclear localization. Interestingly, FP knockdown led to
relative cytoplasmic accumulation of FOXO1 (Fig. 6A and
B), whereas hFP overexpression markedly increased nu-
clear translocation of FOXO1 in both cultured hepatocytes
and livers in mice (Fig. 6C-E). Of note, either knockdown or
overexpression of FP did not affect the total FOXO1 protein
level in mouse hepatocytes and liver tissues (Fig. 6A-D).
Inhibition of FOXO1 by adenoviral delivery of HA-tagged
DN-FOXO01, a truncated mutant of FOXO1 containing the
entire DNA-binding domain but lacking the transactivation
domain (30), abrogated the elevated expression of G6pase
and Pckl in HCTG hepatocytes and suppressed the
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Figure 4—FP mediates hepatic gluconeogenesis by activating Ca®*/CaMKIlg signaling. A: Glucose production in NTG and HCTG
hepatocytes treated with PTX, Wortmannin, or U73122, respectively, in the presence of PGF,,. PTX, G;-protein inhibitor; Wort, Wortmannin,
phosphoinositide 3-kinase inhibitor; U73122, phospholipase C inhibitor. *P , 0.05vs. NTG, **P , 0.01vs.NTG, #P , 0.05vs. with PGF,, (n=
5). B: Immunoblotting analysis of PCK1 and G6Pase proteins in primary hepatocytes treated with PTX, Wortmannin, or U73122 in the
presence of PGF,,. C: Detection of intracellular Ca** in NTG and HCTG hepatocytes. Scale bar, 200 mm. D: Expression levels of CaMKI
isoforms (a, b, g, and d) in NTG and HCTG hepatocytes. PC, positive control (brain tissues). E: mRNA expression levels of CaMKIl isoforms in
HCTG and NTG hepatocytes. F: Immunoblotting analysis of phospho-CaMKIlg (p-CaMKIlg) in primary hepatocytes (HC) after FP shRNA
adenovirus infection. G: Quanti cation of p-CaMKIlg expression in F. *P , 0.05 vs. Control (n = 4). H: Immunoblotting analysis of hepatic
p-CaMKlIg in mice fasted for 8 h after infection with FP shRNA or control adenovirus. I: Quanti cation of p-CaMKIIg and total CaMKIlg
expression in H. *P , 0.05 vs. Control (n = 4). J: Immunoblotting analysis of phospho-CaMKllg in cultured NTG and HCTG hepatocytes. K:
Immunoblotting analysis of phospho-CaMKllg in livers from NTG and HCTG mice fasted for 8 h. L: Quanti cation of p-CaMKIlIg and total
CaMKllg expressionin K.*P , 0.05 vs. as indicated (n = 4). M: Immunoblotting analysis of p-CaMKIlg in cultured NTG and HCTG hepatocytes
in the presence of absence of U73122 treatment. N: Glucose production in NTG and HCTG hepatocytes in response to PGF,, in the presence
or absence of KN-93 treatment. KN-93, CaMKIl inhibitor. *P , 0.05; *P , 0.01vs. NTG, #P , 0.05vs. with PGF,, (n = 5). O: Immunoblotting
analysis of PCK1, G6Pase, and p-CaMKlIg proteins in NTG and HCTG hepatocytes in response to PGF,, and in the presence or absence of KN-93
treatment. P: Plasma blood glucose levels in NTG and HCTG mice after 8 and 12 h fasting in the presence of absence of KN-93 treatment.
*P , 0.05; #P , 0.05 vs. DMSO (n = 8).

induction of PGF,5-induced HGP in HCTG hepatocytes
after pyruvate challenge (Fig. 6F and G). In vivo trans-
fection of the DN-FOXO1 adenovirus also completely
eliminated elevated plasma glucose concentrations in
HCTG mice after an 8- to 12-h fast (Fig. 6H). Furthermore,
the blockade of intracellular Ca®* ux (via CaMKII) or p38
activity impeded nuclear accumulation of FOXO1 in HCTG
hepatocytes in response to PGF,; (Fig. 61 and K). Finally,
mutation of p38 phosphorylation sites in FOXO1 protein
(20) led to a nuclear translocation defect in response to

PGF,, in HCTG hepatocytes (Supplementary Fig. 5). Col-
lectively, these results indicated that FP promoted hepatic
gluconeogenesis by enhancing gluconeogenic gene expres-
sion through CaMKIIg/p38 signaling-mediated FOXO1
nuclear translocation.

Liver-Speci c Deletion of FP Impairs Hepatic
Gluconeogenesis in Mice

To exclude the effect of FP in other tissues on HGP, we
created hepatocyte-specific FP-de cient mice using FP™/F
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Figure 5—PGF,, promotes hepatic gluconeogenesis by activating p38. A: Phosphorylated p38 (p-p38) levels in primary hepatocytes (HC)
treated with FP shRNA or control adenovirus. B: Changes in p-p38 levels in NTG and HCTG hepatocytes in response to PGF,, treatment. C:
p-p38levelsin NTG and HCTG hepatocytes in the presence or absence of U73122 treatment. D: p-p38 levels in NTG and HCTG hepatocytes
in the presence or absence of KN-93 treatment. E: Hepatic p-p38 levels in mice fasted for 8 h after infection with FP shRNA or control
adenovirus. F: Quanti cation of p-p38 and total p38 expressionin E. *P , 0.05 vs. Control (n = 8). G: Hepatic p-p38 levels in NTG and HCTG
mice after 8 h of fasting. H: PCK1, G6Pase, MK2, and p-MK2 protein levels in NTG and HCTG hepatocytes treated with the p38 inhibitor
SB202190. I: Glucose production in NTG and HCTG hepatocytes treated with SB202190. *P , 0.05vs. NTG, *P , 0.01vs. NTG, #P , 0.05
vs. with PGF,, (n = 4). J: Blood glucose changes in NTG and HCTG mice upon fasting and in the presence or absence of SB202190

treatment. *P , 0.05; #P , 0.05 vs. DMSO (n = 10).

mice crossed with Alb®® mice, which express Cre under
the control of the albumin promoter (Supplementary Fig.
6A and B). This resulted in FPFAIb®™ mice in which the
FP gene was speci cally deleted in the liver (Supplemen-
tary Fig. 6C). FPT/FAIb®™ mice exhibited signi cantly
lower blood glucose levels after 8-12 h of fasting (Fig.
7A), less HGP after pyruvate infusion (Fig. 7B), and
increased sensitivity to insulin challenge compared
with control mice (Fig. 7C). Moreover, hepatic deletion
of FP signi cantly attenuated the phosphorylation of
CaMKIlg and p38, reduced nuclear translocation of
FOXO1 without changing its total expression, and sup-
pressed gluconeogenic gene expression (G6pase and
Pck1) in the livers of FPF/FAIb®™ mice (Fig. 7D-F). These
results showed that FP mediated hepatic gluconeogen-
esis via the CaMKIIg/p38/FOXOL1 signaling pathway
(Fig. 7H).

FP Knockdown Improves Glucose Homeostasis in
ob/ob Mice

Hepatic glucose output, such as that resulting from glu-
coneogenesis, is higher in subjects who are obese and have
diabetes compared with that observed in subjects who are
lean and do not have diabetes (31,32). To test whether
silencing FP could improve glucose metabolism during obe-
sity, ob/ob mice were infected with Ad-FP shRNA through
tail-vein injection. As shown in Fig. 8A—C, hepatic knockdown
of the FP receptor (Fig. 8A) signi cantly reduced blood
glucose levels after 4-, 8-, and 12-h fasts (Fig. 8B), suppressed
glucose production after PTT challenge (Fig. 8C), and im-
proved insulin sensitivity in ob/ob mice (Fig. 8D). Accordingly,
FP silencing also substantially inhibited the phosphoryla-
tion of CaMKIlIg and p38, impeded nuclear translocation of
FOXO01, and suppressed gluconeogenic protein expression
(G6pase and Pckl) in the livers of ob/ob mice (Fig. 8E-G).
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Figure 6—FP activation increases nuclear distribution of FOXOL1 in the liver via the CaMKIlg/p38 signaling pathway. A: Nuclear (Nucl),
cytosolic (Cyto) distribution and whole cell lysate (WCL) of FOXOL1 protein in primary hepatocytes (HC) infected with FP shRNA or control
adenovirus. B: Hepatic nuclear and cytosolic distribution of FOXO1 protein in mice fasted for 8 h after FP shRNA or control adenovirus
infusion. C: Nuclear and cytosolic distribution of FOXO1 protein in NTG and HCTG hepatocytes after PGF,, challenge. D: Hepatic nuclear and
cytosolic distribution of FOXO1 protein in NTG and HCTG mice fasted for 8 h. E: Immuno uorescence staining of FOXO1 in NTG and HCTG
hepatocytes after PGF,, treatment. F: PCK1, G6Pase, and HA-DN-FOXOL1 protein levels in NTG and HCTG hepatocytes infected with
DN-FOXOL1 or control adenovirus. G: HGP in NTG and HCTG hepatocytes after infection with DN-FOXO1 adenovirus. *P , 0.05 vs. NTG,
*P , 0.01vs. NTG, #P , 0.05 vs. with PGF, (n = 5). H: Blood glucose levels in NTG and HCTG mice after 8 and 12 h of fasting and after
DN-FOXO1 adenovirus infection. *P , 0.05vs. NTG, #P , 0.05vs. DMSO (n = 8). I-K: Nuclear and cytosolic distribution of FOXO1 protein in
NTG and HCTG hepatocytes treated with SB202190, KN-93, or U73122.

DISCUSSION

In obesity and type 2 diabetes, circulating levels of PGF,,
are markedly elevated (11), but the role of PGF,, in
glucose metabolism remains unknown. Here, we ob-
served that the FP receptor was upregulated in the livers
of fasting and obese mice and that hepatic FP dele-
tion in hepatocytes suppressed HGP by downregulating
the expression of gluconeogenic genes, whereas hFP
overexpression in hepatocytes had an opposite effect.
Mechanistically, FP activation enhanced the nuclear local-
ization of FOXO1 and gluconeogenic gene translation
through the Ca®*/CaMKI1g/p38 signaling pathway. These

observations indicated that the FP-mediated gluconeo-
genic pathway might represent a potential therapeutic
target for type 2 diabetes.

PGF,, is a potent luteolytic agent that is also involved
in modulating intraocular pressure and smooth muscle
contraction in the uterus (11), with PGF,, analogs, such
as latanoprost, used in medicine to treat glaucoma (33).
However, exaggerated PGF,, production has been ob-
served in patients experiencing rheumatic diseases (34),
essential hypertension (35), obesity (36), and diabetes (37).
Furthermore, FP de ciency reduces blood pressure and
retards attendant atherogenesis in hyperlipidemic mice
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Figure 7—FP de ciency in hepatocytes impairs hepatic glucose output in mice after fasting. A: Plasma blood glucose levels in F

Wang and Associates 1757

PFF and

FPFFAIb®™ mice after fasting for the indicated times. *P , 0.05; *P , 0.01 vs. FP™F (n = 10). B: Blood glucose alterations in FP™" and
FP™FAIb®™® mice according to PTT (2.0 g/kg pyruvate i.p.). *P , 0.05;*P , 0.01vs. FP™F (n = 10). C: Insulin tolerance test (ITT) in FPFFAIbC™®
and FP™F mice. *P , 0.05;*P , 0.01vs. FP™ (n = 10). D: Hepatic phosphorylated CaMKllg (p-CaMKIlg), CaMKillg, phosphorylated p38 (p-
p38), p38, PCK1, and G6Pase protein levels in FP™F and FPTFAIb®™ mice after fasting for 8 h. E: Inmunoblotting analysis of hepatic nuclear
and cytosolic FOXO1 protein in FP™F and FP™FAIb®"® mice after fasting for 8 h. F: Quanti cation of p-CaMKIlg, CaMKllg, p-p38, p38, PCK1,
G6Pase expression, and FOXO1 distribution in cytoplasma (Cyto) and nuclear (Nucl) in D and E. *P , 0.05 vs. FP™F (n = 4). G: Schematic
diagram of FP-mediated hepatic gluconeogenesis through the G,/CaMKIlg/p38/FOXO1 signaling pathway. WCL, whole cell lysate.

(9). Interestingly, in this study, we observed that hepatic FP
deletion markedly suppressed gluconeogenesis, whereas
hepatic overexpression of hFP promoted gluconeogenesis
in mice. In vitro, PGF,, infusion directly stimulates he-
patic glucose output in isolated rat livers (38). By contrast,
endotoxin treatment attenuates hepatic gluconeogenesis in
rats by downregulating expression of the FP receptor (39).
Here, we found that FP silencing signi cantly improved
insulin sensitivity in ob/ob mice, probably because of
suppression of hepatic gluconeogenesis. Indeed, aspirin
administration, which reduces PG production by inhibiting
cyclooxygenase activity, dramatically reduces fasting plasma
glucose in patients with type 2 diabetes and diabetic rats

(40,41). Taken together, increased PGF,, biosynthesis might
lead to increased fasting or postprandial glucose levels
in patients with type 2 diabetes.

In mammals, gluconeogenesis occurs mainly in the liver
(42). FP receptor promotes Gq/Ca2+ signaling in hepato-
cytes and plays an important role in metabolism (43). In
preadipocytes, PGF,, binds G4 to modulate adipocyte dif-
ferentiation by modulating intracellular Ca®* signaling (44).
Luteal regression in mammals mediated by PGF, also relies
upon Ca®*-dependent mechanism (45), suggesting the
pivotal role of Ca®* signaling in FP-mediated biological
functions. Here, we found that FP receptor activated Ca*-
dependent CaMKIIg isoforms in hepatocytes and that

€20z Joquisoaq || uo 1senb Aq Jpd'LZG 1L 2 LAP/9L00YS/8Y L L/6/L9Pd-oliHE/SateqeIP/BI0"S|EUINOISaleqeIP//:d)Y WOl) papEo|uMOQ



1758  Prostaglandin F,; Modulates Gluconeogenesis

Diabetes Volume 67, September 2018

Figure 8—Knockdown of FP receptor improves glucose homeostasis in ob/ob mice. A: Hepatic FP expression in ob/ob mice after FP shRNA
adenovirus infection. **P , 0.01 vs. Control (n = 8). B: Plasma blood glucose levels in ob/ob mice after FP shRNA adenovirus infection. *P ,
0.05; *P , 0.01 vs. Control (n = 8). C: Blood glucose alterations in ob/ob mice according to PTT (2.0 g/kg pyruvate i.p.) after FP shRNA
adenovirus infection. *P , 0.05;*P , 0.01vs. Control (n = 8). D: Insulin tolerance test (ITT) in ob/ob mice after FP shRNA adenovirus infection.
*P , 0.05;*P , 0.01vs. Control (n = 8). E: Hepatic phosphorylated CaMKIIg (p-CaMKIlg), CaMKIlg, phosphorylated p38 (p-p38), p38, PCK1,
and G6Pase protein levels in fasted ob/ob mice after FP shRNA adenovirus infection. F: Hepatic nuclear and cytosolic FOXO1 protein levels in
fasted ob/ob mice after FP shRNA adenovirus infection. G: Quanti cation of p-CaMKIlg, CaMKIlg, p-p38, p38, PCK1, G6Pase expression,
and FOXO1 distribution in cytoplasma (Cyto) and nuclear (Nucl) in E and F. *P , 0.05 vs. Control (n = 4).

the inhibition of CaMKIlg abrogated PGF,4-induced
HGP. Notably, FP promoted gluconeogenic gene expres-
sion particularly through enhancing nuclear translocation
of FOXO1 without in uencing glycogenolytic gene expres-
sion. Indeed, Ca**/CaMKllg signaling promotes glucose
production by promoting FOXO1 nuclear translocation
in hepatocytes (26). Interestingly, we and others observed
that genetic de ciency or inhibition of CaMKIlIg signi -
cantly decreases fasting-induced gluconeogenesis (26),
suggesting that CaMKIlg maybe serve as a potential ther-
apeutic target for hyperglycemia and type 2 diabetes. Addi-
tionally, p38 is involved in the mediation of CaMKIIg-driven
FOXO1 nuclear translocation (26,27) and regulation of
hepatic gluconeogenesis (28,46). In this study, we demon-
strated that FP activation promoted p38 activity in livers
and that p38 inhibition suppressed FP-mediated hepatic
gluconeogenesis by reducing FOXO1 nuclear translocation.
In agreement with our ndings, p38 is a key signaling
molecule involved in various FP-mediated physiological
functions, such as myometrial contractility during gesta-
tion (47), corpus luteum regression (48), cardiomyocyte
hypertrophy (49), and artery contraction (50). Therefore,
our ndings suggest that FP promotes hepatic gluconeo-
genesis by activating the CaMKIlg/p38/FOXO1 signaling
pathway.

In summary, we demonstrated that the PGF,,/FP
axis facilitates hepatic gluconeogenesis during fasting
and obesity through CaMKIlIg/p38 signaling, suggesting
that targeting the PGF,,/FP signaling pathway might rep-
resent a promising therapeutic strategy for treating type 2
diabetes.
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