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Glucagon-like peptide-1 (GLP-1), an incretin hormone, is secreted from L cells located in the intestinal 
epithelium. It is known that intestinal oxygen tension is decreased postprandially. In addition, we found that 
the expression of hypoxia-inducible factor-1α (HIF-1α), which accumulates in cells under hypoxic conditions, 
was significantly increased in the colons of mice with food intake, indicating that the oxygen concentration is 
likely reduced in the colon after eating. Therefore, we hypothesized that GLP-1 secretion is affected by oxy-
gen tension. We found that forskolin-stimulated GLP-1 secretion from GLUTag cells, a model of intestinal L 
cells, is suppressed in hypoxia (1% O2). Forskolin-stimulated elevations of preproglucagon (ppGCG) and pro-
protein convertase 1/3 (PC1/3) mRNA expression were decreased under hypoxic conditions. The finding that 
H89, a protein kinase A (PKA) inhibitor, inhibited the forskolin-stimulated increase of ppGCG and PC1/3 
indicated that the cAMP-PKA pathway is involved in the hypoxia-induced suppression of the genes. Hypoxia 
decreased hexokinase 2 mRNA and protein expression and increased lactate dehydrogenase A mRNA and 
protein expression. Concomitantly, lactate production was increased and ATP production was decreased. 
Together, the results indicate that hypoxia decreases glucose utilization for ATP production, which probably 
causes a decrease in cAMP production and in subsequent GLP-1 production. Our findings suggest that the 
postprandial decrease in oxygen tension in the intestine attenuates GLP-1 secretion.
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Glucagon-like peptide-1 (GLP-1), an incretin hormone, acts 
on pancreatic β cells by enhancing insulin secretion from the 
cells.1,2) In addition to directly stimulating insulin secretion, 
GLP-1 also helps to confer glucose sensitivity to β cells by 
stimulating glucose transporters and glucokinase.3,4) Thus, 
GLP-1 is important for insulin-mediated glucose homeostasis. 
Indeed, pharmacological GLP-1 analogues and inhibitors of 
dipeptidyl peptidase-4, which inactivates GLP-1, have been 
approved for the treatment of type 2 diabetes.

GLP-1 is secreted from L cells located in the intestinal 
epithelium. The density of the L cells increases from the duo-
denum to the rectum.5–7) Nutrient intake acts as a stimulus to 
the L cells to result in a biphasic pattern of GLP-1 secretion. 
An initial rapid rise of the circulating GLP-1 levels occurs 
15–30 min after a meal, and this is followed by a second minor 
peak 90–120 min thereafter.8) An important trigger of the 
GLP-1 secretion is the increase of cytoplasmic cAMP concen-
tration.9) Lipids stimulate GPR119, a Gs-coupled receptor, and 
ligand binding to GPR119 activates adenylyl cyclase to result 
in an increase in cAMP levels and enhanced GLP-1 secre-
tion.10,11) In addition, it has been shown that L-glutamine also 
stimulates GLP-1 secretion through the elevation of cytoplas-
mic cAMP concentration.12,13)

The intestine is a unique organ in terms of oxygen tension. 
As the intestinal lumen is anoxic, the intestinal epithelium 

is in the hypoxic condition.14) In addition, it is known that 
postprandial oxygen tension in the villus decreases from rest-
ing values of 14–17 to 4–7 mmHg.15) As intestinal L cells are 
localized in the intestinal epithelium, GLP-1 secretion is prob-
ably influenced by changes of the oxygen tension. Therefore, 
we hypothesized that GLP-1 secretion is affected by oxygen 
tension.

In the present study, we examined the effect of hypoxia 
on GLP-1 secretion from intestinal L cells using GLUTag 
cell line, a mouse intestinal L cell model. The results suggest 
that intestinal oxygen concentrations are decreased after food 
intake, because hypoxia-inducible factor-1α (HIF-1α) is post-
prandially increased. We also showed that hypoxia decreased 
GLP-1 secretion from the L cells. This is probably caused by 
the decrease of GLP-1 production. Thus, GLP-1 secretion was 
probably affected by oxygen tension.

MATERIALS AND METHODS

Antibodies  The following antibodies were used for the 
analyses: rabbit polyclonal anti-HIF-1α antibody (catalog no. 
10006421, Cayman Chemicals, U.S.A.); mouse monoclonal an-
ti-pimonidazole antibody (HP1-100, Natural Pharmacia Inter-
national, Inc., U.S.A.); rabbit polyclonal anti-cAMP response 
element binding protein (CREB) antibody (#9197, Cell Signal-
ing Technology, U.S.A.); rabbit polyclonal anti-phospho-CREB 
(pCREB) antibody (#9189, Cell Signaling Technology); rabbit 
polyclonal anti-hexokinase 2 (HK2) antibody (Cell Signaling 
Technology); rabbit polyclonal anti-lactate dehydrogenase A 
(LDHA) antibody (#2012, Cell Signaling Technology); and 
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rabbit monoclonal anti-β-actin antibody (#4970, Cell Signaling 
Technology).

Mice and Tissue Samples  All studies with mice were 
carried out in strict accordance with the guidelines of the 
Animal Research Committee of the University of Tokushima. 
Male C57BL/6J mice were from Japan SLC, Inc. The animals 
were maintained in a 12-h light/dark cycle with free access to 
water and a standard diet. For immunostaining, eight-week-old 
mice were fasted for 24 h and then 60 mg/kg pimonidazole 
was injected intraperitoneally. One hour after the pimoni-
dazole injection, the colon was resected and fixed with 4% 
paraformaldehyde. For Western blot, eight-week-old mice 
were fasted for 24 h and 500 µL of liquid food (Enjoy climeal; 
energy 200 kcal, protein 7.5 g, fat 5.6 g, carbohydrates 31.3 g, 
sugars 29.4 g, dietary fiber 1.9 g, sodium 141 mg; Clinico Co., 
Ltd., Japan) was given orally through a feeding tube. Thirty or 
sixty minutes after the food intake, the colon was resected and 
lysed in lysis buffer (20 mM Tris–HCl (pH 8.0), 0.15 M NaCl, 
1 mM phenylmethylsulfonyl fluoride, 1% Triton X-100, prote-
ase inhibitor mixture (2 g/mL aprotinin, 1 µg/mL leupeptin, 
2 µg/mL antipain, and 10 µg/mL benzamidine), and phospha-
tase inhibitor mixture (10 mM NaF, 60 mM β-glycerophosphate, 
10 mM sodium pyrophosphate, 2 mM sodium orthovanadate)).

Immunostaining  Frozen sections of the colon were inter-
mittently boiled in 10 mM citrate buffer for 15 min and treated 
with 0.3% Triton X-100 in TBS for 10 min. Then, the sections 
were blocked with TBS containing 10% normal goat serum 
for 1 h at room temperature. The sections were incubated with 
blocking solution containing primary antibodies and Hoechst 
33342 overnight at 4°C. Then, the sections were washed and 
probed with Alexa-conjugated secondary reagents (Life Tech-
nologies). Fluorescence images were taken with an A1 confo-

cal microscope configured with a Ti-E inverted microscope 
and an objective lens having 20× magnification (Nikon).

Cell Treatment  Mouse intestinal L cell line GLUTag 
cells16) were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum, penicil-
lin, and streptomycin. The cells were plated at 50000 cells/
cm2 in 12-well culture plates and allowed to grow for 48 h. 
The cells were preincubated with KRH buffer (117 mM NaCl, 
4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 20 mM N-(2-
hydroxyethyl) piperazine-N′-2-ethanesulfonic acid (HEPES), 
and 0.1% bovine serum albumin (BSA)) for 30 min. Then, the 
cells were incubated with 10 µM forskolin (Fsk)/1-methyl-3-(2-
methylpropyl)-7H-purine-2,6-dione (IBMX) in KRH buffer 
containing 2.5 mM glucose for 4 h at 37°C. For treatment with 
H89, a protein kinase A (PKA) inhibitor, or dimethyloxalyl-
glycine (DMOG), a prolyl hydroxylase (PHD) inhibitor, the 
GLUTag cells were preincubated with KRH buffer for 30 min, 
and then the cells were incubated with 10 µM Fsk/IBMX 
and 10 µM H89 or 500 µM DMOG in KRH buffer containing 
2.5 mM glucose for 4 h at 37°C.

Western Blot  Cells or a piece of colon were lysed in the 
lysis buffer. Proteins were separated on sodium dodecyl sul-
fate (SDS) polyacrylamide gels and electrophoretically trans-
ferred to polyvinylidene fluoride membranes. The membranes 
were blocked and incubated with a primary antibody overnight 
at 4°C. Then, the membranes were probed with an horseradish 
peroxidase (HRP)-conjugated secondary antibody produced in 
goat (KPL). Immunoreactive bands were detected with ECL 
(GE Healthcare) and visualized by exposing the membranes to 
X-ray films (GE Healthcare). The proteins were quantified by 
densitometric analysis using ImageJ analysis software.

Real-Time Polymerase Chain Reaction (PCR)  Total 

Fig. 1. Hypoxic Environment in Mouse Colon
Mice fasted for 24 h were injected with pimonidazole. One hour after the injection, the colon was resected and stained without (A) or with (B and C) the antibody 

against pimonidazole. (A) Representative merged image of nuclear staining with Hoechst (blue) and control staining with secondary antibody only (2° Ab control; green). 
(B) Representative merged image of nuclear staining with Hoechst (blue) and pimonidazole staining (green). (C) Magnified image of the boxed area in B. Bars indicate 
100 µm. (D) Representative Western blot image of the time course of HIF-1α expression in colons after food intake. The image shows temporal changes of HIF-1α expres-
sion after food intake in two mice (#1 and #2). (E) Quantification of the immunostaining intensities of HIF-1α. Values are means±S.E.M. (n=5). * p<0.05.
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RNA was prepared with ISOGEN (Nippon Gene). One micro-
gram of total RNA was subjected to reverse transcription (RT)-
PCR using a PrimeScript™ RT Reagent Kit with gDNA Eras-
er (TaKaRa). Quantitative RT-PCR was performed using the 
iCycler MyiQ2 Real-Time PCR Detection System (BIO-RAD 
Laboratories Inc.) with THUNDERBIRD SYBR qPCR Mix 
(TOYOBO Co., Ltd.). The following primers were used for the 
analyses: preproglucagon (ppGCG) forward (5′-TGA CGT TTG  
GCA ATG TTG TT-3′), ppGCG reverse (5′-CAG AGG AGA ACC  
CCA GAT CA-3′); proprotein convertase 1/3 (PC1/3) forward  
(5′-AGC TGG TGT GTC TCT GAT CTT G-3′), PC1/3 reverse (5′- 

ACC AAA CGC AAA AGA AGG CG-3′); HK2 forward (5′- 
AGA ACC GTG GAC TGG ACA AC-3′), HK2 reverse (5′-GCC  
AGA TCT CTC ACC GTC TC-3′); LDHA forward (5′-CAA AGT  
CCA AGA TGG CAA CCC-3′), LDHA reverse (5′-AGC ACC  
AAC CCC AAC AAC TGT-3′); and 36B4 forward (5′-GCT CCA  
AGC AGA TGC AGC A-3′), 36B4 reverse (5′-CCG GAT GTG  
AGG CAG CAG-3′).

GLP-1 Secretion and Metabolite Assay  The incubation 
buffer was collected and centrifuged to remove any floating 
cells. Assays for GLP-1 and lactate were carried out with an 
ELISA kit (Shibayagi) and a Lactate Assay Kit II (BioVision), 

Fig. 2. GLP-1 Secretion from GLUTag Cells
GLUTag cells were treated with 10 µM Fsk/IBMX under the normoxic (Nx) or hypoxic (Hx) condition. (A) Time course of GLP-1 secretion from GLUTag cells. Black 

bars indicate 0 h, gray bars indicate 2 h, and white bars indicate 4 h after the Fsk/IBMX treatment. Values are means±S.E.M. (n=6). * p<0.01. † p<0.05 vs. Nx cont in the 
same period of the Fsk/IBMX treatment. § p<0.05 vs. Nx Fsk in the same period of the Fsk/IBMX treatment. (B) Western blots of HIF-1α, pCREB, CREB, and β-actin 
are shown. The samples were prepared at 4 h after Fsk/IBMX treatment. (C, D) Quantification of the immunostaining intensities of HIF-1α (C) and pCREB (D). Values 
are means±S.E.M. (n=6). ** p<0.01 and * p<0.05. GLUTag cells were treated with 10 µM Fsk/IBMX or 10 µM Fsk/IBMX and 500 µM DMOG for 4 h. (E) Western blots 
of HIF-1α and β-actin are shown. (F) Quantification of the immunostaining intensities of HIF-1α. Values are means±S.E.M. (n=6). ** p<0.01. (G) GLP-1 secretion from 
GLUTag cells treated with Fsk/IBMX and DMOG for 4 h. Values are means±S.E.M. (n=6). ** p<0.01 and * p<0.05.
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respectively. ATP concentrations in GLUTag cells were mea-
sured with an EnzyLight ATP Assay Kit (BioAssay Systems).

Statistical Studies  One-way ANOVA was conducted with 
Prism 6 (GraphPad Software, Inc.). A p<0.05 was considered 
statistically significant.

RESULTS

Food Intake Increases Colonic HIF-1α Expression  
First, the hypoxic environment of the colon was investigated. 
After a 24-h fast, mice were injected with pimonidazole in-
traperitoneally. One hour after the injection, the colon was 
resected and immunostained with anti-pimonidazole anti-
body. As can be seen from Figs. 1B and C, the colon showed 
pimonidazole signals on the luminal surface, whereas control 
staining without the primary antibody showed no signal (Fig. 
1A). The results suggest that the luminal epithelium in colon 
is hypoxic. Next, changes in the degree of hypoxia in the co-
lons after food intake were investigated. To this end, 500 µL 
of liquid food was orally given to mice fasted for 24 h, and the 
expression levels of HIF-1α were measured because HIF-1α is 
accumulated in cells under the hypoxic condition.17) HIF-1α 
expression was significantly increased in the colon with food 
intake (Figs. 1D, E). Therefore, oxygen concentration is prob-
ably reduced in the colon after food intake, as shown in a 
previous study.15)

Hypoxia Decreases GLP-1 Secretion from L Cells  To 
investigate the effect of hypoxia on GLP-1 secretion, the in-

testinal L cell line GLUTag was treated with 10 µM Fsk/IBMX 
under the hypoxic condition, and then GLP-1 secretion time 
course was measured under the hypoxic condition (1% O2). As 
shown in Fig. 2A, the Fsk/IBMX treatment stimulated GLP-1 
secretion from GLUTag cells compared with the normoxic 
control using KRH buffer containing 2.5 mM glucose at 2 h 
and 4 h after the treatment. The basal and Fsk/IBMX-stimulat-
ed GLP-1 secretion was significantly lower at 2 h and 4 h after 
the treatment under the hypoxic condition than under the nor-
moxic condition. It is known that the elevation of intracellular 
cAMP activates CREB by phosphorylation.18,19) In addition, it 
is known that hypoxia induces the accumulation of HIF-1α.17) 
Therefore, pCREB and HIF-1α expression was investigated. 
GLUTag cells were treated with 10 µM Fsk/IBMX under the 
normoxic or hypoxic condition for 4 h. The levels of pCREB 
were elevated by the Fsk/IBMX treatment under the normoxic 
condition, whereas hypoxia had no effect on the pCREB 
levels. However, the increase of the pCREB levels with the 
Fsk/IBMX treatment was significantly attenuated under the 
hypoxic condition, although there were no changes in the total 
CREB protein levels (Figs. 2B, D). On the other hand, HIF-1α 
expression was increased only under the hypoxic condition 
(Figs. 2B, C). In addition, the co-incubation of Fsk/IBMX and 
DMOG, which inhibits PHD and induces the accumulation of 
HIF-1α independent of hypoxia, increased HIF-1α and attenu-
ated GLP-1 secretion from GLUTag cells (Figs. 2E–G), indi-
cating that HIF-1α per se participates in the reduction of the 
GLP-1 secretion. Therefore, it is suggested that pCREB reduc-

Fig. 3. mRNA Levels of ppGCG and PC1/3
GLUTag cells were treated with 10 µM Fsk/IBMX for 4 h under the normoxic (Nx) or hypoxic (Hx) condition. (A) mRNA levels of ppGCG are shown. Values are 

means±S.E.M. (n=4). (B) mRNA levels of PC1/3 are shown. Values are means±S.E.M. (n=6). GLUTag cells were treated with 10 µM Fsk/IBMX and 10 µM H89, a PKA 
inhibitor, for 4 h under the normoxic condition. (C) Western blots of pCREB, CREB, and β-actin. (D) Quantification of the immunostaining intensities of pCREB. (E) 
mRNA levels of ppGCG are shown. Values are means±S.E.M. (n=4). (F) mRNA levels of PC1/3 are shown. Values are means±S.E.M. (n=4). ** p<0.01 and * p<0.05.
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tion and/or HIF-1α accumulation are involved in the gradual 
secretion of GLP-1 under the hypoxic condition.

GLP-1 Production Is Reduced in the Hypoxic Condi-
tion  GLP-1 is derived from ppGCG.20) In addition, ppGCG 
mRNA expression is mediated by cAMP signal comprising 
CREB.21,22) Because we found that hypoxia decreased pCREB, 
we examined ppGCG expression. Fsk/IBMX significantly 
increased ppGCG mRNA expression in the normoxic condi-
tion. Hypoxia reduced the increase of ppGCG mRNA expres-
sion by Fsk/IBMX (Fig. 3A). GLP-1 is cleaved from ppGCG 
by PC1/3.23) In addition, PC1/3 gene has two CREB binding 
sites,24) suggesting that CREB regulates PC1/3 expression. 
Therefore, we measured PC1/3 expression as well. The PC1/3 
mRNA expression was increased by Fsk/IBMX treatment 
(Fig. 3B). The increase of the PC1/3 mRNA expression with 
Fsk/IBMX treatment was significantly attenuated under the 
hypoxic condition (Fig. 3B). Then, to study the involvement 
of the PKA pathway in the regulation of ppGCG and PC1/3, 
H89, a PKA inhibitor, was tested. The inhibitory effect of H89 
on PKA was confirmed by measuring the phosphorylation of 
CREB, a target of PKA. H89 co-incubation with Fsk/IBMX 
markedly reduced the phosphorylation of CREB (Figs. 3C, 
D), suggesting that H89 inhibited PKA activity. As shown in 

Figs. 3E and F, elevations of the mRNA levels of ppGCG and 
PC1/3 with Fsk/IBMX treatment were cancelled by the addi-
tion of H89. The results suggest that hypoxia reduces GLP-1 
production via suppression of GLP-1 synthesis regulated by 
cAMP signal.

Hypoxia Decreases ATP Production in L Cells  ATP is 
the source of cAMP. In addition, ATP production in L cells 
is an important factor affecting GLP-1 secretion.25,26) Because 
hypoxia influences glycolysis,27,28) it is speculated that ATP 
production in L cells is affected by hypoxia. Therefore, we 
measured the expression of HK2 and LDHA, which are key 
regulators of glycolysis and are regulated by both HIF-1α and 
CREB,29–31) under the hypoxic condition. Treatment with Fsk/
IBMX increased HK2 mRNA expression in the L cells (Fig. 
4A). In contrast, HK2 protein expression was not significantly 
affected by the Fsk/IBMX treatment compared with the con-
trol (Fig. 4B). Hypoxia decreased HK2 mRNA and protein ex-
pression (Figs. 4A, B). Incubation of the cells with Fsk/IBMX 
and H89 decreased the upregulation of HK2 mRNA expres-
sion by Fsk/IBMX, indicating that HK2 expression was regu-
lated through the PKA pathway. LDHA mRNA and protein 
expression was not altered by Fsk/IBMX under the normoxic 
condition, but was significantly increased under the hypoxic 

Fig. 4. Effects of Hypoxia on ATP Production
GLUTag cells were treated with 10 µM Fsk/IBMX for 4 h under the normoxic (Nx) or hypoxic (Hx) condition. mRNA (A) and protein (B) levels of HK2 are shown. 

Values are means±S.E.M. (n=6). (C) Effect of H89 on the mRNA expression of HK2 is shown. GLUTag cells were treated with 10 µM H89 and 10 µM Fsk/IBMX for 4 h 
under the normoxic condition. Values are means±S.E.M. (n=4). mRNA (D) and protein (E) levels of LDHA are shown. Values are means±S.E.M. (n=6). Western blots 
are shown under the graphs in B and E. ** p<0.01 and * p<0.05.
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condition (Figs. 4D, E). The results indicate that glucose utili-
zation for ATP synthesis is decreased and instead, lactate pro-
duction is increased under the hypoxic condition. Therefore, 
lactate and ATP production was measured. Lactate concentra-
tion in the culture medium was increased by the Fsk/IBMX 
treatment under the normoxic condition, and the increase be-
came much more prominent under the hypoxic condition (Fig. 
5A). Although ATP concentration in the GLUTag cells was 
not significantly changed after the Fsk/IBMX treatment under 
the normoxic condition, it was significantly decreased under 
the hypoxic condition (Fig. 5B). The decreased ATP produc-
tion under the hypoxic condition is perhaps a vital contributor 
to the reduction of GLP-1 secretion.

DISCUSSION

In the present study, we showed that oxygen concentra-
tion affected GLP-1 secretion. Intestinal circulation is ap-
proximately 20% of the total cardiac output during fasting 
conditions, and is increased by twofold after food intake.32–34) 
Intestinal blood flow and oxygen extraction locally increase. 
However, it is known that oxygen tension in the villus de-
creases from resting values of 14–17 to 4–7 mmHg.15) In our 
experiment, pimonidazole staining clearly showed that the 
colonic epithelium is hypoxic (Fig. 1). In addition, it was clari-
fied that HIF-1α was postprandially increased in colon (Fig. 
1). These results indicate that oxygen tension in colon was de-

creased after food intake. Thus, food intake probably induces 
hypoxia in the intestine, as shown in a previous study.15)

We hypothesized that the fluctuation of oxygen tension in 
colon affects GLP-1 secretion. It is known that the pO2 thresh-
old for pimonidazole binding is 10 mmHg (1–2% O2),35–37) in-
dicating that oxygen tension in the intestinal epithelium is less 
than 10 mmHg. Therefore, GLP-1 secretion was studied at 1% 
O2. Fsk/IBMX-stimulated GLP-1 secretion from GLUTag cells 
was suppressed under the hypoxic condition (Fig. 2). GLP-1 
secretion is stimulated immediately after food intake to reach 
maximal levels 15–30 min thereafter, and this is followed by a 
second minor peak 90–120 min thereafter.8) The attenuation of 
the initial secretion and second minor peak may be a result of 
the hypoxia-induced attenuation of GLP-1 secretion.

Fsk/IBMX-induced CREB phosphorylation was decreased 
to the basal level under the hypoxic condition (Fig. 3). The 
activity of PKA, which phosphorylates CREB, was decreased 
under the hypoxic condition38) and as such, CREB phosphory-
lation was probably decreased under the hypoxic condition. 
In contrast, HIF-1α was induced only in the hypoxic condi-
tion (Fig. 2). As both proteins are transcription factors, the 
decrease of GLP-1 secretion under the hypoxic condition is 
probably regulated in part by changes of the gene expression. 
GLP-1 is produced by cleavage from ppGCG23) and ppGCG 
mRNA expression is mediated by cAMP signal comprising 
CREB.21,22) In addition, it is suggested that PC1/3, which 
cleaves GLP-1 from ppGCG, is transactivated by CREB.24) 
Therefore, it is possible that ppGCG and PC1/3 expression is 
affected by hypoxia. Our results showed that the upregulation 
of those genes with Fsk/IBMX was cancelled under the hy-
poxic condition (Fig. 3). In addition, H89 also attenuated the 
elevation of those genes with Fsk/IBMX (Fig. 3). Therefore, 
the PKA-CREB pathway is probably important for the regula-
tion of GLP-1 production, although PC1/3 mRNA levels were 
not completely suppressed by the H89 treatment, suggesting 
that other factors are involved in PC1/3 regulation.

ATP is the source of cAMP. In addition, ATP is important 
for GLP-1 secretion.25,26) As hypoxia affects glycolysis,27,28) 
HK2 and LDHA expression under the hypoxic condition 
was studied. HK2 mRNA expression was increased by Fsk/
IBMX treatment and the increase was cancelled by co-
incubation with H89 (Fig. 4), indicating that the regulation of 
HK2 mRNA expression is PKA-dependent in the intestinal 
L cells. In addition, hypoxia per se did not increase the HK2 
expression, indicating that the involvement of HIF-1α in the 
regulation of HK2 is insignificant in the cells. Although it is 
known that HK2 is regulated by both CREB and HIF-1α,29,30) 
CREB is probably the main regulator of HK2 in the L cells. 
In contrast to the mRNA expression, HK2 protein expression 
was not significantly increased by Fsk/IBMX treatment com-
pared with the control, suggesting that HK2 protein degrada-
tion was stimulated. However, hypoxia markedly decreased 
the HK2 protein expression. The decrease of HK2 mRNA 
expression and the stimulation of HK2 protein degradation 
may be cooperatively involved in the decrease of HK2 protein 
expression. In contrast, LDHA mRNA and protein expression 
was increased under the hypoxic condition (Fig. 4). In addi-
tion, the hypoxic condition increased LDHA mRNA levels. 
These results indicate that HIF-1α regulates LDHA in the L 
cells. Therefore, LDHA is probably regulated by HIF-1α, but 
not CREB, in the L cells, although it is reported that CREB 

Fig. 5. Production of Lactate and ATP
GLUTag cells were treated with 10 µM Fsk/IBMX for 4 h under the normoxic 

(Nx) or hypoxic (Hx) condition. (A) Lactate concentrations in the culture medium 
were measured. Values are means±S.E.M. (n=8). (B) ATP concentrations in the 
cells were measured. Values are means±S.E.M. (n=4). ** p<0.01 and * p<0.05.
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binds to the LDHA gene promoter.31) The fact that lactate 
concentration in the culture medium was increased and ATP 
concentration in the L cells was decreased under the hypoxic 
condition (Fig. 5) indicated that hypoxia decreased glucose 
utilization for ATP production. Fsk/IBMX treatment per se 
did not increase ATP concentration in the L cells, indicating 
that the Fsk/IBMX-stimulated GLP-1 secretion is independent 
of the ATP production, and the hypoxia-induced decrease of 
ATP perhaps causes the decreased GLP-1 secretion through 
the reduction of cAMP.

In summary, Fsk stimulation activates CREB by phos-
phorylation and concomitantly, ppGCG, PC1/3, and HK2 are 
upregulated. This probably induces the upregulation of GLP-1 
and ATP production. However, under the hypoxic condition, 
the phosphorylation of CREB is reduced and the expression 
levels of ppGCG, PC1/3, and HK2 are also reduced. This 
probably leads to the reduction of GLP-1 and ATP production. 
In addition, under the hypoxic condition, HIF-1α is accumu-
lated and induces LDHA, which reduces glucose availability 
for ATP production. The accumulation of HIF-1α is also one 
of the causes of the reduction of GLP-1 secretion (Fig. 6).
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