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Introduction

Gluconeogenesis is one of the major pathways for 
endogenous glucose production, which results in glucose 
generation from the non-carbohydrate carbon substrates 
such as lactate, glycerol, and amino acids (1). Previous 
studies using magnetic resonance spectroscopy and/or 
the deuterated water method suggest that gluconeogen-
esis increases in type 2 diabetes patients (2). Thus, glu-
coneogenesis inhibitors are considered to be one of the 
potential targets for pharmacological intervention in type 

2 diabetes (3).
CS-917 (MB06322) is an inhibitor of fructose 1,6-bis-

phosphatase (FBPase), one of the rate-limiting enzymes 
for gluconeogenesis, that catalyzes the conversion of D-
fructose 1,6-bisphosphate to D-fructose 6-phosphate (4, 
5). It has been reported that CS-917 decreased plasma 
glucose by suppressing gluconeogenesis and endogenous 
glucose production in various diabetic models such as 
Zucker diabetic fatty rats (5 – 7) and Goto-Kakizaki 
(GK) rats (8, 9). In a clinical study, CS-917 decreased the 
fasting plasma glucose level in type 2 diabetic patients 
(10).

The liver and kidney have been reported to be major 
organs for gluconeogenesis (11). In addition, recent stud-
ies have implicated that FBPase is expressed in the intes-
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Abstract. Contributions of gluconeogenesis suppression in liver, kidney, and intestine as major 
gluconeogenic organs to the glucose-lowering effect of CS-917, a fructose 1,6-bisphosphatase in-
hibitor, was evaluated in overnight-fasted Goto-Kakizaki (GK) rats. CS-917 decreased plasma 
glucose by suppressing glucose release and lactate uptake from liver but not from kidney and in-
testine. These results suggest that hepatic gluconeogenesis suppression predominantly contributes 
to the glucose-lowering effect of CS-917 in GK rats. Moreover, the mechanism by which CS-917 
decreased plasma glucose more in overnight-fasted GK rats than in non-fasted ones was investi-
gated. Lactate uptake from liver was suppressed by 15 mg/kg of CS-917 in both states, but glucose 
release from liver and plasma glucose were decreased only in the overnight-fasted state. CS-917 at 
30 mg/kg decreased hepatic glycogen content in both states and depleted it in the overnight-fasted 
state. In the non-fasted GK rats, co-administration of CS-917 with CP-91149, a glycogen phospho-
rylase inhibitor, suppressed hepatic glycogen reduction by CS-917 and decreased plasma glucose 
more than single administration of CS-917. These results suggest that gluconeogenesis suppres-
sion by CS-917 was counteracted by hepatic glycogenolysis especially in the non-fasted state and 
that combination therapy with CS-917 and CP-91149 is efficacious to decrease plasma glucose in 
GK rats.
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tine (12) and that the intestine is another gluconeogenic 
organ in addition to the liver and kidney (13). CS-917 
has been reported to suppress gluconeogenesis in primary 
hepatocytes (5) and perfused rat kidney (6), but the 
contributions of the gluconeogenesis suppression by CS-
917 in these organs to the glucose-lowering in vivo is not 
fully understood.

In order to investigate the primary organ in which CS-
917 exerts its glucose-lowering effects, we examined the 
glucose and lactate balance in the major gluconeogenic 
organs such as the liver, kidney, and intestine in vivo in 
the overnight-fasted GK rats after a single oral adminis-
tration of CS-917 by the simultaneous multiple blood 
sampling method (14, 15).

Our previous study revealed that CS-917 decreased 
plasma glucose without insulin secretion more effectively 
in the overnight-fasted state than in the non-fasted state 
in GK rats (9). To elucidate the mechanism by which 
CS-917 decreased plasma glucose more in the overnight-
fasted state than in the non-fasted state, we compared 
glucose and lactate balance in the liver and the contribu-
tions of gluconeogenesis and glycogenolysis to glucose 
homeostasis after CS-917 administration in the overnight-
fasted GK rats with those in the non-fasted GK rats.

Finally, the glucose-lowering effect of co-administrat-
ing CS-917 with CP-91149 (16), a glycogen phosphory-
lase inhibitor, was evaluated in GK rats. These studies 
allow us to further understand the influence of glycog-
enolysis on the glucose-lowering effect of CS-917 in GK 
rats in more detail.

Materials and Methods

Materials
CS-917 (L-alanine, N,N′-[[5-[2-amino-5-(2-methyl-

propyl)-4-thiazolyl]-2-furanyl]phosphinylidene]bis-, 
 diethyl ester; C21H33N4O6PS, M.W. 500.56) and CP-
91149, a glycogen phophorylase inhibitor, were synthe-
sized at Daiichi Sankyo Co., Ltd. (Tokyo). For oral ad-
ministration, CS-917 and/or CP-91149 were suspended 
in a vehicle composed of 1% carboxymethyl cellulose 
(Wako Pure Chemical Industries, Ltd., Osaka).

Animals
Male GK (GK/Jcl) rats were purchased at 6 weeks of 

age from CLEA Japan, Inc. (Tokyo) and acclimatized 
until they were over 27-weeks-old. Rat chow (FR-2; 
Funabashi Farm Co., Ltd., Funabashi) and water were 
given ad libitum. All the rats were housed under a 12-h 
lighting cycle in a controlled environment (room tem-
perature: 23°C – 24°C, humidity: 45% – 69%). All ani-
mal care and experimental procedures were approved by 
the Daiichi Sankyo Animal Care and Use Committee.

Multiple blood sampling study in GK rats following a 
single-dose administration of CS-917

CS-917 (15 mg/kg) was orally administered to over-
night-fasted and non-fasted GK rats (n = 9 – 10 per 
group). Non-fasted rats were deprived of chow just after 
administration. Blood samples were taken from the tail 
vein just before and 2.5 h after administration and centri-
fuged using a TH-1 rotor (Tomy Seiko Co., Ltd., Tokyo) 
at 13,000 × g for 5 min to obtain plasma.

At 3 h after administration, the rats were anesthetized 
by intravenous injection of 50 mg/kg pentobarbital so-
dium (Dainippon Sumitomo Pharma Co., Ltd., Osaka), 
and blood samples were simultaneously taken from the 
hepatic vein, portal vein, renal vein, and abdominal aorta 
in the overnight-fasted rats and from the hepatic vein and 
portal vein in the non-fasted rats as described in previous 
reports (14, 15). All the blood samples were centrifuged 
using a T3S6 rotor (Hitachi Koki Co., Ltd., Tokyo) at 
2,000 × g for 15 min to obtain plasma.

Plasma glucose levels in each sample were measured 
using an enzymatic autoanalyzer (Glucoloader-GXT®; 
A&T Corp., Yokohama). Plasma lactate levels were de-
termined by an enzymatic colorimetric assay using 
 Determiner LA (Kyowa Medex Co., Ltd., Tokyo). The 
following equations were used for calculating the balance 
of glucose and lactate in each organ. The plus and minus 
values were regarded as release and uptake, respec-
tively.

(hepatic release) = (plasma level in the hepatic vein) 
− (plasma level in the portal vein)

(intestinal release) = (plasma level in the portal vein) 
− (plasma level in the abdominal aorta)

(renal release) = (plasma level in the renal vein) 
− (plasma level in the abdominal aorta)

Comparisons of glucose-lowering effect, gluconeogenesis 
suppression, and glycogenolysis after single oral admin-
istration of CS-917 in GK rats between the overnight-
fasted state and non-fasted state

Vehicle (expressed as control group), CS-917 (30 mg/
kg), CP-91149 (300 mg/kg), or combination of CS-917 
(30 mg/kg) with CP-91149 (300 mg/kg) was orally ad-
ministered to overnight-fasted or non-fasted GK rats 
(n = 6 per group). Non-fasted rats were deprived of chow 
just after administration. Blood samples were taken from 
the tail vein just before and 4 h after administration and 
centrifuged using a TH-1 rotor (Tomy Seiko Co., Ltd., 
Tokyo) at 13,000 × g for 5 min to obtain plasma. Plasma 
glucose level in each sample was measured using an en-
zymatic autoanalyzer (Glucoloader-GXT®; A&T Corp., 
Yokohama).

For the purpose of evaluating gluconeogenesis in GK 
rats, [14C]-labeled NaHCO3 was injected into the rat tail 
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veins at the dosage of 800 μCi/kg at 4 h after the admin-
istration. The rats were sacrificed by decapitation 20 min 
after the injection for collection of truncated blood and 
hepatic tissue.

The specific activity of [14C]-labeled glucose in trun-
cated blood was measured using a liquid scintillation ana-
lyzer (TRI-CARB, model 2900TR; Perkin Elmer, Inc., 
Waltham, MA, USA), and gluconeogenesis rate in vivo 
in GK rats was determined as described (5). The obtained 
hepatic tissues were immediately snap-frozen in liquid 
nitrogen and stored at −80°C until analysis. Then the 
hepatic content of the glycogen was determined as de-
scribed (17, 18).

Plasma glucose level and hepatic glycogen content just 
before the administration in the non-fasted and overnight-
fasted GK rats were evaluated by using the rats without 
administration.

Statistical analyses
The results are expressed as the means ± standard error 

(S.E.M.). The statistical significance in the comparison 
with the control group was determined by Student’s t-
test. All the statistical analyses were performed using 
SAS System Release 8.2 (SAS Institute Inc., Cary, NC, 
USA), and a difference of P < 0.05 was considered to be 
significant.

Results

Changes of plasma glucose level after the administration 
of CS-917 in GK rats

Table 1 shows the changes of plasma glucose levels 
2.5 h after the administration of CS-917 at dose of 15 
mg/kg in overnight-fasted and non-fasted GK rats. CS-
917 significantly decreased plasma glucose in the over-
night-fasted state, whereas CS-917 tended to only de-
crease plasma glucose in the non-fasted state.

Effects of CS-917 on glucose and lactate uptake/release 
from the liver, kidney, and intestine in the overnight-
fasted GK rats

The balance of glucose and lactate in the liver, kidney, 
and intestine after the administration of CS-917 in the 
overnight-fasted GK rats is shown in Fig. 1, a and b, 
respectively.

In the overnight-fasted control group, only the liver 
released glucose accompanied with lactate uptake. On 
the other hand, glucose was taken up and lactate was re-
leased in the kidney and the intestine.

CS-917 significantly suppressed glucose release with 
decreasing lactate uptake in the liver in the overnight-
fasted GK rats. On the other hand, CS-917 decreased 
glucose uptake and lactate release in the kidney and the 
intestine.

Effects of CS-917 on glucose and lactate uptake/release 
from the liver in the non-fasted GK rats

The balance of glucose and lactate in the liver after the 
administration of CS-917 in non-fasted GK rats is shown 
in Fig. 2. CS-917 decreased lactate uptake without sig-
nificant change in glucose release in the liver in the 
non-fasted GK rats.

Comparisons of glucose-lowering effect, gluconeogenesis 
suppression, and glycogenolysis after single oral admin-
istration of CS-917 in GK rats between the overnight-
fasted state and non-fasted state

Plasma glucose levels at 4 h after administration of 
CS-917 and/or CP-91149 in non-fasted and overnight-
fasted GK rats are shown in Fig. 3a. CS-917 significantly 
decreased plasma glucose both in the non-fasted state 
and overnight-fasted state, but more potently in the 
overnight-fasted state (46% reduction in plasma glucose 
in comparison with the overnight-fasted control group) 
than in the non-fasted state (26% of reduction in plasma 
glucose in comparison with the non-fasted control group). 
When CS-917 was co-administered with CP-91149, 
plasma glucose in the co-administered group was de-
creased more than in the groups administered CS-917 or 

Table 1. Changes in the blood glucose levels after the administration of CS-917 in GK rats

Overnight-fasted Non-fasted

Treatment n Pre
(mg/dl)

Post
(mg/dl)

Post − Pre
(mg/dl)

P-value
(vs. cont.) n Pre

(mg/dl)
Post

(mg/dl)
Post − Pre

(mg/dl)
P-value

(vs. cont.)

Control 9 119 ± 8 107 ± 4 −12 ± 8 – 9 313 ± 22 251 ± 13 −62 ± 17 –

CS-917 10 129 ± 5 57 ± 4 −72 ± 5 <0.0001 9 321 ± 20 321 ± 11 −95 ± 13 0.1446

Plasma glucose was measured just before (pre) and at 2.5 h after the administration (post) in GK rats. Difference of plasma glucose 2.5 h 
after the administration was calculated as “Post − Pre”, and statistical significance in comparison with the control group was evaluated by 
Student’s t-test. Data are expressed as the mean ± S.E.M.
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CP-91149 alone.
Gluconeogenesis rates at 4 h after the administration 

of CS-917 and/or CP-91149 are shown in Fig. 3b. Each 
gluconeogenesis rate was normalized to that in the non-
fasted control group. Gluconeogenesis rate in the over-
night-fasted group was significantly higher than that in 

the non-fasted group. CS-917 suppressed gluconeogen-
esis both in the non-fasted state and overnight-fasted 
state. CP-91149 administration had no significant effect 
on gluconeogenesis in both the control and CS-917 group 
in the non-fasted GK rats.

Hepatic glycogen contents at 4 h after the administra-
tion of CS-917 and/or CP-91149 are shown in Fig. 3c. 
CS-917 significantly decreased hepatic glycogen content 
both in the non-fasted state and overnight-fasted state. 
CP-91149 increased hepatic glycogen in the non-fasted 
state, but co-administration of CS-917 and CP-91149 
caused no significant change in hepatic glycogen content 
in comparison with that in the non-fasted control group.

Discussion

Previous studies showed that CS-917 as an FBPase 
inhibitor suppressed gluconeogenesis from lactate in 
hepatocytes in vitro and decreased plasma glucose with 
the suppression of endogenous glucose production and 
gluconeogenesis in the whole body in vivo in type 2 dia-
betic rodents (5, 6, 8, 9). However, the quantitative con-
tribution of hepatic gluconeogenesis suppression to the 
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Fig. 1. Effects of CS-917 on glucose (a) and lactate (b) 
balance in the liver, kidney, and intestine in the overnight-
fasted GK rats. Uptake/release of glucose and lactate in 
each tissue was calculated as described in Materials and 
Methods. Data are expressed as the mean ± S.E.M. 
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glucose-lowering effect of CS-917 has not yet been de-
termined. In the present study, CS-917 markedly sup-
pressed glucose release from the liver by suppressing 
lactate uptake as a gluconeogenic substrate while de-
creasing plasma glucose in the overnight-fasted GK rats 
as shown in Table 1 and Fig. 1. These findings suggest 
that the suppression of hepatic gluconeogenesis and 
glucose production predominantly contributed to the 

glucose reduction by CS-917 in the overnight-fasted GK 
rats.

The kidney is reported to possess sufficient gluconeo-
genic enzyme and to release glucose into the circulation 
as a result of gluconeogenesis, especially in a prolonged 
fasting state (19). Renal gluconeogenesis has been dem-
onstrated to be higher in type 2 diabetic patients (20, 21), 
and the contribution of renal gluconeogenesis to plasma 
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(c) Fig. 3. Comparisons of glucose-lowering effect (a), 
gluconeogenesis suppression (b), and glycogenolysis (c) 
after single oral administration of CS-917 in GK rats be-
tween the non-fasted state (open bar) and the overnight-
fasted state (gray bar). Plasma glucose level, gluconeo-
genesis ratio, and hepatic glycogen content at 4 h after the 
administration of vehicle (expressed as “Cont.”), CS-917 
(30 mg/kg), CP-91149 (300 mg/kg), or combination of 
CS-917 with CP-91149 (expressed as “Comb”) were 
measured as described in Materials and Methods. Plasma 
glucose level and hepatic glycogen content just before the 
administration in non-fasted GK rats and overnight-fasted 
GK rats were evaluated by using the rats without admin-
istration (expressed as “Pre”). Data are expressed as the 
mean ± S.E.M. (n = 5 – 6, *P < 0.05, vs. control, †P < 
0.05, vs. CS-917, Dunnett’s test).
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glucose is almost equal to hepatic gluconeogenesis in 
obese patients in a prolonged fasting state (22). Recent 
ex vivo studies showed that renal gluconeogenesis was 
augmented 38% – 66% more in Zucker diabetic fatty rats 
than in the non-diabetic rats (23) and that CS-917 sup-
pressed gluconeogenesis from lactate in a normal rat 
perifusion study (6). However, the present study showed 
that glucose was taken up by the kidney in the overnight-
fasted diabetic GK rats, and that CS-917 did not decrease 
glucose release from the kidney in the overnight-fasted 
state, as described in Figs. 1 and 2. These results indicate 
that glucose uptake was superior to glucose production 
in the kidney in GK rats and that suppression of renal 
gluconeogenesis did not contribute to the glucose-lower-
ing effect of CS-917 in GK rats.

Recent studies showed that the intestine also has suf-
ficient gluconeogenic enzymes and has the ability to re-
lease glucose into the circulation as a result of gluconeo-
genesis (13). However, glucose was not released, but 
rather taken up by the intestine in the overnight-fasted 
GK rats. These findings suggested that intestinal gluco-
neogenesis did not contribute to glucose release from the 
intestine in GK rats. CS-917 did not affect the glucose 
balance in the intestine, as well as in the kidney. This 
result suggests that suppression of the intestinal gluco-
neogenesis did not contribute to the glucose-lowering 
effect of CS-917 in GK rats.

As shown in Table 1, CS-917 at dose of 15 mg/kg 
significantly decreased plasma glucose not in the non-
fasted but in the overnight-fasted GK rats in accordance 
with our previous study (9). Gluconeogenesis rate in the 
overnight-fasted control group was higher than that in 
the non-fasted control group. These results confirm that 
the contribution of gluconeogenesis to glucose homeo-
stasis is higher in the overnight-fasted state than in the 
non-fasted state as reported (24). CS-917 markedly sup-
pressed the gluconeogenesis rate in the overnight-fasted 
state compared to in the non-fasted state as shown in Fig. 
3b. These results suggest that enhanced gluconeogenesis 
and more potent suppression of gluconeogenesis by CS-
917 in the overnight-fasted state were the mechanisms by 
which CS-917 decreased plasma glucose more in the 
overnight-fasted GK rats than in the non-fasted GK 
rats.

CS-917 at the dose of 15 mg/kg suppressed hepatic 
lactate uptake as an indicator of gluconeogenic suppres-
sion both in the non-fasted GK rats and the overnight-
fasted ones, but hepatic glucose release was suppressed 
only in the overnight-fasted state as shown in Figs. 1 and 
2. CS-917 concomitantly decreased hepatic glycogen 
both in the overnight-fasted and non-fasted state. These 
findings suggest that hepatic glycogenolysis counteracted 
the reduction of hepatic glucose release via gluconeogen-

esis suppression by CS-917. Hepatic glycogen content at 
4 h after the administration of 30 mg/kg of CS-917 was 
completely depleted in the overnight-fasted state (2.7 ± 
0.7 mg/g tissue) but still remained at a higher level in the 
non-fasted state (33.3 ± 5.2 mg/g tissue) as shown in Fig. 
3c. These findings suggest that CS-917 decreased plasma 
glucose more in the overnight-fasted state than in the 
non-fasted state since further compensatory hepatic gly-
cogenelysis could not operate in the overnight-fasted 
state.

The mechanism by which CS-917 induced compensa-
tive glycogenolysis was not fully understood. Recent 
hepatic perifusion study reported that both a glucose-6-
phosphatase (G6Pase) inhibitor and a PEPCK inhibitor 
suppressed gluconeogenesis, but only a PEPCK inhibitor 
activated glycogenolysis with reduction of G6P content 
in liver (25). G6P was known to activate glycogen syn-
thase and reduction of hepatic G6P content was also ob-
served after administration of CS-917 in overnight-fasted 
GK rats (data not shown). These results suggest that at-
tenuation of glycogen synthase by decrease in G6P might 
be one of the mechanisms by which CS-917 induced 
compensative glycogenolysis in GK rats.

Co-administration of CS-917 with CP-91149 decreased 
plasma glucose more than single administration of CS-
917 not only in non-fasted GK rats as shown in Fig. 3a 
but also in overnight-fasted GK rats (data not shown). 
Gluconeogenesis suppression by CS-917 showed no 
significant change with or without CP-91149 treatment 
as shown in Fig. 3b, but compensative glycogenolysis 
induced by administration of CS-917 was cancelled by 
co-administration of CS-917 with CP-91149 as shown in 
Fig. 3c. These results suggested that co-suppression of 
gluconeogenesis and compensative glycogenolysis exert 
more potent glucose-lowering effect by suppressing he-
patic glucose release more efficiently in GK rats.

In non-fasted GK rats, single administration of CP-
91149 decreased plasma glucose with hepatic glycogen 
content higher than that in the pre administration as 
shown in Fig. 3: a and c. Shulman et al. reported that 
glycogen is directly synthesized from a gluconeogenesis 
substrate such as lactate and alanine as well as from 
glucose (26). The mechanism by which CP-91149 de-
creased plasma glucose with increasing hepatic glycogen 
content was not fully understood, but these results sug-
gested that suppressing breakdown of glycogen synthe-
sized from gluconeogenesis substrate might be one of the 
mechanisms.

In summary, hepatic gluconeogenesis suppression is a 
predominant contributor to the glucose-lowering effect 
of CS-917 in GK rats. CS-917 decreases plasma glucose 
more in the overnight-fasted GK rats than in the non-
fasted ones because of higher gluconeogenesis and less 
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compensative glycogenolysis in the overnight-fasted 
state. CP-91149 improves the glucose-lowering effect of 
CS-917 by suppressing compensative glycogenolysis in 
the non-fasted GK rats. As such, both suppression of 
gluconeogenesis and glycogenolysis induced a potent 
glucose-lowering effect in the non-fasted GK rats. These 
results may have implications for CS-917 in terms of 
clinical usage for the treatment of type 2 diabetes.
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