Effects of M16209, a New Antihyperglycemic Agent, on Insulin Sensitivity In
Vivo: Euglycemic Clamp Studies in Rats
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The effects of M16209 (1-(3-bromobenzo[blfuran-2-ylsulfonyl}hydantoin) on the in vivo insulin sensitivity of rats were studied
by euglycemic clamp methods after 1 week of administration (10 or 100 mg/kg/d). M16209 increased both the glucose infusion
rate (GIR) and metabolic clearance rate (MCR) of 3-[*H]-glucose, but did not suppress hepatic glucose output. M16209 also
increased the [*H]-2-deoxyglucose utilization rate, rate of incorporation of [*C]-glucose into glycogen, and glycolytic flux in the
soleus and red gastrocnemius muscies, but not in the extensor digitorum lungus and white gastrocnemius muscies. M16209
affected neither the [*H]-2-deoxyglucose utilization rate nor the rate of incorporation of ['4C]-glucose into lipids in epididymal
adipose tissue. In the soleus muscle, M16209 decreased glucose-6-phosphate {G6P) and fructose-6-phosphate (F6P) content,
but did not affect fructose-1,6-bisphosphate (F-1,6-BP) content. Moreover, M16209 increased glycogen synthase-| activity and
fructose-2,6-bisphosphate (F-2,6-BP) content in the soleus muscle. These results suggest that M16209 increases insulin-
stimulated glucose uptake in peripheral tissues, particularly oxidative muscles, through potentiation of insulin action on
glycogen synthesis and glycolysis. Glycogen synthase and phosphofructokinase (PFK} appear to be major targets of the action

of M16209.
Copyright © 1996 by W.B. Saunders Company

HE HYDANTOIN derivative, M16209 (1-(3-bromoben-
zo[b]furan-2-ylsulfonyl)hydantoin (Fig 1), was ini-
tially reported to be a potent aldose reductase inhibitor
(ICsq for recombinant human aldose reductase, 51 nmol/L)
and to prevent diabetic neuropathy and sugar cataract in
rats.'> M16209 also proved to manifest antihyperglycemic
activity in streptozotocin-induced mildly diabetic rats and
neonatally streptozotocin-induced non-insulin-dependent
diabetic rats without causing hypoglycemia.* Since M16209
accelerates the disappearance of serum glucose in intrave-
nous (IV) glucose tolerance testing of normal rats and
stimulates insulin release from isolated and perfused rat
pancreas only at high glucose concentrations, the potentia-
tion of glucose-induced insulin release seemed to partici-
pate in the antihyperglycemic activity of the compound.’
Further studies have suggested that M16209 improves
hyperglycemia and hyperinsulinemia in genetically obese
diabetic rats and mice by increasing insulin sensitivity in
peripheral tissues.® In the present study, the in vivo potenti-
ating effects of M16209 on insulin action were assessed by
the hyperinsulinemic-euglycemic clamp technique in an
attempt to clarify the mechanisms and target tissues of
these effects.

MATERIALS AND METHODS
Experimental Animals and M16209 Administration

Male Wistar rats (Japan SLC, Hamamatsu, Japan) weighing 280
to 380 g were provided food and water ad libitum. The rats were
reared under controlled lighting (lights on from 7 AM to 6 pPM),
temperature (23° = 2°C), and moisture (55% =+ 5%} for all experi-
ments. Rats received suspensions of M16209 or vehicle (5% gum
arabic or 0.5% carboxymethylcellulose sodium) orally for 7 days,
and were deprived of food for 21 to 28 hours after the last
administration until commencement of the experiment.

Experiment 1: Whole-Body Glucose Uptake and Hepatic
Glucose Output

Rats were anesthetized by intraperitoneal administration of 52
mg/kg o-chloralose and 640 mg/kg urethane. The left carotid
artery (for blood sampling), right jugular vein (for 3-[*H]-glucose
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infusion), left femoral vein (for exogenous glucose infusion), and
right femoral vein (for insulin infusion) were catheterized with fine
silicon tubes (Silastic; Dow-Corning, Midland, MI) filled with 50
U/mL heparin. A tracheotomy was systematically performed to
avoid respiratory problems during anesthesia. After completion of
the surgery, the rats were transferred to a heating stand (37°C) and
hyperinsulinemic-euglycemic clamp studies combined with 3-[*H]-
glucose infusion were performed in accordance with the method
reported by Kergort and Portha’ with some modifications. 3-[*H]-
glucose (New England Nuclear, Boston, MA) was administered as
an initial IV priming dose (48 kBq) followed immediately by
continuous IV infusion at a rate of 1.1 kBq/min using an infusion
pump (syringe infusion pump 235; Atom, Tokyo, Japan) until the
enfire experiment was completed. At 45 to 50 minutes after
commencement of the labeled glucose infusion, blood was sampled
for measurement of both the specific activity of labeled glucose and
the plasma insulin level during the basal steady state. Insulin (3 or
30 mU/kg/min) was then infused in the priming mode (initially 6 or
60 mU/kg/min, respectively, for 10 minutes) to obtain suspended
hyperinsulinemia. In previous experiments, we have shown that
plasma insulin levels reach steady state within 20 minutes with this
priming mode (data not shown). Infusion of exogenous glucose
(6% or 17% solution in saline) was begun 5 minutes after initiation
of the insulin infusion. Using 9 pL whole blood sampled every 5 or
2.5 minutes, plasma glucose was determined within 70 seconds by
ANTSENSE (Bayer Sankyo, Tokyo, Japan), a table-top blood
glucose analyzer based on an immobilized enzyme membrane/
H,0; electrode method. The infusion rate of exogenous glucose
was varied to maintain euglycemia for 75 minutes. Blood was
sampled at 55 and 75 minutes after the start of insulin infusion
during the hyperinsulinemic steady state to measure the mean
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Fig 1. Chemical structure of M16209.

plasma insulin level, and at 75 minutes to measure the specific
activity of labeled glucose. Plasma glucose level during the hyperin-
sulinemic steady state was the mean of levels measured during the
last 25 minutes of the steady state (six points). The specific activity
of labeled glucose, whole-body glucose uptake (metabolic clear-
ance rate [MCR] of glucose), and hepatic glucose output (endog-
enous glucose production rate) were measured in accordance with
the procedure of Steele® and Terrettaz and Jeanrenaud.” Plasma
insulin level was measured by an enzyme-linked immunoassay
(Insulin SEIKEN EIA; Sanko Junyaku, Tokyo, Japan) using
human insulin (or rat insulin for basal samples) as standard.

Experiment 2: Insulin Action on Individual Tissues

Hyperinsulinemic-euglycemic clamp studies combined with [*H]-
2-deoxyglucose and [*C]-glucose administration were performed
in accordance with the method of Ferre et al'® and James et al'l
with some modifications. Anesthesia and cannulation surgery were
performed as described for experiment 1. Blood was sampled for
measurement of basal plasma insulin and ghicose levels at 20
minutes after cannulation surgery. The hyperinsulinemic-euglyce-
mic clamp was then started and continued for 90 minutes as
described earlier, except for exclusion of 3-[*H]-glucose infusion.
At 45 minutes after initiation of the insulin infusion, blood was
sampled for determination of plasma insulin, and 1.4 MBq [*H]-2-
deoxyglucose and 1.4 MBq [“C(U)]-glucose (both from New
England Nuclear) were administered together via the right jugular
vein. Blood samples for determination of plasma glucose and
plasma tracer were obtained 2, 5, 10, 20, 30, and 45 minutes after
bolus administration of the tracers. Blood samples were obtained
to determine plasma insulin 20 and 45 minutes after tracer
administration. Plasma insulin in the steady state during hyperinsu-
linemia was the mean of levels measured 0, 20, and 45 minutes
after tracer administration, and plasma glucose in the steady state
during hyperinsulinemia was the mean of levels measured during
the last 45 minutes after tracer administration. Immediately after
the last blood sampling, rats were killed, and the soleus, red and
white gastrocnemius, and extensor digitorum longus muscles, as
well as the epididymal white adipose tissue, were rapidly removed
and frozen at —40°C. In muscle tissues, glucose uptake (accumula-
tion of [*H]-2-deoxyglucose-6-phosphate), glycogen synthesis (rate
of incorporation of [*C]-glucose into glycogen), and glycolytic flux
(difference between glucose uptake and glycogen synthesis) were
measured in accordance with the method of James et al.!l In
epididymal adipose tissues, glucose uptake (accumulation of [*H]-
2-deoxyglucose-6-phosphate corrected by dividing by 0.61) was
determined by the method of Ferre et all0 Lipid synthesis
(incorporation of [“C]-glucose into Folch’s extract)!? was mea-
sured by a procedure similar to that used for determining incorpo-
ration of [1*CJ-glucose into glycogen.

OHTA ET AL

Experiment 3: Assays of Glycolytic Intermediates and Enzyme
Activity

Rats were killed, and the soleus and white gastrocnemius
muscles were rapidly removed and frozen at —80°C for assay of
glycogen synthase-1 (EC 2.4.1.11),* hexokinase (EC 2.7.1.1),"
glucose-6-phosphate (G6P),1 fructose-6-phosphate (F6P),! fruc-
tose-1,6-bisphosphate (F-1,6-BP),!5 and fructose-2,6-bisphosphate
(F-2,6-BP).1 Glycogen synthase-I activity was measured with 0.11
mmol/L G6P and 0.018 mmol/L UDP-glucose.

Statistical Analysis

The data are expressed as the mean = SE. Differences between
two groups were analyzed by Student’s ¢ test, and differences
between three or more groups were analyzed by ANOVA and
Bonferroni’s multiple comparison method.

RESULTS
Experiment 1

In the hyperinsulinemic-euglycemic clamp study, M16209
(10 or 100 mg/kg/d for 7 days) significantly increased the
glucose infusion rate (GIR) by 21% and 46%, respectively,
at 3 mU/kg/min insulin infusion without affecting basal and
steady-state plasma insulin levels, and also tended to
increase the GIR at 30 mU/kg/min insulin infusion, al-
though the increase was not significant (Fig 2 and Table 1).
M16209 did not affect the body weight of rats (data not
shown). M16209 increased whole-body glucose uptake
(MCR of glucose) by 17% to 30% at both 3 and 30
mU/kg/min insulin infusion without any effect on hepatic
glucose output (Fig 3).

Experiment 2

Also in this study, M16209 (10 mg/kg/d for 7 days)
significantly increased the GIR by 14% in the hyperinsulin-
emic (3 mU/kg/min insulin infusion)-eugiycemic clamp
study (Table 2). M16209 significantly increased glucose
uptake, glycogen synthesis, and glycolytic flux in soleus
muscles by 37%, 46%, and 32%, respectively, compared
with the insulin control. In red gastrocnemius muscles,
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Fig 2. A typical pattern of plasma insulin {IRI), plasma glucose
{PG), and glucose infusion rate {GIR) during glucose clamp study.
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Table 1. Changes in Parameters During Glucose Clamp Study in Experiment 1

State No. PG (mg/dL) CV (%) IRF {(wlJ/mL) GIR {mg/kg/min)

Basal

Control 9 129 + 4 23+ 3

M16209 10 mg/kg 9 123+ 5 212

M16209 100 mg/kg 9 124 + 5 19+ 2
insulin 3 mU/kg/min

Control [} 120 + 4 26 = 0.6 918 4.82 +0.12

M16209 10 mg/kg 5 121 £3 1.5+0.3 87 x4 5.81 = 0.31*

M16209 100 mg/kg 5 121 £ 2 2.1 +0.3 85+ 2 7.02 = 0.25%
fnsulin 30 mU/kg/min

Control 4 124 + 5 1.7 £ 05 2,520 + 122 12.26 + 0.81

M16209 10 mg/kg 4 1M5+£7 20+ 0.6 2,430 = 105 14.12 + 0.58

M16208 100 mg/kg 4 120 + 4 1.9 +0.4 2,210 = 74 16.29 + 1.25

NOTE. Results are expressed as the mean + SE. M16209 was administered for 7 days, and the clamp study was performed 1 day after the last

administration.

Abbreviations: PG, plasma giugocse; IRI, plasma insulin; GIR, glucose infusion rate; CV, coefficient of variation for steady-state plasma glucose

levels during the last 25 minutes.
*P < .01vcontrol.

M16209 significantly increased glucose uptake and glycogen
synthesis by 77% and 78%, respectively, compared with the
insulin control, and also tended to increase glycolytic flux,
but the increase was not significant. These effects were not
seen in extensor digitorum lungus and white gastrocnemius
muscles (Fig 4). Glucose uptake and lipid synthesis from
glucose in epididymal adipose tissue were not affected by
M16209 treatment (Fig 5).

Experiment 3

M16209 (10 mg/kg/d for 7 days) did not affect hexoki-
nase activity in soleus muscle. M16209 increased glycogen
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Fig 3. MCR of glucose and hepatic glucose output during glucose
clamp study after 7 days of treatment with M16209 (n = 4 to 9).
Hyperinsulinemic glucose clamp study with 3-[3H]-glucose infusion
was performed for 45 to 50 minutes (basal study} and 75 minutes
{hyperinsulinemic study). {{J) Control; {l) M16209 10 mg/kg; (%)
M16209 100 mg/kg. *P < .05, **P < .01: v control.

synthase-I activity 52% in soleus muscle, but not in white
gastrocnemius muscle. The drug decreased G6P and F6P
content 25% and 15%, respectively, in the soleus, but not in
white gastrocnemius muscle, and did not affect F-1,6-BP
content in either muscle. M16209 increased F-2,6-BP con-
tent 35% in soleus muscle, but not in white gastrocnemius
muscle (Fig 6). Hexokinase activity in soleus muscle of
control rats was 26.7 = 1.8 mU/mg protein. Glycogen
synthase-I activity, G6P, F6P, F-1,6-BP, and F-2,6-BP levels
in soleus muscle of control rats were 214 = 21 pmol/mg
protein/min, 0.60 = 0.05, 1.07 = 0.06, and 0.19 = 0.01
pwmol/g protein, and 0.85 = 0.05 nmol/g protein, respec-
tively, and in the white gastrocnemius muscle of control
rats, 239 = 16 pmol/mg protein/min, 1.14 = .20, 1.03 =
0.16, and 1.40 * 0.11 pmol/g protein, and 2.21 = 0.26
nmol/g protein, respectively. M16209 did not affect protein
content in muscles (data not shown).

DISCUSSION

In experiment 1, we investigated the effect of M16209 on
insulin sensitivity with respect to whole-body glucose up-
take and hepatic glucose output by the hyperinsulinemic-
euglycemic clamp method. Since M16209 increased the
GIR without increasing steady-state plasma insulin levels, it
appears that the increase in GIR was caused by potentia-
tion of insulin action, but not by stimulation of insulin
secretion from the pancreas. M16209 acts as an insulin
secretagogue only at high blood glucose levels*5; hence, the
compound is probably ineffective in stimulating insulin
secretion in the euglycemic clamp. By combining 3-[*HJ-
glucose infusion with euglycemic clamp study, it was found
that the increase in GIR induced by M16209 was due to an
increase in whole-body glucose uptake (MCR) rather than
to suppression of hepatic glucose output. This result is
consistent with our previous observations that MI16209
increases insulin-stimulated glucose uptake in isolated rat
diaphragm and that it does not affect gluconeogenesis and
glycogenolysis in isolated rat hepatocytes (Nagao and Ohta,
unpublished data, May 1992). In this study using Wistar
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Table 2. Changes in Parameters During Glucose Clamp Study in Expetiment 2
Basal State Steady State During Glucose Clamp
Group No. PG (mg/dL} IRl {pU/mL) PG {mg/dL) CV (%) IRl {pU/mL) GIR {mg/kg/min)
Basal-control (no insulin infusion) 3 136 =7 24 £ 6 152+ 4 51+20 29+ 3
Insulin-control (insufin 3 mU/kg/min} 5 142 =+ 5 24 + 2 148 = 4 27 +0.7 100 =1 5.43 £ 0.24
Insulin-M16209 10 mg/kg (insulin 3 mU/kg/min) 4 150 = 3 25+ 4 153 =5 25:+04 109 +5 6.21 = 0.16*

NOTE. Results are expressed as the mean + SE.

Abbreviations: PG, plasma glucose; IR, plasma insulin; GIR, glucose infusion rate; CV, coefficient of variation for steady-state plasma glucose

levels during the last 45 minutes.
*P < .05 vinsulin-control.

rats, the effect of M16209 on MCR was comparatively small
(17% 10 30%), whereas in the study using Zucker fatty rats,
M16209 increased MCR by 50% and restored it to the level
of lean rats. Thus, M16209, similar to thiazolidinedione
compounds!'>® known as insulin sensitizers, has more
potent effects on insulin-resistant animals than on normal
animals, and this may be a characteristic feature of insulin
sensitizers.

In experiment 2, we attempted to examine which tissues
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Fig4. Glucose metabolism in muscles during glucose clamp study
after 7 days of treatment with M16209 (n = 3 to 5). Hyperinsulinemic
glucose clamp study combined with [3H]-2-deoxyglucose and [4C]-
glucose administration was performed for 90 minutes. (]} Basal-
control {no insulin infusion); (M) insulin-control (insulin 3 mU/kg/
min}; (Z) insulin-M16209 10 mg/kg (insulin 3 mU/kg/min). *P < .05,
**P < .01: v insulin-control.

are responsible for the increase in whole-body glucose
uptake induced by M16209. The drug increased glucose
uptake, glycogen synthesis, and glycolytic flux in soleus and
red gastrocnemius muscles, both of which are mainly
composed of oxidative muscle fibers,' but not in extensor
digitorum lungus and white gastrocnemius muscles, both of
which are mainly composed of glycolytic fibers.1?

In experiment 3, we further investigated the mechanism
of action of M16209 by focusing on two types of muscles, ie,
the soleus muscle, sensitive to M16209, and the white
gastrocnemius muscle, insensitive to M16209. The com-
pound increased glycogen synthase-1 activity in soleus
muscle, but not in white gastrocnemius muscle. Glycogen
synthase-I is one of the rate-limiting enzymes in the
glycogen synthesis pathway, and the activation of this
enzyme may result in an increased rate of incorporation of
[1*C]-glucose into glycogen. In the soleus muscle, M16209
decreased both G6P and F6P, which are intermediates
preceding the phosphofructokinase ([PFK] EC 2.7.1.11)
step in the glycolytic pathway, whereas it did not affect the
content of F-1,6-BP, which is the product of the PFK
reaction. Moreover, M16209 increased the content of
F-2,6-BP, which is believed to be the most potent activator
of PFK.20.21 However, M16209 did not affect the content of
these phosphates in white gastrocnemius muscle.

These findings suggest that PFK in the soleus muscle may
be activated by M16209 treatment. PFK is one of the
rate-limiting enzymes in the glycolytic pathway, and activa-
tion of this enzyme may increase the glycolytic flux of
[*C]-glucose. Since it has been reported that insulin in-
creases glycogen synthase-I activity”? and F-2,6-BP con-
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Fig 5. Glucose metabolism in epididymal adipose tissue during
glucose clamp study after 7 days of treatment with M16209 (n = 3 to
5). ([J) Basal control; (M) insulin-control; {Z) insulin-M16209 10
mg/kg.
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Fig 6. Hexokinase (HK) activity, glycogen synthase-l (GS-I) activity, glycolytic intermediates (G6P, F6P, and F-1,6-BP), and F-2,6-BP content in
soleus and white gastrocnemius muscles (n = 6 to 12). M16209 was administered for 7 days to Wistar rats, which were killed after being starved
for 21 to 28 hours after the last administration. {{1) Control; {l) M16209 10 mg/kg. *P < .05 v control.

tent® in muscles and that oxidative muscles are more
sensitive to insulin than glycolytic fibers,?»% it is likely that
M16209 more effectively accelerates insulin action in oxida-
tive fibers relative to glycolytic fibers. On the other hand, it
has been reported that oxidative fibers have higher GLUT4
levels than glycolytic fibers*** and that M16209 enhances
insulin-induced translocation of GLUT4 from the intracel-
lular membrane to the plasma membrane in 3T3 adipo-
cytes.” It is therefore possible that M16209 causes an
increase in GLUT4 content in the plasma membrane of
muscles, as well as activation of enzymes such as glycogen
synthase-I and PFK. M16209 did not affect glucose uptake
and lipid synthesis from glucose in epididymal adipose
tissue. CS-045, a thiazolidinedione compound known as an

insulin sensitizer, has been reported to increase both
glucose uptake in adipocytes?” and body weight?® of Zucker
rats. M16209, by virtue of its action selectivity on skeletal
muscle, appears to be more desirable as an antidiabetic
drug than CS-045. '

In conclusion, M16209 increases insulin-stimulated glu-
cose uptake in peripheral tissues, particularly oxidative
muscles, through potentiation of insulin effects on glycogen
synthesis and glycolysis.
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