
T

i

C

p

i

c

a

C

©

D
a
m
p
c
A
a
c
o

q
t
s
i
i
t
t
B
d
s
d
s
o
(
b
s
fl
d

p
m
fl
u
a
t
v
t
d
s
w
c

M

Synergistic Effects of C-Peptide and Insulin on Coronary Flow
in Early Diabetic Rats

Hiroshi Nakamoto, Naoki Sakane, Kazuhiro Kimura, Toshihide Yoshida, Seiichi Mochizuki,
Yasuo Ogasawara, and Fumihiko Kajiya

he aims of the present study are (1) to examine whether coronary flow is increased and (2) to examine the role of C-peptide

n relation to nitric oxide (NO) production and coronary flow in a rat heart (Wistar) during the early stages of type 1 diabetes.

oronary flow increased by 36.4% �10.6% (P < .05) during the early stages of streptozotocin-induced diabetes of isolated

erfused rat hearts, but NO production increased without significance. C-peptide alone did not change coronary flow, but

ncreased NO production in diabetes. In the presence of insulin, C-peptide reversed both flow and NO production to the

ontrol level of normal rats (P < .05). In conclusion, during the early stages of type 1 diabetes, coronary flow was increased,

nd C-peptide in the presence of insulin synergistically normalized the excessive flow and NO production induced by

-peptide to the control level of normal rats.
2004 Elsevier Inc. All rights reserved.
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IABETES MELLITUS is an independent risk factor for
the development of and extent of coronary artery disease,

nd diabetic patients are at increased risk of coronary disease
orbidity and mortality.1 C-peptide is a connecting segment of

roinsulin and is secreted from pancreatic � cells into the
irculation along with insulin after the cleavage of proinsulin.
lthough C-peptide was formerly considered biologically in-

ctive, more recent studies have suggested that it is a biologi-
ally active peptide and might be involved in the development
f diabetic microangiopathy and neuropathy.2,3

Impairment of endothelium-dependent relaxation and conse-
uent reduction of blood flow occur in diabetes, especially at
he later stage.4-8 Most studies on experimental diabetes have
hown a progressive worsening of endothelial dysfunction. The
mportance of duration of diabetes has been pointed out, and it
s now hypothesized that a phasic response of increased, unal-
ered, and impaired endothelium-dependent relaxation within
he same model, but dependent on the duration of disease.6

ased on this, we define the early stage as the period of
iabetes with increased endothelium-dependent relaxation ob-
erved in the present study. At the early stage, it is still under
ebate whether coronary flow increases or not. Some in vivo
tudies have reported that renal cortical expression of all nitric
xide synthase (NOS) isoforms, including endothelial NOS
eNOS), are markedly increased in streptozotocin (STZ)-dia-
etic rats.9 It is likely that eNOS expression at the early
tage of diabetes is elevated. We hypothesized that coronary
ow is increased in relation to NO during the early stages of
iabetes.
Administration of C-peptide to insulin-dependent diabetic

atients or diabetic animals has been shown to decrease glo-
erular hyperfiltration,10-12 diminish the leakage of albumin or
uorescein across the blood-retina barrier,10 increase glucose
ptake in skeletal muscle,13,14 and to improve autonomic nerve
nd microvascular disease.10,12,14-16 All of these findings appear
o be beneficial. As to the effects of C-peptide on cardiac
asculature, it remains unclear. We hypothesized that C-pep-
ide may have another beneficial normalizing function to re-
uce increased flow during the early stage of diabetes. This
tudy examines whether coronary flow is increased and
hether C-peptide in the presence or absence of insulin reduces
oronary flow during the early stages of diabetes.

etabolism, Vol 53, No 3 (March), 2004: pp 335-339
MATERIALS AND METHODS

Only male Wistar rats were used in this study. At the age of 10
eeks, the diabetic group was injected with 50 mg/kg STZ, and the

ontrol group was given sham saline shots by tail-vein injection. Four
eeks later, at the age of 14 weeks, the rats (n � 8 and 10, body
eight � 340 � 13 g and 283 � 4 g, control and diabetic groups

espectively, P � .01, Table 1) were anesthetized by diethyl-ether
nhalation, and isolated hearts (wet heart weight, control v diabetes:
.06 � 0.05 g and 1.08 � 0.03 g) were perfused in a Langendorff mode
t a perfusion pressure of 100 cm H2O. We adopted this preparation
ecause the perfusion pressure can be strictly controlled and the oxygen
aturation among other contents in the perfusate can be kept constant.

modified Krebs-Henseleit buffer solution (pH, 7.4) that was saturated
y a mixed gas of 95% O2 and 5% CO2 was used. All the STZ-injected
ats showed a high concentration of blood glucose, 400 � 25 mg/dL,
hile that of the control rats was 102 � 6 mg/dL (P � .01, Table 1).
After a 20-minute stabilization period perfusing a Krebs-Henseleit

uffer, C-peptide (10 nmol/L) was then perfused. Another 15 minutes
ere allowed for stabilization.15 Finally, insulin (1 �U/mL) of sub-
hysiologic concentration was coperfused with C-peptide of 10 nmol/L
oncentration.17 Coronary effluent flow rate from the pulmonary artery
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336 NAKAMOTO ET AL
as measured as coronary flow by an electromagnetic blood flowmeter
MFV-3200; Nihon Kohden, Tokyo, Japan). Effluent of 200 to 300 �L
as collected for concentration measurement of oxidative products of
O derivatives, ie, nitrite and nitrate anions (NOx). NOx concentra-

ions were measured by a NOx analyzer (ENO-20; Eicom, Kyoto,
apan).18 This analyzer is, in principle, a combination of the Griess
ethod19 and high-performance liquid chromatography, allowing re-

pective measurement of nitrite and nitrate concentration at a high
ensitivity. NOx concentration was calculated by subtracting buffer
Ox concentration from perfusate NOx concentration and used to

alculate the NO production rate, which was evaluated as a product of
he NOx concentration and coronary flow rate.

To confirm the absence of a vasoactive effect by 1 �U/mL insulin,
sole application of low-dose insulin at 1 �U/mL after perfusing a
rebs-Henseleit buffer was performed in normal and diabetic rats (n �
and 7, respectively).
Housing and anesthesia concurred with the guidelines set out by the

ommittee of animal research at the Kawasaki Medical School, in
ccordance with the Guide for the Care and Use of Laboratory Animals
ublished by the US National Institutes of Health (NIH publication No.
5-23, revised 1996).
Modified Krebs-Henseleit bicarbonate buffer (11 D-glucose, 1.2
gSO4, 12 KH2PO4, 4.7 KCl, 120 NaCl, 25 NaHCO3, 2.5 CaCl2�2H2O,

ll in millimolars) was purchased from Sigma Chemical, St Louis, MO.
TZ was purchased from Wako Pure Chemical Industries, Osaka,
apan. C-peptide was donated by Eli Lilly, Indianapolis, IN.

Data were expressed as means � SE. The analysis of data on group
haracteristics and sole insulin perfusion experiments was performed
ither by the paired or unpaired t test for comparison. Data of coronary
ow and NO production were analyzed by 1-way analysis of variance
ANOVA) followed by Fisher post hoc test. A P value less than .05 was
onsidered statistically significant.

RESULTS

Coronary flow was significantly increased in diabetic rats
ompared with that of normal rats by 36.4% � 10.6% (P � .05,
ig 1), while NO production showed only an increasing trend
ithout statistical significance (Table 1 and Fig 2). Flow is

xpressed against 1 g myocardium, dividing the coronary flow
y the weight of the wet myocardium of each rat.
Sole application of insulin at 1 �U/mL did not cause any

ignificant change at the limits of our system in either flow or
O production in both diabetic and normal rats (see Table 1).

Table 1. Characteristics of the Study Rat Groups

Control
(n � 8)

Diabetes
(n � 10)

Body weight (g) 340 � 13 283 � 4*
Wet heart weight (g) 1.06 � 0.05 1.08 � 0.03
BS before experiment (mg/dL) 102 � 6 400 � 25†
Basal coronary flow

(mL/g heart weight/min) 6.6 � 0.4 9.0 � 0.7*
Basal NO production

(nmol/g heart weight/min) 1.29 � 0.43 1.71 � 0.18
Effect of insulin (n � 6) (n � 7)

Coronary flow (%) 97.8 � 6.9 96.4 � 3.9
NO production (%) 102.6 � 16.5 98.4 � 15.5

NOTE. Values are expressed as means � SD.
Abbreviation: BS, blood sugar level.
*P � .05 v basal control, †P � .01 v basal control.
O production is expressed against 1 g myocardium, dividing I
he amount of NO production per minute by the weight of the
et myocardium of each rat.
C-peptide of 10 nmol/L showed an increasing tendency of

oronary flow (9.0 � 0.7 v 9.7 � 0.7 mL/g heart weight/min)
n diabetic rats compared with that of basal conditions (P � .2),
ut the low dose of insulin alone did not. However, it is
oteworthy that concomitant perfusion of C-peptide and insulin
o diabetic rats significantly decreased the flow increment in
iabetic rats to 7.5 � 0.6 mL/g heart weight/min (P � .05 v
M basal conditions and sole C-peptide, Fig 1), showing no

ignificant flow difference compared with that of normal basal.
C-peptide of 10 nmol/L increased NO production signifi-

antly from 1.71 � 0.18 to 2.85 � 0.42 nmol/g heart weight/
in in diabetic rats, showing significantly higher values

ompared with that of diabetic basal conditions. Concomi-
ant perfusion of C-peptide and insulin (1 �U/mL) signifi-
antly decreased NO production to 1.28 � 0.18 nmol/g heart
eight/min in diabetic rats (P � .05, Fig 2) from the increased
O production induced by C-peptide, resulting in the simi-

Fig 1. Coronary flow (derived from pulmonary arterial effluent

olume (mL/g heart weight/min)) at basal states and after C-peptide

10 nmol/L) and/or insulin (1 �U/mL) administration into Langen-

orff heart preparation of normal and diabetic rats. Significant dif-

erences from normal basal flow were found against the flows of

iabetic basal and sole C-peptide administration groups. A signifi-

ant difference was found against diabetic basal flow after concom-

tant administration of C-peptide and insulin to diabetic rats. The

ifference of flow between normal control rats and diabetic rats with

oth C-peptide and insulin was not significant. Sole insulin or C-

eptide administration did not cause any flow change in diabetic

ats. Numbers under the bars indicate the number of samples

dopted for analysis. *P < .05 (C v D); #P < .05 (D � Cp v D � Cp �
ns). C, normal; D, diabetic; Ins, insulin; Cp, C-peptide.



l
d

I

r
D
e
b
t
t
m
p
c
c
e
c
d

t
e
t
g
d
s
p
l

d
q
l
i
s
s
w
t
b
e
e
c
e

d
p
g
c
c
r
o
a
c
c
(
a
i
i
f
i
c
p
s
n
p
p
t
m
i
B
t
r
d
a
r
e
v
t
a

m

s

i

T

c

c

t

e

w

i

N

a

n

337SYNERGISTIC EFFECTS OF C-PEPTIDE AND INSULIN
ar NO production value to normal basal without significant
ifference.

DISCUSSION

ncrease of Coronary Flow

Basal coronary flow was significantly increased in diabetic
ats compared with the normal basal flow (Figs 1 and 2).
iabetes, as reported by Pieper20 with much attention on dis-

ase duration, affects the tissue and the vasculature biphasically
oth at the early stage and at the later stage. He hypothesized
hat an early increase in blood flow would be followed by a
ransition state to impaired relaxation. Diabetes mellitus is a
ajor cause of ischemic coronary artery disease. Cardiac com-

lications in diabetes mellitus are frequently ascribed to mi-
roangiopathy. Although there have been several studies on
oronary flow in diabetes,21-23 there are few that deal with the
arly diabetes, clinically or experimentally. Under these cir-
umstances, the role of NO in the control of coronary flow

24

Fig 2. Coronary NO production (pulmonary arterial effluent rate

ultiplied by NOx concentration (nmol/g heart weight/min)) at basal

tates and after C-peptide (10 nmol/L) and/or insulin (1 �U/mL) admin-

stration into Langendorff heart preparation of normal and diabetic rats.

here was an increasing trend of NO production in diabetic control rats

ompared with that of normal control rats without statistical signifi-

ance. A significant difference was found after sole C-peptide adminis-

ration in diabetic rats compared with normal control rats. The differ-

nce in NO production between normal control rats and diabetic rats

ith both C-peptide and insulin was not significant. Sole insulin admin-

stration did not cause any NO production change in diabetic rats.

umbers under the bars indicate the number of samples adopted for

nalysis. *P < .05 (D v D � Cp); #P < .05 (D � Cp v D � Cp � Ins). C,

ormal; D, diabetic; Ins, insulin; Cp, C-peptide.
uring development is still unknown. Functional abnormali- n
ies of the coronary microcirculation have been reported in
xperimental diabetes mellitus. Recently, the role of the endo-
helium in the regulation of coronary arterial dimensions has
ained a lot of attention.25 We have focused on coronary flow
uring the early stages of diabetes, in particular, in the present
tudy. We adopted a 4-week model of moderate diabetes in the
resent study as the early stage of experimental diabetes fol-
owing the study by Ido and others.12,20

There have been few studies focused on early diabetes that
eal with the relation of coronary flow and NO production
uantitatively in rat hearts. In long-lasting diabetes, endothe-
ium-dependent vascular relaxation is impaired and blood flow
s reduced.4-8 However, blood flow alteration during the early
tages of diabetes in various organs has been debated among
tudies.6,7,20 In the early stages of diabetes, renal plasma flow
as reported to be increased.26 Recently, it was hypothesized

hat the balance between enhancement and suppression of NO
ioavailability is shifted towards NO enhancement during the
arly phases of nephropathy.9 Supportively, we observed affer-
nt and efferent arteriolar vasodilatation by our intravital-mi-
roscopy.27 The mechanism of coronary flow increases in the
arly stage of diabetes will be considered next.

The increase of coronary flow during the early stages of
iabetes can be explained by the following hypotheses,
seudohypoxia, or activation of protein kinase C due to hyper-
lycemia.4,6,7,28 Increased flow may be viewed as a normal
ompensatory reaction to hypoxia.6,7,20 Pseudohypoxia is a
haracteristic state for diabetes mellitus in which the cytosolic
atio of free NADH/NAD� is increased mimicking the effects
f true hypoxia.5 The effects of pseudohypoxia are mediated by
branching cascade of imbalances in lipid metabolism, in-

reased production of superoxide anion, and possibly, in-
reased NO formation. In the other hypothesis, protein kinase C
PKC) activation, mediated by elevated glucose, may lead to an
lteration in endothelial prostaglandin synthesis and play a role
n the development of diabetic vascular complications.28,29 The
nteraction of PKC and NOS has also been indicated.30 There-
ore, an increase of NO production may be related to flow
ncrease during the early stages of diabetes.31 The elevated
oronary flow causes high shear stress and consequently NO is
roduced further to counteract high shear stress.31 A recent
tudy by Milsom et al32 has reported that there is increased
itrosyl hemoglobin (HbNO) in type 1 diabetic patients com-
ared with blood isolated from control subjects. If blood is
erfused in the present study, their finding partly contributes to
he reason why NO is not significantly increased in a manner
atching flow increase in STZ-induced diabetic rats, which

mplies entrapment of increased NO by hemoglobin (Hb).
ecause a buffer solution was perfused instead, NO may not be

he sole factor for enhanced coronary flow. Rosen et al33

eported that the basal release of NO was not changed by
iabetes lasting from 5 to 26 weeks, stressing the role of
ccelerated inactivation of NO by superoxide anions. Thus, it
emains to be resolved whether the enhanced flow during the
arly stages might be due to combination effects of other
asoactive substances with NO, such as prostaglandins, endo-
helin, endothelium-derived hyperpolarizing factor (EDHF),
nd so on.7 We speculate that the mismatched excessive coro-

ary flow causes enhanced mechanical stress by both micro-
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338 NAKAMOTO ET AL
ascular hypertension and high wall shear stress and may
nitiate and develop microangiopathy of diabetes leading to
ndothelial dysfunction. From the literature, renal cortical ex-
ression of all NOS isoforms, including eNOS, is markedly
ncreased in STZ-diabetic rats.9 We speculate that eNOS ex-
ression is elevated. It requires further study with NOS inhi-
ition to determine the effect of NO on the increased coronary
ow in diabetic rats.

-Peptide Action

C-peptide administration did not change coronary flow, but
ignificantly increased coronary NO production in diabetic rats,
nd concomitant administration of C-peptide and insulin de-
reased coronary flow and NO production in diabetic rats
ignificantly from the levels when C-peptide was administered
olely, obtaining the values of basal flow conditions in control
ats (Figs 1 and 2).

It is known that in healthy human subjects no significant
nfluence was exerted by C-peptide on blood flow or oxygen
ptake.3 The concentration of 10 nmol/L C-peptide is reported
o show effects15,17 in diabetic patients, unlike in healthy sub-
ects, while 1 �U/mL insulin is reported to exert no physiolog-
cally vasoactive effect in both healthy and diseased subjects.17

ur confirming additional experiment using 1 �U/mL insulin
id not show any flow change or NO production change. Thus,
his dose of insulin is considered to be below the physiologic
asodilating concentration.
It is now understood that activation of the C-peptide receptor

s coupled to a G protein.34 Subsequently, Na�-K� adenosine
riphosphatase (ATPase), and Ca2�-dependent intracellular
athways are activated resulting in stimulation of endothelial
OS activity.35 This mechanism may be the reason for NO
roduction increase in the present study when C-peptide is
dministered solely. Although NO production was increased by
-peptide, a matching flow increase was not observed, only a

light flow increase. One reason is that blood vessels may be
ilated to some extent in this preparation by crystalloid buffer
erfusate (see Table 1), resulting in decreased vasodilatory
apacity. Although this is the limitation of the Langendolff
xperiment, the preparation was necessary and appropriate to
eep perfusion pressure strictly constant and to keep the con-
ents of perfusate the same without any influence from the
ystemic neurohumoral effects. Another reason may be due to
O inhibitory agents and/or vasoconstrictive substances pro-
uced in diabetes, such as superoxide anion, endothelin, and
asoconstrictive prostaglandins, counteracting the vasodilatory

7,28,36-39
ffects of NO. S
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ith C-peptide and insulin caused a reduction of coronary flow,
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nd insulin on endothelium and/or smooth muscle may play a
rucial role in restoring the excessive coronary flow in early
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onclusions

In conclusion, coronary flow was increased during the early
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