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The Relationship Between Glycemic Control and Plasma Vascular Endothelial
Growth Factor and Endothelin-1 Concentration in Diabetic Patients

Hiroaki Kakizawa, Mitsuyasu Itoh, Yasutoshi Itoh, Shigeo Imamura, Yoko Ishiwata, Takashi Matsumoto,
Keiko Yamamoto, Taiya Kato, Yasunaga Ono, Mutsuko Nagata, Nobuki Hayakawa, Atsushi Suzuki,

Yoshie Goto, and Naohisa Oda

nderstanding the causes of diabetic vascular complications has become an increasingly important issue because of the

apidly rising prevalence of diabetes. Recently discovered vasoconstrictors and angiogenesis regulators, such as endothelin

ET) and vascular endothelial growth factor (VEGF), have been intensely studied for possible pathogenic roles in diabetic

ascular complications. The present study was undertaken to clarify the effect of glycemic control on serum VEGF and plasma

T-1 concentrations in diabetic patients, and to identify other factors that may cause fluctuations of these substances. Plasma

EGF and ET-1 concentrations of 45 hospitalized diabetic patients and 54 control subjects were measured by enzyme

mmunoassay (EIA) and radioimmunoassay (RIA), respectively. Plasma VEGF was elevated in poorly controlled diabetic

atients compared with healthy subjects and plasma VEGF concentrations declined after hospitalized treatment with either

nsulin or oral hypoglycemic agents in combination with diet. There was a significant correlation between plasma VEGF

oncentration and both fasting plasma glucose (FPG) and hemoglobin A1c (HbA1c). Plasma ET-1 in poorly controlled diabetic

atients was higher than in healthy controls, but improved glycemic control did not affect plasma ET-1 concentrations. Thus,

oor glycemic control causes increased levels of plasma VEGF, which may result in hypertension and vascular complications

n diabetes. Short-term treatment resulting in good glycemic control can improve levels of VEGF and may provide beneficial

ffects on diabetic vascular complications.
2004 Elsevier Inc. All rights reserved.
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HE NUMBER of diabetic patients has dramatically in-
creased each year, probably because of changes in life-

tyle and eating habits. The resultant vascular complications, in
he form of macroangiopathies like cardiovascular disease, and
icroangiopathies like diabetic nephropathy, can result in mor-

ality and life-long morbidity.1 Therefore, understanding the
auses of these diabetic vascular complications is crucial in
educing the long-term adverse effects of this disease.

Recently discovered bioactive substances that control vaso-
onstriction, such as endothelin (ET) and vascular endothelial
rowth factor (VEGF), have been intensely studied for possible
athogenic roles in diabetic vascular complications.2,3 The im-
ortance of the control of blood pressure in preventing the
rogression of diabetic nephropathy has been demonstrated by
he United Kingdom Prospective Diabetes Study (UKPDS).4

VEGF has been cloned and identified as a factor that causes
roliferation of endothelial cells.5,6 Four subtypes (VEGF121,
EGF165, VEGF189, and VEGF206) have been classified by
ifferences in splicing. Many studies have reported the patho-
enetic roles of VEGF on diabetic retinopathy. Aiello et al7 and
damis et al8 showed an increase in VEGF concentrations in

he vitreous humor and aqueous humor of diabetic patients with
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emorrhagic retinopathy, suggesting a role for VEGF in angio-
enesis in the retina. VEGF administered into the vitreous
umor in primates can induce changes similar to diabetic
etinopathy, such as capillary aneurysm, apoplexia retinalis,
ncreased permeability of retinal vessels, blockage, and rubeo-
is iridis.9,10 Increased VEGF gene expression has also been
eported in simple retinopathy, even before new blood vessels
merge.11 There are fewer studies about the possible role of
EGF in diabetic vascular complications other than retinopa-

hy. However, recent studies have focused on various pathoge-
etic roles of VEGF in these complications. VEGF is related to
apillary permeability,12 and increased concentrations of
lasma VEGF have been suggested as a predisposing factor for
uture microalbuminuria in type 1 diabetes.13

ET has a strong, vasoconstrictive action on vascular smooth
uscle.14,15 It also has various physiological effects, such as

rowth-stimulating actions on aldosterone-producing mesen-
hymal cells, stimulation of aldosterone and catecholamine
ecretion, production of vasodilators from vascular endothelial
ells, potentiation of atrial natriuretic peptide (ANP) production
rom heart muscle, and other pleotropic actions, such as inhib-
tory effects on renin secretion and on the central nervous
ystem.16,17 From these data it has been suggested that ET
articipates in the pathophysiology of hypertension and angio-
pasm, and that it may contribute to endothelial dysfunction in
iabetes.18 ET-1 is mainly produced by vascular endothelial
ells, but many other cells, including vascular smooth muscle
ells and myocardial cells also produce it, suggesting a para-
rine or autocrine role.19,20 Diabetic patients who have retinop-
thy showed increased levels of ET-1 in comparison to patients
ithout retinopathy.21 Furthermore, hyperglycemia caused pro-
uction of VEGF from vascular smooth muscle cells or mes-
ngial cells in vitro,22,23 as well as production of ET-1 from
ndothelial cells.21

Therefore, VEGF and ET-1 may be involved in the progres-

ion of various types of diabetic microangiopathies, and the

Metabolism, Vol 53, No 5 (May), 2004: pp 550-555
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551PLASMA VEGF AND ENDOTHELIN IN DIABETES
nteraction between these 2 factors in the hyperglycemic con-
ition may contribute to accelerate the progression of vascular
omplication in diabetes. The present study was undertaken to
larify the effect of glycemic control on serum VEGF and
lasma ET-1 concentrations in diabetic patients, and to identify
actors that may relate to fluctuations of these substances.

MATERIALS AND METHODS

The study subjects consisted of 45 diabetic patients (24 men and 21
omen; mean age, 50.9 � 13.9 years), who were hospitalized for

reatment of their hyperglycemia. The subjects’ body mass index
BMI), hemoglobin A1c (HbA1c), and previous treatment are listed in
able 1. The mean (�SD) duration of diabetes was 8.8 � 7.3 years.
lood was drawn from these patients before and after their hypergly-
emia was improved. Before admission, 26.7% of the diabetic patients
ad been treated with oral hypoglycemic agents and 26.7% had been
reated with insulin in combination with outpatient-based instruction
or diet, while 46.7% of the patients were not treated at all. On
ecruitment into this study, the patients’ glycemic control had not
eached satisfactory levels, that is, repeated measurements of HbA1c

emained greater than 8.0% in spite of treatment, or no previous
reatment was done (Table 1). Informed consent was obtained from
ach subject, and the study was approved by the institutional review
oard. The control subjects consisted of 54 healthy volunteers (22 men
nd 32 women; mean age, 46.8 � 11.5 years; mean BMI, 22.3 � 2.3;
ean HbA1c, 5.1% � 0.3%), whose ages and sex were matched to

hose of the diabetic patients. Blood pressure (systolic, 128.3 � 13.4
m Hg; diastolic, 76.2 � 9.5 mm Hg), HbA1c, and serum levels of

spartate aminotransferase (AST) and alanine aminotransferase (ALT)
f control subjects were all within the normal range; the subjects
howed no glucosuria or proteinuria, and they had no family history of
iabetes. Forty-one patients completed treatment with a calorie-con-
rolled diet regimen (30 kcal/kg of ideal body weight; 50% to 55%

Table 1. Patie

Patient
No.

Sex/Age
(yr) BMI

HbA1c

(%) Pretreatment

1 M/61 19.4 8.6 SU
2 M/33 25.6 7.2 None
3 M/55 22.6 11.3 SU � GI
4 F/52 31.2 11.1 Insulin
5 M/55 19.7 9.3 Insulin
6 M/62 22.2 8.1 None
7 M/57 26.5 9.8 Insulin
8 F/57 29.2 13.0 SU
9 M/50 31.2 11.7 SU

10 M/33 27.2 11.9 None
11 F/60 26.6 10.2 Insulin
12 F/59 22.9 11.2 Insulin
13 F/26 28.8 8.6 SU
14 M/52 23.8 11.4 None
15 M/40 17.8 10.3 GI
16 F/58 25.1 10.9 SU
17 M/56 22.7 11.5 None
18 M/65 21.8 8.0 Insulin
19 F/61 27.5 7.8 None
20 F/57 29.1 9.8 SU � GI
21 F/47 30.2 9.6 Insulin
22 F/55 22.2 9.4 None
23 F/62 24.6 9.6 Insulin

Abbreviations: SU, sulfonylurea; GI, �-glucosidase inhibitor; Met, m
arbohydrate, 25% to 30% fat, and 18% to 20% protein) plus oral f
ypoglycemic agents (28%) and/or insulin (79%) to reduce hypergly-
emia. Glycemic control was monitored by comparing blood glucose
efore each meal and at bedtime (9 PM) during their hospitalization, and
bA1c before and after the treatment.
VEGF was measured by enzyme immonoassay (EIA) kit (Quan-

ikine, R&D Systems, Minneapolis, MN), and ET-1 was measured by
adioimmunoassay (RIA; Sumikin Bio-Science, Sagamihara, Japan).
ecombinant human VEGF165 was used as a standard, and the cross-

eactivity between this assay and VEGF121 is 100%. The minimal
etectable VEGF concentration was 31 pg/mL. Intra- and interassay
oefficients of variation were less than 7% and 6%, respectively. The
inimal detectable ET-1 concentration was 3 pg/mL, and intra- and

nterassay coefficients of variation were less then 10% each. Blood
lucose was measured by the glucose-oxidation method and HbA1c was
easured by high-performance liquid chromatography (HPLC) with a

eference range of 4.2% to 5.7%.

tatistical Analysis

Data are presented as means � SD. Differences between data sets
ere evaluated by analysis of variance (ANOVA) and the Scheffé test
as used as a post hoc test. Paired data were compared by paired t test.
simple linear regression analysis was used to evaluate the correlation

etween the 2 parameters. All statistical analyses were performed with
he StatView 4.5 software program (Abacus, Berkeley, CA) for Macin-
osh. P � .05 was considered statistically significant.

RESULTS

Plasma VEGF was elevated in the 45 uncontrolled diabetic
atients compared with 54 healthy subjects (345.0 � 175.0 v
34.2 � 179.1 pg/mL; P � .01) (Fig 1). After 33.0 � 21.2 days
f hospitalization and medical treatment, the diabetic patients’
lood glucose values before each meal and at bedtime changed

aracteristics

Patient
No.

Sex/Age
(yr) BMI

HbA1c

(%) Pretreatment

24 M/55 21.5 12.6 None
25 M/51 29.4 9.0 SU
26 F/55 25.3 12.1 Insulin
27 M/67 24.3 11.9 SU � GI
28 F/31 27.2 10.5 None
29 F/39 26.4 10.5 None
30 F/46 17.0 8.7 SU � Met
31 M/30 28.6 6.6 None
32 M/36 30.8 7.6 SU � GI � Pio
33 M/37 36.0 8.6 None
34 M/33 41.4 7.9 None
35 M/65 21.1 8.9 None
36 F/76 14.0 10.4 SU � GI
37 F/79 21.4 8.6 None
38 M/71 23.5 10.1 None
39 F/72 31.3 8.6 Insulin
40 M/31 17.1 13.6 None
41 F/33 33.3 11.1 Insulin
42 F/29 18.3 12.5 None
43 M/33 22.0 12.9 None
44 M/54 21.0 13.3 None
45 F/55 19.2 7.2 None

min; Pio, pioglitasone.
nt Ch
rom 215.1 � 63.9 mg/dL (before breakfast), 266.1 � 71.7
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552 KAKIZAWA ET AL
g/dL (before lunch), 206.1 � 76.0 mg/dl (before dinner), and
47.9 � 81.1 mg/dL (9 PM) to 107.8 � 23.2, 118.0 � 31.9,
16.7 � 31.1, and 155.1 � 45.5 mg/dL, respectively (P � .05).
lycosylated Hb A1c changed after 1 month from 10.0% � 1.8
to 8.2% � 1.2 % (P � .0001). After diet and pharmacolog-

cal treatment, plasma VEGF levels in the 41 patients whose
lycemic control had improved from 339.0 � 179.0 pg/mL to
73.2 � 142.2 pg/mL, were not different from the controls (Fig
). There was a significant correlation between plasma VEGF
oncentration and both FPG and HbA1c in subjects who did not
ave good glycemic control (Fig 3; P � .05). There was also a
ignificant correlation between plasma VEGF concentration
nd HbA1c after good glycemic control was obtained (Fig 4;
� .05).
Plasma ET-1 in poorly controlled diabetic patients was

igher than in healthy controls (2.69 � 0.61 pg/mL v 2.11 �
.85 pg/mL, P � .005) (Fig 1). However, improved glycemic
ontrol did not affect plasma ET-1 concentration (2.81 � 0.57
g/mL v 2.61 � 0.84 pg/mL; Fig 5) and no correlation was
ound between plasma ET-1 concentration and HbA1c or FPG.
lasma ET-1 levels increased in some patients and decreased in
ther patients after good glycemic control was obtained. There-
ore, several factors were compared by dividing the patients
nto 2 groups: those with levels of ET-1 that increased and
hose with levels that decreased. There were no significant
ifference between the 2 groups with regard to age (48.0 �
7.5 v 50.4 � 15.0 years), HbA1c (10.1% � 2.2% v 9.9% �
.5%), BMI (24.2 � 5.4 v 24.5 � 5.5 kg/m2), systolic blood
ressure (127.4 � 18.7 v 128.3 � 17.5 mm Hg), total choles-
erol (214.3 � 46.4 v 214.1 � 36.2 mg/dL), or FPG (224.1 �
0.6 v 250.5 � 61.5 mg/dL). The group that had a decreased
T-1 response showed higher triglyceride levels (191.7 �
13.5 v 77.6 � 23.0 mg/dL, P � .05), and slightly higher
EGF levels (397.5 � 215.1 v 238.3 � 125.0 pg/mL, P �

066) and diastolic blood pressure (75.3 � 12.0 v 65.4 � 5.5
m Hg, P � .051), although the difference for diastolic blood

ressure was not statistically significant. As a whole, serum
otal cholesterol and triglyceride levels in poorly controlled
iabetic patients were higher than those in normal controls
total cholesterol, 221.8 � 44.0 mg/dL v 203.4 � 28.9 mg/dL,

Fig 1. Plasma VEGF and ET-1 concentrations in diabetic patients

n � 45) and in control subjects (n � 54). *P < .05
� .05; total triglycerides, 156.0 � 99.6 mg/dL v 104.6 � .
2.9 mg/dL, P � .05). Treatment improved serum total cho-
esterol from 221.8 � 44.0 mg/dL to 205.5 � 39.0 mg/dL (P �
005), and triglyceride from 153.7 � 101.2 mg/dL to 133.6 �
07.1 mg/dL (P � .01), and changed BMI from 24.4 � 4.7
/m2 to 22.3 � 2.3 kg/m2 (P � .0001). There was no difference
n systolic or diastolic blood pressure between poorly con-
rolled diabetic (systolic, 129.4 � 18.7 mm Hg; diastolic
4.6 � 13.8 mm Hg) and post-controlled diabetic patients
systolic, 126.3 � 15.0 mm Hg; diastolic, 72.6 � 11.0 mm Hg)
r controls (systolic, 128.3 � 13.4 mm Hg; diastolic, 76.2 �
.5 mm Hg). No correlation was found between plasma VEGF
r ET-1 concentration and the levels of total cholesterol or
riglycerides, or BMI. There was also no correlation between
iabetes duration (years), hypertension, diabetic nephropathy,
r neuropathy and plasma VEGF or ET-1 concentration (Fig 6).
owever, plasma VEGF concentrations in patients with prolif-

rative retinopathy was higher than that in those with simple
etinopathy (429.9 � 62.4 pg/mL v 246.5 � 154.8 pg/mL, P �
05), but was not statistically different from those without
etinopathy (Fig 6).

DISCUSSION

The present study showed that plasma VEGF concentration
as higher in diabetic patients who were hospitalized because
f poor glycemic control than in healthy subjects. The in-
reased plasma VEGF concentration declined along with de-
reases in FPG and HbA1c as a result of treatment during
ospitalization of 33.0 � 21.2 days. There was a significant
orrelation between plasma VEGF concentration and HbA1c,
uggesting that chronic hyperglycemia may increase plasma
evels of VEGF, and that reduction of high levels of VEGF may
e possible by improvement of glycemic control. Prolonged
yperglycemia activates the sorbitol pathway and induces in-
racellular anaerobic conditions, and hemodynamic change.24-26

hese conditions may facilitate the production of VEGF,22,27

hich is a growth factor for vascular endothelial cells that may
ontribute to diabetic vascular complications and arteriosclero-
is.3 This increased production of VEGF was reversed by the
eduction of hyperglycemia. Our in vivo data are supported by

Fig 2. Changes of plasma VEGF after treatment (n � 41). *P <

05
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553PLASMA VEGF AND ENDOTHELIN IN DIABETES
ther in vitro studies, which showed increased production of
EGF when vascular smooth muscle cells or renal mesangial

ells were cultured under high-glucose conditions.22,23 Isch-
mia and hypoxia have also been shown to induce expression
f the VEGF gene.28,29 Advanced glycation endproducts
AGEs) also induce expression of VEGF, and there is a corre-
ation between AGE deposition and expression of VEGF in the
etina of diabetic retinopathy.30 Our data suggesting a positive
orrelation between plasma VEGF and HbA1c levels may re-
ect, at least in part, the clinical situation of AGE-induced
EGF overproduction.
Hypoxia activates the sorbitol pathway under high-glucose

onditions,29,30 and VEGF may be involved in the promotion of
umen formation, random migration of endothelial cells, release
f tissue factors from endothelial cells, production of coagula-
ion and fibrinolytic proteins such as plasminogen activator,

Fig 3. Correlation between

lasma VEGF concentration and

PG or HbA1c in poorly con-

rolled diabetic patients (n � 45).

Fig 4. Correlation between plasma VEGF concentration and
bA1c in well-controlled diabetic patients (n � 41). a
xpression of cell adhesion molecules in small vein neovascu-
ation, and macrophage migration in the arteriosclerotic
laque.31,32 Valabhji et al33 showed that high levels of serum
EGF in type 1 diabetic patients correlated with diminished

arotid artery distensibility (mean percentage increase in ca-
otid luminal diameter measured by ultrasound), and Santilli et
l13 suggested increased serum VEGF levels as a predicting
isk factor for developing persistent microalbuminuria in young
ype 1 diabetic patients. VEGF mRNA and urinary excretion of
EGF are increased in diabetic nephropathy.27

ET has been identified as a vasoconstrictive factor consisting
f 21 amino acid residues.14 Three isoforms are subclassified as
T-1, -2, and -3. The ET receptor has 2 kinds of G-protein–
oupled domains, termed ET-A and ET-B, depending on the
ffinity for the 3 isoforms.17 ET-1 is produced in vascular
ndothelial cells, and is involved in circulation dynamics.2

Fig 5. Plasma ET-1 concentration in diabetic patients before and
fter treatment (n � 25). *P < .05.
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554 KAKIZAWA ET AL
ecent research has employed receptor inhibitors to determine
hether ET-1 regulates vascular tone physiologically.34,35

lasma levels of ET-1 have been repeatedly shown to be high
n diabetic patients21 and our results confirmed these findings.
owever, improvement of blood glucose by treatment did not

ffect plasma ET-1 concentrations in our study. On the other
and, it may be possible to predict a decreased response of high
evels of plasma ET-1 by amelioration of hyperglycemia in the
ase of patients with high level of triglycerides and plasma
EGF and high diastolic blood pressure, since this group

howed a decreased response of ET-1 after good glycemic
ontrol was obtained. ET-1’s potential role in diabetic compli-
ations requires further investigation. It is possible that ET-1
ay need a certain period of time to diminish, or that once its

ncreased production is initiated, it may not be able to return to
ormal levels due to other disrupted feedback mechanisms.

Fig 6. Plasma levels of VEGF and ET-1 in diabetic p
4. UK Prospective Diabetes Study Group: Efficacy of atenolol and

c
c

h
B

t

g
o

ne limit of the present study is that the number of patients
ecessary was not calculated for each group according to the
esults of a preliminary study. Further studies with enough
ower will be required to test the hypothesis that amelioration
f increased levels of VEGF and ET-1 by glycemic control
educes diabetic complications.

In summary, poor glycemic control is associated with in-
reased levels of plasma VEGF and ET-1 in diabetic patients.
hort-term treatment leading to good glycemic control is asso-
iated with reduced VEGF levels, but not reduced ET-1 levels.
mproved levels of VEGF may reduce the risk of diabetic
ascular complications.
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