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■ Abstract 
The diterpene glycoside stevioside (SVS) and soy bean pro-
tein isolate have both been shown to have beneficial effects 
in diabetes treatment. As they each show different benefits 
we investigated whether the combination of both substances 
shows an improvement in the treatment of diabetes in 
Goto-Kakizaki (GK) rats. Over the course of 4 wk, the rats 
were fed with the following four test diets (n = 12 per 
group): 1. Standard carbohydrate-rich laboratory diet 
(chow), 2. chow + SVS (0.03 g/kg BW/day), 3. 80% SPI + 
20% chow and 4. 80% SPI + 20% chow + SVS (0.03 g/kg 
BW/day). At the end of the course conscious rats under-
went an intra-arterial glucose tolerance test (IAGTT) (2.0 g 
glucose/kg BW). Compared to normal chow diet, stevioside 

in combination with SPI shows the following beneficial ef-
fects in GK rats with mild type 2 diabetes: 1. a 56% reduc-
tion in plasma glucose (p < 0.001), 2. a 118% increase in 
first-phase insulin (p < 0.005), 3. a 20% reduction in gluca-
gons (p < 0.05), 4. a 28% reduction in total cholesterol (p < 
0.001), 5. a 13% reduction in FFA (p < 0.01), 6. a 49% re-
duction in TG (p < 0.001) and 7. a 11% reduction in the sys-
tolic blood pressure (p < 0.001). In conclusion, the combi-
nation of stevioside and SPI has synergistic positive effects 
on the characteristic features of the metabolic syndrome, i.e. 
hyperglycemia, hypertension and dyslipidemia. 
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Introduction 
 

   ype 2 diabetes mellitus and the metabolic syn- 
  drome have become major public health concerns 

in industrialized and developing countries [1]. This is 
due to their increasing prevalence in epidemic propor-
tions, and their frequent association with major car-
diovascular risk factors and cardiovascular diseases. 
Type 2 diabetes is associated with a 4-6 fold increase 
in mortality caused by coronary artery disease (CAD) 
[2]. Approximately 50% of type 2 diabetic subjects suf-

fer from hypertension and dyslipidemia and a 2-3 fold 
increased CAD risk is seen at any cholesterol level [3]. 

Type 2 diabetes mellitus is characterized by im-
paired insulin secretion and peripheral insulin resis-
tance [4]. The treatment of type 2 diabetes is currently 
unsatisfactory. Therefore, new agents are needed. The 
first aim is to develop drugs that augment insulin se-
cretion through a mechanism other than blocking 
K+ATP-channels. The second aim is to provide cheap 
drugs for the growing population of diabetes sufferers 
in developing countries which cannot afford medicines 
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currently available from industrialized countries. Tradi-
tional anti-diabetic plants might provide a useful 
source of new oral anti-hyperglycemic compounds, or 
supply simple dietary adjuncts to existing therapies. 
On this account, the World Health Organization Ex-
pert Committee on Diabetes has recommended inves-
tigation into traditional methods for the treatment of 
diabetes [5, 6]. As a traditional medicine, the plant Ste-
via rebaudiana Bertoni (SrB) is used in the treatment of 
diabetes among the Guarani Indians in Paraguay and 
Brazil [7, 8]. Oral intake of SrB extracts has been 
shown to suppress plasma glucose in diabetic subjects 
[9, 10]. The diterpene glycoside, stevioside (19-O-β-
glucopyranosyl-13-O-β-glucopyranosyl (1-2)-β-gluco-
pyranosyl-steviol) (Figure 1), isolated from SrB, exhib-
its a direct insulinotropic action in both isolated mouse 
islets and the clonal beta-cell lines (INS-1) [11, 12]. 
Furthermore, we have shown that stevioside possesses 
insulinotropic, glucagonostatic, anti-hyperglycemic and 
blood pressure-lowering effects in diabetic animals 
[13, 14]. Stevioside also exerts an anti-hyperglycemic 
action on postprandial blood glucose levels in type 2 
diabetic subjects [15]. 

Soy intake has been linked to improved blood lipid 
levels and decreased arterial fatty streaks, thereby re-
ducing the risk of atherosclerosis [2, 16-19]. The soy 
components that may exert beneficial cardiovascular 
effects include protein, lipids, fiber and phytochemi-
cals, including isoflavones. Soy proteins have been 
shown to decrease serum cholesterol, LDL cholesterol 
and triglycerides [3, 19, 20]. A similar beneficial effect 
has also been demonstrated on LDL cholesterol in 
type 2 diabetic subjects [21]. 

Furthermore, we have recently shown that long-
term treatment with stevioside in combination with 

soy protein have a preventive effect on the develop-
ment of type 2 diabetes and the metabolic syndrome 
in the Zucker diabetic fatty (ZDF) rat [22]. In this pre-
vention study we found a 19% reduction in blood glu-
cose compared to a control group after 10 wk of 
treatment, as well as an improvement of the blood 
lipid profile [22]. The results of this study encouraged 
us to investigate if the combination of stevioside and 
soy-protein isolate, in a treatment situation, also pos-
sesses beneficial effects in the treatment of type 2 dia-
betes and its cardiovascular risk factors, such as hyper-
glycemia, hypertension, dyslipidemia and weight gain, 
in the diabetic GK rat. 

Methods 

Study design 
Adult male GK rats weighing 200-230 g at the age 

of 20 wk were obtained from Takeda Chemical, To-
kyo, Japan, and bred locally at Bomholtgaard Breeding 
and Research Centre, Ry, Denmark. The animals were 
divided into four groups (n = 12 in each group), kept 
in individual cages and fed for 4 wk with four different 
pellet diets: 

 
1. Group A received a standard carbohydrate-rich 

laboratory diet (chow). 
2. Group B received chow + stevioside (0.03 g per 

kg body weight (BW) per day). 
3. Group C received 80% SPI (Abalon®) + 20% 

chow. 
4. Group D received 80% SPI + 20% chow + ste-

vioside (0.03 g/kg BW/day). 
 

All diets contained simi-
lar amounts of vitamins and 
minerals. Fasting blood glu-
cose, blood pressure, body 
weight and food intake were 
measured every week during 
the 4 wk period. At week 3 
an intra-arterial glucose tol-
erance test was performed 
(see below). Water was 
given ad libitum and a light 
cycle of 12 h/12 h was used. 
The experiment was per-
formed in accordance with 
the guidelines of the Danish 
Council for Animal Experi-
ments. 
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Figure 1. Structures of stevioside and isoflavones (daidzein and genistein). 
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Stevioside and soy protein dietary supplement 
The stevioside molecule (19-O-β-glucopyranosyl-

13-O-β-glucopyranosyl (1-2)-β-glucopyranosyl-steviol, 
Wako Chemicals, Japan) is composed of steviol, a 
diterpenic carboxylic alcohol, and 3 D-glucose mole-
cules. It was dissolved in tap water and given to the 
GK rats in small bottles containing approximately 8 
ml, dependent on the weight of the animals (0.03 g/kg 
BW/day). SPI was obtained from NutriPharma A/S, 
London, England, mixed with chow diet (20%) and 
made into pellets (Brogaarden, Denmark). SPI has a 
high isoflavone content (approximately 3%) and 40% 
cotyledon fiber. Isoflavones are phytoestrogens, which 
are normally divided into 3 major classes, namely 
isoflavones, lignans, and coumestans. The major bio-
active isoflavones are genistein and daidzein, which are 
derived from the precursor biochanin A and for-
mononetin, respectively. The amount of isoflavones in 
soybean varies according to the type of soybean, geo-
graphic area of cultivation and harvest year. In addi-
tion, the isoflavone content of different soy products 
varies substantially as a result of different processing 
methods. 

Glucose tolerance test 
After 3 wk of feeding the GK rats were anesthe-

tized by subcutaneous injection (1 ml/kg BW) of a 
mixture of 0.08 mg/ml phentanyl citrate, 2.5 mg/ml 
phluanisone (Janssen Pharmaceutica, Beerse, Belgium) 
and 1.25 mg/ml midazolame (Dumex-Alpharma, 
Oslo, Norway). A midline incision was made in the 
frontal part of the neck and the right artery was iso-
lated. The cephalic part of the artery was closed by su-
ture and the catheter held in position by ligatures. A 
hole in the artery was made caudal to the closing su-
ture and a catheter (Tygon Microbore Tubing, Norton 
Performance Plastics, Akron, OH; inner diameter 0.40 
mm, outer diameter 0,78 mm) was inserted 30 mm 
into the artery and held in position by ligatures. The 
free end of the catheter was exteriorized at the neck 
leaving 2.5 cm of the catheter outside the animal. The 
catheter was filled with 0.9% saline containing 10 U/nl 
heparin (Løvens Kemiske Fabrik, Ballerup, Denmark) 
and closed with a fishing line inserted into the lumen. 
After surgery, the animals were given 0.08 mg 
Naloxone intramuscularly (IM) as antidote (DuPont 
Pharmaceuticals, Hertfordshire, UK). Then the ani-
mals were caged individually with free access to food 
and water. The catheters were flushed daily with 0.2 
ml saline/heparin to keep them open. After 7 days re-
covery, an intra-arterial glucose tolerance test 

(IAGTT) was performed. Food was withheld from the 
animals for 12 h (water ad libitum) before the experi-
ments started at 8 am. 

The animals were moving freely in separate plastic 
cylinders. The intra-arterial catheter was connected to 
a polyethylene tube system (PE20, Intramedic, Becton 
Dickison, Sparks, MD) allowing blood sampling and 
infusion. Blood samples were drawn at time points 
from -15 to 240 minutes. Immediately after the 0 min-
ute sample D-glucose (2 g/kg BW dissolved in 0.9% 
saline) was administered as a bolus infusion over 20 
seconds. Blood samples (250 µl) were drawn in chilled 
tubes containing a 3 µl aprotinin/heparin mix (7.7 
mg/ml aprotinin and 2.300 IU/ml heparin). The sam-
ples were then centrifuged (10 min at 4°C and 4.000 
rpm) and plasma was frozen for subsequent analysis of 
insulin, glucose and glucagon. The hemoglobin phase 
of the blood samples was dissolved in isotonic saline 
and infused back into the animal to avoid volume de-
pletion. Subsequently, the animals continued the feed-
ing study for 6 more days, and were then fasted over-
night before a large blood sample was drawn in the 
morning (for analysis of total cholesterol, TG and 
FFA). 

Measurement of tail blood pressure, body weight and food intake 
Tail blood pressure (systolic) was measured using 

the Automatic System 209002 (TSE GmbH, Bad 
Homburg, Germany). Blood pressure was measured 
once a week, at the same time each week. 

Assays 
Fasting blood glucose was measured on whole 

blood using One Touch equipment (Lifescan, a John-
son & Johnson company, USA). Blood samples taken 
during the glucose tolerance test were centrifuged (10 
min at 4°C and 4.000 rpm), and glucose was deter-
mined using the GLU MPR Glucose/GOD-PAP 
method (Boehringer Mannheim GmbH, Mannheim, 
Germany). Plasma insulin and glucagon were analyzed 
by radioimmunoassay (RIA) kits (Linco Research, St 
Charles, MO). The antibody in the glucagon kit is spe-
cific for pancreatic glucagon and does not cross react 
with other islet polypeptides. The sensitivity of the 
glucagon assay is 20 pg/ml. For the insulin secretion 
study, insulin was analyzed by RIA using a guinea pig 
antiporcine insulin antibody (Novo Nordisk A/S, 
Bagsvaerd, Denmark) and mono-125I (tyr A14)-labeled 
human insulin (Novo Nordisk) as tracer as well as por-
cine insulin standard (Novo Nordisk). Bound and free 
radioactivity was separated using ethanol. 
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Statistics 

Statistical analysis was carried out using the two-
way ANOVA test. Differences were considered to be 
being significant if p < 0.05. Student’s unpaired t-test 
was used to compare groups (e.g. group A and D). All 
data are presented as mean ± SEM unless stated oth-
erwise. The incremental area was calculated as the area 
under the curve above basal (IAUC). The total area 
under the curve (TAUC) was calculated as the area 
above zero. With the aim to reduce the amount of 
data, mean treatment difference (%) is shown for se-
lected groups only (Table 1). 

Results 

Before the start of the treatment, neither control 
nor the treatment groups of animals exhibited any sig-

nificant differences in fasting whole blood glucose 
(Table 1). Figure 2 (A and B) shows that plasma glu-
cose was suppressed after intra-arterial injection of 
glucose (2.0 g/kg) in the stevioside-treated groups 
(IAUC, group A (991 ± 96 mmoles/l x 240 min) vs. 
group B (757 ± 53 mmoles/l x 240 min), 24% reduc-
tion, and group C (819 ± 75 mmoles/l x 240 min) vs. 
group D (439 ± 57 mmoles/l x 240 min), 46% reduc-
tion; p < 0.001), see Table 1. SPI, mixed with normal 
chow food in a 80/20% ratio, also suppressed plasma 
glucose (IAUC, group A (991 ± 96 mmoles/l x 240 
min) vs. group C (819 ± 75 mmoles/l x 240 min) by 
17%, and between group B (757 ± 53 mmoles/l x 240 
min) vs. D (439 ± 57 mmoles/l x 240 min) by 42%; p 
< 0.001). In a comparison between groups A and D, 
we found a reduction in plasma glucose of 56% 
(IAUC, group A (991 ± 96 mmoles/l) vs. group D 
(439 ± 57 mmoles/l); p < 0.001). All data are shown in 
Table 1. 

 

Table 1. The effect of stevioside and/or soy-protein isolate (SPI) on glycemic control and cardiovascular risk markers in the type 2 diabetic 
GK rat 
 

 

Parameter Group A 
(chow) 

Group B 
(chow + SVS) 

Group C 
(SPI) 

Group C 
(SPI + SVS) 

p 
(SVS) 

 

p 
(SPI) 

 

A vs.  
B1 

 

C vs.  
D1 

 

A vs.  
C1 

 

A vs.  
D1 

 

Fasting blood glu-
cose (mmoles/l)2 

 

3 
 

.4 
 

± 0
 

.15 3
 

.3 
 

± 0
 

.13 3
 

.4
 

± 0
 

.14 3
 

.4
 

± 0
 

.16 - 
 

- 
 

- 
 

- 
 

- 
 

- 

 

IAUC plasma glu-
cose (mmoles/l x 
240 min) 

 

991 
 

.0 
 

±96
 

.0 757
 

.0 
 

±53
 

.0 819
 

.0
 

±75
 

.0 439
 

.0
 

± 57
 

.0   0.0001
 

  0.001 
 

     -24 
 

    -46 
 

    -17 
 

    -56 

 

IAUC first-phase 
plasma insulin, 0-
30 min (ng/ml) 

 

11 
 

.0 
 

± 3
 

.0 19
 

.0 
 

± 4
 

.0 9
 

.0
 

± 2
 

.0 24
 

.0
 

± 5
 

.0   0.005 
 

  0.7 
 

    +72 
 

 +166 
 

    -18 
 

 +118 

 

IAUC plasma in-
sulin, 0-240 min 
(g/ml) 

 

316 
 

.0 
 

±50
 

.0 375
 

.0 
 

±42
 

.0 218
 

.0
 

±22
 

.0 249
 

.0
 

± 20
 

.0   0.2 
 

  0.005 
 

    +19 
 

    +14 
 

    -31 
 

    -21 

 

AUC plasma glu-
cagon, 0-240 min 
(pg/ml) 

21918 
 

± 1339 17024 
 

± 1323 26200
 

± 2410 17529
 

± 1819   0.0005
 

  0.2 
 

     -22 
 

     -33 
 

   +20 
 

    -20 

 

Total cholesterol 
(mmoles/l) 

 

2 
 

.5 
 

± 0
 

.07 2
 

.3 
 

± 0
 

.18 2
 

.1
 

± 0
 

.08 1
 

.8
 

± 0
 

.06   0.01 
 

  0.0005
 

      -8# 
 

     -14# 
 

     -16#
 

    -28# 

 

FFA (mmoles/l) 
 

1 
 

.5 
 

± 0
 

.05 1
 

.4 
 

± 0
 

.09 1
 

.3
 

± 0
 

.06 1
 

.3
 

± 0
 

.06   0.3 
 

  0.02 
 

      -6# 
 

        0# 
 

     -13#
 

    -13# 
 

TG mmoles/l 
 

0 
 

.7 
 

± 0
 

.09 0
 

.5 
 

± 0
 

.04 0
 

.5
 

± 0
 

.04 0
 

.4
 

± 0
 

.02   0.005 
 

  0.003 
 

     -31# 
 

     -24# 
 

     -32#
 

    -49# 

Systolic blood 
pressure before 
start (mmHg) 

 

170 
 

.0 
 

± 3
 

.0 171
 

.0 
 

± 4
 

.0 165
 

.0
 

± 2
 

.0 170
 

.0
 

± 3
 

.0 - 
 

- 
 

- 
 

- 
 

- 
 

- 

 

Systolic blood 
pressure (mmHg) 

 

174 
 

.0 
 

± 2
 

.0 148
 

.0 
 

± 3
 

.0 173
 

.0
 

± 1
 

.0 155
 

.0
 

± 2
 

.0   0.0001
 

  0.3 
 

     -15 
 

     -10 
 

     -0.5 
 

    -11 

Weight (g) 
 

226 
 

.0 
 

± 2
 

.0 221
 

.0 
 

± 3
 

.0 222
 

.0
 

± 3
 

.0 204
 

.0
 

± 4
 

.0 - 
 

- 
 

       -2 
 

       -8 
 

       -2 
 

    -10 
 

Legend: Data are expressed as mean ± SEM, unless otherwise indicated. Mean treatment difference (%). - indicates decrease, + indicates increase after 4 wk 
of treatment (# indicates that the animals were treated for 5 wk). 1 Mean treatment difference (%). 2 whole blood before start.  
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Figure 3A shows that stevioside-fed animals had a 
significantly higher first-phase insulin response during 
the IAGTT than the respective control groups (IAUC, 
group A (11 ± 3 ng/ml x 30 min) vs. group B (19 ± 4 
ng/ml x 30 min), i.e. a 72% increase in insulin, and 
group C (9 ± 2 ng/ml x 30 min) vs. group D (24 ± 5 
ng/ml x 30 min), i.e. a 166% increase in insulin; p < 
0.01) (Table 1). In the entire observation period, the 

insulin response did not differ sig-
nificantly between the group treated 
with stevioside and the control 
groups (IAUC, group A (316 ± 50 
ng/ml x 240 min) vs. group B (375 
± 42 ng/ml x 240 min) and group C 
(218 ± 22 ng/ml x 240 min) vs. 
group D (249 ± 20 ng/ml x 240 
min, NS). SPI did not change first-
phase insulin, but decreased insulin 
during the entire observation period 
(IAUC, group A (316 ± 50 ng/ml x 
240 min) vs. group C (218 ± 22 
ng/ml x 240 min), a reduction of 
31%, and a 34% reduction by com-
parison of group B (375 ± 42 ng/ml 
x 240 min) with group D (249 ± 20 
ng/ml x 240 min); p < 0.01). When 
we compared groups A and D we 
found an increase in first-phase in-
sulin of 118% (IAUC, group A (11 
± 3 ng/ml x 30 min) vs. group D 
(24 ± 5 ng/ml x 30 min); p < 0.05). 
All data are shown in Table 1. 

Figure 3B illustrates that ste-
vioside-treated animals had a much 
lower glucagon level than the con-
trol group during the IAGTT (AUC 
group A (21918 ± 1339 pg/ml x 
240 min) vs. group B (17023 ± 1323 
pg/ml x 240 min) i.e. a 22% reduc-
tion, and group C (26200 ± 2410 
pg/ml x 240 min) vs. group D 
(17529 ± 1819 pg/ml x 240 min), 
i.e. a 33% reduction in glucagon; p 
< 0.001). SPI did not significantly 
change the glucagon level (group A 
(21918 ± 1339 pg/ml x 240 min) vs. 
group C (26200 ± 2410 pg/ml x 
240 min) and group B (17023 ± 
1323 pg/ml x 240 min) vs. group D 
(17529 ± 1819 pg/ml x 240 min), 
NS. By comparing groups A and D 
we found a significant change in the 

glucagon level (group A (21818 ± 1339 pg/ml) vs. 
group D (17529 ± 1819 pg/ml), p = 0.05). Data are 
shown in Table 1. 

Figure 4A shows the effect of the four different di-
ets on plasma cholesterol after 5 wk of treatment. Ste-
vioside was able to lower the plasma cholesterol level 
after 5 wk of treatment (group A (2.5 ± 0.07 
mmoles/l) vs. group B (2.3 ± 0.18 mmoles/l) by 8% 
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Figure 2. Intra-arterial glucose tolerance tests in type 2 diabetic GK rats 
after 4 wk of treatment with four different diets. Group A (○) with standard 
carbohydrate-rich laboratory diet (chow), group B (●) with chow + stevioside, 
group C (∆) with 80% SPI + 20% chow and group D (▲) with 80% SPI + 20% 
chow + stevioside. Glucose was administered at time point 0 (A). B shows the 
IAUCglucose. Results are shown as mean ± SEM, n = 12 in each group. * p < 
0.001. 
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and for group C (2.1 ± 0.08 mmoles/l) vs. group D 
(1.8 ± 0.06 mmoles/l) by 14%; p < 0.01). SPI seems to 
have a more pronounced effect on cholesterol levels 
(group A (2.5 ± 0.07 mmoles/l) vs. group C (2.1 ± 
0.08 mmoles/l) i.e. a reduction by 16%, and group B 
(2.3 ± 0.18 mmoles/l) vs. group D (1.8 ± 0.06 
mmoles/l) effectively a 21% decrease; p < 0.001). 
When we compared groups A and D, we found a total 

cholesterol reduction of 28% 
(group A (2.5 ± 0.07 mmoles/l) 
vs. group D (1.8 ± 0.06 
mmoles/l); p < 0.001). Data are 
shown in Table 1. 

Figure 4B shows that only SPI, 
had an effect by reducing the level 
of FFA by 13% (group A (1.5 ± 
0.05 mmoles/l) vs. group C (1.3 ± 
0.06 mmoles/l); p < 0.05) and by 
8% between group B (1.4 ± 0.09 
mmoles/l) vs. group D (1.3 ± 0.06 
mmoles/l), NS. A comparison of 
groups A and D shows a 13% re-
duction in FFA levels (group A 
(1.5 ± 0.05 mmoles/l) vs. group D 
(1.3 ± 0.06 mmoles/l); p < 0.01). 
Data are summarized in Table 1. 

Figure 4C illustrates that TG 
were decreased by stevioside and 
SPI. Stevioside was able to reduce 
plasma TG by 31% (group A 
(0.72 ± 0.9 mmoles/l) vs. B (0.5 ± 
0.04 mmoles/l)) and by 24% 
when comparing group C (0.49 ± 
0.04 mmoles/l) vs. D (0.37 ± 0.02 
mmoles/l), with p < 0.005 in both 
cases. As mentioned above, SPI 
also reduced the TG level signifi-
cantly by 32% (group A (0.72 ± 
0.09 mmoles/l) vs. group C (0.49 
± 0.04 mmoles/l) and by 26% 
when comparing group B (0.5 ± 
0.04 mmoles/l) vs. group D (0.37 
± 0.02 mmoles/l), with p < 0.005 
in both cases. A comparison be-
tween group A (0.72 ± 0.09 
mmoles/l) and group D (0.37 ± 
0.02 mmoles/l) shows a 49% de-
crease in TG. Data are presented 
in Table 1. 

As illustrated in Figure 5, be-
fore the start of treatment with 
stevioside and SPI, there were no 

significant differences in systolic blood pressure be-
tween the control and the experimental groups of rats 
(p = 0.4) (Table 1). After the 4-wk study period, a sig-
nificant, 10-15% decrease in systolic blood pressure 
was observed in the groups treated with stevioside 
(group A (174 ± 2 mmHg) vs. group B (148 ± 3 
mmHg), 15% decrease and group C (173 ± 1 mmHg) 
vs. group D (155 ± 2 mmHg), 10% decrease; p <  
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Figure 3. The effects of 4 wk of treatment with four different diets. Group A 
with standard carbohydrate-rich laboratory diet (chow), group B with chow + ste-
vioside (0.03 g/kg BW/day), group C with 80% SPI + 20% chow and group D 
with 80% SPI + 20% chow + stevioside (0.03 g/kg BW/day), on first-phase insu-
lin (A) and glucagon (B) during IAGTT. Values are shown as mean ± SEM, n = 
12 in each group. * p < 0.01, ** p < 0.05, *** p < 0.001. 
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0.001). Stevioside resulted in a progressive lowering of 
blood pressure after 2 wk of treatment and beyond (p 
< 0.05) (Figure 5). SPI did not change the blood pres-
sure significantly (group A (174 ± 2 mmHg) vs. group 
C (173 ± 1 mmHg) and group B (148 ± 3 mmHg) vs. 
group D (155 ± 2 mmHg); p = 0.3. A comparison be-
tween groups A and D showed an 11% reduction in 
the systolic blood pressure (group A (174 ± 2 mmHg) 
vs. group D (155 ± 2 mmHg); p < 0.001). 

Stevioside was also observed to reduce body 
weight. A reduction of 2% was found by comparison 
between group A (226 ± 2 g) and group B (221 ± 3 g) 
and an 8% reduction was found by comparison of 
group C (222 ± 3 g) and group D (204 ± 4 g), p < 
0.001 (Table 1 and Figure 6). Similarly, SPI decreased 
the body weight by 2% (group A (226 ± 2 g) vs. group 
C (222 ± 3 g)) and by 8% when comparing group B 
(221 ± 3 g) with group D (204 ± 4 g), both with p < 
0.001. Stevioside in combination with SPI had an even 
more significant effect on the body weight in reducing 
it by 10% after the 4 wk treatment period (group A 
(226 ± 2 g) vs. group D (204 ± 4 g); p < 0.00049) (Ta-
ble 1 and Figure 6). 

Discussion 
In the present study we have demonstrated that the 

long-term administration of stevioside in combination 
with SPI (Abalon®) exerts beneficial effects on blood 
glucose, blood pressure and lipid levels in the type 2 
diabetic GK rat. Our study corroborates previous re-
sults, which demonstrated that stevioside, the main 
component of the dry matter of leaves of SrB, has per 
se an anti-hyperglycemic and blood pressure-lowering 
effect in the diabetic GK rat [12]. In addition to the 
previous results, the present study have shown that the 
glucose lowering and insulinotropic effects of ste-
vioside are enhanced when given in combination with 
SPI. Only plasma glucose was lowered by SPI, but it 
did not have a significant effect on glucagon levels, as 
shown in the comparison between groups A and C 
(Figures 2 and 3). However, there are obviously differ-
ences depending on which compound is used. While 
rebaudioside A did not show significant effects on 
glucose, glucagon and insulin responses in GK rats, an 
earlier study demonstrated that the compound used in 
the present study had a much higher efficacy [13, 23]. 

Type 2 diabetes is a chronic metabolic disorder that 
results from insulin resistance and defects in first-
phase insulin secretion. Also it is characterized by a 
relative excess in glucagons and pancreatic α-cell dys-
function [24]. The suppression of circulating glucagon 
concentrations reduces blood glucose levels [25]. 
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Figure 4. The effects on fasting plasma cholesterol (A), 
FFA (B) and TG (C) after 5 wk of treatment with four diffe-
rent diets. Group A with standard carbohydrate-rich labora-
tory diet (chow), group B with chow + stevioside, group C 
with 80% SPI + 20% chow and group D with 80% SPI + 
20% chow + stevioside. Values are shown as mean ± 
SEM, n = 12 in each group. * p < 0.01, ** p < 0.001, *** p < 
0.05, **** p < 0.005. 
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Therefore, agents that inhibit glucagon secretion or 
action, are beneficial for diabetic patients. 

In experimental diabetes, an abnormal α-cell func-
tion is characterized by an impaired response to glu-
cose and certain glucose metabolites that probably re-
sults from a specific defect in glucose recognition [26]. 
The abnormal α-cell function seems to be attributable 
to insulin deficiency and also to an abnormal meta-
bolic state secondary to relative insulin deficiency [27]. 
In this context, it is interesting that plasma glucagons 
were decreased by 29% during the IAGTT in the ste-
vioside-treated groups compared with the control 
group, and that the effect seems to be further en-
hanced when soy protein is added, where we found a 
lowering effect of 49%. Similarly, stevioside has re-
cently been shown to reduce the palmitate-stimulated 
glucagon release from α-cells [28]. Clearly, SPI alone 
had no significant effect on glucagons. Therefore, ste-
vioside has an accentuated effect on α-cell function. 

In another study, we have addressed the question 
whether stevioside in the fasting state causes hypogly-
cemia, as does the treatment with sulphonylureas [14]. 
In this previous study we demonstrated that a bolus 
infusion of stevioside in the fasting state did not cause 
hypoglycemia in the normal or diabetic rat. This result 
was further supported by an in vitro study, which 
shows that the effects of stevioside fade at glucose 
concentrations comparable with normoglycemia [11, 
12]. These beneficial properties of stevioside may be 
of high clinical relevance for the treatment of type 2 

diabetes as it seems to have the potential to become an 
effective and competitive therapeutic. The long-term 
administration of stevioside and/or soy-protein isolate 
in GK rats did not influence fasting blood glucose, in-
sulin, and glucagon, while it markedly improved glu-
cose tolerance. 

The long-term prognosis of type 2 diabetes relies 
on the treatment of hyperglycemia, and also on coex-
isting conditions, such as hypertension, dyslipidemia 
and obesity, as delineated in the United Kingdom Pro-
spective Diabetes Study (UKPDS) [29-32]. Conse-
quently, the pharmacologic intervention in type 2 dia-
betes should also aim to lower blood pressure and 
lipid concentration. The present study corroborates 
our previous findings that long-term stevioside treat-
ment had a significant blood pressure-lowering effect 
from week 2 onwards [14]. Interestingly, a blood pres-
sure-lowering effect has also been reported in non-
diabetic hypertensive subjects who were treated with 
stevioside for 2 years [33]. No adverse effects on lipid 
or glucose were reported in these non-diabetic sub-
jects. Although the mechanism underlying the anti-
hypertensive effect of stevioside is still not clear, it is 
believed that blood pressure-lowering is mediated 
through a calcium antagonistic mechanism [34, 35]. 

Many animal and human studies have examined 
whether the consumption of soy-containing diets has 
an effect on glucose and lipid metabolism. Early stud-
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Figure 5. The effects of the four different diets after 4 
wk of treatment on systolic blood pressure. Group A 
(○) with standard carbohydrate-rich laboratory diet (chow), 
group B (●) with chow + stevioside, group C (∆) with 80% 
SPI + 20% chow and group D (▲) with 80% SPI + 20% 
chow + stevioside. Data are shown as mean ± SEM, n = 
12 in each group. 
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Figure 6. Body weight after treatment with four diffe-
rent diets after 4 wk. Group A (○) with standard carbohy-
drate-rich laboratory diet (chow), group B (●) with chow + 
stevioside, group C (∆) with 80% SPI + 20% chow and 
group D (▲) with 80% SPI + 20% chow + stevioside. Data 
are shown as mean ± SEM, n = 12 in each group. 
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ies in healthy human subjects showed that soy poly-
saccharides reduce postprandial glucose and TG con-
centration [36, 37], suggesting that polysaccharides in 
soy may have beneficial effects against impaired glu-
cose tolerance and hyperlipidemia. The beneficial ef-
fect may also be due to the proteins included in soy. In 
one study, soy protein performed better than casein by 
inducing a lower postprandial insulin-glucagon ratio in 
healthy and hypercholesterolemic subjects [38]. Soy 
proteins are rich in arginine and glycine, which can in-
fluence insulin and glucagon secretion from the pan-
creas. In this study, we observed that soy protein de-
creased plasma insulin compared to a normal chow 
diet (Table 1). Thus, the decrease in cholesterol seen 
with soy protein may be due to the decreased insulin-
glucagon ratio caused by arginine and glycine [39]. In 
healthy subjects, Lang et al. observed no effect of pro-
tein supplement (soy, other vegetable protein and ani-
mal proteins) on plasma glucose, insulin, or glucagon, 
but the kinetics of glucose, insulin and glucagon were 
different after ingestion of different sources of protein 
in a mixed meal [40]. 

Recently, Lavigne et al. evaluated the effect of con-
trolled feeding with various types of dietary proteins 
on glucose tolerance and insulin sensitivity in healthy 
Wistar rats [41]. The rats were fed isoenergetic diets 
containing casein, cod or soy protein for 28 days. Rats 
fed with cod and soy protein had lower fasting plasma 
glucose and insulin concentrations than rats fed with 
casein. After an intravenous glucose load (1.5 ml/kg 
body weight of 85% glucose in saline), rats fed with 
cod and soy protein had lower incremental areas under 
the glucose response curves for glucose than rats fed 
with casein, suggesting that cod and soy proteins im-
prove glucose tolerance. This phenomenon is consis-
tent with our data as IAUCglucose was decreased by 21% 
in the group fed with soy protein compared with nor-
mal chow diet (Table 1). This points to an improve-
ment in peripheral insulin sensitivity. However, the 
lower plasma insulin concentration observed in ani-
mals fed with soy protein may be in part due to the 
decreased pancreatic insulin release or to the increased 
hepatic insulin removal, or possibly due to both in 
combination. Interestingly, there seems to be a mark-
edly improvement in glucose tolerance in the group 
receiving both soy protein and stevioside (Table 1). 

A better option would be the prevention or delay 
of type 2 diabetes onset and the metabolic syndrome 
could be prevented or delayed. In another study, we 
have shown that stevioside in combination with a soy-
based diet was able to delay the onset of diabetes in 
ZDF rats if the animals were treated from the age of 8 

wk onwards [22]. In this study, after 9 wk of treat-
ment, we detected a significantly greater reduction in 
the IAUCglucose during the first 30 minutes of IAGTT 
in the stevioside-treated rather than in the non-treated 
group (by 19%, p < 0.001) [22]. 

In the present study, we detected a beneficial effect 
of SPI on blood lipids in the GK rat. When comparing 
soy protein with the chow diet, we found that SPI was 
able to decrease total cholesterol by 19%, FFA by 15% 
and TG by 47%. A synergistic effect on total choles-
terol and TG was observed when stevioside was added 
(Table 1). We are aware that the concentration of SPI 
in the diet was high (80%) and that energy intake may 
be different because of the low fat content in the soy-
based diet compared to the chow diet. However, there 
was no significant difference in food intake between 
the four groups (data not shown). Therefore, it ap-
pears that soy-based diets may provide benefits in 
conditions associated with impaired glucose tolerance, 
dyslipidemia, and reduced insulin sensitivity. 

High-fiber diets are also known to have beneficial 
effects on the lipid metabolism. However, in the pre-
sent study, it was not clear whether the beneficial ef-
fect on plasma lipids was due to soy protein, isofla-
vones, or cotyledon fiber. Vedavanam et al. suggested 
that soy isoflavones may be beneficial for diabetic sub-
jects due to their estrogenic activity and their ability to 
prevent glucose-induced lipid peroxidation and be-
cause they inhibit intestinal glucose uptake by decreas-
ing sodium-dependent glucose transporter, resulting in 
a reduction of postprandial hyperglycemia [42]. Mezei 
et al. demonstrated that isoflavones improve lipid and 
glucose metabolism by acting as a PPAR agonist [43]. 
An isoflavone-containing soy extract doubled PPAR-
directed gene expression, and a similar induction was 
observed when the soy isoflavones genistein or 
daidzein were used to treat cells. This may be an ex-
planation why isoflavones in soy protein have a bene-
ficial effect on lipid and glucose metabolism, as also 
illustrated in the present study. 

In conclusion, long-term treatment with stevioside 
in combination with SPI improves first-phase insulin 
response, suppresses glucagon level and has anti-
hyperglycemic effects in the diabetic GK rat. The 
combination of stevioside and SPI seems to lower 
blood lipids, such as total cholesterol, TG and FFA, 
and elicits a body weight reduction. Additionally, ste-
vioside causes a pronounced suppression of systolic 
blood pressure in the diabetic GK rat. The combina-
tion of stevioside and the SPI appears to have the po-
tential for an effective treatment for a number of the 
metabolic syndrome features, such as hyperglycemia, 
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hypertension and dyslipidemia. Whether these promis-
ing results can contribute to a new treatment or a 
means of prevention remains to be determined in a 
long-term clinical study with type 2 diabetic subjects. 
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