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ABSTRACT

In this study the anti-hyperglycemic effect of the hydroethanolic extract of Smallanthus
sonchifolius leaves (yacon extract) in streptozotocin-induced type 1 diabetic rats (SZT
i.p, 50 mg/kg) was characterized, with emphasis on the metabolic changes found in this
experimental model. Diabetic and normal rats received extract (400 mg/kg) or water by
the oral route for 30 days. At the end of the treatment, rats were fasted for 15 h and
blood samples were collected for the determination of glycemia. The activity of glucose-
6-phosphate dehydrogenase, transaminases (ALT and AST), the glycogen contents of
the liver and muscle, and glucose release in substrate-free perfused liver were
quantified. The treatment with the extract reduced glycemia in diabetic animals, restored
the activity of glucose-6-phosphate dehydrogenase and AST, decreased the glycogen
content of the liver and skeletal muscle, and decreased glucose release in the perfused
liver. The results support the beneficial effects of the extract on some metabolic
changes of SZT-induced diabetes in rats.

KEYWORDS: Smallanthus sonchifolius, Streptozotocin Diabetes, Hyperglycemia, Yacon Extract,
Metabolic Disorders.
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INTRODUCTION

Diabetes mellitus comprises a group of
metabolic  diseases characterized by
hyperglycemia resulting from defects in
insulin secretion, action, or both. The chronic
hyperglycemia of diabetes is associated with
long-term damage, dysfunction, and failure of
various organs, particularly the eyes, kidneys,
nerves, heart and blood vessels'. Diabetes
mellitus is the most common serious
metabolic disorder and is considered to be
one of the five leading causes of death in the
world®>. The increase in the incidence of
diabetes is due to longevity, changing
lifestyle, obesity, sedentary work, changing
dietary patterns and low birth weights. The
global prevalence of diabetes mellitus for all
age groups was estimated to be 2.8% in
2000, and is projected to rise to 4.4% in
2030*. Extensive research and development
on diabetes have led to a number of synthetic
oral hypoglycemic agents, but the disease
and its related complications remain
uncontrolled. Moreover, most of the synthetic
hypoglycemic agents are associated with
serious adverse effects. On the other hand,
traditional medicinal plants with their diverse
phytoconstituents have been successfully
employed by communities for a long time to
treat diabetes, without producing
demonstrable adverse effects®. Smallanthus
sonchifolius (Poepp. & Endl.) H. Robinson,
popularly known as as “yacon”, is an
herbaceous perennial plant native to South
America belonging to the family Asteraceae.
The vegetative parts are used as food and for
medicinal use. Their roots are juicy, devoid of
starch-rich oligofructan that, because they
are not metabolized in the digestive tract, and
have a relatively low energy value, despite
the sweet taste®’®. For this reason, the
consumption of yacon roots does not
increase blood glucose levels and is
indicated to diabetic, overweight or obese
people®. Leaves and stems contain phenolic
compounds which have strong antioxidant
activity, and are considered a potential food
supplement in the prevention of chronic
diseases involving oxidative  stress,
particularly type 2 diabetes®'®"'. In folk
medicine, leaves are dried and prepared as
tea as an adjunct in the treatment of

diabetes®, in controlling blood pressure and
reducing cholesterol levels'?. Several studies
have shown that leaves of this plant possess
different biological effects, among them the
inhibition of migration of polymorphonuclear
leukocytes ™, immunomodulation™®,
antioxidant and cytoprotective' effects. In
addition, studies have reported that yacon
leaf extracts reduce glycemia®'®'" and
increase insulin concentration in the plasma
of diabetic rats®. Valentova et al.>'® observed
that an vyacon extract reduced the
concentration of glucose in hepatocyte
cultures, acting similarly to insulin. The exact
mechanisms underlying these effects,
however, have not yet been elucidated.
Nonetheless, there are studies showing that
changes in glucose metabolism in diabetes
are frequently accompanied by changes in
the activities of the enzymes that control
glycolysis and gluconeogenesis in the liver'®.
Considering what has been exposed above,
this work has two main goals: (a) to
characterize the anti-hyperglycemic effect of
the hydroethanolic extract from Smallanthus
sonchifolius  leaves (yacon extract),
administered for 30 days to streptozotocin-
induced type 1 diabetic rats and (b) to
investigate if the treatment has beneficial
effect on some metabolic changes found in
this experimental model.

MATERIALS AND METHODS

(i) Animals

The experiments were developed using male
Wistar rats weighing 200 to 220 g. Animals
were maintained in controlled temperature
(x22 °C) and 12-hour dark-light cycle, with
balanced food and free access to water. The
protocol for these experiments was approved
by the Ethics Committee on Animal
Experimentation of the State University of
Maringa.

(ii) Preparation of Yacon Extract

The extracts were prepared from
Smallanthus sonchifolius leaves acquired
from Takashi Kakihara Ltda., Capao Bonito -
Séao Paulo State, Brazil. A voucher specimen
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was deposited in the Herbarium of the State
University of Maringa under the number
HUEM 13021. Hydroethanolic extract from
Smallanthus sonchifolius was obtained from
a 10% (w/w) solution with 70% ethanol (10 g
dried leaves/100 mL 70% ethanol),
mechanically stirred for 5 hours. Next, the
extract was filtered, slowly evaporated to
remove the solvent, lyophilized, and stored at
-20°C. Extract yield after freeze-dried was 1.2
g. For the assays, the hydroethanolic extract
of Smallanthus sonchifolius (yacon extract)
was suspended in water immediately before
use.

(iii) Induction of Diabetes

Type 1 diabetes was induced in rats fasted
for 15 hours by means of a single
intraperitoneal injection of streptozotocin
(STZ), 50 mg/kg body wei%ht, dissolved in
0.1 M citrate buffer (pH 4.6)%°. After 12 days
the blood was collected from the fed animals
from a small incision made at the distal end
of the tail to determine glycemia. Rats with
fed glycemia above 300 mg/dL were included
in the study.

(iv) Treatment of Rats and Determination
of Glycemia

Rats were randomly assigned to groups: N
and D (normal and diabetic rats that received
water) and NY and DY (normal and diabetic
rats that received yacon extract). The extract
(400 mg/kg body weight) or water were
administered by the oral route (gavage), in a
single daily dose at 9 a.m., for 30 days. The
dose of the extract of yacon was based on
the previous works of Aybar et al® and
Baroni et al.'®. At the end of the treatment (30
days), blood samples were collected from the
inferior vena cava of the rats fasted for 15 h,
centrifuged at 1100 g for 10 min and the
plasma was separated. The concentration of
glucose was determined in aliquots of plasma
(10 L), using the glucose-oxidase
colorimetric  enzymatic method (Gold
Analisa®). The body weights of the rats were
evaluated daily throughout the experimental
period.

(v) Enzyme Activities and Glycogen
Content
(v.i) Glycogen levels

The glycogen contents of the liver and
skeletal muscles were determined in freshly
isolated tissues of decapitated rats fasted for
24 hours. Tissue portions of approximately 2
g were freeze-clamped with liquid nitrogen.
Samples were homogenized and extracted
with 10 ml of 6% HCIO,4. The supernatant
was neutralized with 5 N K,COj3 and used for
the enzymatic glycogen assay®'. The amount
of glycogen in the tissue sample was
expressed in uymoles of glucose per gram of
tissue.

(v.ii) Liver perfusion

Hemoglobin-free, non-recirculating perfusion
was done according to Scholz & Biicher?:
Kelmer-Bracht®®. For the surgical procedure,
rats were anesthetized by intraperitoneal
injection of sodium thiopental (50 mg/kg).
After cannulation of the portal vein and vena
cava, the liver was positioned in a Plexiglas
chamber. The flow was maintained constant
by a peristaltic pump (Minipuls3, Gilson,
France) and adjusted between 30 and 35 ml -
min~’, depending on the liver weight. The
perfusion  fluid was  Krebs/Henseleit-
bicarbonate buffer (pH 7.4), saturated with a
mixture of oxygen and carbon dioxide (95:5)
by means of a membrane oxygenator with
simultaneous temperature adjustment at 36
C. The composition of the Krebs/Henseleit-
bicarbonate buffer was the following: 115 mM
NaCl, 25 mM NaHCOg;, 5.8 mM KCI, 1.2 mM
Na;SOy4, 1.18 mM MgCI2, 1.2 mM NaH,PO4
and 2.5 mM CaCl,. Glucose in the outflowing
perfusate was measured enzymatically®*.

(v.iiil Assay of glucose-6-phosphate
dehydrogenase activity in the liver

The hepatic glucose-6-phosphate
dehydrogenase activity was measured
according to the standard protocol®®. Tissue
was homogenized in ice-cold, saline
0.9%/EDTA 0.66 mM. The incubation system
in a spectrophotometer cuvette contained 1.3
ml of 0.1 M Triethanolamine buffer, 0.05 ml of
2.92 x 102 M glucose-6-phosphate, 0.05 ml
of 11.38 x 10> M NADP, 0.1 ml of 100 mM
MgCl,, and the required volume of ice-cold
tissue homogenate (50 mg protein of tissue).
The change in absorbance at 340 nm was
recorded. The enzymatic activity was
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expressed as nmol NADP reduced per min
per mg protein (5-12 animals per group).

(v.iv)] Assay of glutamate aspartate
aminotransferase (AST) and alanine
aminotransferase (ALT) in the liver tissue

Livers were homogenized in ice-cold 0.1 M
phosphate buffer (pH 7.4), centrifuged and
the supernatant was used. The kit for the
measurement of liver AST and ALT was
supplied by Gold Analisa®, and the activities
of enzymes were measured. Enzyme
activities were expressed as units per
milligram of tissue (6-12 animals per group).

(vi) Chromatographic Analysis

The yacon extract (10.0 g) was dissolved in
EtOH-H,0 1:1 and partitioned with n-hexane,
chloroform and ethyl acetate. The solvent
was evaporated to give the hexane (1.0 g),
chloroform (1.4 g), ethyl acetate (3.6 g) and
hydro-ethanol (4.0 g) fractions. The n-hexane
fraction (0.7 g) was purified on a silica gel
chromatography column, eluting with a
mixture of n-hexane:ethyl acetate of
increasing polarity, to allow the separation of
kaurenoic acid (155 mg) and 15-a-
angeloyloxy-kaur-16-en-19-oic  acid (12.0
mg). The 'H (300.06 MHz) and *C NMR
(75.45 MHz) spectra were recorded in a
CDCl; solution on a Varian Mercury
spectrometer, with & (ppm), J in Hz, and the
spectra referred to CDCl; (8 7.27 for 'H and
77.0 for '3C) as an internal standard. Melting
points were determined using a Mettler FP-52
apparatus and the column chromatographies
were performed using silica gel 60 Merck (70-
230 mesh ASTM).

(vii) Statistical Analysis

The statistical analysis of the data was run
using GraphPad Prism® (Graphpad Software
Inc, Microsoft Corp.). Results were expressed
as mean t standard error of the mean and
analyzed using analysis of variance (ANOVA
followed by Tukey's test) for multiple
comparisons.

RESULTS

(i) Effect of the yacon extract on glycemia
in diabetic and normal rats

The glycemia of fed rats at 12 days after the
induction of diabetes was D=343+11.5
mg/dL, while the glycemia of normal rats was
N=113£6.2 mg/dL. Prior to starting the
treatment the glycemia of the different groups
in rats fasted for 15 hours were: normal (N)
94.5 + 3.5, diabetic (D) 200.7 + 10.5, group
destined to become the treated normal (NY)
96.6 + 3.3 and group destined to become the
treated diabetic (DY) 212+7.9 mg/dL. The
yacon extract treatment for 30 days did not
produce a significant change in the glycemia
of normal rats (NY = 105.56 + 4.1 mg/dL)
when compared to untreated normal rats (N =
91.02 + 2.7 mg/dL). However, the treatment
with the extract significantly reduced the
glycemia of diabetic rats (DY = 126.2 £ 7.4
mg/dL) when compared to untreated diabetic
rats (D = 190.6 + 11.7 mg/dL). The results
are shown in Graph 1. The treatment of
animals with the extract for 30 days did not
improve the weight gain in diabetic animals
(data not shown). The body weight gain by
the animals in the diabetic group (weight gain
= 45.6 £+ 9.4 g) was significantly lower when
compared to that of the normal animals
(weight gain = 137.8 £ 6.2 g).

(ii) Glycogen and glucose levels in tissues
The glycogen levels in liver (Graph 2A) and
skeletal muscle (Graph 2 C) in rats fasted for
24 hours was increased in the diabetic
compared with the normal group. The
treatment of the diabetic rats with the yacon
extract caused a significant decrease in both
liver and skeletal muscle glycogen levels
compared with the diabetic group, but without
restoring the control levels. Glucose levels in
liver and muscle of the diabetic group were
higher than in the normal group (Graph 2B,
2D). Glucose levels in liver and skeletal
muscle of diabetic treated rats were lower
when compared with the diabetic group.

(iii) Glucose release in the perfused liver

The glucose released from the livers of
normal rats was low and almost constant
over the 60-minute perfusion time. However
livers from diabetic animals initially showed
very high rates of glucose release, with a
diabetes/normal ratio equal to 19.28 at time
zero. These high rates diminished
progressively during the subsequent time and
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the diabetes/normal ratio was reduced to
2.62 at 60 minutes perfusion time. This
decrease most likely represents the
progressive reduction of the glycogen stores
as the result of glycogenolysis. Livers from
diabetic rats treated with yacon extract
showed reduced glucose release compared
to livers from treated diabetic rats; the treated
diabetes/normal ratio was equal to 13.42 at
time zero and 1.67 at 60 minutes perfusion
time. The total amount of glucose released,
computed from the areas under the curves, of
diabetic treated rats was significantly lower
throughout the test (Graph 3).

(iv) Liver glucose-6-phosphate
dehydrogenase, AST and ALT activities

The liver glucose-6-phosphate
dehydrogenase activity was decreased while
the AST and ALT activities were significantly
increased in diabetic rats compared with
normal rats (P<0.05). After 30 days of
treatment with the yacon extract the glucose-
6-phosphate dehydrogenase activity was
normalized and there was a significant
reduction in the AST activity of diabetic rats.

Glycemia (mg/dL)

However, there was no significant reduction
in the ALT activity in diabetic rats treated with
the extract (Graph 4 and Table 1).

(v) Chromatographic analysis of the yacon
extract

Chromatographic separation of the
dichloromethane fraction resulted in the
isolation of the kaurenoic and 15-o-

angeloyloxy-kaur-16-en-19-oic acids (Graph
5). Kaurenoic and 15-a--angeloyloxy-kaur-
16-en-19-oic acids were characterized by H
and "*C NMR spectra (Graph 5a, 5b, 5¢, 5d).
Characteristic signals were observed for the
hydrogens of an exocyclic double bond (1, &
473,d,J=17.4Hz; 2,5 5.08, d, J= 15.9 Hz)
and of the methyl groups attached to C-4 (1,
8 1.22; 2, 6 1.23) and C-10 (1, 80.93; 2, &
0.94) of the kaurane skeleton. All other
spectral data for both compounds matched
those previously reported in the literature.
The 'H and ™C NMR spectra of the ethyl
acetate and hydro-ethanol fractions showed
characteristic signals of saccharide mixtures
(sucrose, fructose and glucose).

Graph 1
Effect of yacon extract on glycemia of fasting rats. The animals were treated orally with yacon
extract in a single daily dose (400 mg/kg body weight) for 30 days. The results represent the mean *
S.E.M. of 5-10 animals per group. P < 0.05 compared to non-diabetic rats (N); °P < 0.05 compared to
diabetic animals (D) (ANOVA followed by Tukey’s test).
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Graph 2
Effect of yacon extract on glycogen level of liver (A) and skeletal muscle (C) and free glucose on
liver (B) and skeletal muscle (D) of 24-hour fasting rats. The animals were treated orally with the
extract with a single daily dose (400 mg/kg body weight) for 30 days. The results represent the
mean * S.E.M. of 6-11 animals per group. °P < 0.05 compared to non-diabetic rats (N); °P < 0.001
compared to diabetic animals (D); °P < 0.05 compared to diabetic animals (D). (ANOVA followed by
Tukey’s test).
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Graph 3

Rates of glucose release by rat livers as a function of time after connecting the liver to the
perfusion apparatus. Livers were perfused with Krebs/Henseleit-bicarbonate buffer (pH 7.4).
Sampling of the outflowing perfusate was initiated immediately after connecting the liver to the
perfusion apparatus. Glucose in the perfusate was measured enzymatically. The glucose release is
shown in A and the areas under curves are shown in B. The results represent the mean * S.E.M. of
5-8 animals per group. °P < 0.001 compared to non-diabetic rats (N); °P < 0.05 compared to diabetic
animals (D) (ANOVA followed by Tukey’s test).
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Graph 4
Effect of the yacon extract on the liver glucose-6-phosphate dehydrogenase activity in non-diabetic
rats (N) and diabetic rats (D) fasted for 24 hours. The animals were treated with the yacon extract for
30 days, orally, with a dose of 400 mg/kg body weight. Each bar represents the mean * S.E.M. of 5-
12 animals. °P < 0.05 compared to non-diabetic rats; °P < 0.05 compared to diabetic rats (ANOVA
followed by Tukey’s test).
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Graph 5a
Diterpenes isolated from the fraction of the extract of Smallanthus sonchifolius. (1) Kaurenoic acid
and (2) 15-a-angeloyloxy-kaur-16-en-19-oic acid.
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'H-NMR spectrum (300.06 MHz, CDCI;) of kaurenoic acid
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Graph 5c¢
"*C-NMR spectrum (75.45 MHz, CDClI;) of kaurenoic acid
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Graph 5d
"H-NMR spectrum (300.06 MHz, CDCI;) of 15-a-angeloyloxy-kaur-16-en-19-oic acid.
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Graph 5e
*C-NMR spectrum (75.45 MHz, CDCl;) of 15-a-angeloyloxy-kaur-16-en-19-oic acid.

Table 1
Effects of the yacon extract on the activity of liver
AST and ALT of normal and diabetic rats.
AST ALT
pmoles/(min.mg) pmoles/(min.mg)
N 0.065+0.004 0.057+0.001
0.064+0.001

NY 0.068+0.004
D  0.249+0.044°
DY 0.1660.048°

0.193+0.031°
0.204+0.049°

Yacon extract (Y) was administered orally in a dose of 400 mg/kg body weight for 30 days. Each value represents the mean * S.E.M. of 6-

12 animals per group. °P < 0.05 compared to normal rats (N) °P < 0.05 compared to the diabetic group (D).
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DISCUSSION

Streptozotocin (STZ) injection in rats has
been described as a good experimental
model to study the effects of drugs on
diabetes and some changes occurring in this
state. In this model there is destruction of the
B-cells of the islet of Langerhans of the
pancreas?®, what results in hyperglycemia,
polyphagy, polydipsia, and loss of body
weight of the animals®’. The fundamental
basis of increased glycemia in diabetic state
is an overproduction (excessive hepatic
glycogenolysis and gluconeogenesis) and/or
decreased use of glucose by the tissues?.
Furthermore, the diabetes leads to metabolic
changes caused by an absolute or relative
lack of insulin and/or reduced insulin activity,
which  results in hyperglycemia and
abnormalities in carbohydrate, protein, and
fat metabolism®®**®°. The present study
provided evidence that the hydroethanolic
extract from Smallanthus sonchifolius (yacon
extract) has an antihyperglycemic activity,
with a beneficial effect on the metabolic
changes found in streptozotocin-induced
diabetic rats. In our study, the hepatic and
muscle glycogen content in diabetic rats was
increased compared with normal rats. It has
been previously demonstrated that glycogen
deposition from glucose is modified in
diabetic animals®" in proportion to the
severity of insulin deficiency and long-
standing diabetes®>*%®.  Although some
studies have shown that in diabetic rats the
hepatic glycogen content is decreased®®"-3,
other studies, as well as ours, have
demonstrated that the hepatic glycogen
content is increased in these animals®**°. We
have no explanation for these observations,
but according to some studies®3** the
mechanism leading to the persistence of the
liver glycogen stores in 24-hour fasted
diabetic rats are probably the consequence of
the high ratio of glycogen synthase activity to
glycogen phosphorylase activity. Also, there
are reports that the glucose uptake in skeletal
muscle is the major site of whole body
insulin-mediated glucose disposal. It appears
that a high glycogen content in muscle is
associated with a state of insulin resistance.
Moreover, glycogen has also been proposed

as a possible regulator of muscle insulin
action®.

Treatment of diabetic rats with the yacon
extract for 30 days significantly decreased
both liver and muscle glycogen content
indicating that the defective glycogen storage
of the diabetic state was partially restored by
the extract. In perfusion studies, glucose
release in the liver of diabetic rats was high,
even in the absence of exogenous
gluconeogenic substrates in the perfusion
fluid. The same had already been observed
in other studies*?, which attributed this effect
to glycogenolysis or gluconeogenesis from
endogenous substrates. The treatment of
diabetic rats with the yacon extract for 30
days caused a significant decrease in
glucose release in the perfusion experiment.
In the liver, the lower glycogen content in rats
treated with the yacon extract could be
responsible for the lower glucose release as
the result of glycogenolysis. Thus, these
findings suggest that this could, at least
partially, contribute to the lower fasting
glycemia observed in diabetic rats treated
with the extract. Furthermore, it was
observed that the treatment of diabetic rats
with the yacon extract caused a reduction in
hepatic AST activity, which was markedly
increased in these animals. This effect is
important once the increased activity of AST
and ALT in diabetic rats has been associated
with the increased glyconeogenesis and
ketogenesis and/or of hepatic lesions, which
may contribute to the increased level of blood
glucose®*** Also, diabetic rats treated with
yacon extract presented a significant
improvement in the glucose-6-phosphate
dehydrogenase (G-6-PDH) activity that was
reduced in streptozotocin-induced diabetic
rats. This is consistent with published reports
in which the decreased glucose-6-phosphate
dehydrogenase activity has also been
observed in the liver from diabetic animal
models*>4647:4849 g ggesting a decrease in
the metabolism via the phosphogluconate
oxidation pathway°.

It is known that G-6-PDH catalyzes the
first and rate-limiting step of the hexose
monophosphate shunt and produces NADPH
needed for the maintenance of reduced
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glutathione®"*2.  Previous reports have

indicated that the NADPH produced by
glucose-6-phosphate dehydrogenase
participates in both the production of reactive
oxygen species, such as superoxide anions
and nitric oxide, and in the elimination of
these radicals via glutathione peroxidase and
catalase in both hepatic and extrahepatic
tissues®. Increased expression of glucose-6-
phosphate = dehydrogenase has been
associated with increased glutathione levels
and resistance to oxidative stress. Increased
oxidative stress, in turn, plays a key role in
the pathogenesis of diabetes and its
complications®*. In conclusion, this study has
advanced our understanding of the beneficial
effects of the yacon extract on the
hyperglycemia in this experimental model of
diabetes, which may be related to: (a)
decreased glycogen content in liver and
skeletal muscle, b) reduced glucose release
in the substrate-free perfused liver, (c)
decreased AST activity and (d) increased
glucose-6-phosphate dehydrogenase activity.
Although this study has not conducted the
complete identification of all the compounds
present in the extract of vyacon, a
phytochemical analysis utilizing column
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