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Brazil, 6 Faculdade de Medicina Veterinária, Universidade Federal de Uberlândia, Uberlândia, Minas Gerais,
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Abstract

Aqueous extract of macerated Vochysia rufa stem bark has been commonly used in the

treatment of diabetes. Therefore, we evaluated the antihyperglycemic and antioxidant

effects of an extract of V. rufa on the pancreata of streptozotocin (STZ)-induced diabetic

rats. Animals received one of the following treatments daily by oral gavage: water (dia-

betic-control), V. rufa extract (diabetic-V. rufa), or glibenclamide (diabetic-GBD). Total anti-

oxidant capacity; levels of thiobarbituric acid reactive substances, reduced glutathione,

and sulfhydryls; and superoxide dismutase, catalase, and glutathione peroxidase (GPx)

activities were measured in the pancreas. Biochemical analysis of serum total cholesterol

and fractions, triglycerides, creatinine, urea, acid uric, ALP, γ-GT, AST, and ALT was per-

formed, and pancreatic β-cells positive for insulin were evaluated by immunohistochemis-

try. Rats treated with extract exhibited a decrease in fasting blood glucose compared with

levels in diabetic control rats. GPx activity and sulfhydryl levels were significantly lower in

diabetic-V. rufa rats compared with those of diabetic-control rats. V. rufa extract acted to

normalize the biochemical alterations found in diabetic rats (diabetic-controls), as demon-

strated by increases in urea, HDL, ALP, AST, and ALT. Reduction in blood glucose was

independent of an increase in insulin. The V. rufa extract was found to be composed of free

sugars (inositol, galactose, glucose, mannose, sucrose, arabinose, and ribose) as the

main metabolites. Thus, aqueous extract of the stem bark of V. rufa is capable of reducing
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blood glucose, resulting in an antioxidant effect on the pancreatic tissue of STZ-diabetic

rats.

Introduction

Diabetes mellitus (DM) is a metabolic disease that affects more than 347 million people world-

wide [1] and is characterized by high blood glucose due to inadequate insulin production or

insulin activity. Previous works have demonstrated that persistent hyperglycemia in patients

with diabetes induces glucose autoxidation and protein glycosylation and that these processes

increase the production of free radicals including reactive oxygen species (ROS) [2, 3]. ROS

concentrations are modulated by antioxidant enzymes such as superoxide dismutase (SOD),

catalase (CAT), and glutathione peroxidase (GPx), in addition to non-enzymatic scavengers

[4]. Increased activity of the three primary scavenging enzymes has been demonstrated in vari-

ous tissues from diabetic animals [5].

In recent years, traditional and alternative medicines have been investigated for their utility

in the treatment of diabetes. Studies have suggested that certain botanical polysaccharides iso-

lated from Ophiopogon japonicus [6], Lycium barbarum [7, 8], Opuntia dillenii [9], and Achillea
santolina [10] exhibit hypoglycemic activity. In the case of A. santolina, this hypoglycemic

activity is attributed to the presence of compounds with antioxidant properties and free radical

scavengers in this plant [10]. Approximately 100 species of Vochysia (Vochysiaceae), including

large trees and shrubs, occur throughout tropical America from Mexico to Peru. Several of

these species have been used by traditional Amerindian communities in South America for a

variety of therapeutic purposes linked to inflammation, including treating skin sores and

relieving respiratory ailments such as asthma and pulmonary congestion [11]. The methanolic

extract of the leaves of Vochysia tucanorum exhibits antiulcer activity due to the presence of

gastric pentacyclic triterpenes, such as betulinic acid, epibetulinic acid, and erythrodiol, as well

as mixtures and derivatives of ursolic and oleanolic acid [12]. The antibacterial activity of ser-

icic acid, the main active constituent isolated from the extract of Vochysia divergens bark, may

explain and justify the popular use of this plant in treating infectious diseases [13]. Extract of

the bark of Vochysia rufa contains phenolic compounds, coumarins, anthraquinone hetero-

sides, triterpenoids, and saponins [14]. Moreover, our previous work has demonstrated that

V. rufa reduces oxidative stress in the liver [15]. Taken together, these findings suggest that

studies to evaluate the effects of Vochysia compounds, including those in V. rufa, should be

continued.

V. rufa, popularly known as “quina-doce”, has been used in folk medicine to treat type 1

and type 2 diabetes mellitus in the state of Minas Gerais, Brazil; however, its antidiabetic and

antioxidant effects and phytochemical profile have not yet been elucidated. Thus, we evaluated

the efficacy of treatment with an extract of V. rufa stem bark in STZ-treated diabetic rats as

well as its potential antihyperglycemic and pancreatic antioxidant effects.

Materials and methods

Collection of V. rufa and preparation of the extract

Stem barks of V. rufa Mart. were collected in the Cerrado biome accessible to the Federal Uni-

versity of Uberlândia in the outskirts of Abadia dos Dourados/MG, Brazil (latitude 18˚ 270

50.5@, longitude 47˚ 230 37.2@) during the months of October–February, 2010–2011. The plant

material was botanically identified at the Institute of Biology of the Federal University of
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Uberlandia, and deposited in the University Herbarium (HUFU) with voucher specimen

number 58,888.

V. rufa Mart. stem barks were dried in an oven at 35˚C and then powdered in an electric

mill. The powder (200 g) was extracted with distilled water by maceration for 24 h (1:5 w/v).

The extract was filtered and centrifuged at 4,400×g for 15 min at 4˚C. The supernatant was fro-

zen at –20˚C and then lyophilized for a yield of approximately 6% (w/w). The crude extract

was stored at –20˚C until analysis.

Identification of sugars by capillary electrophoresis—Tandem mass

spectrometry

Analyses were carried out in a capillary electrophoresis–mass spectrometry (CE-MS) system

Agilent 7100 (capillary electrophoresis) interfaced to a 6430 triple-quad mass spectrometer

(Agilent Technologies, Santa Clara, CA, USA). The background electrolyte (BGE) was 0.5

mol�L-1 triethylamine (pH 12). Sheath liquid for the electrospray ionization (ESI) source was

prepared by diluting the BGE 160 times with 10/90 methanol/water (v/v) and used at a flow

rate of 6 μL�min-1. During the electrophoretic run at 25 kV, a backpressure of -20 mbar was

applied to the inlet vial for compensation of the ESI suction effect (Do Lago, 2014A). Nitrogen

was employed as a nebulizer gas (10 psi) and drying gas (3 L�min-1 at 150˚C). Inlet capillary

voltage and dwell time were set to 4.5 kV and 200 ms, respectively. Experiments were carried

out using a 65-cm long, 50-μm i.d., 360-μm o.d. fused-silica capillary (Agilent Technologies,

Redmond, OR, USA). The capillary was preconditioned by washing with 1.0 mol�L-1 NaOH

solution (3 min), deionized water (5 min), and BGE (5 min). A thermally isolated case (Do

Lago, 2014B) was used to control the temperature of the capillary at 20˚C during the electro-

phoretic run. Samples were hydrodynamically injected at 100 mbar for 10 s. The mass spec-

trometer was operated in negative-mode selected ion monitoring (SIM) to detect the [M-H]-

ions at m/z 149 (xylose and arabinose), 163 (fucose), 179 (glucose, fructose, galactose, inositol),

and 341 (sucrose) with fragmentor voltage and cell accelerator voltage set at 40 V and 3 V,

respectively.

A solution of 3.1 mg�mL-1 crude extract was prepared with deionized water and filtered

through a 0.45-μm Millipore filter before use (Millipore, Billerica, MA, USA). Stock solutions

(50 mmol�L-1) of arabinose, ribose, fucose, glucose, galactose, inositol, sucrose, xylose, fructose,

maltose, and mannose were prepared in deionized water. These sugars were identified by

CE-MS of the sample solution after spiking. Quantification with the addition standard method

was carried out using a mix containing each sugar at 2.5 mmol�L-1, which was mixed 1:1 (v/v)

with the crude extract solution.

Animals

Male Wistar rats (approximately 8 weeks and 200–220 g) were used for animal experiments

and maintained under standard conditions (22 ± 1˚C, 60 ± 5% humidity, and 12 h light/12 h

dark cycle). Animals were fed a commercial pellet diet (65.82% carbohydrate, 5.36% fiber,

21.0% protein, and 4.96% fat) (BioBase, SC, Brazil) and received water ad libitum. For euthana-

sia, rats were anesthetized with a mixture of cloridrate of ketamine (5 mg/100 g of weight) and

cloridrate of xylazine (2 mg/100 g of weight) followed by exsanguination through cardiac

puncture and cervical dislocation. All procedures for the handling, use, and euthanasia of the

animals were approved by the Ethics Committee in Animal Research of the Federal University

of Uberlandia, Brazil (CEUA/UFU 060/10).
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Acute toxicity study

In the acute toxicity study, rats were assigned to one of eight groups (n = 6 animals in each

group); each group was administered a different concentration of the aqueous extract of V.

rufa (50, 100, 250, 500, 1,000, 3,000, or 5,000 mg/kg body weight) in a single dose by oral

gavage. The control group received water. Animals were weighed at the beginning of the

experiment. For the remainder of the study, we chose to use a concentration of 500 mg/kg of

aqueous extract of V. rufa because this concentration has been demonstrated to have impor-

tant bioactive properties in hepatic tissues of diabetic rats [15] and was found to be non-toxic.

Animals were fasted with water ad libitum for 12 h before receiving the extract. Thirty min-

utes after administration, animals were given free access to food and were observed at intervals

of 5 min, 15 min, 30 min, 60 min, 3 h, and 6 h. Animals were assessed twice a day for 14 days

in the evening (at 16:00 and 18:00). The weight of each animal was also measured during treat-

ment. We observed the following parameters: changes in skin, hair, and eyes; presence of trem-

ors; muscle tone; changes in salivation, defecation, and urination; lethargy; sleep; arousal;

muscle twitching; convulsions; and death of the animals. Animals found to be moribund were

euthanized with a mixture of cloridrate of ketamine and cloridrate of xylazine followed by cer-

vical dislocation and were excluded from the experiment.

Induction of diabetes mellitus and monitoring of body weight and

glycemia

Rats were allowed to acclimate to their environment for one week and were subsequently

fasted for 24 h. Rats were then intraperitoneally anesthetized with xylazine/ketamine (1:1, v/v)

followed by intraperitoneal injection of 40 mg/kg STZ (Sigma-Aldrich Corporation, St. Louis,

MO, USA). STZ was freshly dissolved in 0.01 M citrate buffer at pH 4.5, and the injection vol-

ume was 2 mL/kg. Animals were fasted for another 90 min after the injection. Ten days after

the STZ injection, rats with a fasting blood glucose level greater than 250 mg/dL were used for

subsequent experiments [16, 17]. Body weight and blood glucose levels were monitored in ani-

mals undergoing the different treatments (water, glibenclamide, and V. rufa) at three different

time points: the beginning of the experiment, after 21, and after 43 days. Blood was collected

from the tip of the tail vein, and the fasting blood glucose level (after 6 hours of fasting) was

measured using reactive strips for blood glucose (Contour Glucose Test Strip, Bayer, Misha-

waka, IN, USA).

Experimental design

Animals were assigned to one of six groups of five animals each: (i) the negative-control

group, which received 1 mL of distilled water for 43 days; (ii) the V. rufa group, which animals

received 500 mg/kg V. rufa extract for 43 days; (iii) the glibenclamide (GBD) group, which

received 6 mg/kg GBD (Biosintética Farmacêutica Ltda, Brazil) for 43 days; (iv) the diabetic-

control group (STZ+), which was treated with STZ and received 1 mL of distilled water for 43

days; (v) the diabetic-V. rufa group, which was treated with STZ and received 500 mg/kg V.

rufa extract for 43 days; and (vi) the diabetic-GBD group, which was treated with STZ and

received 6 mg/kg of GBD for 43 days).

The extract was diluted in distilled water and administered in the afternoon by oral gavage

for 43 days. At the end of the experiment, animals were fasted for 12 h after anesthesia, and

blood samples were collected from the hepatic portal vein. Pancreata were dissected immedi-

ately, washed in saline (0.9% NaCl), frozen in liquid nitrogen, and stored at -80˚C prior to

biochemical analyses and analysis of biomarkers of oxidative stress. Other portions of the
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pancreas were washed in saline and immediately fixed in 10% buffered formalin. All experi-

ments with animals were repeated twice.

Serum biochemical measurements

Total cholesterol, triglyceride, urea, creatinine, alkaline phosphatase (ALP), gamma-glutamyl-

transferase (γ-GT), aspartate amino transferase (AST), alanine amino transferase (ALT), HDL

cholesterol (HDL-C), and uric acid levels were determined from serum samples. All parame-

ters were measured in a Clinical Analysis Laboratory at the Faculty of Veterinary Medicine of

the Federal University of Uberlandia with a ChemWell Automated Analyzer (Awareness Tech-

nology Inc., Palm City, FL, USA) via colorimetric methods using commercial kits (Labtest

Diagnostica, Brazil).

Tissue preparation

Four pancreata from each group were homogenized on ice in 10 volumes of homogenization

buffer [20 mM Tris-HCl (pH 7.4), 2 mM dithiothreitol, 1 mM benzamidine, 0.5 mM phenyl-

methanesulfonyl fluoride, 0.5 mM aprotinin, and 0.1 mM Pefabloc). The homogenate was cen-

trifuged at 10,000×g for 5 min at 4˚C. Protein concentrations were measured by the Bradford

method [18].

Biomarkers of oxidative stress in the pancreas

Total antioxidant capacity (FRAP) was evaluated using the test described by Benzie and Strain

[19]. In this test, the reduction of Fe3+ 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ) complex (color-

less) to Fe2+-tripyridyltriazine (blue), formed by the action of electron-donating antioxidants

at low pH, is monitored by measuring the change in absorbance at 593 nm and recorded

against a reagent blank after a 30-min incubation at 37˚C. Lipid peroxidation in pancreatic tis-

sue was estimated colorimetrically as described by Hermes-Lima et al. [20]. This method mea-

sures the levels of thiobarbituric acid-reactive substances (TBARS). The samples were

homogenized in 1.1% phosphoric acid (1:10, w:v) and then mixed with 1% TBA/50 mM

NaOH/0.1 mM BHT solution and 7% phosphoric acid. Subsequently, samples were heated for

15 min at 100˚C, and then 1.5 mL butanol was added. Finally, tubes were vigorously vortexed

and centrifuged for 5 min in a benchtop centrifuge. The organic layer was removed and placed

in cuvettes; absorbances at 532 and 600 nm were measured. Results are expressed in nmol�g-1

of tissue. Sulfhydryl levels were determined using 5,5-dithiobis(2-nitrobenzoic acid) (DTNB),

as described by Faure and Lafond [21]. The glutathione S-transferase activity was assayed

spectrophotometrically by measuring the conjugation of GSH to the standard GST substrates

1-chloro-2,4-dinitrobenzene (CDNB) and 1,2-dichloro-4-nitrobenzene (DCNB) according to

methods described by Habig et al. [22]. Reductions in absorbance were measured at 340 nm.

The readings were observed with a Microplate Reader (VersaMax, Molecular Devices, Sunny-

vale, CA, USA).

Activity of antioxidant enzymes

CAT activity was determined by monitoring the decomposition of hydrogen peroxide at 240

nm, as described by Aebi et al. [23]. The activity of SOD was determined by inhibition of adre-

nochrome during the oxidation of adrenaline according to methods described by Misra and

Fridovich [24]. Results are expressed as units of SOD/μg of protein. The activity of GPx was

quantified by oxidation of NADPH in the presence of glutathione reductase (GR), which was

measured at 340 nm and is expressed in μmol�min-1�g-1, following the recommendations of
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Flohe and Gunzler [25]. The amount of reduced glutathione (GSH) was determined as

described by Beutler et al. [26] in combination with DTNB, based on the fact that reaction of

glutathione with DTNB forms a yellow-colored thiol (TNB).

Immunohistochemical analysis

For histological processing, pancreata were removed, planed, and fixed on filter paper in

formaldehyde for 24 h, followed by storage in 70% alcohol until further use. Pancreata were

subjected to processing via dehydration, inclusion, and diaphanization followed by microt-

omy (Histotechnical PT 05 automatic processor). Blocks were cut to obtain 5-μm sections.

Sections were placed on slides (10 slides per pancreas), and the procedure was repeated until

all slides contained two sections each. This procedure was performed 10 times without dis-

carding any slices. Slides were pre-treated with 3-aminopropyltriethoxy-silane (Sigma-

Aldrich). Sections in glass slides were immersed in xylene for 10 min to eliminate paraffin,

dehydrated in absolute alcohol, and re-hydrated with Tris-buffered saline (TBS). Sections

were rinsed in TBS and immersed in a 3% hydrogen peroxide–methanol solution for 30 min

to block endogenous peroxidase activity, followed by a 30-min incubation at 90˚C. Immuno-

labeling of insulin was performed with a 1:500 dilution of rabbit anti-insulin (AB128018,

ABCAM Company Ltd., UK); slides were incubated with this antibody for 2 h at 37˚C and

subsequently rinsed three times with TBS for 3 min per wash. Next, slides were incubated

with peroxidase-conjugated protein A (1:100) for 1 h at room temperature (25˚C). Slides

were washed again and treated with 3,3-diaminobenzidine tetrahydrochloride (DAB

Chromogen Kit, Biocare Medical, Concord, USA) for imaging. Slides were subsequently

counterstained with Mayer’s hematoxylin and mounted. Images were obtained using a light

microscope plus camera (Eclipse 50i, Nikon, Tokyo, Japan) at a magnification of 40×. Evalua-

tion was performed using ImageJ software (http://rsb.info.nih.gov/ij/). Thereafter, we

obtained the ratio of the number of stained cells to the area analyzed. The area analyzed was

standardized by insertion of a square (250 × 250 μm), which was randomly distributed

among the islets to reach a total area of 3.125 mm2 per animal. Area was obtained in a mean

of 10 islets.

Statistical analysis

Statistical analysis was performed using the Prism software program (GraphPad Inc., San

Diego, CA, USA). Normality (Kolmogorov–Smirnov test) and homogeneity of variance tests

(Bartlett’s test or F-test) were applied to all variables. Parametric tests (unpaired t-test for two

groups or one-way analysis of variance with Tukey’s multiple comparison post-test for three

or more groups) were used for cases with normal distributions and homogeneous variances,

and results are expressed as means ± standard errors of the mean (SEM). Non-parametric tests

(Kruskal–Wallis test with Dunn’s multiple comparison) were used for cases with non-Gauss-

ian distributions, and results are expressed as median, maximum, and minimum values. Dif-

ferences with p-values < 0.05 (5%) were considered significant.

Results

Phytochemical screening of V. rufa

After creating an aqueous extract of V. rufa, we conducted a phytochemical screening of the

extract. The high pH of the BGE allowed the deprotonation of sugars with ionization degrees

ranging from 20–62%, and consequently, their electrophoretic separation. Identification of ana-

lytes was performed using both migration time and m/z of the [M-H]- ion. Electropherograms
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of the crude extract suggest that it was mainly composed of free sugars, as shown in Fig 1. Four

hexoses were simultaneously detected at m/z 179: inositol (0.12 mg�mL-1), galactose (0.065

mg�mL-1), glucose (0.47 mg�mL-1), and fructose (0.60 mg�mL-1). Xylose (0.013 mg�mL-1) and

arabinose (0.018 mg�mL-1) (m/z 149), as well as sucrose (0.22 mg�mL-1) (m/z 341) were

detected. Fucose (m/z 163) was not detected. A possible disaccharide isomer for sucrose with

m/z 341 was also detected at low concentration.

Acute toxicity study

The V. rufa extract did not produce any signs or symptoms of toxicity or mortality at doses of

up to 5,000 mg/kg. In addition, markers of hepatic (AST and ALT) and renal (urea and creati-

nine) function demonstrated that the compound had no adverse systemic effects in these ani-

mals. There were no significant increases in ALT, urea, or creatinine levels in the V. rufa group

compared to levels in the negative-control group. While there was a statistically significant

increase in AST in the V. rufa group compared to that in the negative-control group (p<0.05),

this increase was less than twofold. In addition, the diabetic-V. rufa group presented the lowest

mean AST concentration among the diabetic groups (Table 1).

Fig 1. Typical electropherogram of V. rufa crude extract. (A) Electropherogram and (B) CE-MS spectrum of the V. rufa crude

extract (obtained as described in the Materials and methods). The hexose sugars inositol (1), galactose (2), glucose (3), and fructose

(4) were detected at m/z 179. Sucrose (5) and another disaccharide (6) were detected at m/z 341. Arabinose (7) and xylose (8) were

detected at m/z 149.

https://doi.org/10.1371/journal.pone.0184807.g001
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Effect of V. rufa extract on blood glucose and body weight

The blood glucose levels and body weights of diabetic animals that received the V. rufa extract

(500 mg/kg) for 43 days are listed in Fig 2. There was a progressive and significant increase in

the body-weight variation of negative-control rats, whereas diabetic-control rats demonstrated

a decrease in body-weight variation (Fig 2A). A significant increase in blood glucose levels was

observed in diabetic-control rats compared with negative-control rats (Fig 2B). After both 21

and 43 days, the blood glucose levels of diabetic-V. rufa rats were significantly (p< 0.05) lower

than those of rats in the diabetic control group (Fig 2C). Blood glucose levels in the diabetic-

GBD rats also decreased significantly after treatment (Fig 2D).

Effect of V. rufa extract on biochemical parameters

V. rufa and GBD rats demonstrated increased levels of AST (p< 0.05) compared with those of

negative-control rats. The diabetic-V. rufa group exhibited no alterations in biochemical

parameters compared with the diabetic-control group, whereas the diabetic-GBD group exhib-

ited increased uric acid levels (p< 0.05) compared to those of the diabetic-control group

(Table 1).

Effect of V. rufa extract on biomarkers of oxidative stress in the pancreas

Effects of V. rufa extract on FRAP, GSH, TBARS, and sulfhydryl are shown in (Fig 3A–3H). In

the diabetic-control group, we observed increased sulfhydryl and TBARS levels (Fig 3H,

p< 0.05) in addition to decreased GSH levels (Fig 3D, p< 0.05). Diabetic-V rufa treatment

did not significantly alter FRAP and GSH levels (Fig 3B and 3D, p> 0.05) but did significantly

decrease sulfhydryl levels (Fig 3F, p< 0.05).

Table 1. Total cholesterol, triglyceride, creatinine, urea, alkaline phosphatase (ALP), γ-GT, aspartate amino transferase (AST), and alanine amino

transferase (ALT) levels of nondiabetic (ND) and diabetic (D) rats after daily administration of water, 500 mg/kg Vochysia rufa extract (V), or 6 mg/

kg glibenclamide (G) for 43 days (n = 5 animals per group, two independent replicates).

Parameter Groups

Negative-control V. rufa GBD Diabetic-control Diabetic-V. rufa Diabetic-GBD p-value

Cholesterol (mg/dL) 45.90 ± 2.65 47.24 ± 3.58 38.35 ± 2.26 55.62 ± 5.36 57.52 ± 4.69 47.93 ± 3.31 >0.05

Triglycerides (mg/dL) 84.36 ± 18.75 66.69 ±8.06 70.07 ± 6.83 130.05 ± 17.56 108.10 ± 17.08 114.20 ± 17.11 >0.05

HDL-C (mg/dL) 15.27 ± 2.15 18.84 ± 0.66 16.26 ± 1.10 23.05 ± 0.87* 20.14 ± 0.87 22.81 ± 1.75 <0.05

VLDL (mg/dL) 16.87 ± 3.75 13.34 ± 1.61 14.01 ± 1.37 26.11 ± 3.51 21.62 ± 3.41 22.84 ± 3.42 >0.05

LDL (mg/dL) 13.76 ± 2.10 15.06 ± 3.81 8.08 ± 2.90 6.46 ± 3.70* 15.76 ± 5.89 6.87 ± 3.14 <0.05

Creatinine (mg/dL) 0.63 ± 0.04 0.57 ± 0.04 0.67 ± 0.045 0.55 ± 0.052 0.59 ± 0.04 0.60 ± 0.05 >0.05

Urea (mg/dL) 28.29 ± 2.34 36.76 ± 2.98 40.47 ± 4.48 74.08 ± 6.32* 77.00 ± 3.65 72.69 ± 4.86 <0.05

Uric acid (mg/dL) 2.83 ± 0.95 1.07 ± 0.18 0.88 ± 0.16 1.67 ± 0.80 1.69 ± 0.62 5.38 ± 0.99*** <0.05

ALP (U/L) 219.70 ± 20.21 196.00 ± 19.39 200.80 ± 19.66 1329.00 ± 167.10* 902.70 ± 127.90 1038.00 ± 159.80 <0.05

Ƴ-GT (U/L) 10.64 ± 2.66 12.48 ± 3.48 10.30 ± 2.45 27.71 ± 9.91 32.00 ± 15.03 25.08 ± 11.82 >0.05

AST (U/L) 72.10 ± 12.04 112.80 ± 4.77** 107.40 ± 9.51** 541.00 ± 108.30* 300.00 ± 68.76 416.00 ± 97.61 <0.05

ALT (U/L) 75.20 ± 9.40 91.60 ± 3.58 88.90 ± 5.93 395.00 ± 70.68* 226.70 ± 30.69 330.00 ± 71.93 <0.05

Data are expressed as mean ± SE (n = 10).

*p < 0.05, diabetic-control vs. negative-control;

**p < 0.05 vs. negative-control;

***p < 0.05 vs. diabetic-control.

https://doi.org/10.1371/journal.pone.0184807.t001
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Effect of V. rufa extract on antioxidant enzyme activity in the pancreas

Effects of V. rufa extract on SOD, CAT, GPx, and GST activities are shown in (Fig 3I–3P). In

diabetic-control rats, we observed increased SOD (Fig 3J, p< 0.05), CAT (Fig 3L, p< 0.05),

GPx (Fig 3N, p< 0.05), and GST (Fig 3P, p< 0.05) activities. Diabetic-V. rufa treatment did

not alter SOD, CAT, and GST (Fig 3J, 3L and 3P) activities but significantly decreased GPx

(p< 0.05) activity.

No effect of V. rufa extract on insulin-positive cells

Results of the immunohistochemical analysis are shown in Fig 4. STZ administration caused a

decrease in the number of cells positive for insulin. Diabetic-GBD rats exhibited an increased

number of cells positive for insulin. Rats treated with V. rufa did not exhibit significant alter-

ations in the number of insulin-positive pancreatic β-cells.

Discussion

In the state of Minas Gerais in Brazil, V. rufa has been used for glycemic control by patients

with type 2 diabetes mellitus. A doctor working in a primary health care unit reported that a

patient with type 1 diabetes mellitus reduced their insulin use by 50% after treatment with an

aqueous extract of macerated V. rufa stem bark. The present study reports for the first time the

hypoglycemic, antihyperglycemic, and antioxidant effects of V. rufa in an experimental animal

model of induced diabetes, thus scientifically validating this traditional claim.

In this study, we verified that an extract from the stem bark of V. rufa contains sugar. Con-

sistent with this result, it was demonstrated that Coptis chinensis contains 96.3% carbohydrate,

Fig 2. Evaluation of variation in body weight and blood glucose concentrations of experimental groups. Body weight and blood glucose

concentrations were measured initially and after 21 and 43 days of daily treatment (n = 5 animals per group, two independent replicates). Rats were

divided into negative-control and diabetic groups and were then treated with V. rufa extract (500 mg/kg) or glibenclamide (6 mg/kg). (A) Rate of

variation (Δ) in body weight, which was obtained by dividing the mean of Δ of the body weight in the percentage by Δ of the days of experiment.

*p < 0.05. (B) Blood glucose concentrations, which were obtained and compared among different groups. Lowercase letters indicate statistically

significant differences between values (p < 0.05).

https://doi.org/10.1371/journal.pone.0184807.g002
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4.8% uronic acid, and 0.61% protein and is mainly composed of glucose, arabinose, xylose,

galactose, and galacturonic acid [27]. This is in contrast to other studies, which have described

the presence of triterpenes in Vochysia species, including V. divergens [28], Vochysia ferruginea
[29], Vochysia pacifica [30], and V. tucanorum [31].

A single oral administration of 5,000 mg/kg of V. rufa did not produce any signs of acute

toxicity or mortality in the animals studied. Similar results have been reported by Gomes et al.

[31], who administered a methanolic leaf extract of V. tucanorum, and by Hayes [32], with

doses of up to 5,000 mg/kg considered non-toxic. These data indicate the permissibility of fur-

ther pharmacological studies with this extract.

We found that untreated diabetic rats exhibited higher blood glucose levels and lower body

weights than nondiabetic controls. Under diabetic conditions, the postprandial blood glucose

level is not controlled efficiently due to insufficient insulin secretion [33]. Interestingly, the

diabetic-V. rufa group exhibited significantly lower glucose levels compared with those of the

diabetic-control group. However, control of blood glucose levels after 43 days of treatment was

not supported by immunohistochemical analysis of the pancreas. Thus, V. rufa may not

decrease blood glucose by increasing pancreatic secretion of insulin from existing β-cells.

Fig 3. Effects of V. rufa extract on FRAP, GSH, sulfhydryl, TBARS, SOD, CAT, GPx, and GST levels in the pancreata of nondiabetic and

diabetic rats. Evaluation was performed after 43 days of treatment. Rats were divided into negative-control and diabetic-control groups and were

then treated with V. rufa extract (500 mg/kg) or glibenclamide (6 mg/kg) (n = 5 animals per group, two independent replicates). Results for FRAP are

presented in μM/Trolox eq/L (A and B), GSH in mM (C and D), sulfhydryl in μM/mg protein (E and F), TBARS in nmol�g-1 of tissue (G and H), SOD in

U SOD/μg protein (I and J), CAT in μg/seconds (K and L), GPx in mmol/min/mL (M and N), and GST in μmol/min/g (O and P). Lowercase letters

indicate statistically significant differences between values (p < 0.05).

https://doi.org/10.1371/journal.pone.0184807.g003
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Diabetic rats demonstrated elevated serum concentrations of urea, AST, ALT, ALP, and

HDL-C, with a reduction in LDL levels when compared to those in nondiabetic rats. Elevated

serum urea and creatinine levels are significant markers of renal dysfunction in diabetic hyper-

glycemia [34]. Activities of serum enzymes, including ALP and ALT, are used to evaluate

hepatic disorders, with increases in the activities of these enzymes reflecting active liver dam-

age [35, 36] While the V. rufa extract decreased glycemic levels, it did not alter AST, ALT, or

ALP levels in diabetic rats. STZ produces an increase in ROS, causing lipid peroxidation in the

membranes of adipose tissue. From this perspective, STZ increases lipid peroxidation and,

consequently, hepatic enzyme release. While administration of V. rufa extract reduced glyce-

mic levels, it did not alter liver enzymes or lipid peroxidation in diabetic rats. In nondiabetic

rats, peroxidation and AST levels increased. Treatment with V. rufa extract also did not affect

total cholesterol or triglyceride levels, suggesting that the extract did not affect lipid metabo-

lism. Pandikumar et al. have reported similar results in diabetic rats [37].

In addition to the metabolic alterations caused by diabetes, chronic hyperglycemia pro-

motes endogenous free radical generation and depletes antioxidant defense systems. Pancre-

atic damage is also an important stage in the development of diabetes and its complications.

Pancreatic β-cells are highly prone to oxidative stress and damage because they express low

levels of antioxidant enzymes and low antioxidant enzyme activity; these enzymes are the first

line of defense against oxidative stress [38]. We observed an increase in CAT, GPx, and GST

Fig 4. Evaluation of the number of insulin-positive β-cells in experimental groups. Rats were divided into negative-control and diabetic-

control groups and were then treated with V. rufa extract (500 mg/kg) or glibenclamide (6 mg/kg). The presence of insulin-positive β-cells was

analyzed in the islets of Langerhans in 5-μm cuts stained with rabbit anti-insulin (n = 5 animals per group, two independent replicates). (A–F)

Immunohistochemical images of insulin-positive cells. Areas marked in red delimit islets, and arrows point to positive cells (brown). (G)

Quantification of insulin-positive cells per mm2 in all experimental groups. (H, I) Comparison of number of insulin-positive cells in nondiabetic and

diabetic groups, respectively. (J) Comparison of number of insulin-positive cells in diabetics vs. nondiabetics. Lowercase letters indicate

statistically significant differences between groups (p < 0.05).

https://doi.org/10.1371/journal.pone.0184807.g004
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activities, in addition to increased TBARS and sulfhydryl levels and reduced GSH levels in dia-

betic rats compared with those in nondiabetic rats. Similar results have been reported in other

studies of diabetic rat pancreata, including increases in CAT, GPx, and GST activities [5, 39,

40]. Consistent with our findings, Cumaoglu et al. found that the flavonoid fluvastatin did not

alter SOD activity in the pancreata of diabetic rats [39]. An increase in GPx activity in the dia-

betic rat pancreas may represent a compensatory mechanism for detoxifying organic and inor-

ganic peroxides, including excess hydrogen peroxide generated by increased SOD activity [41,

42]. GPx has been reported to have a broader protective spectrum than CAT because, in addi-

tion to H2O2, GPx also metabolizes other hydroperoxides, including lipid hydroperoxides

[43]. The accumulation of H2O2 and other hydroperoxides may induce GPx activity, leading

to its upregulation in diabetic rats. The reduced expression of GPx observed in rodent and

human islets suggests that a typical approach for protection of β-cells against oxidative stress

likely involves overexpression of GPx [44]. Thus, the overexpression of GPx could be a protec-

tive mechanism against oxidative stress. Our results indicate that the administration of V. rufa
extract significantly decreases GPx activity and sulfhydryl levels in diabetic rats. Similarly, glib-

enclamide was found to reduce CAT, GPx, and GST activities and TBARS levels in diabetic

rats. In the V. rufa group, FRAP levels increased, as was observed in the GBD group. The cata-

lytic activity of GPx is complementary to that of catalase; the km of GPx (km = 0.25 mmol/L) is

lower than that of catalase (km = 25 mmol/L), providing a preferential pathway for the degra-

dation of low concentrations of H2O2 in intact cells [45]. Therefore, treatment with V. rufa
extract had no effect on catalase activity.

Consistent with our findings, Ardestani et al. observed a decrease in GSH levels in the pan-

creata of diabetic rats compared to levels in nondiabetic rats [46] GSH is a major intracellular

redox buffer that participates in cellular defense against oxidative stress by scavenging free

radicals and reactive oxygen intermediates [47]. Thus, a decrease in pancreatic GSH levels in

diabetic rats may reflect a direct reaction between GSH and the free radicals generated by

hyperglycemia in diabetes mellitus.

The elevated pancreatic lipid peroxidation observed in the diabetic rats can be attributed to

enhanced production of ROS, which leads to oxidative stress [48]. The products of lipid perox-

idation typically oxidize protein sulfhydryl groups, resulting in the formation of disulfide

bonds. Thus, increased levels of sulfhydryl groups in diabetic rats are related to an increase in

TBARS levels. While the extract of V. rufa reduced sulfhydryl levels, a reduction in TBARS lev-

els was not observed in the pancreas.

In this study, we demonstrated the presence of sugars in the V. rufa extract that may be

responsible for scavenging free radicals released by STZ and thus enhancing both enzymatic

and non-enzymatic antioxidants in treated diabetic rats. Previous studies have also demon-

strated that polysaccharides from other sources can increase antioxidant enzyme activities in

the blood and tissues of diabetic mice or rats [6, 7, 9, 49–52]. Moreover, a recent study reported

that the hypoglycemic mechanisms of polysaccharides are closely associated with their antioxi-

dant activities [27]. Based on these findings, our study suggests that one mechanism of the

antihyperglycemic action of V. rufa extract may be tied to its antioxidant activity and free radi-

cal scavenging ability, which provide protection against oxidative damage. Zhang et al. (2012)

[52] demonstrated that orally administered Taxus cuspidata polysaccharides had a hypoglyce-

mic effect and could alleviate oxidative stress in the kidney and liver of STZ-induced diabetic

rats. Moraes et al. (2015) [15] also showed that the reducing sugars in V. rufa extract efficiently

reduced hepatic oxidative stress caused by STZ-induced diabetes and produced no morpho-

logical changes according to histological analysis.

In conclusion, this is the first report of the antioxidant and antidiabetic effects of an aque-

ous extract of the V. rufa stem bark. Our results indicate that the sugars of the extract are
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capable of reducing blood glucose levels and alleviating oxidative stress parameters in the pan-

creatic tissue of STZ-induced diabetic rats. This protective effect against oxidative stress in the

pancreas may also partially contribute to the antihyperglycemic effect of V. rufa extract in dia-

betic rats. V. rufa extract therefore represents a potential candidate for pharmaceutical evalua-

tion pending full structural characterization of the active compounds possessing antidiabetic

and antioxidative activities.
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K. Calábria, Antonio V. Mundim, Camila B. Miguel, Carlo J. F Oliveira, Javier E. Lazo-

Chica, Alberto de Oliveira, João H. G. Lago, Vagner B. dos Santos, Claudimir L. do Lago,

Foued S. Espindola.

Project administration: Foued S. Espindola.

Resources: Foued S. Espindola.

Software: Javier E. Lazo-Chica.

Supervision: Foued S. Espindola.

Validation: Foued S. Espindola.

Visualization: Neire M. de Gouveia, Wellington F. Rodrigues, Camila B. Miguel, Carlo J. F

Oliveira, Javier E. Lazo-Chica.

Writing – original draft: Neire M. de Gouveia, Wellington F. Rodrigues, Camila B. Miguel,

Carlo J. F Oliveira, Foued S. Espindola.

Writing – review & editing: Neire M. de Gouveia, Wellington F. Rodrigues, Camila B. Miguel,

Carlo J. F Oliveira, Foued S. Espindola.

Effect of Vochysia rufa extract on oxidative stress in diabetic rats

PLOS ONE | https://doi.org/10.1371/journal.pone.0184807 October 5, 2017 13 / 16

https://doi.org/10.1371/journal.pone.0184807


References
1. Danaei G, Finucane MM, Lu Y, Singh GM, Cowan MJ, Paciorek CJ, et al. National, regional, and global

trends in fasting plasma glucose and diabetes prevalence since 1980: systematic analysis of health

examination surveys and epidemiological studies with 370 country-years and 2.7 million participants.

Lancet. 2011; 378: 31–40. https://doi.org/10.1016/S0140-6736(11)60679-X PMID: 21705069

2. Hunt JV, Smith CC, Wolff SP. Autoxidative glycosylation and possible involvement of peroxides and

free radicals in LDL modification by glucose. Diabetes. 1990; 39: 1420–1424. PMID: 2227114

3. Robertson RP. Chronic oxidative stress as a central mechanism for glucose toxicity in pancreatic islet

beta cells in diabetes. J Biol Chem. 2004; 279: 42351–42354. https://doi.org/10.1074/jbc.R400019200

PMID: 15258147

4. Saxena AK, Srivastava P, Kale RK, Baquer NZ. Impaired antioxidant status in diabetic rat liver. Effect of

vanadate. Biochem Pharmacol. 1993; 45: 539–542. PMID: 8442752

5. Kakkar R, Kalra J, Mantha SV, Prasad K. Lipid peroxidation and activity of antioxidant enzymes in dia-

betic rats. Mol Cell Biochem. 1995; 151: 113–119. PMID: 8569756

6. Chen X, Tang J, Xie W, Wang J, Jin J, Ren J, et al. Protective effect of the polysaccharide from Ophio-

pogon japonicus on streptozotocin-induced diabetic rats. Carbohydr Polym. 2013; 94: 378–385. https://

doi.org/10.1016/j.carbpol.2013.01.037 PMID: 23544552

7. Li XM. Protective effect of Lycium barbarum polysaccharides on streptozotocin-induced oxidative stress

in rats. Int J Biol Macromol. 2007; 40: 461–465. https://doi.org/10.1016/j.ijbiomac.2006.11.002 PMID:

17166579

8. Zou S, Zhang X, Yao W, Niu Y, Gao X. Structure characterization and hypoglycemic activity of a poly-

saccharide isolated from the fruit of Lycium barbarum L. Carbohydr Polym. 2010; 80: 1161–1167.

9. Zhao LY, Lan QJ, Huang ZC, Ouyang LJ, Zeng FH. Antidiabetic effect of a newly identified component

of Opuntia dillenii polysaccharides. Phytomedicine. 2011; 18: 661–668. https://doi.org/10.1016/j.

phymed.2011.01.001 PMID: 21300531

10. Yazdanparast R, Ardestani A, Jamshidi S. Experimental diabetes treated with Achillea santolina: effect

on pancreatic oxidative parameters. J Ethnopharmacol. 2007; 112: 13–18. https://doi.org/10.1016/j.jep.

2007.01.030 PMID: 17336007

11. Schultes RE, Raffauf RF. The healing forest: Medicinal and toxic plants of the northwest Amazonia.

Portland: Dioscorides Press; 1990.

12. Gomes Rde C, Bonamin F, Darin DD, Seito LN, Di Stasi LC, Dokkedal AL, et al. Antioxidative action of

methanolic extract and buthanolic fraction of Vochysia tucanorum Mart. in the gastroprotection. J Ethno-

pharmacol. 2009; 121: 466–471. https://doi.org/10.1016/j.jep.2008.11.013 PMID: 19071206

13. Hess SC, Brum RL, Honda NK, Cruz AB, Moretto E, Cruz RB, et al. Antibacterial activity and phyto-

chemical analysis of Vochysia divergens (Vochysiaceae). J Ethnopharmacol. 1995; 47: 97–100. PMID:

7500642

14. Silva MAB, Melo LVL, Ribeiro RV, Souza JPM, Lima JCS, Martins DTO, et al. Ethnobotanical survey of

plants used as anti-hyperlipidemic and anorexigenic by the population of Nova Xavantina-MT, Brazil.

Rev Bras Farmacogn. 2010; 20: 549–562.

15. Moraes IB, Manzan-Martins C, Gouveia NM, Calabria LK, Hiraki KRN, Moraes AS, et al. Polyploidy

analysis and attenuation of oxidative stress in hepatic tissue of STZ-induced diabetic rats treated with

an aqueous extract of Vochysia rufa. Evid Based Complement Alternat Med. 2015; 2015: 1–8.
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