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Abstract: Acute kidney injury (AKI) is characterized by rapid and potentially reversible decline in renal function; how-
ever, the current management for AKI is nonspecific and associated with limited supportive care. Considering the 
need for more novel therapeutic approaches, we believe that lectins from Dioclea violacea (Dvl), based on their anti-
inflammatory properties, could be beneficial for the treatment of AKI induced by renal ischemia/reperfusion (IR). Dvl 
(1 mg/kg, i.v.) or vehicle (100 µL) was administered to Wistar rats prior to the induction of bilateral renal ischemia 
(45 min). Following 24 hours of reperfusion, inulin and para-aminohippurate (PAH) clearances were performed to 
determine glomerular filtration rate (GFR), renal plasma flow (RPF), renal blood flow (RBF) and renal vascular resis-
tance (RVR). Renal inflammation was assessed using myeloperoxidase (MPO) activity. Kidney sections were stained 
with hematoxylin-eosin to evaluate morphological changes. Intracellular superoxide anions, hydrogen peroxide, per-
oxynitrite, nitric oxide and apoptosis were analyzed using flow cytometry. IR resulted in diminished GFR, RPF, RBF, 
and increased RVR; however, these changes were ameliorated in rats receiving Dvl. AKI-induced histomorphological 
changes, such as tubular dilation, tubular necrosis and proteinaceous casts, were attenuated by Dvl administration. 
Treatment with Dvl resulted in diminished renal MPO activity, oxidative stress and apoptosis in rats submitted to 
IR. Our data reveal that Dvl has a protective effect in the kidney, improving renal function after IR injury, probably 
by reducing neutrophil recruitment and oxidative stress. These results indicate that Dvl can be considered a new 
therapeutic approach for AKI-induced kidney injury.
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Introduction

Acute kidney injury (AKI) is characterized by 
rapid and potentially reversible decline in renal 
function, including a rapid decrease in glomeru-
lar filtration rate and retention of nitrogenous 
waste, a common complication in critically ill 
patients who have been hospitalized [1]. Im- 
portant components of the injury process in- 
clude apoptosis, necrosis, increased reactive 
oxygen species production, and micro-vessel 
damage causing local ischemia, endothelial 
dysfunction, leaks, and inflammation [2].

AKI is associated with increased risk of death 
and prolonged hospitalization, typically in inten-
sive care units, resulting in increased costs [3]. 
AKI may occur as a result of several conditions 
that can decrease renal perfusion, such as sep-
sis [4], burns [5], cardiac surgery [6], contrast 
agents [7], trauma [8] and post-renal transplan-
tation [9, 10]. The current management for AKI 
is nonspecific and associated with limited sup-
portive care; thus, the need for more novel 
approaches is imperative [11]. The difficulty in 
finding a new therapeutic target can be attrib-
uted to several factors, such as multiple causes 
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of AKI, limited knowledge about the processes 
involved in the development of AKI, and lack of 
renal function markers which can identify AKI in 
its early stages [3].

Among the potential agents that may have a 
beneficial effect on AKI, we can highlight lec-
tins, which are proteins or glycoproteins of non-
immune origin. Lectins are capable of specific 
recognition and reversibly binding to carbohy-
drate-containing compounds. Lectins are dis-
tributed in nature in practically all living organ-
isms, but the most studied lectins are derived 
from plants, especially from the Leguminosae 
family [12]. Lectins from this family participate 
in numerous biological processes, such as va- 
somodulation [13], erythrocyte agglutination 
[14], and immunological [12] and antinocicep-
tive activity [15]. Studies with Dioclea violacea 
(Dvl), a lectin from the Leguminosae family, 
Diocleinae subtribe, showed that neutrophil 
migration was inhibited in different models of 
inflammation when applied intravenously [16, 
17], indicating that the lectin from Dvl could be 
a promising substance for use in ameliorating 
the effects of AKI. Therefore, the goal of the 
present study was to evaluate if treatment with 
Dvl lectin could improve the renal function of 
rats with AKI induced by renal IR.

Materials and methods

Lectin extraction

Lectin was extracted from the seeds of Dioclea 
violacea (Dvl) by affinity chromatography as 
previously described [18]. Briefly, the seeds 
were ground into a fine powder and stirred with 
0.15 mol/L of NaCl (1:10 w/v) at room tempera-
ture for 4 h. The extract was centrifuged at 
20000 g for 20 min at 5°C, and the superna-
tant was applied to a Sephadex G-50 column 
(Amersham-Biosciences, USA) pre-equilibrated 
with 0.15 mol/L NaCl containing 5 mmol/L 
CaCl2 and 5 mmol/L MnCl2. After removal of 
unbound material, Dvl was eluted with 0.1 
mol/L glucose in equilibration solution. Then, 
this fraction was submitted to a 1 h dialysis 
against 0.1 mol/L acetic acid, followed by a 24 
h dialysis against distilled water. Finally, the lec-
tin was freeze-dried and stored at 5°C. For the 
experiments, Dvl was dissolved in saline solu-
tion (0.9% NaCl).

Animals

Experiments were performed using 11- to 13- 
week-old male Wistar rats obtained from the 
animal facilities of the Health Sciences Center 
at the Federal University of Espirito Santo. Rats 
received a normal chow diet and water at libi-
tum and were housed in temperature-contro- 
lled rooms (22°C) under a 12:12 h light-dark 
cycle. All experimental procedures were per-
formed in accordance with the U.S. National 
Institutes of Health (NIH) Guide for the Care 
and Use of Laboratory Animals, and the proto-
cols were previously approved by the Institu- 
tional Ethics Committee for Use of Animals 
(CEUA-UFES, protocol #58/2013).

Dvl treatment and AKI induction

Treatment with Dvl lectin was performed prior 
to the induction of AKI. The animals were anes-
thetized with ketamine/xylazine (91.0/9.1 mg/
kg, i.p.), placed on a heated surgical table, and 
either Dvl lectin (1 mg/kg, i.v.) or vehicle (VH; 
100 µL of 0.9% NaCl, i.v.) was administered in 
penile vein. Thirty minutes after treatment, rats 
were submitted to renal ischemia reperfusion 
surgery. Briefly, a midline abdominal incision 
was made, and the blood supply to the kidneys 
was interrupted for 45 min by clamping the 
renal pedicles of both kidneys with a suture line 
(endocort, nº0, Laboratório Bruneau S.A.). The 
suture line was then released, and the kidneys 
were reperfused during 24 hours. In sham sur-
gery, kidneys were exposed, but not clamped. 
Postoperative dehydration was prevented by 
subcutaneous administration of 1.0 mL of 0.9% 
NaCl [19, 20].

Renal function studies

Twenty-four hours after kidney reperfusion, 
renal function was determined using inulin and 
sodium para-aminohippurate (PAH) clearances 
to estimate glomerular filtration rate (GFR) and 
renal plasma flow (RPF), respectively. The ani-
mals were anesthetized with sodium thiopental 
(50 mg/kg, i.p.), and a tracheostomy was per-
formed to facilitate breathing, followed by inser-
tion of polyethylene catheters into the femoral 
artery for collection of blood samples and into 
the femoral vein for the infusion of saline con-
taining 3% mannitol. A catheter was inserted 
into the bladder for urine collection. The arterial 
catheter was connected to a pressure trans-
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ducer (Cobe Laboratories, USA), which was 
plugged into a pressure-processor amplifier 
and data acquisition system (MP100, Biopac 
Systems, USA) for continuous monitoring of 
arterial pressure and heart rate.

A 30 min infusion with saline containing 3% 
mannitol at a rate of 0.06 ml/min was per-
formed, followed by a priming injection of 1 ml 
of saline containing inulin (300 mg/kg) and 
PAH (6.66 mg/kg). After that, an infusion at the 
rate of 0.1 ml/min containing saline, inulin (15 
mg/ml), PAH (4 mg/ml), and 3% mannitol was 
started. Four urine and blood samples were col-
lected at 30 min intervals, starting 30 min after 
injection of the priming solution for a total of 4 
samples. Hematocrit was measured using a 
heparinized capillary tube. Plasma and urinary 
inulin and PAH concentrations were measured 
using a colorimetric assay [21]. Blood samples 
were also used for plasma urea quantification 
through spectrophotometry.

Renal blood flow (RBF) and renal vascular resis-
tance (RVR) were determined as previously 
described [22]. Briefly, RBF was calculated by 
the equation RBF=RPF/(1-hematocrit), and RVR 
was calculated using the equation RVR=MAP/
RBF.

Renal histology

At the end of the experiments, the animals were 
euthanized with an overdose of sodium thio-
pental and perfused via the left ventricle with 
Krebs HEPES buffer (pH 7.4). The left kidney 
was removed, cleaned of connective tissue, 
and renal tissue samples were fixed in 10% for-
malin, dehydrated in ethanol, embedded in par-
affin and cut into 4 µm sections. Then, the sec-
tions were deparaffinized with xylene and 
stained with hematoxylin and eosin. Slides 
were blinded before observation for histopatho-
logical changes, such as tubular dilation, tubu-
lar necrosis and the presence of proteinaceous 
casts [23].

Myeloperoxidase assay

Myeloperoxidase (MPO) activity was measured 
as an index of inflammation, as described previ-
ously [24, 25]. One hundred mg of kidney was 
homogenized in 2000 µL of potassium phos-
phate buffer 0.05 M containing 5 mg/mL of 
hexadecyl trimethyl ammonium bromide and 

1.85 mg/mL of ethylenediaminetetraacetic 
acid (pH 6.0), using a homogenizer. The homog-
enate was centrifuged at 12500 g for 15 min at 
4°C to obtain the supernatant, which was used 
to measure MPO activity. Seventy-five microL of 
supernatant was mixed with 1425 µL of phos-
phate buffer containing 0.167 mg/mL of 
o-dianisidine hydrochloride and 0.05% hydro-
gen peroxide (H2O2). The change in absorbance 
was measured at 460 nm for 10 min. Results 
are expressed as units of MPO activity per gram 
of tissue, where 1 unit is the quantity of enzyme 
able to convert 1 mM of H2O2 to water in 1 min 
at 25°C.

Cell samples

Enriched kidney cell fractions from different 
groups were prepared as standardized in our 
laboratory based on previous studies [26, 27]. 
The kidney was divided into cortex and medul-
la, grossly triturated with surgical scissors, and 
incubated with an extraction solution contain-
ing trypsin (Sigma-Aldrich, St. Louis, MO, USA) 
to dissociate the cells. The cell extract was fil-
tered through a nylon screen (BD Falcon 70 µm) 
to remove cell debris. The samples were wa- 
shed twice in phosphate-buffered saline (PBS) 
and stored at -80°C until further analysis.

NO intracellular detection

The measurement of nitric oxide (NO) was per-
formed as previously described [28]. Briefly, a 
NO-sensitive fluorescent probe, 4,5-diamino-
fluorescein-2/diacetate (DAF-2/DA: 2 μM), was 
added to the cell suspension (106 cells) and 
incubated at 37°C for 180 minutes in the dark. 
For positive control, samples were treated with 
100 μM sodium nitroprusside. Cells were th- 
en washed, resuspended in PBS and immedi-
ately analyzed by flow cytometry (FACSCanto II, 
Becton Dickinson, CA). Data were analyzed 
using the FACSDiva software (Becton Dickin- 
son), and overlay histograms were constructed 
using FCS Express software (De Novo). For 
quantification of DAF fluorescence, samples 
were acquired in duplicate, and 10,000 events 
were used for each measurement. Cells were 
excited at 488 nm, and fluorescence was 
detected using a 530/30 band-pass filter. Data 
were expressed as geometric mean fluores-
cence intensity.
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ROS detection

Reactive oxygen species (ROS) analysis was 
performed by flow cytometry as previously 
described [29, 30]. Dihydroethidium (DHE)  
and 2’,7’-dichlorofluorescein diacetate (DCF-
DA) were used to detect intracellular superox-
ide anion (•O2

-) and hydrogen peroxide (H2O2), 
respectively. By its ability to freely permea- 
te cell membranes, DHE is extensively used  
to monitor •O2

- production. Upon reaction with 
•O2

-, DHE is rapidly oxidized forming ethidium, 
a red fluorescent product that intercalates with 
DNA and amplifies the red fluorescence signal. 
DCF-DA is a cell permeant indicator for H2O2 
production. It is nonfluorescent until oxidation 
occurs within the cell, converting it to the fluo-
rescent form that remains trapped in the cell. 
DHE (160 mM) and DCF-DA (20 mM) were 
added to the cell suspension (106 cells) and 
incubated at 37°C for 30 min, in the dark, to 
estimate intracellular •O2

- or H2O2 concentra-
tion [30]. For positive control, samples were 
treated for 5 min with 10 μM doxorubicin or 50 
mM H2O2 to create oxidative stress, but without 
toxicity to the cells, whereas for negative con-
trol, the cells were incubated with ethanol. Cells 
were then washed, resuspended in PBS, and 
kept on icefor immediate detection by flow 
cytometry (FACSCanto II, Becton Dickinson, 
CA). Data were analyzed using the FACSDiva 
software (Becton Dickinson), and overlay histo-
grams were constructed using FCS Express 
software. For quantification of DHE and DCF 
fluorescence, samples were acquired in dupli-
cate, and 10,000 events were used for each 
measurement. Cells were excited at 488 nm, 
and DHE and DCF fluorescence were detected 
using, respectively, 585/42 and 530/30 band-
pass filters. Data were expressed as geometric 
mean fluorescence intensity.

hROS detection

Highly reactive oxygen species (hROS), such as 
hydroxyl radical (•OH) and peroxynitrite anion 
(ONOO-), were selectively detected by 2-[6- 
(4’-hydroxy)phenoxy-3H-xanthen-3-on-9-yl] be- 
nzoic acid (HPF), as described [31]. In brief, 
renal cells (106 cells) were incubated with HPF 
(10 μM) at 37°C for 30 minutes in the dark. For 
positive control, samples were treated with 
100 μM sodium nitroprusside and 10 μM doxo-
rubicin. Cells were then washed, resuspend- 
ed in PBS, and analyzed by flow cytometry 

(FACSCanto II, Becton Dickinson, CA). Data we- 
re analyzed using the FACSDiva software (Be- 
cton Dickinson), and overlay histograms were 
constructed using FCS Express software (De 
Novo). For quantification of HPF fluorescen- 
ce, samples were acquired in duplicate, and 
10,000 events were used for each measure-
ment. Cells were excited at 488 nm, fluores-
cence was detected using a 530/30 band-pass 
filter, and data were expressed as geometric 
mean fluorescence intensity.

Apoptosis

Apoptotic cells were quantified by Annexin V- 
FITC and Propidium iodide (PI) double staining, 
using an Annexin V-FITC apoptosis detection kit 
(Becton Dickinson, CA). In brief, renal cells were 
washed twice with PBS, adjusted to 500 µl of 
binding buffer (5×105 cells). Then, 2 µl of An- 
nexin V-FITC and 2 µl of PI were added, and 
cells were gently vortexed. Cells were then incu-
bated for 15 min at room temperature (25°C) in 
the dark. Finally, cells were analyzed by flow 
cytometry (FACSCanto II, Becton Dickinson). 
Cells showing as Annexin V-/PI+ were recog-
nized as necrotic, and those showing as Annexin 
V+/PI+ were interpreted as late apoptotic, or 
secondary apoptotic, while Annexin V+/PI- cells 
were recognized as early or primary apoptotic 
cells [32].

Statistical analyses

Values are expressed as means ± S.E.M. St- 
atistical comparisons between the different gr- 
oups were performed by two-way analysis of 
variance (ANOVA) followed by Tukey’s post hoc 
test. Statistical analyses were performed using 
Prism software (Prism 6, GraphPad Software, 
Inc., San Diego, CA, USA). A value of p<0.05 
was regarded as statistically significant.

Results

Figure 1 shows the effects of Dvl treatment on 
renal hemodynamics, demonstrating glomeru-
lar filtration rate, as assessed by inulin clear-
ance (A), and renal plasma flow, as assessed by 
PAH clearance (B), as well as renal blood flow 
(C) and vascular resistance (D). Treatment with 
Dvl did not modify inulin clearance in the sham 
group (7.3 ± 0.4 mL/min/Kg), when compared 
with vehicle-treated animals (8.3 ± 0.6 mL/
min/Kg). As expected, IR resulted in decreased 
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GFR (2.9 ± 0.4 mL/min/Kg, p<0.05), but Dvl 
administration prior to IR caused a significant 
improvement in this parameter (6.0 ± 0.6 mL/
min/Kg, p<0.05). PAH clearance was unaffect-
ed by Dvl treatment in the sham group (VH: 
24.5 ± 0.7 vs. Dvl: 21.6 ± 2.9 mL/min/Kg); 
however, IR-induced reduction of RPF (4.4 ± 0.6 
mL/min/Kg, p<0.05) was ameliorated in IR ani-
mals receiving Dvl (15.0 ± 2.0 mL/min/Kg, 
p<0.05). Since all groups presented the same 
hematocrit values (data not shown), renal blood 
flow pattern responses were similar to RPF 
responses, with no changes in sham animals 
(VH: 38.6 ± 0.9 vs. Dvl: 32.6 ± 3.2 mL/min/Kg) 
and a Dvl-induced improvement in RBF in the IR 
group (VH: 6.6 ± 0.9 vs. Dvl: 22.9 ± 2.8 mL/
min/Kg, p<0.05). Renal vascular resistance 
was increased in IR vehicle-treated animals 
(16.3 ± 2.8 a.u., p<0.05) when compared to 
both sham VH (2.7 ± 0.2 a.u.) and sham Dvl 
(3.8 ± 0.3 a.u.). Once again, Dvl treatment had 
a positive effect on renal hemodynamics by 
decreasing RVR in IR Dvl animals (5.2 ± 0.7 a.u, 
p<0.05).

We also evaluated renal function using plas- 
ma concentration of urea and histopathologic 
changes in kidney. Uremia values (Figure 2A) 
were similar between vehicle (47.9 ± 4.4 mg/
dL) and Dvl- (41.7 ± 5.2 mg/dL) treated sham 
animals. As expected, the IR group presented a 
marked elevation in plasma urea (166.6 ± 35.0 
mg/dL, p<0.05), which was significantly re- 
duced by Dvl treatment (61.6 ± 13.0 mg/dL, 
p<0.05). In the histopathological evaluation 
(Figure 2B), no morphological changes were 
observed in the kidneys of sham rats treated 
with vehicle and Dvl, but severe and extensive 
acute tubular damage was observed in the kid-
neys of IR vehicle rats. These changes were 
manifested as tubular dilation, tubular necro-
sis, and the presence of proteinaceous casts. 
Pretreatment with Dvl was able to reduce the 
extent and severity of injury.

After IR injury, neutrophils mediate acute in- 
flammatory response. Infiltration of neutrophils 
following IR injury was evaluated by MPO activ-
ity (Figure 3). IR injury significantly increased 

Figure 1. Effect of Dvl treatment on renal function of IR-induced AKI rats. Renal hemodynamics evaluation through 
determination of glomerular filtration rate (GFR), as assessed by inulin clearance (A) and renal plasma flow (RPF), as 
assessed by PAH clearance (B), as well as renal blood flow (C) and vascular resistance (D) in sham and IR animals 
treated with vehicle (white bars) or Dvl (cross-hatched bars). GFR, RPF and renal blood flow (RBF) were significantly 
decreased in vehicle-treated IR animals. Dvl intravenous injection prior to IR resulted in an amelioration of these 
parameters. Renal vascular resistance (RVR) was increased in the IR VH group, and Dvl treatment normalized RVR. 
N=6-7. Values are means ± SEMs. *p<0.05 vs. sham group; &p<0.05 vs. IR VH; #p<0.05 vs. sham VH. Two-way 
ANOVA followed by Tukey’s post hoc test.
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MPO activity in vehicle-treated animals (13.7 ± 
2.6 a.u./g, p<0.05) compared to sham vehicle 
(1.1 ± 0.2 a.u./g) and sham Dvl animals (1.3 ± 
0.3 a.u./g). Importantly, Dvl significantly blo- 
cked neutrophil accumulation in the IR group 
(1.8 ± 0.9 a.u./g, p<0.05) compared to saline-
treated animals.

In order to clarify the mechanisms involved in 
Dvl-induced amelioration of renal function, we 
performed flow cytometry analyses to evaluate 
superoxide anion (DHE fluorescence), hydrogen 
peroxide (DCF fluorescence), peroxynitrite and 
hydroxyl (HPF fluorescence), and nitric oxide 
(DAF fluorescence) production in renal cortex 

Figure 2. Effect of Dvl treatment on plasma urea and kidney morphology. A. Renal function evaluation using plasma 
levels of urea in sham and IR-induced AKI animals receiving vehicle (white bars) or Dvl (cross-hatched bars). Note a 
significant increase in uremia in IR vehicle-treated animals, which was prevented by Dvl administration. N=5-6. Val-
ues are means ± SEM. *p<0.05 vs. sham group; &p<0.05 vs. IR VH. Two-way ANOVA followed by Tukey’s post hoc test. 
B. Representative photomicrographs of kidney histology in sham (left) and rats submitted to ischemia-reperfusion 
(right) treated with vehicle (top) or Dvl (bottom). Dvl reduced renal damage following renal IR injury. Normal morphol-
ogy in sham vehicle and in sham Dvl rats. Vehicle-treated rats following IR injury presented severe tubular damage, 
including tubular dilation (#), proteinaceous cast (*), tubular necrosis (§) and loss of brush border (arrow). Treatment 
with Dvl reduced the extent of tubular damage. Original magnification × 100.
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and medulla, as well as apoptosis (annexin fluo-
rescence) in the whole kidney. Figure 4 demon-
strates typical DHE flow cytometry histograms 
(top) and quantification of superoxide anion 
production (bottom) in sham and IR animals in 
the renal cortex (A) and medulla (B). In the renal 
cortex, no changes in DHE fluorescence were 
observed (Sham VH: 2248 ± 143, Sham Dvl: 
2072 ± 73, IR VH: 2414 ± 109, IR Dvl: 2433 ± 
135 a.u.). As expected, IR vehicle-treated ani-
mals presented an increased superoxide anion 
production in medulla (3012 ± 40 a.u., p<0.05) 
when compared to sham groups (VH: 2254 ± 
137, Dvl: 2314 ± 157 a.u.); nevertheless, the 
augmentation in DHE fluorescence was partial-
ly attenuated in IR Dvl rats (2759 ± 58 a.u., 
p<0.05).

Figure 5 displays the results of hydrogen pe- 
roxide production using DCF flow cytometry. 
Typical histograms are demonstrated in the top 
panel and quantification of DCF fluorescence in 
the bottom panel, in both renal cortex (A) and 
medulla (B). Based on DCF fluorescence, nei-
ther IR (Sham VH: 2164 ± 75, IR VH: 2463 ± 85 
a.u.) nor Dvl treatment (Sham Dvl: 2407 ± 175, 
IR Dvl: 2576 ± 138 a.u.) affected hydrogen  
peroxide production in the renal cortex. Once 
again, IR resulted in increased medullary DCF 
fluorescence (Sham VH: 2205 ± 63 vs. IR VH: 
2723 ± 73 a.u., p<0.05). Dvl administered by 
intravenous injection did not modify hydrogen 
peroxide production in sham animals (2210 ± 
67 a.u.); however, it did prevent IR-induced in- 
crease in DCF fluorescence (2417 ± 53 a.u., 
p<0.05).

In Figure 6, we can observe typical DAF flow 
cytometry histograms (top) and the quantifica-
tion of nitric oxide production (bottom) in renal 
cortex (A) and medulla (B). Dvl treatment did 
not change DAF fluorescence in sham animals 
in the cortical (VH: 1992 ± 47 vs. Dvl: 2069 ± 
98 a.u.) or medullary (VH: 2038 ± 61 a.u. vs. 
Dvl: 2205 ± 162 a.u.) kidney. However, IR-ve- 
hicle-treated animals presented higher nitric 
oxide production (cortex: 2466 ± 107, medulla: 
3081 ± 274 a.u., p<0.05), and Dvl treatment 
prior to IR resulted in similar levels of DAF fluo-
rescence (cortex: 2123 ± 43, medulla: 2164 ± 
154 a.u.) in the IR-Dvl animals when compared 
to sham group.

We also evaluated peroxynitrite and hydroxyl 
production (HPF fluorescence) in renal cortex 
(Figure 7A) and medulla (Figure 7B). Typical his-
tograms (top) and quantification of HPF flu- 
orescence (bottom) demonstrate that Dvl treat-
ment had no effect on peroxynitrite and hydrox-
yl production in renal cortex (VH: 1722 ± 48 vs. 
Dvl: 1749 ± 31 a.u) or medulla (VH: 1740 ± 65 
vs. Dvl: 1866 ± 134 a.u.) in sham animals. 
However, IR increased cortical (2228 ± 121 
a.u., p<0.05) and medullary (2641 ± 215 a.u., 
p<0.05) HPF fluorescence, and Dvl treatment 
in these animals did result in a reduction of per-
oxynitrite and hydroxyl production in the kidney 
(cortex: 1854 ± 47, medulla: 1792 ± 88 a.u., 
p<0.05).

The results of apoptosis in the kidney are dis-
played in Figure 8. During early phases of ap- 
optosis, phosphatidylserine, usually located in 
the inner leaflet of the plasma membrane, 
translocates to the outer layer, becoming avail-
able for Annexin V binding. PI is an acid-nucleic 
acid-specific marker that is excluded from live 
cells; however, it stains DNA and RNA once the 
plasma membrane is disrupted. Therefore, flow 
cytometry using Annexin V and PI could distin-
guish live and healthy cells (Q3: Annexin V-/PI-) 
from early apoptotic cells (Q4: Annexin V+/PI-) 
and late apoptotic or necrotic cells (Q2: Annexin 
V+/PI+). Representative dotplots (A) and quanti-
fication of apoptosis (B) demonstrate that IR 
significantly increased the percentage of apop-
totic cells (6.2 ± 0.5%, p<0.05) when compared 
to sham animals (VH: 2.5 ± 0.5, Dvl: 2.9 ± 
0.6%). Dvl administration exerted a beneficial 
effect on the IR Dvl group (2.5 ± 0.5%), result-
ing in apoptosis values similar to those 
observed in the sham group.

Figure 3. Dvl reduces neutrophil infiltration in kidney 
of IR-induced AKI rats. Neutrophil infiltration into 
the kidney was assessed by MPO activity in sham 
and IR-induced AKI animals receiving vehicle (white 
bars) or Dvl (cross-hatched bars). Dvl significantly re-
duced MPO activity. N=5. Values are means ± SEM. 
*p<0.05 vs. sham group; &p<0.05 vs. IR VH. Two-way 
ANOVA followed by Tukey’s post hoc test.
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Discussion

In the present study, we evaluated the effects 
of Dioclea violacea lectin administered prior to 

ischemia-reperfusion (IR)-induced acute kidney 
injury (AKI). Our data demonstrate that Dvl 
administration in IR animals increases glomer-
ular filtration rate, renal plasma and blood flow, 

Figure 4. Production of superoxide anions. Representative histograms from flow cytometric analysis (top panel) 
using dihydroethidium (DHE) in all studied groups in the renal cortex (A) and medulla (B); the X axis illustrates the 
fluorescence intensity for the number of counted cells. No changes were observed in quantification of cortical su-
peroxide anion production (A, bottom panel); however, a remarkable increase in DHE fluorescence was observed in 
medullary IR vehicle-treated animals, which was partially attenuated by Dvl treatment (B, bottom panel). N=5-6. Val-
ues are means ± SEM. *p<0.05 vs.sham group; &p<0.05 vs. IR VH. Two-way ANOVA followed by Tukey’s post hoc test.

Figure 5. Hydrogen peroxide quantification. Representative histograms from flow cytometric analysis (top panel) 
using 2’,7’-dichlorofluorescein diacetate (DCF) in all studied groups in the renal cortex (A) and medulla (B); the 
X axis illustrates the fluorescence intensity for the number of counted cells. No changes were observed in the 
quantification of cortical hydrogen peroxide (A, bottom panel); however, a remarkable increase in DCF fluorescence 
was observed in medullary IR vehicle-treated animals, which was partially attenuated by Dvl treatment (B, bottom 
panel). N=5-6. Values are means ± SEM. *p<0.05 vs. sham group; &p<0.05 vs. IR VH. Two-way ANOVA followed by 
Tukey’s post hoc test.
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while, at the same time, it diminishes renal vas-
cular resistance. Dvl also decreased IR-indu- 

ced hyperuremia, apoptosis, and myeloperoxi-
dase activity, and preserved tissue morpholo-

Figure 7. Participation of hydroxyl radical and peroxynitrite. Renal cortical (A) and medullary (B) production of hydrox-
yl radical and peroxynitrite. The top panel demonstrates representative histograms from flow cytometric analysis 
using 2-[6-(4’-hydroxy) phenoxy-3H-xanthen-3-on-9-yl] benzoic acid (HPF), and the bottom panel shows the quan-
tification of hydroxyl radical and peroxynitrite production in sham and IR animals treated with vehicle or Dvl in all 
studied groups. In both renal cortex and medulla, IR VH animals presented an increase in HPF fluorescence, and Dvl 
intravenous injection prior to IR resulted in a reduction of nitric oxide production. N=5-6. Values are means ± SEM. 
*p<0.05 vs. sham group; &p<0.05 vs. IR VH. Two-way ANOVA followed by Tukey’s post hoc test.

Figure 6. Effects of Dvl on renal production of nitric oxide. Renal cortical (A) and medullary (B) production of nitric 
oxide. The top panel demonstrates representative histograms from flow cytometric analysis using 4,5-diaminofluo-
rescein-2/diacetate (DAF), and the bottom panel shows the quantification of intracellular nitric oxide production 
in sham and IR animals treated with vehicle or Dvl in all studied groups. In both renal cortex and medulla, IR VH 
animals presented an increase in DAF fluorescence, and Dvl intravenous injection prior to IR resulted in a reduction 
of nitric oxide production. N=5-6. Values are means ± SEM. *p<0.05 vs. sham group; &p<0.05 vs. I/R VH. Two-way 
ANOVA followed by Tukey’s post hoc test.
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Figure 8. Flow cytometry detection of apoptosis. A. Representative dot plot of Annexin-V and PI flow cytometry for 
kidney cells. Top left quadrant (Q1) shows damaged cells (Annexin V-/PI+); top right quadrant (Q2) contains cells in 
late apoptosis or already dead (Annexin V+/PI+); bottom left quadrant (Q3) shows viable cells (Annexin V-/PI-); bottom 
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gy. Furthermore, analyses of oxidative stress 
revealed that the generation of reactive oxygen 
species was also reduced by Dvl administration 
in the IR group. Taken together, these data indi-
cate that Dvl lectin administration may have a 
powerful effect on improving IR-renal dysfunc-
tion. This beneficial out comemay be associa- 
ted with reduced oxidative stress and inflam-
mation, a sobserved in the experimental 
animals.

Ischemia-reperfusion injury of native and trans-
plant kidneys is a major cause of acute kidney 
injury and an important determinant of long-
term kidney dysfunction [33]. The pathophysi-
ological process of AKI following IR leads to 
functional and structural changes that are cen-
tered around the proximal tubule cells and 
endothelium [34]. Several pathological events 
are involved, including disruption of the actin 
cytoskeleton, generation of reactive oxygen mo- 
lecules, inflammatory responses and apoptosis 
[35]. A widely used experimental model to sim-
ulate AKI is renal ischemia/reperfusion (IR). 
Ischemia from renal artery for 45 min followed 
by 24-hour reperfusion, as used in our study, is 
the most appropriate animal model to mimic 
the hemodynamic changes that happen in 
renal function in humans with AKI [1]. In accor-
dance with our results, others have demon-
strated that this model displays a decrease in 
renal blood flow and glomerular filtration rate, 
increase in apoptosis and reactive oxygen spe-
cies, neutrophil infiltration in kidney, and the 
presence of histological changes characteristic 
of AKI [20, 25, 36].

It has been reported that lectins from the Di- 
ocleinae subtribe promote an increase in glo-
merular filtration rate, perfusion pressure, and 
renal vascular resistance in isolated kidney [37, 
38]. Our work showed that Dvl did not interfere 
with renal function in the sham group, but rath-
er, it rescued glomerular filtration rate, renal 
vascular resistance and renal blood flow in 
ischemic animals to normal levels. Furthermore, 
Dvl reduced the level of urea in the plasma of 
IR animals. Corresponding to the amelioration 
of functional markers, we observed reduced 

histomorphological damage in kidneys from 
animals pretreated with Dvl.

In renal IR injury, cellular damage is mediated 
by inflammation [25, 39, 40], and in our model 
of IR, we observed an increase in renal inflam-
mation, evaluated through MPO activity. MPO is 
an enzyme abundant in neutrophils, and it is 
well established that MPO activity reflects the 
quantity of neutrophils migrating to tissue dur-
ing inflammation [24, 25]. Our study showed 
that renal myeloperoxidase activity was signifi-
cantly increased after IR, but that it was 
reduced by prior administration of Dvl. These 
results suggest that the renoprotective action 
of Dvl involves the inhibition of neutrophil infil-
tration. In support of our findings, other studies 
have shown that Dvl reduced neutrophil migra-
tion induced by fMLP or carrageenan into rat 
peritoneal cavities, as well as into of mice with 
hemorrhagic cystitis [16, 17]. Lectins from the 
Diocleinae subtribe show high homology in 
amino acid sequence, but they can differ in 
their biological activities [17, 41]. However, ot- 
her lectins from the Diocleinae subtribe, like 
Canavalia grandiflora, Dioclea guianensis, Dio- 
clea virgata, and Cratylia floribunda, presented 
similar results in inhibiting neutrophil infiltra-
tion [15, 17]. To explain the mechanism of 
action, it is suggested that lectins operate 
against the adhesive activities of se- 
lectins, competing with these glycoproteins by 
carbohydrate ligands on endothelial or leuko-
cyte cell membranes [17]. It is well known that 
selectins play an important role in neutrophil 
infiltration in kidney IR [42, 43], and while we 
have not tested the influence of Dvl on selec-
tins, it is supposed that the mechanism is the 
same. In addition to its anti-inflammatory ef- 
fect, other studies have shown that Dvl also 
exerts proinflammatory actions, depending on 
the route of administration [41, 44].

Several studies have shown that neutrophil 
infiltration into the post-ischemic kidney is ca- 
usative of renal failure. Neutrophils can release 
various mediators, including proteases, cyto-
kines, and ROS [25, 45, 46]. Although neutro-
phils are considered an important source of 

right quadrant (Q4) represents cells that are in early apoptosis (Annexin V+/PI-). Note an increase in the apoptotic 
cell number in vehicle-treated IR animals, which is significantly reduced in the Dvl-treated IR group. B. Bar graphs 
showing the average percentage of renal apoptotic cells (Q2+Q4) in vehicle- (white bars) and Dvl- (cross-hatched 
bars) treated sham and IR animals. N=4-6. Values are means ± SEM. *p<0.05 vs. sham group; &p<0.05 vs. IR VH. 
Two-way ANOVA followed by Tukey’s post hoc test.
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ROS, hypoxia-reoxygenation is sufficient to ca- 
use injury to various cell types, even in the 
absence of activated neutrophils. Endothelial 
cells themselves release superoxide anions 
when subjected to ischemia-reperfusion [47]. 
In our study, we observed an increase in ROS in 
renal medulla of the IR group, as assessed by 
superoxide anion, hydrogen peroxide, peroxyni-
trite and hydroxyl levels, and this increase was 
reversed by Dvl.

Superoxide anion is formed when oxygen ac- 
cepts one electron (O2 + e-=•O2

-), and it plays a 
role in AKI [48, 49]. Although •O2

- is a weak oxi-
dant, it acts as a precursor of stronger ROS, like 
hydrogen peroxide, peroxynitrite, hypochlorite 
and chloramines [48, 50]. Hydrogen peroxide is 
formed when oxygen accepts two electrons or 
by dismutation of two superoxide anions (O2 + 
2e- + 2H+=H2O2 or •O2

- + •O2
- + 2H+=H2O2). H2O2 

has a longer half-life than superoxide and is 
freely diffusible across cell membranes. This 
molecule can induce cell injury by itself, and it 
is the precursor of additional ROS, including- 
hypochlorous acid and hydroxyl radical, an ex- 
tremely powerful oxidant [48]. Peroxynitrite ani- 
on is produced by the reaction between super-
oxide anion and nitric oxide (NO) and is a pot- 
ent oxidant [47, 51]. In kidney ischemia-reperfu-
sion, these molecules react with proteins, car-
bohydrates, nucleic acids, and cell membrane 
lipids, resulting in organic radical formation, 
enzyme inactivation, lipid peroxidation and re- 
nal cell destruction [50].

Since the increased oxidative stress contrib-
utes to the induction of renal injury in ischemia-
reperfusion, treatment with several antioxidant 
substances has shown promise [45, 52, 53]. 
Our work demonstrates, for the first time, the 
antioxidant effect of Dvl. However, we did not 
study the pathways leading to the production of 
ROS. It is possible that Dvl acts directly on the 
antioxidant defense system, increasing the 
activity of enzymes like glutathione peroxidase 
(GPX1), catalase (CAT) and superoxide dis-
mutase (SOD), which reduce oxidation rates in 
an organism and, hence, halt the progression 
of injury in acute kidney disease [53-55]. It is 
well known that kidney IR also leads to an 
increase in oxidant enzyme activity, such as 
NADPH oxidase and xanthine oxidase, which 
generate ROS and matrix metalloproteinase 
induction [56, 57]. Dvl might also affect these 
pathways, but more studies are required to 
confirm these hypotheses.

Dvl might also increase the production of nitric 
oxide (NO), a potent antioxidant that can pro-
tect from ROS damage [58]. NO generated by 
the constitutive enzyme endothelial nitric oxide 
synthase (eNOS) is beneficial,and mechanisms 
that increase eNOS activity protect against 
renal I/R injury [59]. Previous studies observed 
that Dvl increases the action of NO in vitro by 
promoting vasorelaxation, as well as other lec-
tins from the Diocleinae subtribe, such as 
Dioclea rostrata, Dioclea grandiflora, Canavalia 
gladiata and Canavalia brasiliensis [13, 60, 
61]. However, in our model of renal ischemia-
reperfusion, NO increased in renal medulla of 
the ischemic group, possibly by the increase of 
(iNOS) protein expression, as already observed 
in other studies [62, 63]. It is hypothesized that 
excessive NO produced in response to an 
increase in iNOS is deleterious to renal function 
because excess NO reacts with O2 to form 
ONOO- [58, 62]. On the other hand, the expres-
sion of eNOS is decreased in acute kidney inju-
ry, contributing to renal impairment from renal 
vasoconstriction [20]. In our work, Dvl did not 
increase the levels of NO, as seen before, but 
rather, normalized the levels of NO in renal 
medulla of IR rats, indicating that Dvl may have 
an effect on eNOS/iNOS imbalance during AKI.

As determined from flow cytometry, the kidney 
of IR rats presented apoptotic cells, corroborat-
ing other studies using the same AKI rat [39], 
as well as mouse [64], models, a phenomenon 
which is consistent with the histopathology of 
acute kidney disease in human [65]. Our study 
is the first to evaluate the effects of Dvl in apop-
tosis in vivo when applied intravenously, and we 
observe that Dvl treatment was able to reduce 
both early and late apoptosis in AKI rats to 
sham levels. When applied via the subcutane-
ous route, Dvl had the opposite effect in that it 
induced apoptosis in mouse lymph nodes and 
necrosis of high endothelial venules [44]. In 
vitro, other lectins from the Diocleinae sub- 
tribe, such as Canavalia brasiliensis and Cana- 
valia ensiformis, also induced increased apop-
tosis in culture of splenocyte [12] and human 
leukemia cell lines [66]. These results are con-
sistent with the findings that Dvl has anti-
inflammatory effect by intravenous injection 
and proinflammatory effect by local administra-
tion. The improvement in apoptosis in the IR 
group could be associated with amelioration of 
ROS, since it is well established that ROS pro-
duction is able to initiate cell death programs in 
the form of apoptosis or necrosis [47].
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Therefore, this article demonstrates, for the 
first time, that Dvl promotes beneficial effects, 
both functionally and histomorphologically, in 
AKI induced by IR in rat kidney. This improve-
ment of renal outcome is linked to a reduction 
in neutrophil infiltration and apoptotic markers, 
as well as suppression of oxidative stress. Th- 
ese unique findings suggest that Dioclea viola-
cea lectin is not toxic for the kidney and could 
be used as a promising approach in the man-
agement of AKI, including that generated by IR.
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