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Abstract

Acute renal failure (ARF) is the most frequent and a serious complication in victims of Russell’s
viper snakebites. Russell’s viper venom-factor X activator (RVV-X) has been identified as a main
procoagulant enzyme involving coagulopathy, which might be responsible for changes in renal
hemodynamics and renal functions. Here, we purified RVV-X from crude Russell’s viper venom
to study renal hemodynamics, renal functions, intravascular clot, and histopathological changes in
Sprague—-Dawley rats. Changes in renal hemodynamics and renal functions were evaluated by
measuring the mean arterial pressure, glomerular filtration rate (GFR), effective renal plasma flow
(ERPF), effective renal blood flow (ERBF), renal vascular resistance (RVR), and fractional
excretion of electrolytes. After 10 min, rats receiving both crude venom and purified RVV-X
decreased GFR, ERPF, and ERBF and increased RVR. These changes correlated to renal lesions.
Along with the determination of intravascular clot, rats injected with purified RVV-X increased
the average D-dimer level and reached a peak at 10 min, declined temporarily, and then reached
another peak at 30 min. The temporal association between clots and renal dysfunction was
observed in rats within 10 min after the injection of purified RVV-X. These findings suggested
RVV-X as a major cause of renal failure through intravascular clotting in the renal
microcirculation.
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1. Introduction

Venomous snakebites are an important medical problem in Southeast Asia. In Thailand, the
incidence of snakebites is estimated at 13 per 100,000 persons and the death rate is 0.04 per
100,000 persons (Sangsawang, 2007). Russell’s viper (RV) is the major cause of snakebite
morbidity and mortality in many Southeast Asian countries including Thailand, Myanmar,
India, Sri Lanka, China, Taiwan, and Indonesia (Warrell, 1989). The subspecies found in
Thailand is Daboia russellii siamensis. Symptoms of RV envenoming include edema, pain,
and thrombocytopenia with increased risk of systemic bleeding from disseminated
intravascular coagulation (DIC). Acute renal failure (ARF) is the main cause of death after
an RV bite (Shastry et al., 1977; Sitprija and Boonpucknavig, 1977; Mahasandana et al.,
1980; Than et al., 1989; Thein et al., 1991; Tin Nu et al., 1993). Several studies have
demonstrated that the pathogenesis of ARF is related to intravascular hemolysis,
hypotension, hypovolemia, DIC, and also direct nephrotoxicity of the venom (Chugh et al.,
1984; Ratcliffe et al., 1989; Than et al., 1989; Thamaree et al., 1994; Willinger et al., 1995).
However, the exact pathogenesis of ARF following D. r. siamensis envenoming is not well
established.

Crude RV venom contains several toxins including phospholipase A, (PLA,), Russell’s
viper venom-factor X activator (RVV-X), Russell’s viper venom-factor V activator (RVV-
V), proteinases, and other proteins as yet unidentified. Recently, Suwansrinon et al. (2007)
studied the effect of RV venom fractions on systemic and renal hemodynamics in dogs.
They suggested that the changes in hemodynamics were possibly caused by the proteolytic
enzyme in the venom. However, the specific component of RV venom affecting renal
hemodynamic alterations remains unclear.

RVV-X is mainly known for its procoagulant property. RVV-X activates coagulation factor
X by cleaving a specific peptide bond (Argsy-lles3) of the heavy chain of the clotting factor,
and requires calcium ions for the proteolytic activity (Fujikawa et al., 1972; Di Scipio et al.,
1977). As a result, the common coagulation pathway is activated, which leads to the rapid
formation of blood clots. Thus, RVV-X should be a major lethal factor in RV venom, which
alters renal hemodynamics and renal functions.

In the present study, we demonstrate that RVV-X is the key component that causes renal
dysfunction and coagulopathy. Sublethal dose of purified RVV-X replicate renal
dysfunction, intravascular clot, and histopathology to that of crude RV venom.

2. Materials and methods

2.1. Venom and antivenom

Lyophilized crude D. r. siamensis venom and commercial horse anti-Russell’s viper F(ab’),
antivenom (RV antivenom) were obtained from the Queen Saovabha Memorial Institute
(QSMI, Thai Red Cross Society, Thailand).

2.2. Purification of RVV-X

Purified RVV-X was purified from lyophilized crude D. r. siamensis venom using open-
column gel filtration and anion exchange chromatography, which were modified from Kisiel
et al. (1976). Each fraction was screened for factor X activator activity using factor Xa-
specific chromogenic substrate S-2765 as described previously (Suntravat et al., 2010). The
molecular weight and protein patterns of each fraction were determined by SDS-PAGE and
verified by MALDI-TOF mass spectrometry, which was carried out by Bio Service Unit,
National Science Technology Development Agency, Thailand.
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2.3. Procoagulant activity of purified RVV-X

Procoagulant activity of purified RVV-Xwas tested using the activated partial
thromboplastin time assay. A 100 uL of purified RVV-X or crude venom at various
concentrations was gently mixed into the tube containing an equal volume of normal human
citrated plasma (Instrumentation Laboratory Company, MA, USA) and incubated at 37 °C
for 3 min. Then, a pre-warmed 100 pL sample (37 °C) of a 0.025 M CaCl, was added and
the clotting time was recorded. Factor X deficient human plasma (Sigma diagnostics, MO,
USA) was used as the negative control substrate for coagulation activity of purified RVV-X.
Each test was performed in triplicate.

2.4. Animal experiments

Groups of six male Sprague Dawley rats (200-250 g) were obtained from the National
Laboratory Animal Center, Mahidol University, Thailand. Rats were fed with a standard rat
diet with water ad libitum. The rats were divided into four groups: (1) crude venom; (2)
purified RVV-X; (3) RV antivenom plus purified RVV-X; and (4) normal saline injections.
Animals were fasted for 9-10 h prior to each experiment. Each rat was weighed and
anesthetized with sodium pentobarbital by intraperitoneal injection (60 mg/kg body weight).
Animal protocols were approved by Animal Care and Use Committee of Faculty of
Medicine, Chulalongkorn University, Thailand.

2.4.1. Sample injection dosages—The optimum sublethal dose of crude venom (7 pg/
kg) was the dose giving no death with abnormal physiological conditions (data not shown).
Based on the specific factor X activator activity, the equipotent sublethal dose of purified
RVV-X for animal experiments was approximately four times less than that of crude venom.
Thus, a 1.75 pg/kg of purified RVV-X was used for an equipotent sublethal dose in rats. RV
antivenom completely neutralized factor X activator activity of purified RVV-X using
chromogenic substrate S-2765 as the ratio of 250:1. Thus, a 437.5 pg/kg of RV antivenom
was used for the neutralizing dose in rats.

2.4.2. Renal hemodynamics and renal functions studies—The studies of renal
hemodynamics and renal functions were performed according to the protocol of
Yusuksawad and Chaiyabutr (2006). Briefly, a tracheotomy was performed to insert a
tracheal tube to open the airway and to remove some secretions. The right common carotid
artery was cannulated to collect blood samples and recorded blood pressure with a
physiological recorder (Polygraph RM 600, Nihon Kohden Corporation, Japan). The
femoral vein was cannulated for sample administration and the solution of inulin and para-
aminohippuric acid (PAH). The urinary bladder was exposed and inserted with polyethylene
tube for urine collection.

After the surgery, a mixture of 1 g% inulin and 0.2 g% PAH in normal saline was
intravenously (i.v.) administrated to the rats at the flow rate of 10 mL/kg body weight/h.
Another period of 60 min was allowed for stabilization of the general circulation. Rats
groups 1 and 2 were i.v. given a 1 mL of normal saline at the rate of 1 mL/min and
immediately followed by a 1 mL of crude venom (7 ug/kg) or purified RVV-X (1.75 ug/kg)
at the same injection rate. Rat group 3 was i.v. given a 1 mL of RV antivenom (437.5 pg/kg)
within 1 min and immediately followed by a 1 mL of purified RVV-X (1.75 ug/kg) at the
same injection rate. Rat group 4 (the control group) was i.v. given normal saline alone in the
same manner. Ten minutes after sample injections, two urine samples were collected at 30
and 60 min consecutively. The urine flow rate was measured. A 0.8 mL of blood sample was
collected into a 1.5 mL plastic test tube containing 0.8 uL of heparin (5000 IU/mL) at the
mid-point of each urine collection. Whole blood samples were collected into two capillary
tubes and were centrifuged for 10 min using a microhematocrit centrifuge (Z230H, BHG
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HERMLE, Germany). Hematocrit values were measured using a micro-capillary reader
(IEC, Damon/IEC Division, MA, USA). The remaining heparinized whole blood samples
were centrifuged at 2000 g for 10 min at 25 °C to separate the plasma. The inulin
concentration in plasma and urine samples was measured by the anthrone method (Burke et
al., 1974). The PAH concentration in plasma and urine samples was measured according to
the procedure of Yusuksawad and Chaiyabutr (2006). To access glomerular filtration rate
(GFR) and effective renal plasma flow (ERPF), the inulin and PAH clearances were
calculated according to the formula previously described (Yusuksawad and Chaiyabutr,
2006). The effective renal blood flow (ERBF) was calculated from the measured hematocrit.
The renal vascular resistance (RVR) was calculated from the mean arterial pressure and
ERBF using the standard formula as previously described (Yusuksawad and Chaiyabutr,
2006). To study the renal tubular function, concentrations of sodium, potassium, chloride,
and magnesium in plasma and urine samples were carried out by Renal Laboratory Research
Unit, King Chulalongkorn Memorial hospital, Thailand. Urinary excretion and fractional
excretion of the electrolytes were determined according to the formula previously described
(Yusuksawad and Chaiyabutr, 2006). All groups were compared to the control group, in
which rats were i.v. given normal saline alone.

2.4.3. Intravascular clot determination—A blood sample of 0.3 mL was collected and
diluted with 3.8% of sodium citrate at 5, 10, 15, 20, 30, 45, 60, 120, and 180 min after
sample injections. The D-dimer was determined using the commercial D-Dimer test kit
(NycoCard® D-dimer, Axis-Shield PoC, MA, USA). At the end of the intravascular clot
experiment, 1 mL of blood was collected and diluted with 1% of EDTA for the
determination of the complete blood count using the automated hematology analyzer
(Sysmex XS-800i/XS-1000i, Sysmex Corp., Kobe, Japan) at Department of Pediatrics, King
Chulalongkorn Memorial hospital, Thailand. Red cell morphology was evaluated on a
peripheral blood film. Blood smears were stained with Wright’s stain.

2.5. Histopathological examination

At the end of the intravascular clot experiment, the rat was sacrificed under deep anesthesia.
The tissue sections from six rats in each group were determined. Kidneys, adrenal glands,
livers, hearts, and lungs were fixed in 10% formalin and stained with hematoxylin and eosin.
Histopathological examination was carried out by Special and Molecular Pathology
Laboratories, Department of Pathology, King Chulalongkorn Memorial hospital, Thailand.

2.6. Statistical analysis

3. Results

The results were expressed as mean + standard deviation. Their significancewas analyzed by
the student’s t-test. The level of significance was at P < 0.05. Their significant differences in
sample means among groups were analyzed by ANOVA using Least significant difference
test as post hoc test at P < 0.05.

3.1. Purification of RVV-X and RVV-X activities

RVV-X was purified from crude venom with approximately a 5% yield. The molecular
weight of purified RVV-X was 90,713 Da, which was verified by mass spectrometry. The
molecular weight and factor X activator specific activity of purified RVV-X are similar to
those of the RVV-X reported by Suntravat et al. (2010). Purified RVV-X significantly
shortened the clotting time of normal plasma and factor X deficient plasma in a dose-
dependent manner (Fig. 1). The clotting time with 3 ng of purified RVV-Xwas
approximately 1.7 times shorter than the clotting time with crude venom.
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3.2. Renal hemodynamics and renal functions studies

Effects of crude venom, purified RVV-X, and RV antivenom plus purified RVV-X on renal
hemodynamics were summarized in Table 1. Purified RVV-X decreased the mean arterial
pressure, GFR and ERPF to the same degree as the equipotent dose of crude venom. Within
10 min of RVV-X and purified RVV-X injections, rats developed significant decreases in
GFR, ERPF, and ERBF and significant increase in RVR as compared with the control
group. A significant decrease in the mean arterial pressure and significant increase in the
filtration fraction was observed in rats injected with crude venom. However, there were no
significant differences in all hemodynamic parameters between the crude venom group and
the purified RVV-X group.

Purified RVV-X and crude venom envenoming caused renal tubular dysfunction (Table 2).
By measuring urine flow rate and urinary excretion of electrolytes, we demonstrated that
crude venom and purified RVV-X caused significantly decreases in urine flow rate and
urinary excretion of sodium. Urinary excretion of potassium and magnesium was
significantly decreased in rats given crude venom. Urinary excretion of chloride was
significantly decreased in the purified RVV-X group. However, there were no significant
differences in all renal tubular function parameters between the crude venom group and the
purified RVV-X group.

3.3. Purified RVV-X and crude venom cause intravascular clots

The D-dimer formation is the method of choice for predicting the intravascular clot (Adam
et al., 2009). The D-dimer level was serially measured after injections of crude venom and
purified RVV-X into rats. Within 10 min of purified RVV-X injection, the average D-dimer
level rapidly increased to reach a peak, declined temporarily and then reached another peak
at 30 min (Fig. 2). The average D- dimer level of rats given crude venom was gradually
increased to reach a peak at 45 min. RV antivenom effectively prevents the D-dimer
formation caused by purified RVV-X. Rats given RV antivenom before the injection of
purified RVV-X had a minimal increase in the average D-dimer level, which was about 1
mg/L at 5 min and decreased to the baseline at 1 h. The control group did not develop the D-
dimer formation. In addition, thrombocytopenia occurred in rats given crude venom and
purified RVV-X. Rats given crude venom and purified RVV-X significantly decreased the
average platelet count (crude venom = 133 + 44.08 x 103/uL, P < 0.05; purified RVV-X =
238 + 136.25 x 103/uL, P < 0.05; the control group = 568 + 59.84 x 103/uL). Red cell
fragments (schistocyte) were found in peripheral blood films of all rats after a 3 h injection
of crude venom and purified RVV-X (Fig. 3).

3.4. Histopathological examination

A histopathology study was conducted on kidneys, lungs, adrenal glands, livers, and hearts
of six rats in each group; however, Figs. 4 and 5 represent only one rat from each group. We
demonstrated fibrin thrombi mainly in kidneys of rats that were injected with crude venom
and purified RVV-X (Fig. 4a and b). These rats also had minimal histopathological necrotic
changes in the tubular area in kidneys. Inflammatory cell infiltration, intrapulmonary
hemorrhage, and vasculitis were clearly observed in the lungs of the same groups of rats
(Fig. 5a and b). No histopathological changes in kidneys and lungs were observed in rats
receiving RV antivenom plus purified RVV-X and normal saline. Other organs including
adrenal glands, livers, and hearts appeared normal (data not shown).

4. Discussion

RVV-X can produce major renal dysfunction, intravascular clot, and fibrin thrombi in
kidneys similar to those of crude venom. There was temporal association between clots and
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renal dysfunction starting within the first 10 min of envenoming. These evidences support
our hypothesis that RVV-X would be the key venom component causing renal failure, which
was likely due to intravascular clot in the kidney microcirculation rather than direct toxic
effect to the kidney.

Hemodynamic changes were possibly caused by the metalloproteinases in the venom
(Suwansrinon et al., 2007). Metalloproteinases can activate vasoactive mediators such as
TNF-a (Moura-da-Silva et al., 1996). Vasoactive substances have been suggested to
correlate with alterations in renal functions and renal hemodynamics (Cumming et al., 1988;
Lieberthal et al., 1989; Chan et al., 1994; Lin et al., 2003). The RVV-X, a metalloproteinase,
caused changes in renal hemodynamics and renal functions. The change in arterial blood
pressure of rats injected with crude venom or purified RVV-X was in the normal range and
similar to those observed in the dogs injected with crude venom as previously described
(Tungthanathanich et al., 1986; Suwansrinon et al., 2007). The blood pressure of the rats in
the experiments is expected to maintain the autoregulation of GFR and ERBF. However,
decreases in GFR and ERPF were apparent in the present study. It indicates that purified
RVV-X may affect the renal hemodynamics via other factors. Changes in renal
hemodynamics in rats induced by purified RVV-X were similar to those changes reported in
several studies of crude venom injection (Tungthanathanich et al., 1986; Suwansrinon et al.,
2007). Decreases in GFR and ERPF and increases in RVR of rats given crude venom and
purified RVV-X were possible that the RVV-X as a protease by itself could cause decreased
renal blood flow similar to other enzymes such as metalloproteinase. In addition, the
obstruction of renal microvasculature by fibrin thrombi and the glomerular capillary damage
in these rats could caused by the procoagulant effect of RVV-X, which might be a
contributing factor to hemodynamic changes. These results are supported by the
determination of in vitro intravascular clot and the pathological results. The RVV-X could
have dual effects on hemodynamics. The highest increase in the average filtration fraction
for crude venom was supposed to be attributable to other molecules in crude venom
inducing vasoconstriction of the efferent arterioles more than the afferent arterioles in the
kidneys (Lonigro et al., 1973; Terragno et al., 1977; Huang, 1984). Changes in renal tubular
functions of rats injected with crude venom or purified RVV-X were similar to those
observed in the dogs injected with crude venom as previously described (Sanguanrungsirikul
et al., 1989; Suwansrinon et al., 2007). Decreases in the urinary excretion of all electrolytes
in rats receiving crude venom and purified RVV-X were due to decreased renal blood flow.
However, crude venom caused greater reduction in the urinary excretion of sodium than
RVV-X suggesting that other venom components such as serine proteases may cause
toxicity to the kidneys in addition to RVV-X-induced microangiopathy.

Interestingly, the short-term study of purified RVV-X on intravascular clot had two peaks of
the average D-dimer level. The average D-dimer level immediately increased within 10 min
and decreased at 20 min. This finding could be caused by the natural clearance of D-dimer
by liver. Increased average D-dimer level at 30 min could be due to the platelet activation
and consequences of natural clotting process. While crude venom had slower initiation of
intravascular clot, which may be due to several components in crude venom including
anticoagulants as these are found in other venoms but not yet identified in Russell’s viper
venom (Dambisya et al., 1994; Samel et al., 2003). The higher average D-dimer level was
probably due to other procoagulants promoting coagulopathy. Previous studies have
indicated that D. r. siamensis venom contains RVV-X and RVV-V, which accelerate the
clotting of plasma (Hanahan et al., 1972; Kisiel et al., 1976b; Takeya et al., 1992; Gowda et
al., 1994). Thrombocytopenia and schistocytes were observed on blood smears of rats given
purified RVV-X and crude venom. These results confirm that the intravascular clot occurs
after purified RVV-X and crude venominjections.
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Histopathologically, minimal changes of tubular necrotic area and some fibrin
depositionwere found only in the kidneys of rats receiving crude venom and purified RVV-
X. These findings were in accordance with previous reports of victim autopsies (Chugh et
al., 1984; Than et al., 1989; Soe et al., 1993). In addition, the inflammation reaction
including inflammatory cell infiltration and vasculitis was observed in lungs of the same
groups of rats. Similar results of cell infiltration have been observed in Bothrops asper,
Bothrops jararaca, Tityus serrulatus, and Androctonus australis hector envenomings
(Lomonte et al., 1993; Farsky et al., 1997; Bertazzi et al., 2005; Adi- Bessalem et al., 2008).
The activation of pro-inflammatory cytokines, especially TNF-a, IL1-B, and IL-6, plays an
important role in the cell recruitment and the activation of mediators resulting in the later
inflammatory response (Faccioli et al., 1990; Meki and Mohey El-Dean, 1998; D’Suze et al.,
2004). Furthermore, the later inflammatory responses also play an important role in the
pathophysiological disturbance (Daisley et al., 1999; Mazzei de Davila et al., 2002; Adi-
Bessalem et al., 2008). Interestingly, a decrease in neutrophils in the circulationwas
observed in the same groups of rats. These findings correlated to the infiltration of these
inflammatory neutrophils in lungs. Neutrophils are usually the first-responder of
inflammatory cells to reach the site of inflammation.

We found that Sprague—Dawley rats receiving purified RVV-X had intravascular clots and
simultaneously experienced renal dysfunction, which also caused renal pathological
changes. This research provides a better understanding of actions of RVV-X on
intravascular clot, renal hemodynamics, and renal functions. These findings might lead to
the development of new therapeutic strategies.
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The clotting time ratio of purified RVV-X to crude venom = 1:1.7.
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Effects of purified RVV-X and crude venom at various concentrations on clotting time of
human normal citrated plasma using the activated partial thromboplastin time assay. The
results are expressed as mean + SD (n = 3). An asterisk (*) indicates statistic significance
compared with the negative control plasma at P < 0.05. Their significance was analyzed by

the student’s t-test. The normal plasma negative control was citrated human plasma

reconstituted with only CaCl,. Factor X deficient plasma negative control was factor X
deficient human plasma reconstituted with only CaCl,. The positive control was normal

citrated or factor X deficient human plasma activated with cephalin (Instrumentation

Laboratory Company) and 0.025 M CaCls,.
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Fig. 2.

Average D-dimer levels in each group of rats at various times. The control group consisted
of rats given only normal saline. The results are expressed as mean = SD (n = 6). An asterisk
(*) indicates statistic significance compared with the control group at P < 0.05. Their
significance was analyzed by ANOVA using LSD as post hoc test at P < 0.05. A long
dashed line indicates the D-dimer cut-off level at 0.3 mg/L.
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Fig. 3.

Peripheral blood films (100x magnification) of rats 3 h after injections of (a) crude venom,
(b) purified RVV-X, (c) RV antivenom plus purified RVV-X, and (d) normal saline. Blood
films were stained with Wright’s stain. The arrow indicates schistocytes.
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Fig. 4.

Histological sections of kidneys stained with hematoxylin and eosin (20x magnification) of
rats 3 h after injections of (a) crude venom, (b) purified RVV-X, (c) RV antivenom plus
purified RVV-X, and (d) normal saline. The arrow indicates the fibrin thrombi.
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Fig. 5.

Histological sections of lungs stained with hematoxylin and eosin (20x magnification) of
rats 3 h after injections of (a) crude venom, (b) purified RVV-X, (c) RV antivenom plus
purified RVV-X, and (d) normal saline. The arrow indicates inflammatory cell infiltration
and hemorrhage, and vasculitis.
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