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The pathophysiological effects of Russell’s viper venom (RVV) and its fractions, including phospholipase Ay
(RVPLAy), metalloprotease (RvMP), L-amino acid oxidase (RvVLAAO), and phosphodiesterase (RvPDE) on renal
functions were investigated using the isolated perfused rabbit kidney (IPK) model. Moreover, whether their

iﬂziﬁfzﬁfﬂa?}d dase effects on renal alterations were promoted by platelet activating factor (PAF) was tested using the PAF receptor
Phosphodiesterase antagonist, WEB 2086. There was a marked reduction in the perfusion pressure (PP) and renal vascular resistance
WEB 2086 (RVR) 10 min after RVV administration (1.0 mg/100 ml of perfusate), thereafter both PP and RVR gradually

increased and approached the control level within 90 min. These effects were abolished by pretreatment with
WEB2086 (2 pg/pl). Administration with RvPLA, (280 pg/ml), RvMP (280 pg/ml), or RVLAAO (135 pg/ml)
alone increased both the PP and RVR, whereas RvPDE (100 pg/ml) reduced both the PP and RVR. Pretreatment
with WEB 2086 completely abolished the effects induced by RvMP, but not the other fractions. The RVV also
caused a marked decrease in the glomerular filtration rate (GFR), urinary flow rate (UF), and osmolar clearance
(Cosm), and these effects were not inhibited by pretreatment with WEB2086. Each RVV fraction also increased,
to varying extents, the GFR, UF, and Cosm, and these effects induced by RvPLAy or RvMP, but not the other
fractions, were completely blocked by WEB 2086. Changes in percent filtered Na™ and K excreted in the IPK by
RVV, RvPDE, and RvMP were abolished by pretreatment with WEB 2086. Histological evaluation profiled mainly
tubulonephrosis in the treated kidney. These results reveal that the alterations in renal functions induced by RVV
and its fractions are due to the synergistic action of the different components of snake venom, instead of the
action of a single component. The effects of RVV and its fractions in rabbit IPK are mediated at least in part by
PAF.

Isolated perfused kidney

1. Introduction some extent of intravascular hemolysis lead to pigment nephropathy

(Sitprija et al., 1974). This manifestation does not exclude the presence

Snakebite is an important public health problem in several countries
in the tropics, and amongst these Russell’s viper (Daboia siamensis)
causes a high morbidity and mortality. The main and most serious
complication following Russell’s viper bite is acute kidney injury (AKI)
(Kanjanabuch and Sitprija, 2008). The mechanisms acting within the
body to induce AKI during envenomation are uncertain. The pathoge-
netic mechanisms underlying acute renal failure (ARF) may include
renal vascular obstruction by disseminated intravascular coagulation
(DIC), ischemia or hypoperfusion due to the fall in blood pressure, and
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of proteolytic enzymes and vasoactive substances, which could promote,
or even potentiate, the coagulant process in renal sites. In vivo studies in
experimental animals have shown that decreases in the renal blood flow
(RBF) and the glomerular filtration rate (GFR) with an injection of the
crude venom of Russell’s viper (RVV) might be depend on changes in
extrarenal factors via reductions in both the systemic and renal circu-
lations (Tungthanathanich et al., 1986; Thamaree et al., 1994).

The etiology of RVV induced ARF in humans and experimental ani-
mals is still not completely understood but probably involves the direct
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action of the venom components on the renal tubules and renal
epithelial cells (Sitprija and Chaiyabutr, 1999). The possible existence of
a direct nephrotoxic component was reported, but has not been well
described up to now. Overall, RVV is a complex mixture that contains
both non-protein and protein components with different structures and
specific biochemical activities. The major protein components of RVV
consist of a mixture of potentially toxic proteins, peptides, and several
enzymes (Tan et al., 2018). The possible effect of each venom compo-
nent may dominate the clinical presentation causing local and systemic
injury as well as haematological, cardiovascular, and renal functions.

The isolation and functional characterization of venom components
will provide a basis for understanding the mechanisms and/or molecular
models of venom action (Harvey et al., 1998). However, the potential
role of each venom component of RVV, direct and/or indirect, in the
cytotoxicity related to AKI has not been studied in as much detail. Pre-
vious studies done in experimental animals by Suwansrinon et al. (2007)
demonstrated that administration of the phospholipase A2 (PLAjy) or
metalloprotease (MP) fractions of RVV caused alterations in the renal
functions, where changes in the renal hemodynamics appeared to
correlate better with the MP than PLA; component of the RVV. In
addition, Mitrmoonpitak et al. (2013) reported that injection of the
venom fraction (either PLA; or MP) promoted intense inflammatory
mediators with an elevation of plasma concentrations of
pro-inflammatory cytokines for interleukin-6, tumor necrosis factor-a,
and prostaglandin E2 (PGE2). The plasma level of nitric oxide (NO), a
vasoactive mediator, was increased after injection with the PLA, frac-
tion but not with the MP fraction. The question is which venom fraction
promotes more inflammatory mediators and which venom fraction plays
a key role in its effects for such responses. These in vivo models do not
exclude the influence of a higher order of extrarenal factors, such as the
nervous system, blood pressure, coagulation, and other blood borne
factors, including corpuscles and hormones. However, few data are
available to study the specific mechanisms in responsible for the in-
duction of AKI by RVV and its fractions, although a number of studies
have reported the direct effects of RVV on renal tubular and glomerular
injury in the isolated perfused kidney (IPK) model (Ratcliffe et al., 1989;
Willinger et al., 1995; Chaiyabutr et al., 2014).

Nevertheless, ARF can result from a variety of renal injuries and
several processes that make a major contribution to the reduction in the
GFR and RBF, which are characteristic of ARF. It has been reported that
the kidney is capable of releasing inflammatory mediators in response to
several stimuli (Pirotzky et al., 1984b), but the search for a factor(s)
locally released into the kidney during envenomation that might be
responsible for the changes in the renal vascular and glomerular func-
tions associated with renal failure is still an ongoing research area. The
release of intrarenal factors in envenoming may be superimposed on the
renal effects of the investigated venom action. It has been demonstrated
that platelet activating factor (PAF), an acetylated alkyl phosphogly-
cerides and lipid mediator, can be released by several cell types such as
eosinophil (Benveniste et al., 1972) and organ, including the kidney
(Caramelo et al., 1984). Of interest, PAF is a membrane-derived phos-
pholipid with widely recognized pro-inflammatory activities and may be
one of the entities responsible for causing the hemodynamic changes in
ARF, because it can act as a vasodilator or vasoconstrictor, depending
upon its concentration (Lo’ pez-Novoa, 1999).

The implication of PAF as an important pro-inflammatory mediator
in the pathogenesis of ARF involves on PAF levels in the kidney, which
has been supported by the study of Caramelo et al. (1984), who reported
the presence of PAF in blood from normal human and experimental
animals, but not in blood from anephric patients or bilaterally neph-
rectomized animals. It has been reported that PAF also plays an essential
role in signal transduction pathways for induction of NO production,
which acts as a mediator exerting a vasodilator activity on afferent ar-
terioles (Juncos et al., 1993). However, there are no studies evaluating
the role of PAF during envenomation with RVV, although PAF is an
important mediator in the reduction of GFR and urinary flow rate (UF)
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induced by the venom of Bothrops snakes, which are blocked by the
specific PAF receptor antagonist WEB 2086 in the rat IPK model
(Monteiro and Fonteles, 1999; Havt et al., 2001).

Considering the above data, whether the pathogenesis of ARF
induced by RVV involves the local generation of PAF in the kidney is not
fully understood. We, therefore, hypothesized that the action of venom,
either RVV or its venom fractions, to cause renal functional alterations
would involve the PAF pathway in the kidney. We decided to study
whether the nephrotoxic effect of RVV and its fractions is somehow
related to a concomitant generation of PAF and the specific PAF receptor
antagonists WEB 2086, a powerful in vitro antagonists of PAF receptor
(Casals-Stenzel and Heuer, 1990), is essential to evaluate for such
studies.

Because RVV consists of a mixture of several toxic enzymes, the
nephrotoxic effect of RVV cannot formally exclude a potential interfer-
ence of AKI with the function of other venom components. Thus, in the
present study, additional comparative studies of renal alterations caused
by RVV and its fractions were performed in order to confirm the precise
role of each venom fraction in the IPK. Generation of PAF in the kidney
might involve the action of RVV via any of its components. Moreover,
since the study of the mechanisms of action of venom fractions for the
pathogenesis of ARF is difficult in vivo, the in vitro studies in the IPK
model without the influence of extrarenal factors would help in this
regard.

Therefore, two experimental protocols were performed. The first
protocol was performed to characterize the functional properties of PAF
in the rabbit IPK using two different concentrations of exogenous PAF
and confirmation of its function with pre-exposure to WEB 2086 as a
blocker. The second protocol was designed as a comparative study on
the direct renal effects promoted by RVV and its isolated PLA; (RVPLAy),
MP (RvMP), L-amono acid oxidase (RVLAAO), and phoshodiesterse
(RVPDE) fractions. The role of local PAF generation during envenoming
was tested by pretreatment with WEB 2086 in the rabbit IPK model.
After treatment with RVV or a respective venom fraction, with or
without a 30-min pretreatment with WEB 2086, the renal histological
examinations were verified. Defining the role of PAF in modulating the
action of RVV and its venom fractions in the rabbit IPK model without
the influence of extrarenal factors will lead to a better understanding of
these pathophysiological mechanisms involved in the features of AKI.

2. Materials and methods
2.1. Experimental animals

Adult male white New Zealand rabbits, weighing 2-3 kg, were ob-
tained from the Animal house, Queen Saovabha Memorial Institute. The
animals were settled in stainless steel cages, fed a standard diet and
water, exposed to a 12 h light/dark cycle, and maintained at a labora-
tory temperature of 26 + 1 °C. The animals were quarantined for 14
d before experiments. Animal experiments involved in this study were
conducted with permission of the Ethics Committee of the Queen Sao-
vabha Memorial Institute Animal Care and Use (approval number QSMI-
ACUC-03-2016) in accordance with the guideline of the National
Research Council of Thailand.

2.2. Preparation of the rabbit IPKs

Preparation of the rabbit IPK was based on the previously described
method (Chaiyabutr et al., 2014). Briefly, adult male white New Zealand
rabbits were fasted 24 h before the experiment with access to water ad
libitum. The rabbit was anaesthetized with pentobarbital sodium (30
mg/kg body weight, iv). The left kidney was prepared for perfusion after
careful dissection. The animal was given 1000 units heparin intrave-
nously and the left ureter was cannulated with a polyvinyl catheter. The
kidney was cannulated through the renal artery directly with a 19-gauge
stainless steel needle, approximately 1.0 inch in length with a smooth
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tip, and immediately flushed with heparinized saline (100 units/ml).
The kidney was isolated with the renal vein and the ureter intact and
then immediately transferred to a thermostatically controlled tissue
bath organ chamber (Radnoti, chamber for organ isolation procedures,
catalog No. 166070, Grass Technologies, Monrovia, CA, USA). The iso-
lated kidney was used to employ a recirculating perfusion design by
means of an ex vivo perfusion apparatus. The working perfusate, an
oxygenated modified Krebs-Henseleit solution (MKHS) at 37°C and
aerated with a 19/1 (v/v) mixture of Oy: CO, was perfused through the
renal artery by means of a recirculating a rotary pump (EYELA, Roller
pump, RP-1000). The rabbit IPK was maintained at constant perfusion
flow rate (40-60 ml/min), which was carefully kept at 100 mmHg
throughout all the experiments.

Preparation of the MKHS in100 ml consisting: 141 mM Na™, 5.4 mM
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K*, 1.9 mM Ca2*, 2.4 mM Mg?*, 126 mM Cl~, 25 mM HCOs5 ~, 2.44 mM
SO4 2’, 1.5 mM P03_, and 13 mM amino acids comprised of twenty
physiological amino acids (Taft, 2004). The total perfusate also con-
tained 100 mg D-glucose, 50 mg inulin including oncotic agents which
was modified in our laboratory by the addition of both 3 g of bovine
serum albumin (fraction V, from Sigma Chemical Co., St Louis. MO,
USA) and 2 g of dextran (Sigma Chemical Co.). The perfusion solution
was adjusted at pH 7.4 and kept warm at 37°C by a pre-warming coil and
oxygenation by the addition of a 1.2 pm filter in tissue bath organ
chamber. Changes in the perfusion pressure (PP) in the kidney were
measured at the tip of the stainless-steel cannula with either a
manometer or recorded on a Statham strain gauge pressure transducer,
which was modified to allow continuous recorded monitoring the PP on
the physiograph (Polygraph Model 79, Grass instruments Co.). The
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kidney was mounted in the perfusion system for 30 min to allow the
kidney to approach its normal function, as indicated by the maintenance
of the urine flow (UF) and PP, which was carefully kept at 100 mmHg.
The PP was measured at 5-min intervals after equilibration. The first 30
min of perfusion were considered to be internal control. The experi-
mental period was divided into five intervals of 5, 10, 30, 60, and 90 min
of perfusion time. The experiments were conducted over 90 min
administration of RVV or one of its fractions administration. In each
interval period, samples of perfusate and urine were collected for 5 min
for determination of the sodium (Na+), potassium (K+), inulin and
osmolality levels.

2.3. Venom and chemicals

A pool of RVV was obtained from 14 adult male and female Russell’s
viper (Daboia siamensis) snakes collected from the eastern region of
Thailand and maintained at Queen Saovabha Memorial Institute, The
Thai Red Cross Society. The RVV was milked, lyophilized, and stored at
—20 °C. The crude RVV (100 mg) was isolated by fractionation methods
for phospholipase Ay (RvPLA3), which gave 7.6 mg of protein yield.
Another crude RVV (100 mg) was isolated by fractionation methods for
metalloprotease (RvMP), L-amino acid oxidase (RVLAAO) and phos-
phodiesterase (RVPDE), which gave protein yields 4.8 mg, 0.7 mg and
0.32 mg, respectively, for comparative purposes (Fig. 1). The PAF
(B-acetyl-y-O-alkyl-L-a-phosphatidylcholine), purchased from Sigma-
Aldrich, was dissolved in solution of 100 mM DMSO and 100 mM
ethanol to give a stock solution of 2000 pg/ml and stored at —20 °C. The
triazolobenzodiazepine substance (WEB, 2086) was purchased from
Sigma-Aldrich Co. (Saint Louis, MO, USA), and was dissolved in solution
of 100 mM DMSO and 100 mM ethanol with gentle warming to give a
stock solution of 2 pg/pl and stored at —20 °C. All chemicals were re-
agent grade.

2.3.1. Isolation of RvPLA,

Crude RVV (100 mg) was dissolved in buffer A (50 mM phosphate
buffer pH 6.0). After centrifugation at 7826 g for 5 min, the supernatant
was applied to ion-exchange chromatography on HiTrap CMFF column
(GE Healthcare, Sweden). The column was washed with five volumes of
buffer A and elution was performed with an increasing linear concen-
tration gradient of NaCl from 0 to 1 M in buffer An at a flow rate of 0.5
ml/min. Fractions of 1 ml were collected and measured at an absorbance
of 280 nm (Agp) under an AKTA pure Fast Protein Liquid Chromatog-
raphy system (FPLC, GE Healthcare, Sweden). Four peaks were observed
and determined for PLA; activity. Fractions containing PLA, activity
were pooled (21.2 mg protein) and further enriched by size exclusion
chromatography in a pre-equilibrated Superdex™ 75 10,/300 GL column
(GE Healthcare, Sweden). Elution was performed with 10 mM phos-
phate buffered saline pH 7.4 at room temperature. The flow rate was
adjusted to 0.5 ml/min, and 1 ml fractions were collected in each tube.
The protein elution and concentration was determined by Aagp under a
Unicorn 6.3 Software.

2.3.1.1. Determination of PLA, activity. The PLA, activity was ascer-
tained as described (Holzer and Mackessy, 1996) with slight modifica-
tions. The sample (50 pl) was mixed with 3 mM 4-nitro-3-(octanoyloxy)
benzoic acid (Enzo Life Sciences, New York, U.S.A.) at a 1:1 (v/v) ratio
and incubated at 37 °C for 20 min. Then 2.5% (v/v) Triton X-100 was
added to the reaction mix and the absorbance was measured at 425 nm
(A425). A standard curve of A4ps as a function of chromophore
(3-hydroxy-4-nitrobenzoic acid) concentration showed that a change in
Ayos of 0.1 AU was equivalent to 25.8 nmoles of chromophore release.

2.3.2. Isolation of RvMP, RvLAAO, and RvPDE from the crude RVV
The crude RVV (100 mg) was dissolved in buffer A for the isolation of
RvMP, RVLAAO, and RvPDE. After centrifugation at 10,000 rpm for 5
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min, the supernatant was applied on Superdex™ 75 10/300 GL column
equilibrated with 0.1 M sodium acetate buffer pH 6.7 and eluted at a
flow rate of 0.4 ml/min, collecting 1 ml fractions under an AKTA pure
FPLC system. Each fraction was assayed for enzymatic activity. The
active fraction was collected, desalted, and concentrated by centrifugal
ultrafiltration (Macrosep® 10K; Pall Corp, UK). The sample was then
loaded onto a Mono Q column (5/15 GL; GE healthcare, Sweden) pre-
equilibrated with buffer B (50 mM Tris-HCI buffer pH 8.0) and eluted
with a 60% linear gradient buffer C (1 M NaCl). Three peaks were
separated, the first two active peaks were RvVLAAO and RvPDE (1.6 mg
protein) and the second active peak was RvMP (5.4 mg protein), which
was further enrichedon a Resource S column pre-equilibrated with 10
mM sodium phosphate buffer pH 6.7, and eluted with a linear gradient
of 0-0.3 M NacCl.

2.3.2.1. Activity of the RvMP. The MP activity was determined by esti-
mation of the proteolytic activity by hydrolysis of heated casein, as
previously described (Anson, 1938) with slight modifications. The re-
action mixture consisted of 500 pl casein in 0.1 Tris-HCI pH 8.0 and 50 pl
of venom, and was incubated for 2 h at 37 °C. The reaction was
quenched by the addition of 500 pl of 5% (w/v) trichloroacetic acid at
room temperature. After centrifugation, the supernatant (400 pl) was
mixed with 1 ml of 0.5 M NayCO3 and 200 pl of diluted (1:5) Folin &
Ciocalteau’s phenol reagent. The mixture was then incubated at 37 °C
for 30 min and the absorbance was measured at 660 nm (Aggo). One
enzyme U was defined as the amount of enzyme that hydrolyzes casein
to produce a color equivalent to 1.0 pmole of tyrosine per min. The effect
of the protease inhibitor on the proteolytic activity of the sample was
observed by pre-incubated the sample with EDTA (final concentration of
10 mM) at 37 °C for 10 min. The mixture was then assayed for MP ac-
tivity in the corresponding assay systems.

2.3.3. Isolation of RvPDE and RvYLAAO

After the supernatant of crude RVV was fractionated on Superdex™
75 10/300 GL column, the active fraction was collected and the sample
was then applied on a Mono Q column (5/15 GL; GE healthcare, Swe-
den). The first peak (1.6 mg protein) from the Mono Q column, which
expressed PDE and LAAO activities, was further enriched by a HiTrap™
Heparin HP column (GE Healthcare, Sweden) pre-equilibrated with 50
mM Tris-HCI pH 8.0 and eluted with a linear gradient of 0-0.5 M NaCl
(Fig. 1).

2.3.3.1. Determination of RVLAAO activity. The RvLAAO activity was
determined according to the Worthington Enzyme Manual (1977). A
reaction mixture (510 pl) containing 0.1% (w/v) L-leucine, 0.0065%
(w/v) o-dianisidine, and 0.007% horse radish peroxidase in 0.2 M
Triethanolamine buffer pH 7.6 was incubated at 37 °C. The reaction was
started by adding the respective LAAO fractions and monitored at 426
nm over 3 min.

2.3.3.2. Determination of RVPDE activity. The RvPDE activity was
determined as previously described (Lo et al., 1966) with slight modi-
fications using Ca-bis-p-nitrophenylphosphate as the substrate. The
hydrolysis of the substrate was assessed by measuring the rate of in-
crease in absorbance at 440 nm (A44p). One U of enzyme activity was
defined as the amount of enzyme that caused an increase of 0.001 A44¢
per min.

2.4. Experimental design
Two experimental protocols were carried out:
2.4.1. Experiment protocol 1

This study was assigned to demonstrate the functional properties of
PAF, and whether the effectiveness of PAF were specific and receptor-
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mediated on the renal functions in the rabbit IPK. The PAF receptor
antagonist, WEB 2086, was used as a blocker to test if effects during
exogenous PAF administration in the rabbit IPK were due to PAF.
Preparations of IPK were divided into the following six groups (n = 4/
group):

Control group: Following kidney excision and transfer to the recir-
culating perfusion system, control perfusions were conducted to estab-
lish the viability of the preparation and to allow for the evaluation of any
agents tested for effects on the kidney function. The rabbit IPK was
perfused with MKHS in the absence of any treatment agents in the
recirculating system for 120 min.

WEB 2086 group: The 100 pl of WEB 2086 (2 pg/pul) was added the
recirculating system in 100 ml of perfusate after the first 30-min equil-
ibration period as an internal control with stabilization of the basal PP.

PAF-L group: After the 30-min equilibration of the internal control
period of perfusion, the rabbit IPK was treated with 25 pl of exogenous
PAF (200 pg/ml), added into 100 ml of perfusate of the recirculating
system. This dose was arbitrarily chosen as a low PAF administration
dose with a total PAF concentration in the perfusate of 95 nM.

WEB2086 + PAF-L group: To test if WEB 2086 could block the action
of the exogenous PAF-L dose in the IPK model. For this interaction study,
100 pl of WEB 2086 (2 pg/pl) was injected at the start of the perfusion,
after the equilibration period, and then 25 pl of PAF (200 pg/ml) was
injected 30 min later to the perfusate under the same protocol.

PAF-H group: After the 30-min equilibration of the internal control
perfusion, the IPK was treated with 75 pl of exogenous PAF (200 pg/ml),
added into 100 ml of perfusate of the recirculating system. This dose was
arbitrarily chosen as a high PAF administration dose with a total PAF
concentrationin the perfusate of 270 nM.

WEB 2086 + PAF-H group: To ascertain whether WEB 2086 could
block the action of the exogenous PAF-H dose in the IPK study. For this,
100 pl of WEB 2086 (2 pg/pl) was injected at the beginning of the
perfusion and equilibration period, and then after the 30-min pretreat-
ment 75 pl of PAF (200 pg/ml) was injected to the perfusate under the
same protocol.

For all six groups, the changes in renal functions were recorded
thereafter for a 90-min period (from 30 to 120 min after the initial IPK
perfusion).

2.4.2. Experiment protocol 2

The experiment in protocol 2 was assigned to study the effects of RVV
and its fractions (RvPLA5, RvMP, RVLAAO, and RvPDE) on the renal
functions in the rabbit IPK model, and the potential role of PAF in these
effects using the WEB 2086 PAF receptor inhibitor. Preparations of
rabbit IPK were divided into 10 experimental groups (n = 4/group) as
follows:

RVV group: The rabbit IPK was treated with 1 ml of the lyophilized
RVV in normal saline (1 mg/ml), added into 100 ml of perfusate of the
recirculating system after the 30-min equilibration period as an internal
control. This dose was arbitrarily chosen on the basis of an earlier
investigation in experimental animals in either dogs or rabbits, where
the dosage of crude RVV that caused death in 50% of subjects (LDsg) by
intravenously injection was 0.5 mg/kg body weight (BW) (Chaiyabutr
et al., 2014; Tungthanathanich et al., 1986). This dosage was equivalent
to a concentration of 10 pg/ml plasma, based upon an estimated plasma
volume of 5% of the BW. For this, 1 mg of RVV was added to 100 ml of
perfusate to obtain a final concentration of 10 pg/ml.

WEB 2086 +RVV group: The rabbit IPK was pretreated with 100 pl of
WEB 2086 (2 pg/pl) after the 30-min equilibration period and then after
this 30-min pretreatment period 1 ml of RVV (1 mg/ml) was added into
100 ml of perfusate of the recirculating system.

PLA; group: The rabbit IPK was treated with 1 ml of the RvPLAy
fraction (280 pg/ml), added into 100 ml of perfusate of the recirculating
system after the 30-min equilibration period as an internal control. This
dose was arbitrarily chosen and adjusted according to that previously
described (Mitrmoonpitak et al., 2013) using a PLA; dose of 140 pg/kg
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BW by intravenous injection, which converted to 2.8 pg/ml plasma
using the estimated plasma volume of 5% of the BW. Therefore, the
amount of RVPLA; used in the present study was adjusted by adding 280
pg RVPLA; into 100 ml of perfusate.

WEB 2086 +PLA; group: The rabbit IPK was pretreated with 100 pl of
WEB 2086 (2 pg/pl) after the 30-min equilibration perfusion. Then, 1 ml
of the RvPLA;, (280 pg/ml) was added to the recirculating solution after
the 30-min pretreatment period.

MP group: The rabbit IPK was treated with 1 ml of the RvMP fraction
(280 pg/ml), added into 100 ml perfusate of the recirculating system
after the 30-min equilibration period as an internal control. This dose
was arbitrarily chosen and adjusted according to the previously
described work (Mitrmoonpitak et al., 2013) that used a MP dose of 140
ng/kg BW by intravenously injection. This dosage converted to 2.8
pg/ml plasma, based upon the estimated plasma volume of 5% of the BW
(adding 280 pg RvMP into 100 ml of perfusate).

WEB 2086 + MP group: The rabbit IPK was pretreated with 100 pl of
WEB 2086 (2 pg/pl) after the 30-min equilibration perfusion. After the
30-min WEB 2086 pretreatment, 1 ml of RvMP (280 pg/ml) was added
to the recirculating solution.

LAAO group: The rabbit IPK was treated with 2 ml of RVLAAO (135
pg/ml), added into 100 ml of perfusate of the recirculating system after
the 30-min equilibration period, as an internal control. This dose was
arbitrarily chosen for comparison with the other venom fractions, where
270 pug RVLAAO was added into 100 ml of perfusate.

WEB 2086 + LAAO group: The rabbit IPK was pretreated with 100 pl
of WEB 2086 (2 pg/pl) after the 30-min equilibration perfusion. After
the 30-min WEB 2086 pretreatment, 2 ml of RVLAAO (135 pg/ml) was
added to the recirculating solution.

PDE group: The rabbit IPK was treated with 2 ml of RvPDE (100 pg/
ml), added into 100 ml perfusate of the recirculating system after the 30-
min equilibration period, as an internal control. This dose was arbi-
trarily chosen for comparison with the other venom fractions, where
200 pg RvPDE was added in 100 ml of perfusate.

WEB 2086 + PDE group: The rabbit IPK was pretreated with 100 pl of
WEB 2086 (2 pg/pl) after the 30-min equilibration perfusion. After the
30-min WEB 2086 pretreatment, 2 ml of RvPDE (100 pg/ml) was added
to 100 ml of the recirculating solution.

In all ten groups, the changes in renal functions were recorded
thereafter for a 90-min. Period after addition of the final treatment (from
5,10, 30,60 or 90 min-120 min).

2.5. Samples collection and chemical analysis

Each experimental group was divided into six periods for renal
function measurements after each specified treatment. Samples of urine
and perfusate were collected at 5-min intervals of each specified period
(at 0, 5, 10, 30, 60, and 90 min after treatment) for analysis of the Na™,
K*, inulin, osmolality, and urinary NO levels. The Na™ and K* ion
concentrations were determined by flame photometer (Flame Photom-
eters, Laboratory Instrument, BWB Technologies UK Ltd), while the
osmolality was measured using an osmometer (Fiske® Micro-osmometer
Model210, Fiske® Associates, Norwood, Massachusetts, 02062, USA).
The inulin concentration in both the perfusate and urine was determined
using the anthrone method (Young and Raisz, 1952).

Urine samples, stored at —40 °C until used, were determined for the
NO concentration. Nitrite and nitrate are the primary oxidation products
of NO and, therefore, the nitrite/nitrate concentration in urine was used
as an indicator of NO release. The NO levels were quantified using an
Arrowstraight™ Nitric Oxide measurement system (Lazar Research
Laboratories, Los Angeles, CA, USA), which contained -on selective
electrodes for independent measures of both nitrite and nitrate in each
100-pl urine sample. As a standard, known sodium nitrite and sodium
nitrate concentrationswere used (Sigma-Aldrich, Natick, MA, USA; for
both). All procedures were conducted according to the manufacturer’s
protocol. Results are presented as the total NO (uM) calculated by
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summing the concentration values of nitrite and nitrate.

2.6. Histological studies of the rabbit IPK

The control and treated kidneys were cut sagittally after termination
of the 120-min perfusion period and preserved in 10% (v/v) neutral
buffered formalin (v/v) for 24 h before dehydration using increasing
alcohol concentration gradients and paraffin embedding in paraffin
blocks. The kidney tissues were then cut into 4-pym thick serial sections
and subsequentially stained with routine Hematoxylin and Eosin (H&E)
or periodic acid-Schiff reaction (PAS) for morphological studies. Histo-
logical examinations were performed under a light microscope
(Olympus, Tokyo, Japan) forthe H&E— and PAS-stained sections, which
were used to assess changes in the glomerulus, proximal and distal
convoluted tubules, and collecting duct of the IPK. Each section was
examined, for at least 50 glomeruli and 10 area of tubules, from one
section per kidney. Effects of the RVV, RvPLA,, RvMP, RvVLAAO, RvPDE,
and WEB 2086 on the changes in the glomeruli and renal tubules were
assessed. The level of histopathological lesions was quantitated by
scoring from O to 3+ (0, no lesion; 1+, mild lesion; 2+, moderate lesion;
3+, marked lesion). Glomerular congestion and crystal deposits in the
glomerulus, and the renal tubular changes (tubulonephrosis and tubule-
necrosis, in the proximal tubule, distal tubule, and collecting tubule)
were all graded separaretely from O to 3+ (0, no changes; 1+, mild
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changes; 2+, moderate changes; 3+, marked changes of sample).
2.7. Calculations for renal function

The PP, renal vascular resistance (RVR), UF, GFR, and the fractional
sodium (%FENa') and potassium (%FEK") tubular excretions were
determined as described previously (Chaiyabutr et al., 2014). The
experimental results were compared with those of the internal control at
30 min in each group. The clearance of inulin (Cin, GFR) and osmolality
(Cosm) were calculated according to the standard formula (Smith,
1962). The flow rate of the perfusate to the kidney and the PP of the
system were used to calculate for the RVR, using the standard formula
(PP/perfusate flow rate). The %FENat and %FEK " were calculated by
dividing the CNa™ or CK" with GFR, respectively.

2.8. Statistical analysis

The results are expressed as mean + one standard deviation (SD).
One-way repeated measures ANOVA was used with Bonferroni’s post-
hoc test to compare the number of changes among time points after
each agent treatment within the same group. At each agent treatment,
the data of pretreatment with WEB2086 group were compared with
corresponding untreated group using unpaired Student’s t-test at some
time points. Significance was accepted at the P < 0.05 level. All data
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Fig. 2. Changes in the PP and RVR at various time points in response to a low (PAF-L) or high (PAF-H) exogenous PAF dosage with or without WEB 2086 pre-
treatment in the rabbit IPK. Comparison between groups treated with MKHS (Control) and WEB 2086 (WEB) (A and B); PAF-L without (PAF-L) and with WEB 2086
pretreatment(WEB + PAF-L) (C and D); PAF-H without (PAF-H) and with WEB 2086 pretreatment(WEB + PAF-L) (E and F). Data are shown as the mean =+ SD of four
experimental kidneys. *Significant difference (P < 0. 05; repeated measures ANOVA with Bonferroni post-hoc test between the specified time point and the internal
control in the same group. Comparisons between two sets of data at each specified time point between the treated group without WEB 2086 pretreatment and with
WEB 2086 are shown by P < 0.05 and {{P < 0.01 (unpaired Student’s t-test).
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were analyzed by GraphPad Prism 5 for Windows (GraphPad Software,
San Diego, CA, USA).

3. Results

3.1. Effects of exogenous PAF and WEB 2086 administration on the renal
functions in IPK

Under experimental protocol 1, in the control conditions, the IPKs
were preserved functionally, as seen in the data shown in Figs. 2-5. The
renal hemodynamics, glomerular filtration function, tubular Na* and K*
transport, and Cosm parameters were stable after perfusion with MKHS
alone for over 120 min. In comparison with the control group, when
WEB 2086 at 2 pg/uL was administered, the kidney functional param-
eters remained stable throughout the perfusion time (Figs. 2-4A, B;
Fig. 5A).

Increasing the PAF availability by adding the concentration of PAF
alone into the perfusate at either PAF-L (95 nM) or PAF-H (270 nM)
caused an increase in the PP and RVR throughout the 90-min perfusion
time (Fig. 2C-F). Pretreatment with WEB 2086 significantly decreased
the PAF-L-mediated increase in the PP throughout the 90-min perfusion
time, decreasing from 121.8 + 12.5to 77.0 & 10.1 mmHg (P < 0.05) but
RVR slightly decreased as shown in Fig. 2C and D. However, the increase
in both PP and RVR induced by PAF-H was not completely prevented by
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WEB 2086 pretreatment, as there were still significant increases in both
the PP and RVR at 60 min (p < 0.05) and 90 min (p < 0.05) of perfusion
time compared to the pretreated period (Fig. 2E and F).

The effect of exogenous PAF on the GFR and UF in the rabbit IPK is
shown in Fig. 3. The administration of PAF-L caused a slight reduction in
the GFR throughout the perfusion time, while the UF showed a transient
reduction in the first 10 min followed by significant increase after 60
min of perfusion (P < 0.05) with a maximal response at 90 min (P <
0.05) compared to the control period. Pretreatment with WEB 2086 (2
pg/pl) abrogated the PAF-L effect on the UF but not the GFR (Fig. 3C and
D). The high PAF dose increased the GFR and UF throughout the
perfusion time, but these effects were abolished by WEB 2086 (2 pg/ul)
pretreatment (Fig. 3E and F), and prevented the effect of PAF-L on
further increasing the UF at 30 and 90 min of perfusion time.

The administration of either PAF-L or PAF-H alone caused a small
initial decrease in the %FENa', %FEK", and Cosm at 5 min after
administration, and further increases were apparent throughout the
perfusion time. A significantly increased %FENa't, with a maximal
response at 60 min (P < 0.05), was apparent after administration of PAF-
H and pretreatment with WEB 2086 significantly abolished the PAF-H
effects on the %FENa™ (P < 0.05) and Cosm, but not the effect on the
%FEK" (Fig. 4E and F and Fig. 5C). Pretreatment with WEB 2086 pre-
vented the PAF-L effects on Cosm with a maximal effect at 90 min (P <
0.05), but did not prevent the changes in the %FENaand %FEK" when
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Fig. 3. Changes in the mean GFR and UF at various time points in response to a low (PAF-L) or high (PAF-H) exogenous PAFdose with or without WEB 2086
pretreatment in the rabbit IPK. Comparison between groups treated with MKHS (Control) and WEB 2086 (WEB) (A and B); PAF-L without (PAF-L) and with WEB
2086 pretreatment(WEB + PAF-L) (C and D); PAF-H without (PAF-H) and with WEB 2086 pretreatment(WEB + PAF-L) (E and F). Data are shown as the mean + SD of
four experimental kidneys. *Significant difference (P < 0. 05; repeated measures ANOVA with Bonferroni post-hoc test between the specified time point and the
internal control in the same group. Comparisons between two sets of data at each specified time point between the treated group without WEB 2086 pretreatment and

with WEB 2086 are shown by {P < 0.05 (unpaired Student’s t-test).
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Fig. 4. Changes in the %FENa' and %FEK™" at various time points in response to a low (PAF-L) or a high (PAF-H) exogenous PAFdose with or without WEB 2806
pretreatment in the rabbit IPK. Comparison between groups treated with MKHS (Control) and WEB 2086 (WEB) (A and B); PAF-L without (PAF-L) and with WEB
2086 pretreatment(WEB + PAF-L) (C and D); PAF-H without (PAF-H) and with WEB 2086 pretreatment(WEB + PAF-L) (E and F). Data are shown as the mean + SD of
four experimental kidneys. *Significant difference (P < 0. 05; repeated measures ANOVA with Bonferroni post-hoc test between the specified time point and the
internal control in the same group. Comparisons between two sets of data at each specified time point between the treated group without WEB 2086 pretreatment and

with WEB 2086 are shown by {P < 0.05 (unpaired Student’s t-test).

compared to the effect observed with PAF-L alone (Fig. 4C and D and
Fig. 5B).

3.2. Effects of RVV, RyPLAz, RvMP, RvLAAO, RvPDE, and WEB 2086
on the rabbit IPK renal hemodynamics

During administration of whole RVV alone (1 mg/ml), the biphasic
responses of renal hemodynamics were apparent. Significant initial de-
creases (P < 0.05) in the PP and RVR occurred in the first phase
compared to the basal level of the internal control. This effect was
transient and occurred for 5-10 min after administration of RVV. A
gradual rise in both the PP and RVR occurred from 10 min after the
initial transient reduction, but the values remained below the pretreat-
ment values throughout the experimental period. These effects were
abolished by WEB 2086 pretreatment, with a reversal in the marked fall
in PP and RVR (P < 0.05) throughout the perfusion time (Fig. 6A and B).

Administration of RvVPLA5, RvMP, RvLAAO, and RvPDE on the renal
hemodynamics showed some differences. Administration of RvPLAy
(280 pg/ml) caused a significant increase in the PP and RVR (P < 0.05)
with a maximal effect at 60 and 90 min of perfusion, and these effects
were not prevented by WEB 2086 pretreatment (Fig. 6C and D).
Administration of RvMP (280 pg/ml) also caused a significant increase
in the PP and RVR (P < 0.05) at 60 and 90 min of perfusion time, but

these effects were abolished by pretreatment with WEB 2086 with sig-
nificant differences of PP were apparent from 30 to 90 min (P < 0.01)
(Fig. 6E and F).

Administration of RVLAAO (135 pg/ml) and RvPDE (100 pg/ml)
alone slightly increased and decreased, respectively, the PP and RVR
levels compared with the basal control levels, and these effects were not
prevented by pretreatment with WEB 2086 (Fig. 6G-J).

3.3. Effects of RVV, (RvPLA,, RvMP, RvLAAO, RvPDE, and WEB 2086
on the GFR and UF

The present study demonstrated that administration of RVV caused a
significant decrease in both the GFR and UF with significant reductions
(P < 0.05) observed at 60 and 90 min of perfusion, and were not
abrogated by pretreatment with WEB 2086 (Fig. 7A and B). In contrast
to RVV, administration of RvPLA3, RvMP, RVLAAO, and RvPDE alone
each increased the GFR and UF thoughout the perfusion time, which was
significant for both the GFR and UF (P < 0.05), especially in RvPLA; and
RvVMP after 60 and 90 min of perfusion. These effects by RvPLA; and
RvMP were abolished by pretreatment with WEB 2086 (Fig. 7C-F), but
not those induced by RvLAAO or RvPDE (Fig. 7G-J).
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Fig. 5. Changes in the Cosm at various time points in response to a low (PAF-L)
or a high (PAF-H) exogenous PAF dose with or without WEB 2806 pretreatment
in the rabbit IPK. Comparison between groups treated with (A) MKHS (Control)
and WEB 2086 (WEB); (B) PAF-L without (PAF-L) and with WEB 2086 pre-
treatment(WEB + PAF-L); (C) PAF-H without (PAF-H) and with WEB 2086
pretreatment(WEB + PAF-L). Data are shown as the mean + SD of four
experimental kidneys. *Significant difference (P < 0. 05; repeated measures
ANOVA with Bonferroni post-hoc test between the specified time point and the
internal control in the same group. Comparisons between two sets of data at
each specified time point between the treated group without WEB 2086 pre-
treatment and with WEB 2086 are shown by {P < 0.05 (unpaired Student’s
t-test).

3.4. Effects of RVV, RyPLAz, RvMP, RvLAAO, RvPDE, and WEB 2086
on the %FENa" and %FEK "

The %FENa" increased after administration of RVV, with a maximal
effect after 90 min of perfusion (P < 0.05) while the %FEK™ showed a
tendency to increase but was not statistically significant and these ef-
fects were abolished by pretreatment with WEB 2086 (Fig. 8A and B).

The administration of RvPLA; or RvMP showed different responses
on the renal tubular transport of Na™ and K* compared to that with RVV.
Administration of RvPLA, alone showed a tendency to decrease either
the %FENa" or the %FEK" throughout the perfusion time, whereas
marked increases in the %FENa™ (P < 0.05) were induced by RvPLA,
following pretreatment with WEB 2086, but this was not apparent for
the %FEK™ throughout the perfusion time (Fig. 8C and D).

The effect of RVMP was to induce a slight decrease in the %FENa™,
while the %FEK" significantly decreased (P < 0.05) with sustained
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reductions being apparent throughout the perfusion time. These effects
were prevented by WEB 2086 pretreatment (Fig. 8E and F). The
administration of RVLAAO increased the %FENa™* with a maximal effect
at 10 min after administration (P < 0.05), while the %FEK" showed a
further decrease throughout the perfusion time, and these effects were
not abolished by WEB 2086 pretreatment (Fig. 8G and H). The admin-
istration of RvPDE alone caused a significant increase (P < 0.05) in both
the %FENa ™ and %FEK " with a maximal effect after 30 min of perfusion
time (P < 0.05), which was abolished by WEB 2086 pretreatment (Fig. 81
and J).

3.5. Effects of RVV, RyPLAy, RvMP, RvLAAO, RvPDE, and WEB 2086
on the renal cosm and urinary NO level

The administration of RVV caused a significant reduction (P < 0.05)
in the Cosm at 60 and 90 min of perfusion that was not prevented by
pretreatment with WEB 2086 (Fig. 9A). The venom fractions RvPLA,,
RvMP, RvVLAAO, and RvPDE alone caused significant increases (P <
0.05) in the Cosm throughout the perfusion time, and these effects were
prevented by WEB 2086 pretreatment (Fig. 9B-E).

The NO formation in the rabbit IPK was measured in terms of the
urinary nitrate plus nitrite (NOx) concentrations taken in each experi-
mental period. No significant alterations in the NO concentration in
urine were apparent in the control or any of the treatments (Table 1).

3.6. Effects of RVV, RyPLA,, RvMP, RvLAAO, RvPDE, and WEB 2086
on kidney histological alterations

Light microscopy of the rabbit IPK perfused with MKHS alone
(control group) revealed a normal renal parenchyma in both the
glomerular and tubular parts (Fig. 10A-D). The rabbit IPK perfused with
WEB 2086 also showed no remarkable lesions in both the glomerular
and tubular parts, except for a dilated lumen of the proximal and distal
tubule (Fig. 10E-H). A normal brush border was apparent in the prox-
imal convoluted tubule with PAS staining in both the control and WEB
2086 treated rabbit IPK (Fig. 10C, D, G, H).

The sections from the rabbit IPK taken after 90 min of administration
with whole RVV produced no remarkable lesions in the glomerular
parts, while the proximal and distal convoluted tubules revealed dila-
tation and moderate tubulonephrosis (+2), and the collecting duct
revealed severe tubulonephrosis (+3) (Fig. 11A-D). However, pre-
treatment with WEB 2086 (WEB, 2086 + RVV) showed no remarkable
lesions in the glomerular part, but the proximal and distal convoluted
tubules revealed dilatation and mild tubulonephrosis (+1), and the
collecting duct had mild tubulonephrosis (+1) (Fig. 11 E-H). However,
no distinct brush border was apparent in the proximal convoluted tu-
bules in the rabbit IPK treated with RVV without (Fig. 11D) or with
(Fig. 11H) WEB 2806 pretreatment.

Administration of RvPLA, showed some glomeruli with severe un-
identified crystals deposited in the glomerular capillary lumen. The
proximal and distal convoluted tubules revealed dilatation and moder-
ate tubulonephrosis (+3), while the collecting duct had moderate
tubulonephrosis (+2) (Fig. 12A-D). Pretreatment with WEB 2086 before
RvPLA; showed no remarkable lesions in the glomerular part but the
proximal and distal convoluted tubules revealed dilatation and severe
tubulonephrosis (43), while the collecting duct had severe tubulo-
nephrosis (+3) (Fig. 12E-H).

Administration of RvMP showed some glomeruli with severe un-
identified crystal deposits in the glomerular capillary lumen, while the
proximal and distal convoluted tubules revealed dilatation and severe
tubulonephrosis (+3) and the collecting duct had severe tubuloneph-
rosis (+3) (Fig. 13A-D). Administration of RvMP after WEB 2086 pre-
treatment showed no remarkable lesions in the glomerular part. Some
glomeruli showed mild protein deposition in the glomerular capillary
lumen, while the proximal and distal convoluted tubules revealed dila-
tation and severe tubulonephrosis (4+3) and the collecting duct had
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Fig. 6. Changes in the mean renal PP and RVR in response to RVV or its fractions with or without WEB 2086 pretreatment in the rabbit IPK. Comparison between

groups treated with or without WEB 2806 pretreatment for RVV(A, B), RvPLA,(C,
of four experimental kidneys.

D), RvMP(E, F), RvLAAO(G, H), and RvPDE(I, J). Data are shown as the mean + SD

*Significant difference (P < 0. 05; repeated measures ANOVA with Bonferroni post-hoc test between the specified time point and the

internal control in the same group. Comparisons between two sets of data at each specified time point between the treated group without WEB 2086 pretreatment and
with WEB 2086 are shown by P < 0.05, 1P < 0.01, and {{P < 0.001 (unpaired Student’s t-test).

severe tubulonephrosis (43) (Fig. 13E-H).

For the IPK treated with RVLAAO, microscopic findings showed un-
identified crystals that appeared to be deposited in the capillary lumen
of some glomeruli (Fig. 14A, C). The proximal and distal convoluted
tubules revealed dilatation and severe (+3) tubulonephrosis and the
collecting ducts had severe (+3) tubulonephrosis (Fig. 14B, D). Pre-
treatment with WEB 2086 before RVLAAO showed no remarkable le-
sions in the glomerular part and some mild protein deposition in the
capillary lumen of some glomeruliir. The proximal and distal convoluted

tubules still appeared dilated with severe (+3) tubulonephrosis and the
collecting ducts had severe (+3) tubulonephrosis (Fig. 14E-H).

The rabbit IPK treated with RvPDE showed severe deposits of un-
identified crystals in the capillary lumen of some glomeruli (Fig. 15A, C).
The proximal and distal convoluted tubules revealed dilatation and se-
vere (+3) tubulonephrosis, while the collecting ducts had severe (+3)
tubulonephrosis (Fig. 15B, D). Pretreatment with WEB 2086 prior to
RvPDE showed no remarkable lesions in the glomerular part. Some
glomeruli showed mild protein deposition in the glomerular capillary

10
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Fig. 7. Changes in the mean GFR and UF in response to RVV or its fractions with or without WEB 2086 pretreatment in the rabbit IPK. Comparison between groups
treated with or without WEB 2806 pretreatment for RVV (A, B), RvPLA,(C, D), RvMP (E, F), RVLAAO(G, H), and RvPDE(], J). Data are shown as the mean + SD of
four experimental kidneys. *Significant difference (P < 0. 05; repeated measures ANOVA with Bonferroni post-hoc test between the specified time point and the
internal control in the same group. Comparisons between two sets of data at each specified time point between the treated group without WEB 2086 pretreatment and

with WEB 2086 are shown by P < 0.05 and {{P < 0.01 (unpaired Student’s t-test).

lumen and the proximal and distal convoluted tubules revealed dilata-
tion and severe (+3) tubulonephrosis, while the collecting ducts had
severe (+3) tubulonephrosis (Fig. 15F, H).

4. Discussion

The work in the first part (protocol 1) shows that there were no
significant changes in renal hemodynamics, glomerular functions and
renal tubular transport in either control group for 120 min or after
induced by WEB 2086 over the 90-min perfusion. These results are in
agreement with a previous study in the rat IPK, where WEB 2086 also

caused no affect (Monteiro et al., 1999).

The effect of exogenous PAF administration at either a low (95 nM)
or a high (270 nM) dose in the rabbit IPK increased both the PP and RVR
throughout the 90-min perfusion time compared to the control. These
results demonstrate that exogenous PAF induced renal vasoconstriction
in the rabbit IPK, which appears contradictory to previous in vitro studies
in rats and hamsters that showed that PAF dilates some vascular beds
and constricts others (Kamata et al., 1989; Dillon et al., 1988). However,
some studies have shown a sustained renal vasodilation after the in-
jection of PAF in the rat IPK model (Schwertschlag et al., 1987). The
reason for this discrepancy is not clear, although the rat IPK has become

11
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Fig. 8. Changes in the mean %FENa" and %FEK" in response to RVV or its fractions with or without WEB 2086 pretreatment in the rabbit IPK. Comparison between
groups treated with or without WEB 2806 pretreatment for RVV(A, B), RvPLA,(C, D), RvMP(E, F), RVLAAO(G, H), and RvPDE(], J). Data are shown as the mean + SD

of four experimental kidneys.

*Significant difference (P < 0. 05; repeated measures ANOVA with Bonferroni post-hoc test between the specified time point and the

internal control in the same group. Comparisons between two sets of data at each specified time point between the treated group without WEB 2086 pretreatment and
with WEB 2086 are shown by P < 0.05, 1P < 0.01, and {{P < 0.001 (unpaired Student’s t-test).

recognized as a suitable model for the study of renal functions (Maack,
1980).

In this study, in the same rabbit IPK preparation, pretreatment with
WEB 2086 (2 pg/ul) abolished the PAF-L-mediated increase in both the
PP and RVR, but only partially abrogated that induced by PAF-H. The
PAF concentration in PAF-H was 2.84-fold higher than that in PAF-L and
so the partial inhibition of PAF-H by WEB 2086 may reflect an insuffi-
cient amount of WEB 2086 to abolish the direct renal vasoconstricting

12

effects. In addition, a number of studies have previously demonstrated
that the concentrations of PAF in the renal circulation lies between 0.5
and 2 nM (Badr et al., 1989; Tolins et al., 1989; Wang and Dunn, 1987),
and micropuncture studies on isolated rabbit afferent arterioles
demonstrated that the direct action of PAF showed a receptor-mediated
biphasic effect by dilating them at low concentrations (0.44 nM) while
constricting them at higher concentrations (Juncos et al., 1993).
Therefore, the exogenous PAF administration at either PAF-L (95
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Fig. 9. Changes in the mean Cosm in response to RVV or its fractions with or
without WEB 2086 pretreatment in the rabbit IPK. Comparison between groups
treated with or without WEB 2806 pretreatment for RVV(A), RvPLA,(B), RvMP
(C), RVLAAO(D), and RvPDE(E). Data are shown as the mean 4 SD of four
experimental kidneys. *Significant difference (P < 0. 05; repeated measures
ANOVA with Bonferroni post-hoc test between the specified time point and the
internal control in the same group. Comparisons between two sets of data at
each specified time point between the treated group without WEB 2086 pre-
treatment and with WEB 2086 are shown by {P < 0.05, {{P < 0.01, and {}{P <
0.001 (unpaired Student’s t-test).
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Table 1

Effects of RVV and its fractions (RvPLA,, RvMP, RvLAAO, and RvPDE) with or
without WEB 2086 pre-treatment on the urinary NO concentration in the rabbit
IPK.

Variables: Basal 5 min 10 min 30 min 60 min 90 min
groups
Urinary NO (mM):
Control 0.75 + 0.74 + 0.75 + 0.78 + 0.80 + 0.78 +
0.02 0.04 0.04 0.06 0.10 0.02
WEB 2086 0.88 + 0.77 + 0.79 + 0.79 + 0.83 + 0.80 +
0.16 0.11 0.10 0.06 0.12 0.08
RVV 1.05 + 0.98 + 1.03 + 0.99 + 0.97 + 1.08 +
0.06 0.18 0.16 0.10 0.06 0.06
WEB 2086 + 0.80 + 0.82 + 0.84 + 0.86 + 0.88 + 0.88 +
RVV 0.08 0.06 0.14 0.12 0.12 0.08
RvPLA, 1.26 + 1.13 + 1.15 + 1.08 + 1.20 + 1.15 +
0.26 0.42 0.18 0.30 0.28 0.24
WEB 2086 + 0.84 + 0.89 + 0.88 + 0.85 + 0.89 + 091 +
RvPLA, 0.26 0.28 0.34 0.28 0.12 0.14
RvMP 0.93 + 0.85 + 0.88 + 0.87 + 0.90 + 0.97 +
0.12 0.42 0.16 0.12 0.06 0.16
WEB 2086 + 0.85 £+ 1.02 + 0.90 + 0.91 + 0.96 + 0.87 £
RvMP 0.08 0.06 0.14 0.18 0.10 0.16
RVLAAO 0.95 + 0.74 + 0.94 + 0.86 + 0.89 + 0.88 +
0.16 0.18 0.09 0.10 0.24 0.24
WEB 2086 + 091 + 0.96 + 0.96 + 0.87 + 0.94 + 1.11 +
RVLAAO 0.16 0.16 0.04 0.12 0.18 0.12
RvPDE 0.98 + 0.97 + 0.91 + 0.94 + 0.89 + 0.90 +
0.26 0.24 0.14 0.16 0.12 0.10
WEB 2086 + 0.86 + 0.93 + 0.86 + 0.94 + 1.09 + 0.82 +
RvPDE 0.18 0.06 0.18 0.14 0.08 0.10

Data are presented as the mean + SD of four perfused kidneys from four different
animals in each group. P-values analyzed by repeated measures ANOVA with
Bonferroni post hoc test: *P < 0.05, mean values of specified time period with
respect to the basal period in the same group. Basal is the internal control period
prior to treatment of each experimental group. WEB 2086 was added 30 min
before the specified treatment of each experimental group. Comparison of two
sets of data at each specified time point between the treated group alone and the
treated group pretreatment with WEB 2086 using unpaired Student’s t-test. For
calculations, samplings were made at 5, 10, 30, 60, and 90 min after the basal
measurements of each experiment. No significant changes in urinary NO con-
centrations (0.75-1.26 mM) at any point in all treated groups after 90 min of the
perfusion time.

nM) or PAF-H (270 nmM) in this study was some 200- to 700-fold higher
than those in other reports, which might have contributed to the
observed renal vasoconstriction. However, it has been reported that PAF
can induce renal vasoconstriction, at least in part, by stimulating pro-
duction of thromboxane in the IPK model (Camussi, 1986). The greater
degree of renal vasoconstriction induced by the exogenous PAF-H
administration may then have possibly involved a greater production
of thromboxane.

Administration of exogenouse PAF-L caused slight reductions in the
GFR, while the UF, including the %FENa, %FEK and Cosm, were pro-
gressively increased throughout the perfusion time. In contrast,
administration of PAF-H showed elevations of the GFR, UF, %FENa, %
FEK, and Cosm. These results suggest that PAF modulates glomerular
functions in a complex way that depends on the dosage employed. It has
been reported that PAF exerts its effect on a specific PAF receptor within
the renal glomeruli (Honda et al., 2002) and increases the glomerular
capillary permeability (Pirotzky et al., 1985). The possibility is that
PAF-H loading may cause more binding to its specific receptors, acti-
vating glomerular capillary permeability and so lead to glomerular
cytoskeleton alterations, enhancing the filtrate traffic across the
glomerular capillary wall and so resulting in an increased GFR, UF, %
FENa, %FEK, and Cosm. However, these effects were prevented by WEB
2086 pretreatment, especially for the low PAF dose (PAF-L).

The second part (protocol 2) of this study involved further evaluation
of the pathophysiological mechanisms of the AKI induced by RVV and its
fractions. The mechanisms that cause AKI have been suggested (Sitprija
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Fig. 10. Representative photomicrographs of kidney sections stained with H&E (A, B, E, F) and PAS (C, D, G, H) of the glomerular and tubular parts of the rabbit IPK
(all slides: original magnification 40 x). Kidney sections were taken 120 min after perfusion with MKHS alone(A-D) or 90 min after post-administration of WEB 2086
(E-H). Note the morphological normal brush border in the proximal convoluted tubule with PAS staining in both the control and WEB 2086 treated IPK. There was no
remarkable lesions in both the glomerular and tubular parts in both the control and WEB 2086 treated IPK, except for a dilated lumen of the proximal and distal

convoluted tubules after WEB 2086 treatment (black arrows).

and Chaiyabutr, 1999) which associated with DIC (Swe et al., 1997) or
coagulative process in the Viperidae family (Win-Aung et al., 1998).
However, DIC has no relevance to the present in vitro studies in the
rabbit IPK, since the perfusate used in the rabbit IPK lacks fibrinogen and
clotting factors.

In the present study, the IPK experimental setup employed RVV at 1
mg/100 ml of perfusate, which was assumed to be equilivant to that of
the 2 x LDsq of the crude RVV used (0.5 mg/kg BW, i. v.) in vivo in
experimental dogs (Tungthanathanich et al, 1986) and rabbits
(Chaiyabutr et al., 2014). The RVV used in this study in the rabbit IPK
produced changes as a temporally biphasic response for both PP and
RVR, in agreement with an earlier report (Chaiyabutr et al., 2014). The
biphasic response showed an initial transient decrease in the PP fol-
lowed by a gradual rise in both the PP and RVR over the first 10 min of
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perfusion, which indicates that the decrease in PP occurs through the
initial renal vasodilation, thereby decreasing the RVR. Similar biphasic
responses in the systemic blood pressure by RVV in vivo in experimental
dogs has been reported (Tungthanathanich et al., 1986), while Chaiya-
butr et al. (1984, 1985a) demonstrated that the increase in the systemic
blood pressure following the initial transient decrease in
RVV-envenomated animals is due to a compensatory mechanism that
involves release of vasoconstrictor mediators, either catecholamines or
the renin angiotensin system.

It is known that the IPK has a cell-free medium without interference
from systemic factors, which is of paramount importance, since it
eliminates the involvement of endogenous inflammatory mediators that
are not present in this system. However, a number of studies have
demonstrated that PAF as an inflammatory mediator can be released by
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Fig. 11. Representative photomicrographs of kidney sections stained with) H&E (A, B, E, F or PAS (C, D, G, H) of the glomerular and tubular parts of the rabbit IPK
(all slides: original magnification 40x). Kidney sections of both the glomerular and tubular parts are from the rabbit IPK 90 min after administration of RVV without
(A-D) or with WEB 2086 pretreatment(E-H). Note no distinct brush border was apparent in the proximal convoluted tubules in the IPK treated with RVV without (D)
or with WEB2086 pretreatment (H). The IPK treated with RVV showed no remarkable lesion in glomerular parts, while the proximal and distal convoluted tubules
revealed dilatation and moderate (+2) tubulonephrosis and the collecting duct had severe (+3) tubulonephrosis (black arrows). The IPK pretreated with WEB before
RVV showed no remarkable lesions in the glomerular part, while the proximal and distal convoluted tubules revealed dilatation and mild (+1) tubulonephrosis and

the collecting ducts had mild (+1) tubulonephrosis (black arrows).

kidney cells in response to the stimuli of inflammatory cytokines and
endotoxins, such as glomerular cells (Morell et al., 1988), endothelial
cells (Whatley et al., 1989), and renal mesangial and medullary inter-
stitial cells (Schlondorff and Neuwirth, 1986), including in the IPK
(Pirotzky et al., 1984b). However, under basal conditions, no release of
the PAF product by resting kidney cells has been noted (Neuwirth et al.,
1989). Nevertheless, PAF was shown to be released by kidney tissues
during envenoming by Bothrops jararaca in the rat IPK, and so was
involved as a mediator of the B. jararaca venom effects on renal func-
tions (Monteiro and Fonteles, 1999). Thus, we speculated that RVV and
its venom fractions may promote the release of PAF synthesized by
kidney cells in the rabbit IPK model.

15

The present study strengthened the findings that PAF is indeed
involved as a mediator of the RVV effect on the vasoactive parameters of
PP and RVR. The elevation of both PP and RVR was completely abol-
ished by pretreatment with WEB 2086 (2 pg/pl). The changes in the
biphasic response in the renal hemodynamics (both PP and RVR) led us
to postulate that the liberation of PAF from kidney cells induced by RVV
acted as either a vasodilator or a vasoconstrictor, depending upon its
concentration (Lo'pez-Novoa, 1999). Then, the released PAF would
exert via its receptors the biphasic effects on afferent arterioles, dilating
them at low PAF concentrations during the initial period after RVV
administration. However, the kidney cells in the rabbit IPK were flooded
with perfusate containing RVV in the recirculating system, and so
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Fig. 12. Representative photomicrographs of rabbit IPK sections stained with H&E (A, B, E, F) and PAS (C, D, G, H) showing the glomerular and tubular parts (all
slides: original magnification 40x). Kidney sections were taken 90 min after administration of RvPLA, without (A-D) or with (E-H) WEB 2086 pretreatment.
Treatment with RvPLA, alone resulted in some severe unidentified crystal deposits in the glomerular capillary lumen (A, C; black arrows), while (B, D) the proximal
and distal convoluted tubules revealed dilatation and moderate (+3) tubulonephrosis, while the collecting ducts had moderate (+2) tubulonephrosis. Pretreatment
with WEB 2086 before PLA, showed no remarkable lesions in the glomerular part but the proximal and distal convoluted tubules revealed dilatation and severe (+3)
tubulonephrosis and the collecting ducts had severe (+3) tubulonephrosis (black arrows).

became maximally stimulated with a longer exposure time, leading to a
further release of PAF products and an accumulation of PAF (increased
concentration) within the renal tissue. Therefore, the constricting effect
of renal arterioles would be apparent later and last until the end of the
remaining 90-min perfusion period.

It is suggested that the locally released PAF into the kidney plays a
major role as a mediator and is responsible for the effect of RVV on renal
vascular contraction. A direct effect of PAF on contracting afferent ar-
terioles in raising the RVR has been noted (Juncos et al., 1993). How-
ever, the mechanism that PAF exerts to obtain the receptor-mediated
biphasic effect on afferent arterioles does not relate to other vasocon-
strictor ~mediators, especially the renin-angiotensin system
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(Schwertschlag et al., 1987) and sympathetic nervous system (Caillard
etal., 1982; Smith et al., 1982), which can interact with the formation of
PAF. Since in this present study, there is neither sympathetic in-
nervations to the IPK nor renin substrate in the preparation, an inter-
action of PAF with these systems would not be likely.

In addition, it has reported that the enhanced NO synthesis might be
an important mechanism counteracting PAF-induced vasoconstriction
(Juncos et al., 1993). If so, augmentation of PAF-induced vasoconstric-
tion should be apparent when NO synthesis is decreased or subjected to
NO inhibition. However, no significant changes in the urinary NO con-
centrations was detected at any point in all the treated groups during the
90-min residual perfusion period, indicating that PAF plays a role that is
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Fig. 13. Representative photomicrographs of rabbit IPK sections stained with H&E(A, B, E, F) and PAS(C, D, G, H) showing the glomerular and tubular parts (all
slides: original magnification 40x). Kidney sections were taken 90 min after administration of RvMP without(A-D) or with (E-H) WEB 2086 pretreatment. Treatment
with RvMP alone resulted in some severe unidentified crystal deposits in the glomerular capillary lumen (A, C; black arrows), while (B, D) the proximal and distal
convoluted tubules revealed dilatation and severe (+3) tubulonephrosis, while the collecting ducts had severe (+3) tubulonephrosis. Pretreatment with WEB 2086
before RvMP showed no remarkable lesions in the glomerular part but the proximal and distal convoluted tubules revealed dilatation and severe (+3) tubulo-
nephrosis and the collecting ducts had severe (+3) tubulonephrosis (F, H; black arrows).

independent of signal transduction pathways for NO production. Thus, a
direct role for NO in inhibiting PAF during RVV envenomation in the IPK
model can be ruled out.

The pathophysiological changes in the renal functions in the rabbit
IPK treated with each venom fraction (RvPLA,, RvMP, RVLAAO, and
RvPDE) was examined and compared with that of RVV treatment. It is
known that all snake species have different components in their venoms,
but PLA, and MP are the dominant protein families and LAAO and PDE
are secondary and minor protein families, respectively, (Tasoulis and
Isbister, 2017). The principal component of snake venoms is PLA, (Bon,
1997), and its pathophysiological effects have been extensively inves-
tigated (Kini, 2003). We found that RvPLA,;, RvMP, and RvLAAO all
caused an increase in the PP and RVR throughout the perfusion period,
and for RvVPLA; or RVLAAO, this was not abrogated by WEB 2086
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pretreatment. In contrast, the increased PP and RVR mediated by RvMP
and RVV were abolished by WEB 2086 pretreatment. This indicates that
the action of either RvPLAy or RvVLAAO not only induced the generation
of endogenous PAF to cause the renal vasoconstriction, but also involved
the disruption of PAF receptor-mediated signaling in renal vasculature.

The increased PP and RVR mediated by RvPLA; may be explained by
both the specific and non-specific actions of PLA; on the membrane
trafficking system. The specific effect of RvPLA; may involve the path-
ways of PAF synthesis (Snyder, 1985) and depend on activation of the
local calcium concentration (Lo’ pez-Novoa, 1999). The specific action of
PLA; is not only directly involved in PAF liberation, but it may also exert
its action through digestion of phospholipids in the membranes of
vascular smooth muscle cells, leading to cell damage. A major substrate
for PAF synthesis is the phospholipid alkyl-acyl glycerophosphocholine,
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Fig. 14. Representative photomicrographs of rabbit IPK sections stained with H&E (A, B, E, F) and PAS (C, D, G, H) showing the glomerular and tubular parts (all
slides: original magnification 40x). Kidney sections were taken 90 min after administration of RVLAAO without (A-D) or with (E-H) WEB 2086 pretreatment.
Treatment with RVLAAO alone resulted in severe unidentified crystal deposits in the capillary lumen of some glomerular (A, C), while (B, D) the proximal and distal
convoluted tubules revealed dilatation and severe (+3) tubulonephrosis, while the collecting ducts had severe (+3) tubulonephrosis. Pretreatment with WEB 2086
before RVLAAO showed no remarkable lesions in the glomerular part but the proximal and distal convoluted tubules revealed dilatation and severe (+3) tubulo-
nephrosis and the collecting ducts had severe (+3) tubulonephrosis (F, H; black arrows).

which gives rise to lyso-PAF through the action of PLA,. It was, there-
fore, speculated that the increased level of PAF may cause contraction of
the renal vasculature and/or glomerular mesangial cells. Although an
endothelial function was not demonstrated in the present study, previ-
ous studies have suggested that increased renal PAF levels coexist with
morphological evidence of endothelial damage, in which PAF’s vaso-
constrictor actions may be stronger (Lo’ pez-Novoa, 1999).

Another possible explanation for these results is based on the fact
that PLA; comprises approximately 20-25% by mass of Daboia venom
(Sharma et al., 2015; Tan et al., 2018). Thus, the RvPLA, dose used in
this study was approximately 2.6-fold higher than that in the RVV
(Fig. 1). This higher specific activity would potentially allow for
non-specific toxic effects of RvPLA, via overt hydrolysis of phospho-
lipids in the cell membranes. However, the IPK model used in this study
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is devoid of blood, and so the increases in PP and RVR were not pro-
moted by pro-coagulant events. The RvPLA; fraction could induce lysis
of endothelial cells and so may not only induce the release of PAF but
also other vasoconstrictor mediators, which then increase the PP and
RVR without abolishment by WEB 2086. Thus, further studies are
required to investigate the detailed mechanisms by which PAF activates
RvPLA; activity.

The RVLAAO fraction showed a similar effect to that for RvPLA,
inducing an increase in both the PP and RVR that was not inhibited by
WEB 2086 pretreatment. This may be explained by the mechanism of
action of LAAO as a homodimeric flavoenzyme that catalyzes the redox
reaction of different amino acid groups, generating the catabolic pro-
duction of hydrogen peroxide (H02), keto acids, and ammonia
(Moustafa et al., 2006; Tan and Fung, 2009). The H,0, generated during
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Tubular part

RvPDE
(H&E stain, 40 x)

RvPDE

(PAS stain, 40x)

WEB 2086+RvPDE
(H&E stain, 40x)

WEB 2086+RvPDE
(PAS stain, 40x)

Fig. 15. Representative photomicrographs of rabbit IPK sections stained with H&E (A, B, E, F) and PAS(C, D, G, H) showing the glomerular and tubular parts (all
slides: original magnification 40x). Kidney sections were taken 90 min after administration of RvVPDE (A-D) without or (E-H) with WEB 2086 pretreatment.
Treatment with RvPDE alone resulted in some severe unidentified crystal deposits in the capillary lumen of some glomeruli (A, C), while (B, D) the proximal and
distal convoluted tubules revealed dilatation and severe (+3) tubulonephrosis, while the collecting ducts had severe (+3) tubulonephrosis. Pretreatment with WEB
2086 before RvPDE showed no remarkable lesions in the glomerular part but the proximal and distal convoluted tubules revealed dilatation and severe (+3)
tubulonephrosis and the collecting ducts had severe (+3) tubulonephrosis (F, H; black arrows).

the enzymatic reaction is a highly toxic reactive oxygen species (ROS)
that is capable of acting on intracellular components and cell mem-
branes. The cytotoxicity caused by LAAO through H,O5 production
triggers autophagy, apoptosis, and necrosis in target cells (Zuliani et al.,
2009). This ROS may act directly on cell membranes, leading to an
altered permeability of the attacked area and induce endothelial injury
(Du and Clemetson, 2002). Thus, it suggests that RVLAAO acts exclu-
sively via a separate mechanism.

The RvVLAAO induced lysis of endothelial cells not only releases PAF
but also other vasoconstrictor mediators, which could then increase the
PP and RVR and so be independent of WEB 2086 inhibition. However,
this is not consistent with the findings from another study identifying the
role of the LAAO fraction from Bothrops marajoensis venom, which
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caused significant reductions in the PP and RVR at 90 and 120 min of
perfusion time in the rat IPK model (Dantas et al., 2015). The differences
in the pathophysiological responses between RVLAAO and the LAAO
from Bothrops snake may be explained, at least in part, by the different
doses of LAAO used in these studies. The LAAO fraction used in the rat
IPK (10 pg/ml of perfusate) by Dantas et al. (2015), was about four times
higher than the RVLAAO dose used in the present study in the rabbit IPK
(2.7 pg/ml of perfusate). Accordingly, the differences in the observed
renal hemodynamics to LAAO from these two snake species may not
only be due to inherent differences in the LAAO molecules but also to
differences in the LAAO level and so expression of the proteolytic ac-
tivity against amino acids resulting in a higher production of HyO,
(Bregge-Silva et al., 2012), causing oxidative stress in the target cell.
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In addition, it is speculated that the endothelial injurious stimuli of
the RvPLA; or RVLAAO fractions may cause the localized loss of cellular
homeostasis of endothelial cells including cellular energy and mem-
brane permeability to ions transport. Disruption of the plasma mem-
brane integrity may lead to open sodium channels (ENaC) on the
vascular smooth muscle cells as it does in epithelial cells (Garcia-Ca-
ballero et al., 2011; Jernigan and Drummond, 2005; Rossier and Stutts,
2009). The Na' influx then causes membrane depolarization and
opening of calcium channels, which results in a Ca?t influx. The
increased cytosolic Ca?" can cause vascular contraction. Both PP and
RVR were, therefore, increased, independent of PAF.

The RvMP fraction also induced a significant increase in the PP and
RVR at 60 and 90 min of perfusion time relative to that of RvPLA,, and
was also abrogated by WEB 2086 pretreatment. The pattern of changes
was similar to that induced by RVV following pretreatment with WEB
2086. This similarity suggests that the RvMP fraction may, at least in
part, be responsible for the renal hemodynamic effect of RVV. The RvMP
constitutes around 9% by mass of the venom in Daboia siamensis venom
from China (Tan et al., 2018) and the specific activity of RvMP in the
present study was approximately 2.5-fold higher than that of RVV
(Fig. 1), implying that the RvMP fraction is a major contributor to the
RVV regulation of renal hemodynamics. It is known that the hydrolytic
activity of the MPs from snake venoms play multiple roles in the local
and systemic effects (Gutiérrez and Rucavado, 2000). Degradation of
extracellular matrix (ECM) proteins by MP has been noted (Baramova
etal., 1989). It is possible that degradation of the ECM proteins by RvMP
could lead to loss of the basement membrane structural and functional
integrity, and so affect the kidney cells, especially the vascular smooth
muscle, including renal mesangial cells and renal medullary interstitial
cells. The generation of PAF in response to the effects induced by the
RVMP fraction would occur at those sites (Schlondorff and Neuwirth,
1986). The disruption of the PAF receptor-mediated signaling in the
renal vasculature may not be affected by RvMP. Therefore, the enhanced
PAF liberation induced by RvMP may mediate the renal vasoconstriction
leading to the increased PP and RVR.

In contrast to other venom fractions, RvPDE caused a progressive
reduction in both the PP and RVR throughout the perfusion time, and
these vasoactive effects were not prevented by WEB 2086 pretreatment,
indicating that the reduced renal hemodynamics by RvPDE was not
directly mediated by liberation of PAF. Tan et al. (2018) reported that
PDE constitutes around 0.25% by mass of the dried venom of
D. siamensis from Guanxi, China. It is possible that the catabolizing ac-
tivity of PDE may be inadequate to promote endogenous PAF as a
mediator of renal vasoconstriction in this rabbit IPK model. Another
explanation for the reduced renal hemodynamics is the hydrolytic ac-
tivity of PDE associated with cell membranes could catabolize intra-
cellular cAMP or ¢cGMP, which play a role as second messengers in
intracellular signaling pathways (Beavo, 1995). The action of PDE has
been shown to hydrolyse the 3’-phosphoester bond of cAMP to its bio-
logically inactive 2", 3-cAMP-adenosine pathway (3"-AMP and 2"-AMP)
and subsequently metabolize to adenosine and inosine (Jackson et al.,
2009). If this is the case, one would expect that the catalytic activity of
exogenouse RVPDE to decrease the cAMP level in endothelial cells in the
rabbit IPK model, which would reduce the protection from hypoxemia
induced endothelial injury (Ogawa et al., 1992) leading to vascular
relaxation.

We predicted that the RvPDE fraction hydrolyses c-AMP within renal
vascular cells to increase adenosine and inosine levels. Since, adenosine
is an important regulator of vascular tone, it may also be possible that
the increased level of adenosine induced the relaxation of vascular
smooth muscle by inhibiting calcium channel activity (Herlihy et al.,
1976), leading to vasodilation independent of PAF (Dhananjaya and
D’souza, 2010). Actually, different isoforms of PDE have been identified
to localize to the glomeruli, mesangial cells, cortical tubules, and inner
medullary collecting duct, which plays a role in the regulation of renal
hemodynamics and kidney excretory function (Dousa, 1999).
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Changes in glomerular functions during envenomation with RVV
induced significant progressive reductions in both the GFR and UF in-
dependent of PAF (not affected by WEB, 2086 pretreatment). This is the
opposite effect to that on the both PP and RVR, suggesting the PAF effect
induced by RVV is mediated mostly on the vasoconstriction of renal
vasculature, without influencing the renal glomeruli. However, it has
been reported that the release of PAF from endothelial and renal
mesangial cells occurs from various stimuli (Snyder et al., 1996).
Bothrops jararacussu venom was reported to cause the release of PAF in
the rat IPK model (Havt et al., 2001).

In the present study, the effect of RVV likely had a similar involve-
ment in PAF liberation in the rabbit IPK, where the progressive reduc-
tion in GFR and UF may proceed via PAF liberation that then regulates
glomerular function by acting directly through a contraction of mesan-
gial cells (Schlondorff et al., 1986) and so decreases the glomerular
surface area.

The question to consider is whether whole RVV stimulation might
have promoted the release other substances synthesized by renal cells in
IPK such as prostaglandins, cytokines, bradykinin, although in vivo
changes in the release of cytokines and other inflammatory mediators
have been reported in patients bitten by Bothrops and Crotalus snakes
(Barraviera et al., 1995). It is possible that RVV induces the release of
other mediators in renal tissue, especially the production of throm-
boxane B, (TxB,), the stable metabolite of thromboxane A, (TxAj),
which may synergistically enhance mesangial cell contraction and
thereby sustain the reduced glomerular filtration surface and ultrafil-
tration coefficient (Kf) (Mene et al., 1989). Our previous study on the
histological analysis of rabbit IPK treated with RVV (10 pg/ml of
perfusate) also showed no preservation of renal integrity and dilation of
glomerular capillary slits (Chaiyabutr et al., 2014). Destruction of the
matrix structure in the glomerulus by the direct action of RVV leads to
the loss of Kf coinciding with the release of other vasoconstrictor agents,
resulting in a decreased GFR and UF, which was not inhibited by WEB
2086 pretreatment. Thus, the glomerular epithelial damage in this
model is also an important cause of the renal alterations induced by RVV
that could be another mechanism for the significant and sustained
reduction of the GFR and UF (Fig. 7A and B).

In contrast to the effect of RVV, the venom fractions RvPLA,, RVMP,
RvLAAO, and RvPDE increased the GFR and UF in the rabbit IPK, which
suggests different mechanisms of actions were apparent between RVV
and its fractions in the regulation of glomerular functions. In addition,
Viperid snake venom is rich in hydrolytic enzymes, both PLA; and MP
(Tan et al., 2018). The significant increases in GFR and UF induced by
RvPLA; and RvMP could be explained, in part, by their respective hy-
drolytic enzyme properties that act on the cell membrane of renal
glomeruli leading to an increased permeability of the glomerular
filtering membrane and disruption of the glomerular basement mem-
brane. These effects could then lead to an increased inulin clearance in
this model and thereby progressive increases in the GFR and UF.

Normally, PAF exerts its effects via a specific PAF receptor within the
renal glomeruli (Honda et al., 2002) and PAF has been reported to be
one of the mediators of increased glomerular capillary permeability
(Pirotzky et al., 1985). The significant increases in both the GFR and UF
induced by RvPLA, or RvMP in this study were abolished by pretreat-
ment with WEB 2086, supporting that endogenous PAF plays a role as a
mediator in the RvPLA; and RvMP effects on renal glomeruli, and partly
contributes its effects along with the hydrolytic activity of PLA; and MP.
That WEB 2086 pretreatment prevented the deleterious effects on the
glomerular functions promoted by RvPLA; and RvMP supports the
documented effect of PAF receptor antagonists on reducing histopath-
ological lesions in rabbit models of nephrotoxic nephritis (Livio et al.,
1986) and in many kidney diseases with a vascular or glomerular eti-
ology (Ortiz et al., 1991; Lo’pez-Novoa, 1999).

In contrast to the effects of RvPLA; and RvMP, progressive increases
in the GFR and UF were induced by RVLAAO and RvPDE, which was not
prevented by WEB 2086 pretreatment and so likely does not involve PAF
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receptor-mediated signaling in renal glomeruli. However, these results
for RVLAAO do not agree with the earlier report of Dantas et al. (2015),
who reported the LAAO from Bothrops marajoensis venom caused a
decrease in the GFR and UF and in the PP and RVR in the rat IPK. These
changes in the glomerular function were related to the flavoenzymes
activity of snake venom LAAO, which catalyzes stereospecific oxidative
deamination to give rise to alpha keto acids, ammonia, and Hy0,
(Bregge-Silva et al., 2012; Fox, 2013). The production of HoO, may be
the prime cause of enhanced glomerular membrane permeability, and so
could be responsible for the increased glomerular ultrafiltration. In the
present circumstances, RVLAAO caused a marked increase in the UF,
which suggests the glomerular filtrate delivered to renal tubules may be
a contributing factor by mechanism(s) not related to PAF.

In addition, RvPDE increased the GFR and UF and these remained
elevated throughout the 90-min perfusion time, and these effects were
not prevented by WEB 2086 pretreatment, suggesting mechanisms other
than involving the PAF receptor. Several evidences have suggested a role
for increased cAMP levels in several tissues, either by administration of
vasopressin, parathormone, and prostaglandins or by infusion of dibu-
tyryl cyclic AMP in micropuncture experiments (Baylis et al., 1976;
Ichikawa and Brenner, 1977), in decreasing the glomerular ultrafiltra-
tion. Since PDE plays an ancillary role in promoting catabolizing en-
zymes and hydrolyzes the 3’-phosphoester bond of cAMP and ¢cGMP
(Dhananjaya and D’souza, 2010), it is possible that the hydrolytic ac-
tivity of RvPDE might cause a reduction in the cAMP/cGMP levels in
renal glomeruli, leading to the increased glomerular ultrafiltration in-
dependent of PAF in renal glomeruli.

The studies on renal tubular functions revealed that RVV increased
the %FENa" with a significant effect at 90 min of perfusion time, while
the %FEK" showed a tendency to increase but this was not statistically
significant. This is consistent with a previous study in the rat IPK model
(Ratcliffe et al., 1989). Although RVV increased the %FENa™ and %
FEK', it showed the opposite effect on the GFR and UF, suggesting a
different mechanism in the regulation of urinary electrolytes excretion.
A previous study demonstrated that the direct effect of RVV was to
decrease the absolute tubular Na™ reabsorption in both the proximal
tubule and distal nephron in rabbit IPK when using lithium as a marker
(Chaiyabutr et al., 2014). Micropuncture studies to measure the trans-
membrane potential in the proximal tubule of a Triturus kidney revealed
that RVV caused depolarization in a dose-dependent manner (Chaiya-
butr et al., 1985b), which might involve to the inhibition of
Na'-K"-ATPase activity in the renal tubules of both the renal cortex and
medulla (Buranakarl et al., 1997).

These findings may provide a mechanistic insight into the cellular
events in modulation of ion channels activities (Sitprija and Sitprija,
2012), where RVV inhibits Na® channel activity by inactivation of
Na'-H" exchange (NHE3) in proximal tubules and Na* channels (ENaC)
in the distal nephron. Subsequently, the elevated cytosolic Na* would
decrease Na™ reabsorption through down-regulation of NHE3 and ENaC
at the apical border of the renal tubules. Alternatively, RVV may directly
inhibit NHE3 and ENaC activities. These effects on the %FENa™ and %
FEK' induced by RVV were blocked by pretreatment with WEB 2086
throughout the perfusion time, indicating that there are PAF receptors
present on the renal tubular epithelium and that the effect of RVV on the
renal tubular transport of Na* and K™ was mediated via endogenous PAF
influencing urinary electrolyte excretion independent of changes in
GFR. The RVV in this study had a protein mass of 10-150 kDa, which is
similar to the 6-130 kDa range for the Indian RVV (Kalita et al., 2018).
The large molecular mass venom proteins presumably could not be
filtered but would cause the release of endogenous PAF from other
glomerular cells that, once filtered by the kidney glomeruli, could pro-
mote the renal tubular effects observed in this study. Thus, it is
reasonable to postulate that PAF induced by RVV may only act locally on
a specific PAF receptor in the glomerular and renal medullary interstitial
cells (Asano et al., 1996), but also gain access to the renal tubules
through glomerular filtration, although the renal tubules do not produce

21

Toxicon: X 7 (2020) 100046

PAF directly (Pirotzky et al., 1984b). The mechanism of RVV’s action on
urinary electrolyte excretion is probably mediated via PAF’s regulation
of ion channels, where it has been observed to inhibit the membrane
Na-K-ATPase in a number of cell types (Catalan et al., 1994; Itadani
et al., 1998). Also PAF inhibits solute reabsorption in the medullary
thick ascending limb (mTAL) and collecting ducts via a
cGMP-dependent pathway (Bailly et al., 1992).

The present data clearly demonstrate that WEB 2086 was able to
prevent the RVV effect on the renal tubular Na*™ and K™ transport, which
were mediated in part by the inhibition of the membrane Na-K-ATPase
activity by PAF. As described previously in this report, inhibition of
membrane Na-K-ATPase activity by PAF can interfere with the intra-
cellular signaling cascade of ion channels in the down-regulation of
NHE3 and ENaC at the apical border of renal tubules. This is emphasized
by the blockade caused by WEB 2086. However, the protein mass of RVV
(10-150 kDa) may limit its filtration to deliver it to the tubular fluid. The
relatively high concentration of RVV, at least in the proximal part of the
nephron, may have occurred by secretory mechanisms in the tubular
fluid via the peritubular capillary. Further investigation is required to
demonstrate its pathophysiological significance of the cellular events in
modulation of ion channels activities during envenomation.

Additional information on the direct acute effect of RVV on renal
cells was obtained by optical microscopy, which revealed no distinct
brush border in the proximal convoluted tubules, a moderate degree of
acute dilatation, and severe tubulonephrosis (+3) (Fig. 11D, H). These
histological alterations of renal cells induced by RVV are similar to those
reported previously (Chaiyabutr et al., 2014). The present data clearly
demonstrated that pretreatment with WEB 2086 was able to prevent the
deleterious effects promoted by RVV on the %FENa" and %FEK". It is
possible that the histological alterations affected by RVV may be
reduced by WEB 2086, since the role of PAF in nephrotoxic nephritis has
been reported, where PAF antagonists could reduce the proteinuria and
decrease the histopathological lesions (Livio et al., 1986).

Comparative studies on the pathophysiological alterations of renal
tubular function induced by RVV fractions are lacking. In the present
study, administration of RvMP decreased the %FENa" and %FEK"
throughout the perfusion time, but showed a different pattern of
changes compared to those effects induced by RvPLA,, RVLAAO, and
RvPDE. The marked increase in the GFR by RvMP would account for the
decreased %FENa' and %FEK". Moreover, RvMP showed the opposite
effect of a marked increase in the UF and Cosm (Fig. 7E and F and
Fig. 9C) and so these findings may provide a mechanistic insight into the
altered renal tubular transport of ions that underlies the regulation of
urinary electrolyte excretion by RvMP.

The hydrolytic property of either RVMP or RvPLA; may be involved
in a direct action on renal glomeruli and tubular cells leading to an
increased cell membrane permeability and resulting in the localized loss
of ion homeostasis. Because of the marked increase in the GFR by RvMP,
an increased amount of filtrate would be delivered to the tubular
segment. Virtually all the Na® delivered out of the proximal nephon
would be reabsorbed. It has been reported that the MP activity in renal
tubular cells caused more degradation of the plasma membrane and the
cellular matrix proteins leading to a loss of the basement membrane
structural integrity, and so the function of the kidney cells (Baramova
et al., 1989).

The optical microscopy demonstrated the direct acute effect of RvMP
on renal cells, with evident dilatation and severe tubulonephrosis of
both the proximal and distal convoluted tubules, including the collecting
ducts (Fig. 13B, D, F, H). Thus, changes in the basement membrane
structural integrity probably caused leaky tight junctions that connect
neighboring tubular cells and allowed both Na™ and K™ to pass directly
between the tubular and extracellular fluids down their concentration
gradients, and so decrease the net urinary %FENa® and %FEK'.
Therefore, the permeability of the basal or apical membranes, or both,
appears to differ considerably between RvPLA; and RvMP activity.

The RvMP action on electrolyte transport can be explained by the
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paracellular pathway. It is known that transcellular Na™ and K™ move-
ments across the renal tubular cells are regulated via the ion channels
activities of NHE3 and ENaC at the apical membrane and Na™-K'-
ATPase activity at the basolateral membrane (Sitprija and Sitprija,
2012). The question arises as to whether these processes were reduced in
the rabbit IPK by the RvPLAy, RvMP, RVvLAAO, and RvPDE fractions.

The possibility exists that the effects of RvPLA; and RVLAAO mainly
adopted transcellular routes for ion movements across the renal tubular
epithelium, allowing the increased %FENa' and decreased %FEK"
(Fig. 8C, D, G, H). Therefore, it was inferred that the basal pump activity
can cope with these changes during the RvPLA; and RVLAAO treat-
ments. However, if the permeability of the tubular membrane is greater
in the RVMP treatment, then an increased rate of movement of both Na™
and K* will pass directly between the tubular and extracellular fluids
down their concentration gradients, and this might be greater than the
transcellular active Na™ and K'transport. Thus, the effect of RvMP on
ion transport can be interpreted by paracellular movements when
changes in the reductions of both renal %FENa" and %FEK "occur under
these conditions. The changes in the basement membrane structural
integrity induced by RvPLA; and RvMP was probably the cause of the
leaky tight junctions from which Na* escape into the urine might occur.
This would create an osmotic diuretic effect, resulting in an increased
Cosm and so an increased UF.

Reductions in both the tubular %FENa" and %FEK by RvMP was
prevented by WEB 2086 pretreatment, indicating that PAF played a role
as a mediator of RvMP-induced changes in the renal tubular Na™ and K*
transport in the rabbit IPK. Although, the kidney tubules do not produce
PAF directly, a precursor acetyl-transferase activity has been identified
in the glomeruli and in other kidney cells (Pirotzky et al., 1984a). The
RvPLA; and RvMP fractions were approximately 13 kDa and 90 kDa,
respectively, (Fig. 1), and so are not filtered but could cause the release
of PAF from other glomerulular cells that, once filtered by the glomeruli,
would promote the tubular effects observed in this study.

The present studies were extended to demonstrate the tubular
excretion of Na™ and K during treatment with the RVLAAO or RvPDE
fractions. Treatment of RVLAAO showed a slightly increased %FENa™,
while the %FEK' showed a tendency to decline throughout the perfu-
sion time, and these were not inhibited by WEB 2086 pretreatment.
Thus, PAF was not directly involved in the renal tubular excretion of Na™
and K". These results differ from the LAAO from Bothrops marajoensis
venom, which caused both Nat and K™ tubular transport in isolated rat
kidneys (Dantas et al., 2015). Thus, LAAO from different snake venoms
may cause different renal alterations. The flavoenzymes in LAAO cata-
lyze the stereospecific oxidative deamination of L-amino acids to give
rise to alpha keto acids, ammonia, and HyOy (Fox, 2013; Bregge-Silva
et al., 2012) may be a contributing factor that enhances the mem-
brane permeability of renal tubular cells and so could be responsible for
part of the observed changes in the tubular Na-+and K" transport, but by
mechanism(s) that are not related to PAF.

In addition, the RvPDE caused an increased %FENa", %FEK" and
Cosm with a sustained elevation throughout the 90-min perfusion time,
and these effects were prevented by WEB 2086 pretreatment, although a
progressive increase in the %FENa™ was still apparent. Thus, the RvPDE-
induced generation of PAF is a mediator of the changes in the renal
tubular transport of electrolytes, presumably as a result of inhibition of
proximal tubular reabsorption. Although, PDE plays a role in promoting
catabolizing enzymes and hydrolyzes the 3 -phosphoester bond of cAMP
and cGMP (Dhananjaya and D’souza, 2010). Several studies have shown
that cAMP and cGMP might play a role in the regulation of electrolyte
transport in renal tubular cells. In micropuncture studies (Agus et al.,
1971) and rat IPKs (Monteiro et al., 1999), infusion of dibutyryl cAMP
directly caused a significant decrease in sodium transport at the prox-
imal segment of the nephron. Thus, the hydrolytic property of RvPDE
presumably caused a reduction in the cAMP/cGMP level in renal tubular
cells leading to an increased in the tubular %FENa". The RvPDE effect
on the %FENa™ was not impressive compared to the changes in the %
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FEK' and Cosm, which were efficiently blocked by WEB 2086, indi-
cating that another pathway besides the G protein-coupled mechanism
is also active in kidney tissues. However, evidence of an interaction
between the role of RvPDE on PAF and cAMP/cGMP in the control of ion
transport across the tubular cell membrane is required.

Previous studies have shown that the kidney is a major site of
arachidonic acid release and its subsequent enzymatic conversion to
multiple bioactive prostanoids via the cyclooxygenase metabolic
pathway. One such substance that plays an important role in renal
physiology is PGE2. Besides exerting its effects on a specific PAF re-
ceptor within renal glomeruli (Honda et al., 2002), PAF
dose-dependently stimulates the release of PGE2 on rabbit IPKs (Weis-
man et al., 1985, 1988). The different actions of PGE2 are mediated via
different specific G protein-coupled cell surface receptors (Breyer et al.,
1996). Multiple effects of PGE2 on the vascular smooth muscle tonus,
glomerular filtration, and renal ion and water transport have been
described in the rabbit IPK (Yoshida et al., 1986; Hébert et al., 1993,
1995). Direct injection of RVV into the renal artery in dogs increased the
renal blood flow and GFR, which was mediated through prostaglandin
and reversed by indomethacin (Thamaree et al., 1994). Therefore, future
studies may clarify the possible participation of PGE2 in the effects
induced by RVV and its fractions that are abolished by WEB 2086 in this
pharmacological preparation.

5. Conclusion

The mechanisms by which RVV and its fractions (RvPLA;, RvMP,
RVLAAO, and RvPDE) induced renal alterations that cause AKI to
develop to ARF, are somehow related to a concomitant generation of
PAF. Based on the fact that each venom fraction did not appear to act in a
similar manner in terms of the induced changes in the renal functions,
they are unlikely to account for that seen by RVV. RVV and most of its
fractions increased renal hemodynamics (i.e. PP and RVR) except
RvPDE, by which these changes were induced by PAF-dependent (RVV
and RvMP) and independent (RvPLA; RVLAAO and RvPDE) pathways.
Meanwhile, RVV caused significant decrease in GFR and UF, while its
fractions caused opposite effects, which increased GFR and UF were
prevented by WEB2086 for RvPLA; and RvMP but not for RVLAAO and
RvPDE including RVV. In addition, RVV caused an increased %FENa ™"
and %FEK" via the renal tubules, which was abrogated by WEB 2086
pretreatment. The increased tubular Na™ and K transport induced by
RvPLA,, RVLAAO, and RvPDE would be due to their direct action on the
tubular membrane, not by PAF pathway since WEB2086 was not able to
block the renal tubular effects. The effect of RvMP on tubular sodium
transport is probably not influenced by PAF since WEB2086 was also not
able to block the action. On the contrary, the effect of RvMP on tubular
potassium transport was markedly reduced by the action of PAF since
WEB2086 was able to block this effect. The present results, therefore,
support the hypothesis that RVV contains several different components
that could act either individually or synergistically.
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