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Abstract

Adenosine provides anti-inflammatory effects in cardiovascular disease via the activation of
adenosine Ay receptors; however, the physiological effect of adenosine could be limited due to
its phosphorylation by adenosine kinase. We hypothesized that inhibition of adenosine kinase
exacerbates extracellular adenosine levels to reduce renal inflammation and injury in
streptozotocin-induced diabetes. Diabetes was induced in male C57BL/6 mice by daily injection
of streptozotocin (50 mg/kg/day, i.p. for 5 days). Control and diabetic mice were then treated with
the adenosine kinase inhibitor ABT702 (1.5 mg/kg, i.p two times a week for 8 weeks, n = 7-8/
group) or the vehicle (5% DMSO). ABT702 treatment reduced blood glucose level in diabetic
mice (~ 20%; p<0.05). ABT702 also reduced albuminuria and markers of glomerular injury,
nephrinuria and podocalyxin excretion levels, in diabetic mice. Renal NADPH oxidase activity
and urinary thiobarbituric acid reactive substances (TBARS) excretion, indices of oxidative stress,
were also elevated in diabetic mice and ABT702 significantly reduced these changes. ABT702
increased renal endothelial nitric oxide synthase expression (eNOS) and nitrate/nitrite excretion
levels in diabetic mice. In addition, the diabetic mice displayed an increase in renal macrophage
infiltration, in association with increased renal NFB activation. Importantly, treatment with
ABT702 significantly reduced all these inflammatory parameters (P< 0.05). Furthermore, ABT702
decreased glomerular permeability and inflammation and restored the decrease in glomerular
occludin expression in vitro in high glucose treated human glomerular endothelial cells.
Collectively, the results suggest that the reno-protective effects of ABT702 could be attributed to
the reduction in renal inflammation and oxidative stress in diabetic mice.
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Introduction

Diabetes mellitus is now considered an epidemic disease [1,2]. Careful glycemic control is
challenging and it is well known that hyperglycemia leads to several complications
including nephropathy despite existing therapeutic measures [3,4]. Approximately 25 % of
patients with type 1 and type 2 diabetes develop renal injury [5,6]. Diabetic renal injury is
mainly characterized by albuminuria, hypertension and loss of renal function [7]. Diabetic
nephropathy is the primary cause of end-stage renal disease worldwide [8]. Microvascular
dysfunction in the glomerulus appears as an early pathogenic event in progression of
diabetic renal complication [9,10]. Current treatment of diabetic renal injury involves blood
pressure and glucose control [11]. Renin-angiotensin system blockers have been modestly
successful in delaying the progression of renal injury. This necessitates the need of new
therapeutic interventions that reverse early pathophysiological changes of diabetic renal
complications and hence prevent the progression to end-stage renal failure.

The etiology of diabetic renal injury is multi-factorial; however, oxidative stress and
inflammation play a crucial role in the progression of diabetic renal injury [12-14].
Hyperglycemia increases oxidative stress in diabetic animal models and it is well known that
NAD(P)H oxidase is the a major source of superoxide production in the vasculature [15,16].
Besides its ability to elevate inflammatory cytokines production, superoxide also scavenges
NO decreasing NO availability and leads to the production of peroxynitrite, which has
deleterious effects on the vasculature [17-19]. On the other hand, evidence suggests that
renal infiltration of monocytes/macrophages also contributes to the pathogenesis of diabetic
renal injury [20,21]. The subsequent immune response to infiltrated monocytes/macrophages
leads to renal fibrosis and extra cellular matrix deposition due to the release of lysosomal
enzymes, superoxide and inflammatory cytokines perturbing the renal inflammatory cascade
during diabetes [13,22,23]. Thus, pharmacological manipulation of inflammation is a
rational approach to prevent early pathological changes of diabetic renal injury and
subsequent loss of renal function.

The physiological effect of adenosine is now considered a new direction in halting the
progression of organ damage in cardiovascular disease [24-26]. Adenosine has diverse
functions, depending on its interaction with different receptor subtypes: A1, Asa, Agg, and
Az [24-26]. Adenosine stimulation of adenosine Aya receptor (Axa) has been shown to
provide potent anti-inflammatory effects and A, receptor are highly expressed in the
glomeruli and immune cells such as monocyte/macrophages, neutrophils and T cells [24,27-
29]. In the kidney, Ao receptor activation has been shown to attenuate inflammation and
renal injury associated with diabetic nephropathy [24]. Agonists of Ay receptor also
preserved the normal structure of podocyte foot processes, slit diaphragms, and actin
cytoskeleton in puromycin-induced podocyte injury in mice [30]. Given the crucial role of
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inflammation in the development of diabetic renal injury and the fact that adenosine kinase
could limit the extracellular adenosine levels by its conversion to adenosine mono-
phosphate, we target adenosine kinase, the key enzyme in adenosine metabolism, using the
selective adenosine kinase inhibitor ABT702 to increase free adenosine levels. We
hypothesize that adenosine kinase inhibition attenuates diabetes-induced renal injury as the
potential effects of ABT702 in diabetes-induced renal complications have not been clearly
addressed. Thus, we evaluated the efficacy of ABT702 in alleviating diabetes-induced renal
injury in the current study in the context of its potential effects on oxidative stress and
inflammation.

Materials and methods

All procedures with animals were performed in accordance with the Public Health Service
Guide for the Care and Use of Laboratory Animals (Department of Health, Education, and
Welfare publication, NIH 80-23) and Georgia Regents University guidelines. Ten-week-old
male C57BL/6 mice were given daily injection of streptozotocin (50 mg/kg; i.p.) for 5 days
after a 4 hour fast; control animals received the vehicle (citrate buffer; 0.01 mol/L, pH: 4.5).
Diabetes was confirmed by measurement of fasting blood glucose levels of >250 mg/dl three
days after streptozotocin injection. Thereafter, diabetic mice were randomly subdivided to
receive the adenosine kinase inhibitor 4-amino-5-(3-bromophenyl)-7-(6-
morpholinopyridin-3-yl)pyrido[2, 3-d]pyrimidine {ABT702 (CAS214697-26-4), 1.5 mg/kg,
i.p., Santa Cruz Biotechnology, Santa Cruz, CA} two times a week or injections of the
vehicle, 5% DMSO (n = 7-8/group) for eight weeks. This dose has previously shown to
lower oxidative stress, inflammation and apoptosis in diabetic retina [25]. Eight weeks after
initiation of ABT702 treatment, mice were individually placed in metabolic cages for
collection of 24-hour urine samples for determination of total protein, albumin, nephrin,
podocalyxin, collagen, creatinine, thiobarbituric acid reactive substances (TBARS), nitrate/
nitrite and monocyte chemoattractant protein-1 (MCP-1) excretions. Mice were then
anesthetized with sodium pentobarbital (50 mg/kg i.p.) and blood samples obtained for
glucose and creatinine determination. Kidneys were also insolated for histopathological
examination, adenosine kinase levels, NADPH oxidase and P-65NFB activities and Western
blotting analysis.

Renal Histopathology

Four mice were used from each group. Kidney was fixed in 4% paraformaldehyde in PBS
and embedded in paraffin. Five micrometer-thick sections were obtained, deparaffinized,
and stained with Masson trichrome for detection of collagen deposition. Ten microscopic
images of the kidney cortex per mice were randomly taken at 200x magnification using
light-microscopy and intensity of the staining was scored blindly on a scale of 1 to 10.
Additional sections were used for immunohistochemical evaluation of nephrin as a marker
of glomerular injury and F4/80 as a marker for activated macrophage infiltration (antibodies
from Santa Cruz Biotechnology, Santa Cruz, CA). The number of F4/80 positive cells was
counted in kidney sections by an evaluator who had no knowledge of the treatment groups
and correlated to the area in square millimeter.
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Renal NADPH oxidase and p-65NFB activities

NADPH oxidase enzymatic activity was measured by lucigenin chemiluminescence (5
umol/L) in the presence of 100 umol/L NADPH as previously described [31]. Briefly, the
renal cortex was homogenized in ice cold buffer in the presence of protease inhibitors. 50 pL
of homogenate or buffer control was added to the wells of a 96-well micro-plate
(OptiPlate-96, Perkin-Elmer, Waltham, MA) and incubated at 37°C for 30 minutes in the
presence of lucigenin (5 umol/L) and NADPH. Luminescence was quantified using a Top
Count Micro-Plate Scintillation and Luminescence Counter (Perkin Elmer, Waltham, MA)
set to single-photon counting mode and total count per minute (cpm) was normalized to g
protein.

For assessment of p65-NFB activity, a nuclear extract kit from Cayman (Ann Arbor, MI)
was used to prepare nuclear extract from the kidney cortex. The nuclear extract was used for
the assessment of nuclear factor kappa B (NFB) activity using the TransAM p65-NFB
transcription factor assay kit (Cayman, Ann Arbor, MI) and optical density was normalized
per ng of nuclear extract protein.

Homogenization of the renal cortex for protein expression using Western blotting

Assays

Renal lysates were subjected to Western blot analysis as previously described [21,31].
Briefly, kidney samples were homogenized in ice cold modified RIPA buffer supplemented
with inhibitors for proteases and phosphatases. Protein concentrations were determined by
standard Bradford assay (Bio-Rad, Hercules, CA) using bovine serum albumin as the
standard. Kidney protein samples (30-50 pg) were separated by SDS-PAGE then transferred
onto a nitrocellulose membrane and incubated with primary antibodies. Antibodies for
adenosine kinase, eNOS, adenosine A; and A (Santa Cruz Biotechnology, Santa Cruz,
CA) and p-actin (Sigma) were detected with a horseradish peroxidase-conjugated antibody
and ECL chemiluminescence (Amersham BioSciences, Buckinghamshire, UK). Intensity of
immunoreactivity was measured by densitometry and -Actin was used to verify equal
protein loading (n=6/group).

Urinary total protein and albumin excretions were determined using commercially available
kits from Biorad, Hercules, CA and Exocell, Philadelphia, PA, respectively. Urinary
excretions of nephrin, podocalyxin and collagen were measured using ELISA kits from
Exocell, Philadelphia, PA. Urinary MCP-1 excretion was assessed as a marker of
inflammation using an ELISA kit from BD Bioscience, San Jose, CA. Plasma and urinary
creatinine were assessed using a kit from Cayman Chemical (Ann Arbor, MI) and values
were used to calculate creatinine clearance. Urinary TBARS excretion was assessed as a
marker of oxidative stress (Cayman Chemical, Ann Arbor, MI). Urinary nitrate/nitrite was
also assessed as an indication of available NO using a kit from Cayman Chemical, Ann
Arbor, MlI.

Human glomerular endothelial cells culture

Human glomerular endothelial cells (HGECs, ACBRI 128) were purchased as cryopreserved
aliquot in passage 3 from Cell System (Kirkland, WA). Cells were cultured in CSC
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complete medium with 10% serum (420-500) in a 37 °C temperature controlled incubator
with 5% carbon dioxide. The cells were splitted using CSC Passage Reagent Group
(420-800) and were continuously grown until passage 7-8 was reached.

To determine whether ABT 702's anti-inflammatory effects could improve glomerular
permeability and barrier function, HGECs were seeded on collagen/fibronectin coated
membranes with 0.4 um pores (Transwell; Corning Costar) in normal glucose media.
Confluent cells were switched to 1% serum media overnight and were treated with normal
(5mM glucose) or high (30 mM glucose) glucose condition with either vehicle (DMSO) or
50 uM ABT702 in the apical chambers of inserts for five days using VEGF as positive
control (100 ng/ml) to increase permeability and mannitol (25 mM) to rule out the osmotic
effect of high glucose on permeability (n=3/treatment). Fluorescein isothiocyanate—dextran
(FITC-dextran) was then added to the apical chambers of inserts followed by obtaining
aliquots from the basolateral chamber every 30 minute for 6 hours after the dextran
application to measure the fluorescence intensity. The rate of diffusive flux (Py) was
calculated as recently shown [32] by the following formula, P, = [(FA/t)VA/(FLA). Py is in
centimeters/second; Fp is basolateral fluorescence; F is apical fluorescence; t is change in
time; A is the surface area of the filter in square centimeters; and VA is the volume of the
basolateral chamber in cubic centimeters. Additional cells were also treated with normal and
high glucose condition with either vehicle or 50 uM ABT702 in DMSO for five days before
the cells were harvested and homogenized in RIPA buffer supplemented with protease and
phosphatase inhibitors for Western blotting determination of glomerular occludin and
mitogen-activated protein kinase (MAPK) phosphorylation (n=3/treatment).

Data analyses

Results

Statistical analyses were performed using Prism software (Graph Pad, San Diego, CA). Data
are reported as means SEM. All data were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test for comparison of groups; p<0.05 was
considered significant.

Effect of ABT702 on metabolic parameters in diabetic mice

The streptozotocin-treated mice displayed a decrease (~ 20%; p<0.05) in body weight eight
weeks after induction of diabetes compared to their control counterparts with a modest non-
significant increase in food intake (Table 1). ABT702 did not significantly change body
weight loss or food intake (Table 1). Hyperglycemia also increased water intake and urine
volume compared to control mice (Table 1, P<0.05). Although ABT702 treatment
attenuated the increase in water intake and urine production in diabetic mice, these changes
were not significant. Blood pressure was not affected by either diabetes or ABT702
treatment (Table 1). There was a significant increase in non-fasting blood glucose level in
streptozotocin-induced diabetic mice compared to control (400+ 21 vs. 190+ 31 mg/dl, P<
0.05). ABT702 treatment significantly reduced plasma glucose levels in diabetic mice
compared to the untreated diabetic group (323+£27 vs. 400£21 mg/dl, respectively);
however, blood glucose levels remained higher than the control group (32327 vs. 190+31
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mg/dl, P< 0.05). Although there was no difference in creatinine clearance among mice
groups, induction of diabetes increased albuminuria relative to control and ABT702
significantly reduced the increase in albuminuria in diabetic mice, however, albuminuria
remained significantly elevated in ABT702 treated diabetic mice compared to control mice
with or without ABT702 treatment (Table 1).

Renal adenosine kinase expression significantly increased in control mice treated with
ABT702. Induction of diabetes with streptozotocin significantly decreased renal adenosine
kinase expression when compared to control untreated or treated mice with ABT702
(P<0.05). Inhibition of adenosine kinase with ABT702 partially restored the decrease in
renal adenosine kinase expression in diabetic mice (P<0.05); however, renal adenosine
kinase expression in diabetic/ABT702 treated group remained significantly lowered than
control mice treated with ABT702 (Figure 1A). There was no difference in renal adenosine
A1 receptor expression among mouse groups (Figure 1B). Diabetes mildly increased renal
adenosine Ay receptor expression relative to control, although this change was not
significant (Figure 1B, P< 0.06). ABT702 significantly decreased Ao receptor expression
in control and diabetic mice when compared to either control or diabetic untreated mice
(Figure 1C, P< 0.05).

The development of diabetes in mice was associated ~ 2 folds increase in total protein
excretion and ~ 6 folds increase in albumin excretion when compared to control mice.
ABT702 treatment resulted in a significant decrease in protein and albumin excretion in
diabetic mice compared to their untreated counterparts (Figure 2A-B). We also determined
whether the effect of ABT702 on albumin excretion is associated with the protection of
kidney-slit diaphragm from hyperglycemia-induced podocyte loss and disruption of kidney
filtration barrier. Thus, we measured urinary excretion of nephrin as a critical component of
the slit diaphragm in the glomerular filtration barrier and podocalyxin excretion as a marker
of podocyte protein shedding in diabetes. As shown in Figure 3, nephrin and podocalyxin
excretion levels were significantly elevated in diabetic vs. control mice (P< 0.05). ABT702
reduced nephrin and podocalyxin excretion levels in diabetic mice; however, these changes
were not significant (Figure 3A & B) as nephrin and podocalyxin excretion levels remained
significantly higher in ABT702 treated diabetic mice than control mice (P< 0.05). These
observations were also consistent with lower glomerular nephrin expression in diabetic mice
vs. control and ABT702 partially restored the loss in glomerular nephrin expression (Figure
3A). Similarly, while diabetes is known to increase collagen deposition as shown in kidney
sections stained with Masson trichrome (blue staining, Figure 4A) as well as increase
collagen excretion (Figure 4B), ABT702 significantly reduced the increase in renal collagen
deposition and collagen excretion in diabetic mice (Figure 4B).

Because oxidative stress and inflammation play a crucial role in the development and
progression of renal injury [17], we expanded our study to investigate whether ABT702
could protect the kidney from diabetic complication via lowering the oxidative stress. We
initially determined NADPH oxidase activity where NADPH oxidase is considered the main
source for superoxide production in the vasculature [33]. As shown in Figure 5A, renal
NADPH oxidase activity was significantly elevated in diabetic vs. control mice and ABT702
reduced this elevation (P<0.05). Urinary TBARS levels were also assessed as an index of
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oxidative stress in diabetic mice. The vehicle-treated diabetic mice displayed an increase in
urinary TBARS excretion levels compared with control non diabetic which was significantly
lowered by ABT702 treatment (Figure 5B, P<0.05). It is well known that elevation in
superoxide production could scavenge nitric oxide (NO) and reduce NO availability
resulting in exacerbation in vascular injury [34]. Renal eNOS expression, the main enzyme
for endothelial NO production, was significantly elevated in diabetic mice when compared
to control untreated or ABT702-treated mice. ABT702 seems to potentiate the increase in
eNOS expression in diabetic mice although this change was not significant when compared
to diabetic untreated mice (Figure 6A). Similarly, urinary nitrate/nitrite, an indicative of
functional NO [35], was elevated in diabetic mice with or without ABT702; however, this
elevation was only significant in diabetic mice treated with ABT702 compared to control
(P<0.05, figure 6B).

Because studies suggest a role of infiltrated macrophage in the progression of renal injury,
we used immunohistochemistry to assess number of F/480* cells as a marker of active
macrophage infiltration in diabetic mice [21]. As shown in Figure 7A, macrophage
infiltration was significantly elevated in diabetic mice compared to control and this change
was reduced with ABT702 treatment (P<0.05). However, the number of infiltrated
macrophage remained significantly higher in ABT702-treated diabetic mice than control
untreated or ABT702 treated mice. We further determined the effect of ABT702 on NFKB
activation as a major inflammatory signaling pathway in the pathogenesis and progression of
diabetic renal injury [12]. Renal P-65 NFB was significantly elevated in diabetic vs. control
mice and this effect was prevented with ABT702 treatment (Figure 7B). Because MCP-1 is
a downstream cytokine for NFB activation, we also assessed urinary MCP-1 excretion as
another inflammatory marker in diabetic mice after 8 weeks of ABT702 treatment. As
shown in Figure 7C, urinary MCP-1 excretion was significantly higher in diabetic mice
compared to non-diabetic controls and ABT702 treatment significantly reduced these
changes; However, MCP-1 excretion levels in ABT702 treated diabetic mice remained
significantly higher than either control untreated or ABT702 treated mice (P<0.05).

Effects of high glucose on FITC-dextran permeability and MAPK phosphorylation in

HGECs

We further assessed whether ABT702 could improve glomerular permeability, barrier
function and inflammation in cultured HGECs under normal and high glucose conditions.
Figure (8) showed that incubation of HGECs with high glucose condition (30 mM) for five
days significantly increased FITC-dextran permeability and MAPK phosphorylation and
decreased glomerular occludin expression compared with normal glucose condition (5 mM)
(P<0.05). ABT702 prevented high glucose-induced elevation in FITC-dextran permeability
and MAPK phosphorylation and restored the decrease in occludin expression in HGECs. To
examine the effect of osmolality on glomerular permeability, HGECs were also cultured in
30 mM mannitol for five days with or without ABT-702 treatment. Neither mannitol alone
or with ABT702 had a significant effect on glomerular permeability in HGECs (Figure 8 A).
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Discussion

Targeting early features of renal injury in diabetes could prevent the progression of ESRD.
Adenosine signaling activation is known to provide anti-inflammatory effects [36]; however,
the physiological effects of exogenous adenosine intake are limited by its hemodynamic
effects (hypotension and bradycardia), rapid reuptake and subsequent intracellular
metabolism by adenosine kinase [24-26,30]. Accordingly, the use of adenosine kinase
inhibitors is considered a new avenue to amplify the endogenous physiological effects of
adenosine while minimizing unwanted hemodynamic side effects of exogenous adenosine.
The current study demonstrates that 8 week diabetic mice showed a marked albuminuria and
nephrinuria together with early histological changes of diabetic renal injury such as collagen
deposition and increased collagen excretion. Furthermore, diabetic renal injury was
associated with activation of NADPH oxidase and oxidative stress in the kidney together
with a marked degree of renal inflammation as manifested by increased macrophage
infiltration, activation of NFB and increased MCP-1 excretion. Administration of the
adenosine kinase inhibitor, ABT702, reduced blood glucose levels and ameliorated
streptozotocin-induced albuminuria and collagen deposition together with decreased
oxidative stress and renal inflammation in mice. In vitro, ABT702 also reduced the elevation
in glomerular permeability and MAPK phosphorylation and restored the decrease in
glomerular occludin expression in HGECs treated with high glucose condition for 5 days.

Adenosine A, agonists have been shown to significantly reduce albuminuria in diabetic
mice as well as plasma creatinine [24]. Proteinuria was greater in diabetic Apa knock-out
(KO) mice than diabetic wild type (WT) mice [24]. Consistent with these findings, our
laboratory initially found that proteinuria was significantly higher in diabetic A,a KO mice
than diabetic WT mice (proteinuria was 248+ 8 mg/day after 10 weeks of streptoztocin-
induced diabetes in A,a KO mice vs. 185+ 6 mg/day in diabetic WT mice, P< 0.05). The
elevation in proteinuria in diabetic Aya KO mice was also associated with a 50% increase in
renal ICAM-1 expression when compared to diabetic WT mice suggesting that Ao receptor
stimulation contributes to kidney protection in diabetes via reduction in renal inflammation
similar to what has been shown in kidney ischemia-reperfusion injury [37]. The elevation in
proteinuria in diabetic A,a KO mice did not seems to be attributed to any significant
increase in blood glucose and blood pressure (data are not shown). Adenosine is known to
be released in response to inflammation to provide a compensatory anti-inflammatory effect
via up-regulation of A, receptor [25,36,38]. Consistent with these findings, our data
showed that diabetes down-regulated adenosine kinase, suggesting increased adenosine
availability, and up-regulated renal A, receptor expression without changing A; receptor
expression compared to control. However, the current study suggests that inhibition of
adenosine kinase provides renal protection against diabetic insult independent on Ajp
receptor up-regulation as ABT702 lowered A,a receptor expression and partially restored
the decrease in adenosine kinase expression in diabetic mice kidney. Our finding is
consistent with the previous finding of Elsherbiny et al. in which adenosine kinase
expression decreased and Apa receptor expression increased in diabetic retina and ABT702
treatment reversed these changes [25]. Since previous studies reported increases in
glomerular and urinary adenosine levels in diabetic rat [39], our data suggest that during the
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inflammatory condition of diabetes, adenosine kinase is down-regulated to increase
extracellular adenosine levels whereas Ao receptor is up-regulated to mediate adenosine
anti-inflammatory properties. Since adenosine kinase inhibition provides renal protection
and reduce renal inflammation, these effects would offset the necessity to up-regulate renal
Ao receptor expression to combat diabetes-induced renal inflammation.

Albuminuria is considered the earliest clinical indicator of diabetic renal injury and marked
elevation of albuminuria correlates with the progression of renal disease [40,41]. In our
study, adenosine kinase inhibition with ABT702 significantly reduced the increase in
albuminuria in diabetic mice, which we initially thought, is due to reduction in glomerular
injury and podocyte loss. Since nephrin and podocalyxin are crucial complex proteins in the
assembly and reinforcement of the slit diaphragm in the kidney [42,43], assessment of
nephrin and podocalyxin excretion levels could reflect glomerular injury and podocyte loss.
We and other have previously demonstrated a reduction in nephrin expression in diabetic
human and streptozotocin-induced diabetic rat and mice models [12,21,41]. Ao receptor
agonist has been shown to restore podocin and nephrin expression in diabetes [24]; however,
in our study adenosine kinase inhibition decreased Ay receptor expression in both control
as well as in diabetic mice and did not significantly reduce nephrin and podocalyxin
excretion in diabetic mice. Accordingly it is less likely that the reno-protective effect of
ABT702 is attributed to the improvement in slit diaphragm protein in the kidney.

The extracellular adenosine levels are mainly regulated by intracellular adenosine kinase
activity since adenosine degradation to inosine, by adenosine deaminase, has been
previously shown to play a minor role in the regulation of adenosinergic function [44]. The
mechanism (s) by which adenosine kinase inhibition reduce (s) renal injury in
streptozotocin-induced diabetic renal injury is/are not known; however, we could speculate
that increased adenosine levels via adenosine kinase inhibition may directly improve glucose
homeostasis since previous studies suggest that adenosine agonists improve glucose
homeostasis in diabetic animal models [45,46]. Although we observed a significant
reduction in blood glucose levels in ABT702-treated diabetic vs. untreated diabetic mice, the
reduction in blood glucose levels is less likely to be the sole reno-protective mechanism of
ABT702 in diabetic mice as blood glucose remained significantly higher than control.

Previous studies suggest that TGF- contributes to the pathogenesis of diabetic renal injury
[47]. TGF-B stimulates matrix production and prevents matrix degradation, which leads to
increase collagen deposition and glomerulosclerosis [48]. In the current study ABT702
significantly reduced renal collagen deposition and collagen excretion suggesting that
adenosine kinase inhibition may halt the progression of renal injury by slowing the
development of glomerulosclerosis in diabetic mice.

Studies support a potential role of macrophages in diabetic renal injury as increased kidney
macrophages infiltration correlates with the severity of renal injury in diabetes [49,50].
Increasing evidence also indicates a role for various inflammatory molecules, including
chemokines, adhesion molecules, and pro-inflammatory cytokines, in diabetic complications
[50]. For example, MCP-1 is produced by mesangial and tubular epithelial cells to direct
monocytes to the site of inflammation mediating renal interstitial inflammation, tubular

Pharmacol Res. Author manuscript; available in PMC 2015 January 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Pye et al.

Page 10

atrophy and interstitial fibrosis [51,52]. Increased MCP-1 excretion level, which is known to
reflect kidney MCP-1 production, correlates with the elevation in proteinuria in diabetes
[52]. Activation of NFxB inflammatory signal is also known to exacerbate renal injury in
diabetic animal models as phosphorylation of NFxB and its nuclear translocation activates
down-stream inflammatory cytokines such as MCP-1 perturbing inflammatory cascade [12].
Elsherbiny et al. recently showed that ABT702 significantly reduced retinal inflammation
and inhibited the elevation in ICAM-1 and TNF-a expression levels in the retina of
streptozotocin-induced diabetic mice [25]. ABT702 also inhibited TNF-a release in vitro in
the retinal microglia treated with Amadori-glycated aloumin [25]. Consistent with these
findings, the current study demonstrated that ABT702 reduced renal inflammation as
evident by the reduction in renal macrophage infiltration, NFxB phosphorylation and
MCP-1 excretion. Since hyperglycemia is known to increase inflammation via an MAPK/
ERK-dependent signaling pathway [13,53], inhibition of adenosine kinase could improve
glomerular permeability and barrier function in cultured HGECs under normal and high
glucose conditions via decreased inflammation. ABT702 reduced high glucose-induced
elevation in FITC-dextran permeability and MAPK phosphorylation and improved
glomerular occludin expression in vitro in HGECs. Thus, the ability of adenosine kinase
inhibition to reduce macrophage infiltration and cytokines levels is likely a key element in
the renal protection against diabetic insult. Collectively, these data suggest that ABT702-
induced inhibition of adenosine kinase provides anti-inflammatory properties which could
be a potential mechanism for alleviating diabetic-induced renal injury.

Reactive oxygen species (ROS) are considered a causal link between elevated glucose levels
and the development of diabetic renal injury [54,55]. ABT702 inhibited oxidative and
nitrosative stress in diabetic retina as it decreased superoxide and nitrotyrosine levels [25].
Treating diabetic mice with ABT702 also significantly reduced retinal neuronal cell death
[25]. Accordingly, ABT702’s anti-inflammatory effects could be attributed to its antioxidant
properties. NAD(P)H oxidase is the main source of superoxide production in the vasculature
and hyperglycemia is known to activate NAD(P)H oxidase generating reactive oxygen
species which in turn increase lipid peroxidation and membrane damage [54,55]. Consistent
with these data, ABT702 treatment reduced the elevation in urinary TBARS excretion, a
marker of lipid peroxidation, and renal NAD(P)H oxidase activity in diabetic mice
highlighting the potential antioxidant ability of adenosine kinase inhibition as a reno-
protective mechanism in diabetes.

Increased superoxide production not only reduces NO availability but also scavenges NO,
generating peroxynitrite which is known to induce deleterious effects on the vascular
function and aggravate renal injury during diabetes [56,57]. In the current study, ABT702
increased eNOS expression and nitrate/nitrite excretion in diabetic mice suggesting that
inhibition of adenosine kinase could also improve vascular function via the reduction in
NADPH-derived superoxide production as well as the improvement in NO availability
alleviating the progression of renal injury in diabetic mice.

In summary, our study provides experimental evidence that chronic administration of
adenosine kinase inhibitors attenuates diabetes-induced renal injury and kidney
histopathological changes by amplifying the physiological effects of extracellular adenosine.
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e believe that the reno-protective effect of adenosine kinase inhibition is mediated

primarily by reducing blood glucose and abrogating the oxidative stress and inflammatory
response associated with diabetes. These observations are of clinical relevance as adenosine
kinase could be a promising target to halt the progression of diabetic renal injury given the
fact that many patients with diabetes mellitus develop progressive renal injury despite

cu

rrent available therapeutic regimens such as ACE inhibitors and angiotensin receptor

blockers.
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Figure 1.
Renal adenosine kinase (A), adenosine A receptor (B) and adenosine A,a receptor (C)

expression levels relative to -actin in streptozotocin-induced diabetic mice. Adenosine
kinase expression decreased in diabetic mice and was partially restored by ABT702
treatment. Although there was no significant change in A receptor expression between
control and diabetic mice with or without ABT702, inhibition of adenosine kinase with
ABT702 significantly reduced renal A,a receptor expression in control as well as in diabetic
mice. (*P <0.05 vs. control mice, P<0.05 vs. control/ABT702 mice and #P <0.05 vs.
diabetic mice, n=6/group).
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Figure 2.
Urinary protein (A) and albumin (B) excretion levels relative to urinary creatinine as indices

of renal injury in streptozotocin-induced diabetic mice. Protein and albumin excretions
increased significantly in diabetic than control mice (*P <0.05 vs. control mice). Inhibition
of adenosine kinase with ABT702 treatment resulted in significant reduction in these
parameters in diabetic mice (#P <0.05 vs. diabetic mice; n= 7-8/group). However,
albuminuria in ABT702 treated diabetic mice remained significantly higher than control
non-diabetic mice.
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Figure 3.
Effect of adenosine kinase inhibition on glomerular nephrin expression (A) and urinary

nephrin and podocalyxin excretion levels (B—C) in streptozotocin-induced diabetic mice.
Glomerular nephrin expression decreased and urinary nephrin and podocalyxin excretion
levels significantly increased in diabetic when compared to control mice (*P <0.05 vs.
control mice). ABT702 treatment mildly rescued the decrease in glomerular nephrin
expression as well as decreased nephrin and podocalyxin excretion in diabetic mice although
these changes were not significant (n=4 for nephrin expression and n=7-8/group for
excretion data).
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Figure 4.

Representative images (200x) and average score for Masson’s trichrome staining (blue
staining, A) and urinary collagen excretion relative to creatinine levels (B) in control and
diabetic mice with or without ABT702 treatment. (*P <0.05 vs. control mice and #P <0.05
vs. diabetic mice; n= 7-8/group).
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Figure 5.

Renal NADPH oxidase activity (A) and urinary TBARS excretion (B) in streptozotocin-
induced diabetic mice. Renal NADPH oxidase activity and urinary TBARS excretion were
significantly elevated in diabetic than control mice (*P <0.05 vs. control mice) but were
reduced with ABT702 treatment (#P <0.05 vs. diabetic mice). However, urinary TBARS
excretion remained significantly higher in diabetic mice treated with ABT702 compared
with control (*P <0.05 vs. control mice, 7-8/group).
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Figure 6.
Renal eNOS expression relative to f-actin (A) and urinary nitrate/nitrite excretion (B) in

streptozotocin-induced diabetic mice. Renal eNOS expression level significantly increased
in diabetic with or without ABT702 treatment compared with control mice (*P <0.05 vs.
control mice, n=6/group). Only ABT702 treatment of diabetic mice significantly increased
urinary nitrate/nitrite compared with control mice (#P <0.05 vs. diabetic mice, n=6-7/

group).
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Figure 7.
A. Representative images for F4/80 expression, an indicator for activated macrophage, at

200X and number of F4/80* cells per mm? (n=4) in the kidney of streptozotocin-induced
diabetic mice with or without ABT702 treatment. Renal P-65NFB (B) and urinary MCP-1
excretion (C) in control, diabetic and ABT702 treated control and diabetic mice (n=7-8/
group). Number of renal F4/80* cells, renal P-65NFKB and urinary MCP-1 excretion level
were significantly elevated in diabetic compared with control mice (*P <0.05 vs. control
mice). ABT702 treatment significantly decreased these parameters in diabetic mice (#P
<0.05 vs. diabetic mice, n=7-8/group).
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Figure 8.
FITC-dextran permeability (A), Occludin expression relative to p-actin (B) and phospho-

MAPK relative to MAPK (C) in HGECs incubated in normal (5mM) and high (30 mM)
glucose condition for five days with or without ABT-702 treatment (50 uM). High glucose
significantly increased FITC-dextran permeability, phospho-MAPK/MAPK ratio and
decreased occludin expression compared with normal glucose condition (*P <0.05 vs.
normal glucose condition) and ABT-702 treatment decreased FITC-dextran permeability
and phospho-MAPK/MAPK ratio and restoring the decrease in occluding expression in high
glucose treated HGECs (#P <0.05 vs. high glucose condition, n=3).
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Effects of ABT702 treatment on body weight, urine volume, food and water intake, blood glucose, blood

pressure, creatinine clearance and albuminuria in steptozotocin-induced diabetic mice.

Group Control | Control/ABT702 Diabetic Diabetic/ABT702
Body weight (gm) 30£0.5 29+ 0.7 24+ 08" 24+ 0.6
Urine volume (ml/day) 28+04 24+04 17.7+2.0" 14+ 2.0
Water intake (ml/day) 94+10 94+08 231+25 18+ 25"
Food intake (gm/day) 9.6+1.2 11.3+05 10.6+ 1.5 12.3+2.2
Non-fasting blood glucose (mg/dl) | 190 + 31 189+3 400 + 21° 303+ 27" #
Creatinine clearance (ml/hour) 44+04 46+0.9 52+0.7 4.5+ 0.6
Systolic blood pressure (mmHg) 125+ 2 131+ 6 129+ 4 126+ 2
Albuminuria (ug/day) 16+2.0 23+6.0 270 + 30° 101 + 11%#

Mice were placed in metabolic cages for 24 h after eight weeks of induction of diabetes and ABT702 treatment (n=7-8/group, * P < 0.05 vs.

control or control/ABT702 treated mice and #P < 0.05 vs. diabetic mice).
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