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AS3334034: 7-methoxy-6-(2-methylpropane-2-sulfonyl)-N-(4-methyl-1H-pyrazol-3yl)quinolin-4-amine
BUN: blood urea nitrogen
CARD: caspase activation and recruitment domain
CKD: chronic kidney disease
DDR: discoidin domain receptor
ER: endoplasmic reticulum
ESRD: end stage renal disease
H&E: hematoxylin and eosin
IL: interleukin
MAPK: mitogen-activated protein kinase
MCP-1: monocyte chemoattractant protein 1
MDP: muramyl dipeptide

NF-B: nuclear factor -light-chain-enhancer of activated B cells
NOD: nucleotide-binding oligomerization domain
NOD1: nucleotide-binding oligomerization domain-containing protein 1
NOD2: nucleotide-binding oligomerization domain-containing protein 2
Nx: nephrectomized
PAS: periodic acid Schiff
RIP2: receptor-interacting protein kinase 2
SHR: spontaneously hypertensive rat
TLR: Toll-like receptor
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TNF : tumor necrosis factor 
TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling
WT-1: Wilms’ tumor 1
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ABSTRACT
Renal inflammation is a final common pathway of chronic kidney disease (CKD), and its
progression can be used to effectively gauge the degree of renal dysfunction. Inflammatory
mechanisms contribute to glomerulosclerosis and tubulointerstitial fibrosis, which are hallmarks
of CKD leading to end-stage renal disease. Receptor-interacting protein kinase 2 (RIP2) is
largely committed to nucleotide-binding oligomerization domain signaling as a direct effector

present study, we hypothesized that if inflammation via RIP2 and NF-B signaling plays an
important role in renal failure, then the anti-inflammatory effect of RIP2 inhibitors should be
effective in improving CKD. To determine its pharmacologic potency, we investigated the
renoprotective properties of the novel RIP2 inhibitor AS3334034 (7-methoxy-6-(2methylpropane-2-sulfonyl)-N-(4-methyl-1H-pyrazol-3-yl)quinolin-4-amine) in
uninephrectomized adriamycin-induced CKD rats. Six weeks’ repeated administration of
AS3334034 (10 mg/kg, once daily) significantly reduced urinary protein excretion and prevented
the development of glomerulosclerosis and tubulointerstitial fibrosis. In addition, AS3334034
showed beneficial effects on renal function, as demonstrated by a decrease in levels of plasma
creatinine and blood urea nitrogen and attenuation of a decline in creatinine clearance.
Furthermore, AS3334034 significantly attenuated inflammation, renal apoptosis, and glomerular
podocyte loss. These results suggest that the RIP2 inhibitor AS3334034 suppresses the
progression of chronic renal failure via an anti-inflammatory effect, and is therefore potentially
useful in treating patients with CKD.
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SIGNIFICANCE STATEMENT
The receptor-interacting protein kinase 2 (RIP2) inhibitor AS3334034 suppresses the progression
of chronic renal failure via an anti-inflammatory effect, suggesting that the nucleotide-binding
oligomerization domain (NOD)-RIP2 axis might play a crucial role in the pathogenesis of
inflammatory kidney diseases. AS3334034 is expected to be potentially useful in the treatment of
patients with chronic kidney disease.
Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023
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Introduction
Chronic kidney disease (CKD) is defined by structural kidney damage, such as
glomerulosclerosis and interstitial fibrosis, and a sustained decline in renal function as
determined by a decreased glomerular filtration rate. It is estimated that over 10% of the
population worldwide is affected by CKD (López-Novoa et al., 2010). CKD progresses under the
influence of various etiological factors, such as diabetes, hypertension, obesity, aging and
(Kazancioğlu, 2011; Sharma et al., 2018). Moreover, CKD imposes a substantial burden on
patients owing to irreversible progressive deterioration of renal function, which ultimately leads
to end stage renal disease (ESRD), together with a high risk of cardiovascular disease and allcause mortality. Despite the success of treatment with several drugs, including angiotensinconverting enzyme (ACE) inhibitors and angiotensin II receptor blockers (ARBs), the absolute
risk of renal and cardiovascular morbidity and mortality in CKD patients remains devastatingly
high (Lambers Heerspink and de Zeeuw, 2013), and novel drugs which effectively halt the
progression of renal function loss are thus strongly desired.
There is firm evidence that CKD and ESRD are both characterized by a chronic low-grade
inflammatory state, as evidenced by increased levels of proinflammatory cytokines including
interleukin (IL)-1 and monocyte chemoattractant protein 1 (MCP-1) (Silverstein, 2009;
Stinghen et al., 2009; Tbahriti et al., 2013). In addition, a persistent inflammatory state may also
be a risk factor for progression of CKD, and may substantially contribute to morbidity and
mortality, possibly resulting in a vicious inflammatory-driven cycle (Suliman and Stenvinkel,
2008). Although a complex array of tightly regulated events involving various proinflammatory
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cytokines and multiple inflammatory signaling pathways might be related, the causes of
dysregulated inflammation in CKD are still not well understood.
Receptor-interacting protein (RIP) kinases act as essential sensors of cellular stress (Meylan
and Tschopp, 2005; Zhang et al., 2010). They play important roles in situations of cellular stress
caused by various factors, such as pathogen infection, inflammation, and several types of cellular
damage, and these eventually lead to the activation of transcription factors such as nuclear
protein kinase (MAPK) (Humphries et al., 2015). Among the RIP kinase family, RIP2 uniquely
has a caspase activation and recruitment domain (CARD) and specifically binds to nucleotidebinding oligomerization domain (NOD) proteins NOD1 and NOD2, upstream molecules, via
CARD-CARD interaction (Jun et al., 2013). NOD proteins are intracellular pattern recognition
receptors that recognize peptidoglycan fragments of bacteria invading into the cell or sense
cellular stress such as endoplasmic reticulum (ER) stress (Keestra-Gounder et al., 2016), and
consequently propel innate immunity and inflammatory responses via RIP2 as a direct effector.
Thus, RIP2 plays a central role in the NOD-mediated inflammatory signaling pathway (Saxena
and Yeretssian, 2014). Given the critical role of RIP2 in inflammatory processes, the modulation
of RIP2 kinase activity might be an attractive therapeutic approach for the treatment of various
diseases associated with dysregulated inflammation, including kidney disease (Shigeoka et al.,
2010). However, although several RIP2 inhibitors have been identified (Salla et al., 2018), the
role of RIP2 in inflammatory diseases such as CKD has not been elucidated. We hypothesized
that, if persistent inflammation does indeed play a key role in renal failure, then the antiinflammatory effect of RIP2 inhibitors might be effective in alleviating CKD.
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In the present study, we characterized the pharmacological properties of AS3334034 (7methoxy-6-(2-methylpropane-2-sulfonyl)-N-(4-methyl-1H-pyrazol-3-yl)quinolin-4-amine;
Fig. 1), a newly synthesized RIP2 inhibitor. Further, to determine the involvement of RIP2
signaling in renal inflammation and discuss its usefulness in treating kidney diseases, we also
evaluated the potential efficacy of this agent in the uninephrectomized adriamycin-induced CKD
rat model. In addition, we compared the pharmacologic effects of AS3334034 with those of the
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Materials and Methods
Materials. AS3334034, 7-methoxy-6-(2-methylpropane-2-sulfonyl)-N-(4-methyl-1Hpyrazol-3-yl) quinolin-4-amine, was synthesized at Astellas Pharma Inc. (Ibaraki, Japan).
Losartan potassium was purchased from LKT Laboratories, Inc. (St. Paul, MN, USA). For in
vitro studies, AS3334034 was initially dissolved in dimethyl sulfoxide (DMSO), serially diluted
with DMSO, and then diluted to the desired concentration with assay buffer. The final
dilution. For in vivo studies, AS3334034 and losartan were suspended or dissolved in 0.5%
methylcellulose solution for oral administration via a stomach tube.
Animals. Male 6-week old Wistar rats were purchased from Japan SLC, Inc. (Shizuoka,
Japan). CKD model rats were prepared as described below. Under isoflurane anesthesia, the left
kidney was nephrectomized (Nx). One week later, 5 mg/kg of adriamycin (Kyowa Hakko Kirin;
Tokyo, Japan) dissolved in saline was intravenously administered from the tail vein. Repeated
oral administration of drugs was initiated the same day. All animals were housed in groups with
a controlled temperature, humidity, 12:12h light-dark cycle and free access to a standard
commercial diet and water. All animal experimental procedures were approved by the
Institutional Animal Care and Use Committee of Astellas Pharma Inc., Tsukuba Research
Center, which is accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) International.
RIP2 Kinase Assay. RIP2 kinase assays were performed in assay buffer (50 mM HEPES,
pH 7.5, 150 mM NaCl, 10 mM MgCl2, 0.05% Tween-20, 1 mM dithiothreitol and 0.005%
bovine serum albumin) in a total volume of 5 µL using 384-well plates. The concentrations of
human or rat RIP2 catalytic domain (1-305 amino acids; Carna Biosciences, Inc., Hyogo, Japan)
10
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and ATP were 1.2 µg/mL or 2 µg/mL and 10 µM, respectively. The Km of ATP for human RIP2
was approximately 90 M (data not shown). RIP2 was incubated with ATP and various

concentrations of AS3334034 in assay buffer at room temperature for 30 minutes. Kinase
activities were measured using the luminescence-based ADP-Glo Kinase assay kit (Promega;
Madison, WI, USA) in accordance with the manufacturer’s protocol. The luminescence was
measured by an EnVision plate reader (PerkinElmer; Waltham, MA, USA).

HCT116 was obtained from American Type Culture Collection (Manassas, VA, USA) and
cultured at 37C in a 5% CO2 humidified atmosphere in Dulbecco's Modified Eagle Medium
supplemented with 10% fetal calf serum. An NF-ĸB luciferase reporter construct was stably
integrated into HCT116 cells using a firefly luciferase reporter pGL4.32[luc2P/NF-BRE/Hygro] vector obtained from Promega. After transfection using Lipofectamine transfection
reagent (Invitrogen; Carlsbad, CA, USA) in accordance with the manufacturer’s protocol, the
stable cell line was generated by selection using Hygromycin. All experiments were performed
with mycoplasma-free cells. Cells were seeded at a density of 10,000 cells using 384-well plates
and treated the following day with various concentrations of AS3334034. After 5 min, 150
µg/mL of muramyl dipeptide (MDP, Peptide Institute, Inc., Osaka, Japan), the NOD2 ligand,
was added in a total volume of 40 µL and incubated for 4 h at 37C. Luciferase activity was
quantified using the Steady-Glo luciferase detection reagent (Promega) in accordance with the
manufacturer’s protocol. The luminescence was measured by an EnVision plate reader.
Kinase Selectivity Assay. Pharmacological screening assays for various kinases were
performed at 1 µM of AS3334034 using kinase profiling services according to standard assay
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procedures specified by Carna Biosciences, Inc. The kinase profiling was performed at ATP
concentrations approximately equal to the Km values.
Pharmacokinetics. AS3334034 (10 mg/kg) was administered orally to CKD rats once daily
for 4 weeks, and blood samples were drawn from the tail vein before dosing, and at 0.5, 1, 3, and
8 h after dosing. The plasma concentration of drug was measured by liquid chromatographytandem mass spectrometry (LC-MS/MS) following protein precipitation with acetonitrile.
using the noncompartmental analysis model of Phoenix WinNonlin version 7.0 software (Certara
USA, Inc., Princeton, NJ, USA).
MDP-induced Increase in Plasma MCP-1 Level in Rats. Normal rats were randomly
divided into the following groups: vehicle administration to normal rats (control); and vehicle or
AS3334034 (3–30 mg/kg) administration to MDP treated rats (n = 4 each group). AS3334034
(3–30 mg/kg) was administered orally to normal rats and blood samples were collected from the
abdominal vena cava under isoflurane anesthesia at 3, 8, and 24 h after dosing. L18-MDP (10
µg/0.5 mL saline/rat; InvivoGen, San Diego, CA, USA), a synthetic derivative of MDP with
higher potency, was intraperitoneally injected at 2 h before each blood sampling. Saline was
intraperitoneally injected to control rats. Plasma concentrations of MCP-1 were measured using a
commercial enzyme-linked immunosorbent assay (ELISA) kit (SMJE00, R&D Systems Inc.,
Minneapolis, MN, USA).
Effect of Repeated Administration of AS3334034 in CKD Rats. CKD rats were randomly
divided into weight-matched groups. Group composition was as follows: vehicle administration
to normal rats (normal, n = 6); vehicle administration to Nx rats (Nx, n = 6); and vehicle
(vehicle, n = 8), AS3334034 (10 mg/kg, n = 8), or losartan administration (30 mg/kg, n = 8) to
12
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Nx adriamycin-treated CKD rats. Each drug was administered orally to CKD rats once daily for
6 weeks. Body weights were measured every week. At week 2, 4, and 6, rats were transferred to
metabolic cages, spontaneously voided urine was collected for 24 h, food consumption was
measured, and blood samples were obtained from the tail vein. Plasma MCP-1 levels were
measured using blood samples at week 2 of repeated administration using the commercial
ELISA kit (R&D Systems Inc.). After the final drug administration at week 6, blood samples
was isolated. The renal tissues were immersed in 10% neutral-buffered formalin for histological
evaluation. Blood samples were centrifuged (15,000 rpm, 10 min) and the supernatant was used
to measure several parameters. Urinary protein concentrations were measured using a protein
assay reagent (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Plasma and urinary creatinine
and blood urea nitrogen (BUN) levels were measured using a Hitachi 7180 automatic analyzer
(Hitachi High-Technologies Corporation, Tokyo, Japan). Creatinine clearance was calculated
using the equation: Creatinine clearance (mL/min) = [urinary creatinine (mg/dL) x 24h urine
volume (mL)/1440 (min)]/plasma creatinine (mg/dL). Additional studies on renal apoptosis,
glomerular podocyte injury, and histological evaluation at week 4 were investigated by repeating
a whole experiment independently with the same experimental method. Group composition was
as follows: (1) vehicle in normal rats (normal, n = 6), (2) vehicle in Nx adriamycin-treated CKD
rats (vehicle, n = 9), and (3) AS3334034 in Nx adriamycin-treated CKD rats (10 mg/kg, n = 9).
Urinary podocalyxin concentrations were measured in urine samples at week 2 of repeated
administration using a commercial ELISA kit (Exocell, Inc., Philadelphia, PA, USA). Renal
tissues after final drug administration at week 4 were collected for histological evaluation.
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Histopathology. Specimen preparation and histopathological examination were performed at
CMIC Bioresearch Center Co., Ltd. (Yamanashi, Japan). Sagittal slices of renal tissue were fixed
in 10% neutral-buffered formalin, embedded in paraffin, and cut into 2-μm-thick sections for
morphological study. These sections were stained with hematoxylin and eosin (H&E), periodic
acid Schiff (PAS), terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL:
ApopTag Peroxidase In Situ Apoptosis Detection Kit, EMD Millipore Corporation., Burlington,
Tokyo, Japan). WT-1 staining was performed in accordance with the method as previously
described (Wada et al., 2016). All tissue samples were evaluated by an independent investigator
blinded to group information. All glomeruli and the entire microscopic area in each specimen
were examined. Histopathological changes (glomerulosclerosis, interstitial fibrosis, interstitial
mononuclear cell infiltration, basophilic change, and tuft adhesions to Bowman’s capsule) were
evaluated using a semiquantitative scoring system according to the percentage of affected renal
tissue as follows: 0: no lesion, 1: very slight (< 10%), 2: slight (10% ≤ X < 25%), 3: moderate
(25% ≤ X < 50%), and 4: marked (≥ 50%). The number of TUNEL-positive cells was counted
per 10 randomly selected field cross-sections and the mean value was calculated. The number of
WT-1-positive cells per glomerulus was counted per 10 randomly selected glomeruli crosssections and the mean value was calculated.
Statistical Analysis. The experimental results are expressed as the mean with standard
deviation (S.D.) or standard error of mean (S.E.M.), or scatter plots with mean or median. To
determine the 50% inhibitory concentration (IC50) values with 95% confidence interval (95%
CI), a sigmoid-concentration response curve was plotted using GraphPad Prism 7 (GraphPad
Software, La Jolla, CA, USA). The significance of differences between two groups was
14
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determined using two-tailed unpaired t-test, while one-way ANOVA with Tukey’s or Dunnett’s
multiple comparisons test was used for comparisons between multiple groups. Before testing for
statistical significance, Grubb’s test was employed to detect outliers in plasma creatinine because
some individuals exhibited outliers, and logarithmic transformation was performed for BUN
because the range of variation was large. To compare histopathological scores, the significance
of differences between two groups was determined using two-tailed Mann-Whitney test, while
multiple groups. Pearson correlation analysis was performed to examine the relationship between
log10-transformed plasma MCP-1 levels and renal functional parameters. Spearman correlation
analysis was performed to examine the relationship between log10-transformed plasma MCP-1
levels and renal histopathological scores. A P < 0.05 was considered to be statistically
significant. Statistical and data analyses were conducted using GraphPad Prism 7.
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Results
In Vitro Pharmacological Characterization of AS3334034. AS3334034 potently inhibited
rat and human RIP2 kinase activity, with IC 50 values of 3.02 ± 0.30 nM and 2.10 ± 0.73 nM,
respectively. AS3334034 concentration-dependently inhibited MDP-induced NF-B activation
in HCT116 cells, with an IC50 value of 4.4 (95% CI: 3.6-5.3) nM (Fig. 2). In addition, 1 µM of
AS3334034 only partially inhibited several kinase activities, such as DDR (discoidin domain
although the concentration is approximately 480-fold greater than the IC 50 value of AS3334034
in human RIP2 kinase assay (Table 1).
Pharmacokinetics. After oral administration of AS3334034 (10 mg/kg) to CKD rats to
which the drug had been repeatedly administered for 4 weeks, the plasma concentration of
unchanged drug was measured, showing that it rapidly reached a maximum at 0.5 h (Fig. 3). The
corresponding Cmax was 6,830 ng/mL and AUC0-24 h was 26,300 ngh/mL.
Effect of Single Administration of AS3334034 on MDP-induced Increase in Plasma
MCP-1 Level. Compared to the control group, the L18-MDP (10 µg/rat)-treated vehicle group
showed a significant increase in plasma MCP-1 levels (Fig. 4). AS3334034 (3–30 mg/kg) dosedependently inhibited this MDP-induced increase in plasma MCP-1 levels. This inhibitory effect
significantly lasted for 8 h at doses of 3 mg/kg or higher and for 24 h at dose of 30 mg/kg.
Effect of Repeated Administration of AS3334034 in CKD Rats. Compared to normal rats,
CKD rats showed a progressive increase in urinary protein excretion (Fig. 5A, Table 3).
Repeated administration of AS3334034 (10 mg/kg) significantly suppressed this elevated urinary
protein excretion. In contrast, losartan (30 mg/kg) did not significantly attenuate urinary protein
16
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excretion. In addition, CKD rats exhibited significant increases in plasma levels of creatinine and
BUN and a decrease in creatinine clearance (Fig. 5B–D, Table 3). AS3334034 significantly
improved these parameters, whereas losartan did not. CKD rats showed decreased body weight
compared to normal rats (Table 2). Repeated administration of AS3334034 significantly
improved this weight loss without affecting food intake. Losartan tended to improve this weight
loss although the effect was not significant. In addition, CKD rats exhibited significant
infiltration, and tuft adhesions to Bowman’s capsule (week 6: Fig. 6, week 4: Supplemental Fig.
1). Renal tubules around the glomeruli were severely degenerated, and the tubular lumen were
dilated. Marked infiltration of inflammatory cells was observed in the interstitium, and mild
fibrosis was present. AS3334034 significantly attenuated or tended to attenuate these
pathological changes. Compared to normal rats, CKD rats exhibited a significant increase in
plasma MCP-1 levels (Fig. 7). Repeated administration of AS3334034 significantly reduced
plasma MCP-1 levels. Losartan also tended to reduce plasma MCP-1 levels, although this effect
was not significant. In addition, significant correlations were seen between plasma MCP-1 level
and parameters of renal function and injury (plasma creatinine levels, urinary protein excretion,
glomerulosclerosis, and interstitial fibrosis). In additional studies for podocyte injury and renal
apoptosis, compared to normal rats, CKD rats exhibited a significant decrease in WT-1-positive
cells in glomeruli and a significant increase in urinary podocalyxin excretion - both markers of
glomerular podocyte injury - and a significant increase in TUNEL-positive cells as a marker of
apoptosis (Fig. 8, Supplemental Fig. 2). Repeated administration of AS3334034 significantly
attenuated changes in these parameters.
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Discussion
The present study characterized the pharmacological profile of AS3334034, a newly
discovered potent and selective RIP2 inhibitor, and showed the renoprotective effects of
AS3334034 in uninephrectomized adriamycin-induced CKD rats.
A large body of experimental and clinical evidence has supported the view that a chronic
inflammatory state exists in CKD, and that this state is further heightened in ESRD, strongly
inflammatory factors may be involved in initiating and orchestrating the development of CKD,
the factors which trigger the inflammatory cascade are still not well recognized. NOD proteins
have been reported to potentially underlie the pathophysiology of CKD, including diabetic
nephropathy, and renal failure induced by a variety of bacterial toll-like receptor (TLR) ligands,
such as peptidoglycans and lipopolysaccharide, via the production of proinflammatory cytokines
and renal inflammation (Stroo et al., 2012; Du et al., 2013). In addition, the NOD-RIP2 pathway
has been shown to contribute to acute kidney failure in ischemia reperfusion injury (Shigeoka et
al., 2010). These findings support an essential role of the NOD-RIP2 pathway in cellular
signaling to produce proinflammatory cytokines, including MCP-1, as a possible mechanism
underlying the pathogenesis of kidney diseases. RIP2 might therefore be a promising target for
treatment of inflammatory kidney diseases, including CKD. In the present study, the RIP2
inhibitor AS3334034 was shown to suppress the progression of chronic renal failure via an antiinflammatory effect and is, therefore, suggested to be useful in treating patients with CKD.
AS3334034 potently inhibited rat and human RIP2 kinase activities with IC 50 values in the
nanomolar range, but did not potently inhibit various other kinase activities. AS3334034 is thus
likely to possess potent inhibitory activity and selectivity for RIP2, although the effects against
18
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additional kinases, including broader kinases, require investigation. In accordance with reports
showing that RIP2 autophosphorylation is critical for MDP-induced NF-B activation (Dorsch et
al., 2006; Yang et al., 2007; Tigno-Aranjuez et al., 2010; Nachbur et al., 2015), the RIP2
inhibitor AS3334034 concentration-dependently inhibited MDP-induced NF-B activation in
HCT116 cells. Our present result that AS3334034 showed an inhibitory effect on MDP-induced
MCP-1 secretion in rats is also consistent with the report that MDP-induced NOD signal
likely to play pivotal roles in proinflammatory cytokine production and inflammatory responses.
AS3334034 is expected to be a specific long-lasting RIP2 inhibitor which is useful in attenuating
renal inflammatory responses in vivo.
In uninephrectomized adriamycin-induced CKD rats, levels of plasma creatinine and BUN
and urinary protein excretion were progressively elevated, accompanied by a marked decrease in
creatinine clearance as well as pathological changes, which are similar to those observed in CKD
patients. In addition, CKD rats exhibited renal cell damages, such as renal apoptosis as
demonstrated by TUNEL-positive staining in tubular epithelial cells (Supplemental Fig. 2), and
glomerular podocyte injury as demonstrated by a decrease in the number of WT-1-positive cells
and urinary podocalyxin excretion. Podocytes are an essential component of the renal glomerular
filtration barrier, whose detachment and loss leads to adhesion between the glomerular tuft and
Bowman’s capsule and glomerulosclerosis, which in turn lead to proteinuric kidney disease.
RIP2 has been shown to play a crucial role in cell apoptosis as well as in NF-B activation
(Inohara et al., 1998; McCarthy et al., 1998). In addition, NOD2 has been suggested to be a
critical component in the signal transduction pathway that links glomerular podocyte injury via
renal inflammation (Du et al., 2013). The NOD-RIP2 axis seems to play a key role in
19
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deregulated innate immunity (Hato and Dagher, 2015), probably in non-immune cells such as
podocytes and tubular epithelial cells. The excessive activation of this axis may induce
deleterious effects on these cells via proinflammatory and proapoptotic processes, and in turn
orchestrate the development of renal tissue injury. In the present study, AS3334034 consistently
improved renal inflammation, apoptosis, podocyte injury, adhesion between the glomerular tuft
and Bowman’s capsule, glomerulosclerosis and interstitial fibrosis. Accordingly, the inhibition
pathological changes via anti-inflammation, anti-apoptosis, and the suppression of podocyte
damage.
Increased circulating levels of proinflammatory cytokines, such as tumor necrosis factor α
(TNF- and MCP-1, have been described in CKD patients (Pereira et al., 1994; Stinghen et al.,
2009); these proinflammatory cytokines presumably participate in pathways that segment the
inflammatory cascade and, in turn, induce renal injury. In the present study, CKD rats displayed
elevated plasma levels of MCP-1, suggesting a chronic inflammatory condition. This
inflammatory condition was significantly attenuated by AS3334034. Renal inflammation occurs
with infiltration of mononuclear cells, including macrophages, into kidney interstitium, an effect
of which was also attenuated by AS3334034. These renoprotective and anti-inflammatory effects
of AS3334034 in CKD rats were significant at a dose of 10 mg/kg, which is consistent with the
results obtained in the MDP-induced MCP-1 secretion study. NOD2 deficiency has been
reported to ameliorate the activation of various inflammatory cytokines, such as MCP-1, TNF-,
IL-6, IL-8, and IL-1, in the kidney of diabetic model mice (Du et al., 2013). In addition, plasma
levels of MCP-1 and TNF-have been shown to be significantly elevated in CKD patients, in
association with the prevalence and severity of CKD (Lee et al., 2015; Gregg et al., 2018).
20
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Although the effects of AS3334034 on inflammatory cytokines other than MCP-1 have not yet
been investigated, the inhibition of the NOD-RIP2-NF-B cascade by AS3334034 would
suppress the progression of chronic renal failure, at least in part, via attenuating the inflammatory
state.
Inflammation is closely associated with the generation of pro-fibrotic factors and a decline in
glomerular filtration rate (Fried et al., 2004; Lebleu et al., 2008; Lv et al., 2018). Indeed, antiand pentoxifylline (Lin et al., 2005) reduce inflammation and slow the progression of CKD. In
the present results, statistically significant correlations were found between plasma MCP-1 levels
and fibrotic lesions (glomerulosclerosis and tubulointerstitial fibrosis score), and also between
plasma MCP-1 levels and renal function (urinary protein excretion and plasma creatinine). Thus,
the renoprotective effects of AS3334034 are likely to be primarily due to inhibition of
inflammation. To our knowledge, this investigation is the first to examine the renoprotective
effects of a RIP2 inhibitor on progressive renal dysfunction in a CKD model. Given the known
importance of renal inflammation as a common mechanism in the progression of not only nondiabetic but also diabetic kidney disease (Amdur et al., 2016), it is possible that RIP2 might also
play a crucial role in the development and progression of diabetic nephropathy. Indeed, it has
been reported that renal NOD2 expression is significantly elevated in patients with various
inflammatory and proteinuric kidney diseases, including diabetic nephropathy, and that gene
deletion of NOD2 attenuates renal inflammation and albuminuria in diabetic nephropathy mice
(Du et al., 2013). In addition, NOD signaling has been reported to be involved in the initiation
and progression of various inflammation, such as ER stress-mediated inflammation (KeestraGounder et al., 2016), age-associated inflammation (Thevaranjan et al., 2018), and vascular
21
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inflammation including atherosclerosis (Kanno et al., 2015), which all are possible pathogenic
factors underlying the development of CKD including diabetic nephropathy. Although further
experiments using various models of CKD, including diabetic nephropathy models (Tahara and
Takasu, 2018), are necessary to confirm these therapeutic effects, the RIP2 inhibitor AS3334034
may indeed be a promising drug for use in countering the progression of CKD.
The adriamycin-induced CKD model is known to exhibit prominent inflammation and
2011; Szalay et al., 2015) against which renin-angiotensin-aldosterone system blocking agents,
ACE inhibitors and ARBs such as losartan, showed a small or limited renoprotective effect
(Nakhoul et al., 2005; Muñoz et al., 2011). Our results also showed losartan had a small or
limited effect on renal dysfunction at 30 mg/kg. In contrast, AS3334034 exhibited significant
beneficial effects on renal function and injury in this CKD model. These results suggest that
AS3334034 has renoprotective effects through anti-inflammatory effects, which differ from the
effects of ACE inhibitors or ARBs through alteration of renal hemodynamics. On the other hand,
Losartan has shown potent renoprotective effects at 10-30 mg/kg in other CKD models, such as
5/6 nephrectomized CKD rats in our previous study and in another group’s study (Vavrinec et
al., 2011), and spontaneously hypertensive rat (SHR)-background adriamycin-induced CKD rats
(Mihailović-Stanojević et al., 2009). Although further investigation of the therapeutic
combination effects of AS3334034 with these drugs in other CKD models will be needed, our
results raise the expectation that AS3334034 may show an additive suppressive effect on the
progression of CKD via different mechanisms.
In conclusion, the present results suggest that the RIP2 inhibitor AS3334034 suppresses the
progression of chronic renal failure via an anti-inflammatory effect, and that the NOD-RIP2 axis
22
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podocyte damage, leading to glomerulosclerosis and tubulointerstitial fibrosis (Lee and Harris,
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might play a crucial role in the pathogenesis of inflammatory kidney diseases. AS3334034 is
expected to be potentially useful in the treatment of patients with CKD.
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Legends for figures
Fig. 1. Chemical structure of AS3334034 (7-methoxy-6-(2-methylpropane-2-sulfonyl)-N-(4methyl-1H-pyrazol-3-yl) quinolin-4-amine).

Fig. 2. Effect of AS3334034 on MDP-induced NF-B activation in HCT116 cells. NF-B
luciferase activity was normalized relative to MDP control (100%) and unstimulated control
duplicate.

Fig. 3. Pharmacokinetics of AS3334034 in CKD rats. AS3334034 (10 mg/kg) was orally
administered to Nx adriamycin-treated CKD rats for 4 weeks, and the time-course of changes in
AS3334034 plasma concentrations was measured before (0h) and after dosing. Each data point is
expressed as the mean ± S.D. for 3 animals.

Fig. 4. Effect of AS3334034 on MDP-induced increase in plasma MCP-1 level in rats. Vehicle
or AS3334034 was orally administered to normal rats, and blood samples were collected at 3, 8,
and 24 after dosing. L18-MDP (10 µg/0.5 mL saline/rat) , a synthetic derivative of MDP, was

intraperitoneally injected at 2 h before blood sampling. Saline was intraperitoneally injected to
control rats. The values are the mean ± S.D. for 4 animals in each group. Two-tailed unpaired ttest was used for comparisons between normal and vehicle groups, and two-tailed unpaired t-test
(3h) or one-way ANOVA with Dunnett’s multiple comparisons test (8h and 24h) was used for
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comparisons between vehicle and AS3334034 groups. *P < 0.05 vs. control group, #P < 0.05 vs.
vehicle group.

Fig. 5. Effects of 6 weeks’ repeated administration of AS3334034 on renal function in CKD rats.
Time course of changes in (A) urinary protein excretion, levels of (B) plasma creatinine and (C)
BUN, and (D) creatinine clearance. Vehicle, AS3334034 (10 mg/kg), or losartan (30 mg/kg) was
vehicle was orally administered to normal (Normal) or nephrectomized rats (Nx). Results are
displayed using scatter plots with mean values for 6 animals in the normal and Nx group, and 8
animals in the other groups. One-way ANOVA with Tukey’s multiple comparisons test was used
for comparisons between normal, Nx, and vehicle groups, and two-tailed unpaired t-test was
used for comparisons between vehicle and each drug group. $P < 0.05 vs. normal group, *P <
0.05 vs. Nx group, #P < 0.05 vs. vehicle group.

Fig. 6. Improvement in renal injury by 6 weeks’ repeated administration of AS3334034 in CKD
rats. AS3334034 (10 mg/kg) or losartan (30 mg/kg) was orally administered to Nx adriamycintreated CKD rats for 6 weeks. Histopathological scores of (A) glomerulosclerosis, (B) interstitial
fibrosis, (C) basophilic change, (D) interstitial mononuclear cell infiltration, and (E) tuft
adhesion to Bowman’s capsule. Results are displayed using scatter plots with median values for
6 animals in the normal and Nx group and 8 animals in the other groups. Kruskal-Wallis test
with Dunn’s multiple comparisons test was used for comparisons between normal, Nx, and
vehicle groups, and two-tailed Mann-Whitney test was used for comparisons between vehicle
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and each drug group. $P < 0.05 vs. normal group, *P < 0.05 vs. Nx group, #P < 0.05 vs. vehicle
group. (F) Representative light micrographs. H&E (upper) and PAS (lower) stain. Scale bars in
the upper and lower panels show 50 and 30 μm, respectively.

Fig. 7. (A) Effect of repeated administration of AS3334034 on plasma MCP-1 levels in CKD
rats. AS3334034 (10 mg/kg) or losartan (30 mg/kg) was orally administered to Nx adriamycinadministration. Results are displayed using scatter plots with mean values for 6 animals in the
normal and Nx group, and 8 animals in the other groups. One-way ANOVA with Tukey’s
multiple comparisons test was used for comparisons between normal, Nx, and vehicle groups,
and two-tailed unpaired t-test was used for comparisons between vehicle and each drug group.
$

P < 0.05 vs. normal group, *P < 0.05 vs. Nx group, #P < 0.05 vs. vehicle group. Correlations

between log10-transformed plasma MCP-1 level and (B) plasma creatinine level, (C) urinary
protein excretion, and scores of (D) glomerulosclerosis and (E) interstitial fibrosis at Week 6 of
repeated administration. Pearson correlation analysis was used for log10-transformed plasma
MCP-1 vs. plasma creatinine and urinary protein excretion, and Spearman correlation analysis
was used for log10-transformed plasma MCP-1 vs. scores of glomerulosclerosis and interstitial
fibrosis.

Fig. 8. Effects of 4 weeks’ repeated administration of AS3334034 on renal apoptosis and
glomerular podocyte injury in CKD rats. AS3334034 (10 mg/kg) was orally administered to Nx
adriamycin-treated CKD rats for 4 weeks. Counts of (A) TUNEL-positive cells and (B) WT-1-
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JPET # 265678
positive cells, and (C) urinary podocalyxin excretion. Urinary podocalyxin excretions were
measured at Week 2 of repeated administration. Results are displayed using scatter plots with
mean values for 6 animals in the normal group and 9 animals in the other groups. Two-tailed
unpaired t-test was used for comparisons between normal and vehicle group, and between
vehicle and AS3334034 group. *P < 0.05 vs. normal group, #P < 0.05 vs. vehicle group.
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Tables
TABLE 1

Kinase selectivity profile of AS3334034

Kinase assays were performed at 1 µM of AS3334034. NI: not inhibited. Abbreviations and other detailed information
on kinases are described by Carna Biosciences, Inc. or in Kitagawa et al. (2003).

% inhibition
49
NI
28
32
73
62
35
62
81
<10
<10
<10
NI
NI
NI
NI
<10
<10
13
17
53
NI
68
<10

Kinase
RET
SRC
SYK
TIE2
TRKA
TYK2
TYRO3
YES
AKT1
AKT2
AMPK1/1/1
AurA
CaMK4
CDK2/CycA2
CDK5/p25
CHK1
CK1
DAPK1
DYRK1B
Erk1
Erk2
GSK3
HGK
HIPK1

38

% inhibition
25
68
NI
NI
32
<10
NI
60
NI
NI
NI
NI
NI
NI
NI
<10
<10
<10
NI
NI
NI
30
<10
NI

Kinase
IKK
IKK
IRAK4
JNK1
JNK2
JNK3
MAPKAPK2
MSK1
MST1
NEK2
p38
p70S6K
PAK2
PBK
PIM1
PKAC
PKC
PKC
PKD2
ROCK1
SGK
TBK1

% inhibition
NI
NI
NI
<10
<10
NI
NI
NI
<10
NI
17
NI
<10
NI
NI
NI
NI
NI
NI
NI
NI
NI
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Kinase
ABL
ALK
BTK
CSK
DDR1
DDR2
EGFR
EPHA2
EPHB4
FAK
FGFR1
FLT3
IGFR1
INSR
ITK
JAK1
JAK2
JAK3
KDR
KIT
LCK
MET
PDGFR
PYK2
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TABLE 2

Effect of repeated administration of AS3334034 on body weight in CKD rats

AS3334034 and losartan were orally administered to CKD rats once daily for 6 weeks. Values are mean ± S.E.M.
for 6-8 animals per group. One-way ANOVA with Tukey’s multiple comparisons test was used for comparisons
between normal, Nx, and vehicle groups, and two-tailed unpaired t-test was used for comparisons between vehicle
and each drug group at weeks 2, 4 and 6. $P < 0.05 vs. normal group, *P < 0.05 vs. Nx group, #P < 0.05 vs. vehicle
group.

Week 0
Week 2

Week 6

Nx
199 ± 4
261 ± 6
18.0 ± 0.9

Vehicle
199 ± 3
220 ± 6$*
14.5 ± 0.9*

AS3334034
199 ± 3
236 ± 5
14.1 ± 1.1

Losartan
199 ± 3
226 ± 4
13.8 ± 0.7

Food intake (g/day)

16.2 ± 0.3

15.3 ± 0.8

14.3 ± 0.8

14.1 ± 0.6

13.0 ± 0.7

15.3 ± 0.8

15.5 ± 1.1

13.4 ± 1.5

14.6 ± 1.3

15.4 ± 1.1

Body weight (g)
Body weight (g)

Food intake (g/day)

286 ± 5
314 ± 6

298 ± 7
321 ± 7

39

232 ± 9$*

243 ± 10$*

263 ± 8#
277 ± 8#

247 ± 8
261 ± 9
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Week 4

Body weight (g)
Body weight (g)
Food intake (g/day)

Normal
170 ± 4
244 ± 6
17.5 ± 0.7
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TABLE 3

Effects of repeated administration of AS3334034 on renal function in CKD rats.

AS3334034 and losartan were orally administered to CKD rats once daily for 6 weeks. Values are mean ± S.E.M.
for 6-8 animals per group. One-way ANOVA with Tukey’s multiple comparisons test was used for comparisons
between normal, Nx, and vehicle groups, and two-tailed unpaired t-test was used for comparisons between vehicle
and each drug group. $P < 0.05 vs. normal group, *P < 0.05 vs. Nx group, #P < 0.05 vs. vehicle group.

Week 2

Normal
4.9 ± 0.5

Nx
3.6 ± 0.4

Vehicle
41 ± 7$*

AS3334034
19 ± 4#

Losartan
31 ± 10

125 ± 18$*

72 ± 11#

117 ± 31

Week 4

5.7 ± 0.3

4.8 ± 0.4

105 ± 15$*

Plasma creatinine
(mg/dL)

Week 2

Week 4

0.23 ± 0.01

0.25 ± 0.01

0.31 ± 0.01$

0.31 ± 0.01

0.35 ± 0.02$

0.50 ± 0.03 *

0.30 ± 0.01#

Week 2

1.32 ± 0.02

1.42 ± 0.01

0.57 ± 0.04$*
1.51 ± 0.05$

0.44 ± 0.02#

1.43 ± 0.02

1.62 ± 0.05 *

1.48 ± 0.04

BUN
(log mg/dL)
Creatinine clearance
(mL/min)

Week 6

Week 6

2.0 ± 0.1

0.28 ± 0.01

2.1 ± 0.1

0.37 ± 0.01

51 ± 9#

$

Week 4

1.35 ± 0.01

1.39 ± 0.01

1.56 ± 0.02$*

Week 2

1.79 ± 0.06

1.64 ± 0.05

1.17 ± 0.13$*

Week 6
Week 4
Week 6

1.34 ± 0.01
2.19 ± 0.06
1.83 ± 0.09

1.39 ± 0.01
1.85 ± 0.07$
1.71 ± 0.04

40

$

0.86 ± 0.08$*

0.74 ± 0.09$*

0.36 ± 0.01

#

1.44 ± 0.02#
1.45 ± 0.09

#

1.31 ± 0.10#
1.12 ± 0.09#

75 ± 14

0.32 ± 0.01

0.44 ± 0.03
0.53 ± 0.04

1.44 ± 0.03

1.51 ± 0.03
1.58 ± 0.04

1.32 ± 0.07

1.08 ± 0.09
0.98 ± 0.09
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Urinary protein
excretion
(mg/mg creatinine)
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