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INTRODUCTION

ABSTRACT

Aims/Introduction: Nucleotide-binding oligomerization domain-like receptor family
pyrin domain containing 3 (NLRP3) inflammasomes produce IL-18 upon being activated
by various stimuli via the P2 receptors. Previously, we showed that serum and urine IL-18
levels are positively associated with albuminuria in patients with type 2 diabetes,
indicating the involvement of inflammasome activation in the pathogenesis of diabetic
kidney disease (DKD). In the present study, we investigated whether the administration of
suramin, a nonselective antagonist of the P2 receptors, protects diabetic KKCg-A"/Taldl
(KK-Ay) mice against DKD progression.

Materials and Methods: Suramin or saline was administered ip. to KK-Ay and C57BL/
6J mice once every 2 weeks for a period of 8 weeks. Mouse mesangial cells (MMCs) were
stimulated with ATP in the presence or absence of suramin.

Results: Suramin treatment significantly suppressed the increase in the urinary albumin-
to-creatinine ratio, glomerular hypertrophy, mesangial matrix expansion, and glomerular
fibrosis in KK-Ay mice. Suramin also suppressed the upregulation of NLRP3
inflammasome-related genes and proteins in the renal cortex of KK-Ay mice. P2X4 and
P2X7 receptors were significantly upregulated in the isolated glomeruli of KK-Ay mice and
mainly distributed in the glomerular mesangial cells of KK-Ay mice. Although neither ATP
nor suramin affected NLRP3 expression in MMCs, suramin inhibited ATP-induced NLRP3
complex formation and the downstream expression of caspase-1 and IL-18 in MMCs.
Conclusions: These results suggest that the NLRP3 inflammasome is activated in a
diabetic kidney and that inhibition of the NLRP3 inflammasome with suramin protects
against the progression of early stage DKD.

It is now well recognized that inflammatory processes play

The prevalence of diabetic kidney disease (DKD) is rising
rapidly owing to the increasing prevalence of diabetes world-
wide' . Furthermore, DKD contributes to the development of
cardiovascular diseases and has led to increased mortality rates®.
Therefore, understanding the mechanisms underlying the
pathogenesis of DKD and discovering new therapeutic targets
will have important implications for the treatment of patients
with diabetes’.

Received 5 May 2022; revised 29 September 2022; accepted 7 October 2022

critical roles in the pathogenesis of DKD °. Accumulating data
also suggest that inflammasomes, multiprotein complexes, play
a role in the pathogenesis of renal inflammation'. Pattern
recognition receptors, such as nucleotide-binding oligomeriza-
tion domain-like receptors (NLRs), recognize danger-associated
molecular patterns (DAMPs) to stimulate inflammasome
assembly'!. Inflammasome assembly in turn results in caspase-
1 activation and the subsequent secretion of IL-1f and IL-18
into the extracellular space''. We previously showed that serum
and wurine IL-18 levels are positively associated with
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albuminuria in patients with type 2 diabetes, indicating
the involvement of inflaimmasome activation in the pathogene-
sis of DKD'”. Among the different types of inflammasomes,
the NLR family pyrin domain containing 3 (NLRP3) inflamma-
some has been associated with DKD'>'*, NLRP3 knockout
(KO) and caspase-1 KO mice showed renoprotective effects
against a diabetes-induced increase in albuminuria and renal
morphological changes'”. Additionally, a locus- and gene-based
genome-wide association study meta-analysis has associated a
single-nucleotide polymorphism in the NLRP3 gene with
DKD".

Extracellular ATP can act as a DAMP to activate the NRLP3
inflammasome via P2 receptors (P2X and P2Y receptors)'.
P2X receptors are ligand-gated ion channels with seven known
subtypes (P2X1-7) in mammals. On the other hand, P2Y
receptors include eight subtypes (P2Y1, 2, 4, 6, 11-14)". Using
mass spectrometry imaging, we demonstrated that ATP is
increased in the glomeruli of diabetic mice, which may be
explained by the activation of the glycolytic pathway'®, and
indicates that inhibition of the P2 receptors could be a potential
therapeutic approach for the treatment of DKD.

Suramin acts as a nonselective antagonist of P2X and P2Y
receptors by inhibiting Na-K-ATPase at an intracellular site,
conceivably by interfering with ATP binding'®. Suramin has
been used to treat African trypanosomiasis for almost a cen-
tury”’. A study reported that the injection of suramin (10 mg/
kg) suppresses the progression of renal fibrosis and prevents
the decline in creatinine clearance in db/db mice*'. However,
clinical trials in which very high doses (e.g., blood levels of
150270 pmol/L) of suramin were used to treat patients with
cancer have led to concerns about the potential toxicity of the
drug®. Accordingly, we hypothesized that the lower dose sura-
min may be more beneficial as a potential therapy for DKD
without adverse effects.

Here, we evaluated whether low concentrations of suramin
could play a role in preventing the progression of DKD in KK-
Ay mice (a mouse model for type 2 diabetes and obesity) by
suppressing the NLRP3 inflammasome.

MATERIALS AND METHODS

Animals

Male non-diabetic C57BL/6] (BL6) and diabetic KK.Cg-A”/Ta]cl
(KK-Ay) mice (4 weeks old; CLEA Japan, Tokyo, Japan) were
randomly assigned to one of the five groups (n = 12, respec-
tively): (1) BL6 mice treated with saline (BL6); (2) BL6 mice
treated with a moderate-dose of suramin (BL6(S)); (3) KK-Ay
mice treated with saline (KK-Ay); (4) KK-Ay mice treated with
a low-dose of suramin (KK-Ay(LS)); and (5) KK-Ay mice trea-
ted with a moderate-dose of suramin (KK-Ay(S)). Low
(0.01 mg/kg) and moderate (1 mg/kg) doses of suramin
(Sigma-Aldrich, St. Louis, MO, USA) were injected ip., once
every 2 weeks for a period of 8 weeks. All mice were killed at
12 weeks of age and their kidneys were harvested. For the
detailed protocols, refer to Appendix S1.

http://wileyonlinelibrary.com/journal/jdi

Quantification of glomerular size and mesangial matrix area
Periodic acid-Schift (PAS)-stained sections were analyzed after
modifications to the procedure described previously'®. For the
detailed protocols, refer to Appendix S1.

Immunoperoxidase staining

Immunoperoxidase staining was performed following modifica-
tion to a protocol described previously”*. For the detailed pro-
tocol and antibodies, refer to Appendix SI.

Immunofluorescence staining

Immunofluorescence staining was performed using the protocol
described previously’. For the detailed protocol and antibodies,
refer to Appendix S1.

Double immunofluorescence staining

Nuclei were stained with DAPI and the sections were observed
under a fluorescence microscope (BZ-8000; Keyence, Osaka,
Japan). For the detailed antibodies, refer to Appendix S1.

RNA extraction and quantitative real-time RT-PCR (qPCR)

Total RNA was extracted from each sample (renal cortex, glo-
meruli, and cells), and qPCR was performed using StepOnePlus
(Thermo Fisher Scientificc, Waltham, MA, USA). For the
detailed protocol and primer sequences used for qPCR, refer to
Appendix S1 and Table S1.

Immunoblotting

Proteins extracted from the renal cortex or cellular lysates were
separated on 4-12% or 12% Bis-Tris gels and transferred onto
PVDF membranes. For the detailed protocol and antibodies,
refer to Appendix SI.

Cell culture

Mouse mesangial cells (MMCs; SV40 MES 13; ATCC, Manassas,
VA, USA) were cultured in DMEM (5.5 mmoL/L p-glucose)
supplemented with 10% (vol/vol) FBS and 1% (vol/vol) peni-
cillin—streptomycin—glutamine, in a 5% CO, incubator at 37°C.

The effect of ATP in MMCs

After reaching 50% confluence, the cell culture medium of
MMCs was replaced with DMEM supplemented with 0.5%
(vol/vol) FBS, and incubated for 24 h. The MMCs were then
exposed to the following conditions: (1) vehicle alone (control),
(2) 1 pM suramin (control (S)), (3) 5 mM ATP (ATP), (4)
5mM ATP and 0.1 pM suramin (ATP(LS)), or (5) 5 mM
ATP and 1 pM suramin (ATP(S)). The medium was changed
every 12 h. After 24 h of incubation, the MMCs were collected
and subjected to qPCR, western blotting, or blue native poly-
acrylamide gel electrophoresis (BN-PAGE).

BN-PAGE and two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE)

BN-PAGE was performed using a NativePAGE Bis-Tris Gel
System (Thermo Fisher Scientific), according to the
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manufacturer’s instructions. We also performed 2D-PAGE
(BN-PAGE as the first dimension and SDS-PAGE as the sec-
ond dimension) using a 4-12% Bis-Tris ZOOM Gel (Thermo
Fisher Scientific). For the detailed protocol and antibodies, refer
to Appendix S1.

siRNA transfection of MMCs

Transfection of MMCs with P2X4 and P2X7 siRNA (Horizon
Discovery, Cambridge, UK) was performed using a Lipofec-
tamine RNAIMAX transfection reagent (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. After the
transfection, the MMCs were treated with 5 mM ATP and
1 UM suramin, or vehicle as described earlier. The MMCs were
collected and subjected to gPCR and western blotting. For the
detailed protocol, refer to Appendix S1.

Statistical analysis

All values are expressed as mean + SEM. Differences between
groups were examined for statistical significance using one-way
aNova followed by Tukey’s test. Statistical significance was set
at P < 0.05.

RESULTS

Suramin suppresses albuminuria in KK-Ay mice without
affecting major metabolic parameters

As shown in Table 1, body weight, blood glucose, HbA,,
serum creatinine, systolic blood pressure, and kidney weight
(per tibial length) were significantly higher and creatinine clear-
ance was significantly lower in KK-Ay mice than in BL6 mice
(12 weeks old); however, there was no difference between the
KK-Ay and suramin-treated diabetic KK-Ay mice. The urinary
albumin-to-creatinine ratio (UACR) increased progressively in
KK-Ay mice during the study (Figure la). Notably, the admin-
istration of not only a moderate but also a low-dose of suramin
to KK-Ay mice caused a significant decrease in the UACR

(Figure 1a).

Kidney morphology and inhibition of kidney fibrosis by
suramin

The glomeruli in PAS-stained sections are shown in Figure 1b—f.
Glomerular hypertrophy was observed in KK-Ay mice but not
in BL6 mice. Treatment with low- and moderate-doses of sura-
min caused a significant improvement in the glomerular size
(Figure 1b-g), and significantly attenuated mesangial matrix
expansion in KK-Ay mice (Figure 1b-fh). mRNA expression
and index for type IV collagen were examined to evaluate
whether suramin could prevent extracellular matrix (ECM)
accumulation in the renal cortex and glomeruli (Figure li-o).
We observed that type IV collagen was upregulated in the renal
cortex of KK-Ay mice, and downregulated by the administra-
tion of a moderate-dose of suramin (Figure 1i). Moreover, the
type IV collagen index was significantly higher in the KK-Ay
group than in the BL6 group, and significantly decreased by
treatment with low- and moderate-doses of suramin (Figure 1o).
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These findings suggest that suramin treatment suppresses ECM
accumulation in the glomeruli of KK-Ay mice.

Suramin suppresses the NLRP3 inflammasome

To study the effect of suramin on the NLRP3 inflammasome
in the renal cortex, we performed qPCR and western blotting.
NLRP3 mRNA expression increased significantly in KK-Ay
mice (Figure 2a). NLRP3 protein expression was significantly
increased in KK-Ay mice and administration of low- and
moderate-doses of suramin caused a significant decrease in the
NLRP3 protein expression (Figure 2¢,d). IL-18 mRNA expres-
sion increased significantly in KK-Ay mice and decreased sig-
nificantly by treatment with a moderate-dose of suramin
(Figure 2b). Moreover, caspase-1 activation was monitored via
immunohistochemical staining (Figure 2e—j). The average num-
ber of caspase-1 (pl0)-positive cells in the glomeruli of KK-Ay
(LS) and KK-Ay(S) mice were significantly lower than that in
KK-Ay mice (Figure 2j).

Suramin attenuates renal inflammation in KK-Ay mice

To study the anti-inflammatory properties of suramin, we
assessed the effect of suramin on diabetes-induced expression
of pro-inflammatory genes and infiltration of macrophages.
Renal cortical expression of C-C motif chemokine 2 was signif-
icantly increased in KK-Ay mice and decreased by a low-dose
of suramin (Figure 3a). In the renal cortex of KK-Ay mice,
upregulation of C-X-C motif chemokine ligand 10 was almost
completely blocked by low- and moderate-doses of suramin
(Figure 3b). However, suramin had no significant effect on the
renal cortical expression of toll-like receptor 2 (Figure 3c), toll-
like receptor 4 (Figure 3d), and intercellular adhesion molecule
1 (Figure 3e) in KK-Ay mice. CD68 mRNA expression (mar-
ker for macrophages) showed significant upregulation in the
renal cortex of KK-Ay mice. Importantly, low- and moderate-
doses of suramin suppressed CD68 mRNA expression (Fig-
ure 3f). Additionally, immunohistochemical staining for F4/80
(another marker of murine macrophages) showed a similar
suppression pattern by suramin treatment. To elaborate, the
increase in the average number of glomerular F4/80 positive
cells in KK-Ay mice was significantly suppressed by
the administration of low- and moderate-doses of suramin

(Figure 3g-1).

Effect of suramin on P2X and P2Y expression in the renal
cortex

To examine whether suramin exerts its beneficial effects by
antagonizing the P2 receptors, we evaluated the mRNA expres-
sion of P2X and P2Y receptors. Among the P2X receptor fam-
ily, renal cortical expression of P2X1, P2X4, P2X5, P2X6, and
P2X7 was significantly higher in KK-Ay mice than in BL6 mice
(Figure 4a—g). We observed a significant upregulation in the
expression of P2X4 and P2X7 receptors in KK-Ay mice, which
was significantly downregulated by low- and moderate-doses of
suramin (Figure 4d,g). Among the P2Y receptor family, there
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Table 1 | Metabolic parameters of C57BL/6J (BL6) and KKCg-A’/Talcl (KK-Ay) mice at 4 and 12 weeks of age

Variable BL6 mice KK-Ay mice
BL6 BL&(S) KK-Ay KK-Ay(LS) KK-Ay(S)

At 4 weeks of age
Body weight (g) 157+ 03 163 £ 03 186 £ 0.2%* 187 £ 04%* 179 £ 06**
Blood glucose (mg/dL) 1498 + 47 1457 £ 33 2099 + 154%* 2249 + 92%* 2313+ 97%*
HbA;c (mmol/mol) 130+ 02 163+ 05 133 £ 04 143 £ 06 132+ 03
HbA . (%) 33+ 00 36+ 00 34+ 00 3501 34100
Systolic blood pressure (mmHg) 856+ 10 818+ 09 835+ 21 897+ 25 895+ 1.1

At 12 weeks of age
Body weight (g) 286+ 05 278+ 06 436 = 06** 455+ 1.0%* 444 £ 09**
Blood glucose (mg/dL) 1876 £ 149 1836+ 175 5693 £ 11.5%* 5723 £ 82%* 5323 + 230**
HbA; (mmol/mol) 22014 249 £ 06 61.1 + 1.7%* 546 + 2.7%* 619 + 20%*
HbA . (%) 42 £+ 0.1 44 £ 0.1 7.7 £ 02%* 72 £ 02%* 78 £ 02%*
Serum creatinine (mg/dL) 02+ 00 02+ 00 04 £ 00** 04+ 01%* 04 £ 00%*
Creatinine clearance (mL/min/kg) 73+18 69+ 18 22+ 03* 35+ 06 2.7 £ 03*
Systolic blood pressure (mmHg) 1005+ 14 979116 1099 + 15% 1087 £ 238 1122 £ 25%
Kidney weight/tibia (mg/mm) 89+ 02 86+ 04 180 £ 0.8** 194 + 0.8%* 172 £ 0.7%*
Food intake (g/day) 31201 28 £ 01 56+ 03%* 60 £ 0.1%* 64 + 03*# T

Data are mean + SEM. n = 6-12, systolic blood pressure was measured 5 times from each mouse. *P < 0,05, **P < 0001 vs BL6 group. TP < 0,05
vs KK-Ay group. BLE(S), BL6 mice treated with a moderate-dose of suramin group; BL6, BL6 mice treated with saline group; KK-Ay(LS), KK-Ay mice
treated with a low-dose of suramin group; KK-Ay(S), KK-Ay mice treated with a moderate-dose of suramin group; KK-Ay, KK-Ay mice treated with

saline group.

was no difference between the suramin-treated and untreated
KK-Ay mice (Figure 4h-n). Suramin did not affect the expres-
sion of ectonucleoside triphosphate diphosphohydrolase 1
(ENTPD1) or ectonucleotide pyrophosphatase/phosphodi-
esterase 1 (ENPPI1), which hydrolyze extracellular ATP

(Figure 4o,p).

Distribution of the P2X4 and P2X7 receptors in the glomeruli

To determine the localization of P2X4 and P2X7 receptors in
the glomeruli of KK-Ay mice, we performed double
immunofluorescence staining for CD90 (a marker for mesangial
cells), P2X4, and P2X7 (Figure 5a-h). P2X4 and P2X7 were
mainly distributed in the glomerular mesangial cells of KK-Ay
mice. Furthermore, the glomerular expression of P2X4 and
P2X7 was significantly upregulated in the glomeruli from KK-

Ay mice and completely downregulated in glomeruli from KK-
Ay(LS) and KK-Ay(S) mice (Figure 5i;).

Suramin prevents the decrease of the slit diaphragm proteins
in the glomeruli

To investigate the effect of suramin on glomerular filtration
barrier, we performed immunofluorescence staining of podocin
(Figure 6a—f) and nephrin (Figure 6g-1). The podocin index
was significantly decreased in KK-Ay mice, and attenuated by
low- and moderate-doses of suramin (Figure 6f). Moreover, the
decrease of nephrin index in KK-Ay mice was also significantly
attenuated by moderate-dose suramin treatment (Figure 6l).
These results suggest that the slit diaphragm proteins (podocin
and nephrin) were decreased in the diabetic mice, and attenu-
ated by suramin treatment.

Figure 1 | Suramin suppresses diabetes-induced albuminuria, mesangial matrix expansion, and type IV collagen accumulation. (a) Time course anal-
ysis of urinary albumin-to-creatinine ratio (n = 12). (b—f) PAS staining of glomeruli of BL6 (b), BL6(S) (c), KK-Ay (d), KK-Ay(LS) (e), and KK-Ay(S) (f) mice.
(9, h) Quantification of the glomerular size (tuft area) (g) and mesangial matrix area (h), as calculated by the PAS-positive area in the tuft area of 20
randomly selected glomeruli from each mouse (n = 5-6). Scale bar, 50 um; original magnification, 200x. (i) Quantification of type IV collagen
mMRNA expression in the renal cortex by real-time RT-PCR (n = 4-5). (-n) Histological expression of type IV collagen in the glomeruli of BL6 (j), BL6
(S) (K), KK-Ay (1), KK-Ay(LS) (m), and KK-Ay(S) (n) mice. (0) Type IV collagen expression was estimated using the fluorescence intensities of 10 ran-
domly selected glomeruli from each mouse (n = 5). Scale bar, 50 pum; original magnification, 200x. Data are presented as mean + SEM. *P < 0,05,
**p < 0001 vs BL6 group. Tp < 0.05, TP < 0001 vs KK-Ay group. BL6(S), BL6 mice treated with a moderate-dose of suramin; BL6, BL6 mice trea-
ted with saline; KK-Ay(LS), KK-Ay mice treated with a low-dose of suramin; KK-Ay(S), KK-Ay mice treated with a moderate-dose of suramin; KK-Ay,
KK-Ay mice treated with saline; PAS, Periodic acid-Schiff.

208 J Diabetes Investig Vol. 14 No. 2 February 2023 © 2022 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



ORIGINAL ARTICLE

http://wileyonlinelibrary.com/journal/jdi Suramin prevents DKD progression

(a)
400 7
¢ -O- BL6
£ 300+  BL6C)
§ < -0 KK-Ay
S~
£ £ 2004 V- KK-AY(LS)
>
e ¥ KK-AY(S)
2" 100+
£
=)

KK-Ay(LS) KK-Ay(S)
(9) (h) (i)
type IV collagen
S 40 e 30 o g
2 o
= = s
§ 30 = £ 20
— o ~
g 10 B g 10
s
O 0.0 % 0.0
R
%\/b *\ b
e

BL6 BL6(S) KK-Ay
(0) type IV collagen
80 *%
60 %
L
<@
5, | 8
g0 =
201 |3
0 . . v
6 & W 5
KK-Ay(LS) KK-Ay(S) 7 %@\ & o
K

© 2022 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 14 No. 2 February 2023 209



ORIGINAL ARTICLE

Oda et al. http://wileyonlinelibrary.com/journal/jdi

(a) (c)

. NLRP3 - 97kDa

B-actin

mRNA(ratio)
o — N
5 o o
)
)
-
[ ] .&I
4 << <«
%
&
Z,
%
£
"
ﬂ@‘
s
b/
»
@

3 X
¥ Y ¥ &
(b) (d)
IL-18 NLRP3
30+ sk * 1 3.0 wx Tt T
°
. (1)
% 204 v . 2.0 ° v
= ° v o
<< L4 2 o
5 o A v = \'A v
€ 101 v’ 1.0 1 A v
|‘| |A|
0.0 : T T T T 00 T T T T
¥ P& P WP SICCNP NI NS
) ] 4 o X
AS & S

BL6 BL6(S) KK-Ay

(V)]
caspase-1 (p10)

» 20 - *% *% *%
% ° Tt Tt
9]

IS

ke}

[®)]

~

E

(]

=

S

[oN

KK-Ay(LS) KK-Ay(S)

210 J Diabetes Investig Vol. 14 No. 2 February 2023 © 2022 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



http://wileyonlinelibrary.com/journal/jdi

ORIGINAL ARTICLE
Suramin prevents DKD progression

Figure 2 | Suramin treatment suppresses the upregulation of inflammasome-associated genes and proteins in KK-Ay mice. (3, b) Quantification of
NLRP3 (a) and IL-18 (b) mRNA expression in the renal cortex by real-time RT-PCR (n = 6). (¢, d) Western blotting images (c) and quantified data (d)
for the NLRP3 protein expression in renal cortex (n = 3-5). (e—i) Histological analysis of caspase-1 (p10) in the glomeruli of BL6 (e), BL6(S) (f), KK-Ay
(@), KK-Ay(LS), (h) and KK-Ay(S) (i) mice. (j) Quantification of caspase-1 (p10) positive cells in the glomerulus of 20 randomly selected glomeruli from
each mouse (n = 3). Scale bar, 50 um; original magnification, 200x. Arrows indicate caspase-1 (p10)-positive cells. Data are presented as

mean £ SEM. *P < 005, **P < 0001 vs BL6 group. Tp < 005, TTP < 0001 vs KK-Ay group. BL&(S), BL6 mice treated with a moderate-dose of sura-
min; BL6, BL6 mice treated with saline; KK-Ay(LS), KK-Ay mice treated with a low-dose of suramin; KK-Ay(S), KK-Ay mice treated with a moderate-
dose of suramin; KK-Ay, KK-Ay mice treated with saline; NLRP3, nucleotide-binding oligomerization domain-like receptor family pyrin domain con-

taining 3.

Suramin inhibits ATP-induced NRLP3 complex formation

Since suramin treatment resulted in remarkable changes in the
expression of P2X4 and P2X7 receptors in KK-Ay mice, and
because both the receptors were predominantly localized in
glomerular mesangial cells, we investigated whether suramin
suppressed ATP-induced NLRP3 inflammasome activation in
MMCs. The mRNA expression of P2X4 and P2X7 was signifi-
cantly increased by ATP stimulation (Figure 7ab); however,
there was no effect of ATP on P2X4 and P2X7 protein expres-
sion (Figure 7c—f). Unlike in the renal cortex or glomeruli of
KK-Ay mice, both the mRNA and protein expression of P2X4
and P2X7 in MMCs did not differ between the suramin-treated
and untreated groups (Figure 7a—f). This indicated that suramin
does not directly regulate the expression of P2X4 and P2X7
receptors in MMCs. Conversely, the expression of active
caspase-1 and mature IL-18 was significantly increased by ATP
stimulation and decreased by suramin treatment (Figure 7i-l),
suggesting that suramin suppresses the events downstream of
NLRP3 inflammasome activation. Unexpectedly, there was no
significant change in NLRP3 expression among the groups (Fig-
ure 7gh). Therefore, we performed BN-PAGE to evaluate the
formation of NLRP3 complexes. As shown in Figure 8a, large
protein complexes were detected at positions >1,000 kilodalton
(kDa). The density of these protein bands increased by ATP
stimulation and decreased by suramin treatment. We performed
2D-PAGE (first dimension being BN-PAGE and second dimen-
sion being SDS-PAGE) to verify the components of large pro-
tein complexes. We detected NLRP3 protein spots (>100 kDa)
in the second dimension for the ATP-stimulated group, which
were >1,000 kDa in size in the first dimension (Figure 8b). This
observation suggested that the large protein complexes consisted
of NRLP3. On the other hand, the NLRP3 protein spots were
weakly detected in control and ATP(S) groups (Figure 8b).
These results indicate that suramin suppresses ATP-induced for-
mation of the NLRP3 inflammasome complex, possibly by
antagonizing the P2 receptors in MMCs.

To examine which was the more dominant P2X
receptor subtype in the action of suramin, we transfected
MMCs with P2X4 and/or P2X7 siRNA. Transfection with siR-
NAs targeting P2X4 or P2X7 significantly downregulated the
expression level of P2X4 and P2X7 (>70% and >65% respec-
tively; Figure Slab). However, in both ATP and suramin

treated MMCs, no additional effect on active caspase-1 protein
expression was observed by the knockdown of P2X4 or P2X7
(Figure Slc,d). These results suggest that suramin may have a
potential to antagonize both P2X4 and P2X7 receptors to a
similar degree.

DISCUSSION

Here, we report that suramin exerted renoprotective effects by
suppressing NLRP3 inflammasome-related genes and proteins
in the renal cortex of KK-Ay mice, which was independent of
HbA,, body weight, or systolic blood pressure. Moderate-dose
suramin is superior in nephrin protein expression in the glo-
meruli, and mRNA expressions of type IV collagen and IL-18
in the renal cortex; however, even low-dose suramin also exerts
sufficient renoprotective effects.

We previously showed that serum and urinary IL-18 levels
associate positively with the UACR in patients with type 2 dia-
betes and DKD®**, Another recent report showed a significant
correlation between plasma IL-18 levels and DKD severity” .
Here, the expression of inflammasome-related genes and pro-
teins, such as IL-18, increased significantly in the renal cortex
of KK-Ay mice and ATP-stimulated MMCs, and decreased
with suramin treatment. Suramin also suppressed UACR in
KK-Ay mice. We speculated that suramin improved UACR via
the same mechanism as that responsible for the suppression of
IL-18 levels ie., by inhibiting activation of the NLRP3 inflam-
masome.

P2 receptors have been known to play an essential role in
vascular tone regulation. A recent study showed that the affer-
ent arteriole exhibits a sustained vasoconstriction in response to
ATP*. Other study has reported that the P2X antagonist
reduces the afferent and efferent resistances, and increases the
single-nephron glomerular filtration rate in rats that received
angiotensin I1I*”. Here, we showed that suramin improved
UACR, but did not affect creatinine clearance in KK-Ay mice,
suggesting that suramin does not alter renal hemodynamics in
KK-Ay mice. These differences in renal hemodynamics may be
attributed to the difference in animal models.

Pathological damage of the glomerular filtration barrier, such
as the slit diaphragm, is known to be associated with glomeru-
lar proteinuria® and db/db mice have shown to exhibit patho-
logical damage of the glomerular filtration barrier”. Here, we
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Figure 3 | Suramin treatment attenuates renal inflammation in KK-Ay mice. (@) Quantification of CCL2 (a), CXCL10 (b), TLR2 (c), TLR4 (d), ICAM-1
(e), and CD68 (f) mRNA expression in the renal cortex by realtime RT-PCR (n = 5-6). (g—k) Histological analysis of F4/80 in the glomeruli of BL6 (g),
BL6(S) (h), KK-Ay (), KK-Ay(LS) (j) and KK-Ay(S) (k) mice. (I) Quantification of F4/80 positive cells in the glomerulus of 20 randomly selected glomeruli
from each mouse (n = 3). Scale bar, 50 um; original magnification, 200x. Arrows indicate F4/80-positive cells. Data are presented as mean + SEM.
*P < 005, **P < 0001 vs BL6 group. Tp < 005, TTP < 0001 vs KK-Ay group. BL&(S), BL6 mice treated with a moderate-dose of suramin; BL6, BL6
mice treated with saline; CCL2, C-C motif chemokine 2; CXCL10, C-X-C motif chemokine ligand 10; ICAM-1, intercellular adhesion molecule 1; KK-Ay
(LS), KK-Ay mice treated with a low-dose of suramin; KK-Ay(S), KK-Ay mice treated with a moderate-dose of suramin; KK-Ay, KK-Ay mice treated with

saline; TLR2, toll-like receptor 2; TLR4, toll-like receptor 4.

showed that the decrease of podocin and nephrin protein
expression was attenuated by suramin, suggesting that suramin
has the potential to suppress diabetes-induced injury and dys-
function of the slit diaphragm, which may lead to the suppres-
sion of albuminuria by suramin administration.

Recent studies have shown that suramin treatment attenuates
the development of peritoneal fibrosis in a rat model of peri-
toneal fibrosis, and renal fibrosis in a mouse model of obstruc-
tive nephropathy’™'. This report suggested that suramin
attenuated peritoneal fibrosis by either inhibiting the activation
of the TGF-Pl-smad3 signaling pathway or preventing the
phosphorylation of signal transducer and activator of transcrip-
tion 3 and extracellular signal-regulated kinase 1/2°°. Our
experiments aimed to investigate ECM accumulation in early
stage DKD and showed that suramin suppressed mesangial
matrix accumulation and type IV collagen deposition in the
glomeruli.

ENTPDI and ENPP1 metabolize extracellular ATP. Poly-
morphisms in ENTPD1 and ENPP1 have been associated with
type 2 diabetes and DKD’>*>. We observed no difference in
renal ENTPDI or ENPPI gene expression between suramin
treated and untreated KK-Ay mice, suggesting that suramin did
not affect ENTPDI1- or ENPP1-dependent ATP metabolism.

A number of studies have suggested that the P2X and P2Y
receptors can be therapeutic targets for various pathological
conditions™. Selective P2X receptor antagonists, such as
A438079 and oxidized ATP (0ATP) for P2X7°**, have been
shown to exert renoprotective effects. Serum creatinine and
blood urea nitrogen (BUN) levels were reported to improve
after A438079 treatment in an ischemia/reperfusion (I/R)-
induced acute kidney injury (AKI) mouse model”’. Mesangial
ECM production was significantly suppressed by oATP in rat
mesangial cells that were incubated under high-glucose condi-
tions™. On the other hand, suramin is known to act as a nons-
elective antagonist of P2X and P2Y receptors®. Suramin has
been used clinically to treat human African trypanosomiasis,
with five iv. injections (20 mg/kg) administered every 3—7 days
over a period of 4 weeks”. A recent study showed that sura-
min treatment caused a significant reduction in serum crea-
tinine and BUN levels in mice with renal I/R-induced AKI*.
Another report showed that suramin suppresses the progression
of renal fibrosis and prevents the decline in creatinine clearance
in db/db mice*. However, suramin may cause side effects, such

as nausea, vomiting, and urticaria; and less often, renal damage
when injected at very high doses*'. Recently, a randomized
clinical trial (Phase I/II) reported that a single iv. injection of
suramin (20 mg/kg) improved symptoms in 5-14 years-old
children with the autism spectrum disorder while averting seri-
ous adverse events”. Here, we showed that the renoprotective
effects of suramin can be achieved even when a relatively low
dose (0.01 and 1 mg/kg) of the drug is administered to KK-Ay
mice, indicating that suramin can be used for the treatment of
DKD without any adverse reactions.

We observed that expression of P2X4 and P2X7 increased
significantly in the renal cortex of KK-Ay mice and decreased
with suramin treatment. Moreover, no additional effect on
active caspase-1 was observed by the knockdown of P2X4 or
P2X7 in both ATP and suramin treated MMCs. Our results
indicate that P2X4 and P2X7 are associated with diabetes and
DKD, and that multiple P2X receptors may participate in the
pathogenesis of DKD. Recent investigations using selective
antagonists of P2X receptors and P2X receptor-KO mice (espe-
cially P2X7 receptor-KO mice) clearly show that the blockade
of individual P2X receptors can facilitate the improvement of
DKD symptoms*>*’, However, our results suggest that inhibi-
tion by nonselective P2X receptor antagonists, such as suramin,
may be a more beneficial strategy to treat DKD.

There were some limitations in this study. First, because this
study was in animal and cell studies, it is unclear whether sura-
min is effective for patients with DKD or not. In addition,
adverse effects of suramin in patients with DKD are difficult to
evaluate. Therefore, clinical trials using suramin are needed.
Second, the current results suggest that suramin exerts renopro-
tective effects via the suppression of NLRP3 inflammasome in
consequence of inhibiting inflammation in whole kidney. How-
ever, detailed underlying mechanisms by which suramin inhi-
bits glomerular filtration barrier damage has not been
completely clarified.

In conclusion, we report that suramin suppresses NLRP3
inflammasome activation and exerts renoprotective effects in
KK-Ay mice without lowering the blood glucose levels. This
study provides the first evidence that repeated long-term
administration of a low-dose of suramin protects against DKD
development via the inhibition of P2X receptors. Suramin can
be expected to be an important drug for the treatment of
DKD.
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Figure 4 | Changes in the mRNA expression of the P2X and P2Y receptors in renal cortex by diabetes and suramin treatment. (a—p) Quantification
of P2X1 (a), P2X2 (b), P2X3 (0), P2X4 (d), P2X5 (e), P2X6 (f), P2X7 (g), P2Y1 (h), P2Y2 (i), P2Y4 (j), P2Y6 (K), P2Y12 (I), P2Y13 (m), P2Y14 (n), ENTPD1 (0),
and ENPPT (p) mRNA expression in the renal cortex by realtime RT-PCR. n = 6, 14 out of 6 samples were below detection limit. Data are pre-
sented as mean + SEM. *P < 005, **P < 0001 vs BL6 group. Tp < 005, TP < 0001 vs. KK-Ay group. BL&(S), BL6 mice treated with a moderate-
dose of suramin; BL6, BL6 mice treated with saline; ENPP1, ectonucleotide pyrophosphatase/phosphodiesterase 1; ENTPD1, ectonucleoside triphos-
phate diphosphohydrolase 1; KK-Ay(LS), KK-Ay mice treated with a low-dose of suramin; KK-Ay(S), KK-Ay mice treated with a moderate-dose of sura-
min; KK-Ay, KK-Ay mice treated with saline.
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Figure 5 | P2X4 and P2X7 are localized in the mesangial cells of the glomerulus. (a-d) Double immunofluorescence staining for P2X4 and CD90 (a
marker of mouse mesangial cells). (e=h) Double immunofluorescence staining of P2X7 and CD90. Scale bars, 50 um; original magnification:
objective lens, 20x; zoom, 2x. (i, j) Quantification of P2X4 (i) and P2X7 (j) mRNA expression in the isolated glomeruli by real-time RT-PCR (n = 5).
Data are presented as mean £ SEM. *P < 005, **P < 0001 vs BL6 group. Tp < 0001 vs KK-Ay group. BL6(S), BL6 mice treated with a moderate-
dose of suramin; BL6, BL6 mice treated with saline; KK-Ay(LS), KK-Ay mice treated with a low-dose of suramin; KK-Ay(S), KK-Ay mice treated with a
moderate-dose of suramin; KK-Ay, KK-Ay mice treated with saline.
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Figure 6 | Effect of suramin on immunofluorescence staining for glomerular podocin and nephrin. (a—€) Histological expression of podocin in the
glomeruli of BL6 (a), BL6(S) (b), KK-Ay (), KK-Ay(LS) (d), and KK-Ay(S) (e) mice. (f) Podocin expression was estimated using the fluorescence intensities
of 10 randomly selected glomeruli from each mouse (n = 3). (g—k) Histological expression of nephrin in the glomeruli of BL6 (g), BL6(S) (h), KK-Ay
(i), KK-Ay(LS) (), and KK-Ay(S) (k) mice. (I) Nephrin expression was estimated using the fluorescence intensities of 10 randomly selected glomeruli
from each mouse (n = 3). Scale bar, 50 pm; original magnification, 200x. Data are presented as mean + SEM. *P < 005, **P < 0001 vs BL6 group.
Tp < 005, TP < 0001 vs KK-Ay group. BL6(S), BL6 mice treated with a moderate-dose of suramin; BL6, BL6 mice treated with saline; KK-Ay(LS), KK-
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Figure 7 | Suramin treatment suppresses the upregulation of active caspase-1 and mature IL-18 in ATP-stimulated MMCs. (a, b) Quantification of
P2X4 (a) and P2X7 (b) mRNA expression in MMCs by real-time RT-PCR (n = 4). (0) Analysis of P2X4, (e) P2X7, (g) NLRP3, () caspase-1, and (k) IL.-18
protein expression in MMCs by western blotting analysis. Quantified data for (d) P2X4, (f) P2X7, (h) NLRP3, (j) caspase-1, and (|) IL-18 expression

(n = 4). Data are presented as mean £ SEM. *P < 005, **P < 0001 vs control group. TP < 005 vs ATP group. Control, MMCs + vehicle alone;
Control(S), MMCs +1 puM suramin; ATP, MMCs +5 mM ATP; ATP(LS), MMCs +5 mM ATP and 0.1 uM suramin; ATP(S), MMCs +5 mM ATP and 1 puM
suramin. MMCs, mouse mesangial cells; NLRP3, nucleotide-binding oligomerization domain-like receptor family pyrin domain containing 3.
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Figure 8 | ATP-induced NLRP3 inflammasome complex formation is suppressed by suramin treatment in MMCs. (a) Detection of the NLRP3 protein
complex in MMCs by BN-PAGE. (b) Detection of NLRP3 protein expression in control, ATP, and ATP(S) treated MMCs by 2D-PAGE. Arrows indicate
the NLRP3 protein spot in the second dimension of the ATP group. Control, MMCs + vehicle alone; Control(S), MMCs +1 pM suramin; ATP, MMCs
+5 mM ATP; ATP(LS), MMCs +5 mM ATP and 0.1 uM suramin; ATP(S), MMCs 45 mM ATP and 1 puM suramin. 2D-PAGE, two-dimensional polyacry-
lamide gel electrophoresis; BN-PAGE, blue native polyacrylamide gel electrophoresis; MMCs, mouse mesangial cells; NLRP3, nucleotide-binding

oligomerization domain-like receptor family pyrin domain containing 3.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Appendix S1 | Materials and methods.

Figure S1 | No additional effect on active caspase-1 is observed by the knockdown of P2X4 or P2X7 in both ATP and suramin
treated MMCs.

Table S1 | Real time RT-PCR probe and primer designs (Takara Bio).
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