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Abstract

Background: Recently, we demonstrated that suramin, a compound that inhibits the interaction of multiple cytokines/
growth factors with their receptors, inhibits activation and proliferation of renal interstitial fibroblasts, and attenuates the
development of renal interstitial fibrosis in the murine model of unilateral ureteral obstruction (UUO). However, it remains
unclear whether suramin can alleviate glomerular and vascular lesions, which are not typical pathological changes in the
UUO model. So we tested the efficacy of suramin in the remnant kidney after 5/6 nephrectomy, a model characterized by
the slow development of glomerulosclerosis, vascular sclerosis, tubulointerstitial fibrosis and renal inflammation, mimicking
human disease.

Methods/Findings: 5/6 of normal renal mass was surgically ablated in male rats. On the second week after surgery, rats
were randomly divided into suramin treatment and non-treatment groups. Suramin was given at 10 mg/kg once per week
for two weeks. In the remnant kidney of mice receiving suramin, glomerulosclerosis and vascular sclerosis as well as
inflammation were ameliorated. Suramin also attenuated tubular expression of two chemokines, monocyte chemoat-
tractant protein-1 and regulated upon expression normal T cell expressed and secreted (RANTES). After renal mass ablation,
several intracellular molecules associated with renal fibrosis, including NF-kappaB p65, Smad-3, signal transducer and
activator of transcription-3 and extracellular regulated kinase 1/2, are phosphorylated; suramin treatment inhibited their
phosphorylation. Futhermore, suramin abolished renal ablation-induced phosphorylation of epidermal growth factor
receptor and platelet derived growth factor receptor, two receptors that mediate renal fibrosis.

Conclusions and Significance: These findings suggest that suramin attenuates glomerular and vascular injury and reduces
inflammatory responses by suppression of multiple growth factor receptor-mediated profibrotic signaling pathways.
Therefore, suramin may be a useful drug in preventing the fibrosis and sclerosis that characterizes progression of chronic
kidney disease.
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Introduction

The pathogenesis of chronic kidney disease (CKD) in most cases

involves a complex interaction of hemodynamic and inflammatory

processes that leads to glomerular and vascular sclerosis and

tubulointerstitial scarring with subsequent progression toward ESRD.

Although therapeutic interventions such as the blockade of the rennin-

angiotensin-aldosterone system and immunosuppressive drugs slow the

progression of renal disease and promote renoprotective effects in

experimental animal models [1,2] and in humans [3,4], these strategies

cannot halt the progression of renal fibrosis and scarring. The

development and progression of renal fibrosis is primarily involved in

thedifferentiationofrenal fibroblasts intomyofibroblastsandinfiltration

of inflammatory cells, regulated by numerous cytokines and growth

factors. Thus a therapeutic intervention that blocks the activation of

multiple cytokine and growth factor receptors might improve

antifibrotic effects and help slow progression of chronic nephropathies.

Suramin, a FDA-approved drug that inhibits the interaction of

multiple cytokines and growth factors with their receptors

[5,6,7,8,9], may represent a novel therapeutic option for blocking

fibrogenesis. This drug was Initially developed as a treatment for

trypanosomiaisis and selected malignancies and metastatic diseases

[5,6,7,8,9]. Recently, several studies have shown that administra-

tion of suramin protects against the development of muscle and

liver fibrosis in animal models [10,11]. By using a mouse model of

unilateral urethral obstruction (UUO), we also demonstrated that

suramin is effective in attenuating renal interstitial fibrosis [12,13].

This protective effect of suramin was further confirmed in a rat

model of remnant kidney disease as indicated by preservation of

renal tissue architecture, prevention of progressive renal interstitial

fibrosis and improvement of renal function [12]. However, it

remains unclear whether suramin is able to attenuate glomerular

and vascular sclerosis as well as inflammation, in particular,

macrophage infiltration in the remnant kidney.
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The remnant kidney after 5/6 nephrectomy is a classic model

that mostly mimics CKD in humans [14,15]. Histological studies

of remnant kidney tissue have indicated a complex response

consisting primarily of three steps: a hypertrophic phase, a

quiescent phase with minimal histological alterations, and finally

the development of segmental glomerular sclerosis and tubuloin-

terstitial fibrosis [16,17]. Hyperfiltration has been identified as a

significant contributor to the hypertrophy and glomerulosclerosis

and macrophages play a key role in renal injury induced by

glomerular hyperfiltration following reduction of kidney mass by

ablation [18]. Macrophages localize to glomeruli and the

interstitium via interactions with several chemokines, including

monocyte chemo attractant protein-1(MCP-1), and regulated

upon activation, normal upon expression normal T cell expressed

and secreted (RANTES) [18,19,20]. This proinflammatory

microenvironment promotes renal scarring [14,15]. In the kidney,

tubular epithelial cells are considered to be a prominent source of

chemokines [21]. MCP-1 and RANTES are two key chemokines

that recruit monocytes/macrophages to the kidney [22,23].

Many mediators, including transformation growth factor-beta1

(TGF-beta1), epidermal growth factor (EGF), and platelet-derived

growth factor (PDGF), are also upregulated in glomeruli and tubules

and are believed to be involved in the progression of glomerular

sclerosis and tubulointerstitial fibrosis [24,25,26]. The interaction of

cytokines/growth factors with their receptors initiates different

signaling pathways, leading to the activation of multiple transcrip-

tional factors such as NF-kappaB and signal transducer and

activator of transcription 3 (STAT3) that regulate various genes

related to the activation of renal fibroblasts and initiation of

inflammation [27]. In addition, activation of smad3, a key

intracellular mediator in TGF-beta signaling, is induced in different

models of renal fibrosis [12]. Recently, we have shown that suramin

treatment can block phosphorylation of EGF receptor (EGFR),

PDGF receptor (PDGFR), and smad3, However, it is unknown

whether suramin is able to interfere with those signaling pathways

and inactivation of NF-kappaB in the remnant kidney.

In this study, we examined the effect of suramin on glomerular

and vascular sclerosis, and inflammatory cell infiltration in the

remnant kidney model. Further, we investigated the effect of

suramin on the expression of MCP-1 and RANTES and the

activation of growth factor receptors/intracellular signaling path-

ways associated with the development of progressive renal injury.

Figure 1. Effect of suramin on glomerular sclerosis in rat remnant kidney. (A) Photomicrographs Photomicrographys (4006) illustrating
periodic acid-Schiff-stained sections of kidney tissue on week 4 after various treatments as indicated. (B) Photomicrographs (4006) illustrating
trichrome stained kidney tissue on week 4 after various treatments. RK, remnant kidney.
doi:10.1371/journal.pone.0036194.g001
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Results

Suramin inhibits glomerular and vascular sclerosis in rat
remnant kidneys

We recently showed that suramin prevented progressive renal

injury as demonstrated by inhibition of a rise in 24 hour-protein

excretion and a rise in serum creatinine by preserving renal tissue

architecture and preventing the development of renal interstitial

fibrosis in the rat model of remnant kidney disease [12]. As

glomerular and vascular sclerosis are also two major pathogenetic

changes in the model of remnant kidneys, we further examined the

effect of suramin on those events. As shown in Figure 1 and 2, after 4-

weeks of renal ablation, 15% of glomeruli were damaged and

displayed segmental and focal solidification and sclerosis of the

glomerular tuft (Fig. 1A). Forty percent of renal arteries also show an

onion skin-like change, indicating vascular sclerosis in the remnant

kidney (Fig. 2A). By comparison, very few sclerotic glomeruli and

arteries were observed in the kidney of animals that received suramin

treatment. There were no obvious pathological changes in the

kidney of both sham and suramin alone-treated animals.

Masson trichrome staining showed increased deposition of

collagen fibrils in glomeruli and blood vessels following the 5/6

renal ablation (Fig. 1B, 2B). Administration of suramin diminished

deposition of collagen fibrils in glomeruli and blood vessels.

Perivascular collagen fibril deposition around small arteries also

increased, but was suppressed by suramin treatment. Notably, in the

normal kidney, expression of ECM protein was seen in perivascular

areas (positive on Masson trichome staining) and was not affected by

suramin (Fig. 2B). This data, together with our previous observation

that suramin inhibits the development of renal interstitial fibrosis,

suggests that suramin application has renoprotective properties and

is able to prevent the development of fibrotic lesions in all areas

including glomeruli and arteries in the remnant kidney.

Suramin reduces infiltration of monocytes/macrophages
to the remnant kidney

Kidney fibrosis is almost always preceded by and closely

associated with chronic interstitial inflammation [23,28,29,30].

Macrophage infiltration and proliferation functionally contributes

to the fibrotic process after injury [31,32]. To determine the effect of

Figure 2. Effect of suramin on vascular sclerosis in rat remnant kidney. (A) Photomicrographs (4006) illustrating periodic acid-Schiff-stained
sections of kidney tissue on week 4 after various treatments as indicated. (B) Photomicrographs (4006) illustrating trichrome stained kidney tissue on
week 4 after various treatments. RK, remnant kidney.
doi:10.1371/journal.pone.0036194.g002
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suramin on these processes, we first conducted ED-1 staining, which

detects active monocytes/macrophages. Figure 3A showed that

monocyte/macrophage infiltration was increased in the remnant

kidney compared with the sham-operated kidney (Fig. 3A). Suramin

treatment significantly reduced the number of monocytes/macro-

phages (Fig. 3A). Next, we determined the expression levels of ED-1

in the kidney tissue by immunoblot analysis. ED1 was detected in

the normal kidney, and its levels were increased in the remnant

kidney. Suramin treatment also reduced ED1 expression to the

basal level in the tissue of the remnant kidney. This data, together

with our recent observation that neutrophil numbers are reduced in

the obstructed kidney treated with suramin [12], suggest that

suramin is also able to suppress infiltration of inflammatory cells into

the damaged kidney in chronic injury.

Suramin attenuates the expression of MCP-1 and RANTES
after renal ablation

MCP-1 and RANTES are two chemokines that play an

important role in attracting inflammatory cells including mono-

cytes/macrophages to sites of inflammation, and contributes to

renal interstitial fibrosis [33,34]. In the kidney, tubular epithelial

cells (TEC) are considered a prominent source of chemokines [21].

Thus, we examined their expression by immuohistochemistry. A

low level of MCP-1 was detected in the sham-operated with or

without treatment with suramin (Fig. 4A). However, abundant

expression of MCP-1 was detected in the remnant kidney,

primarily localized in tubular cells (Fig. 4B). Administration of

suramin significantly decreased MCP-1 expression levels

(Fig. 4A,B). A basal level of RANTES protein was observed in

Figure 3. Effect of suramin on monocytes/microphage accumulation in rat remnant kidney. (A) Photomicrographs (4006) illustrating
ED1-stained sections of kidney tissue on week 4 after various treatments as indicated. (B) Kidney tissue lysates were subjected to immunoblot analysis
with specific antibodies against ED1 and GAPDH. (C) ED1 staining graphic presentation of quantitative data. (D) Expression levels of ED1 was
quantified by densitometry and normalized with GAPDH. Data are represented as the mean 6 S.E.M (n = 6). Means with different superscript letters
are significantly different from one another (P,0.05).
doi:10.1371/journal.pone.0036194.g003
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control kidneys (sham alone or sham plus suramin treatment); and

its expression was elevated in the remnant kidney. Like MCP-1,

RANTES was also predominantly expressed in the renal tubules

(Fig. 5A). Suramin treatment reduced its expression (Fig. 5B).

These results, in conjunction with our recent observations that

suramin inhibits expression of multiple cytokines including TGF-

beta1, TNF-alpha, Interleukin-1, ICAM-1 [12] in the model of

UUO, suggest that suramin has a strong inhibitory effect on

inflammatory responses in the renal kidney.

Suramin reduces NF-kappaB activation in the rat remnant
kidney

NF-kappaB is a ubiquitous eukaryotic transcription factor that

regulates gene expression of cytokines and enzymes involved in

controlling inflammatory responses [35]. Phosphorylation of the p65

unit of NF-kappaB initiates its activation and plays an important role

in regulating the specificity of the NF-kappaB-dependent gene

expression [36]. Suramin may regulate expression of multiple

cytokines and chemokines, through activation of NF-kappaB. To test

this hypothesis, we determined the phosphorylation of p65 NF-

kappaB in rat remnant kidney treated with/without suramin by

Western blot analysis. Figure 6 shows that the phosphorylated NF-

kappaB p65 was not detectable in the kidney of sham-operated rats,

but significantly increased in the remnant kidney. Suramin treatment

decreased its phosphorylation. Expression of total p65 NF-kappaB

was not affected by renal ablation and suramin. These data suggest

that suramin is effective in inhibiting NF-kappaB activation in the

remnant kidney, providing the molecular basis for decreased

expression of chemokines/cytokines in the injured kidney treated

with suramin after urethral obstruction and 5/6 renal ablation.

Suramin abolishes phosphorylation of STAT3 and ERK1/2
renal ablation

In addition to NF-kappaB, STAT3 and ERK1/2 pathways also

play an important role in modulating inflammatory responses

[37,38] and renal fibroblast proliferation. We thus further

examined the effect of suramin on STAT3 and ERK1/2

phosphorylation in the remnant kidney. As shown in Fig. 7,

increased STAT3 and ERK1/2 phosphorylation (activation) was

Figure 4. Effect of suramin on MCP-1 expression in rat remnant
kidney. (A) Photomicrographs (4006) illustrating MCP-1-stained
sections of kidney tissue on week 4 after various treatments as
indicated. (B) MCP-1 staining graphic presentation of quantitative data.
Data are represented as the mean 6 S.E.M (n = 6). Means with different
superscript letters are significantly different from one another (P,0.05).
doi:10.1371/journal.pone.0036194.g004

Figure 5. Effect of suramin on RANTES expression in rat remnant
kidney. (A) Photomicrographs (4006) illustrating RANTES-stained
sections of kidney tissue on week 4 after various treatments as indicated.
(B) RANTES staining graphic presentation of quantitative data. Data are
represented as the mean 6 S.E.M (n = 6). Means with different superscript
letters are significantly different from one another (P,0.05).
doi:10.1371/journal.pone.0036194.g005
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detected in rat remnant kidney and suramin treatment abolished

this response. Remnant kidney injury also increased expression

levels of total STAT3 and ERK1/2, but their expression was not

affected by suramin. This data indicates that suramin may also

suppress renal inflammation and fibroblast activation by interfer-

ing with these two signaling pathways.

Suramin abrogates phosphorylation of EGFR and PDGFR
in rat remnant kidney

Activation of intracellular signaling pathways is usually secondary

to the activation of membrane receptors. EGFR and PDGFR have

been shown to mediate activation of all three signaling pathways

described above [36,39], and they play a central role in the

activation and proliferation of renal fibroblasts leading to renal

fibrogenesis in a variety of pathological settings [40,41,42,43]. We

examined the effect of suramin on the activation of these two

receptors. PDGFR receptor and its active form (p-PDGFR) were not

detectable in the normal kidney; however, renal ablation induced

their expression (Fig. 8). In contrast, a small amount of total EGFR

and its active form (p-EGFR) was detectable in the normal kidney,

and its expression was increased in the remnant kidney (Fig. 8).

Although administration of suramin totally blocked renal ablation-

induced phosphorylation of PDGFR and EGFR, expression of total

PDGFR and EGFR were not affected by this treatment (Fig. 8). This

data supports the role of suramin as a potent inhibitor for multiple

growth factor receptors and also suggests the importance of PDGFR

and EGFR in mediating the anti-fibrotic action of suramin.

Suramin inhibits Smad-3 phosphorylation in the remnant
kidney

TGF-betasignaling is associated with almost all forms of kidney

disease characterized by renal fibrosis and inflammation, and

smad-3 is a critical component of the intracellular pathway that

transmits TGF-beta signals from the cell surface into the nucleus

[44,45]. To determine whether suramin would have an inhibitory

effect on the TGF-beta signaling pathway, we examined the effect

of suramin on Smad-3 phosphorylation in the remnant kidney.

Fig. 9 shows that renal ablation induced Smad-3 phosphorylation,

which was suppressed by suramin administration. Phosphorylated

smad-3 was not detectable in the sham–operated kidney with/

without administration of suramin. Total Smad-3 expression was

the same in each group. Thus, suramin substantially blocked TGF-

beta signaling, which may mediate the antifibrotic effects of this

compound in the remnant kidney.

Discussion

Renal fibrosis is the final common pathway for most forms of

progressive renal disease and involves glomerular and vascular

sclerosis, and/or interstitial fibrosis. Most renal disorders (whether

glomerular or tubulointerstitial, congenital or acquired) lead to

renal fibrosis. Thus, there is a great interest in identifying and

developing drugs to prevent or reverse fibrosis. Recently, we

demonstrated that suramin inhibits activation and proliferation of

renal interstitial fibroblasts and attenuates the development of

renal interstitial fibrosis when given either immediately after injury

or 3 days after initiation of injury in UUO model [12,13], suggesting

it may be a potential drug for treatment of fibrotic disease. However,

it remains unclear whether suramin also improves glomerular and

vascular lesions as these pathological changes are not typical in

UUO model. As the remnant kidney is characterized by the slow

development of glomerulosclerosis, vascular sclerosis, tubulointer-

stitial fibrosis and renal inflammation [14,15], mimicking human

disease, we further tested the efficacy of suramin in this model. Our

results revealed that suramin administration is effective in

preventing the development of glomerular and vascular sclerosis

and attenuating inflammatory response.

To our knowledge, we are the first to demonstrate that suramin

exhibits a renoprotective effect in a model of hypertenisve

glomerulosclerosis. However, the mechanims by which suramin

protects against development of glomerulosclerosis are not fully

understood. Although blood pressure is an important factor

associated with this process [46], we recently observed renoprotec-

tion with suramin in the remnant kidney that was independent of

effects on systemic hypertension [12]. This indicates that suramin

may attenuate sclerosis through nonhemodynamic factors. Among

numerous nonhemodynamic factors, macrophages have been

shown to play an important pathogenic role in the progression of

glomerulosclerosis. For example, glomerular infiltration of mac-

rophages was observed within 1 to 2 wk of renal ablation, before

the development of renal scarring [47]. Glomerular macrophage

depletion by X-irradiation has been shown to ameliorate the

progression of the glomerular injury in the remnant kidney [15].

Further, macrophage-conditioned medium has been reported to

promote prosclerotic responses in cultured rat mesangial cells [48].

In the current study, we examined the effect of suramin on the

macrophage infiltration in the kidney and found that suramin

treatment significantly suppresed macrophage infiltration as

revealed by both histochemistry and immunoblot analysis. This

suggests that a reduction of macrophage by suramin may thus

have contributed to amelioration of sclerosis.

Suramin-mediated suppression of macrophage infiltration may

be through inhibition of chemokine expression. Previous studies

have indicated that production of MCP-1 and RANTES is able to

build up the chemokine gradient that serves as a chemotactic

signal to attract macrophages to the injured site in the kidney [49].

Figure 6. Effect of suramin on NF-kappaB activation in rat
remnant kidney. Kidney tissue lysates were subjected to immunoblot
analysis with specific antibodies against phospho-p65 NF-kappaB,
p65NF-kappaB. Expression levels of p-p65 NF-kappaB(B) were quanti-
fied by densitometry and normalized with p65 NF-kappaB. Data are
represented as the mean 6 S.E.M (n = 6). Means with different
superscript letters are significantly different from one another (P,0.05).
doi:10.1371/journal.pone.0036194.g006
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In the present study, we observed increased expression of MCP-1

and RANTES in the remnant kidney, and suramin treatment

significantly reduced their expression. Furthermore, suramin

inhibited renal ablation-induced phosphorylation of NF-kB, a

key transcriptional factor involved in the expression of multiple

proinflammatory chemokines and cytokines, including MCP-1

and RANTES. In addition, STAT3, another trancriptional factor,

is also highly phosphorylated in the remnant kidney, and its

phosphorylation is inhibited by suramin. This suggests that the

production of cytokines and chemokines in the damaged kidneys

can be transcriptionally regulated by both NF-kappaB and

STAT3. In support of this hypothesis, we have recently

demonstrated that the inhibition of STAT3 by S3I-201 suppressed

the expression of TNF-alpha, IL-1beta, and ICAM-1 without

affecting that of MCP-1 in the mouse kidney injured by ureteral

obstruction. Since NF-kappaB is well known to play an important

role in regulating MCP-1 expression [50], these findings suggest

that NF-kappaB and STAT3 can operate in concert to regulate

expression of cytokines and chemokines in injured kidneys.

It should be emphasized that NF-kappaB and STAT3 may

regulate expression not only of cytokines/chemokines, leading to

inflammatory responses, but also other genes involving renal

fibrogenesis. Recently, we reported that STAT3 activity is

required for the expression of TGF-beta1 and TGF-beta1 receptor

II [27]. NF-kappaB has also been shown to be able to interact

with AP-1 to regulate the expression of collagen, fibronectin

and TGF-beta1, enhancing ECM accumulation [51]. Notably,

AP-1 transcriptional factor is subjected to regulation by the

ERK1/2 signaling pathway, and suramin treatment also blocked

ERK1/2 phosphorylation in the remnant kidney. Therefore, it is

likely that suramin inhibits the inflammatory response in the

fibrotic kidney through multiple signaling pathways and transcrip-

tional factors.

It is well known that suramin exhibits its pharmacological effects

by interfering with the interaction of multiple growth factors/

cytokines and their receptors [5,6,7,8].. Previous studies have also

shown that suramin is a potent antagonist of PDGF, EGF and

TGF-beta receptors whereas activation of these three receptors is

Figure 7. Effect of suramin on phosphorylation of STAT3 and ERK1/2 in rat remnant kidney. (A) Kidney tissue lysates were subjected to
immunoblot analysis with specific antibodies against phospho-STAT3 (p-STAT3), STAT3, phospho-ERK1/2 (p-ERK1/2), ERK1/2. Expression levels of p-
STAT3 (B), STAT3 (C), p-ERK1/2 (D), ERK1/2 (E) were quantified by densitometry and normalized with GAPDH. Data are represented as the mean 6
S.E.M (n = 6). Means with different superscript letters are significantly different from one another (P,0.05).
doi:10.1371/journal.pone.0036194.g007
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strongly associated with differentiation of renal fibroblasts to

myofibroblasts, resulting in the production of excessive amount of

ECM proteins [52]. Thus, interference with these receptors by

suramin and subsequent blockade of signaling pathways initiated

from these receptors may be an important mechanism in

inhibiting renal fibroblast activation and attenuating production

of ECM proteins. Our studies in this model clearly demonstrated

that suramin treatment can abrogate phosphorylation of EGF and

PDGF receptors and reduce phosphorylation of Smad-3, a key

intracellular signaling molecule, downstream of TGF-betarecep-

tors, supporting its inhibitory effect on multiple profibrotic

receptors. These results are consistent with our observation in

the UUO model [12], providing a strong rationale to develop

suramin as a therapeutic intervention for fibrotic kidney disease.

Suramin has been used to treat selected malignancies and

metastatic diseases Our previous and current studies reveal that

suramin administration can attenuate interstitial fibrosis, reduce

glomerular and vascular injury, improve renal function and reduce

proteinuria [12]. Further, delayed administration of suramin was

also effective in attenuating the progression of renal fibrosis in

obstructive nephropathy [13]. Therefore, there is the potential

clinical application of suramin as an anti-fibrotic treatment in

patients with chronic kidney disease. As suramin is already

approved for use in humans, it would be possible to use it in

clinical studies in CKD to test its efficacy and safety in patients

with chronic kidney injury.

In summary, we have shown that suramin inhibits glomerular

and vascular sclerosis. The beneficial effects of suramin are linked

Figure 8. Effect of suramin on phosphorylation of PDGF receptor and EGF receptor in rat remnant kidney. (A) Kidney tissue lysates
were subjected to immunoblot analysis with specific antibodies against phospho-PDGF receptor-beta (p-PDGFR-beta), PDGF receptor, phospho-EGF
receptor (p-EGFR), EGF receptor (EGFR). Expression levels of p-PDGFR-beta(B), PDGFR-beta (C), p-EGFR (D), EGFR (E) were quantified by densitometry
and normalized with GAPDH. Data are represented as the mean 6 S.E.M (n = 6). Means with different superscript letters are significantly different from
one another (P,0.05).
doi:10.1371/journal.pone.0036194.g008
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to suppression of macrophage infiltration, inhibition of chemokine

expression and inactivation of transcriptional factors. As renal

fibrogenesis is associated with the increased production of

numerous cytokines/growth factors and subsequent activation of

their receptors and signaling pathways, suramin with its ability to

inhibit the interaction of multiple cytokine/growth factor with

their receptors may offer improved therapeutic benefits in kidney

fibrotic diseases.

Materials and Methods

Chemicals and Antibodies
Antibodies to p-STAT3, STAT3, p-ERK1/2, ERK1/2, p-

EGFR, p-PDGFR-beta, PDGFR-beta, p-p65NF-kappaB, p65NF-

kappaB were purchased from Cell Signaling Technology (Dan-

vers, MA). Antibodies to GAPDH, EGFR, MCP-1, and RANTES

were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,

CA). ED-1 antibody was purchased from Serotec (Oxford, UK).

Suramin and all other chemicals were from Sigma (St. Louis,

MO).

Remnant Kidney Models and Suramin Treatment
The remnant kidney model was created in male Sprague-

Dawley rats that weighed 180 to 200 g (Charles River Labora-

tories, Wilmington, MA). Five-sixths of normal renal mass was

surgically ablated according to our previous protocols [12]. Briefly,

20 animals underwent subtotal nephrectomy involving right

subcapsular nephrectomy and infarction of approximately two-

thirds of the left kidney by ligation of the posterior and one or two

anterior extra renal branches of the renal artery. In addition, 12

rats underwent a sham operation (laparotomy and manipulation of

the renal pedicles). On the second week after surgery, rats were

randomly divided into suramin treatment and non-treatment

groups. Suramin was given at 10 mg/kg once per week for two

weeks. 24-hour urine samples were collected in metabolic cages

starting at day 1 and weekly for the determination of urinary levels

of protein. 28 days after surgery, all animals were sacrificed and

the kidneys were then collected for further analysis.

Immunoblot Analysis
Immunoblot analysis of tissue samples was conducted as

described previously [53]. The densitometry analysis of immuno-

blot results was conducted by using NIH Image software (National

Institutes of Health, Bethesda, MD).

Immunohistochemical Staining
Immunohistochemical staining was performed according to the

procedure described in our previous studies [53]. ED1, MCP-1,

and RANTES staining were semi quantified by a computer-aided

morphometric analysis (MetaMorph; Universal Imaging Co.,

Downingtown, PA). Briefly, a grid containing 117 (13X9) sampling

points was superimposed on images of cortical high-power field

(6400). The number of grid points overlying positive area (except

tubular lumen and glomeruli) were counted and expressed as a

percentage of all sampling points, as described previously [27]. For

each kidney, 10 randomly selected, non-overlapping fields were

analyzed in a blinded manner.

Statistical Analysis
All the experiments were conducted at least three times. Data

depicted in graphs represent the means 6 SEM for each group.

Inter-group comparisons were made using one-way analysis of

variance (ANOVA). Multiple means were compared using Tukey’s

test. The differences between two groups were determined by

Student t-test. Statistical significant difference between mean

values was marked in each graph. P,0.05 is considered

significant.

Author Contributions

Conceived and designed the experiments: SZ NL. Performed the

experiments: NL SH ET RG. Analyzed the data: NL SZ. Contributed

reagents/materials/analysis tools: RG. Wrote the paper: NL GB SZ.

References

1. Anderson S, Rennke HG, Brenner BM (1986) Therapeutic advantage of

converting enzyme inhibitors in arresting progressive renal disease associated

with systemic hypertension in the rat. J Clin Invest 77: 1993–2000.

2. Fujihara CK, Malheiros DM, Zatz R, Noronha IL (1998) Mycophenolate

mofetil attenuates renal injury in the rat remnant kidney. Kidney Int 54:

1510–1519.

3. Hou FF, Zhang X, Zhang GH, Xie D, Chen PY, et al. (2006) Efficacy and safety

of benazepril for advanced chronic renal insufficiency. N Engl J Med 354:

131–140.

4. Lewis EJ, Hunsicker LG, Bain RP, Rohde RD (1993) The effect of angiotensin-

converting-enzyme inhibition on diabetic nephropathy. The Collaborative

Study Group. N Engl J Med 329: 1456–1462.

5. Coffey RJ, Jr., Leof EB, Shipley GD, Moses HL (1987) Suramin inhibition of

growth factor receptor binding and mitogenicity in AKR-2B cells. J Cell Physiol

132: 143–148.

6. Kloen P, Jennings CL, Gebhardt MC, Springfield DS, Mankin HJ (1994)

Suramin inhibits growth and transforming growth factor-beta 1 (TGF-beta 1)

binding in osteosarcoma cell lines. Eur J Cancer 30A: 678–682.

Figure 9. Effect of suramin on phosphorylation of Smad-3
phosphorylation in rat remnant kidney. Kidney tissue lysates were
subjected to immunoblot analysis with specific antibodies against
phospho-Smad (p-Smad), and Smad (A). Expression levels of p-Smad
was quantified by densitometry and normalized with Smad(B). Data are
represented as the mean 6 S.E.M (n = 6). Means with different
superscript letters are significantly different from one another (P,0.05).
doi:10.1371/journal.pone.0036194.g009

Suramin Attenuates Renal Fibrosis

PLoS ONE | www.plosone.org 9 April 2012 | Volume 7 | Issue 4 | e36194



7. Fujiuchi S, Ohsaki Y, Kikuchi K (1997) Suramin inhibits the growth of non-

small-cell lung cancer cells that express the epidermal growth factor receptor.
Oncology 54: 134–140.

8. Abdiu A, Larsson SE, Wasteson A, Walz TM (1999) Suramin blocks growth-

stimulatory effects of platelet-derived growth factor on malignant fibrous
histiocytomas in vitro. Cancer Lett 146: 189–194.

9. Stein CA, LaRocca RV, Thomas R, McAtee N, Myers CE (1989) Suramin: an
anticancer drug with a unique mechanism of action. J Clin Oncol 7: 499–508.

10. Braunstein J, Brutsaert S, Olson R, Schindler C (2003) STATs dimerize in the

absence of phosphorylation. J Biol Chem 278: 34133–34140.
11. Berthier CC, Zhang H, Schin M, Henger A, Nelson RG, et al. (2009) Enhanced

expression of Janus kinase-signal transducer and activator of transcription
pathway members in human diabetic nephropathy. Diabetes 58: 469–477.

12. Liu N, Tolbert E, Pang M, Ponnusamy M, Yan H, et al. (2011) Suramin inhibits
renal fibrosis in chronic kidney disease. J Am Soc Nephrol 22: 1064–1075.

13. Liu N, Tolbert E, Ponnusamy M, Yan H, Zhuang S (2011) Delayed

administration of suramin attenuates the progression of renal fibrosis in
obstructive nephropathy. J Pharmacol Exp Ther 338: 758–766.

14. Diamond JR, Pesek-Diamond I (1991) Sublethal X-irradiation during acute
puromycin nephrosis prevents late renal injury: role of macrophages.

Am J Physiol 260: F779–786.

15. van Goor H, van der Horst ML, Fidler V, Grond J (1992) Glomerular
macrophage modulation affects mesangial expansion in the rat after renal

ablation. Lab Invest 66: 564–571.
16. Waldherr R, Gretz N (1988) Natural course of the development of histological

lesions after 5/6 nephrectomy. Contrib Nephrol 60: 64–72.
17. Fogo A, Ichikawa I (1989) Evidence for the central role of glomerular growth

promoters in the development of sclerosis. Semin Nephrol 9: 329–342.

18. Nikolic-Paterson DJ, Atkins RC (2001) The role of macrophages in
glomerulonephritis. Nephrol Dial Transplant 16 Suppl 5: 3–7.

19. Shimizu H, Maruyama S, Yuzawa Y, Kato T, Miki Y, et al. (2003) Anti-
monocyte chemoattractant protein-1 gene therapy attenuates renal injury

induced by protein-overload proteinuria. J Am Soc Nephrol 14: 1496–1505.

20. Timoshanko JR, Kitching AR, Semple TJ, Holdsworth SR, Tipping PG (2005)
Granulocyte macrophage colony-stimulating factor expression by both renal

parenchymal and immune cells mediates murine crescentic glomerulonephritis.
J Am Soc Nephrol 16: 2646–2656.

21. Daha MR, van Kooten C (2000) Is the proximal tubular cell a proinflammatory
cell? Nephrol Dial Transplant 15 Suppl 6: 41–43.

22. Anders HJ, Vielhauer V, Schlondorff D (2003) Chemokines and chemokine

receptors are involved in the resolution or progression of renal disease. Kidney
Int 63: 401–415.

23. Segerer S, Nelson PJ, Schlondorff D (2000) Chemokines, chemokine receptors,
and renal disease: from basic science to pathophysiologic and therapeutic

studies. J Am Soc Nephrol 11: 152–176.

24. Behrens MT, Corbin AL, Hise MK (1989) Epidermal growth factor receptor
regulation in rat kidney: two models of renal growth. Am J Physiol 257:

F1059–1064.
25. Floege J, Burns MW, Alpers CE, Yoshimura A, Pritzl P, et al. (1992) Glomerular

cell proliferation and PDGF expression precede glomerulosclerosis in the
remnant kidney model. Kidney Int 41: 297–309.

26. Li J, Zhang Z, Wang D, Wang Y, Li Y, et al. (2009) TGF-beta 1/Smads

signaling stimulates renal interstitial fibrosis in experimental AAN. J Recept
Signal Transduct Res 29: 280–285.

27. Pang M, Ma L, Gong R, Tolbert E, Mao H, et al. (2010) A novel STAT3
inhibitor, S3I-201, attenuates renal interstitial fibroblast activation and

interstitial fibrosis in obstructive nephropathy. Kidney Int 78: 257–268.

28. Lange-Sperandio B, Trautmann A, Eickelberg O, Jayachandran A, Oberle S, et
al. (2007) Leukocytes induce epithelial to mesenchymal transition after unilateral

ureteral obstruction in neonatal mice. Am J Pathol 171: 861–871.
29. Krensky AM, Ahn YT (2007) Mechanisms of disease: regulation of RANTES

(CCL5) in renal disease. Nat Clin Pract Nephrol 3: 164–170.

30. Guijarro C, Egido J (2001) Transcription factor-kappa B (NF-kappa B) and renal
disease. Kidney Int 59: 415–424.

31. Kakuta Y, Okumi M, Isaka Y, Tsutahara K, Abe T, et al. (2011)

Epigallocatechin-3-gallate protects kidneys from ischemia reperfusion injury by

HO-1 upregulation and inhibition of macrophage infiltration. Transpl Int 24:
514–522.

32. Cho MH (2010) Renal fibrosis. Korean J Pediatr 53: 735–740.

33. Gong R, Rifai A, Tolbert EM, Biswas P, Centracchio JN, et al. (2004)
Hepatocyte growth factor ameliorates renal interstitial inflammation in rat

remnant kidney by modulating tubular expression of macrophage chemoat-

tractant protein-1 and RANTES. J Am Soc Nephrol 15: 2868–2881.

34. Wada T, Yokoyama H (2006) [Molecular biology in regulation of kidney

functions: MCP-1/CCR2]. Nihon Rinsho 64 Suppl 2: 288–292.

35. Ivashkiv LB (2011) Inflammatory signaling in macrophages: transitions from
acute to tolerant and alternative activation states. Eur J Immunol 41:

2477–2481.

36. Sabatel H, Pirlot C, Piette J, Habraken Y (2011) Importance of PIKKs in NF-
kappaB activation by genotoxic stress. Biochem Pharmacol 82: 1371–1383.

37. Chen Y, Kijlstra A, Yang P (2011) IL-17A stimulates the production of

inflammatory mediators via Erk1/2, p38 MAPK, PI3K/Akt, and NF-kappaB
pathways in ARPE-19 cells. Mol Vis 17: 3072–3077.

38. Pilati C, Amessou M, Bihl MP, Balabaud C, Nhieu JT, et al. (2011) Somatic

mutations activating STAT3 in human inflammatory hepatocellular adenomas.
J Exp Med 208: 1359–1366.

39. Melenhorst WB, Mulder GM, Xi Q, Hoenderop JG, Kimura K, et al. (2008)

Epidermal growth factor receptor signaling in the kidney: key roles in physiology
and disease. Hypertension 52: 987–993.

40. Lautrette A, Li S, Alili R, Sunnarborg SW, Burtin M, et al. (2005) Angiotensin II

and EGF receptor cross-talk in chronic kidney diseases: a new therapeutic
approach. Nat Med 11: 867–874.

41. Ludewig D, Kosmehl H, Sommer M, Bohmer FD, Stein G (2000) PDGF

receptor kinase blocker AG1295 attenuates interstitial fibrosis in rat kidney after
unilateral obstruction. Cell Tissue Res 299: 97–103.

42. Bonner JC (2004) Regulation of PDGF and its receptors in fibrotic diseases.

Cytokine Growth Factor Rev 15: 255–273.

43. Terzi F, Burtin M, Hekmati M, Federici P, Grimber G, et al. (2000) Targeted
expression of a dominant-negative EGF-R in the kidney reduces tubulo-

interstitial lesions after renal injury. J Clin Invest 106: 225–234.

44. Wynn TA (2008) Cellular and molecular mechanisms of fibrosis. J Pathol 214:
199–210.

45. Liu Y (2006) Renal fibrosis: new insights into the pathogenesis and therapeutics.

Kidney Int 69: 213–217.

46. Bidani AK, Griffin KA, Bakris G, Picken MM (2000) Lack of evidence of blood

pressure-independent protection by renin-angiotensin system blockade after

renal ablation. Kidney Int 57: 1651–1661.

47. Harris KP, Baker F, Brown J, Walls J (1993) Early increase in glomerular

leucocyte number after a reduction in renal mass: implications for the

pathogenesis of glomerulosclerosis. Clin Sci (Lond) 85: 27–31.

48. Pawluczyk IZ, Harris KP (1997) Macrophages promote prosclerotic responses in

cultured rat mesangial cells: a mechanism for the initiation of glomerulosclerosis.

J Am Soc Nephrol 8: 1525–1536.

49. Tan X, Wen X, Liu Y (2008) Paricalcitol inhibits renal inflammation by

promoting vitamin D receptor-mediated sequestration of NF-kappaB signaling.

J Am Soc Nephrol 19: 1741–1752.

50. Sanz AB, Sanchez-Nino MD, Ramos AM, Moreno JA, Santamaria B, et al.

(2010) NF-kappaB in renal inflammation. J Am Soc Nephrol 21: 1254–1262.

51. Chen S, Khan ZA, Cukiernik M, Chakrabarti S (2003) Differential activation of
NF-kappa B and AP-1 in increased fibronectin synthesis in target organs of

diabetic complications. Am J Physiol Endocrinol Metab 284: E1089–1097.

52. Liu N, Zhuang S (2011) Tissue protective and anti-fibrotic actions of suramin:
new uses of an old drug. Curr Clin Pharmacol 6: 137–142.

53. Pang M, Kothapally J, Mao H, Tolbert E, Ponnusamy M, et al. (2009)

Inhibition of histone deacetylase activity attenuates renal fibroblast activation
and interstitial fibrosis in obstructive nephropathy. Am J Physiol Renal Physiol

297: F996–F1005.

Suramin Attenuates Renal Fibrosis

PLoS ONE | www.plosone.org 10 April 2012 | Volume 7 | Issue 4 | e36194


