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Abnormalities of bone turnover are commonly observed in patients with

chronic kidney disease (CKD), and the low-turnover bone disease is consid-

ered to be associated with low serum parathyroid hormone (PTH) levels

and skeletal resistance to PTH. Indoxyl sulfate (IS) is a representative ure-

mic toxin that accumulates in the blood of patients with CKD. Recently, we

have reported that IS exacerbates low bone turnover induced by parathy-

roidectomy (PTX) in adult rats, and suggested that IS directly induces low

bone turnover through the inhibition of bone formation by mechanisms

unrelated to skeletal resistance to PTH. To define the direct action of IS in

bone turnover, we examined the effects of IS on bone formation and bone

resorption in vitro. In cultures of mouse primary osteoblasts, IS suppressed

the expression of osterix, osteocalcin, and bone morphogenetic protein 2

(BMP2) mRNA and clearly inhibited the formation of mineralized bone

nodules. Therefore, IS directly acts on osteoblastic cells to suppress bone

formation. On the other hand, IS suppressed interleukin (IL)-1-induced

osteoclast formation in cocultures of bone marrow cells and osteoblasts,

and IL-1-induced bone resorption in calvarial organ cultures. In cultures of

osteoblasts, IS suppressed the mRNA expression of RANKL, the receptor

activator of NF-jB ligand, which is a pivotal factor for osteoclast differenti-

ation. Moreover, IS acted on osteoclast precursor, bone marrow-derived

macrophages and RAW264.7 cells, and suppressed RANKL-dependent

differentiation into mature osteoclasts. IS may induce low-turnover bone

disease in patients with CKD by its direct action on both osteoblasts and

osteoclast precursors to suppress bone formation and bone resorption.

Bone metabolism consists of bone formation induced

by osteoblasts and bone resorption regulated by osteo-

clasts. Osteoblasts are derived from mesenchymal stem

cells, and the differentiation of the osteoblast precur-

sors to mature osteoblasts is regulated by various fac-

tors and transcription factors such as osteocalcin, bone
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morphogenetic protein 2 (BMP2), and osterix [1,2].

Mature osteoblasts synthesize calcium phosphate crys-

tals and extracellular matrixes, such as type 1 collagen

[3,4], and deposit these substances as bone tissue.

Osteoclast precursors are bone marrow macrophages

and express RANK, receptor activator of nuclear fac-

tor jB, and the interaction between RANK and

RANK ligand (RANKL) expressed on the osteoblast

surface induces macrophage differentiation into mature

osteoclasts [5,6]. Transcription factors such as

NFATc1 are involved in the process of osteoclast dif-

ferentiation [7]. It is well known that osteoblasts and

osteoclasts cooperatively regulate bone turnover, and

this communication is called bone coupling [8].

Abnormalities of bone turnover are commonly

observed in patients with chronic kidney disease

(CKD), and this was recently termed CKD-related

mineral and bone disease (CKD-MBD) [9]. The

CKD-MBD Work Group reported that various bone

abnormalities, including osteitis fibrosa, adynamic bone

disease, and osteomalacia, occurred in patients with

CKD stage 3–5 (83%) and with dialysis (98%) [10]. It

is known that the risk of hip fractures increased in dial-

ysis patients compared to the general population [11],

and mortality associated with hip fracture in patients

with hemodialysis was higher than that in fracture-free

patients with hemodialysis [12]. Thus, abnormalities of

bone turnover are thought to be associated with risk of

fracture and mortality in patients with CKD.

Renal dysfunction leads to the accumulation of ure-

mic retention solutes in patients with CKD [13,14],

and the European Uremic Toxin Work Group pro-

posed more than 100 substances which are classified as

uremic toxins by the molecular weight and the ability

of protein binding [13,15]. Some uremic toxins show

adverse biological impacts for the cardiovascular sys-

tem in patients with CKD and CKD model animals

[15,16]. Indoxyl sulfate (IS) is an organic anion uremic

toxin and is known as a representative toxin in

patients with CKD [13]. Dietary tryptophan can be

metabolized to indole by intestinal bacteria, and

absorbed indole is transported to the liver where it is

converted to IS [17], Fig. 1. IS is rapidly excreted into

urine in healthy subjects, but it accumulates in the

blood of patients with impaired renal function, and is

involved in glomerular sclerosis and renal fibrosis by

the progression of CKD in rats [18,19].

Low-turnover bone disease is commonly observed in

patients with CKD, which was associated with low

serum parathyroid hormone (PTH) level and skeletal

resistance to PTH [20,21]. We have recently reported

that IS exacerbates low bone turnover induced by

parathyroidectomy (PTX) in adult rats, suggesting that

IS directly inhibited bone formation by mechanisms

unrelated to skeletal resistance to PTH [22]. In this

study, we examined the effects of IS on bone forma-

tion and bone resorption in cultures, and suggested the

direct action of IS in bone tissues with low turnover in

animals and patients with CKD.

Materials and methods

Animals and reagents

Newborn and six-week-old ddy mice were obtained from

Japan SLC Inc. (Shizuoka, Japan). All procedures were

performed in accordance with the institutional guidelines

for animal research, and the experimental protocol was

approved by the Animal Care and Use Committee of the

Tokyo University of Agriculture and Technology. IL-1 was

obtained from R&D Inc. Soluble RANKL (sRANKL) was

obtained from Peprotech Co. Ltd. IS was obtained from

Glycosynth, Co. Ltd., Cheshire, UK.

Culture of primary mouse osteoblastic cells

Primary osteoblastic cells were isolated from newborn

mouse calvariae after five routine sequential digestions with

0.1% collagenase and 0.2% dispase, as described previously

[23]. Osteoblastic cells were collected from fractions 2-4

and combined, and cultured for 3 days in aMEM with

10% FBS under 5% CO2 in air at 37 °C. After the cells

reached to confluence, they were trypsinized, counted, and

used for the respective experiment.

Bone formation with mineralization

Primary osteoblastic cells were cultured for 14 days in a

medium containing bone-inducing factors, ascorbic acid

Indoxyl sulfate 
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Fig. 1. Schematic drawing of the metabolic pathway for the

synthesis of indoxyl sulfate (IS) and possible action in bone tissues.
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(50 lg�mL�1), and b-glycerophosphate (10 mM), to form

calcified bone nodules. For the control culture, a medium

without bone-inducing factors was used. IS was added to

the medium containing bone-inducing factors. After cultur-

ing, the areas of alizarin-positive cells were defined as min-

eralized bone nodules. The areas of alizarin-positive bone

nodules were measured on NIH images.

Bone-resorbing activity in the organ cultures of

mouse calvaria

Calvariae were collected from newborn mice, dissected in

half, and cultured for 24 h in BGJb containing 1 mg�mL�1

of bovine serum albumin. After 24 h, the calvariae were

transferred into a new medium with or without IL-1 and IS,

and cultured for 5 days. The bone-resorbing activity was

expressed as the increase in the level of calcium in the

medium [23].

Osteoclast formation in cocultures of mouse

bone marrow cells and osteoblasts

Bone marrow cells (3 9 106 cells) were isolated from six-

week-old mice and cocultured with the primary osteoblastic

cells (1 9 104 cells) in aMEM containing 10% FBS [23].

After culturing for 7 days, the cells adhering to the well sur-

face were stained for tartrate-resistant acid phosphatase

(TRAP). The TRAP-positive multinucleated cells that

contained three or more nuclei per cell were counted as

osteoclasts.

Osteoclast differentiation from macrophages

Bone marrow macrophages were prepared by 3 days of cul-

turing with M-CSF and 5 days of culturing with or without

soluble RANKL (sRANKL). RAW264.7 cells (a murine

macrophage cell line) were also cultured for 5 days with or

without sRANKL. The TRAP-positive multinucleated cells

that contained three or more nuclei per cell were counted as

osteoclasts.

Quantitative PCR and RT-PCR

Total RNA was extracted from mouse osteoblasts and from

RAW264.7 cells using ISOGEN (Nippon Gene, Tokyo,

Japan). cDNA was synthesized from 5 lg of total RNA by

reverse transcriptase (Superscript II Preamplification System,

Invitrogen, Carlsbad, CA). The quantitative PCR (q-PCR)

was performed with iQ SYBR Green Supermix (Bio-Rad). The

primers used for the q-PCR for the mouse RANKL, osterix,

Col1a1, osteocalcin, BMP2, Nfatc1, RANK, and TRAP genes

were constructed from the sequence of respective gene.

The RT-PCR was performed to examine the mRNA

expression of organic anion transporters (OATs), OAT1

and OAT3, in mouse osteoblasts, bone marrow macro-

phages, and RAW264.7 cells. The primer pairs used in the

RT-PCR for mouse OAT1, OAT3, and b-actin genes were

constructed from the sequence of respective gene. The PCR

product was run on a 1.5% agarose gel and stained with

ethidium bromide.

Statistical analysis

The data are expressed as the means � SEM. Data were

analyzed using one-way ANOVA, followed by Tukey’s test

for post hoc analysis. Statistical analyses were performed

using IBM SPSS Statistics version 23 software.

Results

IS suppressed bone formation in osteoblast

cultures

We first examined the effects of IS on bone formation

in primary osteoblast cultures. When osteoblasts were

cultured with a medium containing bone-inducing fac-

tors, ascorbic acid, and b-glycerophosphate, alizarin-

stained mineralized bone nodules could be detected on

day 14 (Fig. 2A). The addition of IS, 30-300 lM, sup-
pressed the formation of mineralized bone nodules in

the cultures of primary mouse osteoblasts in a dose-

dependent manner (Fig. 2A). The expression of bone

formation-related gene such as osterix, osteocalcin,

and BMP2 mRNA in osteoblasts was found to be sup-

pressed by the addition of IS (Fig. 2B). The mRNA

expression of collagen, col1a1, tended to be suppressed

by IS, but was not significant. Osterix, osteocalcin,

and BMP2 are all important for osteoblast differentia-

tion into mature osteoblasts. Thus, IS directly acted

on osteoblasts to suppress bone formation by inhibit-

ing the expression of bone formation-related genes.

Effects of IS on IL-1-induced osteoclastic bone

resorption

In the cocultures of mouse bone marrow cells and

osteoblasts, IL-1 markedly induced the formation of

TRAP-positive osteoclasts, while the addition of IS

suppressed IL-1-induced osteoclast formation in a

dose-dependent manner (Fig. 3A). It is well known

that bone-resorbing factors such as IL-1 induce

RANKL expression in osteoblasts to elicit osteoclast

differentiation. We therefore examined the effects of IS

on the expression of RANKL in osteoblasts. In the

cultures of primary mouse osteoblasts, the addition of

IS suppressed the mRNA expression of RANKL that

was induced by IL-1 in a q-PCR assay (Fig. 3B).
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These results indicate that IS acts on osteoblasts to

suppress the expression of RANKL and to negatively

regulate IL-1-induced osteoclast formation.

A mouse calvarial organ culture is a typical ex vivo

assay system for defining the effects of a test com-

pound on bone resorption and bone loss. Bone-resorb-

ing factors such as IL-1 are known to induce bone

resorption in this model. Using ex vivo cultures, we
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Fig. 2. The effects of IS on bone formation and the expression of

bone formation-related genes in osteoblasts. (A) To examine the

effects of IS on bone formation in vitro, primary osteoblastic cells

were cultured with bone-inducing factors (50 lg/mL of ascorbic

acid and 10 mM b-glycerophosphate) in the presence of IS (30,

100, or 300 lM) for 14 days. The area of alizarin-positive cells was

measured on NIH images. (B) Primary osteoblastic cells were

cultured for 14 days with bone-inducing factors in the presence of

IS (30, 100, or 300 lM), and the mRNA expression of osterix,

Col1a1, osteocalcin, and BMP2 was measured by a q-PCR. The

data are expressed as the means � SEM of four independent

wells. Asterisks indicate a significant difference: *P < 0.05,

**P < 0.01, ***P < 0.001 vs. control.
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Fig 3. The effects of IS on osteoclast formation and bone

resorption. (A) Mouse bone marrow cells and osteoblastic cells

were cocultured for 7 days in the presence of IL-1 (2 ng�mL�1)

with and without IS (10, 30, 100, or 300 lM). The cells were

stained for TRAP to detect osteoclasts. (B) Mouse osteoblasts

were treated with IL-1 (2 ng�mL�1) with or without IS (300 lM) for

24 h, and the total RNA was extracted. The mRNA expression of

RANKL was detected by a q-PCR. (C) Mouse calvariae were

cultured for 24 h in BGJb medium containing 1 mg�mL�1 of BSA,

and transferred to new media to culture for 5 days, with or without

IL-1 (2 ng�mL�1) and with or without IS (30, 100, or 300 lM). The

concentration of calcium in the medium was measured to calculate

the bone-resorbing activity. The data are expressed as the

means � SEM of three to four independent wells. Asterisks and

hashes indicate a significant difference: ***P < 0.001 vs. control,
#P < 0.05, ##P < 0.01, ###P < 0.001 vs. IL-1.
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examined the effects of IS on IL-1-induced bone-

resorbing activity. The application of IL-1 markedly

induced bone-resorbing activity, while IS (30–300 lM)
significantly suppressed bone resorption in a concen-

tration-dependent manner (Fig. 3C).

IS suppressed the differentiation of macrophages

into mature osteoclasts

Bone marrow macrophages, which are precursor cells

for osteoclasts, can differentiate into mature osteoclasts

by RANK/RANKL-mediated mechanisms. To exam-

ine the possible actions of IS in relation to the osteo-

clast precursors, IS was added to the cultures of bone

marrow macrophages and RAW264.7 cells (a mouse

macrophage cell line) in the presence of sRANKL. The

differentiation of bone marrow-derived macrophages

induced by M-CSF into mature osteoclasts was clearly

suppressed by adding IS (Fig. 4A). IS dose dependently

suppressed the sRANKL-dependent differentiation of

RAW264.7 cells into osteoclasts (Fig. 4B). In

RAW264.7 cells, sRANKL markedly induced the

expression of Nfatc1, Rank, and TRAP mRNA for the

differentiation into mature osteoclasts, and IS signifi-

cantly suppressed the expression of these genes

(Fig. 4C). As Nfatc1 is an essential transcription factor

for osteoclast differentiation, IS may act on macro-

phages to inhibit their differentiation into osteoclasts.
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Fig. 4. IS acts on macrophages and suppresses RANKL-dependent osteoclast formation. (A) Bone marrow cells were collected from mice

and cultured for 5 days in the presence of M-CSF. Cells were cultured for three additional days in the presence of M-CSF and sRANKL

(100 ng�mL�1) with and without IS (30, 100, or 300 lM). (B) RAW264.7 cells (a murine macrophage cell line) were cultured for 5 days with

IS (30, 100, or 300 lM) in the presence of sRANKL (100 ng�mL�1). (C) RAW264.7 cells were cultured for 5 days with IS (30, 100, or

300 lM) in the presence of sRANKL (100 ng�mL�1), and the mRNA expression of Nfatc1, Rank, and TRAP was measured by a q-PCR. The

data are expressed as the means � SEM of three to five independent wells. Asterisks and hashes indicate a significant difference:

**P < 0.01, ***P < 0.001 vs. control, #P < 0.05, ##P < 0.01, ###P < 0.001 vs. sRANKL.
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Expression of OAT3 in osteoblasts, macrophages,

and RAW264.7 cells

OATs are known to eliminate organic anions from

cells. In kidney, OAT1 and OAT3 localized in the

proximal tubules and involved in uptake of organic

anions from the blood [24]. To discuss the possible

roles of OAT1 and OAT3 in bone tissues, we exam-

ined the mRNA expression of these OATs in osteo-

blasts using RT-PCR and found that osteoblasts

expressed only OAT3, but not OAT1 (Fig. 5). In addi-

tion, bone marrow macrophages and RAW264.7 cells

also expressed OAT3 mRNA, but not OAT1 (Fig. 5).

These data suggest that OAT3 may be involved in the

mechanism of IS action in bone tissues.

Discussion

Using CKD rat models, previous studies have indi-

cated that an increase in IS in the blood is related to

glomerular sclerosis, renal fibrosis, and the progression

of CKD in rats [18,21]. IS is known to induce proxi-

mal tubular injury via the increase in free radial pro-

duction [25], cardiovascular disease [26,27], and renal

anemia [28,29]. Previous studies have suggested that

the low-turnover bone loss is associated with low

serum PTH level and with skeletal resistance to PTH

in patients with CKD [20,21]. Nii-Kono et al. [30]

have shown that IS suppresses PTH-stimulated intra-

cellular cAMP production, PTH receptor expression,

and induces oxidative stress in primary cultured mur-

ine osteoblastic cells. However, we have recently

reported that IS exacerbates low bone turnover

through using PTX rats, suggesting that IS-induced

low bone turnover may be due to the inhibition of

bone formation by mechanisms unrelated to skeletal

resistance to PTH [22]. Oral administration of indole

induced low bone turnover in PTX rats, and the serum

IS levels in indole-treated rats on weeks 2 and 4 were

5.1 mg�dL�1 (240 lM) and 3.9 mg�dL�1 (183 lM),
respectively [22]. Niwa et al. [18] reported that serum

IS level was 1.8 � 1.5 mg�dL�1 (84 lM) in predialysis

CKD patients, and 5.3 � 2.1 mg�dL�1 (249 lM) in

patients on hemodialysis before dialysis. In the present

study, we have found that IS, 100–300 lM, acted on

osteoblasts and suppressed bone formation in osteo-

blast cultures. The concentrations of IS used in the

present study are similar to serum IS levels in indole-

treated rats and in patients with CKD, suggesting that

the direct action of IS in bone formation may be

occurred in vivo in CKD animals and patients.

Various uremic toxins accumulate in blood during

renal failure, and these toxins are classified by molecu-

lar weight and mode of protein binding. In addition to

IS, p-cresyl sulfate (PCS) is a protein-bound uremic

toxin, and serum PCS levels are significantly higher in

patients with CKD compared with those of the healthy

control [31]. Tanaka et al. [32] have reported that PCS

induces osteoblast dysfunction by the suppression of

PTH-induced cAMP production and by the induction

of intracellular production of reactive oxygen species.

Further in vivo studies are needed to define the roles

of PCS in bone metabolism.

In the present study, IS acted on osteoblasts and sup-

pressed bone formation with mineralization by inhibit-

ing the mRNA expression of osterix, osteocalcin, and

BMP2. However, the molecular mechanisms of IS

action in osteoblasts are unknown. The OAT family

consists of six isoforms, and all OAT are expressed in

kidney, while some OAT are expressed in liver, brain,

and placenta [33]. In the CKD rats [34] and patients

with CKD [35], IS may induce the nephrotoxicity by the

mechanisms involving OAT1 and OAT3. In the present

study, we detected the mRNA expression of OAT3, but

not OAT1, in osteoblasts, bone marrow macrophages,

and RAW264.7 cells (Fig. 5). Although further studies

are needed to define the roles of OATs in IS action in

osteoblasts and osteoclast precursors, OAT3 may be

involved in the mechanism of IS action in bone. After

the uptake of IS into the target cells, IS may modulate

some signal transductions in osteoblasts and macro-

phages. Tanaka et al. [32] have reported that IS induces

ERK1/2 phosphorylation in mouse osteoblasts, but

PCS enhances JNK and p38 MAPK pathways in osteo-

blasts. Further studies using uremic toxins and OATs

are needed to unveil the pathogenesis of CKD.

Roles of inflammatory cytokines in the pathogenesis

of CKD have been reported, and increased levels of

serum cytokines such as IL-1, IL-6, and TNF-a were

associated with poor clinical outcomes in patients with

CKD [36]. In bone tissues, IL-1 is a typical bone-

resorbing cytokine associated with inflammation, but

-actin

OAT3

OAT1

BMM RAW264.7POB

Fig. 5. Expression of OAT3 mRNA in osteoblasts, bone marrow

macrophages, and RAW264.7 cells. Total RNA was extracted from

mouse primary osteoblasts (POB), bone marrow macrophages

(BMM), and RAW264.7 cells, and the expression of OAT1 and

OAT3 was examined by RT-PCR.
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other cytokines such as TNF-a, IL-6, and IL-17 are

known to be involved in bone destruction associated

with rheumatoid arthritis. Therefore, we used IL-1, a

general bone-resorbing cytokine, in the present study to

examine the effects of IS on bone resorption in vitro. In

the present study, IS suppressed IL-1-induced osteo-

clast formation in the cocultures of bone marrow cells

and osteoblasts, and also suppressed IL-1-induced bone

resorption in calvarial organ cultures. As IS acted on

osteoblasts to suppress the expression of RANKL, IS

may suppress bone resorption by the mechanisms

involving osteoblasts. In addition, IS acted on osteo-

clast precursors to suppress the RANKL-dependent

differentiation into mature osteoclasts. These results

are consistent with the data reported by Mozar et al.

[37] using RAW264.7 cells. Based on these results, IS

may act on both osteoblasts and osteoclast precursors

to suppress osteoclast differentiation and bone resorp-

tion. In our previous study using rats, the treatment

with indole slightly suppressed bone resorption, mea-

sured by bone morphometry markers such as OcS/BS

and ES/BS, although there were no significant differ-

ences [22]. Therefore, further studies are needed to

define the roles of bone resorption regulated by IS in

the low-turnover bone disease in patients with CKD.

In conclusion, the present study demonstrated for

the first time that IS directly suppresses bone forma-

tion and osteoblast/osteoclast coupling in vitro. Taken

together with our previous report, we suggest here that

the exacerbation of low bone turnover by IS may be

due to the direct action of IS in bone tissues.

Acknowledgements

This work is partly supported by Institute of Global

Innovation Research in TUAT (MI, HN). This project

was supported by Open Partnership Joint Projects of

JSPS Bilateral Joint Research Projects.

Author contributions

KW and MI supervised the experiments; KW, TT,

MH, and CM designed the experiments and analyzed

the data; MI, CM, and JH conceived the project and

wrote the article with contributions of all authors; GM

and HN provided comments pertaining to the manu-

script; and MI and CM supervised and complemented

the writing.

References

1 Yamaguchi A, Komori T and Suda T (2000)

Regulation of osteoblast differentiation mediated by

bone morphogenetic proteins, hedgehogs, and Cbfa1.

Endocr Rev 21, 393–411.
2 Komori T (2006) Regulation of osteoblast

differentiation by transcription factors. J Cell Biochem

99, 1233–1239.
3 Young MF, Kerr JM, Ibaraki K, Heegaard AM and

Robey PG (1992) Structure, expression, and regulation

of the major noncollagenous matrix proteins of bone.

Clin Orthop Relat Res 281, 275–294.
4 Robey PG, Fedarko NS, Hefferan TE, Bianco P, Vetter

UK, Grzesik W, Friedenstein A, Pluijm G, Mintz KP

and Young MF (1993) Structure and molecular

regulation of bone matrix proteins. J Bone Miner Res 8,

S483–S487.
5 Anderson DM, Maraskovsky E, Billingsley WL,

Dougall WC, Tometsko ME, Roux ER, Teepe MC,

DuBose RF, Cosman D and Galibert L (2000) A

homologue of the TNF receptor and its ligand enhance

T-cell growth and dendritic-cell function. Nature 390,

175–179.
6 Yasuda H, Shima N, Nakagawa N, Yamaguchi K,

Kinosaki M, Mochizuki S, Tomoyasu A, Yano K, Goto

M, Murakami A et al. (1998) Osteoclast differentiation

factor is a ligand for osteoprotegerin/osteoclastogenesis-

inhibitory factor and is identical to TRANCE/RANKL.

Proc Natl Acad Sci USA 95, 3597–3602.
7 Soysa NS, Alles N, Aoki K and Ohya K (2012)

Osteoclast formation and differentiation: an overview.

J Med Dent Sci 59, 65–74.
8 Howard GA, Bottemiller BL, Turner RT, Rader JI and

Baylink DJ (1981) Parathyroid hormone stimulates

bone formation and resorption in organ culture:

evidence for a coupling mechanism. Proc Natl Acad Sci

USA 78, 3204–3208.
9 Moe S, Dr€ueke T, Cunningham J, Goodman W,

Martin K, Olgaard K, Ott S, Sprague S, Lameire N

and Eknoyan G (2006) Kidney Disease: Improving

Global Outcomes (KDIGO). Definition, evaluation, and

classification of renal osteodystrophy: a position

statement from Kidney Disease: Improving Global

Outcomes (KDIGO). Kidney Int 69, 1945–1953.
10 Kidney Disease: Improving Global Outcomes (KDIGO)

CKD-MBD Work Group (2009) KDIGO clinical

practice guideline for the diagnosis, evaluation,

prevention and treatment of Chronic Kidney Disease-

Mineral and Bone Disorder(CKD-MBD). Kidney Int 76

(Suppl 113), S1–S130.
11 Alem AM, Sherrard DJ, Gillen DL, Weiss NS,

Beresford SA, Heckbert SR, Wong C and Stehman-

Breen C (2000) Increased risk of hip fracture among

patients with end-stage renal disease. Kidney Int 58,

396–399.
12 Coco M and Rush H (2000) Increased incidence of hip

fractures in dialysis patients with low serum

parathyroid hormone. Am J Kidney Dis 36, 1115–1121.

1184 FEBS Open Bio 7 (2017) 1178–1185 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Indoxyl sulfate decreases bone turnover in CKD K. Watanabe et al.



13 Vanholder R, Smet RD, Glorieux G, Argil�es A,

Baurmeister U, Brunet P, Clark W, Cohen G, Deyn

PP, Deppisch R et al. ; European Uremic Toxin Work

Group (EUTox) (2003) Review on uremic toxins:

classification, concentration, and interindividual

variability. Kidney Int 63, 1934–1943.
14 Vanholder R, Glorieux G, Smet RD and Lameire N;

European Uremic Toxin Work Group (2003) New

insights in uremic toxins. Kidney Int Suppl 63, S6–S10.
15 Vanholder R, Laecke SV and Glorieux G (2008) What is

new in uremic toxicity? Pediatr Nephrol 23, 1211–1221.
16 Vanholder R, Baurmeister U, Brunet P, Cohen G,

Glorieux G and Jankowski J; European Uremic Toxin

Work Group (2008) A bench to bedside view of uremic

toxins. J Am Soc Nephrol 19, 863–870.
17 King LJ, Parke DV and Williams RT (1966) The

metabolism of [2-14C] indole in the rat. Biochem J 98,

266–277.
18 Niwa T and Ise M (1994) Indoxyl sulfate, a circulating

uremic toxin, stimulates the progression of glomerular

sclerosis. J Lab Clin Med 124, 96–104.
19 Barreto FC, Barreto DV, Liabeuf S, Meert N, Glorieux

G, Temmar M, Choukroun G, Vanholder R and Massy

ZA; European Uremic Toxin Work Group (EUTox)

(2009) Serum indoxyl sulfate is associated with vascular

disease and mortality in chronic kidney disease patients.

Clin J Am Soc Nephrol 4, 1551–1558.
20 Salusky IB and Goodman WG (2001) A dynamic renal

osteodystrophy: is there a problem? J Am Soc Nephrol

12, 1978–1985.
21 Coen G, Mazzaferro S, Ballanti P, Sardella D, Chicca

S, Manni M, Bonucci E and Taggi F (1996) Renal

bone disease in 76 patients with varying degrees of

predialysis chronic renal failure: a cross-sectional study.

Nephrol Dial Transplant 11, 813–819.
22 Hirata J, Hirai K, Asai H, Matsumoto C, Inada M,

Miyaura C, Yamato H and Watanabe-Akanuma M

(2015) Indoxyl sulfate exacerbates low bone turnover

induced by parathyroidectomy in young adult rats.

Bone 79, 252–258.
23 Inada M, Matsumoto C, Uematsu S, Akira S and

Miyaura C (2006) Membrane-bound prostaglandin E

synthase-1-mediated prostaglandin E2 production by

osteoblast plays a critical role in lipopolysaccharide-

induced bone loss associated with inflammation.

J Immunol 177, 1879–1885.
24 Pritchard JB and Miller DS (1993) Mechanisms

mediating renal secretion of organic anions and cations.

Physiol Rev 73, 765–796.
25 Motojima M, Hosokawa A, Yamato H, Muraki T and

Yoshioka T (2002) Uraemic toxins induce proximal

tubular injury via organic anion transporter 1-mediated

uptake. Br J Pharmacol 135, 555–563.

26 Dou L, Jourde-Chiche N, Faure V, Cerini C, Berland

Y, Dignat-George F and Brunet P (2007) The uremic

solute indoxyl sulfate induces oxidative stress in

endothelial cells. Thromb Haemost 5, 1302–1308.
27 Ito S, Osaka M, Higuchi Y, Nishijima F, Ishii H and

Yoshida M (2010) Indoxyl sulfate induces leukocyte-

endothelial interactions through up-regulation of

E-selectin. J Biol Chem 285, 38869–38875.
28 Wu IW, Hsu KH, Sun CY, Tsai CJ, Wu MS and Lee

CC (2014) Oral adsorbent AST-120 potentiates the

effect of erythropoietin-stimulating agents on Stage 5

chronic kidney disease patients: a randomized crossover

study. Nephrol Dial Transplant 29, 1719–1727.
29 Chiang CK, Tanaka T, Inagi R, Fujita T and Nangaku

M (2011) Indoxyl sulfate, a representative uremic toxin,

suppresses erythropoietin production in a HIF-

dependent manner. Lab Invest 91, 1564–1571.
30 Nii-Kono T, Iwasaki Y, Uchida M, Fujieda A,

Hosokawa A, Motojima M, Yamato H, Kurokawa K

and Fukagawa M (2007) Indoxyl sulfate induces

skeletal resistance to parathyroid hormone in cultured

osteoblastic cells. Kidney Int 71, 738–743.
31 Wu IW, Hsu KH, Lee CC, Sun CY, Hsu HJ, Tsai CJ,

Tzen CY, Wang YC, Lin CY and Wu MS (2011)

p-Cresyl sulphate and indoxyl sulphate predict

progression of chronic kidney disease. Nephrol Dial

Transplant 26, 938–947.
32 Tanaka H, Iwasaki Y, Yamato H, Mori Y, Komaba H,

Watanabe H, Maruyama T and Fukagawa M (2013)

p-Cresyl sulfate induces osteoblast dysfunction through

activating JNK and p38 MAPK pathways. Bone 56,

347–354.
33 Anzai N, Kanai Y and Endou H (2006) Organic anion

transporter family: current knowledge. J Pharmacol Sci

100, 411–426.
34 Enomoto A, Takeda M, Tojo A, Sekine T, Cha SH,

Khamdang S, Takayama F, Aoyama I, Nakamura S,

Endou H et al. (2002) Role of organic anion

transporters in the tubular transport of indoxyl sulfate

and the induction of its nephrotoxicity. J Am Soc

Nephrol 13, 1711–1720.
35 Taki K, Nakamura S, Miglinas M, Enomoto A and

Niwa T (2006) Accumulation of indoxyl sulfate in

OAT1/3-positive tubular cells in kidneys of patients

with chronic renal failure. J Ren Nutr 16, 199–203.
36 Kimmel PL, Phillips TM, Simmens SJ, Peterson RA,

Weihs KL, Alleyne S, Cruz I, Yanovski JA and Veis

JH (1998) Immunologic function and survival in

hemodialysis patients. Kidney Int 54, 236–244.
37 Mozar A, Louvet L, Godin C, Mentaverri R, Brazier

M, Kamel S and Massy ZA (2012) Indoxyl sulphate

inhibits osteoclast differentiation and function. Nephrol

Dial Transplant 27, 2176–2781.

1185FEBS Open Bio 7 (2017) 1178–1185 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

K. Watanabe et al. Indoxyl sulfate decreases bone turnover in CKD


