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Abstract: Although there are many uremic substances in the body, the most studied and
well-known molecule that predominantly binds to plasma proteins is indoxyl sulfate (IS).
Many research groups have reported IS to have toxic effects on the kidney and cardiovas-
cular system. It is difficult to remove IS with regular hemodialysis or hemodiafiltration. On
the other hand, AST-120 has the capacity to bind to indole, which is a precursor of IS in the
intestinal tract and excrete it in feces. IS production in the liver is efficiently suppressed by
AST-120 administration. However, large-scale clinical studies have not shown that AST-120
suppresses hard endpoints such as doubling serum creatinine, end-stage renal disease, and
death. In patients with accelerated chronic kidney disease (CKD) progression, AST-120 is
expected to suppress those hard renal endpoints, but only when compliance to treatment is
high. It is necessary to validate the renal protective effect of AST-120, as expected from the
basic study on IS, including more patients with slowly progressive CKD in a large-scale
clinical study in the future.

Keywords: chronic kidney disease, CKD, uremic toxin, indoxyl sulfate, IS, AST-120,
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Introduction

Indoxyl sulfate (IS) has been studied as a uremic substance that accumulates in the
plasma of chronic kidney disease (CKD) patients. Subsequent studies have shown
that IS is primarily eliminated by the kidney. In addition, these studies have
examined its role in kidney disease,' subsequently assessing how much IS is
involved in kidney disease pathogenesis. This review would like to reevaluate the
toxicity of IS to the body and explain attempts to reduce the plasma concentration
of IS and reduce the toxic effect on the human body. Moreover, in this review, we
elucidate why AST-120, which is clinically applied to reduce toxic effects, is not as

useful as expected from basic studies.

Characteristics of Indoxyl Sulfate

The chemical structure of IS is shown in Figure 1. IS is a metabolite of
tryptophan, an essential amino acid. Tryptophan is metabolized to indole by
the gut flora and is absorbed in the intestinal epithelium. Indole binds to sulfuric
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Figure | Structure of indoxyl sulfate: CgHgNO,S.

acid in the liver and becomes IS (see Figure 2). It has
a low molecular weight of 213 daltons and is mostly
bound to plasma proteins. The role of the gut flora in IS
production has been shown to reduce urinary IS excre-
tion with antibiotic administration.” Sulfation of IS in
the liver was revealed because indole injection into dogs
with resected liver did not increase the plasma levels
of IS

Excretion of IS in the Kidney

Since IS is bound to plasma proteins, its removal is
expected to be difficult by regular dialysis, as reported
by several research groups.*® On the other hand, in the
normal kidney, IS is secreted from the renal tubule into the
ureteral cavity to provide maximum clearance.” IS bound
to the protein is in equilibrium with the unbound IS. When
passing through the capillaries surrounding the proximal
tubules, unbound IS is taken up into the tubule cells by
organic anion transporters (OAT1 and OAT3) in the
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Figure 2 Metabolism of indoxyl sulfate and the beneficial effect of AST-120.

basolateral membrane,®’ and is further secreted into the
lumen by OAT4 on the luminal side.'® When unbound IS
is secreted in this manner, the IS bound to the plasma
protein is dissociated, and a new equilibrium state is
maintained, so that IS is secreted one after another.

Research on the Removal and

Suppression of IS Production

As mentioned above, IS is a protein-binding uremic toxin,
and it is difficult to remove it by regular hemodialysis.
Furthermore, IS has also been examined in hemodiafiltra-
tion (HDF) and it was reported that its removal is difficult
even in HDF.'"'? It is easily expected that the diffusion
should be increased to remove IS, and in principle, the
methods such as lowering the IS concentration on the
dialysate side, increasing the flow rate of the dialysate,
and increasing the size of the dialyzer are used. However,

13,14 it is

although it has been demonstrated to be effective,
not clear whether this will lead to improved clinical renal
prognosis.

As mentioned above, IS is derived from tryptophan, so
naturally, its production increases as food protein intake
increases. Therefore, the easiest way to reduce IS produc-
tion is to limit protein intake.'”> A crossover study was
conducted, using a low protein diet (LPD; 0.6 g/kg BW/
day) and a very low protein diet (VLPD; 0.3 g/kg BW/
day) supplemented with ketoanalogues in CKD patients
every other week. They reported that serum IS levels
decreased by 37% in VLPD.'® Several studies have
reported that the administration of AST-120 to inhibit
indole absorption in the intestinal tract lowers IS plasma

levels in CKD patients.'”'®

(Figure 2) As mentioned
above, since it is considerably difficult to remove IS with
regular HD or HDF because of its high protein binding

activity, the method of binding indole to AST-120 and

Liver

Kidney

Excretion

120

submit your manuscript

360

Dove

International Journal of Nephrology and Renovascular Disease 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Nagata and Yoshizawa

excreting it in feces is considered the most efficient
method to remove IS.

Accumulation of Knowledge from

Basic Research

The toxicity of IS to the kidney, heart, and vascular system
is recognized from basic cell culture or animal experi-
ments. Here, we concisely summarize the typical results
of basic research (Table 1). IS accumulates in the plasma
due to renal failure, which could cause renal injury. Some
studies using 5/6-nephrectomized rats showed the direct
effect of 1S."” However, it was shown that glomerular
sclerosis and tubular damage might occur.?’ Evidence
that IS might be associated with inflammation and fibrosis
was also revealed in studies using cultured tubular
cells.”'** Next, let us recapitulate on the reports that IS
might cause angiopathy. As a result of the cell culture
system, IS was shown to impair cultured human umbilical
vein endothelial cell (HUVEC) proliferation and wound
repair.”> Our research group has shown that IS might
promote the exacerbation of atherosclerotic lesions and
thrombosis by inducing the proliferation of vascular
smooth muscle cells.”* A 5/6-nephrectomy model in
ApoE KO mice resulted in atherosclerosis in the aorta,
which was significantly suppressed by the administration
of AST-120;*° it was suggested that IS may promote
vascular endothelial damage even in vivo.

Hereafter, we summarize some results of clinical stu-
dies. Increased plasma levels of IS are associated with the
risk of hospitalization due to heart failure and cardiac death
in patients with cardiomyopathy and CKD stages G 1-3.2°
It has also been reported that there is a correlation between
plasma IS concentration and the risk of vascular mortality in
CKD patients.”” In hemodialysis patients, although the
association between blood IS concentration and cardiovas-

28,29

cular mortality is unclear, an increase in heart failure

events has been reported.*”

Results of Large-Scale Clinical Trials
with AST-120

Clinically, there is insufficient evidence that IS accelerates
renal disease progression, and IS is currently one of the
surrogate markers for tubular injury severity. In such
a situation, oral adsorbents that adsorb protein-binding
uremic toxins have been clinically applied in several coun-
tries, including Japan. AST-120, a typical oral adsorbent
charcoal, was developed in Japan. AST-120 was useful in

delaying the initiation of dialysis in a Japanese Phase 3
study31 and was approved in 1991.

In addition, the CAP-KD trial** was conducted in
Japan after marketing of AST-120. The participants
included 460 CKD patients with serum creatinine (sCr)
<5.0 mg/dL and were already taking renin-angiotensin
system inhibitors. It was shown that the administration of
AST-120 can significantly suppress the decrease in eGFR
for a short observation period of one year. However, it was
impossible to suppress the composite endpoint consisting
of doubling sCr, sCr > 6.0 mg/dL, end-stage renal disease
(ESRD), and death.

In 2015, the results of the EPPIC trial,>® which was
conducted in North America, Latin America, EU, and
Russia/Ukraine, were reported. This clinical trial con-
sisted of EPPIC-1 and EPPIC-2 with approximately
1000 participants each, and the only difference
between the two is that QOL assessment was included
in EPPIC-2. A large number of participants (approxi-
mately 2000 in CKD stages 3—5) were randomized to
the 9 g/day AST-120 group and placebo group. The
observation period was approximately 3.5 years,
including the enrollment period. However, AST-120
administration was unable to suppress the primary end-
point which is the initiation of dialysis, transplantation,
and doubling of sCr levels. However, the secondary
endpoint, the decline rate in the eGFR, was signifi-
cantly suppressed.

In 2016, the K-STAR trial was conducted in South
Korea,>* and in 2017, the results of its post-hoc analysis
were published.”® The clinical trial included about 580
participants, and the observation period was about three
years. The composite primary endpoints consisted of dou-
bling sCr levels, decreasing eGFR by more than 50%, and
introducing renal replacement therapy. This clinical trial
also included measurement of plasma IS concentration.
The primary endpoint was not suppressed in the AST-
120 group. However, even in this trial, the decline in the
eGFR tended to be suppressed.

In 2018, the results of the post hoc analysis of the
EPPIC trial were published. In this analysis, risk factors
were explored as the primary endpoint of the EPPIC trial
and showed that urinary protein/creatinine ratio (UP/UCr)
> 1.0 and hematuria are independent risk factors for the
primary endpoint occurrence and decrease in eGFR.*°
Therefore, narrowing down to the group of patients with
elevated UP/UCr manifested hematuria at baseline, it sup-
pressed the primary endpoint of the EPIPIC trial. This
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Table | Summary of Results of Similar Studies Conducted to Investigate the Association Between Indoxyl Sulfate, CKD, and CVD

cultured human proximal tubular cells (HK-2)

Study Methods Results

Niwa Oral administration of indole to 5/6-nephrectomized rats The oral administration of indole to 5/6-nephrectomized uremic

etal’’ rats increased the serum levels of creatinine and blood urea
nitrogen.After oral administration, indole could not be detected
in the urine, but a large amount of its metabolite, indoxyl sulfate
(IS) was. The glomerular sclerosis index in the indole-treated
rats was higher than that in the control uremic rats.

Enomoto Oral and IP administration of IS to 5/6-nephrectomized rats The administration of IS to 5/6-nephrectomized rats caused

et al®® a faster progression to chronic renal failure, and
immunohistochemistry revealed that IS was detected in the
proximal and distal tubules

Miyazaki (in vivo) Oral administration of IS to 5/6-nephrectomized rats (in vivo) Indoxyl sulfate administration was observed to enhance

et al®! (in vitro) IS administration to cultured proximal tubular cells the mRNA levels of ICAM-I, TGF-beta I, TIMP-I and pro alpha
| collagen in the renal cortex of 5/6-nephrectomized uremic
rats. (in vitro) The addition of IS increased the synthesis of TGF-
beta | in the cultured proximal tubular cells.

Bolati (in vivo) Oral administration of IS to Dahl salt-sensitive (in vivo) DH+IS rats showed increased Masson’s trichrome-

et al*? hypertensive (DH) rats (in vitro) IS administration to the positive fibrosis areas compared to DH rats. (in vitro) IS-treated

HK-2 cells showed a reduced expression of E-cadherin and ZO-

| and enhanced expression of alpha-SMA.

Dou et al®® | IS administration to the cultured human umbsilical vein IS inhibited the proliferation of endothelial cells and decreased
endothelial cells (HUVEC) endothelial wound repair.

Yamamoto | IS administration to the cultured rat vascular smooth muscle IS directly stimulated the proliferation of rat vascular smooth

et al** cells muscle cells via MAP kinase activation.

Yamamoto | Apolipoprotein E-deficient mice underwent uninephrectomy, 5/
etal® 6-nephrectomy, or sham operation at 8 weeks of age and were

treated with AST-120 after renal ablation

AST-120 reduced the extent of atherosclerosis induced by
kidney injury and altered the lesion characteristics in

apolipoprotein E-deficient mice.

Shimazu Serum IS and plasma brain natriuretic peptide (BNP) levels were
et al*® measured in 76 patients with dilated cardiomyopathy (DCM)
who also underwent echocardiographic examination.

Cardiac dysfunction was associated with an increased serum IS
level, which might serve as a new prognostic marker in DCM
patients with either normal renal function or mild to moderate
CKD.

The highest IS tertile was a powerful predictor of overall and
cardiovascular mortality. IS may play a significant role in the
vascular disease and higher mortality observed in CKD patients.

Barreto Investigation of the association among serum IS, vascular

etal”’ calcification, vascular stiffness, and mortality in a cohort of CKD
patients

Liu et al®® Investigation of serum IS, p-cresol, and other variables on clinical

outcomes in HD patients during a 20-month follow-up

Serum IS and p-cresol levels were related to cardiovascular
events.

Shafi et al®® | Association of baseline free levels of IS, p-cresol sulfate, indoxyl,
hippurate and phenylacetylglutamine, with outcomes in
hemodialysis patients.

Free levels of IS were associated with a higher risk of
cardiovascular morbidity and mortality in incidental hemodialysis
patients.

ISO

Cao et al Association of IS with heart failure among patients on

hemodialysis

Plasma IS was associated with the first event of heart failure in

patients on hemodialysis.

Abbreviations: IS, indoxyl sulfate; IP, intraperitoneal; CKD, chronic kidney disease; HD, hemodialysis.

result is significant in that AST-120 may suppress the been published, focusing on the patient population col-

deterioration of renal function if the patients are appropri- lected in the United States.>” This analysis showed that

ately selected. A sub-analysis of the EPPIC trial has also  the primary endpoint of the EPPIC study was significantly
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Table 2 The Primary Endpoint (Renal Outcome) Was Not Statistically Positive in the AST-120-Treated Group, but the Secondary
Endpoint (eGFR) Was Significantly Suppressed. Adherence Data in CAP-KD Trial Was Not Available in the Original Document

Trial Period (Year) Dose of AST-120 (g/Day) Primary Endpoint Secondary Endpoint Adherence
(Renal Outcomes) (eGFR Decline)

CAP-KD | 6 Negative Positive N.A.

EPPIC 35 Negative Positive >90%

K-STAR 3 6 Negative Positive (post hoc) 90%

suppressed. The Kaplan-Meier curve, which plots the time
to reach the placebo group’s primary endpoint in this
study, was similar to what was expected before the com-
mencement of the study, resulting in a somewhat acceler-
ated CKD progression compared to other countries.
Without the accelerated CKD progression, the clinical
effect of AST-120 cannot be confirmed.

Considerations on Medication

Adherence

It is known that AST-120 is relatively difficult to take
orally, especially in elderly CKD patients. In clinical trials
conducted in Japan and South Korea, the dose adminis-
tered was 6 g/day, and in the EPPIC trial, the dose was 9 g/
day. If the patients attempt to take oral adsorbent in cap-
sules, they should take 30 capsules/day at 6 g/day and 45
capsules/day at 9 g/day. This challenges compliance and
undoubtedly an obstacle. Recently, easy-to-take quick-
disintegrating tablets have been launched in Japan, and
the barriers to taking the drug have been considerably
eased. For cases where adherence is low, the expected
clinical effect cannot be obtained. Although we conducted
a document search in Pubmed using “adherence or com-
pliance” and “AST-120” as keywords, only the sub-
analyses of CAP-KD, EPPIC, and K-STAR were found
in the clinical studies that explored the relation between
and AST-120
September 27, 2020). No studies have specifically exam-

renal protection administration  (on
ined adherence and the effect of AST-120 on improving
renal prognosis. Previously, we examined the possibility
that differences in the adherence of AST-120 could cause
a difference in the rate of decrease in eGFR in patients
visiting the CKD outpatient department. The number of
participants was at most 100, and the follow-up was con-
ducted after one year (UMIN-CTR ID: R000026467).
Unfortunately, we were not able to detect significant dif-
ferences in eGFR decline in this trial. This suggests that
the participants’ number in this study might be overwhel-
mingly lacking in statistical power to prove the importance

of adherence. Adherence in the EPPIC study was reported
to be adequate at over 90%, and in the K-STAR study, the
residual drug was rigorously checked at each wvisit
(Table 2). High adherence might be a prerequisite for
improving the renal prognosis of AST-120, but only in
patients with rapid renal function decline as collected by
EPPIC USA. Hard endpoints such as doubling sCr, ESRD,
or death might not be identified easily. It is an important to
note the rate of decrease in eGFR can be suppressed if
adherence is high, at least in such populations, and it is
necessary to improve the dosage form further to increase
compliance in the future.

Conclusions

Various basic and clinical studies have revealed that IS has
a detrimental effect in the living body. In particular, an
increase in plasma IS concentration might promote renal
dysfunction and cardiovascular disease in patients with
renal failure. IS is difficult to remove with regular HD or
HDF because of its high protein binding activity.
Therefore, the method of binding indole, a precursor of
IS, to AST-120 and excreting it in feces to remove IS is
considered the most straightforward and most efficient
method. In large-scale clinical trials using AST-120, the
rate of decrease in eGFR was shown to be suppressed, but
hard endpoints such as doubling sCr, ESRD, or death have
yet to be proven. Moreover, the efficacy of AST-120
cannot be obtained if medication adherence is poor. Also,
in slow-growing CKD patients, AST-120 seems to be less
effective. In the future, if a prospective clinical trial is
conducted using a new alternative hard endpoint as
shown by Levey et al,*® the decrease in the eGFR is
30-40% from the baseline in 2-3 years, the effect of
AST-120 might be clearly shown, but maximum ingenuity
will be required to maintain high adherence.
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