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Abstract

Background: Endothelial dysfunction starts at an earlier stage in patients with chronic kidney disease (CKD), and
induces macro- and microcirculatory impairments. We evaluated whether uremic toxin-lowering therapy could
improve endothelial function in patients with CKD.

Methods: We performed a prospective interventional trial with 30 predialysis non-diabetic CKD patients who were
administered oral adsorbent AST-120 (6 g/day) for 12 months. Surrogate markers of endothelial function including
flow-mediated dilation (FMD) and skin perfusion pressure (SPP) were serially evaluated along with serum indoxy!
sulfate (IS) levels and renal function. Renal function was evaluated based on blood urea nitrogen, serum creatinine
(sCr) levels, and estimated glomerular filtration ratio (eGFR).

Results: Monthly decline in renal function (slope of reciprocal sCr) after AST-120 administration did not change
compared to that during the pre-treatment period. However, serum IS levels significantly decreased at 3 months
after AST-120 administration (p < 0.01), and it was sustained during the period of AST-120 administration (p < 0.01).
Although FMD did not improve, SPP was constantly elevated after AST-120 administration, and was significantly
higher at 12 months compared with baseline value (69.7 + 14.6 vs. 78.8 + 18.9 mmHg, p < 0.05). A significant
correlation between the change of IS and SPP from baseline values was shown at 6 months after AST-120
administration (r = — 0.558, p = 0.02).

Conclusion: Microcirculatory impairment was improved after AST-120 administration in patients with predialysis CKD.
Trial registration: UMIN, UMINO00013577. Registered on March 31, 2014,
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Introduction

Chronic kidney disease (CKD) is one of the major diseases
worldwide alongside hypertension and diabetes mellitus.
The number of hemodialysis (HD) patients has been in-
creasing, and cardiovascular diseases (CVD) are the major
causes of death among these patients [1]. CKD is known
as a major independent risk factor for CVD, and the prog-
nosis of CKD patients is strongly affected by CVD [2].
Therefore, therapeutic strategy against CKD should be
targeted at both inhibition of CKD progression and inhib-
ition of cardiovascular complication.

CKD is characterized by the accumulation of several
uremic toxins. Among them, indoxyl sulfate (IS) is a
well-known uremic substance. A precursor of IS, indole,
is produced via transformation from dietary tryptophan
by bacterial flora in the intestine [3]. After being
absorbed by the intestine, indole is transformed to IS in
the liver. IS accumulates along with renal dysfunction
and induces endothelial dysfunction via monocyte acti-
vation [4] and oxidative stress [5, 6]. IS accumulation is
closely associated with the progression of atherosclerosis
in CKD patients [7, 8].

Oral charcoal adsorbent AST-120 (Kremezin®, Kureha
Corporation, Tokyo, Japan) adsorbs uremic toxins in the
gastrointestinal tract and prevents toxins being absorbed
into the body. Indole is adsorbed by AST-120 in the in-
testinal tract thereby decreasing the serum IS concentra-
tion [9]. In consideration of the role of IS in the
progression of atherosclerosis in CKD patients, AST-120
might improve the endothelial dysfunction in these pa-
tients. Endothelial dysfunction, in conjunction with vas-
cular calcification, constitutes “vascular failure” in CKD
patients [10]. We thus performed an interventional clin-
ical trial to assess whether AST-120 might improve
endothelial dysfunction in patients with CKD.

Methods

Subjects and study design

This study was designed to evaluate whether AST-120 has
a beneficial effect on endothelial function in patients with
non-diabetic CKD. The study protocol conformed to the
Declaration of Helsinki, and was approved by the institu-
tional ethics committees (no. TGE00388-024). This clinical
trial was registered with an official clinical trial registration
site (UMIN 000013577) before study initiation.

Eligible subjects were enrolled based on the following
inclusion criteria: (a) progressive CKD (stage G3a to
G5); (b) men or women aged 20-80 years, and (c) writ-
ten informed consent. Progressive CKD was defined as
change of reciprocal serum creatinine (sCr) value of
more than 0.01 mL/mg/month. The exclusion criteria
were (1) presence of diabetes mellitus, (2) use of contrast
enhancement agents within the entry period, (3) use of
nonsteroidal anti-inflammatory drugs, (4) previous
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history of myocardial infarction or stroke, (5) peripheral
arterial disease (PAD) with stent implantation to lower
limbs’ arteries, (6) obstruction of the gastrointestinal
tract, (7) planned major amputation of the lower limbs
within the study period, and (8) pregnancy or expected
pregnancy.

The study design is presented in Fig. 1. Eligible pa-
tients were pre-registered at — 6 months after written in-
formed consent was obtained. If their reciprocal sCr
values matched the criteria of progressive CKD for a
subsequent 3 months, the patients were formerly regis-
tered at — 3 months. The 3 months’ period from - 3 to
0 month was set as the self-control period to validate the
change in IS, renal function, flow-mediated dilation
(FMD), and skin perfusion pressure (SPP) without AST-
120 intervention. AST-120 at a daily dose of 6 g (2 g
three times per day) was started at 0 month and contin-
ued for 12 months. Serum IS, renal function, FMD, and
SPP were evaluated at - 3, 0, 3, 6, and 12 months.

Endpoints and data management

Primary endpoint was change in IS, and secondary end-
point was changes of renal function, FMD, and SPP in
this study. Considering the results of previous reports,
which demonstrated a significant beneficial effect of
AST-120 on pulse wave velocity [11] and showed a
drop-out rate of 20-30% from the study, forty patients
were planned to be enrolled to provide a significant dif-
ference, at a 0.05 significance level with 80% statistical
power. Data management and data monitoring were per-
formed in an independent research center (Mirai Iryo
Research Center Inc., Tokyo, Japan). Statistical analysis
was performed by independent statisticians.

Clinical information and laboratory data

Clinical information including age, sex, blood pressure,
body mass index (BMI), underlying disease, and comor-
bidity was collected from medical records. Laboratory data
including blood urea nitrogen (BUN), sCr, calcium (Ca),
inorganic phosphate (Pi), total cholesterol, high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), triglyceride (TG), albumin, c-reactive
protein (CRP), fibrinogen, and hemoglobin were examined
in an in-hospital laboratory. Estimated glomerular filtra-
tion ratio (eGFR) was calculated using the Japanese for-
mula [12] and categorized according to the CKD stage
[13]. Fasting blood glucose and insulin were measured to
calculate insulin resistance: homeostasis model assessment
as an index of insulin resistance (HOMA-IR) (fasting
blood insulin (uU/mL) x fasting blood glucose (mg/dL)/
405). HOMA-IR 2.5 < is thought to indicate insulin resist-
ance. Serum IS levels were measured using a previously
reported high performance liquid chromatography
method [14]. We measured total IS (free IS and protein-
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Fig. 1 Study design. IS indoxyl sulfate, SPP skin perfusion pressure, FMD flow-mediated endothelium-dependent dilation

bound IS) and the data were expressed as pM. Urinary
protein and estimated dietary protein intake before and
after AST-120 administration were also evaluated.
Estimated protein intake was calculated using Maroni’s
formula [15].

FMD and SPP

FMD evaluates macrocirculatory status and SPP evaluates
microcirculatory status just beneath the skin. FMD and
SPP were measured using Endo-PAT2000 (Itamar Med-
ical Japan, Tokyo, Japan) [16] and Laser Doppler (Sensi-
Lase PAD 3000, Kaneka Medix Corp., Osaka, Japan) [17],
respectively, as previously reported. FMD was examined
in the left upper arm of each patient. SPP was measured
at a point between the first and second metatarsal bones
in instep in each patient. Normal values of FMD and SPP
are 2 6% and 2 70 mmHg, respectively.

Statistical analysis

All data are presented as the mean + standard deviation
(SD) or median [IQR]. The two measured values of SPP
in each patient at each time point were averaged and
used for analysis. Skewed variables including CRP and
TG with wide SD values underwent logarithmic trans-
formation before statistical analysis. Difference in IS,
renal function, FMD, SPP, and serum parameters were
examined by one-way ANOVA and multiple comparison
Scheffe test. Correlation between the changes of IS and
SPP values was analyzed using Pearson’s correlation ana-
lysis. SPSS statistics version 11.0 (SPSS Inc. Chicago, Illi-
nois, USA) was used for data analysis and p < 0.05 was
considered significant.

Results

Patients

Thirty-four patients were registered between July 2014
and June 2017, and full analysis set (FAS) and per proto-
col set (PPS) comprised 30 and 24 patients, respectively.
In the FAS group, twenty-three patients (76%) were
male, and the mean age was 74.0 + 7.6 years old. The

underlying kidney diseases were glomerulonephritis (n =
25) and others or unknown (# = 5). Distribution of CKD
stage was G3a (n = 4), G3b (n = 9), G4 (n = 14), and G5
(n = 3) (Table 1). Mean sCr, 1/sCr, and eGFR at 0 month
were 2.03 + 0.85mg/dL, 0.578 + 0.226 dL/mg, and 29.3
+ 12.8 ml/min/1.73m?, respectively (Table 2). All pa-
tients had symptoms of chillness in their lower limbs.

Changes of IS and renal function

Mean serum IS levels significantly decreased at 3 months
after AST-120 administration compared to the baseline
values (11.7 £+ 8.6 uM to 6.9 + 5.0uM, p < 0.001). A
significant decrease in serum IS levels compared to
baseline was sustained during AST-120 administration

Table 1 Baseline characteristics

Age (year) 740 + 76
Male/Female, N 23.07
BMI (kg/m2) 227 +£30
Blood pressure, mmHg
Systolic 1295 + 146
Diastolic 736 + 100
Underlying disease, N (%)
Glomerulonephritis 25
Others or unknown 5
CKD stage, N (%)
G3a 4(13.3)
G3b 9 (30.0)
G4 14 (46.7)
G5 3(100)
Comorbidity, N (%)
Hypertension 25 (83.3)
Dyslipidemia 23 (76.7)
Ischemic heart disease 3 (10.0)
Aortic aneurysm 1(3.3)
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Table 2 Change of renal function

Month -3 0 3 6 12

BUN (mg/dL) 313+ 113 311 £ 121 312+ 118 342 + 154* 358 + 19.8*%
sCr (mg/dL) 202 £ 085 203 + 0.85 207 £ 090 221 + 1.00% 225+ 123*
1/5Cr (dL/mg) 0571 £ 0205 0578 + 0226 0578 + 0.243 0550 + 0.251% 0.556 + 0.263
eGFR (mL/min/1.73m2) 288+ 116 293 +128 291 £ 134 276 + 13.7% 280 £ 144

BUN blood urea nitrogen, sCr serum creatinine, eGFR estimated glomerular filtration ratio

*p < 0.05 vs. 0 month

for 12 months (6 month 8.0 + 6.4 uM, 12 months 8.8 +
5.9 uM) (Fig. 2).

Change in renal function is shown in Table 2. Levels
of sCr gradually increased from baseline to 12 months.
sCr values at 6 and 12 months were significantly higher
than those at baseline. Monthly decline of 1/sCr (slope
of 1/sCr) (dL/mg/month) was not different between be-
fore and at 12 months after AST-120 administration.
eGFR decreased at 6 months after AST-120 administra-
tion compared with that at baseline. However, eGFR at
12 months after AST-120 administration did not show
statistically significant difference compared with that at
baseline.

Changes of atherosclerotic surrogate markers

EMD did not show any significant change after AST-120
administration. However, SPP values were constantly el-
evated with time during AST-120 administration. SPP
values at 12 months after AST-120 administration were
significantly higher than the baseline values (baseline
69.7 + 14.6 mmHg to 12 months 78.8 + 18.9 mmHg, p <
0.05) (Table 3 and Fig. 3). There were 14 patients with
SPP values below 70 mmHg at baseline. In these

patients, the rate of increase in SPP values from < 70 to
2 70 mmHg was 57% (8/14) at 3 months, 50% (7/14) at
6 months, and 64% (9/14) at 12 months after AST-120
administration.

Relationship between IS and SPP

Absolute values of IS and SPP did not show a significant
correlation before and at 3, 6, and 12 months after AST-
120 administration. However, change of IS and SPP from
baseline levels showed a significant negative correlation
at 6 months after AST-120 administration (Fig. 4). Pa-
tients with a more decrease in IS values showed a more
increase in SPP values (r = - 0.558, p = 0.02, Fig. 4a).
When these data were divided into CKD stage categor-
ies, a correlation between the decrease in IS values and
increase in SPP values was found in patients with CKD
stage G4 (r = — 0.718, p = 0.049, Fig. 4b).

Serum parameters

Fibrinogen levels significantly increased at 12 months in
contrast to the baseline value (p < 0.05), while CRP
levels showed a borderline difference between baseline
and 12 months (p = 0.05) (Table 4). Serum albumin and

(LM)
30—

25—

20—

15—

10—

~

* % k%

-3 0 3

Fig. 2 Change of IS before and after AST-120 administration. Data are expressed as median [IQR]. **p < 0.01 vs. baseline value

6 12 (month)
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Table 3 Change of FMD and SPP

Months -3 0 3 6 12

FMD (%) 449 £ 1.70 403 £ 280 406 +1.82 385+ 1.85 346 + 155
SPP (mmHg) 708 +10.2 69.7 £ 146 742 £ 97 750 + 106 788 + 18.9*

FMD flow mediated dilation, ACS arterial calciication score, SPP skin perfusion pressure

*p < 0.05 vs. 0 month

lipid profiles did not change during the study period.
HOMA-IR also did not show any difference during the
study period.

Change of urinary protein and estimated daily protein
intake

There were 13 patients who had serial data of spot urine
and 15 patients who had serial data of 24-h urine collection.
Two patients did not have available serial urinary data. In
13 patients with serial spot urine data, urinary protein levels
(gram/gram creatinine) did not change after the administra-
tion of AST-120 (0.66 *+ 0.94 at baseline, 0.68 + 0.61 at 3
month, 0.67 + 0.85 at 6 months, and 0.64 + 0.86 at 12
months). In 15 patients with serial 24-h urine data, 24-h
urinary protein levels (gram/day) also did not show a sig-
nificant change after the administration of AST-120 (1.34 +
1.18 at baseline, 1.50 + 1.31 at 3 months, 1.14 + 0.79 at 6
months, and 1.63 + 1.31 at 12 months, respectively).

In 15 patients with serial data of 24-h urinary urea nitro-
gen excretion, estimated dietary protein intake (gram/day)
was not different before and after AST-120 administration
(54.5 + 10.1 at baseline, 53.4 *+ 9.2 at 3 months, 51.4 + 11.2
at 6 months, and 52.2 + 12.2 at 12 months, respectively).

Discussion

In this interventional clinical trial, IS was significantly
decreased after the initiation of AST-120 administration
in CKD patients. The decline in renal function did not

show a significant change as shown in a previous ran-
domized controlled trial [18]. However, SPP values in
the lower limbs constantly elevated and showed a signifi-
cant improvement at 12 months after the initiation of
AST-120 administration. Furthermore, more than half of
the patients with SPP values below 70 mmHg at baseline
showed elevated SPP values to 70 mmHg or more by 3
months or after longer periods of AST-120 administra-
tion. The change in IS values was significantly correlated
with the change in SPP values at 6 months after AST-
120 administration. The beneficial effect of AST-120 on
microcirculatory impairment might be related to a re-
duction of serum IS level, and renal functional improve-
ment was not necessarily the determinant, as shown in
an animal model [19].

Endothelial dysfunction could be divided into 2 cat-
egories, i.e., macrocirculatory and microcirculatory
endothelial dysfunction. Endothelial dysfunction is asso-
ciated with the progression of uremic milieu represented
by IS accumulation, insulin resistance, and oxidative
stress. Previous in vitro or animal studies provided that
IS directly induced dose-dependent inhibition of prolif-
eration, decrease in nitric oxide (NO) production, in-
crease in reactive oxygen generation [6], and increase in
intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1) mRNA [20] in hu-
man umbilical vein endothelial cells (HUVEC). These ef-
fects of IS on endothelial cells are thought to lead

*
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80— ]
70—
60— 1
-3 0 3 6 12 (month)
Fig. 3 Change of SPP before and after AST-120 administration. Data are expressed as mean + SD. *p < 0.05 vs. baseline value
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endothelial dysfunction in CKD. We thus evaluated
whether administration of AST-120 might improve
endothelial dysfunction in predialysis CKD patients.
Microcirculatory endothelial function was improved
after AST-120 administration (as indicated by the con-
stant elevation of SPP), although improvement of

macrocirculatory endothelial function could not be
proven based on the FMD values. Only a few clinical re-
ports wherein AST-120 administration improved the
function of the vascular endothelium in CKD patients
have been published [6, 21]. Yu et al. reported improve-
ment of FMD by 24 weeks of AST-120 administration in
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Table 4 Change of laboratory data

Month -3 0 3 6 12
Fibninogen (mg/dL) 295.0 £ 66.1 2968 £ 713 3019 =799 3042 =754 3189 + 62.1*
CRP (mg/dL) 0.1 +£0.1 01+£03 03+08 03+09 05+10
Albumin (g/dL) 39+03 39+03 39+ 04 40+£03 39+03
HOMA-IR 75+ 118 6.6 £ 72 7.7 £105 86 £ 128 88 £ 150
T.cho (mg/dL) 186.7 £ 326 187.0 £ 293 1833 £ 300 186.1 + 32.0 1864 + 26.6
TG (mg/dL) 1943 £ 1335 2170 £ 2274 1759 £ 969 1779 £ 1129 208.1 + 196.8
HDL-C (mg/dL) 485+ 115 504 £ 126 503 £ 122 509+ 123 523+ 129
LDL-C (mg/dL) 99.0 + 30.6 96.9 + 26.2 979 + 279 986 + 304 976 + 274
Ca (mg/dL) 90+ 04 89+ 05 89+ 04 89+ 05 88+ 05

Pi (mg/dL) 33+£06 33+£07 34+£07 3307 36+ 09
CaxPi (mg2/dL2) 298 £ 52 292 + 64 304+ 62 296 + 58 317 £75%

CRP C-reactive protein, HOMA-IR homeostasis model assessment insulin resistance, T.cho total cholesterol, TG triglyceride, HDL-C high-density lipoprotein
cholesterol, LDL-C low-density lipoprotein cholesterol, Ca calcium, Pi inorganic phosphate

*p < 0.05 vs. 0 month

predialysis CKD patients [6], and Ryu et al. reported im-
provement of microvascular endothelial function by
AST-120 administration in HD patients [21], respect-
ively. The reason why the response of FMD and SPP dif-
fered in this study is not clear.

A beneficial effect of decreasing IS levels on the im-
provement of endothelial dysfunction was suggested
(Fig. 4). Especially, our data suggested a beneficial asso-
ciation in patients with CKD stage G4. A mild associ-
ation was also suggested in patients with CKD stage G3.
However, it was not statistically significant. It might be
due to the small number of patients with CKD stage G3
and G5. Therefore, a future clinical trial with more num-
ber in CKD stage G3 and G5 (early and late CKD stages)
might be mandatory to clarify the association of IS and
SPP in patients with these CKD stages.

Endothelial dysfunction emerges at an early stage of
CKD along with IS accumulation, and insulin resistance
(the upstream pathophysiological mechanism of athero-
sclerosis) is thought to be related to the endothelial
dysfunction in CKD patients [22]. Therefore, we also eval-
uated whether insulin resistance as a role for endothelial
dysfunction would improve after AST-120 administration.
However, we could not demonstrate an improvement in
the HOMA-IR by AST-120 administration in this study.
Although we could not provide the clear mechanism
underlying endothelial function improvement during
AST-120 administration, this phenomenon might be re-
lated to other mechanisms than insulin resistance. A re-
cent study also reported that IS suppresses endothelial
progenitor cell (EPC)-mediated neovascularization in an
animal model of hindlimb ischemia [23]. Microcirculatory
impairment in CKD might be related to the disruption of
vascular repair, which is mediated by EPC. Therefore, EPC
potential in CKD patients and the effect of AST-120 ad-
ministration also need to be evaluated in the future.

This study has limitations. First, fewer patients than
that planned during study initiation were enrolled. Sec-
ond, data on morphological change such as carotid
intima-media thickness or left ventricular mass index,
related to the change in endothelial function were not
evaluated. Third, markers of oxidative stress were not
evaluated in this study. And finally, this study evaluated
surrogate markers of endothelial function, not hard end-
point, and there was no comparison with a control
group of patients who were not prescribed AST-120.
This study was a single arm study with a small sample
size. Therefore, we evaluated data in — 3 months and 0
months for data validation. A randomized controlled
trial would be warranted to further evaluate the effect of
IS-lowering therapy for endothelial function in CKD
patients.

In conclusion, AST-120 administration significantly
reduced IS concentration, and microcirculatory endothe-
lial dysfunction was significantly improved after AST-
120 administration in patients with predialysis CKD.
SPP values were significantly elevated by AST 120 ad-
ministration, and more than half of the enrolled CKD
patients showed elevation in the SPP values from < 70 to
2 70 mmHg during the administration period. A correl-
ation between the decrease in IS and improvement of
SPP was also shown in this interventional study.
Altogether, we conclude that IS-lowering therapy might
be an effective therapeutic tool in predialysis CKD pa-
tients with microcirculatory impairment.
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