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Abstract

Background: Chronic kidney disease (CKD) is frequently associated with renal anemia. Erythropoiesis-stimulating
agent-hyporesponsive anemia is often caused by iron deficiency in patients with CKD. We hypothesized that high
accumulation of indoxyl sulfate, a uremic toxin, accelerates iron deficiency in patients with CKD. The aim of this study
was to clarify whether the accumulation of indoxyl sulfate is a cause of iron deficiency in patients with CKD. Therefore,
we investigated the association between serum indoxyl sulfate concentration and iron dynamics in patients with end-
stage kidney disease (ESKD).

Methods: We performed a cross-sectional study on 37 non-dialyzed patients with ESKD, who were hospitalized to
undergo maintenance hemodialysis treatment at Shirasagi Hospital. Serum indoxyl sulfate concentration, iron dynam-
ics parameters and other laboratory data were measured immediately before the initiation of hemodialysis treatment.
Clinical characteristics were obtained from electronic medical records.

Results: The estimated glomerular filtration rate (eGFR) of 37 patients with ESKD was 5.08 (3.78-7.97) mL/min/1.73
m? (median [range]). Serum ferritin and transferrin saturation (TSAT) were 90 (10-419) ng/mL and 20 (8-59)% (median
[rangel), respectively. Serum indoxyl sulfate concentration was 62 (11-182) uM (median [range]). Serum indoxyl
sulfate concentration was inversely correlated with serum ferritin level (o=—0.422, p=0.011), but not with TSAT,

age, gender, eGFR and c-reactive protein (CRP) in 37 patients. In eight patients taking iron-containing agents, serum
indoxyl sulfate concentration was strongly correlated with serum ferritin level (0 = — 0.796, p=0.037); however, in 29
patients not taking an iron-containing agent, this correlation was not observed (o= — 0336, p =0.076). In the mul-
tivariate analysis including age, gender, eGFR and CRP, the correlation between serum indoxyl sulfate concentration
tended to be, but not significantly correlated with serum ferritin level in 37 patients (regression coefficient = — 54.343,
p=0.137).
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Conclusion: Our study suggests that serum accumulation of indoxyl sulfate is one of causes not to increase serum
ferritin level in patients with ESKD taking an iron-containing agent. Further clinical study is needed to reveal the
appreciable relationship between serum ferritin and serum indoxyl sulfate.
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Background

The production of erythropoietin, a hematopoietic hor-
mone produced in the kidney, is decreased in patients
with chronic kidney disease (CKD) [1]; therefore, CKD is
frequently complicated by renal anemia. It is well known
that renal anemia is a risk factor for all-cause mortality
[2], cardiovascular disease [3] and CKD progression [4].
Congestive heart failure, CKD and anemia are known to
exacerbate each other, and the triangular relationship is
called cardio-renal anemia (CRA) syndrome [5]. In addi-
tion, Malyszko et al. reported that severe CRA syndrome
was an independent predictor of death in patients with
peritoneal dialysis [6]. Therefore, the therapeutic man-
agement of anemia is one of the important factors for
avoiding the poor outcome in CKD patients. However,
recently, it has been pointed out that erythropoiesis-
stimulating agent (ESA)-hyporesponsive anemia is a fre-
quent complication in patients with CKD. Several studies
have reported that hyporesponsiveness to ESA leads to
increased all-cause mortality in hemodialysis patients
[7] and subsequent risk of death or cardiovascular events
in patients with CKD with type 2 diabetes mellitus not
undergoing dialysis [8]. Therefore, it is likely that clarify-
ing the therapeutic approach toward ESA-hyporespon-
sive anemia leads patients with CKD to have a good
prognosis.

Renal anemia is induced not only by a decrease in
the production of erythropoietin, but also by iron defi-
ciency in patients with CKD. It has been reported that
the expression of hepcidin, an iron regulatory peptide,
increases with the progression of CKD [9]. Hepcidin
decreases the expression of ferroportin, suppresses intes-
tinal absorption of iron and its release from various tis-
sues [10] and induces functional iron deficiency. Iron
deficiency causes hyporesponsiveness of ESA in patients
with CKD; therefore, elucidating the mechanism of iron
deficiency in patients with CKD can improve medication
for renal anemia.

In patients with CKD, various uremic toxins accumu-
late with the progression of CKD. Because indoxyl sulfate,
a metabolite of tryptophan derived from dietary protein,
has a high plasma protein-binding affinity, indoxyl sulfate
accumulates as kidney function deteriorates and remains
accumulated after the initiation of dialysis [11]. The accu-
mulation of indoxyl sulfate causes further progression of
CKD [12], cardiovascular events [13] and microvascular

damage [14] in patients with CKD. In addition, it has
been reported that indoxyl sulfate stimulates cellular
inflammation and increases the expression of inflam-
matory cytokines, such as interleukin-6 (IL-6) [15]; IL-6
induces hepcidin expression [16]. However, the effects of
indoxyl sulfate accumulation on iron dynamics remain
unclear in clinical settings.

The aim of this study was to clarify whether the accu-
mulation of indoxyl sulfate induces iron deficiency in
patients with CKD, and to investigate the relationship
between serum indoxyl sulfate concentration and iron
dynamics index in patients with end-stage kidney disease
(ESKD).

Methods

Patients and study design

This study was a single-center, cross-sectional study.
We enrolled 37 non-dialyzed patients with ESKD, who
were hospitalized for maintenance hemodialysis at Shi-
rasagi Hospital (Osaka, Japan) and have obtained written
informed consent for participation in this study between
February 1, 2015, and May 31, 2016. The exclusion cri-
teria were active malignancy, infection and urgent initia-
tion of hemodialysis for treatment of unstable conditions,
such as acute kidney injury and acute fluid retention.

Data collection

Demographic and clinical characteristics including
age, sex, body mass index, cause of ESKD, incidence of
complications, laboratory data and drug prescriptions
were obtained from electronic medical records main-
tained at Shirasagi Hospital. The estimated glomerular
filtration rate (eGFR) was calculated using the formula
proposed by Matsuo et al.: eGFR=194 X (serum creati-
nine) ~1%%* x age 70287 % 0.739 (if female) [17].

Measurement of serum indoxyl sulfate concentrations

The blood sample was obtained from the blood removal
side of the dialysis fluid circuit prior to the start of the
first hemodialysis session. The sample was immediately
centrifuged at 1500 x g for 5 min, and the serum obtained
was stored at — 70 °C until analysis.

Serum indoxyl sulfate concentrations were quantified
using high-performance liquid chromatography (HPLC)-
fluorescence methods. The standard curve for HPLC
analysis of serum indoxyl sulfate was prepared by using



Yoshida et al. Renal Replacement Therapy (2022) 8:59

potassium indoxyl sulfate purchased from Nacalai Tesque
Inc. (Kyoto, Japan). Methanol (150 pL) was added to a
30-pL serum sample and mixed at 300 strokes per min-
ute for 10 min. The mixture was centrifuged at 1630 x g
for 30 min, and the resulting supernatant was evaporated
to dryness under a stream of nitrogen gas (N,) at 50 °C.
The dried residue was then dissolved in the mobile phase
(20 mM phosphate buffer [pH 4.0] containing 10 mM
tetra-butyl-ammonium iodide:acetonitrile, 78:22 [v/v])
and injected into the HPLC system (LC-10-AS series;
Shimadzu, Kyoto, Japan) utilizing an Inertsil C-8 column
(dimensions, 4.6 mm x 250 mm; particle size, 5 um; col-
umn temperature, 35 °C; GL Sciences, Tokyo, Japan) to
quantify indoxyl sulfate. The analytical conditions for
indoxyl sulfate were as follows: flow rate, 1.5 mL/min;
column temperature, 35 °C; excitation, 280 nm; and
emission, 330 nm. The limit of quantification for serum
indoxyl sulfate was 0.3 uM in this study.

Statistical analyses

The normality of distribution was examined using a Sha-
piro—Wilk test. Data with normal distributions are pre-
sented as mean=+standard deviation, while those with
non-normal distributions are presented as medians with
ranges. The Student’s ¢ test, Chi-square test or nonpara-
metric Mann—Whitney’s U test was used to compare
differences between groups of lower and higher serum
indoxyl sulfate concentrations. Correlations between
single variables were examined using a Spearman rank
correlation test. Univariate and stepwise multiple linear
regression analysis was used to examine the association
between serum ferritin level and serum indoxyl sulfate
concentration. Data with non-normal distributions were
log-transformed in multiple linear regression analysis.
All the statistical analyses were performed with EZR,
which is a modified version of R commander, equipped
with statistical functions for medical statistics [18].

Results

Patient demographics and clinical characteristics

The demographics and clinical characteristics of all the
37 patients with ESKD are shown in Table 1. Male of the
patients accounted for 76% (M/F, 28/9) of the patients.
The average age of the patients was 69412 years. The
average serum creatinine level and eGFR of all the
patients were 8.62+1.47 mg/dL and 5.08 (3.78-7.97) mL/
min/1.73 m? respectively. Eight patients had received an
iron-containing agent treatment. Thirty-three patients
received an ESA treatment.

To analyze the effect of indoxyl sulfate, we divided the
patients into two groups based on the median serum
concentration of indoxyl sulfate (62 pM)—the high con-
centration group (indoxyl sulfate>62 uM) and the low
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concentration group (indoxyl sulfate<62 pM). The
details of demographics and clinical characteristics of
each group are listed in Table 1. Serum creatinine was
significantly higher in the high concentration group than
in the low concentration group; however, there was no
statistically significant difference in the eGFR between
the two groups. Serum ferritin level was significantly
lower in the high concentration group than in the low
concentration group.

Correlation between serum ferritin level and serum indoxyl
sulfate concentration in patients with ESKD

The correlation between serum ferritin level and serum
indoxyl sulfate concentration is shown in Fig. 1. In all the
37 patients, serum ferritin level was significantly nega-
tively correlated with serum indoxyl sulfate concentra-
tion (p= —0.422, p=0.011, Fig. 1A). In 29 patients not
taking an iron-containing agent, serum ferritin level
was not correlated with serum indoxyl sulfate concen-
tration (p=—0.336, p=0.076, Fig. 1B). However, in the
eight patients taking iron-containing agents, serum fer-
ritin level was strongly negatively correlated with serum
indoxyl sulfate concentration (p=-—0.786, p=0.037,
Fig. 1C).

Correlation between TSAT level and serum indoxyl sulfate
concentration in patients with ESKD

The correlation between TSAT level and serum indoxyl
sulfate concentration is shown in Fig. 2. TSAT level
was not significantly correlated with serum indoxyl sul-
fate concentration in all the 37 patients (p=—0.177,
p=0.289, Fig. 2A). In the subgroup analysis, TSAT level
was not correlated with serum indoxyl sulfate concen-
tration in 29 patients not taking iron-containing agent
(p=—0.092, p=0.617, Fig. 2B) and in 8 patients taking
iron-containing agents ((p = — 0.476, p =0.208, Fig. 2C).

Linear regression analysis between serum ferritin level

and serum indoxyl sulfate concentration

The result of univariate and multivariate linear regression
analysis between serum ferritin level and some factors is
shown in Table 2. Multivariate linear regression analysis
showed that serum ferritin level tended to be, but not sig-
nificant correlated with serum indoxyl sulfate concentra-
tion (regression coefficient=—54.343, p=0.137), after
adjustment for age, gender, eGFR, albumin, alanine ami-
notransferase and CRP.

Discussion

In this clinical study, we found the possibility that serum
indoxyl sulfate concentration was negatively correlated
with serum ferritin level in patients with ESKD, particu-
larly in patients taking iron-containing agent (Fig. 1).
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Table 1 Baseline clinical characteristics of the participants
All patients (n=37) Low IS group (n=19) High IS group (n=18) p value?
Sex (M/F) 28/9 14/5 14/4 1.000
Age (y) 69+12 71£1 68+13 0411
BMI (kg/mz) 234+4.7 224437 245+55 0.187
Cause of ESKD (DM/CGN/NS/ 19/4/4/10 12/4/0/3 7/0/4/7
unknown)
Complication
Diabetes mellitus 23 (62%) 13 (68%) 10 (56%) 0.640
Hypertension 27 (73%) 13 (68%) 14 (78%) 0.787
Hyperlipidemia 10 (27%) 5 (26%) 5 (28%) 1.000
Laboratory data
Creatinine (mg/dL) 8.62+147 8.07+1.21 9.19+1.54 0.020*
eGFR (mL/min/1.73m?) 5.08 (3.78-7.97) 5.50(3.99-7.97) 4.94 (3.78-6.07) 0.118
Albumin (g/dL) 294+053 29406 30+05 0.536
BUN (mg/dL) 8964255 87.14£23.1 9234281 0.541
Hemoglobin (g/dL) 95+14 94+15 95+12 0.823
Potassium (mEg/L) 44408 44408 44408 0.899
Calcium (mg/dL) 76£09 76+10 75409 0.572
Phosphorus (mg/dL) 59+1.1 56+1.1 61+£12 0.195
AST (U/L) 14 (6-54) 14 (8-54) 14 (6-26) 0.726
CRP (mg/dL) 0.20 (0.02-1.75) 0.34 (0.02-1.75) 0.12(0.02-1.43) 0.224
Ferritin (ng/mL) 89.6 (10.3-419) 133 (21.1-419) 61.9(10.3-314) 0.022*
TSAT (%) 20 (8-59) 21 (8-51) 16 (8-59) 0315
IS concentration (UM) 62(11-182) 44 (11-62) 98 (63-182) <0.001*
Drug
RAAS inhibitor 22 (60%) 13 (68%) 9 (50%) 0420
Activated vitamin D 15 (41%) 7 (37%) 8 (44%) 0.892
Diuretics 20 (54%) 10 (53%) 10 (56%) 1.000
ESA 33 (89%) 15 (79%) 18 (100%) 0.126
I[ron-containing agents 8 (22%) 6 (32%) 2 (11%) 0.266

Data are presented as total numbers, percentages, medians (range) or means =+ standard deviations

BMI, body mass index; DM, diabetes mellitus; CGN, chronic glomerulonephritis; NS, nephrosclerosis; ESKD, end-stage kidney disease; eGFR, estimated glomerular
filtration rate; BUN, blood urea nitrogen; AST, aspartate aminotransferase; CRP, C-reactive protein; TSAT, transferrin saturation; IS, indoxyl sulfate; RAAS, renin-

angiotensin-aldosterone system; ESA, erythropoiesis-stimulating agent

*Statistically significant

2 Comparison between the low IS group (<62 pM) and high IS group (62 uM) using Chi-square test, unpaired Student’s t test or Mann-Whitney’s U test

Unfortunately, the association between serum ferritin
and serum indoxyl sulfate proven in a nonparametric
correlation analysis disappeared after adjusting for other
confounding factors in multivariate analysis (Table 2).
Iron dynamics and accumulation of indoxyl sulfate may
be associated with various factors such as residual kid-
ney function and inflammation; therefore, it is thought
that our study had a small sample size to explain multiple
factors. Further clinical study can reveal the appreciable
relationship between serum ferritin and serum indoxyl
sulfate.

Our study indicated serum indoxyl sulfate concentra-
tion was not associated with CRP (Table 2). However,

Kaminski et al. have reported that serum indoxyl sulfate
concentration is correlated with inflammatory markers,
such as high sensitive CRP and TNF-« in patients with
various chronic kidney disease stage [19]. We excluded
patients complicated active malignancy and infection and
included patients with ESKD only in this study. That is,
it is thought that the difference in these results is based
on the difference in the patients’ population. Therefore,
there may be no correlation between serum indoxyl sul-
fate concentration and CRP in ESKD patients.

It has been reported previously that ESA treatment
decreases serum ferritin level via inhibition of hep-
cidin synthesis [20]. In this study, 89% of the patients
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Table 2 Association between serum ferritin level and co-factors
in patients with ESKD

Univariate analysis Multivariate analysis

Regression p Regression p

coefficient coefficient
Age —0.244 0.867 — 0511 0.774
Gender 43.202 0.284 34.468 0476
eGFR 28.850 0.078 13471 0.536
Alb — 2281 0.945 —9.284 0.832
BUN — 0.066 0.924 0.570 0483
log AST —3.925 0918 —10.775 0.800
log CRP —1.706 0.898 —11.062 0.484
log Indoxy! sulfate — 49431 0.075 —54.343 0.137

Alb, albumin; BUN, blood urea nitrogen; AST, aspartate aminotransferase; CRP,
C-reactive protein

received ESA treatment (Table 1). Therefore, it is
thought that the correlation between serum ferritin
level and serum indoxyl sulfate concentration, which
we observed in our study, may be not related to the
ESA treatment. However, a plausible explanation for
our results could be that indoxyl sulfate increases the
expression of hepcidin, a key negative regulator of iron
[21], which in turn inhibits the transportation of iron
from intestinal epithelial cells to blood and iron release
from various macrophages via ferroportin [22]. There-
fore, it is likely that the accumulation of indoxyl sulfate
induces iron deficiency in patients with ESKD.

In a subgroup analysis of patients taking an iron-
containing agent, the serum concentration of indoxyl
sulfate was strongly negatively correlated with serum
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ferritin level (Fig. 1C). Therefore, it is likely that the
intestinal absorption of iron is strongly suppressed in
patients with CKD and high serum indoxyl sulfate con-
centrations. Duodenal cytochrome b (Dcytb), ferric
reductase and divalent metal transporter (DMT1), an
uptake transporter of iron on the apical surface of duo-
denal enterocytes, play an important role in intestinal
iron absorption. It has been reported that the expres-
sion of both DMT1 and Dcytb is induced by hypoxia-
inducible factor (HIF), a transcription factor stabilized
under hypoxic conditions [23, 24]. Interestingly, Asai
et al. reported that indoxyl sulfate decreases HIF activ-
ity [25]. Therefore, it is likely that the accumulation of
indoxyl sulfate suppresses the absorption of iron in the
intestine of patients with ESKD.

Iron deficiency with low TSAT and normal or high
serum ferritin level is called functional iron deficiency.
Patients with CKD frequently suffer from functional iron
deficiency. Maryszko et al. reported that 23% of patients
with chronic hemodialysis was complicated by func-
tional iron deficiency, and patients with functional iron
deficiency had high levels of IL-6, CRP, hepcidin and
N-terminal pro-B-type natriuretic peptide levels and low
levels of TSAT in comparison with patients with non-
functional iron deficiency [26]. Awan et al. reported that
among non-dialysis-dependent patients with CKD and
anemia, 30% had absolute iron deficiency (TSAT = 20%,
ferritin< 100 ng/mL) and 19% had functional iron defi-
ciency (TSAT = 20%, ferritin 100-500 ng/mL) [27]. Our
study is shown that high concentration of indoxyl sulfate
does not always induce functional iron deficiency repre-
sented by high ferritin (Fig. 1) and low TSAT (Fig. 2). On
the other hand, various reports show that some inflam-
matory markers such as IL-6 and CRP are elevated in
hemodialysis patients with functional iron deficiency
[26], and serum indoxyl sulfate concentration is also asso-
ciated with elevated inflammatory markers [15, 19]. That
is to say, these reports indicate that high concentration
of indoxyl sulfate may induce functional iron deficiency
via chronic inflammation. The discrepancy between this
hypothesis and our results may be explained by the fact
that our study included small number of only ESKD
patients just prior to the introduction of hemodialysis.
Because maintenance hemodialysis patients are assumed
to have higher serum indoxyl sulfate concentration [11]
and chronic inflammation [26], larger studies includ-
ing maintenance hemodialysis patients would clarify the
relationship between indoxyl sulfate and functional iron
deficiency.

Our study suggests that the accumulation of indoxyl
sulfate is at least partially associated with the iron defi-
ciency in patients with CKD. Wu et al. [28] reported that
continuous administration of the oral adsorbent AST-120
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can decrease serum indoxyl sulfate concentration and
increase the ratio of achieving hemoglobin level > 11 g/dL
by continuous administration of erythropoietin receptor
activator. In addition, Hamano et al. [21] reported that
AST-120 ameliorated the increase in serum hepcidin lev-
els in adenine-induced CKD mice. On the other hand, it
has been reported that AST-120 adsorbs various uremic
toxins other than indoxyl sulfate, such as p-cresyl sul-
fate [29]. Therefore, it is possible that the measurement
of serum concentrations of these uremic toxins, such
as indoxyl sulfate, and the administration of AST-120
could be a new strategy for intractable iron deficiency in
patients with CKD.

Our study has some limitations. First, the sample size
was small, and we could not show the exact association
between serum indoxyl sulfate concentration and serum
ferritin level with multiple regression analysis. In addi-
tion, we could not control the amount and quality of diet
of the patients before enrollment, which could have influ-
enced the serum indoxyl sulfate concentration in each
patient as indoxyl sulfate is derived from protein (trypto-
phan) in the diet [30].

Conclusion

Our study suggests that serum accumulation of indoxyl
sulfate is one of causes decreasing serum ferritin level
in patients with ESKD taking an iron-containing agent.
Further clinical study is needed to reveal the appreciable
relationship between indoxyl sulfate serum ferritin and
serum indoxyl sulfate.
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