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Abstract

Background

Optimal iron levels in patients on hemodialysis are currently unknown, and a higher level

than that for the healthy population is usually set for such patients considering the use of

erythropoiesis-stimulating agents or the occurrence of chronic inflammation. However,

excessive iron causes oxidative stress and impairment of its utilization by cells. Therefore

we investigated the relationship between hemoglobin (Hb) level and iron status in hemodial-

ysis patients to identify the optimal iron levels for patients undergoing hemodialysis.

Methods

A total of 208 outpatients on maintenance hemodialysis were followed up between July

2006 and June 2007. Men accounted for 64.9% cases [mean age, 59.3 ± 13.1 years and

median dialysis history, 7.7 (3.6–13.2) years], and diabetic nephropathy accounted for

25.0% cases. Hemoglobin level was measured twice a month and serum ferritin, serum

iron, and total iron-binding capacity were measured once a month. The doses of recombi-

nant human erythropoietin and low-dose iron supplement were adjusted to maintain a

hemoglobin level of 10–11 g/dL, according to the guidelines of the Japanese Society for

Dialysis Therapy. Hepcidin was measured at baseline. Using the mean values for 1-year

period, the relationships among hemoglobin, serum ferritin levels, and transferrin saturation

levels were investigated based on a receiver operating characteristic curve and a logistic

regression model. In addition, the correlations among serum ferritin, transferrin saturation,

and hepcidin levels were analyzed by Pearson product—moment correlation coefficient and

linear regression model.
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Results

By receiver operating characteristic curve, the cutoff point of serum ferritin and transferrin

saturation levels with a hemoglobin�10 g/dL showed <90 ng/mL (sensitivity: 69.1%, speci-

ficity: 72.1%, p < 0.001) and�20% (sensitivity: 77.6%, specificity: 48.8%, p = 0.302).

Upon logistic regression model analysis with a hemoglobin �10 g/dL as the endpoint,

the analysis of odds ratios relative to a group with serum ferritin �90 ng/mL and transferrin

saturation <20% revealed that the group with serum ferritin <90 ng/mL and transferrin sat-

uration�20% had the highest ratio: 46.75 (95% confidence interval: 10.89–200.70, p <
0.001). In Pearson product—moment correlation coefficient, hepcidin showed a strong

positive correlation with serum ferritin [r = 0.78 (95% confidence interval: 0.72–0.83, p <
0.001)] and a weak positive correlation with transferrin saturation [r = 0.18 (95% confi-

dence interval: 0.04–0.31, p = 0.010)]. In the multivariable analyses of the linear regres-

sion model, a positive relationship was shown between hepcidin and serum ferritin [β-

coefficient of 0.30 (95% confidence interval: 0.27–0.34, p < 0.001)]; however, no relation-

ship was shown with transferrin saturation [β-coefficient of 0.09 (95% confidence interval:

−0.31–0.49, p = 0.660)].

Conclusions

In this study, the iron status of serum ferritin <90 ng/mL and transferrin saturation�20%

was optimal in hemodialysis patients receiving recombinant human erythropoietin for ane-

mia therapy. This result indicates that the threshold values for the optimal iron status may be

lower than those currently recommended in iron-level management guideline.

Introduction

Optimal iron levels in patients on hemodialysis (HD) remain unclear. In particular, there are

large differences in iron-level management implemented during anemia therapy for HD

patients between western countries and Japan. The data of Dialysis Outcomes and Practice

Patterns Study (DOPPS) showed the mean serum ferritin (s-ft) and Hb to be 600–700 ng/mL

and 11.0–11.4 g/dL, respectively, in western countries in 2011 [1]. Conversely, according to a

statistical study of the Japan Society for Dialysis Therapy conducted at the end of 2012, a mean

s-ft of 144.31 ± 261.20 ng/mL, with s-ft < 100 ng/mL accounting for 58.4% of the study popu-

lation, and Hb of 10.60 ± 1.28 g/dL were recorded [2]. The target Hb level presented by the

Japan Society for Dialysis Therapy in 2008 was 10.0 g/dL–11.0 g/dL [3] The blood sampling is

performed in the supine position on the first HD session of the week in Japan, whereas it is

performed in the sitting position on the second HD session of the week in western countries.

According to the study in Japan, Hb levels on the first HD session of the week were lower than

those on the second HD session of the week, and Hb levels in the supine position were 94.4%

of that in the sitting position [3]. Considering these facts, we do not believe that anemia ther-

apy in Japan is inferior to that in western countries. It appears that Hb is able to be controlled

at lower body iron levels in Japan than those in western countries.

Iron overload leads to oxidative stress, which may result in arteriosclerosis [4–6], opportu-

nistic infection [7], and carcinogenesis [8]. High s-ft groups are reported to show a high level

of oxidative stress in HD patients [6, 9, 10]. Anraku et al. reported that intravenous iron
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administration using 40 mg of ferric saccharate every HD session increased advanced oxida-

tion protein product levels [9]. Maruyama et al indicated that the same treatment increased

8-OHdG levels [10]. Thus, these studies suggested that even common intravenous iron treat-

ment might induce oxidative stress. However, it was shown by review of Kidney Disease

Improving Global Outcomes that intravenous iron administration of doses of up to 400 mg/

month had lower death rates compared to doses >400 mg/month [11]. We believe that more

research is needed regarding this issue.

The intake and output of iron per day is only 1–2 mg corresponding to 3–4 g of iron con-

tent within the body. Iron metabolism takes place in an almost enclosed cycle. The annual

amount of iron loss in HD patients owing to HD or blood drawing is considered to be

between 1 and 2 g [12, 13]. Thus, the administration of iron dose equivalent to its loss is nec-

essary. However, a recent study [14] reported the annual iron loss owing to HD or blood

sampling decreased to approximately 500 mg with recent development of dialysis therapy.

This suggests that the required dose of iron replacement as well as stored iron may be less

than that previously assumed. It has also been revealed that excessive iron intake leads to a

reduction in the efficiency of its use [15]. These updates have made us consider the need for

a review of the optimal iron content in HD patients to avoid oxidative stress owing to exces-

sive iron intake and achieve effective iron use. Therefore, we investigated the correlation

between Hb level and iron status.

Materials and methods

Patients

Study subjects comprised a total of 208 patients who were receiving maintenance HD as outpa-

tients at the Maeda Institute of Renal Research (Kanagawa, Japan) between July 2006 and June

2007. Patients received HD three times a week for 4–5 h each in all the cases.

All patients provided informed consent permitting data sampling and analysis at the time

of initiation of the dialysis therapy. The protocol for the study was approved by the ethics com-

mittee of the Biomarker Society, INC, comprising 7 committees, including outside experts.

Methods

Blood sampling was performed at the beginning of each week when initiating HD. Anemia-

related data were measured twice per month and s-ft, serum iron (Fe), total iron-binding

capacity (TIBC), serum albumin(s-Alb), and C-reactive protein (CRP) were measured once

per month. Transferrin saturation (TSAT) was calculated on the basis of iron and TIBC

(TSAT = Fe/TIBC × 100). In addition, Kt/V was measured by a single pool calculation once a

month. S-Alb was measured by the BCG method.

With a target Hb level set at 10–11 g/dL in accordance with the guidelines of the Japan Soci-

ety for Dialysis Therapy, recombinant human erythropoietin (rHuEPO) and iron preparation

were administered as the anemia therapy, and s-ft < 30 mg/dL was used as the criterion to ini-

tiate iron administration. The administered iron supplement was 40 mg of ferric saccharate

once a week for 2–6 weeks.

The mean values of the respective data for a period from July 2006 to June 2007 were calcu-

lated and a relationship between Hb level and iron status was examined.

At study initiation, hepcidin levels along with Hb levels and iron-related measurements

were made. Hepcidin was measured using the quantitative method of liquid chromatography

coupled with tandem mass spectrometry (LC-MS/MS) [16].
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Statistical analysis

Analyses were performed with the SAS system software, version 9.4 (SAS Institute, Cary, N.C.,

USA). Data were summarized as the mean ± standard deviation (SD), medians with interquartile

ranges and frequency. To clarify the optimal cut points for ferritin and TSAT regarding

Hb�10g/dl, receiver operating characteristic (ROC) analysis with Youden index was applied. To

evaluate the impact of the ferritin and TSAT on Hb�10g/dl, we applied the univariable and mul-

tivariable logistic regression model. To assess the relationship for ferritin and TSAT with hepci-

din, the Pearson product—moment correlation coefficient was used. Furthermore, univariable

and multivariable linear regression model were also applied. The multicollinearity in the multi-

variable model was examined using the regression diagnostic analysis. Two-tailed p values of

<0.05 were considered to indicate a statistically significant difference. All analyses were per-

formed at an independent biostatistics and data center (STATZ Institute, Inc., Tokyo, Japan).

Results

Patients

Table 1 showed the basic characteristics. The mean age at the start of the study was 59.3 ± 13.1

years. A total of 135 patients were male and 73 patients were female. The median duration of

dialysis was 7.7 (3.6–13.2) years. The primary disease was chronic glomerulonephritis in 117

patients (56.3%), diabetic nephropathy in 52 patients (25.0%), nephrosclerosis in 16 patients

(2.7%), polycystic kidney disease in seven patients (3.4%), rapidly progressive glomerulone-

phritis in three patients (1.4%) and others in 13 patients (6.3%). The mean Hb, corpuscular

volume, corpuscular hemoglobin, and reticulocytes were 10.3 ± 0.9 g/dL, 94.6 ± 5.8 fL,

31.1 ± 2.1 pg, and 16.7% ± 8.4%, respectively. The median s-ft was 50.6 (22.7–125.0) ng/mL,

and the mean values of Fe, TIBC, and TSAT were 59.4 ± 19.6 μg/dL, 243.3 ± 43.0 μg/dL, and

24.7± 9.4%, respectively. The median Hep 25 was 29.8 (9.5–56.9) ng/mL. The mean values of

urea nitrogen, creatinine, albumin, calcium, and phosphorous were 69.7 ± 13.2 mg/dL,

12.3 ± 2.6 mg/dL, 3.9 ± 0.3 g/dL, 9.4 ± 0.8 mg/dL, and 5.8 ± 1.2 mg/dL, respectively. The

median CRP was 0.06 (0.03–0.21) mg/dL. The mean rHuEPO was 3909 ± 2725 IU.

Examination of Hb control and iron status

Upon ROC analysis with a Hb level of at least 10 g/dL set as an endpoint, the cutoff point for s-

ft was found to be below 90 ng/mL (sensitivity: 69.1%, specificity: 72.1%, p< 0.001) (Fig 1),

whereas the cutoff point for TSAT was found to be at least 20% (sensitivity: 77.6%, specificity:

48.8%, p = 0.302) (Fig 2).

Logistic model analysis with a Hb level of at least 10 g/dL set as an endpoint showed that

the odds ratio of the group with s-ft < 90 ng/mL to the group with s-ft� 90 ng/mL was signifi-

cantly high: 5.31 [95% confidence interval (CI): 2.59–11.02, p< 0.001] in univariable analysis

and 8.13 (95% CI: 3.49–18.90, p < 0.001) in multivariable analysis. The odds ratio of the group

with TSAT� 20% to the group with TSAT < 20% was significantly high: 3.05 (95% CI 1.50–

6.21, p = 0.002) in univariable analysis and 5.46 (95% CI: 2.30–12.95, p< 0.001) in univariable

analysis. Odds ratios were obtained by analysis relative to the group with s-ft� 90 ng/mL and

TSAT < 20%. The ratio for the group with s-f� 90 ng/mL and TSAT� 20% was 6.66 (95%

CI: 1.88–23.54, p = 0.003). The ratio for the group with s-ft < 90 ng/mL and TSAT < 20% was

10.31 (95% CI: 2.58–41.19, p< 0.001). The ratio for the group with s-ft< 90 ng/mL and

TSAT� 20% was highest: 46.75 (95% CI: 10.89–200.70, p< 0.001) (Table 2).

Although hepcidin showed a strong positive correlation with s-ft [r = 0.78 (95% CI: 0.72–

0.83, p< 0.001)], it only showed a weak positive correlation with TSAT [r = 0.18 (95% CI:

Adequate iron status for the anemia therapy in hemodialysis patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0179608 June 29, 2017 4 / 14

https://doi.org/10.1371/journal.pone.0179608


0.04–0.31, p = 0.010)] (Fig 3). In a linear regression model, a positive relationship between

hepcidin and s-ft was also observed in both univariable and multivariable analyses corrected

for TSAT [β-coefficients of 0.30 (95% CI: 0.27–0.34, p< 0.001) and 0.30 (95% CI: 0.27–0.34,

p< 0.001)]. However, although TSAT showed a positive relationship in univariable analysis

[β-coefficients of 0.80 (95% CI: 0.19–1.41, p = 0.010)], it did not show such a relationship in

multivariable analyses corrected for s-ft [β-coefficients of 0.09 (95% CI: –0.31–0.49, p = 0.660)]

(Table 3).

Discussion

We conducted an analysis using Hb�10.0 g/dL as the endpoint for setting the target Hb level

for anemia therapy at 10.0–11.0 g/dL according to Japanese guidelines. As a result, the cutoff

Table 1. Patient characteristics.

variables value

(n = 208)

Age(years) 58.9±12.9

Gender

Men 135

Women 73

Duration of dialysis (years)* 7.88 (3.7–14.4)

Primary diagnosis

Chronic glomerulonephritis 117

Diabetes nephropathy 52

Renal sclerosis 16

Polycystic Kidney 7

RPGN 3

Other 13

Kt/V 1.32±0.22

Hemoglobin (g/dL) 10.3±0.9

MCV (fL) 94.6±5.8

MCH (pg) 31.1±2.1

Reticlocyte (%) 16.7±8.4

serum-Ferritin (ng/mL)* 50.6 (22.7–125)

Iron (μg/dL) 59.4±19.6

TIBC (μg/dL) 243.3±43.0

Transferrin saturation (%) 24.7±9.4

Hepcidin (ng/mL)* 29.8 (9.5–56.9)

Urea nitrogen(mg/dL) 69.7±13.2

Creatinin(mg/dL) 12.3±2.6

Albumin(g/dL) 3.9±0.3

Calcium(mg/dL) 9.4±0.8

Phosphoric(mg/dL) 5.8±1.2

C-reactive protein (mg/dL)* 0.06 (0.03–0.20)

rHuEPO (IU/week) 3909±2725

Mean ± SD and median and interquartile range (IQR)*

Abbreviations: RPGN, rapidly progressive glomerulonephritis; MCV, mean corpuscular volume; MCH, mean

corpuscular hemoglobin; TIBC, total iron-binding capacity; rHuEPO, recombinant human erythropoietin.

https://doi.org/10.1371/journal.pone.0179608.t001
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Fig 1. Diagnostic accuracy of serum ferritin. (A) The ROC curve of serum ferritin with Hemoglobin�10g/

dL. (B) Dot plot of serum ferritin in Hemoglobin <10g/dL and�10g/dL. The cutoff point for s-ft was found to be

below 90 ng/mL (sensitivity: 69.1%, specificity: 72.1%, p < 0.001).

https://doi.org/10.1371/journal.pone.0179608.g001
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Fig 2. Diagnostic accuracy of transferrin saturation. (A) The ROC curve of transferrin saturation with

Hemoglobin�10g/dL. (B) Dot plot of transferrin saturation in Hemoglobin <10g/dL and�10g/dL. The cutoff

point for TSAT was found to be at least 20% (sensitivity: 77.6%, specificity: 48.8%, p = 0.302).

https://doi.org/10.1371/journal.pone.0179608.g002
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points in ROC analysis were s-ft < 90 ng/mL and TSAT� 20%. With an endpoint set at

Hb�10.0 g/dL in the logistic regression model as well, the group with s-ft <90ng/mL had a

significantly higher odds ratio of 8.13 than the group with s-ft�90 ng/mL. Likewise, the group

with TSAT�20% showed a significantly higher odds ratio of 5.46 than the group with TSAT

<20%. Thus, these results showed that the probability to achieve Hb�10.0 g/dL was signifi-

cantly higher in the group with s-ft<90ng/mL or TSAT�20% in HD patients. Comparing the

analysis of s-ft and TSAT, the odds ratio of the group with s-ft <90ng/mL was higher than that

of the group with TSAT�20% (8.13 versus 5.46). Moreover, in ROC analysis, area under the

curve, sensitivity and selectivity of s-ft was higher compared with the corresponding values of

TSAT. Therefore s-ft levels might influence more on the control of Hb levels in comparison

with that of TSAT. In analysis with s-ft and TSAT combined, s-ft�90 ng/mL and TSAT <20%

were set as the reference group. The odds ratio using Hb�10.0 g/dL as the endpoint showed

that the group with s-ft <90 ng/mL and TSAT�20% was highest, with>90% cases in the

group achieving Hb�10.0 g/dL. The odds ratio of the analysis that combined s-ft and TSAT

was higher than that of the analysis with s-ft alone. It was thought that the management of iron

status using a combination of s-ft with TSAT was useful for the control of Hb. This study indi-

cated the iron status of s-ft�90 ng/mL and TSAT <20% was good for treating anemia in HD

patients.

Furthermore, analyses of the relationships between s-ft or TSAT and hepcidin were per-

formed, in which a strong positive correlation between s-ft and hepcidin was confirmed.

Hepcidin, which was discovered in 2000, is a peptide that controls the body iron content

and metabolism.

Iron plays critical roles, such as oxygen transport and energy production, in the body and it

is an essential element in living organisms. At the same time, non-protein-bound iron also

called free iron has high toxicity and causes oxidative stress. In line with this, the strict control

mechanism of free iron levels is seen in the body. A total of 20–25 mg of iron is released in the

circulation every day. The majority of the released iron is provided by reticuloendothelial mac-

rophages as part the metabolism of hemoglobin from red blood cells, with only 1–2 mg of iron

being released into the circulation per day through intestinal iron absorption. Hepcidin

Table 2. Logistic model analysis with a Hb�10 g/dL set as an endpoint.

Variables No. of

Patients

No. of Hb�10g/dL

(%)

Univariable analysis Multivariable analysis

Unadjusted Odds

ratio

95% CI P-

value

Adjusted Odds

ratio

95% CI P-

value

Ferritin(ng/mL)

�90 80 50 (62.5%) 1.00

<90 128 115 (89.8%) 5.31 (2.56–11.02) <.001 8.13 (3.49–18.90) <.001

TSAT(%)

<20 53 34 (64.2%) 1.00

�20 155 131 (84.5%) 3.05 (1.5–6.21) 0.002 5.46 (2.3–12.95) <.001

Ferritin(ng/mL),

TSAT(%)

�90, <20 15 4 (26.7%) 1.00

�90,�20 65 46 (70.8%) 6.66 (1.88–23.54) 0.003 - - -

<90, <20 38 30 (78.9%) 10.31 (2.58–41.19) <.001 - - -

<90,�20 90 85 (94.4%) 46.75 (10.89–200.70) <.001 - - -

https://doi.org/10.1371/journal.pone.0179608.t002
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Fig 3. The relationship for serum ferritin and transferrin saturation with hepcidin. (A) Serum ferritin

showed a strong positive correlation with hepcidin [r = 0.78 (95% CI: 0.72–0.83, p < 0.001)]. (B) Transferrin

saturation indicated a weak positive correlation with hepcidin [r = 0.18 (95% CI: 0.04–0.31, p = 0.010)].

https://doi.org/10.1371/journal.pone.0179608.g003
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regulates body iron metabolism by degrading ferroportin, which is involved in cellular iron

efflux and intestinal iron absorption. When hepcidin degrades ferroportin, it causes the cessa-

tion of iron efflux from cells into the blood, resulting in a reduction in iron use [17]. This

means that excessive levels of hepcidin can lead to impairment of the efficiency of iron use,

leading to deficiency of Fe, which is required for hematopoiesis.

Hepcidin has three peptide types, hepcidin-20, -22 and -25. Hepcidin-25 plays roles in iron

metabolism mainly. However, these peptide types are difficult to distinguish by antibody

assays. Therefore, we measured hepcidin using LC-MS/MS, which only allowed for the quanti-

fication of hepcidin-25.

Currently, iron status in the body is generally estimated according to s-ft and TSAT. S-ft is

ft released partially from the cell into the blood. Although s-ft is a good indicator of the iron

stores in the body, in the presence of inflammation, s-ft levels shows an elevated value [18]. On

the other hand, although TSAT represents available serum iron levels in the body, it shows

diurnal variation and is affected by the nutrition status [19] and/or the presence of inflamma-

tion [20]. Accordingly, relying on either indicator alone might not lead to accurate results

regarding the body iron status, which explains why s-ft and TSAT are currently combined as

parameters to estimate the body iron status. Thus, we investigated both s-ft and TSAT to study

the optimal iron content when rHuEPO is used in anemia therapy.

The threshold indicative of absolute iron deficiency in healthy individuals is regarded to be

s-ft< 12 ng/mL [21]. Meanwhile, the lower threshold for iron management in HD patients is

set at s-ft 200 ng/mL [22] according to the Kidney Disease Outcome Quality Initiative

(KDOQI) and s-ft< 100 ng/mL and TSAT< 20% [23] according to the European Best Practice

Guidelines. Thus, the thresholds for HD patients are set higher than those for healthy individu-

als. Additionally, intravenous infusion has been recommended for iron administration as it is

considered to increase Hb more than orally-consumed iron [23, 24]. However, it has been

recently revealed that even in cases with anemia of chronic disease, when the condition is com-

plicated by iron deficiency anemia, the hepcidin level is significantly lower than that in cases

with anemia of chronic disease alone, showing that iron absorption from recirculation of mac-

rophages and intestinal iron absorption is possible [25]. A study [26] of intestinal iron absorp-

tion in HD patients using isotopes has reported that 20% or more of degree of iron absorption

was observed at s-ft< 30 ng/mL. In the same study, however, the iron absorption was decreased

to 2.52% at s-ft 96 ng/mL. This suggests the possibility that body iron content is sufficient at s-

ft� approximately 100 ng/mL, leading to a reduction in iron absorption. According to Naka-

nishi et al. [27], recirculation of iron from macrophages was decreased at s-ft 50 ng/mL and

hepcidin 11.3 ng/mL or higher levels. In the same study, at s-ft 100 ng/mL and hepcidin 18.6 g/

mL, recirculation of iron from macrophages was 20 mg/day and intestinal iron absorption was

1 mg/day, being the lower limit of normal. These data also indicate that the efficiency of iron

use decreases at s-ft> 100 ng/mL. Moreover, there are reports that erythropoietin response is

poor at a high level of hepcidin [28] and that a negative correlation between hepcidin and

Table 3. The relationship for ferritin and TSAT with hepcidin by multiple linear regression model.

Independent variables No. of

Patients

Univariable analysis Multivariable analysis

Unadjusted Regression

Coefficient

95% CI P-

value

Adjusted Regression

Coefficient

95% CI P-

value

Ferritin (per 1ng/mL

increase)

204 0.30 (0.27 to

0.34)

<.001 0.30 (0.27 to

0.34)

<.001

TSAT (per 1% increase) 204 0.80 (0.19 to

1.41)

0.010 0.09 (-0.31 to

0.49)

0.660

https://doi.org/10.1371/journal.pone.0179608.t003
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reticulocytes was observed in HD patients [29]. These reports suggest that excessive hepcidin

might lead to an unfavorable situation in dialysis patients being treated for anemia.

According to a study [30] in which s-ft and hepcidin were measured in healthy individuals

and HD patients, strong positive correlations between s-ft and hepcidin were observed in both

groups and the s-ft/ hepcidin values of both groups were similar. Another previous study

reported that because interluekin-6 induces hepcidin [31], hepcidin level is more likely to

increase in dialysis patients with chronic inflammation than in healthy individuals [16]. This

implies that in dialysis cases in which inflammation has been successfully controlled, the hep-

cidin regulates body iron content with a capacity comparable to that of healthy individuals. In

the same study, hepcidin < 25 ng/mL was confirmed in 75% healthy individuals and 50% HD

patients.

Another study reports that when iron was orally administered to patients diagnosed with

iron deficiency, the response to the treatment was poor in the cases of s-ft > 30 ng/mL and

hepcidin > 20 ng/mL [32]. Furthermore, anemia correction effects for oral iron administra-

tion were poor in the groups with mean values of s-ft and hepcidin in the range of 30 ng/mL

on HD patients [33]. These studies indicate that s-ft does not need to be maintained at a level

as high level as that previously considered and that iron deficiency affects hematopoiesis only

mildly if s-ft > 30 ng/mL and hepcidin > 20–30 ng/mL are maintained. It is also noted that in

these studies, hepcidin was measured using LC-MS/MS, as used by us in the present study.

A strong positive correlation between s-ft and hepcidin was observed in our study as well, in

which the hepcidin level of 25–30 ng/mL corresponded to s-ft of approximately 50–90 ng/mL.

According to the studies on both intestinal iron absorption and the reuse of iron from mac-

rophages and hepcidin, s-ft < 90 ng/mL is considered to be an appropriate value for smooth

iron supply into the blood.

TSAT < 20% has long been used as an indicator of iron deficiency [34–36] and might sug-

gest a state in which the iron content available for hematopoiesis is decreased. The Hb level

was significantly decreased in cases with TSAT < 20% according to Japan-DOPPS (1999–

2006) [37]. These data justify continued adherence to the existing data stating that maintaining

TSAT� 20% is recommended to maintain Hb� 10 g/dL.

Although beyond the scope of this paper, it is noted that there are studies reporting oxida-

tive stress involving ephemeralization of RBC survival [38, 39] or erythropoietin resistance

[40]. Another study has reported that a high level of oxidative stress was observed in a group

with s-ft� 100 ng/mL [10]. Taken together, these studies imply that s-ft< 100 ng/mL might

be a more appropriate level for preventing oxidative stress from affecting anemia.

In terms of data from large-scale studies, results from Japan-DOPPS (1999–2006) showed

that the mean Hb was the highest at s-ft 0–49 ng/mL and that the mean Hb decreased as s-ft

increased [37]. The analysis of iron status and Hb using the data of>140,000 patients held by

the Japan Society for Dialysis Therapy showed that the Hb level was high at s-ft < 100 ng/mL

and TSAT� 20% [41]. This result was mostly consistent with our data.

In this study, however, there are some limitations. First, the study was a retrospective and

observational study and the sample size was limited. These limitations might hinder a thor-

ough consideration of confounding factors that can affect Hb levels. Next, although the target

Hb level was set, anemia therapy depended on each doctor’s discretion. Given these limita-

tions, we expect to conduct a large-scale prospective study on the effects of iron status on Hb

levels for HD patients in the future.

In this study, the group with s-ft < 90 ng/mL and TSAT� 20% showed the best iron status

when rHuEPO was used for anemia therapy in HD patients. Because these levels are close to

the threshold indicative of iron deficiency, we believe that careful iron management is

necessary.

Adequate iron status for the anemia therapy in hemodialysis patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0179608 June 29, 2017 11 / 14

https://doi.org/10.1371/journal.pone.0179608


Supporting information

S1 Fig. Diagnostic accuracy of serum ferritin. (A) The ROC curve of serum ferritin with

Hemoglobin�10g/dL. (B) Dot plot of serum ferritin in Hemoglobin <10g/dL and�10g/dL.

The cutoff point for s-ft was found to be below 90 ng/mL (sensitivity: 69.1%, specificity: 72.1%,

p< 0.001).

(TIF)

S2 Fig. Diagnostic accuracy of transferrin saturation. (A) The ROC curve of transferrin satu-

ration with Hemoglobin�10g/dL. (B) Dot plot of transferrin saturation in Hemoglobin

<10g/dL and�10g/dL. The cutoff point for TSAT was found to be at least 20% (sensitivity:

77.6%, specificity: 48.8%, p = 0.302).

(TIF)

S3 Fig. The relationship for serum ferritin and transferrin saturation with hepcidin. (A)

Serum ferritin showed a strong positive correlation with hepcidin [r = 0.78 (95% CI: 0.72–0.83,

p< 0.001)]. (B) Transferrin saturation indicated a weak positive correlation with hepcidin

[r = 0.18 (95% CI: 0.04–0.31, p = 0.010)].

(TIF)

S1 Table. Patient characteristics.

(TIF)

S2 Table. Logistic model analysis with a Hb>10 g/dL set as an endpoint.

(TIF)

S3 Table. The relationship for ferritin and TSAT with hepcidin by multiple linear regres-

sion model.

(TIF)

Acknowledgments

We are grateful to Mr. Katsunori Shimada (STATZ Institute, Inc., Tokyo, Japan) for useful

analysis and suggestion in this study.

Teiryo Maeda passed away before the submission of the final version of this manuscript.

Chie Ogawa accepts responsibility for the integrity and validity of the data collected and

analyzed.

Author Contributions

Conceptualization: Chie Ogawa, Ken Tsuchiya, Teiryo Maeda.

Data curation: Naohisa Tomosugi, Fumiyoshi Kanda.

Funding acquisition: Kunimi Maeda.

Investigation: Chie Ogawa.

Supervision: Ken Tsuchiya.

Writing – original draft: Chie Ogawa.

References
1. Turenne MN, Cope EL, Porenta S, Mukhopadhyay P, Fuller DS, Jeffrey M, et al. Has Dialysis Payment

Reform Led to Initial Racial Disparities in Anemia and Mineral Metabolism Management? J Am Soc

Nephrol 2015; 26: 754–764. https://doi.org/10.1681/ASN.2013111232 PMID: 25300289.

Adequate iron status for the anemia therapy in hemodialysis patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0179608 June 29, 2017 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179608.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179608.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179608.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179608.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179608.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179608.s006
https://doi.org/10.1681/ASN.2013111232
http://www.ncbi.nlm.nih.gov/pubmed/25300289
https://doi.org/10.1371/journal.pone.0179608


2. Nakai S, Hanafusa N, Masakane I, Taniguchi M, Hamano T, Shoji T, et al. An Overview of Regular Dial-

ysis Treatment in Japan (as of 31 December 2012). Therapeutic Apheresis and Dialysis 2014; 18:

535–602. https://doi.org/10.1111/1744-9987.12281 PMID: 25523509.

3. Tsubakihara Y, Nishi S, Akiba T, Hirakata H, Iseki K, Kubota M, et al. 2008 Japanese Society for Dialy-

sis Therapy: guidelines for renal anemia in chronic kidney disease. Ther Apher Dial 2010; 14:240–275.

https://doi.org/10.1111/j.1744-9987.2010.00836.x PMID: 20609178.

4. Reis KA, Guz G, Ozdemir H, Erten Y, Atalay V, Bicik Z et al. Intravenous iron therapy as a possible risk

factor for atherosclerosis in end stage renal disease. Int Heart J. 2005; 46: 255–264. PMID: 15876809.

5. Kiechl S, Willeit J, Egger G, Poewe W, Oberhollenzer F. Body iron stores and the risk of carotid athero-

sclerosis. Circulation. 1997; 96: 3300–3307. https://doi.org/10.1161/01.CIR.96.10.3300 PMID:

9396420.

6. Dueke T, Witko-Sarsat V, Massy Z, Descamps-Latscha B, Guerin AP, Marchais SJ, et al. Iron Therapy,

Advanced Oxidation Protein Products and Carotid Artery Intima-Media Thickness in End-Stage Renal

Disease. Circulation. 2002; 106: 2212–2217. PMID: 12390950.

7. Brookhart MA, Freburger JK, Ellis AR, Wang L, Winkelmayer WC, Kshirsagar AV. Infection Risk with

Bolus versus Maintenance Iron Supplementation in Hemodialysis Patients. J Am Soc Nephrol. 2013;

24: 1151–1158. https://doi.org/10.1681/ASN.2012121164 PMID: 23787911.

8. Kato J. Kobune M, Nakamura T, Nakamura T, Takada K, Takimoto R, et al. Long-term phlebotomy with

low-iron diet therapy lowers risk of development of hepatocellular cartinoma from chronic hepatitis C. J

Gastroenterol. 2007; 42: 830–836. https://doi.org/10.1007/s00535-007-2095-z PMID: 17940836.

9. Anraku M, Kitamura K, Shintomo R, Takeuchi K, Ikeda H, Nagano J, et al. Effect of intravenous iron

administration frequency on AOPP and inflammatory biomarkers in chronic hemodialysis patients: A

pilot study. Clin Biochemy 2008; 41: 1168–1174. https://doi.org/10.1016/j.clinbiochem.2008.07.007

PMID: 18692036.

10. Maruyama Y, Nakayama M, Yoshimura K, Nakano H, Yamamoto H, Yokoyama K, et al. Effect of

repeated intravenous iron administration in haemodialysis patients on serum 8-hydroxy-20-deoxygua-

nosine levels. Nephrol Dial Transplant 2007; 22: 1407–1412. https://doi.org/10.1093/ndt/gfl789 PMID:

17264097.

11. KDIGO Clinical Practice Guideline for Anemia in Chronic Kidney Disease. Kidney Int Suppl (2011)

2012; 4: 292–298.

12. Eschbach JW, Cook JD, Scribner BH, Finch CA. Iron Balance in Hemodialysis Patients. Ann Intern

Med. 1977; 87:710–713. PMID: 931207.

13. Sargent JA, Acchiardo SR. Iron requirements in hemodialysis. Blood Purif. 2004; 22:112–23. https://

doi.org/10.1159/000074931 PMID: 14732819.

14. Tsukamoto T, Matsubara T, Akashi Y, Kondo M, Yanagita M. Annual Iron Loss Associated with Hemo-

dialysis. Am J Nephrol. 2016; 43:32–8. https://doi.org/10.1159/000444335 PMID: 26885949.

15. Ganz T. Hepcidin-a regulator of intestinal iron absorption and iron recycling by macrophages. Best

Pract Res Clin Heamatol. 2006; 108: 1381–1387. https://doi.org/10.1016/j.beha.2004.08.020 PMID:

15737883.

16. Tomosugi N, Kawabata H, Wakatabe R, Higuchi M, Yamaya H, Umehara H, et al. Detection of serum

hepcidin in renal failure and inflammation by using ProteinChip System. Blood. 2006; 108:1381–1387.

https://doi.org/10.1182/blood-2005-10-4043 PMID: 16621968.

17. Ganz T. Hepcidin and iron regulation, 10 years later. Blood 2011, 117, 4425–4433. https://doi.org/10.

1182/blood-2011-01-258467 PMID: 21346250.

18. Nakanishi T, Kuragano T, Nanami M, Otaki Y, Nonoguchi H, Hasuike Y et al. Importance of Ferritin for

Optimizing Anemia Therapy in Chronic Kidney Disease. Am J Nephrol 2010; 32: 439–446. https://doi.

org/10.1159/000320733 PMID: 20881381.

19. Bross L, Zitterkoph J, Pithia J, Benner D, Rambod M, Kovesdy CP, et al. Association of Serum Total

Iron-Binding Capacity and Its Changes Over Time with Nutritional and Clinical Outcomes in Hemodialy-

sis Patients. Am J Nephrol 2009; 29:571–581. https://doi.org/10.1159/000191470 PMID: 19136818.

20. Ferrucci L, Semba RD, Guralnik JM, Ershler WB, Bandinelli S, Patel KV, et al. Proinflammatorystate,

hepcidin, and anemia in older persons. Blood 2010; 115: 3810–3816. https://doi.org/10.1182/blood-

2009-02-201087 PMID: 20081092.

21. Ali MAM, Luxton AW, Walker WHC. Serum ferritin concentration and bone marrow iron stores: a pro-

spective study. Can Med Assoc J 1978; 118:945–946. PMID: 647567.

22. K/DOQI Clinical practice guidelines and clinical practice recommendations for anemia in chronic kidney

disease. Am J Kidney Dis 2006; 47(Suppl 3): S58–S70.

23. Locatelli F, Covic A, Eckardt KU, Wiecek A, Vanholder R; ERA-EDTA ERBP Advisory Board. Anaemia

management in patients with chronic kidney disease: a position statement by the Anaemia Working

Adequate iron status for the anemia therapy in hemodialysis patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0179608 June 29, 2017 13 / 14

https://doi.org/10.1111/1744-9987.12281
http://www.ncbi.nlm.nih.gov/pubmed/25523509
https://doi.org/10.1111/j.1744-9987.2010.00836.x
http://www.ncbi.nlm.nih.gov/pubmed/20609178
http://www.ncbi.nlm.nih.gov/pubmed/15876809
https://doi.org/10.1161/01.CIR.96.10.3300
http://www.ncbi.nlm.nih.gov/pubmed/9396420
http://www.ncbi.nlm.nih.gov/pubmed/12390950
https://doi.org/10.1681/ASN.2012121164
http://www.ncbi.nlm.nih.gov/pubmed/23787911
https://doi.org/10.1007/s00535-007-2095-z
http://www.ncbi.nlm.nih.gov/pubmed/17940836
https://doi.org/10.1016/j.clinbiochem.2008.07.007
http://www.ncbi.nlm.nih.gov/pubmed/18692036
https://doi.org/10.1093/ndt/gfl789
http://www.ncbi.nlm.nih.gov/pubmed/17264097
http://www.ncbi.nlm.nih.gov/pubmed/931207
https://doi.org/10.1159/000074931
https://doi.org/10.1159/000074931
http://www.ncbi.nlm.nih.gov/pubmed/14732819
https://doi.org/10.1159/000444335
http://www.ncbi.nlm.nih.gov/pubmed/26885949
https://doi.org/10.1016/j.beha.2004.08.020
http://www.ncbi.nlm.nih.gov/pubmed/15737883
https://doi.org/10.1182/blood-2005-10-4043
http://www.ncbi.nlm.nih.gov/pubmed/16621968
https://doi.org/10.1182/blood-2011-01-258467
https://doi.org/10.1182/blood-2011-01-258467
http://www.ncbi.nlm.nih.gov/pubmed/21346250
https://doi.org/10.1159/000320733
https://doi.org/10.1159/000320733
http://www.ncbi.nlm.nih.gov/pubmed/20881381
https://doi.org/10.1159/000191470
http://www.ncbi.nlm.nih.gov/pubmed/19136818
https://doi.org/10.1182/blood-2009-02-201087
https://doi.org/10.1182/blood-2009-02-201087
http://www.ncbi.nlm.nih.gov/pubmed/20081092
http://www.ncbi.nlm.nih.gov/pubmed/647567
https://doi.org/10.1371/journal.pone.0179608


Group of European Renal Best Practice (ERBP). Nephrol Dial Transplant (2009) 24: 348–354. https://

doi.org/10.1093/ndt/gfn653 PMID: 19037082.

24. Kliger SA, Foley NR, Goldfarb SD, Stuart L. Goldstein LS, Johansen K, et al. KDOQI US Commentary

on the 2012 KDIGO Clinical Practice Guideline for Anemia in CKD. Am J Kidney Dis. 62(5):849–859.

https://doi.org/10.1053/j.ajkd.2013.06.008 PMID: 23891356

25. Theurl I, Aigner E, Theurl M, Nairz M, Seifert M, Schroll A, et al. Regulation of iron homeostasis in ane-

mia of chronic disease and iron deficiency anemia: diagnostic and therapeutic implications. Blood.

2009; 113: 5277–86. https://doi.org/10.1182/blood-2008-12-195651 PMID: 19293425

26. Eschbach JW, Cook JD, Scribner BH, Finch CA. Iron balance in hemodialysis patients. Ann Intern Med.

1977; 87: 710–3. PMID: 931207.

27. Nakanishi T, Kuragano T, Kaibe S, Nagasawa Y, Hasuike Y. Should we reconsider iron administration

based on prevailing ferritin and hepcidin concentrations? Clin Exp Nephrol (2012) 16: 819–826. https://

doi.org/10.1007/s10157-012-0694-3 PMID: 23053592.

28. Rubab Z, Amin H, Abbas K, Hussain S, Ullah MI, Mohsin S. Serum Hepcidin Levels in Patients with

End-Stage Renal Disease on Hemodialysis. Saudi J Kidney Dis Transpl 2015; 26(1):19–25. PMID:

25579711.

29. Weiss G, Theurl I, Eder S, Koppelstaetter C, Kurz K, Sonnweber T. et al. Serum hepcidin concentration

in chronic haemodialysis patients: associations and effects of dialysis, iron and erythropoietin therapy.

Eur J Clin Invest. 2009; 39: 883–90. https://doi.org/10.1111/j.1365-2362.2009.02182.x PMID:

19563467.

30. Kuragano T, Shimonaka Y, Kida A, Furuta M, Nanami M, Otaki Y. et al. Determinants of Hepcidin in

Patients on Maintenance Hemodialysis: Role of Inflammation. Am J Nephrol 2010; 31:534–540. https://

doi.org/10.1159/000312381 PMID: 20484891.

31. Nemeth E, Rivera S, Gabayan V, Keller C, Taudorf S, Pedersen BK, et al. IL-6 mediates hypoferemia of

inflammation by inducing the synthesis of the iron regulatory hormone hepcidin. J Clin Invest. 2004;

113: 1271–1276. https://doi.org/10.1172/JCI20945 PMID: 15124018.

32. Bregman DB, Morris D, Koch TA, He A, Goodnough LT, et al. Hepcidin levels predict nonresponsive-

ness to oral iron therapy in patients with iron deficiency anemia. Am. J. Hematol. 2013, 88, 97–101.

https://doi.org/10.1002/ajh.23354 PMID: 23335357.

33. Takasawa K, Takaeda C, Maeda T, Ueda N, et al. Hepcidin-25, Mean Corpuscular Volume, and Ferritin

as Predictors of Response to Oral Iron Supplementation in Hemodialysis Patients. Nutrients 2015; 7:

103–118. https://doi.org/10.3390/nu7010103 PMID: 25551249.

34. Wish JB. Assessing iron status: beyond serum ferritin and transferrin saturation. Clin J Am Soc Nephrol

2006; 1(Suppl 1): S4–S8. https://doi.org/10.2215/CJN.01490506 PMID: 17699374.

35. Goodnough LT, Nemeth E, Ganz T. Detection, evaluation, and management of iron-restricted erythro-

poiesis. Blood 2010; 116:4754–4761. https://doi.org/10.1182/blood-2010-05-286260 PMID: 20826717.

36. Pasricha SR, Flecknoe-Brown SC, Allen KJ, Gibson PR, McMahon LP, Olynyk JK, et al. Diagnosis and

management of iron deficiency anemia: a clinical update. Med J Aust 2010; 193:525–532. PMID:

21034387.

37. Akizawa T, Pisoni RL, Akiba T, Saito A, Fukuhara S, Asano Y, et al. Japanese haemodialysis anaemia

management practices and outcomes (1999–2006): results from the DOPPS. Nephrol Dial Transplant

2008; 23: 3643–3653. https://doi.org/10.1093/ndt/gfn346 PMID: 18577535.

38. Usberti M, Gerardi G, Micheli A, Tira P, Bufano G, Gaggia P, et al. Effects of a vitamin E-bonded mem-

brane and of glutathione on anemia and erythropoietin requirements in hemodialysis patients. J

Nephrol. 2002 Sep-Oct; 15(5):558–64. PMID: 12455724.

39. Flynn PT, Allen WD, Johnson JG, White GJ. Oxidant Damage of the Lipids and Proteins of the Erythro-

cyte Membranes in Unstable Hemoglobin Disease. Evidence for the role of lipid peroxidation. J. Clin.

Invest. 1983 1215–1223. https://doi.org/10.1172/JCI110870 PMID: 6853709.

40. Cristol J.-P., Bosc J.-Y., Badiou S., Leblanc M., Lorrho R., Descomps B. and Canaud B.. Erythropoietin

and oxidative stress in haemodialysis: beneficial effects of vitamin E supplementation. Nephrol Dial

Transplant (1997) 12: 2312–2317. PMID: 9394317.

41. Hamano T, Fujii N, Hayashi T, Yamamoto H, Iseki K, Tsubakihara Y. Thresholds of iron markers for iron

deficiency erythropoiesis-finding of the Japanese nationwide dialysis registry. Kidney Int Suppl 2015

Jun; 5(1):23–32. https://doi.org/10.1038/kisup.2015.6 PMID: 26097782.

Adequate iron status for the anemia therapy in hemodialysis patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0179608 June 29, 2017 14 / 14

https://doi.org/10.1093/ndt/gfn653
https://doi.org/10.1093/ndt/gfn653
http://www.ncbi.nlm.nih.gov/pubmed/19037082
https://doi.org/10.1053/j.ajkd.2013.06.008
http://www.ncbi.nlm.nih.gov/pubmed/23891356
https://doi.org/10.1182/blood-2008-12-195651
http://www.ncbi.nlm.nih.gov/pubmed/19293425
http://www.ncbi.nlm.nih.gov/pubmed/931207
https://doi.org/10.1007/s10157-012-0694-3
https://doi.org/10.1007/s10157-012-0694-3
http://www.ncbi.nlm.nih.gov/pubmed/23053592
http://www.ncbi.nlm.nih.gov/pubmed/25579711
https://doi.org/10.1111/j.1365-2362.2009.02182.x
http://www.ncbi.nlm.nih.gov/pubmed/19563467
https://doi.org/10.1159/000312381
https://doi.org/10.1159/000312381
http://www.ncbi.nlm.nih.gov/pubmed/20484891
https://doi.org/10.1172/JCI20945
http://www.ncbi.nlm.nih.gov/pubmed/15124018
https://doi.org/10.1002/ajh.23354
http://www.ncbi.nlm.nih.gov/pubmed/23335357
https://doi.org/10.3390/nu7010103
http://www.ncbi.nlm.nih.gov/pubmed/25551249
https://doi.org/10.2215/CJN.01490506
http://www.ncbi.nlm.nih.gov/pubmed/17699374
https://doi.org/10.1182/blood-2010-05-286260
http://www.ncbi.nlm.nih.gov/pubmed/20826717
http://www.ncbi.nlm.nih.gov/pubmed/21034387
https://doi.org/10.1093/ndt/gfn346
http://www.ncbi.nlm.nih.gov/pubmed/18577535
http://www.ncbi.nlm.nih.gov/pubmed/12455724
https://doi.org/10.1172/JCI110870
http://www.ncbi.nlm.nih.gov/pubmed/6853709
http://www.ncbi.nlm.nih.gov/pubmed/9394317
https://doi.org/10.1038/kisup.2015.6
http://www.ncbi.nlm.nih.gov/pubmed/26097782
https://doi.org/10.1371/journal.pone.0179608

