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ABSTRACT

A randomized controlled trial,the Proactive IV Iron Therapy in Haemodialysis Patients (PIVOTAL), has recently shown that a
high-dose (‘proactive’) intravenous iron regimen was superior to a low-dose (‘reactive’) regimen for hemodialysis patient
outcomes and overall safety. However, even in the low-dose group, a substantial amount of iron was administered to maintain
serum ferritin >200 ng/mL. This type of comparison may have strongly affected the safety results. Iron has two opposite effects
on erythropoiesis: it activates erythroid differentiation directly by supplying iron but inhibits it indirectly by stimulating
hepcidin and enhancing oxidative stress. Hepcidin plays an essential role not only in iron homeostasis and the anemia of
chronic kidney disease, but also in its complications such as atherosclerosis and infection. Its main stimulation by iron—and to
a lesser degree by inflammation—should urge clinicians to avoid prescribing excessive amounts of iron. Furthermore, as serum
ferritin is closely correlated with serum hepcidin and iron storage, it would seem preferable to rely mainly on serum ferritin to
adjust iron administration, defining an upper limit for risk reduction. Based on our estimations, the optimal range of serum
ferritin is ~50-150 ng/mL, which is precisely within the boundaries of iron management in Japan. Considering the contrasting
ranges of target ferritin levels between end-stage renal disease patients in Japan and the rest of the world, the optimal range
proposed by us will probably be considered as unacceptable by nephrologists abroad. Only well-balanced, randomized
controlled trials with both erythropoiesis-stimulating agents and iron will allow us to settle this controversy.
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INTRODUCTION

Recently, the randomized controlled trial Proactive IV Iron
Therapy in Haemodialysis Patients (PIVOTAL) examined the
safetyand efficacy and the administered dose of erythropoiesis-
stimulating agents (ESAs)in patients on long-term hemodialysis
(HD) treated with two different dynamic intravenous (IV) iron-
dosing regimens. The trial provided the first conclusive evi-
dence of the safety of high-dose IV iron therapy including hard

outcomes. It must be noted that the iron was given in a proac-
tive fashion, and the results were compared with those of a
low-dose regimen of IV iron administered reactively, with a fer-
ritin concentration of <200ng/mL or a transferrin saturation
(TSAT) of <20% being a trigger for iron administration. The
results of this trial probably have led the nephrology commu-
nity at large to alleviate their concerns regarding high-dose IV
iron supplementation [1]. Unquestionably, this trial supports
the results of a number of reports that IV iron therapy over a
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wide dose range poses no discernible hazard in incident dialysis
patients [2-4]. Most of these studies, however, had not been
properly adjusted using inflammation markers, e.g. C-reactive
protein (CRP) or interleukin (IL)-6.

However, the results of PIVOTAL are inconsistent with nu-
merous observational studies that identified higher risks of
mortality, cardiovascular disease (CVD) and infection in
patients with chronic kidney disease (CKD) exposed to long-
term high-dose IV iron therapy [5-10]. In addition to the risk of
inducing hemosiderosis, excess iron has been shown to cause
oxidative stress and cytotoxic effects, favor the growth of
micro-organisms and promote atherosclerosis [11, 12].
Therefore, when examining such discrepant results, we decided
to have a closer look at the characteristics of the patients in
PIVOTAL who served as control or reference group for the pur-
pose of comparison, since this might strongly affect the
reported safety results [13].

In the Kidney Disease: Improving Global Outcome Clinical
Practice Guideline for Anemia in Chronic Kidney Disease, iron
administration is suggested for anemic CKD patients with TSAT
<30% and serum ferritin <500ng/mL if an increase in hemoglo-
bin level is desired, and an upper limit of 500-800 ng/mL for the
ferritin level is considered to be acceptable [14]. Some research-
ers working in the nonrenal hematology field regard anemia
treatment for patients on maintenance HD (MHD) as a very spe-
cial clinical condition, outside the prevailing view of normal
iron metabolism and optimal iron handling [15, 16].

The Japanese Society for Dialysis Therapy (JSDT)
Guidelines recommend that a minimal amount of iron be
given to CKD patients with anemia, and this only in case of
evident iron deficiency [17] (Table 1). In the general policy of
the guideline, the risk/benefit ratio for iron supplementation
is set at a higher level than that accepted in Western coun-
tries [14, 17, 18]. From the JSDT registry, patients with a serum
ferritin level <200ng/mL accounted for ~80% of all dialysis
patients at the end of 2012 [19]. In the reply to our comment
on the PIVOTAL trial, our opinion has been dismissed on the
basis that Japanese standards are certainly not the case for
the rest of the world [13, 20].

The international Dialysis Outcomes and Practice Patterns
Study (DOPPS) performed a prospective cohort study to better
understand the association between ferritin and mortality.
Since serum ferritin levels markedly differ by region, the analy-
ses were conducted separately for the USA, Europe and Japan.
To compare the differences among the three regions, a sum-
mary table was made from three separate tables for these
regions in this report [9]. The table shows the remarkable

finding that the ESA doses used in Japan are much smaller than
the doses used in the other regions, together with smaller iron
dose and lower serum ferritin (Table 2). In addition, recent re-
port shows that in Japan the mean hemoglobin increased to the
levels of the other regions (http://www.jinzouzaidan.or.jp/j-
dopps/data/).

Therefore, the Japanese approach to renal anemia treatment
could be considered to be consistent with that practiced for ane-
mia in clinical conditions other than nephrology. Rostoker et al.
have recently supported the Japanese approach, as the lower
use of IV iron products might be related to the better overall sur-
vival of Japanese HD patients, as we presumed that they also
raised the concerns about the effect of cumulative doses of IV
iron over many years [21, 22].

In the present review, going back to grassroots, we focus on
contentious subjects related to the treatment of CKD patients,
particularly dealing with differences in iron metabolism be-
tween individuals in Japan and those in the rest of the world,
asking the following questions: (i) Is there any difference in iron
balance or metabolism between the CKD and non-CKD status?
(i) Is there any rationale for iron administration in a patient
with already plentiful iron stores or functional iron deficiency?
(iii) What range of ferritin is optimal for anemia treatment?

IRON METABOLISM IN CKD

Iron is a vital element for almost all cells because it is required
for many biological processes, including erythropoiesis [23]. The
amount of iron stored in the body is ~3-4 g, and excess iron can
be very harmful for cells since it can lead to the generation of
free radicals by the Fenton reaction [23, 24]. Importantly, there
is no physiological mechanism of iron excretion, even when
iron intake and stores are excessive, as iron losses occur pre-
dominantly through desquamation of epithelial cells in the in-
testine and the skin and through minor red blood cell (RBC) loss
into the gut. To minimize the risk of oxidative stress, body iron
homeostasis is tightly regulated by hepcidin. This hormone has
emerged as the central regulator of systemic iron homeostasis
[24, 25]. It is mainly produced by hepatocytes when iron is abun-
dant, as evidenced by plasma diferric transferrin and stored
iron in hepatocytes. Hepcidin synthesis responds to multiple
stimuli, including inflammation, erythropoiesis and hypoxia,
yet the major regulator is iron. Circulating hepcidin represses
the exit of iron from cells by binding to ferroportin (the only
known iron export protein) and inducing its degradation, which
causes iron sequestration in cells, including macrophages,
enterocytes and vascular cells [26, 27]. Thereby, hepcidin

Table 1. Excerpt of a passage from the 2015 JSDT Guidelines for renal anemia in chronic kidney disease (evidence level in parentheses) [17]

Chapter 4: Evaluation of iron status and iron therapy

CQ3: What are the criteria for the initiation and discontinuation of iron therapy?

Statement 3-1

(1) For patients who are not treated with ESAs or iron and cannot maintain target hemoglobin levels, we suggest iron therapy prior to ESA ther-

apy if the serum ferritin level is <50 ng/mL. (2D)

(2) For patients who are treated with ESAs and cannot maintain the target hemoglobin level, we recommend iron therapy if the serum ferritin

level is <100 ng/mL and TSAT is <20%. (1B)
Statement 3-2

(3) For patients who are treated with ESAs and cannot maintain target hemoglobin levels, we suggest iron therapy if both the following condi-

tions are satisfied: (2C)
Absence of disease that decreases iron utilization rate
Serum ferritin level <100 ng/mL or TSAT <20%

(4) We do not recommend iron administration that targets the serum ferritin levels to rise to >300ng/mL. (2D)
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Table 2. Characteristics of renal anemia treatment from the DOPPS among the USA, Europe and Japan (adapted from Karaboyas et al.) [9]

US DOPPS Europe DOPPS Japan DOPPS
Patients (n) 8510 6757 2994
Age (years) (mean =+ SD) 62.4+15.1 65.9*14.9 64.9+12.0
BMI (kg/m?) (mean = SD) 287+7.0 26.1%55 215+35
Hemoglobin (g/dL) (mean *+ SD) 11.2+1.2 11.5+1.4 10.7 +1.2
ESA (x1000 U/week) (mean * SD) 15+15 10+8 6+5
IV iron (%)/dose (mg/week) (mean * SD) 77%/75 = 52 79%/74 = 47 33%/32 21
Bolus >500 mg/month in 3-4 months Bolus 38% Bolus 22% Bolus 17%
Ferritin (ng/mL) (mean = SD) 774+ 467 486 + 380 145 + 205
CRP (mg/L) NA 6 (3-14) 1(1-3)
Crude all-cause mortality (number of deaths) 0.146/year (962) 0.139/year (757) 0.051/year (137)

Adapted with permission from NDT. BMI, body mass index; NA, not available.

restricts iron availability for erythropoiesis, by inhibiting both
intestinal iron absorption and the release of stored iron origi-
nating from senescent RBCs.

The role of free (ferrous) iron in promoting the synthesis of
highly toxic free hydroxyl radicals through the Fenton reaction
is well documented. Free iron could exist not only in plasma but
also intracellularly [28]. Major technical difficulties hampered
the quantification of intracellular iron [28]. Iron sequestration
by hepcidin could increase free iron intracellularly, which accel-
erates the synthesis of cytosolic ferritin. Intracellular iron could
be coupled with ferritin, but unbound iron should be increased
with the rise of intracellular iron, which may be related to the
growth of intracellular pathogens, the activation of macro-
phages and organ disorders [27].

In iron overload, excess iron may be deposited in almost all tis-
sues, but the bulk of iron is found in association with two cell
types: reticuloendothelial (RE) cells and parenchymal tissues [28].

There had been a belief that parenchymal, especially he-
patic, iron accumulation is toxic, while iron deposition in the RE
system (RES) is considerably less toxic [29]. In the aggressive use
of IV iron for anemia treatment in HD patients, it frequently
caused hepatic iron accumulation including hepatocytes, but
did not imply iron accumulation in other organs, such as the
heart [30, 31]. From these data, the authors suggested that cur-
rent dosing of iron in HD is safe from a cardiac perspective, with
no sign of cardiac iron excess. Macrophage intracellular iron
level, however, has been a matter of concern to the cardiovascu-
lar events, as it affected their polarization and the expression of
pro-inflammatory cytokines. A recent review demonstrated
that iron affects all among the cell types that participate in the
process of atherosclerosis (monocytes/macrophages, endothe-
lial cells, vascular smooth muscle cells and platelets) [12].
Another review strongly endorsed the deleterious role of macro-
phage iron in the pathogenesis of atherosclerosis and coronary
artery disease, where high hepcidin levels and resulting intra-
cellular iron sequestration may be the principal culprits [32].
However, there are still controversial debates regarding the role
of macrophage iron and the relationship between iron and ath-
erosclerosis [12, 32-36]. In addition, in the PIVOTAL trial
patients assigned to the proactive approach had lower risk of
acute myocardial infarction without a higher risk of infection,
and hence we need a further investigation into the role of iron
in the prevention from atherosclerosis.

When reviewing the role of iron in the pathogenesis of infec-
tion, we mentioned that some organisms, categorized as intracel-
lular pathogens, are capable of growing inside macrophages,

avoiding their destruction and even increasing their viability in the
intracellular iron-rich environment induced by hepcidin [11, 37].

In CKD, elevated serum levels of hepcidin and ferritin were
explained by inflammation, the malnutrition-inflammation
complex syndrome or diminished renal clearance, although it
was not known through which mechanisms and to which ex-
tent the uremic state enhanced inflammation precisely [38-40].
This assumption ignored the fact that the main mechanism of
hepcidin stimulation is iron.

Research on the relation between hepcidin and the esti-
mated glomerular filtration rate (eGFR) has shown conflicting
results [41]. In the research analyzing the factors affecting hep-
cidin in non-HD CKD patients, serum hepcidin levels were not
associated with eGFR or CRP but with ferritin in multivariate
analysis, although univariate analysis showed that hepcidin
levels negatively correlated with eGFR [42]. Thus, adjustment
for confounders dissipates the correlation between eGFR and
hepcidin. Similar observation was also reported [43].

The determinants of serum hepcidin have been explored in
numerous studies, including patients on HD therapy [44-49]
(Table 3). We demonstrated that in such patients serum hepci-
din levels were correlated with serum ferritin and transferrin,
but not IL-6 and tumor necrosis factor-« [46]. If the high-sensi-
tive C-reactive protein level was >0.3 mg/dL, both IL-6 and ferri-
tin were selected as significant predictors of hepcidin. However,
even in this latter patient subgroup, the association with IL-6
was much less tight than with ferritin or iron storage. These
observations have been confirmed in animal studies with in-
flammation combined with iron deficiency [50-53]. Therefore,
we presume that, in most cases, the major dependable determi-
nant of hepcidin is serum ferritin or iron storage, and that in-
flammation, which may be caused by uremic milieu, affects its
expression much less. Then, we may not need to distinguish be-
tween CKD and non-CKD in the supplementation of iron.

In addition, several recent reports demonstrated that high
hepcidin levels and resulting intracellular iron sequestration
might be the principal pathogenesis of comorbidities in CKD, in-
fection and CVD [11, 12, 34, 35]. Therefore, limiting hepcidin lev-
els could be critical for the prognosis of CKD patients.

IRON PARAMETERS FOR DIAGNOSING BODY
IRON STATUS
Serum ferritin concentration and TSAT are widely used in clini-

cal practice to monitor IV iron therapy in patients treated with
ESAs.
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Table 3. Correlation of serum hepcidin with ferritin and/or IL-6

Correlated with
Reference Patient characteristics Ferritin IL-6
Tomosugi et al. [44] HD patients (n=40) (+) )
Acute pyelonephritis (n=2), pneumonia (n=#6), sepsis (n=8) NA (+)
Healthy volunteers (n = 16) (+) (-)
Weiss et al. [45] HD patients (n=20) (+) (=)
Kuragano et al. [46] HD patients (n=198) (+) =)
HD patients CRP >0.3 mg/dL (n=36) (+) (+)
van der Putten et al. [47] CKD + heart failure (n=33) (+) =)
Stoffel et al. [48] Young women with iron deficiency + vaccination (n=21) NA (-)
Young women without iron deficiency + vaccination (n = 25) NA (+)

NA, not available.

TSAT [serum iron x 100 divided by total iron-binding capac-
ity (TIBC)] is the most commonly used measure of iron availabil-
ity to support erythropoiesis but is not a reliable parameter in
the detection of depleted iron stores or a predictor of respon-
siveness to IV iron therapy in patients with CKD [14, 54, 55].
TSAT is highly variable as it has a circadian and day-to-day vari-
ability, and can also fluctuate during inflammation and iron ad-
ministration [56]. Inflammation decreases transferrin synthesis
and plasma iron level, which could be mainly caused by high
hepcidin. Iron supplementation increases plasma iron and
decreases plasma transferrin level or TIBC, despite no change in
some iron preparations [57, 58]. From the clinical studies show-
ing the order of the increases in iron parameters after iron ad-
ministration, they changed in the order of TSAT, hepcidin and
ferritin, irrespective of the routes of iron administration, oral or
IV [59, 60]. IV iron can definitely elevate TSAT at least tran-
siently, and this may be effective in increasing iron availability
for erythroblasts and accelerating erythropoiesis, which links to
a decline in the dose of ESA (ESA sparing effect) [61, 62]. There is
no physiological mechanism of iron excretion, even when iron
stores are excessive. Thus, these increases in TSAT and iron
storage cause an additional increment in hepcidin synthesis.
Consequently, elevated hepcidin should decrease TSAT gradu-
ally due to the inhibition of iron recycling from old RBCs (intrin-
sic iron supply), although a small amount of iron can be
supplied to plasma from overabundant iron stores.
Erythropoiesis then inevitably depends on the extrinsic iron
supply, and regular iron administration is necessary to main-
tain TSAT at sufficiently high levels to guarantee continued
erythropoiesis.

The serum ferritin assay has become the standard test for
the assessment of iron stores [14, 55, 63]. Ferritin is a cytosolic
protein that stores iron. Small amounts are secreted into the
plasma where it functions as an iron carrier. It is a marker of to-
tal body iron. Confounding variables may alter the regulation of
ferritin synthesis and reduce its direct association with body
iron stores. Most clinicians are aware of the ‘acute phase’ nature
of serum ferritin, but the degree to which this variable deflects
from the true measure of iron stores is less often taken into con-
sideration. In the nephrology community, the questionable
opinion that high ferritin levels generally do not indicate iron
overload is commonly accepted, although serum ferritin is
widely used for estimating body iron stores in the clinic. Of par-
ticular interest is the role of inflammation/infection in shifting
serum ferritin upwards.

In a World Health Organization (WHO) report, it has been
mentioned that correction factors can be used to modify raw

ferritin data to remove the effects of inflammation when in-
flammation is detected in a blood sample. After categorizing
data according to the inflammatory status of subjects in the in-
cubation, early- and late-convalescence groups, these values
can be individually corrected using multipliers 0.77, 0.53 and
0.75, respectively [64, 65].

Cook verified this concept using data previously published
by Lipschitz et al. [66, 67]. In this study, bone marrow aspiration
was performed, and iron stores were graded into the following
four categories: absent, decreased, moderate and increased.
‘Decreased’ corresponded to the average stores of anemic adult
females, whereas ‘moderate’ corresponded to the average stores
found in healthy males. Marrow iron in patients with severe in-
fection or inflammation whose serum ferritin ranged from 10 to
1650ng/mL was compared with controls without these condi-
tions at each level of marrow iron, and the serum ferritin was
~3 times higher in patients with infection or inflammation than
in controls.

Theurl et al. made a similar observation [68]. In their study,
the log ferritin/soluble transferrin receptor ratio was used to
categorize patients as having either anemia of chronic disease
(ACD) or ACD with iron deficiency anemia (ACD/IDA), as the ra-
tio has been demonstrated to discriminate ACD from ACD/IDA
appropriately [69]. ACD patients experienced relatively severe
infections, including pneumonia. As expected, the IL-6 and CRP
levels were significantly higher in ACD and ACD/IDA patients
than in healthy controls, whereas no difference was found be-
tween ACD and ACD/IDA patients. Serum ferritin and hepcidin
levels were significantly elevated in ACD patients compared
with controls, but significantly lower in ACD/IDA patients than
in ACD patients. Based on these observations, ferritin and hep-
cidin levels did not increase in the condition of iron deficiency
even with inflammation and/or infection.

Thus, serum ferritin might roughly but reliably enable the
diagnosis of depleted iron storage. This concept is also sup-
ported by the Guidelines for the Management of Iron Deficiency
Anaemia of the British Society of Gastroenterology [70].

IS THERE ANY RATIONALE FOR IRON
ADMINISTRATION IN A PATIENT WITH
ALREADY PLENTIFUL IRON STORES OR
FUNCTIONAL IRON DEFICIENCY?

It is widely believed that patients with CKD are prone to iron

deficiency, and its etiology is multifactorial including blood loss
during HD session [71]. The symptoms and signs of iron
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deficiency are partially explained by the presence of anemia. In
CKD patients treated with ESA, iron deficiency necessitates an
increase in the dose of ESA for maintaining hemoglobin levels.
In addition, iron deficiency-induced thrombocytosis may have
evolved to maintain or increase the coagulation capacity [72].
Iron deficiency consists of two main categories: absolute and
functional iron deficiency. Absolute iron deficiency is relatively
easily diagnosed as a decline in serum ferritin levels when there
is a deficiency of total body iron stores.

Functional iron deficiency, defined by normal or ele-
vated serum ferritin levels but TSAT <20%, occurs if iron
stores are full but iron release from the storage site is im-
paired, leading to impaired iron supply to erythroid progen-
itors in the bone marrow [73]. The discovery of hepcidin,
the master regulator of iron homeostasis, has clarified the
underlying mechanism. High hepcidin levels inhibit iron
recycling from senescent RBCs, intestinal iron absorption
and iron release from regular storage sites, such as the liver
and RES, and consequently, diminish iron availability for
erythropoiesis.

As mentioned above, in our opinion, one should pay more
attention to iron retention and/or increased iron stores caused
by the excessive use of IV iron compounds than to the uremic
milieu for other factors stimulating hepcidin production.

It has long been established that even in iron-replete
patients, those supplemented with IV iron have an enhanced
hemoglobin response to ESAs, with better maintenance of
iron stores and lower dosage requirements of ESA compared
with those patients receiving oral iron and no iron
supplementation [74].

As mentioned above, IV iron inevitably increases hepci-
din and ferritin levels, and consequently decreases iron
availability for erythropoiesis. Then we question whether it
makes sense to administer iron to patients with functional
iron deficiency and whether such a practice is safe. It has
been established by several reports that hyporesponsiveness
to ESAs is associated with a poor prognosis in CKD patients
on MHD [75-80]. In the presence of absolute iron deficiency,
an insufficient iron supply to the bone marrow depresses
erythropoiesis, and iron administration definitely attenuates
ESA hyporesponsiveness [81]. However, iron administration
to patients with functional iron deficiency will raise hemo-
globin more or less depending on each patient’s condition.
The rise in hemoglobin alone in response to IV iron is not
necessarily associated with an improvement in ESA respon-
siveness because the effect may not last long due to the in-
crease in serum hepcidin, and in a vicious circle, additional
administration is required. In a meta-analysis determining
the benefits and harms of IV iron supplementation, there
was no significant relationship between total iron dose or
iron dose per month and hemoglobin, while the standard
mean differences of ferritin increased with increasing total
iron dose [82]. Similarly, in another meta-analysis only using
data of randomized controlled studies, IV iron therapy for
functional IDA in HD patients resulted in a significant in-
crease in TSAT but did not change hemoglobin level signifi-
cantly [58]. Thus, we cannot be sure that iron administration
increases hemoglobin levels in patients with functional iron
deficiency on a long-term basis, which might be related to
the factors inhibiting erythropoiesis, e.g. inflammation and
hepcidin. Even in the PIVOTAL trial, the mean hemoglobin
level increased from 10.6 g/dL at baseline to 11.1 g/dL at study
end, with only 110 mg of iron being used for erythropoiesis,
as the estimated blood volume is 6.3L and iron content in
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hemoglobin is 3.4mg/g hemoglobin, whereas the rest of the
administered iron, ~9000 mg, was stored as ferritin or lost
with blood during HD sessions [1, 83].

IRON OVERLOAD AND ESA
HYPORESPONSIVENESS

Based on recent reports, we suspect that bone marrow iron over-
load may also inhibit erythropoiesis, although it is commonly be-
lieved that an increase in iron stores or serum ferritin attenuates
hyporesponsiveness to ESAs in patients with CKD [84-86)].

In the database of the Japanese Society for Dialysis Therapy
Renal Data Registry, relationships of the ESA resistance index
(ERI) with serum ferritin were examined in patients who under-
went HD therapy at various facilities [19], ERI being defined as
‘ESA dose/(hemoglobin level x post-dialysis body weight)’. For
patients with TSAT levels >20%, there was no clear association
between TSAT and ERI, whereas a U-shaped relationship was
observed between the ERI and ferritin, with a nadir of ERI at
~100 ng/mL of ferritin [87]. The ERI also tended to be high for se-
rum ferritin levels >300ng/mL [19]. These tendencies were ob-
served in both patients on darbepoetin and those on epoetin
beta pegol therapy. We would like to emphasize that CRP levels
were <2.0 mg/dL in most of the patients.

Similar observations have been reported in the USA. Gaweda et
al. examined the factors that affected the maximum hemoglobin
response to erythropoietin (EPO) in HD patients [88]. Among sev-
eral parameters, serum ferritin was one of the markers of a nonlin-
ear effect modification of the erythropoietic response in HD
patients, and the maximum hemoglobin response to EPO was
achieved for serum ferritin levels between 350 and 500ng/mL.
Thus, an impaired erythropoietic response could be present when
ferritin was elevated >500ng/mL. In the later study, the same
authors observed increasing hemoglobin response to ESA over the
range of high ferritin values. It may be presumed that these analy-
ses were not adjusted using the marker of inflammation, CRP [89].
The difference in the range of ferritin for ESA responsiveness be-
tween the USA and Japan might be caused by different iron admin-
istration policies, baseline ferritin levels and inflammation. In our
cohort study, most of the patients had serum ferritin levels
<300ng/mL and only 20.8% of them were treated with IV iron, and
then ESA hyporesponsiveness was not related to iron storage or
ferritin level [79]. Similarly, the index of ESA resistance expressed
as the ratio of the total weekly ESA dose to hematocrit (EPO/Hct)
was found to be correlated with log-transformed ferritin [90].
Considering the important controversy regarding the main culprit
responsible for the inhibition of erythropoiesis at high ferritin lev-
els, we would like to emphasize the role of excess iron rather than
inflammation or the malnutrition-inflammation complex syn-
drome. A report from the European Clinical Dialysis Database
(EuCliD®), showing a significant association between the 2-year
iron cumulative dose and ERI using the analysis adjusted by CRP
and other factors provides further support for our interpretation of
available data [91].

Two possible mechanisms could be proposed regarding the
relationship between high iron stores and ESA hyporesponsive-
ness. First, iron administration further increases hepcidin lev-
els, which in turn hampers iron recycling from senescent RBCs
and decreases the iron supply to erythroblasts. This mechanism
is supported by recent animal studies, where hepcidin has
emerged as a major factor involved in the development of ane-
mia in CKD, as hepcidin knockout mice with adenine-induced
CKD did not exhibit anemia and iron deficiency [81, 92]. Thus,
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recent hepcidin research suggests to us that the concept of a
beneficial effect of pathologically increased iron stores for
erythropoiesis may be completely erroneous. Second, a large
body of in vitro and in vivo evidence shows that bone marrow
iron overload inhibits erythroid differentiation. The increase in
reactive oxygen species caused by bone marrow iron overload
could impair the proliferation potential of erythroid precursors
and disturb the bone marrow-derived mesenchymal stem cells
[93], as well as damage bone marrow stromal cells with reduced
expression of C-X-C motif chemokine 12 (CXCL12), vascular cell
adhesion molecule-1 (VCAM-1), Kit-ligand and insulin-like
growth factor-1 (IGF-1) [94] (Figure 1). Thus to improve ESA re-
sponsiveness for an efficient anemia therapy in patients with
CKD one should consider these two opposite effects on the bone
marrow, namely (i) activating the differentiation of erythroid
cells by supplying iron and (ii) inhibiting such differentiation by
iron-mediated hepcidin and oxidative stress-rich actions, as if
stepping on an engine’s brake and accelerator at the same time
(Figure 2). We presumed that the evaluation of these opposite
effects counterbalanced might be too difficult to perform renal
anemia therapy with appropriate iron dose.

Therefore, we do not agree with the opinion that iron sup-
plementation is necessary or essential, as long as iron adminis-
tration could increase hemoglobin or reduce the required dose
of ESAs. Undoubtedly, expanded iron storage could increase the
risk of infection and cardiovascular events, even if ESA respon-
siveness would be improved. We would like to emphasize again
that regular high-dose iron administration does not necessarily
ameliorate ESA responsiveness. Optimum iron storage and ad-
ministration should be reconsidered for an efficient and safe
management of renal anemia.

WHAT IS THE OPTIMAL RANGE OF SERUM
FERRITIN IN CKD?

We would like to take issue with the large recommended target
range of serum ferritin in CKD, assuming that iron metabolism

Iron deficiency Normal

Iron deprivation in
erythroid precursors

Iron deficiency anemia

does not fundamentally differ between CKD and non-CKD
conditions.

Given the pivotal role of hepcidin in maintaining iron ho-
meostasis as well as in the pathogenesis of comorbidities in
CKD, one needs to know its optimal range. Although the se-
rum hepcidin level has never been measured in clinical fields
treating renal anemia, we might be able to estimate its level
from the serum ferritin level as serum ferritin has been dem-
onstrated to be the major predictor of hormone level in nearly
all the studies published so far, which also included CRP as
covariate [49]. In this study, all previous studies concordantly
suggested that the regulation of hepcidin by iron stores was
preserved in HD patients, as illustrated by the fact that serum
ferritin levels were invariably among the strongest predictors
of hepcidin levels.

Serum ferritin could, therefore, be a valuable index of op-
timal iron storage for erythropoiesis. Patient outcomes could
be improved by determining more adequately the lower ferri-
tin limit, reflecting the minimum requirement for optimal
erythropoiesis and the upper limit reflecting increased co-
morbidity risk.

Lower limit of serum ferritin for minimal iron stores
required for erythropoiesis

As regards the minimum range of ferritin, an association be-
tween hemoglobin concentration and serum ferritin concentra-
tion was analyzed in a Norwegian general patient population
without inflammation and normal kidney function [95]. The en-
tire hemoglobin distribution was shifted downwards in patients
with serum ferritin levels <20ng/mL in women, while the turn-
ing point toward lower hemoglobin was at a ferritin level of
30ng/mL in men. Similarly, we found that in chronic HD
patients the turning point toward lower hemoglobin was a se-
rum ferritin <50ng/mL [79]. When the patients were stratified
into four groups according to their serum ferritin levels (<50,
50-100, 101-300 and >300ng/mlL) a significant correlation
(P<0.001, R=0.89) between ferritin and hemoglobin levels was

Iron overload

TSAT?

Oxidative stress

in erythroid niche

Hyporesponsiveness
to ESA

FIGURE 1 Effect of iron status on the erythropoiesis in bone marrow. In the condition of iron deficiency, TSAT and serum ferritin level are decreased, which diminishes
iron supplementation for erythroid precursors. In the condition of iron overload, serum ferritin level is high but TSAT may be variable by the timing of iron administra-
tion. Bone marrow iron overload attenuates erythroid differentiation by oxidative stress in erythroid niche, which causes hyporesponsiveness to ESAs.
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FIGURE 2 Hypothesized conflict of erythropoiesis, activation versus inhibition, in IV iron administration for functional iron deficiency. (Pink) Activation of the differen-
tiation of erythroid cells by supplying iron for erythropoiesis. (Blue) Inhibition of erythroid differentiation by iron-mediated hepcidin and oxidative stress-rich actions.

observed only in those with levels <50ng/mL, while no signifi-
cant relationship was observed in the three other groups. Based
on this observation, we concluded that in HD patients the mini-
mal ferritin concentration, corresponding to the minimal
amount of stored iron required for erythropoiesis, could be in
the range of 50ng/mL. The treatment policy could avoid abso-
lute iron deficiency, which is supported by guidelines of the
British Society of Gastroenterology and the JSDT [17, 70].

Upper limit of serum ferritin to minimize the risks of
comorbidities due to iron sequestration and high
hepcidin levels

As to the ferritin concentration reflecting iron overload, a guide-
line from the WHO and Centers for Disease Control states that
serum ferritin levels >200ng/mL in men and >150ng/mL in
women indicate a risk of iron overload [96].

Kalantar-Zadeh et al. [2] analyzed data from a cohort of
58058 HD patients and found, after time-dependent and multi-
variate adjustments without CRP, that patients with serum fer-
ritin levels between 200 and 1200 ng/mL were at the lowest risk
of cardiovascular and all-cause mortality compared with
patients in whom the same iron parameter was outside these
ranges. This observation was supportive of the safety of high
ferritin levels. However, only 9% among these patients had ferri-
tin levels <100 ng/mL, who had undoubtedly low iron storage
even with inflammation, and they had even better outcomes
than those with a reference ferritin range between 100 and
200ng/mL. This range of iron management is currently being
applied in about 60% of Japanese dialysis patients [19].

We prospectively monitored 1086 Japanese HD patients for
2years and evaluated the association between serum ferritin
levels and adverse outcomes including mortality. In this study
[the Prospective Study of Treatment for Renal Anemia on
Prognosis in hemodialysis patients (TRAP) study], covariates
showing time-dependent variation were adjusted for confound-
ing using measured values including CRP and albumin at the
same time points every 3months [6]. We found that patients
with high serum ferritin levels (>100ng/mL) or large ferritin
level fluctuations above this range were at a higher risk of all
adverse events combined, those with cardio-cerebrovascular
disease, infections and death as compared with patients with
persistently lower serum ferritin levels (<100 ng/mL) [6].

Finally, we focused on those ferritin levels corresponding to
the range of hepcidin levels that are known to affect cellular
iron exit, based on the close relationship between serum ferritin

<& — Normal
© — HD

% Fe absorption
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I | | |
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Serum ferritin (ug/L)

FIGURE 3 Food iron absorption in chronic HD patients in comparison with con-
trol. The black line and blue square plots show the relationship between serum
ferritin and food iron absorption in 47 normal volunteers [97]. Increasing log-
transformed percent iron absorption is associated with a linear decrease in log-
transformed serum ferritin. The red line and red circle plots show the same rela-
tionship in 13 HD patients, whose ferritin levels are within the range from 10 to
200 pg/L from the previous reports, on the same graph [100]. Interestingly, the
line linking iron absorption to serum ferritin in HD patients overlaps that of the
healthy controls for ferritin levels. At that time, water purification for HD was
far from endotoxin free. Thus even in a condition of poor dialysate purity, i.e. a
highly probable cause of inflammation, iron absorption in HD patients was
mainly dependent on ferritin.

and hepcidin. The representative model of cellular iron exit,
intestinal absorption of nonheme iron has been well explored
with serum hepcidin or ferritin levels. As mentioned above, the
iron absorption rate is >10% in a subject with a ferritin level
<25ng/mL, while it decreases to <2% if the ferritin level is
>100ng/mL. Although these values varied slightly between
studies they were mostly consistent in non-CKD and CKD
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patients [97-100] (Figure 3). Regarding the relationship between
early iron exits from the RES and serum ferritin levels, radiola-
beled iron release from heat-damaged RBCs by the RES was ex-
amined in patients with iron deficiency, idiopathic
hemochromatosis, inflammation, marrow aplasia or hyperplas-
tic erythropoiesis [101]. In this study, the percentage of early
release clearly correlated with the plasma ferritin level, and it
appeared to reach the bottom line if the ferritin level was
>100ng/mL. Based on these observations, we presume that in
the range of hepcidin levels, which correspond to serum ferritin
levels >100ng/mL, there is a substantial decrease in cellular
iron exit via the hepcidin induced decrease in ferroportin-
dependent iron export [102].

Given the presumed hepcidin concentration threshold for
risks such as CVD and infection and the strong correlation be-
tween hepcidin and ferritin, one could use ferritin instead of
hepcidin as a valid marker of iron stores. From the observations
above, we could propose the acceptable ferritin upper limit as
150ng/mL with its clinically fluctuating range [6, 103, 104].
Finally, we estimate that the optimal ferritin range might be
about 50-150 ng/mL when considering both safety margin and
ESA responsiveness. These values will probably provoke reac-
tions of skepticism by nephrologists in Western countries, but
we would like to emphasize that they are within the accepted
ferritin range in disciplines other than nephrology [105-111]. As
a matter of course, in considering the beneficial effect of IV iron
in the setting of congestive heart failure, further investigation
should be essential for ascertaining whether our optimal ferritin
range is appropriate in CKD patients [112, 113].

CONCLUSION

The recently published, randomized controlled trial, PIVOTAL
demonstrated the safety of high-dose IV iron therapy, including
hard outcomes. However, we would like to take issue with
PIVOTAL'’s evidence of safety, since the comparator group of
patients also received a substantial amount of IV iron, and this
low-dose iron group had relatively high serum ferritin levels as
well, at least from a Japanese perspective. It is noteworthy that
iron exerts two opposite actions in erythropoiesis. On one hand,
it activates erythroid differentiation by supplying iron to red cell
precursors, but on the other hand, it inhibits this differentiation
by an iron-mediated increase in serum hepcidin and induction
of oxidative stress. Moreover, recent remarkable advances in
the understanding of iron metabolism have taught us that hep-
cidin plays an essential role in the pathogenesis of renal anemia
as well as comorbidities in CKD patients, including atheroscle-
rosis and infection. As this risk is predominantly increased by
iron—and to a smaller degree by inflammation—the dose of
iron administered to patients with CKD should be more appro-
priately controlled. In this review, we propose the optimal ferri-
tin range as 50-150ng/mL from the recent observations, which
is precisely the range for iron management in HD patients in
Japan. The PIVOTAL trial, however, goes in the opposite direc-
tion of the Japanese approach and has demonstrated better out-
comes with a proactive approach. Considering the opposite
extremes of ferritin status in Japan and the rest of the world in
patients with CKD, our proposition will probably encounter pro-
found skepticism in the nephrology community outside of
Japan, although it is within the range accepted by medical disci-
plines other than nephrology [114]. More importantly, we have
not yet determined whether the Japanese approach can be ex-
trapolated to Western end-stage renal disease populations, as it
has been demonstrated that there is variation in the prevalence

of inflammation, and in practice and nonpractice factors be-
tween countries [115, 116]. To solve this controversy, it would
seem essential to explore in future randomized controlled trials
the efficacy and safety of a well-balanced therapy with ESAs
and iron in anemic patients with CKD. Whether the introduc-
tion of hypoxia-inducible factor prolyl hydroxylase inhibitors
into the treatment of renal anemia will lead to different iron pa-
rameter targets remains to be seen.
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