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Abstract: Anemia is a major health condition associated with chronic kidney disease (CKD). A key
underlying cause of this disorder is iron deficiency. Although intravenous iron treatment can
be beneficial in correcting CKD-associated anemia, surplus iron can be detrimental and cause
complications. Excessive generation of reactive oxygen species (ROS), particularly by mitochondria,
leads to tissue oxidation and damage to DNA, proteins, and lipids. Oxidative stress increase in
CKD has been further implicated in the pathogenesis of vascular calcification. Iron supplementation
leads to the availability of excess free iron that is toxic and generates ROS that is linked, in turn,
to inflammation, endothelial dysfunction, and cardiovascular disease. Histidine is indispensable to
uremic patients because of the tendency toward negative plasma histidine levels. Histidine-deficient
diets predispose healthy subjects to anemia and accentuate anemia in chronic uremic patients.
Histidine is essential in globin synthesis and erythropoiesis and has also been implicated in the
enhancement of iron absorption from human diets. Studies have found that L-histidine exhibits
antioxidant capabilities, such as scavenging free radicals and chelating divalent metal ions, hence the
advocacy for its use in improving oxidative stress in CKD. The current review advances and
discusses evidence for iron-induced toxicity in CKD and the mechanisms by which histidine exerts
cytoprotective functions.
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1. Introduction
Chronic kidney disease (CKD) is a generic term that includes the majority of renal disorders.
Anemia, an invariable consequence of CKD, is higher in patients with renal disease compared to
the unaffected population (15.4% vs. 7.6%, respectively) globally according to the 2014 outcome of
the National Health and Nutrition Examination Survey (NHANES) [1]. Judging by the glomerular
filtrate rate, CKD is classified in stages from 1–5, with 5 being the last stage, also known as end-stage
renal disease (ESRD) [2]. In the U.K., the prevalence of stages 3–5 CKD is estimated to be 9% of
the adult population [3]. Approximately 50% of patients with CKD in the U.S. are reported to be
anemic [4]. Observational studies also reported a 13% increased risk of hospitalizations for patients
with low hematocrits [5,6], as well as 6% increased risk of cardiovascular events per 10 g/L decrease in
hemoglobin (Hb), for patients with anemia in CKD [7]. Data from patients with hemodialysis from five
European countries showed that lower hemoglobin levels are associated with increased morbidity and
mortality [8]. This result is of particular public health concern as anemia in CKD has been reported
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to significantly reduce quality of life compared to the general population, with Hb levels as the
predictive factor [9]. Oxidative stress and chronic inflammation are hallmarks of CKD; the magnitude
of the resultant adverse consequences ranges across the different stages of the manifestation of the
disorder and depends on the nature of the therapy employed. The origin of oxidative stress in CKD
is varied and includes toxicity induced by excess iron supplements, uremic toxins, and the burden
imposed by the hemodialysis process and the equipment employed. Consequently, the inflammation
that ensues is associated with elevated ferritin and hepcidin levels; the latter inhibits ferroportin,
which blocks iron efflux into circulation. This results in low iron availability for erythropoiesis and
hyporesponsiveness to iron and Erythropoietin Stimulating Agent (ESA) therapy. The complexity
inherent in inflammation-induced elevated serum ferritin and hepcidin levels poses complications
when setting predictive cut-off values for these biomarkers of iron deficiency anemia in CKD [10].
Hence, inflammatory confounders are a contentious issue attracting debate on consensus values
for international guidelines on biomarkers of ferritin and hepcidin levels, as well as for iron and
ESA dosage and routes of administration. Untreated anemia triggers several debilitating symptoms,
such as lethargy, muscle fatigue, and deterioration of renal function. These culminate consequently
in high prevalence of cardiovascular diseases, such as left ventricular hypertrophy and heart failure,
which constitute the main causes of death in patients with CKD [11,12].
2. Anemia of Chronic Kidney Disease (ACKD)
Anemia is a common complication in CKD that increases in prevalence as the disease
progresses [1]. Anemia is defined as Hb concentrations <13.0 g/dL in men and <12.0 g/dL in
women [13]. Suboptimal levels of Hb and hematocrit in CKD patients are associated with declining
survival rate [14,15]. This was evident in a population study that reported anemia as a critical factor in
the development of cardiovascular disease (CVD) in CKD patients [16]. Consequently, CVDs such as
heart failure and stroke have been implicated as major causes of mortality in CKD patients [11,12,17].
Anemia of CKD could also be due to multifactorial causes (Figure 1). Dysfunctional platelets,
the shortening life span of red blood cells, iron deficiency, and inflammation are some of the factors that
can trigger the onset of anemia [18]. The primary cause of anemia, however, is iron deficiency which
may, in turn, be caused by low iron intake, low iron absorption, or disruption of body iron regulation.
The damage that is caused to the kidney induces rapid activation of the immune system, and the
inflammatory response, which stimulates IL-6 signal enhancement of hepcidin in the liver [19,20].
Inflammation inhibits erythropoiesis, affects erythropoietin (EPO) hyporesponsiveness [21], and
reduces systemic circulation of iron levels by the production of hepcidin [22,23]. This response cascade
indirectly contributes to the development of iron deficiency anemia (IDA) [24]. Excess hepcidin
causes reduced circulation of iron in the plasma by a mechanism that involves the degradation of
ferroportin, the iron efflux protein. Subsequently, iron release into the circulation from enterocytes
and macrophages decreases [25,26] as shown in Figure 1. Levels of EPO decrease as a result of
kidney damage and this culminates in lower erythroid cell production in the bone marrow. Bleeding
during CKD causes loss of red blood cells leading to the development of anemia during CKD. Thus,
the etiology of ACKD is a spectrum that involves both absolute and functional iron deficiency. The latter
is compounded by an interplay of inflammation, tissue iron sequestration, and a hyporesponsiveness
to ESA therapy [27]. Hypoxia-Inducible Factors (HIFs) that are secreted in the kidney during hypoxia
can induce EPO production, and provide alternative therapy for (ACKD) [28]. Antibodies against
hepcidin have been proposed as alternative approaches to increase iron absorption and iron efflux
from the tissues [29].
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that rHuEPO induces hypo-responsiveness at high doses [39], and causes a greater risk of death due
to the oxidative stress that exacerbates cardiovascular risk [40]. Recombinant HuEPO treatment is
furthermore associated with increased blood pressure and blood clotting [41,42]. rHuEPO therapy
is associated with iron deficiency as iron stores are largely transferred from the bone marrow to
the erythroid progenitor cells due to enhanced erythropoiesis. Iron deficiency is observed in most
hemodialysis patients arising from recurrent chronic blood losses. Thus, iron supplementation is often
required to optimise or complement rHuEPO administration in the treatment of anemia in patients
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with CKD [18]. Consequently, if iron therapy is used alongside ESAs, significant increases in Hb levels
and response are observed without the need to increase ESA dosage [43]. Thus, in practice, Kidney
Disease Improving Global Outcomes (KDIGO) guidelines recommended a trial of intravenous iron
to treat anemia in CKD, irrespective of ESA treatment [44]. In advanced stages of kidney disease,
intravenous (IV) iron in combination with EPO therapy is currently the most effective treatment [44,45].
In light of this, the use of high intravenous iron doses was adopted in the U.S., despite the concerns
raised by nephrologists regarding the resultant iron overload [46]. Supporting evidence from an
analysis of 32,435 hemodialysis patients showed increased mortality (hazard ratio (HR) = 1.13, 95% CI
1.00–1.27) and hospitalization (HR = 1.12, 95% CI 1.07–1.18) in those receiving above 300 mg/month of
intravenous iron compared to other patients receiving only 100 mg/month [47].
Although IV iron and rHuEPO led to improvement of hematological profiles, the risk of
toxicity caused by excess iron predisposes patients to oxidative stress, inflammation, and pathogenic
consequences [48,49]. Allergic reactions and anaphylactic shock, as well as oxidative stress that is
related to cardiovascular complications and tissue injury, have been reported during the administration
of IV iron supplementation [46,48,50]. The basis and mechanisms of the oxidative stress are not
completely understood; however, excess iron from IV administration could cause iron overload
and increase the levels of ROS in patients [12,51]. Also, IV iron supplementation raises levels of
malondialdehyde (MDA), a biomarker of lipid peroxidation [52].
Several iron compounds including iron isomaltoside, iron sucrose, iron dextran, iron gluconate,
or ferric carboxymaltose [53] are used for the treatment of ACKD. Intravenous iron formulations
are colloidal suspensions, composed of a core of iron (iron-oxyhydroxide/oxide) surrounded by a
carbohydrate shell [54]. The iron formulation varies in core size, affinity of bound iron to carbohydrate
excipient, and electrovalence of iron, all of which influence the reactivity of iron [55].
Exposure of CKD patients to high concentrations of iron supplementation thus poses a potential
risk of ROS generation with concomitant damage to DNA, proteins, or lipids [56]. Iron supplementation
in patients with ACKD can subsequently result in iron overload, characterized by a “spill over” into
hepatocytes if non-transferrin bound iron (NTBI) is present. Clinically relevant concentrations of NTBI
would be expected if the iron-carrying capacity of transferrin is saturated [57]. Recommendations for
iron management in CKD patient care are currently conflicting and is an ongoing process because of
limited research evidence. A number of randomized controlled trials (RCTs) and observational studies
have produced varying results on the effectiveness and adverse effects of iron or ESA supplementation.
Variability or confounders, mostly associated with study design, have been identified [58] including
type, dosage, duration or route of iron administration, population size, and the inherent variability
within the baseline hematological status of patients.
4. Iron, Oxidative Stress, and Anemia
Iron (Fe), when supplied in excess, leads to oxidative stress in the mitochondria. Iron molecules
trigger the initiation of the Fenton reaction and promote the formation of ROS, such as O. 2 − , OH. , and
H2 O2 , as depicted in the equation: Fe2+ + H2 O2 → Fe3+ + OH. + OH− [59]. These reactive species bind
to macromolecules, such as lipids, proteins, and nucleic acids, causing lipid peroxidation and oxidative
modifications of proteins and DNA [60]. Peroxidation of membrane lipids results in loss of membrane
fluidity, elasticity, and disordered cellular functioning. Protein oxidation causes fragmentation of
amino acid residues leading to cross-linkage and loss of protein configuration and functions. Oxidative
damage of DNA causes mutation in DNA bases. These aberrations play major roles in cell death,
ageing, and in degenerative diseases [61]. Observations in clinical trials showed a significant increase
in the levels of MDA, a key oxidative stress marker, after IV iron infusion [62], and this is correlated
with markers of early atherosclerosis [63]. Patients with CKD have a reduced mitochondrial DNA copy
number, reduced energy production, and higher levels of stress markers [64]. Cytochrome c oxidase,
an enzyme of the oxidative chain, is reduced in patients suffering from CKD in the final stages [65,66].
In addition, there are increasing concerns regarding the risk of iron therapy in potentially exacerbating
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oxidative stress, inflammation, and adverse cardiovascular outcomes from excess iron deposition
in this population [11]. Atherosclerosis caused by oxidative damage, and evidenced by increased
circulating mononuclear superoxide production and vascular cell adhesion molecule-1 (VCAM-1) and
triggered by NADPH oxidase (NOx) and NF-kB activation in CKD patients, is associated with IV iron
administration [67–70]. Against this evidence, some studies on the role of iron in CKD pathogenesis
showed contradictory results [71]. Iron deposition in the liver of both humans [72] and rats [73] did not
develop into cirrhosis, possibly because of iron sequestration into innocuous ferritin L and H subunits.
Another mechanism that was proposed as a process that prevents iron overload in tissues such as
the liver is the secretion of iron-loaded ferritin [74], possibly by an iron-regulated exocytosis efflux
process [75] into blood circulation. However, other evidence revealed that high doses of iron were
associated with high mortality due to iron-induced oxidative stress [68,71].
CKD patients, apart from a dysregulated iron metabolism, often exhibit hyperphosphatemia,
which is associated with vascular calcification [69,76]. Paradoxically, heme iron, rather than being a
pro-oxidant, was found to prevent the calcification and osteoblastic differentiation of human aortic
smooth muscle cells (HSMCs) [77,78]. Evidence in this study attributed the inhibition of calcification
to the upregulation of ferritin in the cells, even in the presence of phosphate. Heme releases Fe, CO,
and biliverdin when catabolized. Thereby, iron performs the dual role of chelating phosphate and
inducing the transcription of ferritin [79], particularly H-ferritin that exhibits high ferroxidase activity.
Although the molecular mechanisms of vascular calcification require further investigation, emerging
evidence indicates that ferritin might also function as a transcriptional regulator of gene expression in
osteoblastic differentiation and β-globin synthesis [80].
5. Cytoprotective Functions of Histidine against Iron Toxicity during the Treatment of ACKD
L-histidine, a conditionally essential amino acid in adults, was found at significantly lower
levels in patients with kidney disease and uremia [81,82]. Histidine, when administered orally or
intravenously co-supplemented with iron, showed a positive response as judged by anemia markers,
increased levels of plasma iron and Hb during anemia [83–85].
The beneficial effect of histidine is partly mediated by its ability to promote net nitrogen
synthesis [84], which prevents negative nitrogen balance and loss of protein in CKD patients.
Combined supplementation of IV iron with histidine rather than IV iron alone was more effective in
treating anemia in CKD patients [86]. Additional evidence supports the beneficial role of histidine
supplementation in uremic and dialysis patients, as a slight increase in Hb levels was triggered.
Low histidine levels were shown to be correlated with high mortality (HR = 1.55, 95% CI 1.02, 2.40,
p < 0.05), even after adjustments for age, sex, cardiovascular disease, inflammation, diabetes mellitus,
serum albumin, and amino acid supplementation [81]. Histidine administration was negatively
correlated (p < 0.05) with levels of 8-OHdG, an oxidative stress biomarker [81]. Histidine is known as
an efficient scavenger of ROS [87], and its antioxidant properties have been advocated in the prevention
of iron toxicity.
6. Antioxidant Function of Histidine against Oxidative Stress
The management of anemia of CKD presents a conundrum that arises from a role in the treatment
of iron deficiency and in improvement of the resultant toxicity of excess iron. Endogenous and dietary
antioxidants prevent, neutralize, and terminate chain reactions that produce ROS.
Studies by Halliwell and Wade identified that histidine could serve as an antioxidant as well as a
buffer, similar to albumin in the plasma [88,89]. Hence, histidine could function as a buffer regulating
free metal ion concentration, thereby providing a safe temporary transport for divalent metals before
they are metabolized. In cardiovascular studies, histidine afforded protection to the cardiovascular
system because of its ability to scavenge singlet oxygen and hydroxyl radicals in isolated hearts
tissues that are predisposed to oxidative stress [90]. The scavenging of singlet oxygen by histidine was
found to be significantly higher than that of tryptophan or methionine [89]. Moreover, histidine is
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suggested to be protective against oxidative stress in a drug model, reflected in its storage stability [91].
Histidine has been shown to have an inhibitory effect on H2 O2 -induced IL-8 secretion in Caco-2
and HT-29 cells [92]. Lipid peroxidation was considerably inhibited when histidine was added to
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3). 3).
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isisprobably
interact
with histidine
the amino,
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moiety
(Figure
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and
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metal
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The
formation
and
stability
specific and selective amongst different divalent metal ions. The formation and stability of
of most
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histidine-divalentmetal
metalcomplexes
complexesare
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favoredby
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(pH<<5).
5). The
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ring
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[111–113].Histidine
Histidineforms
formsstable
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complexesininaqueous
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systemswith
withCu
Cu2+, ,Fe
Fe2+,, and
and
2+
2+
2+
2+
2+
2+
2+
2+
2+
2+
Ni
[112,113].
Incidentally,
complexes
of
histidine
with
Zn
,
Cu
,
Ni
,
or
Co
have
higher
stability
Ni [113,114]. Incidentally, complexes of histidine with Zn , Cu , Ni
Co
stability
2+ and
constants
constantsthan
thanwith
withFe
Fe2+ ,,and
the binding stability is dependent on the binding moiety,
moiety, temperature,
temperature,
2+
2+
2+
and
andpH
pHof
ofthe
thesolution
solution[112].
[113].Histidine-divalent
Histidine-divalentmetal
metal(Cu
(Cu2+, ,Zn
Zn2+,, and
andNi
Ni2+) complexes,
complexes, in
in aqueous
aqueous
solutions,
form
with
the
imidazole
and
amine
group
at
pH
6
[111].
The
iron
chelating
property
solutions, form with the imidazole and amine group at pH 6 [112]. The iron chelating property of
of
histidine
histidine isis therefore
therefore dependent
dependent on
on pH
pH and
and the
the nature
natureof
ofthe
thethree
threepossible
possibleinteracting
interactingbonds
bondswith
with
ligands
3). 3).
TheThe
pKapKa
values
of histidine
in proteins
between
6 and pH
8. Consequently,
ligands(Figure
(Figure
values
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proteins
rangepH
between
pH
6 and pH 8.
side
chains of histidine
contribute
to the contribute
buffering potentials
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at the physiological
Consequently,
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of theAtitration
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that
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1
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forms
a
complex
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neutral
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however,
when
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concentration
of histidine
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10 histidine
fold, the formation
of 10
thefold,
complex
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formationand
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complex
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to
protect
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ROS
in
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system
[92]. has
Histidine
has the
to bind
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metal ions
(including
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system [93].
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ligand formed
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at
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By
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to
histidine
and
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duodenum, as ferrous iron is poorly soluble at neutral pH. By binding to histidine and other chelating
compounds,the
theuptake
uptake
metal
increases
Theofrole
of histidine
in binding
and
compounds,
of of
thethe
metal
increases
[119].[120].
The role
histidine
in binding
iron and iron
increasing
increasing
its
uptake
is
debatable;
the
positive
evidence
suggested
that
the
co-supplementation
of
its uptake is debatable; the positive evidence suggested that the co-supplementation of histidine doses
histidine
doses
of
about
100
mM
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increase
iron
uptake
in
rats,
and
in
combination
with
ascorbic
of about 100 mM could increase iron uptake in rats, and in combination with ascorbic acid, this could
acid, this
could doubly
enhance
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ascorbic
[123].observed
This wasinalso
observed
in
doubly
enhance
the positive
effect
ascorbiceffect
acid of
[122].
This acid
was also
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Caco-2
cultured
cells [124].
However,
another
study
on and
intestinal
cells and
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not
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cells
[123].Caco-2
However,
another
study on
intestinal
cells
on humans
didonnot
reportdid
such
increases
such
increases
of
iron
uptake
upon
histidine
supplementation
[122,125].
In
food
extracts,
histidine
of iron uptake upon histidine supplementation [121,124]. In food extracts, histidine has been found
has
been found
to increase
inorganic iron
solubility;
thesefrom
results
arose from
vegetables
and
to
increase
inorganic
iron solubility;
however,
thesehowever,
results arose
vegetables
and
meat extracts
meat extracts
wherein
the efficacy
of histidine
could
have been
presence
of other
wherein
the efficacy
of histidine
could
have been
confounded
byconfounded
the presenceby
of the
other
amino acids
and
amino
acids
and
peptides
[118,126,127].
Histidine
undoubtedly
has
the
capacity
to
bind
iron;
peptides [117,125,126]. Histidine undoubtedly has the capacity to bind iron; however, as this reaction
however, as this reaction is pH-dependent, histidine might serve the important function of
is pH-dependent, histidine might serve the important function of maintaining iron in soluble form
maintaining iron in soluble form to enhance iron bioavailability. The presence of other compounds
to enhance iron bioavailability. The presence of other compounds or stronger metal chelators could
or stronger metal chelators could influence the stability of the histidine-iron complex.
influence the stability of the histidine-iron complex.
Anti-Inflammatory Potential
Potential of
of Histidine
Histidine
8.8. Anti-Inflammatory
As inflammation
inflammation promotes
promotes iron
As
iron disorders
disorders in
in anemia
anemia of
of chronic
chronic kidney
kidney disease,
disease,factors
factorsthat
that
increase
or
inhibit
inflammatory
signals
are
important
in
the
manifestation
of
the
disease
symptoms.
increase or inhibit inflammatory signals are important in the manifestation of the disease symptoms.
Inflammatoryconditions
conditionsor
orresponses
responseslead
leadto
to the
the secretion
secretion of
of different
different cytokines,
cytokines, such
such as
as interleukin
interleukin 6
Inflammatory
6 (IL-6), interleukin 8 (IL-8), interleukin-1beta (IL-1b), as well as tumor necrosis factor-alpha (TNF-α)
(IL-6), interleukin 8 (IL-8), interleukin-1beta (IL-1b), as well as tumor necrosis factor-alpha (TNF-α) [92].
[93]. The physiological effects of histidine as an antioxidant have been associated with the inhibition of
The physiological effects of histidine as an antioxidant have been associated with the inhibition of the
the secretion of some of these pro-inflammatory biomarkers, particularly during chronic diseases [90].
secretion of some of these pro-inflammatory biomarkers, particularly during chronic diseases [89].
Liu et al. [101] reported that mice fed with histidine (at 0.5, 1, or 2 g/L) after the induction of
ethanol hepatotoxicity had lower levels of the inflammation markers IL-6, c-reactive protein (CRP),
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Liu et al. [100] reported that mice fed with histidine (at 0.5, 1, or 2 g/L) after the induction of
ethanol hepatotoxicity had lower levels of the inflammation markers IL-6, c-reactive protein (CRP), and
TNF-a. Histidine suppressed the accumulation of IL-6 and TNF-α mRNA in a dose-dependent manner.
This indicates that histidine is not only a scavenger of ROS but could directly affect the regulation
of pro-inflammatory cytokines [100]. A similar effect was found in cultured cells, in which histidine
protected Caco-2 cells in a dose-dependent manner against hydrogen peroxide-induced damage [89].
Histidine, apart from reducing morphological damage in these cells, suppressed the secretion of
IL-8 as well. This outcome is presumably due to the inhibition of signals for TNF-α and NF-kβ to
activate transcriptional regulation of IL-8 [92]. Down-regulation of IL-6 and TNF-α by histidine has
been reported in a diabetic mouse model [127]. The inhibition of pro-inflammatory cytokines by
histidine is linked to its potential to increase the amino acid pool and the antioxidant status of the
cells [107]. These changes contribute to the attenuation of ROS in tissues and organs. Histidine was
reported to alleviate clinical symptoms and protect mice from intestinal, nervous, and cardiovascular
damage [89]. These effects are possibly associated with the anti-inflammatory properties of histidine.
Consequently, histidine administration could be an option for reducing and preventing oxidative
stress in inflammatory conditions in chronic diseases. Dietary supplementation with histidine could
be protective against oxidative damage, arising from the scavenging activity and anti-inflammatory
effects of this amino acid in cells and tissues [127].
Arginine is another amino acid that exhibits antioxidant properties as a substrate in nitric oxide
(NO) biosynthesis and was shown to be beneficial to kidney functions in both in vivo and in vitro
models [128,129]. As well as other histidine dipeptides, carnosine also scavenges ROS and was
reported to be beneficial to CKD patients [130].
9. Conclusions
Anemia of chronic kidney disease is a worldwide public health problem, with a
constantly-increasing trend in both developed and developing countries. Iron supplementation
treatment of ACKD leads to oxidative damage that is associated with iron overload and
pro-inflammatory conditions. Co-supplementation with histidine, could have an ameliorating effect
against oxidative damage in chronic kidney disease. Histidine can protect against iron overload and
oxidative stress caused by CKD, as demonstrated with the Fenton substrate in the HK-2 cell model.
The molecular mechanisms of the cytoprotection conferred by histidine are based on its capacity and
potential as a metal chelator as well as its ability to scavenge oxygen radicals. Histidine can also
function intracellularly to induce enzymatic antioxidant and anti-inflammatory activities in tissues
and organs in different disorders [113,114]. The imidazole ring of histidine, as well as binding singlet
oxygen molecules, can bind divalent metal ions; however, the effects of pH and histidine concentration
that maintains iron in solution have only been clearly demonstrated in cultured cells and in animal
models. It remains for these effects to be demonstrated in human subjects. The iron quenching
capacity appears to be related to the reactive ability of the imidazole ring of histidine in extracellular
solutions. No clear evidence currently exists for the localization of histidine-iron bound complexes or
chelates intracellularly.
Further studies are required to clearly delineate the molecular mechanisms by which histidine
attenuates oxidative stress damage attendant upon iron toxicity in kidney cells and specific models
during the treatment of ACKD.
Author Contributions: G.O.L.-D. and M.V.A. wrote the manuscript, M.V.A. performed the experiments and E.V.,
E.K., and N.K.L. contributed to the review of literature.
Funding: This research received no external funding. Mayra Vera-Aviles is supported by Consejo Nacional de
Ciencia y Tecnologia (CONACYT) Mexico.
Acknowledgments: We thank Yu-Lin Chen and Robert Hider for their assistance with histidine chemistry.
Conflicts of Interest: The authors declare no conflict of interest.

Pharmaceuticals 2018, 11, 111

10 of 15

References
1.
2.

3.
4.

5.
6.
7.

8.

9.

10.
11.
12.
13.

14.
15.

16.

17.
18.
19.

20.

Stauffer, M.E.; Fan, T. Prevalence of anemia in chronic kidney disease in the united states. PLoS ONE 2014, 9,
e84943. [CrossRef] [PubMed]
Macdougall, I.C.; Bircher, A.J.; Eckardt, K.-U.; Obrador, G.T.; Pollock, C.A.; Stenvinkel, P.; Swinkels, D.W.;
Wanner, C.; Weiss, G.; Chertow, G.M. Iron management in chronic kidney disease: Conclusions from a
“kidney disease: Improving global outcomes” (KDIGO) controversies conference. Kidney Int. 2016, 89, 28–39.
[CrossRef] [PubMed]
National Health System. Diabetes with Kidney Disease: Key Facts; Diabetes Kindey Care, Ed.; National Health
System England: London, UK, 2011.
McClellan, W.; Aronoff, S.L.; Bolton, W.K.; Hood, S.; Lorber, D.L.; Tang, K.L.; Tse, T.F.; Wasserman, B.;
Leiserowitz, M. The prevalence of anemia in patients with chronic kidney disease. Curr. Med. Res. Opin.
2004, 20, 1501–1510. [CrossRef] [PubMed]
Khan, S.S.; Kazmi, W.H.; Abichandani, R.; Tighiouart, H.; Pereira, B.J.G.; Kausz, A.T. Health care utilization
among patients with chronic kidney disease. Kidney Int. 2002, 62, 229–236. [CrossRef] [PubMed]
Jing, Z.; Wei-jie, Y.; Nan, Z.; Yi, Z.; Ling, W. Hemoglobin targets for chronic kidney disease patients with
anemia: A systematic review and meta-analysis. PLoS ONE 2012, 7, e43655. [CrossRef] [PubMed]
Levin, A.; Singer, J.; Thompson, C.R.; Ross, H.; Lewis, M. Prevalent left ventricular hypertrophy in the
predialysis population: Identifying opportunities for intervention. Am. J. Kidney Dis. 1996, 27, 347–354.
[CrossRef]
Locatelli, F.; Pisoni, R.L.; Combe, C.; Bommer, J.; Andreucci, V.E.; Piera, L.; Greenwood, R.;
Feldman, H.I.; Port, F.K.; Held, P.J. Anaemia in haemodialysis patients of five european countries:
Association with morbidity and mortality in the dialysis outcomes and practice patterns study (DOPPS).
Nephrol. Dial. Transplant. 2004, 19, 121–132. [CrossRef] [PubMed]
Hansen, R.A.; Chin, H.; Blalock, S.; Joy, M.S. Predialysis chronic kidney disease: Evaluation of quality of life
in clinic patients receiving comprehensive anemia care. Res. Soc. Adm. Pharm. 2009, 5, 143–153. [CrossRef]
[PubMed]
Ueda, N.; Takasawa, K. Impact of inflammation on ferritin, hepcidin and the management of iron deficiency
anemia in chronic kidney disease. Nutrients 2018, 10, 1173. [CrossRef] [PubMed]
Macdougall, I.C. Anaemia of chronic kidney disease. Medicine 2007, 35, 457–460. [CrossRef]
Babitt, J.L.; Lin, H.Y. Mechanisms of anemia in CKD. J. Am. Soc. Nephrol. 2012, 23, 1631–1634. [CrossRef]
[PubMed]
Locatelli, F.; Bárány, P.; Covic, A.; De Francisco, A.; Del Vecchio, L.; Goldsmith, D.; Hörl, W.; London, G.;
Vanholder, R.; Van Biesen, W.; et al. Kidney disease: Improving global outcomes guidelines on
anaemia management in chronic kidney disease: A european renal best practice position statement.
Nephrol. Dial. Transplant. 2013, 28, 1346–1359. [CrossRef] [PubMed]
Ofsthun, N.; Labrecque, J.; Lacson, E.; Keen, M.; Lazarus, J.M. The effects of higher hemoglobin levels on
mortality and hospitalization in hemodialysis patients. Kidney Int. 2003, 63, 1908–1914. [CrossRef] [PubMed]
Phrommintikul, A.; Haas, S.J.; Elsik, M.; Krum, H. Mortality and target haemoglobin concentrations in
anaemic patients with chronic kidney disease treated with erythropoietin: A meta-analysis. Lancet 2007, 369,
381–388. [CrossRef]
Abramson, J.L.; Jurkovitz, C.T.; Vaccarino, V.; Weintraub, W.S.; Mcclellan, W. Chronic kidney disease, anemia,
and incident stroke in a middle-aged, community-based population: The aric study. Kidney Int. 2003, 64,
610–615. [CrossRef] [PubMed]
Malik, J. Heart disease in chronic kidney disease – Review of the mechanisms and the role of dialysis access.
J. Vasc. Access 2018, 19, 3–11. [CrossRef] [PubMed]
Dull, R.B.; Davis, E. Heme iron polypeptide for the management of anaemia of chronic kidney disease.
J. Clin. Pharm. Ther. 2015, 40, 386–390. [CrossRef] [PubMed]
Wang, H.; Li, H.; Jiang, X.; Shi, W.; Shen, Z.; Li, M. Hepcidin is directly regulated by insulin and plays
an important role in iron overload in streptozotocin-induced diabetic rats. Diabetes 2014, 63, 1506–1518.
[CrossRef] [PubMed]
Weiss, G.; Goodnough, L.T. Anemia of chronic disease. N. Engl. J. Med. 2005, 352, 1011–1023. [CrossRef]
[PubMed]

Pharmaceuticals 2018, 11, 111

21.

22.
23.
24.

25.

26.
27.
28.
29.

30.

31.

32.
33.
34.

35.

36.

37.
38.

39.
40.
41.

11 of 15

De Francisco, A.L.M.; Stenvinkel, P.; Vaulont, S. Inflammation and its impact on anaemia in chronic kidney
disease: From haemoglobin variability to hyporesponsiveness. NDT Plus 2009, 2, i18–i26. [CrossRef]
[PubMed]
Silverstein, D.M. Inflammation in chronic kidney disease: Role in the progression of renal and cardiovascular
disease. Pediatr. Nephrol. 2009, 24, 1445–1452. [CrossRef] [PubMed]
Atkinson, M.A.; White, C.T. Hepcidin in anemia of chronic kidney disease: Review for the pediatric
nephrologist. Pediatr. Nephrol. 2012, 27, 33–40. [CrossRef] [PubMed]
Weinstein, D.A.; Roy, C.N.; Fleming, M.D.; Loda, M.F.; Wolfsdorf, J.I.; Andrews, N.C. Inappropriate
expression of hepcidin is associated with iron refractory anemia: Implications for the anemia of chronic
disease. Blood 2002, 100, 3776–3781. [CrossRef] [PubMed]
Nemeth, E.; Tuttle, M.S.; Powelson, J.; Vaughn, M.B.; Donovan, A.; McVey Ward, D.; Ganz, T.; Kaplan, J.
Hepcidin regulates cellular iron efflux by binding to ferroportin and inducing its internalization. Science
2004, 306, 2090–2093. [CrossRef] [PubMed]
Young, B.; Zaritsky, J. Hepcidin for clinicians. Clin. J. Am. Soc. Nephrol. 2009, 4, 1384–1387. [CrossRef]
[PubMed]
Goodnough, L.T.; Nemeth, E.; Ganz, T. Detection, evaluation, and management of iron-restricted
erythropoiesis. Blood 2010, 116, 4754–4761. [CrossRef] [PubMed]
Locatelli, F.; Fishbane, S.; Block, G.A.; Macdougall, I.C. Targeting hypoxia-inducible factors for the treatment
of anemia in chronic kidney disease patients. Am. J. Nephrol. 2017, 45, 187–199. [CrossRef] [PubMed]
Gummer, J.; Trengove, R.; Pascoe, E.M.; Badve, S.V.; Cass, A.; Clarke, P.; McDonald, S.P.; Morrish, A.T.;
Pedagogos, E.; Perkovic, V.; et al. Association between serum hepcidin-25 and primary resistance to
erythropoiesis-stimulating agents in chronic kidney disease: A secondary analysis of the hero trial. Nephrology
2017, 22, 548–554. [CrossRef] [PubMed]
Lacombe, C.; Da Silva, J.L.; Bruneval, P.; Fournier, J.G.; Wendling, F.; Casadevall, N.; Camilleri, J.P.; Bariety, J.;
Varet, B.; Tambourin, P. Peritubular cells are the site of erythropoietin synthesis in the murine hypoxic kidney.
J. Clin. Investig. 1988, 81, 620–623. [CrossRef] [PubMed]
Maxwell, P.H.; Osmond, M.K.; Pugh, C.W.; Heryet, A.; Nicholls, L.G.; Tan, C.C.; Doe, B.G.; Ferguson, D.J.P.;
Johnson, M.H.; Ratcliffe, P.J. Identification of the renal erythropoietin-producing cells using transgenic mice.
Kidney Int. 1993, 44, 1149–1162. [CrossRef] [PubMed]
Koury, M.J.; Haase, V.H. Anaemia in kidney disease: Harnessing hypoxia responses for therapy.
Nat. Rev. Nephrol. 2015, 11, 394–410. [CrossRef] [PubMed]
Kopple, J.D. The national kidney foundation k/doqi clinical practice guidelines for dietary protein intake for
chronic dialysis patients. Am. J. Kidney Dis. 2001, 38, S68–S73. [CrossRef] [PubMed]
Apsangikar, P.; Chaudhry, S.; Naik, M.; Deoghare, S.; Joseph, J. Comparative efficacy and safety of biosimilar
darbepoetin alfa in adults with anemia of chronic kidney disease. Indian J. Transplant. 2018, 12, 30–34.
[CrossRef]
Locatelli, F.; Covic, A.; Eckardt, K.-U.; Wiecek, A.; Vanholder, R. Anaemia management in patients with
chronic kidney disease: A position statement by the anaemiaworking group of european renal best practice
(ERBP). Nephrol Dial Transplant. 2009, 24, 348–354. [CrossRef] [PubMed]
National Clinical Guideline Centre. Anaemia Management in Chronic Kidney Disease: Partial Update 2015;
NICE Guideline, No. 8. Royal College of Physicians (UK); National Clinical Guideline Centre: London, UK,
2015.
Singh, A.K.; Szczech, L.; Tang, K.L.; Barnhart, H.; Sapp, S.; Wolfson, M.; Reddan, D. Correction of anemia
with epoetin alfa in chronic kidney disease. N. Engl. J. Med. 2006, 355, 2085–2098. [CrossRef] [PubMed]
Szczech, L.A.; Barnhart, H.X.; Inrig, J.K.; Reddan, D.N.; Sapp, S.; Califf, R.M.; Patel, U.D.; Singh, A.K.
Secondary analysis of the choir trial epoetin-alpha dose and achieved hemoglobin outcomes. Kidney Int.
2008, 74, 791–798. [CrossRef] [PubMed]
Singh, A.K. The controversy surrounding hemoglobin and erythropoiesis-stimulating agents: What should
we do now? Am. J. Kidney Dis. 2008, 52, S5–S13. [CrossRef] [PubMed]
Vaziri, N.D.; Zhou, X.J. Potential mechanisms of adverse outcomes in trials of anemia correction with
erythropoietin in chronic kidney disease. Nephrol. Dial. Transplant. 2009, 24, 1082–1088. [CrossRef] [PubMed]
Krapf, R.; Hulter, H.N. Arterial hypertension induced by erythropoietin and erythropoiesis-stimulating
agents (ESA). Clin. J. Am. Soc. Nephrol. 2009, 4, 470–480. [CrossRef] [PubMed]

Pharmaceuticals 2018, 11, 111

42.

43.

44.
45.
46.
47.

48.
49.
50.
51.
52.

53.
54.
55.
56.
57.

58.
59.
60.
61.
62.
63.

64.

12 of 15

Pfeffer, M.A.; Burdmann, E.A.; Chen, C.-Y.; Cooper, M.E.; de Zeeuw, D.; Eckardt, K.-U.; Feyzi, J.M.;
Ivanovich, P.; Kewalramani, R.; Levey, A.S.; et al. A trial of darbepoetin alfa in type 2 diabetes and
chronic kidney disease. N. Engl. J. Med. 2009, 361, 2019–2032. [CrossRef] [PubMed]
Coyne, D.W.; Kapoian, T.; Suki, W.; Singh, A.K.; Moran, J.E.; Dahl, N.V.; Rizkala, A.R. Ferric gluconate is
highly efficacious in anemic hemodialysis patients with high serum ferritin and low transferrin saturation:
Results of the dialysis patients’ response to iv iron with elevated ferritin (drive) study. J. Am. Soc. Nephrol.
2007, 18, 975–984. [CrossRef] [PubMed]
Kidney Disease Improving Global Outcomes (KDIGO). Chapter 2: Use of iron to treat anemia in CKD.
Kidney Int. Suppl. 2012, 2, 292–298. [CrossRef] [PubMed]
Ribeiro, S.; Belo, L.; Reis, F.; Santos-Silva, A. Iron therapy in chronic kidney disease: Recent changes, benefits
and risks. Blood Rev. 2016, 30, 65–72. [CrossRef] [PubMed]
Del Vecchio, L.; Longhi, S.; Locatelli, F. Safety concerns about intravenous iron therapy in patients with
chronic kidney disease. Clin. Kidney J. 2016, 9, 260–267. [CrossRef] [PubMed]
Bailie, G.R.; Larkina, M.; Goodkin, D.A.; Li, Y.; Pisoni, R.L.; Bieber, B.; Mason, N.; Tong, L.; Locatelli, F.;
Marshall, M.R.; et al. Data from the dialysis outcomes and practice patterns study validate an association
between high intravenous iron doses and mortality. Kidney Int 2015, 87, 162–168. [CrossRef] [PubMed]
Slotki, I.; Cabantchik, Z.I. The labile side of iron supplementation in CKD. J. Am. Soc. Nephrol. 2015, 26,
2612–2619. [CrossRef] [PubMed]
Macdougall, I.C.; Geisser, P. Use of intravenous iron supplementation in chronic kidney disease. An update.
Iran. J. Kidney Dis. 2013, 7, 9–22. [PubMed]
Shah, S.V.; Rajapurkar, M.M.; Baliga, R. The role of catalytic iron in acute kidney injury. Clin. J. Am.
Soc. Nephrol. 2011, 6, 2329–2331. [CrossRef] [PubMed]
Elliott, S.; Sinclair, A.; Collins, H.; Rice, L.; Jelkmann, W. Progress in detecting cell-surface protein receptors:
The erythropoietin receptor example. Ann. Hematol. 2014, 93, 181–192. [CrossRef] [PubMed]
Connor, J.R.; Zhang, X.; Nixon, A.M.; Webb, B.; Perno, J.R. Comparative evaluation of nephrotoxicity
and management by macrophages of intravenous pharmaceutical iron formulations. PLoS ONE 2015, 10,
e0125272. [CrossRef] [PubMed]
Geisser, P.; Burckhardt, S. The pharmacokinetics and pharmacodynamics of iron preparations. Pharmaceutics
2011, 3, 12. [CrossRef] [PubMed]
Kalra, P.A.; Bhandari, S. Efficacy and safety of iron isomaltoside (monofer(®)) in the management of patients
with iron deficiency anemia. Int. J. Nephrol. Renov. Dis. 2016, 9, 53–64. [CrossRef] [PubMed]
Gupta, A.; Pratt, R.D.; Crumbliss, A.L. Ferrous iron content of intravenous iron formulations. BioMetals 2016,
29, 411–415. [CrossRef] [PubMed]
Locatelli, F.; Mazzaferro, S.; Yee, J. Iron therapy challenges for the treatment of nondialysis ckd patients.
Clin. J. Am. Soc. Nephrol. 2016, 11, 1269–1280. [CrossRef] [PubMed]
Wish, J.B.; Aronoff, G.R.; Bacon, B.R.; Brugnara, C.; Eckardt, K.U.; Ganz, T.; Macdougall, I.C.; Núñez, J.;
Perahia, A.J.; Wood, J.C. Positive iron balance in chronic kidney disease: How much is too much and how to
tell? Am. J. Nephrol. 2018, 47, 72–83. [CrossRef] [PubMed]
Macdougall, I.C. Intravenous iron therapy in patients with chronic kidney disease: Recent evidence and
future directions. Clin. Kidney J. 2017, 10, i16–i24. [CrossRef] [PubMed]
Kruszewski, M. Labile iron pool: The main determinant of cellular response to oxidative stress. Mutat. Res.
Fundam. Mol. Mech. Mutagen. 2003, 531, 81–92. [CrossRef]
Meneghini, R. Iron homeostasis, oxidative stress, and DNA damage. Free Radic. Biol. Med. 1997, 23, 783–792.
[CrossRef]
Small, D.M.; Coombes, J.S.; Bennett, N.; Johnson, D.W.; Gobe, G.C. Oxidative stress, anti-oxidant therapies
and chronic kidney disease. Nephrology 2012, 17, 311–321. [CrossRef] [PubMed]
Lim, P.-S.; Wei, Y.-H.; Yu, Y.L.; Kho, B. Enhanced oxidative stress in haemodialysis patients receiving
intravenous iron therapy. Nephrol. Dial. Transplant. 1999, 14, 2680–2687. [CrossRef] [PubMed]
Drueke, T.; Witko-Sarsat, V.; Massy, Z.; Descamps-Latscha, B.; Guerin, A.P.; Marchais, S.J.; Gausson, V.;
London, G.M. Iron therapy, advanced oxidation protein products, and carotid artery intima-media thickness
in end-stage renal disease. Circulation 2002, 106, 2212–2217. [CrossRef] [PubMed]
Malik, A.N.; Shahni, R.; Iqbal, M.M. Increased peripheral blood mitochondrial DNA in type 2 diabetic
patients with nephropathy. Diabetes Res. Clin. Pract. 2009, 86, e22–e24. [CrossRef] [PubMed]

Pharmaceuticals 2018, 11, 111

65.
66.
67.

68.

69.
70.
71.

72.
73.
74.
75.
76.
77.

78.
79.
80.

81.

82.
83.
84.

85.
86.

13 of 15

Malik, A.N.; Czajka, A. Is mitochondrial DNA content a potential biomarker of mitochondrial dysfunction?
Mitochondrion 2013, 13, 481–492. [CrossRef] [PubMed]
Granata, S.; Dalla Gassa, A.; Tomei, P.; Lupo, A.; Zaza, G. Mitochondria: A new therapeutic target in chronic
kidney disease. Nutr. Metab. 2015, 12, 49. [CrossRef] [PubMed]
Kuo, K.-L.; Hung, S.-C.; Lin, Y.-P.; Tang, C.-F.; Lee, T.-S.; Lin, C.-P.; Tarng, D.-C. Intravenous ferric chloride
hexahydrate supplementation induced endothelial dysfunction and increased cardiovascular risk among
hemodialysis patients. PLoS ONE 2012, 7, e50295. [CrossRef] [PubMed]
Kuo, K.-L.; Hung, S.-C.; Lee, T.-S.; Tarng, D.-C. Iron sucrose accelerates early atherogenesis by increasing
superoxide production and upregulating adhesion molecules in ckd. J. Am. Soc. Nephrol. 2014, 25, 2596–2606.
[CrossRef] [PubMed]
Neven, E.; De Schutter, T.M.; Behets, G.J.; Gupta, A.; D’Haese, P.C. Iron and vascular calcification. Is there a
link? Nephrol. Dial. Transplant. 2011, 26, 1137–1145. [CrossRef] [PubMed]
Nakanishi, T.; Kuragano, T.; Nanami, M.; Nagasawa, Y.; Hasuike, Y. Misdistribution of iron and oxidative
stress in chronic kidney disease. Free Radic. Biol. Med. 2018, in press. [CrossRef] [PubMed]
Kawada, S.; Nagasawa, Y.; Kawabe, M.; Ohyama, H.; Kida, A.; Kato-Kogoe, N.; Nanami, M.; Hasuike, Y.;
Kuragano, T.; Kishimoto, H.; et al. Iron-induced calcification in human aortic vascular smooth muscle cells
through interleukin-24 (il-24), with/without tnf-alpha. Sci. Rep. 2018, 8, 658. [CrossRef] [PubMed]
Eschbach, J.W.; Adamson, J.W. Iron overload in renal failure patients: Changes since the introduction of
erythropoietin therapy. Kidney Int. 1999, 55, s-35–S-43. [CrossRef]
Malik, I.A.; Wilting, J.; Ramadori, G.; Naz, N. Reabsorption of iron into acutely damaged rat liver: A role for
ferritins. World J. Gastroenterol. 2017, 23, 7347–7358. [CrossRef] [PubMed]
Ghosh, S.; Hevi, S.; Chuck, S.L. Regulated secretion of glycosylated human ferritin from hepatocytes. Blood
2004, 103, 2369–2376. [CrossRef] [PubMed]
Tran, T.N.; Eubanks, S.K.; Schaffer, K.J.; Zhou, C.Y.J.; Linder, M.C. Secretion of ferritin by rat hepatoma cells
and its regulation by inflammatory cytokines and iron. Blood 1997, 90, 4979–4986. [PubMed]
Giachelli, C.M. Vascular calcification: In vitro evidence for the role of inorganic phosphate. J. Am. Soc. Nephrol.
2003, 14, S300–S304. [CrossRef] [PubMed]
Zarjou, A.; Jeney, V.; Arosio, P.; Poli, M.; Antal-Szalmás, P.; Agarwal, A.; Balla, G.; Balla, J. Ferritin prevents
calcification and osteoblastic differentiation of vascular smooth muscle cells. J. Am. Soc. Nephrol. 2009, 20,
1254–1263. [CrossRef] [PubMed]
Zarjou, A.; Jeney, V.; Arosio, P.; Poli, M.; Zavaczki, E.; Balla, G.; Balla, J. Ferritin ferroxidase activity: A potent
inhibitor of osteogenesis. J. Bone Miner. Res. 2010, 25, 164–172. [CrossRef] [PubMed]
Arosio, P.; Levi, S. Ferritin, iron homeostasis, and oxidative damage. Free Radic. Biol. Med. 2002, 33, 457–463.
[CrossRef]
Broyles, R.H.; Belegu, V.; DeWitt, C.R.; Shah, S.N.; Stewart, C.A.; Pye, Q.N.; Floyd, R.A. Specific repression of
β-globin promoter activity by nuclear ferritin. Proc. Natl. Acad. Sci. USA 2001, 98, 9145–9150. [CrossRef]
[PubMed]
Watanabe, M.; Suliman, M.E.; Qureshi, A.R.; Garcia-Lopez, E.; Bárány, P.; Heimbürger, O.; Stenvinkel, P.;
Lindholm, B. Consequences of low plasma histidine in chronic kidney disease patients: Associations with
inflammation, oxidative stress, and mortality. Am. J. Clin. Nutr. 2008, 87, 1860–1866. [CrossRef] [PubMed]
Kopple, J.D.; Swendseid, M.E. Evidence that histidine is an essential amino-acid in normal and chronically
uremic man. J. Clin. Investig. 1975, 55, 881–891. [CrossRef] [PubMed]
Jontofsohn, R.; Trivisas, G.; Katz, N.; Kiuthe, I. Amino acid content of erythrocytes in uremia. Am. J.
Clin. Nutr. 1978, 31, 1956–1960. [CrossRef] [PubMed]
Bergström, J.; Furst, P.; Josephson, B.; Norée, L.-O. Improvement of nitrogen balance in a uremic patient by
the addition of histidine to essential amino acid solutions given intravenously. Life Sci. 1970, 9, 787–794.
[CrossRef]
Blumenkrantz, M.J.; Shapiro, D.J.; Swendseid, M.E.; Kopple, J.D. Histidine supplementation for treatment of
anaemia of uraemia. Br. Med. J. 1975, 2, 530–533. [CrossRef] [PubMed]
Jontofsohn, R.; Heinze, V.; Katz, N.; Stuber, U.; Wilke, H.; Kluthe, R. Histidine and iron supplementation in
dialysis and pre-dialysis patient. Proc. Eur. Dial. Transpl. Assoc. 1974, 11, 391–397.

Pharmaceuticals 2018, 11, 111

87.

88.
89.
90.
91.

92.
93.

94.
95.
96.
97.
98.
99.

100.
101.

102.
103.

104.

105.

106.
107.
108.

14 of 15

Kaplan, P.; Matejovicova, M.; Herijgers, P.; Flameng, W. Effect of free radical scavengers on myocardial
function and Na+ , K+ -atpase activity in stunned rabbit myocardium. Scand. Cardiovasc. J. 2005, 39, 213–219.
[CrossRef] [PubMed]
Halliwell, B. How to characterize a biological antioxidant. Free Radic. Res. Commun. 1990, 9, 1–32. [CrossRef]
[PubMed]
Wade, A.M.; Tucker, H.N. Antioxidant characteristics of L-histidine. J. Nutr. Biochem. 1998, 9, 308–315.
[CrossRef]
Pisarenko, O.I. Mechanisms of myocardial protection by amino acids: Facts and hypotheses. Clin. Exp.
Pharmacol. Physiol. 1996, 23, 627–633. [CrossRef] [PubMed]
Lim, J.Y.; Kim, N.A.; Lim, D.G.; Kim, K.H.; Hada, S.; Jeong, S.H. Evaluation of etanercept degradation under
oxidative stress and potential protective effects of various amino acids. Int. J. Pharm. 2015, 492, 127–136.
[CrossRef] [PubMed]
Son, D.O.; Satsu, H.; Shimizu, M. Histidine inhibits oxidative stress- and tnf-a-induced interleukin-8 secretion
in intestinal epithelial cells. FEBS lett. 2005, 579, 4671–4677. [CrossRef] [PubMed]
Erickson, M.C.; Hultin, H.O. A unique role of histidine in fe-catalyzed lipid oxidation by fish sarcoplasmic
reticulum. In Oxygen Radicals in Biology and Medicine; Simic, M.G., Taylor, K.A., Ward, J.F., Sonntag, C., Eds.;
Springer: Boston, MA, USA, 1988; pp. 307–312.
Erickson, M.C.; Hultin, H.O. Influence of histidine on lipid peroxidation in sarcoplasmic reticulum.
Arch. Biochem. Biophys. 1992, 292, 427–432. [CrossRef]
Filho, J.C.D.; Bergström, J.; Stehle, P.; Fürst, P. Simultaneous measurements of free amino acid patternsof
plasma, muscle and erythrocytes in healthy human subjects. Clin. Nutr. 1997, 16, 299–305. [CrossRef]
Hobart, L.J.; Seibel, I.; Yeargans, G.S.; Seidler, N.W. Anti-crosslinking properties of carnosine: Significance of
histidine. Life Sci. 2004, 75, 1379–1389. [CrossRef] [PubMed]
Rama Rao, K.V.; Reddy, P.V.B.; Tong, X.; Norenberg, M.D. Brain edema in acute liver failure: Inhibition by
L-histidine. Am. J. Pathol. 2010, 176, 1400–1408. [CrossRef] [PubMed]
Baldbige, K.C. Effects of thiamine and biboflavin deficiency on histidine metabolism. J. Nutr. 1958, 66, 29–34.
Ruszkiewicz, J.; Albrecht, J. Changes of the thioredoxin system, glutathione peroxidase activity and total
antioxidant capacity in rat brain cortex during acute liver failure: Modulation by L-histidine. Neurochem. Res.
2015, 40, 293–300. [CrossRef] [PubMed]
Liu, W.-H.; Liu, T.-C.; Yin, M.-C. Beneficial effects of histidine and carnosine on ethanol-induced chronic
liver injury. Food Chem. Toxicol. 2008, 46, 1503–1509. [CrossRef] [PubMed]
Liu, F.; Lu, W.; Fang, Y.; Liu, J. Evolution of oxidation dynamics of histidine: Nonreactivity in the gas
phase, peroxides in hydrated clusters, and ph dependence in solution. Phys. Chem. Chem. Phys. 2014, 16,
22179–22191. [CrossRef] [PubMed]
Wu, H.-C.; Shiau, C.-Y.; Chen, H.-M.; Chiou, T.-K. Antioxidant activities of carnosine, anserine, some
freeamino acids and their combination. J. Food Drug Anal. 2003, 11, 148–153.
Milewski, K.; Hilgier, W.; Albrecht, J.; Zielinska, M. The dimethylarginine (adma)/nitric oxide pathway in
the brain and periphery of rats with thioacetamide-induced acute liver failure: Modulation by histidine.
Neurochem. Int. 2015, 88, 26–31. [CrossRef] [PubMed]
Babizhayev, M.A.; Seguin, M.-C.; Gueynej, J.; Evstigneeva, R.P.; Ageyeva, J.E.A.; Zheltukhina, G.A.
L-carnosine (beta-alanyl-L-histidine) and carcinine (beta-alanylhistamine) act as natural antioxidants with
hydroxyl-radical-scavenging and lipid-peroxidase activities. Biochem. J. 1994, 304, 509–516. [CrossRef]
[PubMed]
Lee, J.W.; Miyawaki, H.; Bobst, E.V.; Hester, J.D.; Ashraf, M.; Bobst, A.M. Improved functional recovery of
ischemic rat hearts due to singlet oxygen scavengers histidine and carnosine. J. Mol. Cell Cardiol. 1999, 31,
113–121. [CrossRef] [PubMed]
Vera-Aviles, M.; Latunde-Dada, G.O. Protective effect of histidine against iron-induced toxicity in hek-293
cells. Proc. Nutr. Soc. 2017, 76, E188. [CrossRef]
Tyfield, L.A.; Holton, J.B. The effect of high concentrations of histidine on the level of other amino acids in
plasma and brain of the mature rat. J. Neurochem. 1976, 26, 101–105. [PubMed]
Kim, N.H.; Kang, J.H. Protective effects of histidine dipeptides on the modification of neurofilament-l by the
cytochrome c/hydrogen peroxide system. J. Biochem. Mol. Biol. 2007, 40, 125–129. [CrossRef] [PubMed]

Pharmaceuticals 2018, 11, 111

15 of 15

109. Tabor, H. Metabolic studies on histidine, histamine, and related imidazoles. Pharmacol. Rev. 1954, 6, 299–343.
[PubMed]
110. Sundberg, R.J.; Martin, R.B. Interactions of histidine and other imidazole derivatives with transition metal
ions in chemical and biological systems. Chem. Rev. 1973, 74, 471–516. [CrossRef]
111. Meyer, J.L.; Bauman, J.; John, E. Copper (II) -histidine complexes. J. Am. Chem. Soc. 1970, 92, 4210–4216.
[CrossRef] [PubMed]
112. Leberman, R.; Rabin, B.R. Metal complexes of histidine. Trans. Faraday Soc. 1959, 55, 1660–1670. [CrossRef]
113. Williams, D.R. Thermodynamic considerations in co-ordination. Part VII. Solubility of the histidine-H+
system and stability constants, free energies, enthalpies, and entropies of protonation of histidine and
tryptophan and of formation of their manganese(II), iron(II), cobalt(II), nickel(II), copper(II), and zinc(II)
complexes. J. Chem. Soc. A 1970, 1550–1555.
114. Zs.-Nagy, I.; Floyd, R.A. Hydroxyl free radical reactions with amino acids and proteins studied by electron
spin resonance spectroscopy and spin-trapping. Biochim. Biophys. Acta 1984, 790, 238–250. [CrossRef]
115. Nair, N.G.; Perry, G.; Smithc, M.A.; Reddya, V.P. Nmr studies of zinc, copper, and iron binding to histidine,
the principal metal ion complexing site of amyloid-β peptide. J. Alzheimer’s Dis. 2010, 20, 57–66. [CrossRef]
[PubMed]
116. Tachon, P. DNA single strand breakage by H2 O2 and ferric or cupric ions: Its modulation by histidine.
Free Radic. Res. Commun. 1990, 9, 39–47. [CrossRef] [PubMed]
117. Torres-Fuentes, C.; Alaiz, M.; Vioque, J. Iron-chelating activity of chickpea protein hydrolysate peptides.
Food Chem. 2012, 134, 1585–1588. [CrossRef] [PubMed]
118. Sandstrom, B.; Davidsson, L.; Cederblad, A.; Lonnerdal, B. Oral iron, dietary ligands and zinc absorption.
J. Nutr. 1985, 115, 411–414. [CrossRef] [PubMed]
119. Van Campen, D.; Gross, E. Effect of histidine and certain other amino acids on the absorption of iron-59 by
rats. J. Nutr. 1969, 99, 68–74. [CrossRef] [PubMed]
120. Fairbanks, V.F.; Beutler, E. Iron metabolism. In Hematology; Beutler, E., Ed.; McGraw-Hill: New York, NY,
USA, 1995; pp. 369–380.
121. Layrisse, M.; Martinez-Torres, C.; Leets, I.; Taylor, P.; Ramirez, J. Effect of histidine, cysteine, glutathione or
beef on iron absorption in humans. J. Nutr. 1984, 114, 217–223. [CrossRef] [PubMed]
122. Van Campen, D. Effect of histidine and ascorbic acid on the absorption and retention of 59 Fe by iron-depleted
rats. J. Nutr. 1972, 102, 165–170. [CrossRef] [PubMed]
123. Iyengar, V.; Pullakhandam, R.; Nair, K.M. Dietary ligands as determinants of iron–zinc interactions at the
absorptive enterocyte. J. Food Sci. 2010, 75, H260–H264. [CrossRef] [PubMed]
124. Glahn, R.P.; Van Campen, D.R. Iron uptake is enhanced in caco-2 cell monolayers by cysteine and reduced
cysteinyl glycine. J. Nutr. 1997, 127, 642–647. [CrossRef] [PubMed]
125. Swain, J.H.; Tabatabai, L.B.; Reddy, M.B. Histidine content of low-molecular-weight beef proteins influences
nonheme iron bioavailability in Caco-2 cells. Nutr Interact. Toxic. 2002, 245–251. [CrossRef] [PubMed]
126. Storcksdieck, S.; Bonsmann, G.; Hurrell, R.F. Iron-binding properties, amino acid composition, and structure
of muscle tissue peptides from in vitro digestion of different meat sources. J. Food Sci. 2007, 72, S019–S029.
[CrossRef] [PubMed]
127. Lee, Y.T.; Hsu, C.C.; Lin, M.H.; Liu, K.S.; Yin, M.C. Histidine and carnosine delay diabetic deterioration in
mice and protect human low density lipoprotein against oxidation and glycation. Eur. J. Pharmacol. 2005,
513, 145–150. [CrossRef] [PubMed]
128. Liakopoulos, V.; Roumeliotis, S.; Gorny, X.; Dounousi, E.; Mertens, P.R. Oxidative stress in hemodialysis
patients: A review of the literature. Oxid. Med. Cell. Longev. 2017, 2017, 22. [CrossRef] [PubMed]
129. Baylis, C. Arginine, arginine analogs and nitric oxide production in chronic kidney disease. Nat. Clin.
Pract. Nephrol. 2006, 2, 209. [CrossRef] [PubMed]
130. Coombes, J.S.; Fassett, R.G. Antioxidant therapy in hemodialysis patients: A systematic review. Kidney Int.
2012, 81, 233–246. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

