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Cancer-related anemia (CRA) is a common sign occurring in more than 30% of cancer
patients at diagnosis before the initiation of antineoplastic therapy. CRA has a relevant
influence on survival, disease progression, treatment efficacy, and the patients’ quality
of life. It is more often detected in patients with advanced stage disease, where
it represents a specific symptom of the neoplastic disease, as a consequence of
chronic inflammation. In fact, CRA is characterized by biological and hematologic
features that resemble those described in anemia associated to chronic inflammatory
disease. Proinflammatory cytokine, mainly IL-6, which are released by both tumor and
immune cells, play a pivotal action in CRA etiopathogenesis: they promote alterations in
erythroid progenitor proliferation, erythropoietin (EPO) production, survival of circulating
erythrocytes, iron balance, redox status, and energy metabolism, all of which can lead
to anemia. The discovery of hepcidin allowed a greater knowledge of the relationships
between immune cells, iron metabolism, and anemia in chronic inflammatory diseases.
Additionally, chronic inflammation influences a compromised nutritional status, which
in turn might induce or contribute to CRA. In the present review we examine the
multifactorial pathogenesis of CRA discussing the main and novel mechanisms by
which immune, nutritional, and metabolic components affect its onset and severity.
Moreover, we analyze the status of the art and the perspective for the treatment of
CRA. Notably, despite the high incidence and clinical relevance of CRA, controlled
clinical studies testing the most appropriate treatment for CRA are scarce, and its
management in clinical practice remains challenging. The present review may be useful
to indicate the development of an effective approach based on a detailed assessment
of all factors potentially involved in the pathogenesis of CRA. This mechanism-based
approach is essential for clinicians to plan a safe, targeted, and successful therapy,
thereby promoting a relevant amelioration of patients’ quality of life.

Keywords: cancer-related anemia, erythropoiesis, iron, inflammation, hepcidin, interleukin-6, leptin,
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INTRODUCTION

Anemia is a clinical status distinguished by a decreased
erythrocyte mass with subsequent low hemoglobin (Hb) and
hematocrit counts. The World Health Organization (WHO) and
National Cancer Institute (NCI) have devised a scale to define
anemia grade based on Hb values. As stated by WHO (accessed
September/05/2017)1, normal Hb values are≥12 g/dL in women,
and ≥13 g/dL in men. The NCI grading of anemia is defined as
follows: “mild (Grade 1), Hb from 10 g/dL to the lower normal
limit; moderate (Grade 2), Hb 8.0–9.9 g/dL; severe (Grade 3), Hb
<8 g/dL to 6.5 g/dl; life-threatening (Grade 4), Hb <6.5 g/dL”2.

Cancer-related anemia (CRA) is a sign that may accompany
the evolution of cancer disease and is more commonly
diagnosed in patients at advanced disease stages. It can
occur independently from concurrent antineoplastic regimen,
typically as a consequence of chronic inflammation associated
to cancer disease. In fact, CRA biological and hematologic
features resemble those described in anemia associated to
chronic inflammatory disease. At this regard it should be
specified that cancer patients with anemia should be sorted
into two main categories: those with normal Hb values before
starting medical treatment (often patients with limited, locally
advanced resectable disease and candidate to undergo adjuvant
cancer therapy) for whom anemia must be interpreted as
a specific treatment-related toxicity (chemotherapy-induced
anemia); and those with diagnosis of anemia preceding
antineoplastic treatment (often receiving chemotherapy for
advanced cancers). For the latter group, anemia is a mostly
a result of the chronic inflammatory status existing in
advanced neoplastic patients; this is the real CRA. This
concept is fundamental to better understand the incidence and
pathogenesis, and, therefore, the most appropriate treatment
strategy for patients with CRA.

Cancer-related anemia is most often normochromic
(MCH≥27 pg), normocytic (MCV between 80–100 fl) (Spivak,
2005; Adamson, 2008). Usually it is a hypoproliferative anemia
with a reticulocyte count below normal (<25,000/microL) and
a low value of reticulocyte index (normal range between 1 and
2), which is a more accurate measure of the reticulocyte count
corrected against the severity of anemia on the basis of hematocrit
(Rodgers et al., 2017). Additional features include normal/low
serum iron concentrations (normal range 55–160 µg/dl for men
and 40–155 µg/dl for women) and reduced total iron binding
capacity (transferrin saturation <50%) (Rodgers et al., 2017),
whilst ferritin values may be normal (30–500 ng/ml) or more
often increased (≥500 ng/mL), with increased iron storage
(Adamson, 2008). Hence, a defect in iron handling instead of
a lack of iron, termed “functional iron deficiency,” has been
hypothesized to underlie CRA. However, a low ratio of soluble
transferrin receptor to ferritin could help distinguish CRA from
iron deficiency-related anemia (Wish, 2006). Additionally, bone
marrow erythroid hypoplasia is a feature of CRA and circulating
erythropoietin (EPO) levels, the main erythrocyte growth factor,

1http://www.who.int/vmnis/indicators/haemoglobin.pdf
2https://evs.nci.nih.gov/ftp1/CTCAE/About.html

are inappropriately low in relation to the degree of anemia and
intact renal function (Adamson, 2008).

The anemia prevalence rate in patients with cancer is
remarkably high. Although anemia is commonly viewed as a
toxicity related to antineoplastic chemotherapy, >30% of patients
present with CRA at diagnosis before starting any antineoplastic
treatments, rising to ∼67% once treatment is initiated (Ludwig
et al., 2004; Birgegård et al., 2005). The prevalence of CRA is
influenced by stage of disease (Caro et al., 2001; Knight et al.,
2004; Birgegård et al., 2005): indeed, when we consider only
patients with advanced cancer, CRA has been observed in a high
percentage of men (77%) and women (68%) not undergoing
chemotherapy (Dunn et al., 2003). Also advancing age may
contribute to a higher incidence of anemia in cancer patients
at diagnosis (Schwartz, 2007). Moreover, CRA prevalence differs
among cancer types, with the highest percentage of anemic
patients reported in lung cancer, gynecologic or genitourinary,
and gastrointestinal tumors (Knight et al., 2004; Birgegård
et al., 2005; Schwartz, 2007). At this regard a large, prospective,
observational study carried out by our group in 888 neoplastic
patients, at diagnosis before the implementation of any cancer
treatments (Macciò et al., 2015c) showed that 63% of the
patients had CRA, whose incidence increased with advanced
cancer staging and decreased performance status (PS). We
found that lung and ovarian cancer patients had the highest
incidence (73.5 and 67.9%, respectively) and severity of CRA.
Moreover, in our study Hb inversely correlated with the levels of
inflammatory markers, hepcidin, ferritin, EPO, reactive oxygen
species (ROS), and the modified Glasgow Prognostic Score
(GPS). By contrast, Hb concentration was directly correlated
with the levels of leptin, albumin, cholesterol, and antioxidant
enzymes. These findings support the conclusion that CRA was
a multifactorial inflammation-driven problem, with severity
dependent on various components including the nutritional,
energy metabolism, iron, and oxidative statuses.

CLINICAL RELEVANCE OF CRA

Cancer-related anemia has a significant clinical impact in cancer
patients: it is related with an important decline in PS and
quality of life (QL), with progressive worsening of cognitive
function and energy-activity levels (Cella, 1998; Crawford et al.,
2002). Patients with CRA (Hb range, 8–10 g/dL) exhibit fatigue,
lethargy, dyspnea, anorexia, and have difficulty concentrating,
which can compromise their overall functional status and
significantly reduce adherence to anticancer regimens (Ludwig
and Strasser, 2001). In particularly, CRA-related fatigue may
negatively influence patient QL and as a consequence the patient
tolerance and motivation to sustain the antineoplastic regimen,
thus not allowing patients to receive full and timely doses and
potentially impairing the therapeutic response (Blackwell et al.,
2004).

Moreover, CRA at diagnosis is a negative prognosticator
for disease progression, survival (Obermair et al., 1998; Shin
et al., 2014; Zhang et al., 2014; An et al., 2015) and overall
death risk (Caro et al., 2001). CRA is also an established
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negative prognosticator for survival in early stage lung, breast,
colorectal, and gynecological cancer patients candidate to surgery
(Chamogeorgakis et al., 2008; Zhang et al., 2014; Cybulska
et al., 2017). Additionally, CRA is associated with the decreasing
efficacy of chemotherapy, radiotherapy, and chemoradiotherapy
regimens, with a subsequent detrimental effect on patient
prognosis (Thomas, 2001; Knight et al., 2004; Fuso et al., 2005;
Gaspar et al., 2015; Zhu and Xu, 2015; Zhang et al., 2017). The
relationship between CRA and reduced efficacy of chemo- and
radiotherapy could be also a result of the increased aggressiveness
of advanced neoplasia and the associated inflammation, which
is known to affect prognosis and cause CRA (McMillan, 2009).
However, experimental and clinical studies have shown that low
oxygen (O2) levels (hypoxia) had a specific negative effect on
the efficacy of antineoplastic treatment (Harrison and Blackwell,
2004; Cosse and Michiels, 2008; Wu et al., 2015; Xia et al.,
2018). Cancer-related anemia could worsen tumor hypoxia,
which in turn favors disease progression and metastases, and
reduces tumor sensitivity to antiblastic treatments via various
mechanisms including tissue acidosis, production of ROS,
immunodepression, and alterations in tumor cells apoptosis
(Höckel and Vaupel, 2001; Shasha, 2001).

Despite the prevalence of CRA and its significant clinical
impact, its role at presently has been underestimated to such an
extent that the indication for erythropoiesis stimulating agents
(ESAs) remains limited to chemotherapy-related anemia (Rizzo
et al., 2010; Rodgers et al., 2017). Therefore, specific targeted
treatments for CRA have not yet been approved.

Anemia-Related Symptoms
A major negative effect of anemia is the reduced capacity
of erythrocytes to transport O2 around the body; therefore,
affecting the metabolic activities and functional specificities of
organ systems. Changes in cellular metabolism underlie the
signs of anemia leading to compromised patient psychophysical
well-being. Anemia symptoms characterize the compensatory
mechanisms employed by the cardiovascular system and
those subsequent to the decrease in Hb levels and reduced
tissue oxygenation (Hare, 2014). O2 transport to the tissues
is dependent on the following factors: erythrocyte Hb
concentrations, overall blood Hb levels, O2 saturation of
Hb, Hb-O2 dissociation curves, and tissue O2 tension. Changes
in these parameters lead to compensatory mechanisms that not
only induce the readjustment of the Hb-O2 dissociation curve but
also involve the cardiovascular and renal systems (Woodson and
Auerbach, 1982). The most important compensatory mechanism
that attempts to balance the decreased capability of blood to
transport O2 is initiated by the cardiovascular system to reduce
peripheral vascular resistences and augment stroke volume
thereby increasing heart output (Hare, 2014). On the other hand,
the kidney reacts to hypoxia by increasing the production of EPO,
a major regulator of erythropoiesis (Tsui et al., 2014). However, as
mentioned earlier, based on the Hb levels, EPO levels are below
the normal value in patients with cancer (Sanz Ortiz, 2008).
Tissue hypoxia, causes cessation of glucose metabolism at the
lactate level, preventing the conversion of lactate into pyruvate.
Furthermore, lactate accumulation exerts a potent vasodilatory

action that is strengthened by other vasoactive substances
(e.g., bradykinin, adenosine, prostaglandin, nitric oxide, etc.),
which are released from hypoxic tissues (Reglin et al., 2009).
Consequently, the reduced efficacy of the vascular tone control
systems increases blood flow to the periphery. Palpitations
and sinus tachycardia are signs associated with an augmented
cardiac output, whereas paleness, postural hypotension, and
vertigo are correlated with the decrease in erythrocyte mass
and lower vascular resistance in the peripheral circulation.
Dyspnea, headache, sleep disorders, lethargy, depression,
transitory cerebral ischemia, angina pectoris, limited functional
capacity, and fatigue are caused by the lack of O2 availability in
various organs and tissues. Anemia-related late signs include rest
dyspnea, orthopnea, head vein distension, hepatomegaly, and
edemas throughout the body (Pronzato, 2006).

Notably, in CRA, fatigue, weakness, and reduced physical and
cognitive capacity are the most common symptoms, subsequent
to the metabolic and psychological disturbances induced by tissue
hypoxia (Miller et al., 2008; Boushel, 2017). Moreover, CRA
has a significant impact on the central nervous system (CNS),
particularly those sites more sensitive to hypoxia (Hare et al.,
2008). EPO specific receptors are expressed in the CNS and
EPO appears to exert a main role in preventing apoptosis and
favoring the survival of neurons after a hypoxic, metabolic, or
immunologic insult (Buemi et al., 2003).

Cancer-related anemia may strongly affects the immune
system causing immunodepression (Bertero and Caligaris-
Cappio, 1997), which increases susceptibility to infection and
lowers antineoplastic efficacy. In fact, the metabolic damage
subsequent to hypoxia is responsible for the lymphocyte
functional deficit (Sitkovsky and Lukashev, 2005). Viceversa,
recombinant human EPO (rhEPO) is able to augment the
antineoplastic efficiency of T cells and humoral immunity (Katz
et al., 2007; Nairz et al., 2012). Furthermore, treatment of patients
with cancer using rhEPO increased T lymphocyte function
regarding blastic response (Ghezzi and Mengozzi, 2007).

ERYTHROPOIESIS

The comprehension of hematopoiesis, particularly
erythropoiesis, and its regulatory processes is pivotal for
understanding the pathogenesis of CRA, in order to apply
the most pertinent and successful treatment choice. Through
the erythropoiesis erythrocyte-programmed precursor cells
continuously and neatly proliferate and differentiate into mature
erythrocytes; thereby stabilizing or expanding the erythrocyte
store as required. The rate of new cell production can be regulated
by different physiological pathways that can also change under
different pathological conditions (Doulatov et al., 2012).
Erythrocytes have the main role to deliver O2 from the lungs to
different body sites and CO2 in the reverse way. Considering
that the basal O2 consumption is 4 mL/kg/min and the body
O2 storage capacity is 20 mL/kg, it is essential to preserve an
appropriate and steady erythrocyte mass, which, however, should
be able at the same time to spread in response to tissue hypoxia
(Benedik and Hamlin, 2014). In fact, under hypoxia, HIF-1
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induces the synthesis of erythropoietin at molecular level (Jewell
et al., 2001), alongside with vascular endothelial growth factor
(VEGF), and several other growth factors to compensate for
the negative consequences of low oxygen (Semenza, 2000). As
a consequence, there is a log-linear increase in EPO levels that
is inversely proportional to Hb or hamatocrit value (Spivak,
2005). Of note, O2 transported by Hb is essential for glucose
metabolism and energy production; therefore, there is a close
dependence between energy metabolism and O2 availability. On
the other hand, the cellular O2 vehicle heme is synthesized from
protoporphyrin IX (PPIX) as a product of glucose metabolism
via the Krebs cycle. Therefore, although Hb is essential for O2
transport, glucose is indispensable for heme and, therefore,
Hb synthesis. In this sense emerges the fundamental role of
nutrients because without glucose and iron, heme synthesis
cannot occur (Bennett and Kay, 1981). Erythropoiesis mainly
depends from 4 distinct processes as follows: (1) proliferative
potential of the erythroid progenitor reserve; (2) potency of the
stimuli for erythrocyte production; (3) nutrient disposability
(with an emphasis on the importance of glucose and iron); and
(4) erythrocyte survival (which is reduced during hemorrhage or
by early erythrocyte destruction) (Palis, 2014).

Erythropoiesis and Iron
The differentiation phase of erythropoiesis from proerythroblast
to erythrocyte is iron-dependent because of the need for
heme and iron-sulfur clusters for the production of Hb.
Heme is synthesized at an increased rate during erythroblast
differentiation and, in turn, is needed to induce the globin gene
(Doty et al., 2015).

The first stage of heme synthesis consists in the production
of δ-aminolevulinic acid (ALA) through the condensation of
succinyl-CoA and glycine in the mitochondrial matrix. This rate-
limiting enzymatic step is mediated by 5-aminolevulinate (ALA)
synthase 2, which is expressed exclusively in erythroid cells. ALA
synthase 2 expression is significantly increased throughout the
advanced phases of erythroid maturation, where it is fundamental
for the terminal differentiation of erythrocytes. ALA synthase
2 expression is regulated by the presence in its gene of 5′
iron responsive element (IRE), which binds with IRE-binding
proteins, thus connecting heme synthesis to iron. ALA is
then transported in the cytoplasmic matrix and transformed
in coproporphyrinogen III. Thereafter, coproporphyrinogen III
inside the mitochondrial intermembrane space is transformed
into protoporphyrinogen IX, which is then oxidized to PPIX.
Finally, ferrous iron is incorporated, through a reaction
catalyzed by ferrochelatase, an iron-sulfur cluster protein, to
produce heme in the mitochondrial matrix; this reaction is
another rate-limiting step in the heme biosynthesis process.
The expression of ferrochelatase is iron-dependent and iron-
sulfur cluster synthesis-dependent. Therefore, heme synthesis
depends from iron intake by maturing erythroblast because
iron is indispensable for the PPIX ring and also regulates the
expression of ALA synthase 2 and ferrochelatase (Chiabrando
et al., 2014). Considering the essential role of heme for Hb
synthesis and erythropoiesis, it should be highlighted that a
defect in the synthesis of ALA, which occurs in patients with

inherited delta-aminolevulinic acid synthase 2 deficiency, leads
sideroblastic anemia (Camaschella, 2008). Therefore, it could
be hypothesized that metabolic alterations by affecting the
integrity of glucose metabolism via the Krebs cycle and the
related synthesis of the ALA precursor succinyl-CoA could
negatively influence heme synthesis (McCammon et al., 2003),
and then Hb levels (Oburoglu et al., 2016). Additionally,
iron contributes to the regulation of EPO synthesis in the
kidney through cross-talk with HIF-2-alpha. In detail, iron
regulatory proteins bind to the iron responsive element of
the kidney HIF-2-alpha gene modulating the translation of
HIF and consequently, EPO expression. Moreover, an iron-
dependent enzyme, prolyl-hydroxylase, catalyzes the degradation
of HIF-2-alpha protein to the extent that is negatively related
to the degree of hypoxia (Camaschella et al., 2016). Notably,
the functional iron deficiency present in chronic inflammation-
associated anemia and CRA negatively influences erythropoiesis
in patients with advanced cancers. Similarly, it could be
hypothesized that anorexia, associated to anemia, characterized
by low glucose availability, could heavily interfere with adequate
heme synthesis.

PATHOGENESIS OF CANCER RELATED
ANEMIA

Cancer related anemia (CRA) refers to a condition occuring
without bleeding, hemolysis, neoplastic bone marrow infiltration,
kidney and/or hepatic failure. It principally results from the
chronic inflammation associated with advanced stage cancer and
the synthesis of proinflammatory cytokines by both immune and
cancer cells (Weiss and Goodnough, 2005).

The main pathogenetic mechanisms by which inflammation
may cause anemia include (Adamson, 2008):r Shortened erythrocyte survival in conjunction with

increased erythrocyte destructionr Suppressed erythropoiesis in bone marrowr Effects of inflammation on erythropoietin productionr Alterations in iron metabolism that result in iron-restricted
erythropoiesis induced by hepcidin increase

The increased destruction of erythrocytes is mainly due to
macrophage activation by different proinflammatory stimuli.
The inhibition of erythropoiesis is related to two main
mechanisms; iron restriction and direct inhibitory cytokine
action on erythropoietic progenitors. Therefore, erythropoiesis
is insufficient to compensate for the increased destruction of
erythrocytes. Moreover, in patients with chronic inflammatory
disease (as cancer) EPO shows a decreased synthesis in
reply to hypoxic stimuli and its circulating concentrations are
inadequately low for Hb levels, irrespective of intrinsic renal
pathologies (Spivak, 2000). A direct effect of proinflammatory
cytokines on kidney cells that produce EPO may contribute
to the defective synthesis of this hormone (Jelkmann, 1998).
A lot of evidence in the literature demonstrate that inflammation
mediators exert a major contribution in the etiopathogenesis
of CRA. In particular, proinflammatory cytokines (e.g., TNF-α,
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IL-1, IL-6), released by the cancer and activated immune cells
in response to malignancy, may result in anemia by inducing
changes to iron balance, inhibition of erythropoiesis, impairment
of EPO synthesis and activity, reduction of erythrocytes lifespan
and changes of energy metabolism (Means, 1995). Moreover, IL-
1 and TNFα acts by activating the transcription factors GATA2
and nuclear factor-κB, both of which are negative regulators of
the hypoxia-inducible factor 1 (HIF1) expression (Spivak, 2005).

Among cytokines, in particular IL-6 is able to induce hepatic
synthesis of hepcidin, which regulates iron homeostasis by
mediating the degradation of the iron export protein ferroportin
1, thereby inhibiting iron absorption from the small intestine
and release of iron from macrophages. As a consequence iron is
withdrawn from erythropoiesis (Ganz and Nemeth, 2011).

Moreover, chronic inflammation is correlated with increased
concentrations of ROS (Macciò et al., 2005, 2015c), providing a
partial explanation for the EPO deficit (Means, 2003). Indeed,
ROS (O◦·, H2O2, and OH−·) can inhibit EPO synthesis,
by mimicking a false O2 signal in the renal peritubular
interstitial cells. Oxidative stress can also increase the fragility
of erythrocytes, decrease the amount of erythroid maturation,
and reduce red cell survival (Sailaja et al., 2003; Olszewska et al.,
2012; Lang et al., 2014; Bukowska et al., 2015). ROS also mediate
the inhibitory effect of proinflammatory cytokines on erythroid
precursor proliferation (Prince et al., 2012). Additionally, an
in vitro study demonstrated that sustained H2O2 levels induce
liver hepcidin expression through STAT-3 phosphorylation, by
acting synergistically with IL-6, indicating another potential
mechanism by which oxidative stress could contribute to CRA
(Millonig et al., 2012).

Additionally, in advanced cancer patients, other triggering
factors may contribute to anemia through a multifactorial
pathogenesis; among them, the following mechanisms can be
highlighted:r Poor nutritional statusr Antineoplastic therapies (chemo- and radiotherapy) that

may cause overt and/or aggravate CRA.

Of high relevance are in particular the metabolic and
nutritional issues typical of advanced cancer patients and the
defect of specific components (such as iron, vitamins, folic acid
etc.) essential for erythropoiesis. Notably, the availability of these
nutrients (e.g., glucose, iron) influence the synthesis of heme,
which also depends on the efficiency of glucose metabolism via
the Krebs cycle, and is essential, in combination with iron, for the
synthesis of Hb (Chiabrando et al., 2014).

CHRONIC INFLAMMATION IN
ADVANCED CANCER PATIENTS

During its development, the neoplastic disease is characterized
by immunological alterations, which profoundly influence the
patient clinical conditions potentially causing patient’s death
(cancer cachexia syndrome) (Macciò and Madeddu, 2012;
Argilés et al., 2014). In addition to anemia, the immune
changes induce different symptoms involving several organs

and processes: anorexia, nausea/vomiting, weight loss (with
depletion of muscle and fat mass), raised energy metabolism
with alterations of glucose, lipid and protein metabolism,
fatigue, and immunosuppression (causing greater susceptibility
to infections).

Although it is difficult to determine the precise onset of these
changes, it has been established that they are consequent to the
interplay between cancer and patient immune system (Delano
and Moldawer, 2006). Activated macrophages, lymphocytes, and
mesenchymal cells produce various soluble factors (cytokines)
which are able to activate or inhibit different cells. In particular,
IL-1, IL-6, and TNF-α are the principal factors involved in
the cell-mediated immune response and also act as second
transmitters for the synthesis of IL-2, which play a pivotal role
in the control of the anticancer immune response. Some studies
from our group have shown that the lymphocyte blastic response
to various mitogenic stimuli, including phytohemagglutinin
(PHA) and anti-CD3, is impaired in advanced cancer patients
(Macciò et al., 1998; Mantovani et al., 2003). The intensity of
the immune defect is proportional to cancer stage (Ladányi
et al., 2004) and to the amount of inflammatory cytokines, in
particularly IL-6, and other acute phase proteins (e.g., CRP)
(Macciò et al., 1998). Indeed, the impaired lymphocyte functions
should be assumed as a proxy of multiple functional changes,
among which extremely important are the immunosuppressive
action of macrophage-derived cytokines and the changes in
energy metabolism, which are able to induce a status of oxidative
stress. In our previous papers we showed that cancer patients are
highly subjected to a state of increased oxidative stress (Macciò
et al., 2009, 2015c; Madeddu et al., 2014). Notably, inflammatory
cytokines not only have specific modulatory immune functions
but are involved in the pathogenesis of the main metabolic
changes and symptomatic aspects of the neoplastic patient (e.g.,
body weight loss and cachexia with reduction of muscle mass,
anorexia, nausea/vomiting, etc.), thus influencing significantly
patient’s well-being (Macciò and Madeddu, 2012). Therefore,
this behavior of the immune system confers to the cancer
the characteristics of a real chronic inflammatory disease with
the related complications, such as anemia. In this regard,
macrophages seem to be primarily involved in these events.

Specific Actions of Proinflammatory
Cytokines
It has been widely demonstrated that proinflammatory cytokines,
particularly IL-1, TNF-α and IL-6 may affect erythropoiesis by
the induction of: reduced proliferative response of erythroid
progenitors; increased erythrocyte destruction by macrophages;
and diminished response of erythroid precursors to EPO (Spivak,
2005). Moreover, the chronic activity of these same cytokines
is mainly responsible of the multiple metabolic and nutritional
changes occurring in advanced cancer patients (Macciò and
Madeddu, 2012). Notably, by impairing the energy metabolism
and the nutritional status, proinflammatory cytokines contribute
to the pathogenesis of CRA.

Considering in detail the action of each cytokine, IL-1 is also
able to inhibit erythropoiesis through directly and selectively
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suppressing replication and maturation of erythroid (BFU-e
and CFU-e) precursors, reducing EPO receptor expression, and
impairing EPO synthesis (Faquin et al., 1992; Jelkmann et al.,
1992). Moreover, IL-1, together with other proinflammatory
cytokines, has been implicated in activating macrophages for
erythrophagocytosis, thus inducing a premature destruction and
reduced survival of erythrocytes.

Moreover, IL-1 is involved in inducing several changes
in energy metabolism and nutritional status. IL-1 induces
anorexia associated with reduced food intake by acting in
the hypothalamic nuclei of the CNS, where it inhibits the
orexigenic factor Neuropeptide Y and indirectly increases
the corticotropin releasing factor (CRF) levels (Patra and
Arora, 2012); additionally, it stimulates CRF and somatostatin
secretion, mediated by prostaglandin E2 (PGE2) (Gautron
and Layé, 2010). This results in the inhibition of growth
hormone (GH) accompanied by the subsequent reduction in
the production of insulin-like growth factor-1 (IGF-1) that,
in turn, cause muscle mass reduction typical of advanced
cancer patients (Saini et al., 2006). Moreover, IL-1 inhibits
the synthesis of insulin by pancreatic beta cells leading to
hyperinsulinemia and insulin resistance (Burke et al., 2015).
These IL-1 mediated activities may concur to the onset of
CRA in advanced cancer patients. In particular, low glucose
availability and insulin resistance negatively affect erythropoiesis
since commitment into the differentiation stages is strictly
dependent on glucose metabolism (Oburoglu et al., 2016).
Erythroid differentiation is critically dependent on glucose cell
uptake and glucose entry into the tricarboxylic acid (TCA)
cycle that allows a high energetic yield for cell proliferation
(Vander Heiden et al., 2009) as well as on glutamine-dependent
nucleotide synthesis and an increased glucose shunting into the
pentose phosphate pathway for the synthesis of carbon sugars
(Montel-Hagen et al., 2009). Therefore, glucose uptake and the
balance between mitochondrial and non-mitochondrial glucose
metabolism affects erythroid differentiation (Oburoglu et al.,
2014).

Moreover, there is evidence that links the CNS pathways
modulated by IL-1 with anemia. It has been shown that the
replacement of GH was related with a significant rise of Hb,
Hct, and number of red cells (Christ et al., 1997). Additionally,
experimental in vitro and in vivo data revealed that IGF can
induce proliferation and differentiation of both late and early
erythroid progenitors. Consistently, some observational clinical
studies demonstrated an inverse correlation of blood levels of
IGF-1 with Hb and in various populations (elderly, adult, and
dialyzed patients) (Iglesias et al., 1998; Nilsson-Ehle et al., 2005;
Succurro et al., 2011). A proof of the direct action of IGF in
improving anemia is demonstrated by the association of an IGF
genetic polymorphism (related to low IGF concentration) with
low Hb levels in a large cohort of adult individuals (Marini et al.,
2017).

TNF-α has also direct effects on hemopoiesis; it is able to
impair erythropoiesis and erythroid differentiation in vivo and
in vitro, to induce an increase in the apoptosis of immature
erythroblasts and a decrease in mature erythroblasts, and to
reduce the responsiveness of erythroid progenitors to EPO

(Buck et al., 2009). Moreover, TNF-α is responsible mainly for
the metabolic changes in lipid metabolism typical of advanced
cancer patients, particularly those with cachexia (Patel and
Patel, 2017). In detail, TNF-α down-regulates the expression
and activity of lipoprotein lipase (LPL) that converts circulating
triglycerides into free fatty acids (FFA). TNF-α is also able to
decrease the adipocyte expression of FFA transporters, in this way
blocking the FFA flow inside the adipocytes, to directly reduce
the synthesis of enzymes participating to lipogenesis, e.g., acetyl-
CoA carboxylase, Acyl-CoA synthase, and fatty acid synthase,
and to induce lipolysis (Carbó et al., 1994). TNF-α has been
also involved in the occurrence of insulin resistance through the
rise of FFA levels, inhibition of the insulin receptor and insulin
receptor substrate-1 (IRS-1) production and induction of IRS-1
Ser/Thr phosphorylation. Among the first transcription factors
shown to be targeted negatively by TNF-α signaling in adipocytes
was the “adipogenic master regulator,” peroxisome proliferator-
activated receptor gamma (PPARγ) that physiologically exert a
crucial regulatory action of lipid metabolism (Cawthorn and
Sethi, 2008). Downregulation of PPARγ impairs lipid formation
and storage in adipose tissue thus leading to a condition known as
lipoatrophy (Bing et al., 2006). Notably, a role of PPARγ has been
also demonstrated in the regulation of maturation of erythroid
progenitors (Nagasawa et al., 2005).

As regard IL-6, it is greatly involved in the pathogenesis
of CRA by influencing erythropoiesis at different levels. IL-
6 is able to impair proliferation of erythroid progenitors
and their response to EPO, and change iron metabolism
by modulating liver gene expression and hepcidin synthesis,
which is in turn responsible for the functional iron deficiency,
typical of CRA (Adamson, 2008). Of relevance, it has been
demonstrated that an additional mechanism by which IL-6 is
able to impair erythropoiesis is the inhibition of Hb synthesis,
independently from the hepcidin-iron pathway, as a consequence
of impaired mitochondrial function (by decreasing membrane
potential/oxidative phosphorylation) in maturing erythroid cells
(McCranor et al., 2014). The key role of IL-6 in determining
CRA has been demonstrated in several publications: in particular
one publication by us provided the earliest demonstration that
IL-6, in conjunction with the stage of disease, represented an
independent predictor of Hb values in a cohort of ovarian
cancer patients (Macciò et al., 2005). Additionally, IL-6 is a main
contributor of the severe immune and metabolic alterations that
characterize advanced cancer and contribute to the pathogenesis
of CRA. Several years ago, using an experimental animal model
to reproduce cancer-related syndrome, Strassmann et al. (1992)
showed a crucial function for IL-6 in inducing the early onset
of cachexia symptoms, which were independent from the rate
of tumor growth, and were associated with loss of muscle and
adipose tissues not only due to appetite decrease. Indeed, IL-
6 concentrations were proportional to the severity of cachexia
and the removal of primary tumor was followed by a significant
reduction in IL-6 levels. Consistently, the onset of cachexia
symptoms was prevented with anti-IL-6 monoclonal antibodies
(Strassmann et al., 1992). Additionally, in rat experimental
models it has been observed that, as shown for IL-1, IL-6 acts
directly in the hypothalamus to induce the release of CRF,
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mediated by PGE2 (Turnbull et al., 1998) and is able to impair
the production of insulin and the metabolism of pancreatic β

cells (Sandler et al., 1990). More recently, IL-6 has emerged as
the key determinant of muscle mass wasting in advanced cancer
patients (Madeddu et al., 2015). In particular, attention has been
recently drawn to the IL-6/STAT3-dependent regulation of the
PI3K/Akt/mTOR pathway, which is the principal cellular energy
sensor and physiologically activates muscle mass growth. The
activation of these pathways mediated by IL-6 as well as the
associated increased degradation and low availability of amino
acids may also contribute to defective erythropoiesis in advanced
cancer patients. Indeed, red cell maturation and the synthesis
of Hb are dependent on the activation of mTOR signaling
consequent to the increased uptake of amino acids. Conversely,
when nutrient/amino acid pools are reduced, mTOR activity
is reduced and Hb synthesis is inhibited (Chung et al., 2015;
Nathan, 2015). Clearly, anorexia, associated with reduced food
intake, and insulin-resistance, with impaired glucose metabolism,
also contributes to the inhibition of the mTOR pathway. In turn,
anemia, defined as a condition of reduced efficient delivery of O2
to peripheral tissues, may inhibit mTORC1 signaling, mainly as a
consequence of impaired oxidative phosphorylation and reduced
ATP synthesis that lead to mTOR inhibition. Furthermore, CRA
is distinguished by “functional iron deficiency” with reduced iron
levels and subsequent reduced production of heme, which is a
main molecule of muscle myoglobin (Madeddu et al., 2015). This
also suggests that anemia contributes to muscle wasting.

IRON HOMEOSTASIS CHANGES IN CRA

Normally, plasma iron is maintained at a stable level by
the control of its intestinal absorption and storage. Iron
homeostasis is guaranteed by an endocrine system that involves
hepcidin, a hormone that controls circulating iron levels by
acting on the pathways mediating iron uptake, storage, and
release. A small part (1–5%) of circulating iron derives from
the diet while mostly is recycled from senescent erythrocytes.
More than 50% of the body iron in humans is linked to
Hb in erythrocytes, and approximately a quarter is stored in
hepatocytes and macrophages. In the circulation, iron usually
is coupled with transferrin that transports iron mainly to the
bone marrow for erythropoiesis. Circulating iron is delivered
inside cells (macrophages of the reticulo-endothelial system) by
endocytosis of transferrin and is stored in complex with ferritin
(Ganz and Nemeth, 2015). Since erythrocytes hold a greater
amount of iron in comparison to other cells, erythropoiesis is
particularly sensitive to reduced circulating levels of iron and is
inhibited if the concentration of transferrin-bound iron decreases
below physiological values. The hampering of erythropoiesis
under iron depletion could be useful to convey iron to more
critical processes. In fact, differently from erythropoiesis, energy
and intermediary metabolism, neurobehavioral activities and
immune defense are unaffected by the sequel of iron limitation,
unless this gets extremely serious.

Dietary iron is absorbed mainly from duodenal enterocytes,
where it is transferred from the luminal to the vascular basolateral

cell membrane, and released into the circulation by ferroportin.
Ferroportin is additionally involved in the iron transport from
the storage sites (splenic cells, hepatocytes, bone marrow-
derived and tissue macrophages) to the blood. Macrophages
are the key cell type that recycles iron from Hb through
erythrophagocytosis of senescent cells; macrophages modulate
the majority of iron in the body. Iron recycling, storage, and
export are tightly regulated by hepcidin. Hepcidin, typically
produced by the liver and probably by macrophages, is bound
to ferroportin and induces its endocytosis, in this way inhibiting
the iron export to the blood and sequestrating iron in duodenal
enterocytes and in macrophages, thus limiting erythropoiesis
(Figure 1). Physiologically, hepcidin production is regulated by
a classical positive feedback mechanism through high plasma
iron levels, and negatively by low plasma iron levels, hypoxia,
and increased erythropoiesis (Ganz and Nemeth, 2015). More
recently, erythroferrone has been described as an additional
regulator of hepcidin: it is synthesized by erythroblasts stimulated
by EPO and inhibit hepcidin production, this in turn enables
export of intracellular iron and intestinal iron absorption, thus
allowing erythropoiesis (Kautz et al., 2014).

Notably, CRA along with anemia associated with chronic
inflammatory diseases are characterized specifically by
alterations of iron homeostasis; there is increased iron
storage in reticulo-endothelial macrophages and limited
iron availability for erythroid progenitors with a subsequent
decrease of erythropoiesis. Increased intracellular iron influence
erythropoiesis also through the promotion of HIF1α degradation
and consequent inhibition of EPO synthesis (Kling et al., 1996).

This condition is called “functional-iron deficiency” and it
is correlated with normal or even raised iron reserves in the
bone marrow, increased ferritin levels and iron-binding capacity,
and normal or decreased serum iron levels (Bron et al., 2001).
These peculiar changes have been attributed to the increased
synthesis of hepcidin from hepatocytes induced by inflammatory
cytokines, mainly IL-6 (Alvarez-Hernandez et al., 1989; Torti
and Torti, 2002). In mice, transgenic or constitutive hepcidin
overexpression leads to severe anemia associated with low iron
availability, while inflammation in animals without hepcidin
expression does not determine iron deficiency (Nicolas et al.,
2002). This finding suggests that, in chronic inflammatory
conditions, hepcidin has a notable function in iron traffic
diversion by blocking duodenal iron absorbance as well as iron
release by macrophages (Laftah et al., 2004; Nemeth et al., 2004).

In advanced cancer as well as in chronic inflammatory
diseases, increase in hepatic production of hepcidin is induced
by high levels of IL-6. Increased hepcidin degrades cellular
ferroportin, blocks iron excretion and thus increases iron storage
in hepatocytes, intestinal enterocytes and macrophages; as a
result, less iron is delivered to plasma transferrin (Ludwiczeck
et al., 2003). As a consequence, there is restricted iron accessibility
for heme synthesis thus inhibiting replication and maturation of
erythroid precursors.

Macrophages are the main cell type involved in these events;
activated by necrosis, and/or specific chemokines produced
by tumors, macrophages consume large quantity of iron by
phagocytosis of senescent or injured cells (Schmidt, 2015).
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FIGURE 1 | Mechanisms regulating hepcidin synthesis in cancer-related anemia. Tumor and macrophage-derived proinflammatory cytokines, mainly IL-6, induce the
liver synthesis of hepcidin, which in turn is responsible of the “functional iron deficiency” typical of cancer-related anemia. Also macrophages by themselves are able
to synthesized hepcidin. IL, Interleukin; CRP, C-reactive protein; HIF, hypoxia inducible factor; EPO, erythropoietin.

Macrophages that exert these actions are called M1 macrophages.
Indeed, M1 macrophages, which exert proinflammatory activity
associated with high expression of proinflammatory cytokines
and ROS, are programmed in an iron-retention mode that
promotes their antimicrobial and antitumoral actions. It is well
known that activation and polarization of macrophages are
closely linked to iron homeostasis: in particular, M1 polarized
macrophages are characterized by high expression of hepcidin,
high ferritin, low levels of transferrin receptor and ferroportin
with consequent blockade of iron release and increased iron
storage (Recalcati et al., 2012). During bacterial infection,
increased iron removal and sequestering by macrophages looks
like to have a double role; first to limit iron availability
to exogenous micro-organisms and second, to protect the
body from the dangerous consequences of elevated iron levels
(and iron-derived highly reactive free radicals), which could
result from the tissue injury. Considering that the majority
of microorganism depend on exogenous iron for survival, it
has been assumed that the above changes in iron metabolism
have a host defense function (Ganz and Nemeth, 2015). At the
same time, by increasing iron retention activated M1 polarized
macrophages may contribute to induce anemia associated to
chronic inflammation. At this regard, recently we revealed
a strong association between M1 polarized tumor associated
macrophages and CRA in a population of ovarian cancer patients
(Madeddu et al., 2018). We found also that TAM M1 polarization
was associated with high levels of hepcidin and IL-6 as well

as with a peculiar shift in iron metabolism-related pathways
characterized by high ferritin and low free iron levels both in
ascites and in serum. Notably, in the same paper (Madeddu
et al., 2018) we demonstrated that M1 TAMs were able in vitro
to release hepcidin and that IL-6 is was the main responsible
of macrophage polarization into M1 phenotype. In fact, we
found that IL-6 blockade with a specific anti-IL-6 mAb inhibited
this polarization and the consequent synthesis of hepcidin.
Consistently with the above evidence, in the clinical setting, it has
been widely observed that patients with CRA as well as anemia
of chronic inflammatory disease have elevated hepcidin values
(Basseri et al., 2012; Shu et al., 2014). Recently, an observational
prospective study of our group in a wide sample of patients
with advanced cancer at different sites strongly confirmed that
Hb value was negatively correlated with hepcidin values, which,
in turn, were positively correlated notably with IL-6 as well as
with and ferritin, and negatively with serum iron and transferrin
saturation values.

RELATIONSHIP BETWEEN
NUTRITIONAL STATUS AND
CANCER-RELATED ANEMIA

During the evolution of the cancer disease, patient nutritional
status is severely compromised by symptoms and signs including
weight loss associated with significant reduction of muscle
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mass, increased resting energy expenditure, anorexia, nausea
and vomiting. A recent large observational study supported the
central role of weight loss, together with the body mass index
(BMI), as a negative prognostic factor in cancer patients at
diagnosis independently of other more standardized parameters
such as tumor site, stage, and PS. Even cancer patients
who exhibit at diagnosis a slight decrease of body weight
>2.4% have an increased risk of morbidity and mortality
(Martin et al., 2015). Loss of body weight represents the main
measure for the diagnosis of cancer cachexia (Fearon et al.,
2011), which is a complex inflammatory-driven syndrome often
accompanying the advanced stages of the neoplastic disease.
The weight loss observed in cachectic cancer patients cannot
be justified only by the reduction of the supply of nutrients,
caused by anorexia and consequent reduced food intake. Energy
metabolism changes, which account for a significant increase
in resting metabolic expenditure, significantly contribute to
loss of body weight (Friesen et al., 2015). Notably, cancer-
associated chronic inflammation concurs to the derangements of
energy metabolic pathways inflammatory by modulating glucose
metabolism, regulating the functioning lipoprotein lipase, which
controls the uptake of circulating triglycerides into adipocytes,
and changing protein synthesis and degradation, with subsequent
depletion in lean body mass (Madeddu et al., 2015). In fact,
in cancer patient muscle protein production is decreased while
proteolysis is increased, following the raised activity of proteolytic
enzymes. Such metabolic behavior is completely different in
the liver, where, despite a stable or reduced albumin synthesis,
the synthesis of other proteins, especially those of acute phase
inflammation (PCR, fibrinogen and hepcidin), is significantly
increased (Porporato, 2016). These peculiar changes can also
account for the decrease in albumin levels typically associated
with high inflammation that affects the Glasgow prognostic score
(GPS), an inflammatory/nutritional status based score value,
which is closely linked to the worsening of CRA, as demonstrated
by our group (Macciò et al., 2015c). Consistently, it is widely
demonstrated that malnutrition, in conjunction with weight loss
and reduced food intake, is correlated with anemia in patients
with chronic inflammatory disease (Hung et al., 2005). This
indicates that, along with inflammation, a main contribution to
CRA etiopathogenesis is exerted by the nutritional status. In fact,
anemia associated with chronic inflammation in advanced cancer
patients is not an isolated symptom, but it is more typically
associated with weight loss and remodeling of energy metabolism
caused by cancer itself (Macciò et al., 2012). Therefore, we
hypothesize that the correction of CRA may be achieved more
efficiently with a multifactorial therapy that additionally includes
treatment of malnutrition.

Consistently with this evidence we found an association
between anemia and leptin, which is one of the main marker
of the nutritional and metabolic status (Abella et al., 2017), and
inversely related to the level of proinflammatory cytokines and
stage in cancer patients (Mantovani et al., 2000, 2001; Macciò
et al., 2009). In 2005 for the first time in the literature a study from
our group showed that the lowest levels of Hb correlated with the
lowest values of leptin in ovarian cancer patients. More recently,
in a large prospective observational study including patients with

different cancer types (Macciò et al., 2015c), we found that leptin,
alongside with albumin, cholesterol, and BMI, was positively
correlated with Hb. Of relevance, in the same cohort of patients,
leptin, in addition to IL-6 and stage, was a predictive variable of
Hb. Consistently, leptin values were found to be a predictor of
EPO responsiveness in people with kidney failure with anemia
(Axelsson et al., 2005; Hung et al., 2005). Noteworthy, it has
been also demonstrated that leptin can influence erythropoiesis
and stimulate human erythroid progenitor development in vitro
(Umemoto et al., 1997). However, because anemia in cancer
patients is related to the nutritional state that affects the levels of
iron, vitamins and other micronutrients useful for erythropoiesis,
it is not surprising that a sensitive nutritional marker such as
leptin is correlated with Hb levels (Figure 2).

CANCER-RELATED ANEMIA THERAPY

Cancer-related anemia, not associated with concomitant
antineoplastic treatment, is underestimated and undertreated.
The rationale to treat CRA would be twofold:

(1) CRA is associated with and aggravates multiorgan failure
associated with advanced cancer and characterized by a
variety of symptoms. Each of these symptoms can, by
themselves, compromise patient quality of life;

(2) CRA has a negative prognostic significance.

The approach to treating CRA must begin with an exhaustive
assessment of its defining parameters and identifying its multiple
potentially treatable causes: because CRA is mostly multifactorial
it should be effectively treated with multitargeted therapies.

It should be underlined that CRA reflects the progressive
growth of the underlying disease, thus the eradication of
cancer should be the only definitive treatment of this particular
form of anemia. However, as the neoplastic disease, in many
cases, is not curable, the therapeutic strategies against CRA
should target the multiple causes that trigger the disease and
should include erythropoietic agents, iron supplementation
or blood transfusions, nutritional supplementation, and
anti-inflammatory therapies (Weiss and Goodnough, 2005).
Future strategies could include chelate-iron therapy, use
of hepcidin antagonists and cytokines or hormones that
can modulate erythropoiesis under severe inflammatory
conditions.

Additionally, if we consider that CRA is also associated
with significant impairment of patients’ functional status
and QL with symptoms, such as fatigue, that in turn
have themselves a multifactorial basis, the evaluation of the
outcomes of CRA treatment is complex and cannot be
limited to just the increase of Hb levels. In this regard,
it is very important to define both the endpoints of CRA
treatment and the target level of hemoglobin to obtain
the best therapeutic outcome in terms of improvement of
patient’s symptoms. The last “Update Committee of the
American Society of Hematology/American Society of Clinical
Oncology (ASCO/ASH)” published in 2010 (Rizzo et al., 2010)
recommended that: “The first objective to achieve is to reduce
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FIGURE 2 | Relationship between nutritional status, leptina and cancer-related anemia. Impaired energy metabolism and low nutrients availability induced by
cancer-associated chronic inflammation are involved in the impairment of erythropoiesis. Low iron as well as low heme synthesis as a consequence of altered
efficiency of glucose metabolism impair erythropoiesis. Leptin, which decreases as a consequence of such metabolic/nutritional changes, can also influence
erythropoiesis by itself. REE, resting energy expenditure.

blood transfusion requirements. The Hb target should be
the lowest concentration needed to avoid transfusions, which
may vary by patient and condition.” Similarly, the NCCN
guidelines stated that “elimination of symptoms and avoidance of
transfusions are the main goals of ESA therapy” (Rodgers et al.,
2017).

It should be underlined that during erythropoiesis,
homeostatic mechanisms compensate for increased EPO
synthesis when Hb drop to a value lower than 12 g/dl (Finch,
1982). Notably, the target Hb value to prevent the necessity
of blood transfusions, should be at least ≥ 10 g/dl, but it
has been demonstrated that the highest improvement of
QL is achieved at Hb values of 12 g/dl, thus indicating
the relevance of keeping Hb values within this range
(Crawford et al., 2002). More precisely, data from QL
assessment related to the amelioration of anemia show that
an optimal improvement is achieved between Hb 11 gr/dl and
12 gr/dl.

TRANSFUSION OF CONCENTRATED
ERYTHROCYTES

Red blood cells (RBC) transfusions are almost universally
successful in raising Hb levels and the oxygen transport capacity
of the blood. Therefore, they represent a fast and effective
therapeutic intervention useful to ameliorate rapidly the patient’s
symptoms, e.g., breathlessness, and improve health-related QL
(Rodgers et al., 2017). Prior to rHuEPO being available,
blood transfusions were the only therapeutic option for the
improvement of symptomatic anemia in cancer patients. The
major benefit, not provided by any alternative therapy for anemia,
is the fast Hb and Hct value rise (Bohlius et al., 2006). RBC

transfusions are particularly useful in case of severe symptomatic
anemia or anemia compromising patient life (Hb <7–8 g/dl).
These thresholds cannot be applicated to people affected by
acute coronary syndrome and with complications at risk of
bleeding, where blood transfusion may be indicated also for
Hb values ≥ 8 g/dl (Carson et al., 2016). The need for blood
transfusion depends other factors such as age, compromised
vital signs and severe tissue hyperoxygenation (Simon et al.,
1998). Notably, the last published NCCN guidelines (Rodgers
et al., 2017) indicate that RBC transfusions should be considered
not on the basis of a specific threshold value of Hb but
in patients with symptomatic anemia, in high risk patients
(e.g., those undergoing high-dose chemo-or radiotherapy with
cumulative decrease of Hb levels) or asymptomatic patients
with comorbidities (e.g., heart disease, COPD, cerebral vascular
disease). Undoubtedly, patients who are positive for the presence
of multiple alloantibodies and those with specific religious beliefs
are unable to receive blood transfusions. In advanced cancer
patients imminent to surgery, blood transfusions are routinely
employed to treat pre-operative anemia and minimize blood loss
related to surgical procedures. Perioperative blood management
strategies such as pre-surgery autologous blood donation, acute
normovolemic blood dilution, intraoperative cell collection,
rHuEPO therapy, optimal hemostasis, mini-invasive surgeries
may minimize the requirement of allogeneic blood transfusion
in case of scheduled surgical procedures (Weber et al., 2008).
Some studies evaluating the clinical effect of transfusions showed
a survival benefit in neoplastic patients receiving transfusions
(Grogan et al., 1999; Kader et al., 2007). In particular, in
the study by Grogan et al. (1999), patients that reached a
specific Hb value with blood transfusion showed a survival rate
similar to patients that had that Hb value spontaneously; then,
blood transfusion appeared to reduce the negative prognostic
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role of low baseline Hb. Additionally, blood transfusions are
beneficial in terms of patient subjective symptoms such as
breathlessness (Gleason and Spencer, 1995; Mercadante et al.,
2009) and fatigue (Gleason and Spencer, 1995; Tanneberger
et al., 2004; Mercadante et al., 2009; Brown et al., 2010).
However, blood transfusions have relevant acute and long-term
risks, which include fever, transfusion-related and potentially
fatal allergic reactions, transmission of infectious diseases,
alloimmunization, iron overload and immunosuppression with
potential favoring effect on cancer progression (Goodnough,
2005; Toy et al., 2005). The risk of iron overload increases
in patients that require frequent transfusions: excessive iron
is dumped in critical part of the body such as the heart
and the liver causing cumulative toxicity. Moreover, blood
transfusions have been correlated with more thromboembolic
events and related death in hospitalized neoplastic patients
(Khorana et al., 2008). In 2012, a systematic review that evaluated
the benefit and risks of blood transfusion in very advanced
cancer patients showed a significant increase of Hb levels and
a subjective symptomatic response rate, especially in terms of
fatigue and dyspnea. Patient survival varied greatly ranging
between two and 293 days and a high percentage of patients
(23–35%) were dead after only 2 weeks from transfusion. The
review concluded that high-quality studies are warranted to
establish the risks and effectiveness of blood transfusion in
advanced cancer patients and to determine patients who are
candidate to obtain a benefit (Preston et al., 2012). Notably,
the concern of the premature death after treatment for CRA
in very advanced cancer patients raises the question of whether
anemia treatment may be causative to the increased risk of
death.

TREATMENT WITH rHuEPO

Recombinant HuEPO received its first approval for the
therapy of anemia in patients with chronic kidney failure.
In 1993 FDA approved r-HuEPO also for the therapy of
anemia in cancer patients. Currently different short-and long-
acting formulations of rHuEPO are available: r-HuEPOα,
r-HuEPOβ, and darbopoetin α. Because of the glucidic
component, r-HuEPO has a longer half-life after subcutaneous
administration compared to natural EPO that has a half-life of
8.5 h (24 h for r-HuEPOα and 20.5 h for r-HuEPOβ) (Storring
et al., 1998). As short-acting drugs, first generation rHuEPO
necessitated repeated doses to keep appropriate Hb levels.
Conversely, darbopoetin-α is a modified hyperglycosylated
epoetin and has a longer half-life after its subcutaneously
administration (about 49 h): this allows to increase the interval
of the dose schedule necessary for Hb level maintenance
(Bohlius et al., 2006). Recombinant HuEPOs are biologically
and pharmacologically active intravenously, intraperitoneally
but especially subcutaneously (s.c.). All three recombinant
erythropoietin proteins have similar efficacy (Halstenson
et al., 1991; Storring et al., 1998). The standard therapeutic
regimen is 150 IU/kg three times a week for r-HuEPOα,
or 40,000 IU once weekly for r-HuEPOα, or 30,000 IU

once weekly for r-HuEPOβ. The recommended dose of
darbopoietin α is 2.25 µgr/kg weekly or 500 µgr every
3 weeks.

More recently, several biosimilar EPOs have been developed
and introduced in the clinical practice: biosimilar epoetin
alfa (e.g., Binocrit R©, Sandoz) and epoetin zeta (e.g., Retacrit R©,
Hospira). A biosimilar is a biological drug, which is highly
superimposable as for primary structure, mechanism of action,
and treatment target, to the approved reference biological
drug. The great degree of similarity is revealed by the
results of an extensive clinical comparison of pharmacokinetics
and pharmacodynamics properties by regulatory authorities.
The approvals of biosimilar epoetin alfa and zeta in 2007
were founded on strong assessments including molecular
characteristics, preclinical in vivo and in vitro experiments
in animals, clinical trials in the target populations, and
pharmacovigilance surveillance studies (Jelkmann, 2010). The
safety data indicate that adverse effects among patients treated
with epoetin zeta (Retacrit R©) are consistent with those known
for epoetin α (Michallet and Losem, 2016). Similarly, the
majority of safety data for biosimilar epoetin alpha (Binocrit R©)
are favorable. However, one confirmed and one suspected pure
red cell aplasia (PRCA) have been reported during a clinical
trial in patients receiving the subcutaneous formulation (Haag-
Weber et al., 2012). As a result, biosimilar epoetin alpha
is now only accessible for intravenous administration, while
epoetin zeta is presented in both intravenous and subcutaneous
formulation.

Efficacy of rHuEPO for the Management
of CRA
Randomized clinical studies have showed that rHuEPO increased
Hb values and reduced the number of hemotransfusion in
anemic cancer patients (Ludwig et al., 2009). In particular,
regarding CRA, a phase II, double-blind, placebo-controlled
trial demonstrated that more patients in the arm receiving
darbopoetin-α achieved the hematopoietic response and the
target Hb levels in comparison to the placebo arm (Gordon
et al., 2008). Another phase III randomized double-blind trial
carried out in advanced lung cancer patients demonstrated
that treatment with epoetin-α was associated with fewer
transfusions and achieved a higher Hb rise than placebo
(Wright et al., 2007) The ability of rHuEPO to achieve
a significant reduction of RBC transfusions and a higher
hematopoietic response was supported by a large Cochrane
meta-analysis, which analyzed a total number of 20,102 patients
from 91 randomized clinical studies, which evaluated ESAs for
the therapy of anemia in cancer patients either undergoing
or not undergoing concomitant chemotherapy (Tonia et al.,
2012). Moreover, there is a strong evidence that rHuEPO
may improve QL, fatigue and other specific anemia-related
symptoms (such as dizziness, chest discomfort, headache, trouble
walking) (Tonia et al., 2012). A number of open-label non-
randomized and community-based trials in advanced cancer
patients with CRA demonstrated that a progressive amelioration
of QL obtained by ESAs was significantly correlated with
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the increased Hb levels (Quirt et al., 2001; Bogdanos et al.,
2004; Mystakidou et al., 2005; Wright et al., 2007; Smith
et al., 2008). In particular, Crawford et al found that the
highest improvement of QL was found if Hb value rises
from 11.0 to 12.0 g/dl and ≥1 g/dl (Crawford et al., 2002).
In 2014, a systematic meta-analysis confirmed that ESAs
determine a clinical significant amelioration of anemia-related
symptoms (evaluated by FACT-An), while the improvement
in fatigue-related symptoms (FACT-F), did not obtain the
value needed for a clinically significant change (Bohlius et al.,
2014). These results indicate that fatigue, in advanced cancer
patients is influenced by several parameters other than anemia.
Therefore, the mere amelioration of Hb levels could not have
appropriately counteracted the multifactorial pathophysiology
and psychological aspects of fatigue in advanced cancer patients.
Otherwise ESAs may have additional beneficial effect other
than the correction of anemia, such as neuroprotective, anti-
inflammatory, vascular and metabolic actions, directly related
to the action of EPO on other target organs such as
central/peripheral nervous system and heart (Nekoui and Blaise,
2017).

ADVERSE EFFECTS OF ESAs

Both randomized clinical studies and systematic reviews
demonstrated a significantly higher risk of thromboembolic
events in patients receiving ESAs for CRA (Wright et al., 2007;
Bennett et al., 2008; Smith et al., 2008; Tonia et al., 2012).
Excessively high Hb levels at baseline prior to treatment with
rHuEPO were related with a significant increased occurrence
of thromboembolism in some trials in cancer patients with
anemia undergoing chemotherapy (Aapro et al., 2009; Spivak
et al., 2009). A survey including five trials by the Agency for
Healthcare Research and Quality concluded that there was a trend
toward fewer thromboembolic events if ESA administration
was started only at Hb < 10 g/dl (Grant et al., 2013).
Conversely, in 2012 a Cochrane metaanalysis of 91 controlled
studies on ESAs therapy for cancer anemia documented a
significantly elevated risk of thrombotic events regardless of
the baseline Hb levels (Tonia et al., 2012). As regard the
relationship between target Hb values and the frequency of
thromboembolism and vascular accidents in end-stage renal
disease (ESRD) patients receiving rHuEPO (Singh et al., 2006),
it should be remarked that in some of the trials reporting
an higher risk of thromboembolism and related mortality, Hb
target levels were above standard, ranging from 13 to 15 g/dl
(Henke et al., 2003; Leyland–Jones et al., 2005; Juneja et al.,
2008). In a large trial evaluating the use of darbepoetin-α for
CRA in patients not undergoing concomitant antineoplastic
treatment, thromboembolism was not more frequent in people
with Hb > 13 g/dl, nor with Hb rise > 1 g/dl in 2 weeks
compared to those who did not (Smith et al., 2008). Moreover,
it should be highlighted that no randomized clinical trial to
date have evaluated any prophilactic approach to counteract the
incidence of thromboembolism by administering, for example,
anti-coagulant agents especially in the setting of advanced

cancer patients, which present by themselves an elevated risk of
thromboembolism.

Other adverse events associated with the use of ESAs, such as
hypertension, thrombocytopenia/hemorrhage and seizures have
been reported. The Cochrane meta-analysis by Tonia et al.
(2012) reported and increased risk ratio of hypertension by
approximately 30% in cancer patients receiving ESAs. The same
Cochrane (Tonia et al., 2012) showed a significant increased
risk to develop thrombocytopenia in erythropoietin-treated
cancer patients. Some case of seizures have been associated to
ESA treatment in cancer patients while the incidence was not
significantly different in comparison to control arm (Tonia et al.,
2012).

SAFETY ISSUES AND CONCERNS IN
CLINICAL PRACTICE

In 2007 FDA published a warning statement limiting the
indication of ESAs only for the therapy of chemotherapy-
induced anemia and discouraging their administration when the
antineoplastic therapy is finished (Goldberg and Goldberg, 2008;
Hagerty, 2008); FDA also indicated that ESAs should be used
only when the antineoplastic treatment has a palliative intent
and clarified there is not a upper range for target hemoglobin
but that the objective of ESA therapy should be the lowest Hb
value to avoid transfusion (Goldberg and Goldberg, 2008). Such
alerts were based on the results of several clinical trials that found
that ESAs treatment in cancer patients was associated both with
an inferior survival and worse cancer outcomes (Newland and
Black, 2008; Bohlius et al., 2009; Pfeffer et al., 2009; Tsuboi et al.,
2009): this has been correlated with an excess of thromboembolic
events correlated with the levels of Hb reached (Tonia et al.,
2012). Additionally, it was also hypothesized that the higher
mortality was dependent on EPO ability to stimulate tumor
growth (Henke et al., 2006; Brown et al., 2007). However,
more recently, in 2009, a pooled analysis, involving more than
13,000 cancer patients, failed to confirm the data about the
increased mortality risk associated with ESA (Bohlius et al.,
2009).

Following the above concerns, the guidelines from the
American Society of Clinical Oncology (ASCO) and American
Society of Hematology (ASH) (Rizzo et al., 2010) as well as from
the National Comprehensive Cancer Network (NCCN) for the
appropriate therapy of anemia of cancer patients undergoing
antiblastic therapy recommended considering the utilization of
ESAs for selected patients according to FDA indications. In
detail, they stated that ESA may be indicated to for patients
with chemotherapy-induced anemia with Hb < 10 g/dL to
decrease transfusion. Clinicians should start treatment after
having discussed with patients the potential harms (e.g.,
thromboembolism, shorter survival) and benefits (e.g., decreased
transfusions) in comparison to the potential harms (e.g., serious
infections, immune-mediated adverse reactions) and benefits
(e.g., rapid Hb improvement) of transfusions. The Committee
cautions against ESA use under other circumstances, in particular
in patients who are not receiving concurrent myelosuppressive
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chemotherapy. As regard the FDA label that limit the indication
for ESA to patients receiving chemotherapy for palliative intent,
Rizzo et al. (2010) did not include this point. Indeed, to
date no study or meta-analysis has analyzed the outcomes of
ESA therapy by dividing patients according to chemotherapy
aim. In 2012 a Cochrane meta-analysis assessing 91 trials
with 20,102 patients found that if ESAs are used correctly
for the therapy of chemotherapy-induced anemia as well CRA
only if Hb is below 12 g/dl, no increase in overall mortality
and on-study mortality have been observed (Tonia et al.,
2012).

In clinical practice, cautions should be used when using ESA
concomitant with chemotherapy regimen and cancers associated
with increased risk of thromboembolism. Moreover, ESAs are
contraindicated in patients with uncontrolled hypertension.

IRON SUPPLEMENTATION

Cancer-related anemia is characterized by both a defective
incorporation of iron into developing erythrocytes and by
erythropoietin deficiency. Therefore, it has been hypothesized
that treatment of CRA could include a combination of ESAs and
iron supplementation.

Iron formulation assessed in cancer patients include oral
and parenteral forms (low-molecular weight iron dextran, ferric
gluconate and iron sucrose.) To date, in a recent systematic
meta-analysis (Mhaskar et al., 2016) the addition of iron to
ESAs versus ESAs alone for chemotherapy-induced anemia,
showed to be associated with increased hematopoietic response,
lowered RBC transfusions, and improved Hb changes. The meta-
analysis did not show any benefit in time to hematopoietic
response nor any improvement in QL in patients supplemented
with iron plus ESAs in comparison to ESAs alone. No
treatment-related deaths have been reported (Mhaskar et al.,
2016). Various routes of iron administration are available: oral
intramuscular or intravenously. The bivalent (ferrous) form
of oral iron has better bioavailability that the trivalent one
(ferric). As for safety, ferrous gluconate is safer than iron
dextran (Fishbane and Kowalski, 2000). As for tolerability,
parenteral iron may be associated with nausea, vomiting and/or
diarrhea, hypotension, pain, hypertension, dyspnea, pruritus,
headache, and dizziness. The majority of adverse events in
literature were associated with the use of high molecular
weight iron dextran, which is anymore recommended and
has been today replaced in the clinical practice by the other
formulations (Baribeault and Auerbach, 2011; Rodgers et al.,
2017).

Nevertheless, the use of iron for CRA is controversial. In
fact, in addition to an absolute iron deficiency due to reduced
nutritional intake or blood loss, these patients could present an
iron functional deficiency with reduced saturation of transferrin
and high levels of ferritin, which develops as a consequence of
the chronic inflammatory status. This condition is characterized
by an increase in iron storage with a limited iron availability or
erythropoiesis. Moreover, it is characterized by a compromised
iron intestine absorbance system mediated by hepcidin. In

particular, this last piece of evidence suggested that cancer
patients with anemia should not have any benefit from oral
iron formulation, but they should receive intravenous iron.
Several studies have compared intravenous versus oral iron
administration in combination with ESAs for chemotherapy-
induced anemia. The majority of these trials demonstrated
that intravenously iron supplementation (in comparison to
either orally administered iron or no iron) increases Hb
response to ESAs and decreases the number of transfusions
(Auerbach et al., 2004; Henry et al., 2007; Bastit et al., 2008;
Pedrazzoli et al., 2008). A recent meta-analysis relevant to this
issue (Mhaskar et al., 2016) confirmed a superior efficacy of
intravenous iron combined with ESAs in comparison to oral iron
regarding hematopoietic response, need of RBC transfusions, and
improvement in Hb.

Noteworthy, the largest clinical trial performed to date by
Steensma et al. (2011) demonstrated the lack of benefit of
adding intravenous iron to ESAs in anemic cancer patients
with signs of functional iron deficiency. These controversial
results may be at least in part attributed to the fact that the
clinical trials assessing the effectiveness of the combination
of ESAs with orally or intravenously administered iron for
chemotherapy-induced anemia, incorporated an heterogeneous
population, including both patients in early and advanced
stages, where the pathogenesis of anemia and the alterations
of iron metabolism are completely different. In this regard,
in 2010 we performed a randomized, prospective trial in a
selected population of advanced cancer patients with chronic
inflammation, which have CRA yet before starting chemotherapy
(Macciò et al., 2010). The study had the scope to assess
whether the supplementation with orally administered lactoferrin
compared to intravenous iron, both added to rHuEPO, was
effective and safe, for the therapy of CRA in a cohort
of 148 advanced neoplastic patients receiving chemotherapy.
Lactoferrin is an iron-binding protein with a molecular weight
of 80 kD belonging to the transferrin family, which may
play a relevant antimicrobial and antiinflammatory activity in
the immune response. Enrolled patients were randomized to
receive intravenous ferric gluconate (125 mg/week) or lactoferrin
(200 mg/day), each combined with s.c. rHuEPOβ, 30,000
UI/week, for 12 weeks. Hemoglobin increased significantly in
the two arms; both arms obtained a similar Hb improvement,
hematopoietic response, time to hematopoietic response or
mean change in serum iron, CRP, or erythrocyte sedimentation
rate. Notably, ferritin levels lowered in the lactoferrin, while
they augmented in the intravenous iron arm. Therefore, the
results of this trial showed that oral lactoferrin was effective
as intravenous iron in terms of Hb increase. The decrease of
ferritin in the lactoferrin arm probably suggests that ferritin is
better able to modulate iron metabolism and ameliorate iron
recycling.

On the basis of currently available data, patients with CRA
should receive iron supplementation, especially when they are
not responsive to the treatment with erythropoietic agents alone.
However, martial therapy could not be recommended for patients
with functional iron-deficiency and high levels of ferritin. In this
case, iron overload can favor ROS synthesis thus aggravating the
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oxidative stress status leading to subsequent endothelial damage
and increased risk of cardiovascular complications.

COMBINED MULTITARGETED
APPROACH OF CRA

Considering the multifactorial mechanisms leading to CRA,
mainly attributable to the condition of chronic inflammation that
characterizes advanced cancer patients, some combined targeted
approaches have shown a significant benefit in ameliorating
anemia and related symptoms. Moreover, not all patients
with CRA benefit from the use of ESA alone: up to 15–
20% still require RBC transfusions, and only 50–70% have
an Hb increment of ≥1 g/dl after administration of ESA for
8–12 weeks (Beguin, 1998). Evidence from several studies in
patients with end-stage renal disease and anemia showed that
ESAs hyporesponsiveness may be due to several factors: a
weakened iron supplying to developing erythroid cells due to
functional iron deficiency (Tarng et al., 1999); increased amount
of erythropoiesis-inhibiting inflammatory cytokines (Ribeiro
et al., 2016); reduced energy and nutrients supply due to
the compromised food intake and metabolic changes (Bistrian
and Carey, 2000). A multitargeted approach may be useful in
circumvent these events and improve the effectiveness of ESAs.

In this regard, a randomized clinical trial (Daneryd et al.,
1998) in 108 cancer patients with advanced tumors at different
sites with cachexia not undergoing concomitant chemotherapy
showed that the administration of rHuEPO in association with
the anti-inflammatory agent indomethacin achieved a higher
increase in Hb levels as well as increased oxygen uptake, and
respiratory activity with a better-preserved exercise capacity in
comparison to the arm with indomethacin alone. These results
were correlated with a significant reduction in inflammatory
markers in the experimental arm. These results have been
confirmed in further analysis published by the same authors
where the combined approach with indomethacin and rHuEPO
showed to improve Hb levels and functional capacity; however,
it did not improve significantly subjective measures of QL
(Lindholm et al., 2004). Also another randomized study by
Lundholm et al. (2004), evaluated whether the addition of
a specialized, nutritional support to a combined treatment
with indomethacin and rHuEPO, and confirmed that the
combined approach prevented CRA and improved significantly
the energy metabolism and functional outcome in advanced
cancer patients with cachexia. Indeed, indomethacin by reducing
cytokine production and inflammation, may improve by itself
anemia (Nieken et al., 1995) and increase responsiveness to
EPO treatment (Bistrian and Carey, 2000). These properties are
common to other NSAIDs that may thus obtain similar results
such as aspirin and COX-2 inhibitor.

At this regard, some papers from our group demonstrated that
a combined approach for the therapy of metabolic/inflammatory
changes and associated symptoms (cachexia) related to advanced
cancer was able to significantly counteract CRA. In detail,
two case reports published by our group confirmed that
a supportive multitargeted anticachectic approach including

L-carnitin, curcumin, lactoferrin, rHuEPO and the COX-2
inhibitor celecoxib was able to counteract CRA in a patient
with metastatic hormone-refractory prostate cancer (Macciò
et al., 2015a) and in a patient with myelofibrosis with associated
cachexia (Macciò et al., 2015b), respectively. The combined
approach in both patients achieved a rise of Hb and serum iron
values, and a concomitant decrease of inflammatory markers,
ferritin, and hepcidin. The treatment in both patients was
associated with an improvement of weight, lean body mass, grip
strength, fatigue, and overall QL.

Therefore, when increased risk factors or comorbidities are
lacking, the use of rHuEPO associated with the concomitant
administration of low molecular weight heparin, for
counteracting the well-known prothrombotic status of advanced
cancer, plus the modulation of iron metabolism with appropriate
supplements, and an adequate nutritional support, is able to
improve CRA, associated symptoms and impairment of QL.

CONCLUSION

Cancer-related anemia has a high incidence and significant
clinical impact on patient prognosis and QL. However, so
far the clinical studies testing the application of ESAs have
been limited to chemotherapy-related anemia. About this point,
it should be remembered that ESAs are indicated for Hb
values < 10 g/dl, not considering that many patients (particularly
in the advanced stages of disease) have already anemia before
the start of chemotherapy, with Hb values equal to or lower
than this threshold (Ludwig et al., 2004). Considering the
evidence regarding iron-restricted erythropoiesis, several studies
found that intravenous iron supplementation had higher efficacy
than oral iron administration for the therapy of CRA (Henry,
2010). However, more recently the role of intravenous iron
administration, in case of functional iron deficiency typical
of CRA, has been disputed (Spivak, 2011). Accordingly, in
our randomized clinical study we hypothesized the necessity
to select the way of iron supplementation on the basis of
patient clinical characteristics. Furthermore, we showed that
the selective modulation of iron metabolism through oral
lactoferrin, in advanced patients with CRA during antineoplastic
treatment, decreases excessive iron storage (ferritin) and reduces
ferritin levels, and supported the ESAs activity, comparably to
intravenous iron administration (Macciò et al., 2010).

It is crucial to underline that cancer growth and related
inflammatory response determines alterations of energy
metabolism and feeding (cancer-related anorexia and
cachexia), that may potentially induce anemia. Consistently,
we demonstrated that parameters of the nutritional and energy
status of the patient such as leptin, were positively correlated
with Hb levels. Also, we showed that the GPS, a score based
on the inflammatory/nutritional status, was predictive of Hb
levels (Macciò et al., 2015a). This piece of evidence is strongly
in accordance with findings observed in chronic kidney failure
patients, where the “malnutrition-inflammation score” showed
to be widely correlated with anemia (Kalantar-Zadeh et al.,
2001; Molnar et al., 2011; Rattanasompattikul et al., 2013).
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Until now, the association of the nutritional status with the
hemoglobin levels in cancer patients has not been sufficiently
assessed. Conversely, in people with chronic kidney failure, where
this correlation has been largely found, the role of an adequate
nutritional status to improve anemia, particulary in those patients
candidate to ESAs, is now strongly recognized (Takeda et al.,
2002; Axelsson et al., 2005; Hung et al., 2005).

A proper characterization of cancer patients with anemia
on the basis of tumor staging and inflammation/metabolic-
related symptoms is thus warranted to identify specific
parameters that will enable the design and implementation
of the best therapeutic strategy to treat CRA, in which
inflammation and metabolic impairments seem to play pivotal
roles (Steensma, 2008). In this context, the finding that
treatment with anti-IL6 mAb in patients with advanced
cancer at different sites is able to significantly increase Hb
levels is of high relevance (Bayliss et al., 2011; Coward
et al., 2011). In conclusion, on the basis of the evidence
discussed here, we can conclude that the comprehension of
the multifactorial pathogenetic pathways leading to CRA is
pivotal to identify the most adequate and effective treatments.
Currently, the leading international scientific societies have
developed protocols that have focused primarily on the treatment
of chemotherapy-induced anemia. The data discussed herein
indicate that an accurate assessment of the neoplastic patient

must be achieved prior to start the therapy for CRA; besides
ESAs, the approach should provide a specific multitargeted
therapy, including, e.g., adequate caloric supplementation, an
antioxidant/anti-inflammatory treatment and personalized iron
supplementation.
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Bukowska, B., Sicińska, P., Paja̧k, A., Koceva-Chyla, A., Pietras, T.,
Pszczółkowska, A., et al. (2015). Oxidative stress and damage to erythrocytes
in patients with chronic obstructive pulmonary disease–changes in
ATPase and acetylcholinesterase activity. Biochem. Cell. Biol. 93, 574–580.
doi: 10.1139/bcb-2015-0066

Burke, S. J., Stadler, K., Lu, D., Gleason, E., Han, A., Donohoe, D. R., et al. (2015).
IL-1β reciprocally regulates chemokine and insulin secretion in pancreatic
β-cells via NF-κB. Am. J. Physiol. Endocrinol. Metab. 309, E715–E726.
doi: 10.1152/ajpendo.00153.2015

Camaschella, C. (2008). Recent advances in the understanding of inherited
sideroblastic anaemia. Br. J. Haematol. 143, 27–38. doi: 10.1111/j.1365-2141.
2008.07290.x

Camaschella, C., Pagani, A., Nai, A., and Silvestri, L. (2016). The mutual control
of iron and erythropoiesis. Int. J. Lab. Hematol. 38, 20–26. doi: 10.1111/ijlh.
12505

Carbó, N., Costelli, P., Tessitore, L., Bagby, G. J., López-Soriano, F. J., Baccino,
F. M., et al. (1994). Anti-tumour necrosis factor-alpha treatment interferes
with changes in lipid metabolism in a tumour cachexia model. Clin. Sci. 87,
349–355.

Caro, J. J., Salas, M., Ward, A., and Goss, G. (2001). Anemia as an independent
prognostic factor for survival in patients with cancer: a systemic, quantitative
review. Cancer 91, 2214–2221. doi: 10.1002/1097-0142(20010615)91:12<2214::
AID-CNCR1251>3.0.CO;2-P

Carson, J. L., Guyatt, G., Heddle, N. M., Grossman, B. J., Cohn, C. S., Fung,
M. K., et al. (2016). Clinical practice guidelines from the AABB: red blood cell
transfusion thresholds and storage. JAMA 316, 2025–2035. doi: 10.1001/jama.
2016.9185

Cawthorn, W. P., and Sethi, J. K. (2008). TNF-α and adipocyte biology. FEBS Lett.
582, 117–131. doi: 10.1016/j.febslet.2007.11.051

Cella, D. (1998). Factors influencing quality of life in cancer patients: anemia and
fatigue. Semin. Oncol. 25(3 Suppl. 7), 43–46.

Chamogeorgakis, T., Anagnostopoulos, C., Kostopanagiotou, G., Bhora, F.,
Toumpoulis, I., Georgiannakis, E., et al. (2008). Does anemia affect outcome
after lobectomy or pneumonectomy in early stage lung cancer patients who
have not received neo-adjuvant treatment? Thorac. Cardiovasc. Surg. 56,
148–153. doi: 10.1055/s-2007-989455

Chiabrando, D., Mercurio, S., and Tolosano, E. (2014). Heme and erythropoieis:
more than a structural role. Haematologica 99, 973–983. doi: 10.3324/haematol.
2013.091991

Christ, E. R., Cummings, M. H., Westwood, N. B., Sawyer, B. M., Pearson, T. C.,
Sönksen, P. H., et al. (1997). The importance of growth hormone in the
regulation of erythropoiesis, red cell mass, and plasma volume in adults with
growth hormone deficiency. J. Clin. Endocrinol. Metab. 82, 2985–2990.

Chung, J., Bauer, D. E., Ghamari, A., Nizzi, C. P., Deck, K. M., Kingsley, P. D., et al.
(2015). The mTORC1/4E-BP pathway coordinates hemoglobin production
with L-leucine availability. Sci. Signal. 8:ra34. doi: 10.1126/scisignal.aaa5903

Cosse, J. P., and Michiels, C. (2008). Tumour hypoxia affects the responsiveness
of cancer cells to chemotherapy and promotes cancer progression. Anticancer
Agents Med. Chem. 8, 790–797. doi: 10.2174/187152008785914798

Coward, J., Kulbe, H., Chakravarty, P., Leader, D., Vassileva, V., Leinster, D. A.,
et al. (2011). Interleukin-6 as a therapeutic target in human ovarian cancer. Clin.
Cancer Res. 17, 6083–6096. doi: 10.1158/1078-0432.CCR-11-0945

Crawford, J., Cella, D., Cleeland, C. S., Cremieux, P. Y., Demetri, G. D., Sarokhan,
B. J., et al. (2002). Relationship between changes in hemoglobin level and quality
of life during chemotherapy in anemic cancer patients receiving epoetin alfa
therapy. Cancer 95, 888–895. doi: 10.1002/cncr.10763

Cybulska, P., Goss, C., Tew, W. P., Parameswaran, R., and Sonoda, Y. (2017).
Indications for and complications of transfusion and the management of
gynecologic malignancies. Gynecol. Oncol. 146, 416–426. doi: 10.1016/j.ygyno.
2017.05.010

Daneryd, P., Svanberg, E., Körner, U., Lindholm, E., Sandström, R., Brevinge, H.,
et al. (1998). Protection of metabolic and exercise capacity in unselected weight-
losing cancer patients following treatment with recombinant erythropoietin: a
randomized prospective study. Cancer Res. 58, 5374–5379.

Delano, M. J., and Moldawer, L. L. (2006). The origins of cachexia in acute
and chronic inflammatory diseases. Nutr. Clin. Pract. 21, 68–81. doi: 10.1177/
011542650602100168

Doty, R. T., Phelps, S. R., Shadle, C., Sanchez-Bonilla, M., Keel, S. B., and Abkowitz,
J. L. (2015). Coordinate expression of heme and globin is essential for effective
erythropoiesis. J. Clin. Invest. 125, 4681–4691. doi: 10.1172/JCI83054

Doulatov, S., Notta, F., Laurenti, E., and Dick, J. E. (2012). Hematopoiesis: a human
perspective. Cell Stem Cell 10, 120–136. doi: 10.1016/j.stem.2012.01.006

Dunn, A., Carter, J., and Carter, H. (2003). Anemia at the end of life: prevalence,
significance and causes in patients receiving palliative care. J. Pain Symptom
Manage. 26, 1132–1139. doi: 10.1016/j.jpainsymman.2003.04.001

Faquin, W. C., Schneider, T. J., and Goldberg, M. A. (1992). Effect of inflammatory
cytokines on hypoxia-induced erythropoietin production. Blood 79, 1987–1994.

Fearon, K., Strasser, F., Anker, S. D., Bosaeus, I., Bruera, E., Fainsinger, R. L.,
et al. (2011). Definition and classification of cancer cachexia: an international
consensus. Lancet. Oncol. 12, 489–495. doi: 10.1016/S1470-2045(10)70218-7

Finch, C. A. (1982). Erythropoiesis, erythropoietin, and iron. Blood 60, 1241–1246.
Fishbane, S., and Kowalski, E. A. (2000). The comparative safety of intravenous iron

dextran, iron saccharate, and sodium ferric gluconate. Semin. Dial. 13, 381–384.
doi: 10.1046/j.1525-139x.2000.00104.x

Friesen, D. E., Baracos, V. E., and Tuszynski, J. A. (2015). Modeling the energetic
cost of cancer as a result of altered energy metabolism: implications for cachexia.
Theor. Biol. Med. Model. 12:17. doi: 10.1186/s12976-015-0015-0

Fuso, L., Mazzola, S., Marocco, F., Ferrero, A., Dompè, D., Carus, A. P., et al. (2005).
Pretreatment serum hemoglobin level as a predictive factor of response to
neoadjuvant chemotherapy in patients with locally advanced squamous cervical
carcinoma: a preliminary report. Gynecol. Oncol. 99(3 Suppl. 1), S187–S191.
doi: 10.1016/j.ygyno.2005.07.079

Ganz, T., and Nemeth, E. (2011). Hepcidin and disorders of iron metabolism.
Annu. Rev. Med. 62, 347–360. doi: 10.1146/annurev-med-050109-142444

Ganz, T., and Nemeth, E. (2015). Iron homeostasis in host defence and
inflammation. Nat. Rev. Immunol. 15, 500–510. doi: 10.1038/nri3863

Gaspar, B. L., Sharma, P., and Das, R. (2015). Anemia in malignancies:
pathogenetic and diagnostic considerations. Hematology 20, 18–25. doi: 10.
1179/1607845414Y.0000000161

Frontiers in Physiology | www.frontiersin.org 16 September 2018 | Volume 9 | Article 1294

https://doi.org/10.1634/theoncologist.9-90005-41
https://doi.org/10.1002/14651858.CD007303.pub2
https://doi.org/10.1038/bjc.2014.171
https://doi.org/10.1038/ncponc0451
https://doi.org/10.1139/apnm-2016-0393
https://doi.org/10.1089/jpm.2010.0143
https://doi.org/10.1634/stemcells.2006-0687
https://doi.org/10.1016/j.bcp.2008.12.018
https://doi.org/10.1093/jnen/62.3.228
https://doi.org/10.1093/jnen/62.3.228
https://doi.org/10.1139/bcb-2015-0066
https://doi.org/10.1152/ajpendo.00153.2015
https://doi.org/10.1111/j.1365-2141.2008.07290.x
https://doi.org/10.1111/j.1365-2141.2008.07290.x
https://doi.org/10.1111/ijlh.12505
https://doi.org/10.1111/ijlh.12505
https://doi.org/10.1002/1097-0142(20010615)91:12<2214::AID-CNCR1251>3.0.CO;2-P
https://doi.org/10.1002/1097-0142(20010615)91:12<2214::AID-CNCR1251>3.0.CO;2-P
https://doi.org/10.1001/jama.2016.9185
https://doi.org/10.1001/jama.2016.9185
https://doi.org/10.1016/j.febslet.2007.11.051
https://doi.org/10.1055/s-2007-989455
https://doi.org/10.3324/haematol.2013.091991
https://doi.org/10.3324/haematol.2013.091991
https://doi.org/10.1126/scisignal.aaa5903
https://doi.org/10.2174/187152008785914798
https://doi.org/10.1158/1078-0432.CCR-11-0945
https://doi.org/10.1002/cncr.10763
https://doi.org/10.1016/j.ygyno.2017.05.010
https://doi.org/10.1016/j.ygyno.2017.05.010
https://doi.org/10.1177/011542650602100168
https://doi.org/10.1177/011542650602100168
https://doi.org/10.1172/JCI83054
https://doi.org/10.1016/j.stem.2012.01.006
https://doi.org/10.1016/j.jpainsymman.2003.04.001
https://doi.org/10.1016/S1470-2045(10)70218-7
https://doi.org/10.1046/j.1525-139x.2000.00104.x
https://doi.org/10.1186/s12976-015-0015-0
https://doi.org/10.1016/j.ygyno.2005.07.079
https://doi.org/10.1146/annurev-med-050109-142444
https://doi.org/10.1038/nri3863
https://doi.org/10.1179/1607845414Y.0000000161
https://doi.org/10.1179/1607845414Y.0000000161
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01294 September 20, 2018 Time: 15:1 # 17

Madeddu et al. Pathogenesis and Treatment of Cancer-Related Anemia Treatment

Gautron, L., and Layé, S. (2010). Neurobiology of inflammation-associated
anorexia. Front. Neurosci. 3:59. doi: 10.3389/neuro.23.003.2009

Ghezzi, P., and Mengozzi, M. (2007). Activities of erythropoietin on tumors: an
immunological perspective. Eur. J. Immunol. 37, 1427–1430. doi: 10.1002/eji.
200737401

Gleason, C., and Spencer, D. (1995). Blood transfusion and its benefits in palliative
care. Palliat. Med. 9, 307–313. doi: 10.1177/026921639500900405

Goldberg, K. B., and Goldberg, P. (2008). FDA orders more changes in ESA label,
agents not indicated in curative setting. Cancer Lett. 34, 1–2.

Goodnough, L. T. (2005). Risks of blood transfusion. Anesthesiol. Clin. North Am.
23, 241–252. doi: 10.1016/j.atc.2004.07.004

Gordon, D., Nichols, G., Ben-Jacob, A., Tomita, D., Lillie, T., and Miller, C. (2008).
Treating anemia of cancer with every-4-week darbepoetin alfa: final efficacy and
safety results from a phase II, randomized, double-blind, placebo-controlled
study. Oncologist 13, 715–724. doi: 10.1634/theoncologist.2007-0241

Grant, M. D., Piper, M., Bohlius, J., Tonia, T., Robert, N., Vats, V., et al. (2013).
Epoetin and Darbepoetin for Managing Anemia in Patients Undergoing Cancer
Treatment: Comparative Effectiveness Update. US Report No. 13-EHC077-EF.
Rockville MD: Agency for Healthcare Research and Quality.

Grogan, M., Thomas, G. M., Melamed, I., Wong, F. L., Pearcey, R. G., Joseph,
P. K., et al. (1999). The importance of hemoglobin levels during radiotherapy
for carcinoma of the cervix. Cancer 86, 1528–1536. doi: 10.1002/(SICI)10
97-0142(19991015)86:8<1528::AID-CNCR20>3.0.CO;2-E

Haag-Weber, M., Eckardt, K. U., Horl, W. H., Roger, S. D., Vetter, A.,
and Roth, K. (2012). Safety, immunogenicity and efficacy of subcutaneous
biosimilar epoetin-α (HX575) in non-dialysis patients with renal anemia:
a multi-center, randomized, double-blind study. Clin. Nephrol. 77, 8–17.
doi: 10.5414/CN107304

Hagerty, K. (2008). Continued regulatory actions affecting the use
of erythropoiesis-stimulating agents. J. Oncol. Pract. 4, 267–270.
doi: 10.1200/JOP.0863501

Halstenson, C. E., Macres, M., Katz, S. A., Schnieders, J. R., Watanabe, M.,
Sobota, J. T., et al. (1991). Abraham PA. Comparative pharmacokinetics and
pharmacodynamics of epoetin alfa and epoetin beta. Clin. Pharmacol. Ther. 50,
702–712. doi: 10.1038/clpt.1991.210

Hare, G. M. (2014). Tolerance of anemia: understanding the adaptive physiological
mechanisms which promote survival. Transfus. Apher. Sci. 50, 10–12. doi: 10.
1016/j.transci.2013.12.005

Hare, G. M., Tsui, A. K., McLaren, A. T., Ragoonanan, T. E., Yu, J., and Mazer, C. D.
(2008). Anemia and cerebral outcomes: many questions, fewer answers. Anesth.
Analg. 107, 1356–1370. doi: 10.1213/ane.0b013e318184cfe9

Harrison, L., and Blackwell, K. (2004). Hypoxia and anemia: factors in decreased
sensitivity to radiation therapy and chemotherapy? Oncologist 9(Suppl. 5),
31–40.

Henke, M., Laszig, R., Rübe, C., Schäfer, U., Haase, K. D., Schilcher, B., et al. (2003).
Erythropoietin to treat head and neck cancer patients with anaemia undergoing
radio-therapy: randomised, double-blind, placebo-controlled trial. Lancet 362,
1255–1260. doi: 10.1016/S0140-6736(03)14567-9

Henke, M., Mattern, D., Pepe, M., Bézay, C., Weissenberger, C., Werner, M.,
et al. (2006). Do erythropoietin receptors on cancer cells explain unexpected
clinical findings? J. Clin. Oncol. 24, 4708–4713. doi: 10.1200/JCO.2006.06.
2737

Henry, D. H. (2010). Parenteral iron therapy in cancer-associated anemia. Hematol.
Am. Soc. Hematol. Educ. Program 2010, 351–356. doi: 10.1182/asheducation-
2010.1.351

Henry, D. H., Dahl, N. V., Auerbach, M., Tchekmedyian, S., and Laufman, L. R.
(2007). Intravenous ferric gluconate significantly improves response to epoetin
alfa versus oral iron or no iron in anemic patients with cancer receiving
chemotherapy. Oncologist 12, 231–242. doi: 10.1634/theoncologist.12-2-231

Höckel, M., and Vaupel, P. (2001). Biological consequences of tumor hypoxia.
Semin. Oncol. 28(2 Suppl. 8), 36–41. doi: 10.1016/S0093-7754(01)90211-8

Hung, S. C., Tung, T. Y., Yang, C. S., and Tarng, D. C. (2005). High-calorie
supplementation increases serum leptin levels and improves response to
rHuEPO in long-term hemodialysis patients. Am. J. Kidney Dis. 45, 1073–1083.
doi: 10.1053/j.ajkd.2005.02.020

Iglesias, P., Díez, J. J., Fernández-Reyes, M. J., Aguilera, A., Burgués, S.,
Martínez-Ara, J., et al. (1998). Recombinant human growth hormone
therapy in malnourished dialysis patients: a randomized controlled

study. Am. J. Kidney Dis. 32, 454–463. doi: 10.1053/ajkd.1998.v32.pm974
0162

Jelkmann, W., Pagel, H., Wolff, M., and Fandrey, J. (1992). Monokines inhibiting
erythropoietin production in human hepatoma cultures and in isolated
perfused rat kidneys. Life Sci. 50, 301–308. doi: 10.1016/0024-3205(92)90338-P

Jelkmann, W. (1998). Proinflammatory cytokines lowering erythropoietin
production. J. Interferon Cytokine Res. 18, 555–559. doi: 10.1089/jir.1998.18.555

Jelkmann, W. (2010). Biosimilar epoetins and other “follow-on” biologics: update
on the European experiences. Am. J. Hematol. 85, 771–780. doi: 10.1002/ajh.
21805

Jewell, U. R., Kvietikova, I., Scheid, A., Bauer, C., Wenger, R. H., and Gassmann, M.
(2001). Induction of HIF-1 alpha in response to hypoxia is instantaneous.
FASEB J. 15, 1312–1314.

Juneja, V., Keegan, P., Gootenberg, J. E., Rothmann, M. D., Shen, Y. L., Lee,
K. Y., et al. (2008). Continuing reassessment of the risks of erythropoiesis-
stimulating agents in patients with cancer. Clin. Cancer Res. 14, 3242–3247.
doi: 10.1158/1078-0432.CCR-07-1872

Kader, A. S., Lim, J. T., Berthelet, E., Petersen, R., Ludgate, D., and Truong,
P. T. (2007). Prognostic significance of blood transfusions in patients with
esophageal cancer treated with combined chemoradiotherapy. Am. J. Clin.
Oncol. 30, 492–497. doi: 10.1097/01.coc.0000264177.66369.18

Kalantar-Zadeh, K., Kopple, J. D., Block, G., and Humphreys, M. H. (2001).
A malnutrition-inflammation score is correlated with morbidity and mortality
in maintenance hemodialysis patients. Am. J. Kidney Dis. 38, 1251–1263.
doi: 10.1053/ajkd.2001.29222

Katz, O., Gil, L., Liftshitz, L., Prutchi-Sagiv, S., Gassmann, M., Mittelman, M., et al.
(2007). Neumann D. Erythropoietin enhances immune responses in mice. Eur.
J. Immunol. 37, 1584–1593. doi: 10.1002/eji.200637025

Kautz, L., Jung, G., Valore, E. V., Rivella, S., Nemeth, E., and Ganz, T. (2014).
Identification of erythroferrone as an erythroid regulator of iron metabolism.
Nat. Genet. 46, 678–684. doi: 10.1038/ng.2996

Khorana, A. A., Francis, C. W., Blumberg, N., Culakova, E., Refaai, M. A.,
and Lyman, G. H. (2008). Blood transfusions, thrombosis, and mortality
in hospitalized patients with cancer. Arch. Intern. Med. 168, 2377–2381.
doi: 10.1001/archinte.168.21.2377

Kling, P. J., Dragsten, P. R., Roberts, R. A., Dos Santos, B., Brooks, D. J., Hedlund,
B. E., et al. (1996). Iron deprivation increases erythropoietin production in vitro,
in normal subjects and patients with malignancy. Br. J. Haematol. 95, 241–248.
doi: 10.1046/j.1365-2141.1996.d01-1919.x

Knight, K., Wade, S., and Balducci, L. (2004). Prevalence and outcomes of anemia
in cancer: a systematic review of the literature. Am. J. Med. 116(Suppl. 7A),
11S–26S. doi: 10.1016/j.amjmed.2003.12.008

Ladányi, A., Somlai, B., Gilde, K., Fejös, Z., Gaudi, I., and Tímár, J. (2004). T-cell
activation marker expression on tumor-infiltrating lymphocytes as prognostic
factor in cutaneous malignant melanoma. Clin. Cancer Res. 10, 521–530.
doi: 10.1158/1078-0432.CCR-1161-03

Laftah, A. H., Ramesh, B., Simpson, R. J., Solanky, N., Bahram, S., Schümann, K.,
et al. (2004). Effect of hepcidin on intestinal iron absorption in mice. Blood 103,
3940–3944. doi: 10.1182/blood-2003-03-0953

Lang, F., Abed, M., Lang, E., and Föller, M. (2014). Oxidative stress and suicidal
erythrocyte death. Antioxid. Redox Signal. 21, 138–153. doi: 10.1089/ars.2013.
5747

Leyland–Jones, B., Semiglazov, V., Pawlicki, M., Pienkowski, T., Tjulandin, S.,
Manikhas, G., et al. (2005). Maintaining normal hemoglobin levels with epoetin
alfa in mainly nonanemic patients with metastatic breast cancer receiving first-
line chemotherapy: a survival study. J. Clin. Oncol. 23, 5960–5972. doi: 10.1200/
JCO.2005.06.150

Lindholm, E., Daneryd, P., Körner, U., Hyltander, A., Fouladiun, M., and
Lundholm, K. (2004). Effects of recombinant erythropoietin in palliative
treatment of unselected cancer patients. Clin. Cancer Res. 10, 6855–6864.
doi: 10.1158/1078-0432.CCR-04-0373

Ludwiczeck, S., Aigner, E., Theurl, I., and Weiss, G. (2003). Cytokine-mediated
regulation of iron transport in human monocytic cells. Blood 101, 4148–4154.
doi: 10.1182/blood-2002-08-2459

Ludwig, H., Aapro, M., Bokemeyer, C., Macdonald, K., Soubeyran, P., Turner, M.,
et al. (2009). Treatment patterns and outcomes in the management of anaemia
in cancer patients in Europe: findings from the Anaemia Cancer Treatment
(ACT) study. Eur. J. Cancer 45, 1603–1615. doi: 10.1016/j.ejca.2009.02.003

Frontiers in Physiology | www.frontiersin.org 17 September 2018 | Volume 9 | Article 1294

https://doi.org/10.3389/neuro.23.003.2009
https://doi.org/10.1002/eji.200737401
https://doi.org/10.1002/eji.200737401
https://doi.org/10.1177/026921639500900405
https://doi.org/10.1016/j.atc.2004.07.004
https://doi.org/10.1634/theoncologist.2007-0241
https://doi.org/10.1002/(SICI)1097-0142(19991015)86:8<1528::AID-CNCR20>3.0.CO;2-E
https://doi.org/10.1002/(SICI)1097-0142(19991015)86:8<1528::AID-CNCR20>3.0.CO;2-E
https://doi.org/10.5414/CN107304
https://doi.org/10.1200/JOP.0863501
https://doi.org/10.1038/clpt.1991.210
https://doi.org/10.1016/j.transci.2013.12.005
https://doi.org/10.1016/j.transci.2013.12.005
https://doi.org/10.1213/ane.0b013e318184cfe9
https://doi.org/10.1016/S0140-6736(03)14567-9
https://doi.org/10.1200/JCO.2006.06.2737
https://doi.org/10.1200/JCO.2006.06.2737
https://doi.org/10.1182/asheducation-2010.1.351
https://doi.org/10.1182/asheducation-2010.1.351
https://doi.org/10.1634/theoncologist.12-2-231
https://doi.org/10.1016/S0093-7754(01)90211-8
https://doi.org/10.1053/j.ajkd.2005.02.020
https://doi.org/10.1053/ajkd.1998.v32.pm9740162
https://doi.org/10.1053/ajkd.1998.v32.pm9740162
https://doi.org/10.1016/0024-3205(92)90338-P
https://doi.org/10.1089/jir.1998.18.555
https://doi.org/10.1002/ajh.21805
https://doi.org/10.1002/ajh.21805
https://doi.org/10.1158/1078-0432.CCR-07-1872
https://doi.org/10.1097/01.coc.0000264177.66369.18
https://doi.org/10.1053/ajkd.2001.29222
https://doi.org/10.1002/eji.200637025
https://doi.org/10.1038/ng.2996
https://doi.org/10.1001/archinte.168.21.2377
https://doi.org/10.1046/j.1365-2141.1996.d01-1919.x
https://doi.org/10.1016/j.amjmed.2003.12.008
https://doi.org/10.1158/1078-0432.CCR-1161-03
https://doi.org/10.1182/blood-2003-03-0953
https://doi.org/10.1089/ars.2013.5747
https://doi.org/10.1089/ars.2013.5747
https://doi.org/10.1200/JCO.2005.06.150
https://doi.org/10.1200/JCO.2005.06.150
https://doi.org/10.1158/1078-0432.CCR-04-0373
https://doi.org/10.1182/blood-2002-08-2459
https://doi.org/10.1016/j.ejca.2009.02.003
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01294 September 20, 2018 Time: 15:1 # 18

Madeddu et al. Pathogenesis and Treatment of Cancer-Related Anemia Treatment

Ludwig, H., and Strasser, K. (2001). Symptomatology of anemia. Semin. Oncol. 28(2
Suppl. 8), 7–14. doi: 10.1016/S0093-7754(01)90206-4

Ludwig, H., Van Belle, S., Barrett-Lee, P., Birgegård, G., Bokemeyer, C., Gascón, P.,
et al. (2004). The European Cancer Anaemia Survey (ECAS): a large,
multinational, prospective survey defining the prevalence, incidence, and
treatment of anaemia in cancer patients. Eur. J. Cancer 40, 2293–2306.
doi: 10.1016/j.ejca.2004.06.019

Lundholm, K., Daneryd, P., Bosaeus, I., Körner, U., and Lindholm, E.
(2004). Palliative nutritional intervention in addition to cyclooxygenase and
erythropoietin treatment for patients with malignant disease: effects on survival,
metabolism, and function. Cancer 100, 1967–1977. doi: 10.1002/cncr.20160

Macciò, A., Gramignano, G., and Madeddu, C. (2015a). A multitargeted treatment
approach for anemia and cachexia in metastatic castration-resistant prostate
cancer. J. Pain Symptom Manage. 50, e1–e4. doi: 10.1016/j.jpainsymman.2015.
04.014

Macciò, A., Gramignano, G., and Madeddu, C. (2015b). Surprising results of
a supportive integrated therapy in myelofibrosis. Nutrition 31, 239–243.
doi: 10.1016/j.nut.2014.07.016

Macciò, A., Madeddu, C., Gramignano, G., Mulas, C., Tanca, L., Cherchi, M. C.,
et al. (2015c). The role of inflammation, iron, and nutritional status in
cancer-related anemia: results of a large, prospective, observational study.
Haematologica 100, 124–132. doi: 10.3324/haematol.2014.112813

Macciò, A., Lai, P., Santona, M. C., Pagliara, L., Melis, G. B., and Mantovani, G.
(1998). High serum levels of soluble IL-2 receptor, cytokines, and C reactive
protein correlate with impairment of T cell response in patients with advanced
epithelial ovarian cancer. Gynecol. Oncol. 69, 248–252. doi: 10.1006/gyno.1998.
4974

Macciò, A., and Madeddu, C. (2012). Inflammation and ovarian cancer. Cytokine
58, 133–147. doi: 10.1016/j.cyto.2012.01.015

Macciò, A., Madeddu, C., Gramignano, G., Mulas, C., Floris, C., Sanna, E., et al.
(2012). A randomized phase III clinical trial of a combined treatment for
cachexia in patients with gynecological cancers: evaluating the impact on
metabolic and inflammatory profiles and quality of life. Gynecol. Oncol. 124,
417–425. doi: 10.1016/j.ygyno.2011.12.435

Macciò, A., Madeddu, C., Gramignano, G., Mulas, C., Sanna, E., and
Mantovani, G. (2010). Efficacy and safety of oral lactoferrin supplementation in
combination with rHuEPO-β for the treatment of anemia in advanced cancer
patients undergoing chemotherapy: open-label, randomized controlled study.
Oncologist 15, 894–902. doi: 10.1634/theoncologist.2010-0020

Macciò, A., Madeddu, C., Massa, D., Astara, G., Farci, D., Melis, G. B., et al. (2009).
Interleukin-6 and leptin as markers of energy metabolic changes in advanced
ovarian cancer patients. J. Cell. Mol. Med. 13, 3951–3959. doi: 10.1111/j.15
82-4934.2008.00408.x

Macciò, A., Madeddu, C., Massa, D., Mudu, M. C., Lusso, M. R., Gramignano, G.,
et al. (2005). Hemoglobin levels correlate with interleukin-6 levels in patients
with advanced untreated epithelial ovarian cancer: role of inflammation in
cancer-related anemia. Blood 106, 362–367. doi: 10.1182/blood-2005-01-0160

Madeddu, C., Gramignano, G., Floris, C., Murenu, G., Sollai, G., and Macciò,
A. (2014). Role of inflammation and oxidative stress in post-menopausal
oestrogen-dependent breast cancer. J. Cell. Mol. Med. 18, 2519–2529.
doi: 10.1111/jcmm.12413

Madeddu, C., Gramignano, G., Kotsonis, P., Coghe, F., Atzeni, V., Scartozzi, M.,
et al. (2018). Microenvironmental M1 tumor-associated macrophage
polarization influences cancer-related anemia in advanced ovarian cancer: key
role of Interleukin-6. Haematologica doi: 10.3324/haematol.2018.191551 [Epub
ahead of print].

Madeddu, C., Mantovani, G., Gramignano, G., Astara, G., and Macciò, A. (2015).
Muscle wasting as main evidence of energy impairment in cancer cachexia:
future therapeutic approaches. Future Oncol. doi: 10.2217/fon.15.195 [Epub
ahead of print].

Mantovani, G., Macciò, A., Madeddu, C., Mura, L., Gramignano, G., Lusso,
M. R., et al. (2003). Antioxidant agents are effective in inducing lymphocyte
progression through cell cycle in advanced cancer patients: assessment of the
most important laboratory indexes of cachexia and oxidative stress. J. Mol. Med.
81, 664–673. doi: 10.1007/s00109-003-0476-1

Mantovani, G., Macció, A., Madeddu, C., Mura, L., Massa, E., Mudu, M., et al.
(2001). Serum values of proinflammatory cytokines are inversely correlated

with serum leptin levels in patients with advanced stage cancer at different sites.
J. Mol. Med. 79, 406–414. doi: 10.1007/s001090100234

Mantovani, G., Macció, A., Mura, L., Massa, E., Mudu, M. C., Mulas, C., et al.
(2000). Serum levels of leptin and proinflammatory cytokines in patients with
advanced-stage cancer at different sites. J. Mol. Med. 78, 554–561. doi: 10.1007/
s001090000137

Marini, M. A., Mannino, G. C., Fiorentino, T. V., Andreozzi, F., Perticone, F.,
and Sesti, G. (2017). A polymorphism at IGF1 locus is associated
with anemia. Oncotarget 8, 32398–32406. doi: 10.18632/oncotarget.
16132

Martin, L., Senesse, P., Gioulbasanis, I., Antoun, S., Bozzetti, F., Deans, C., et al.
(2015). Diagnostic criteria for the classification of cancer-associated weight loss.
J. Clin. Oncol. 33, 90–99. doi: 10.1200/JCO.2014.56.1894

McCammon, M. T., Epstein, C. B., Przybyla-Zawislak, B., McAlister-Henn, L., and
Butow, R. A. (2003). Global transcription analysis of Krebs tricarboxylic acid
cycle mutants reveals an alternating pattern of gene expression and effects on
hypoxic and oxidative genes. Mol. Biol. Cell. 14, 958–972. doi: 10.1091/mbc.
e02-07-0422

McCranor, B. J., Kim, M. J., Cruz, N. M., Xue, Q. L., Berger, A. E., Walston,
J. D., et al. (2014). Interleukin-6 directly impairs the erythroid development
of human TF-1 erythroleukemic cells. Blood Cells Mol. Dis. 52, 126–133.
doi: 10.1016/j.bcmd.2013.09.004

McMillan, D. C. (2009). Systemic inflammation, nutritional status and survival
in patients with cancer. Curr. Opin. Clin. Nutr. Metab. Care 12, 223–226.
doi: 10.1097/MCO.0b013e32832a7902

Means, R. T. (1995). Pathogenesis of the anemia of chronic disease: a cytokine-
mediated anemia. Stem Cells 13, 32–37. doi: 10.1002/stem.5530130105

Means, R. T. (2003). Recent developments in the anemia of chronic disease. Curr.
Hematol. Rep. 2, 116–121.

Mercadante, S., Ferrara, P., Villari, P., David, F., Giarratano, A., and Riina, S.
(2009). Effects of red blood transfusion on anemia-related symptoms in patients
with cancer. J. Palliat. Med. 12, 60–63. doi: 10.1089/jpm.2008.0139

Mhaskar, R., Wao, H., Miladinovic, B., Kumar, A., and Djulbegovic, B. (2016). The
role of iron in the management of chemotherapy-induced anemia in cancer
patients receiving erythropoiesis stimulating agents. Cochrane Database Syst.
Rev. 2:CD009624. doi: 10.1002/14651858.CD009624.pub2

Michallet, M., and Losem, C. (2016). Biosimilar epoetin zeta in oncology and
haematology: development and experience following 6 years of use. Acta
Haematol. 135, 44–52. doi: 10.1159/000438976

Miller, A. H., Ancoli-Israel, S., Bower, J. E., Capuron, L., and Irwin, M. R. (2008).
Neuroendocrine-immune mechanisms of behavioral comorbidities in patients
with cancer. J. Clin. Oncol. 26, 971–982. doi: 10.1200/JCO.2007.10.7805

Millonig, G., Ganzleben, I., Peccerella, T., Casanovas, G., Brodziak-Jarosz, L.,
Breitkopf-Heinlein, K., et al. (2012). Sustained submicromolar H2O2 levels
induce hepcidin via signal transducer and activator of transcription 3 (STAT3).
J. Biol. Chem. 287, 37472–37482. doi: 10.1074/jbc.M112.358911

Molnar, M. Z., Czira, M. E., Rudas, A., Ujszaszi, A., Haromszeki, B., Kosa, J. P., et al.
(2011). Association between the malnutrition-inflammation score and post-
transplant anaemia. Nephrol. Dial. Transplant. 26, 2000–2006. doi: 10.1093/ndt/
gfq690

Montel-Hagen, A., Sitbon, M., and Taylor, N. (2009). Erythroid glucose
transporters. Curr. Opin. Hematol. 16, 165–172. doi: 10.1097/MOH.
0b013e328329905c

Mystakidou, K., Kalaidopoulou, O., Katsouda, E., Parpa, E., Kouskouni, E.,
Chondros, C., et al. (2005). Evaluation of epoetin supplemented with oral iron
in patients with solid malignancies and chronic anemia not receiving anticancer
treatment. Anticancer Res. 25, 3495–3500.

Nagasawa, E., Abe, Y., Nishimura, J., Yanase, T., Nawata, H., and Muta, K.
(2005). Pivotal role of peroxisome proliferator-activated receptor gamma
(PPARgamma) in regulation of erythroid progenitor cell proliferation and
differentiation. Exp. Hematol. 33, 857–864. doi: 10.1016/j.exphem.2005.0
5.003

Nairz, M., Sonnweber, T., Schroll, A., Theurl, I., and Weiss, G. (2012). The
pleiotropic effects of erythropoietin in infection and inflammation. Microbes
Infect. 14, 238–246. doi: 10.1016/j.micinf.2011.10.005

Nathan, D. G. (2015). Amino acid uptake in erythropoiesis. Sci. Signal. 8:fs9.
doi: 10.1126/scisignal.aab1203

Frontiers in Physiology | www.frontiersin.org 18 September 2018 | Volume 9 | Article 1294

https://doi.org/10.1016/S0093-7754(01)90206-4
https://doi.org/10.1016/j.ejca.2004.06.019
https://doi.org/10.1002/cncr.20160
https://doi.org/10.1016/j.jpainsymman.2015.04.014
https://doi.org/10.1016/j.jpainsymman.2015.04.014
https://doi.org/10.1016/j.nut.2014.07.016
https://doi.org/10.3324/haematol.2014.112813
https://doi.org/10.1006/gyno.1998.4974
https://doi.org/10.1006/gyno.1998.4974
https://doi.org/10.1016/j.cyto.2012.01.015
https://doi.org/10.1016/j.ygyno.2011.12.435
https://doi.org/10.1634/theoncologist.2010-0020
https://doi.org/10.1111/j.1582-4934.2008.00408.x
https://doi.org/10.1111/j.1582-4934.2008.00408.x
https://doi.org/10.1182/blood-2005-01-0160
https://doi.org/10.1111/jcmm.12413
https://doi.org/10.3324/haematol.2018.191551
https://doi.org/10.2217/fon.15.195
https://doi.org/10.1007/s00109-003-0476-1
https://doi.org/10.1007/s001090100234
https://doi.org/10.1007/s001090000137
https://doi.org/10.1007/s001090000137
https://doi.org/10.18632/oncotarget.16132
https://doi.org/10.18632/oncotarget.16132
https://doi.org/10.1200/JCO.2014.56.1894
https://doi.org/10.1091/mbc.e02-07-0422
https://doi.org/10.1091/mbc.e02-07-0422
https://doi.org/10.1016/j.bcmd.2013.09.004
https://doi.org/10.1097/MCO.0b013e32832a7902
https://doi.org/10.1002/stem.5530130105
https://doi.org/10.1089/jpm.2008.0139
https://doi.org/10.1002/14651858.CD009624.pub2
https://doi.org/10.1159/000438976
https://doi.org/10.1200/JCO.2007.10.7805
https://doi.org/10.1074/jbc.M112.358911
https://doi.org/10.1093/ndt/gfq690
https://doi.org/10.1093/ndt/gfq690
https://doi.org/10.1097/MOH.0b013e328329905c
https://doi.org/10.1097/MOH.0b013e328329905c
https://doi.org/10.1016/j.exphem.2005.05.003
https://doi.org/10.1016/j.exphem.2005.05.003
https://doi.org/10.1016/j.micinf.2011.10.005
https://doi.org/10.1126/scisignal.aab1203
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01294 September 20, 2018 Time: 15:1 # 19

Madeddu et al. Pathogenesis and Treatment of Cancer-Related Anemia Treatment

Nekoui, A., and Blaise, G. (2017). Erythropoietin and nonhematopoietic effects.
Am. J. Med. Sci. 353, 76–81. doi: 10.1016/j.amjms.2016.10.009

Nemeth, E., Rivera, S., Gabayan, V., Keller, C., Taudorf, S., Pedersen, B. K., et al.
(2004). IL-6 mediates hypoferremia of inflammation by inducing the synthesis
of the iron regulatory hormone hepcidin. J. Clin. Invest. 113, 1271–1276.
doi: 10.1172/JCI200420945

Newland, A. M., and Black, C. D. (2008). Tumor progression associated
with erythropoiesis-stimulating agents. Ann. Pharmacother. 42, 1865–1870.
doi: 10.1345/aph.1L231

Nicolas, G., Bennoun, M., Porteu, A., Mativet, S., Beaumont, C., Grandchamp, B.,
et al. (2002). Severe iron deficiency anemia in transgenic mice expressing
liver hepcidin. Proc. Natl. Acad. Sci. U.S.A. 99, 4596–4601. doi: 10.1073/pnas.
072632499

Nieken, J., Mulder, N. H., Buter, J., Vellenga, E., Limburg, P. C., Piers, D. A.,
et al. (1995). Recombinant human interleukin-6 induces a rapid and reversible
anemia in cancer patients. Blood 86, 900–905.

Nilsson-Ehle, H., Bengtsson, B. A., Lindstedt, G., and Mellström, D. (2005).
Insulin-like growth factor-1 is a predictor of blood haemoglobin concentration
in 70-yr-old subjects. Eur. J. Haematol. 74, 111–116. doi: 10.1111/j.1600-0609.
2004.00374.x

Obermair, A., Handisurya, A., Kaider, A., Sevelda, P., Kölbl, H., and Gitsch, G.
(1998). The relationship of pretreatment serum hemoglobin level to the survival
of epithelial ovarian carcinoma patients: a prospective review. Cancer 83,
726–731. doi: 10.1002/(SICI)1097-0142(19980815)83:4<726::AID-CNCR14>3.
0.CO;2-U

Oburoglu, L., Romano, M., Taylor, N., and Kinet, S. (2016). Metabolic regulation of
hematopoietic stem cell commitment and erythroid differentiation. Curr. Opin.
Hematol. 23, 198–205. doi: 10.1097/MOH.0000000000000234

Oburoglu, L., Tardito, S., Fritz, V., de Barros, S. C., Merida, P., Craveiro, M., et al.
(2014). Glucose and glutamine metabolism regulate human hematopoietic stem
cell lineage specification. Cell Stem Cell 15, 169–184. doi: 10.1016/j.stem.2014.
06.002

Olszewska, M., Wiatrow, J., Bober, J., Stachowska, E., Gołembiewska, E.,
Jakubowska, K., et al. (2012). Oxidative stress modulates the organization
of erythrocyte membrane cytoskeleton. Postepy Hig. Med. Dosw. 66,
534–542.

Palis, J. (2014). Primitive and definitive erythropoiesis in mammals. Front. Physiol.
5:3. doi: 10.3389/fphys.2014.00003

Patel, H. J., and Patel, B. M. (2017). TNF-α and cancer cachexia: molecular insights
and clinical implications. Life Sci. 170, 56–63. doi: 10.1016/j.lfs.2016.11.033

Patra, S. K., and Arora, S. (2012). Integrative role of neuropeptides and cytokines
in cancer anorexia-cachexia syndrome. Clin. Chim. Acta 413, 1025–1034.
doi: 10.1016/j.cca.2011.12.008

Pedrazzoli, P., Farris, A., Del Prete, S., Del Gaizo, F., Ferrari, D., Bianchessi, C., et al.
(2008). Randomized trial of intravenous iron supplementation in patients with
chemotherapy-related anemia without iron deficiency treated with darbepoetin
alpha. J. Clin. Oncol. 26, 1619–1625. doi: 10.1200/JCO.2007.12.2051

Pfeffer, M. A., Burdmann, E. A., Chen, C. Y., Cooper, M. E., de Zeeuw, D., Eckardt,
K. U., et al. (2009). A trial of darbepoetin alfa in type 2 diabetes and chronic
kidney disease. N. Engl. J. Med. 361, 2019–2032. doi: 10.1056/NEJMoa0907845

Porporato, P. E. (2016). Understanding cachexia as a cancer metabolism syndrome.
Oncogenesis 5:e20. doi: 10.1038/oncsis.2016.3

Preston, N. J., Hurlow, A., Brine, J., and Bennett, M. I. (2012). Blood transfusions
for anaemia in patients with advanced cancer. Cochrane Database Syst. Rev.
2:CD009007. doi: 10.1002/14651858.CD009007.pub2

Prince, O. D., Langdon, J. M., Layman, A. J., Prince, I. C., Sabogal, M., Mak, H. H.,
et al. (2012). Late stage erythroid precursor production is impaired in mice with
chronic inflammation. Haematologica 97, 1648–1656. doi: 10.3324/haematol.
2011.053397

Pronzato, P. (2006). Cancer-related anaemia management in the 21st century.
Cancer Treat. Rev. 32(Suppl. 2), S1–S3. doi: 10.1016/j.ctrv.2006.04.008

Quirt, I., Robeson, C., Lau, C. Y., Kovacs, M., Burdette-Radoux, S., Dolan, S.,
et al. (2001). Epoetin alfa therapy increases hemoglobin levels and improves
quality of life in patients with cancer-related anemia who are not receiving
chemotherapy and patients with anemia who are receiving chemotherapy.
J. Clin. Oncol. 19, 4126–4134. doi: 10.1200/JCO.2001.19.21.4126

Rattanasompattikul, M., Molnar, M. Z., Zaritsky, J. J., Hatamizadeh, P., Jing, J.,
Norris, K. C., et al. (2013). Association of malnutrition-inflammation

complex and responsiveness to erythropoiesis-stimulating agents in long-term
hemodialysis patients. Nephrol. Dial. Transplant. 28, 1936–1945. doi: 10.1093/
ndt/gfs368

Recalcati, S., Locati, M., Gammella, E., Invernizzi, P., and Cairo, G. (2012). Iron
levels in polarized macrophages: regulation of immunity and autoimmunity.
Autoimmun. Rev. 11, 883–889. doi: 10.1016/j.autrev.2012.03.003

Reglin, B., Secomb, T. W., and Pries, A. R. (2009). Structural adaptation of
microvessel diameters in response to metabolic stimuli: where are the oxygen
sensors? Am. J. Physiol. Heart Circ. Physiol. 297, H2206–H2219. doi: 10.1152/
ajpheart.00348.2009

Ribeiro, S., Garrido, P., Fernandes, J., Vala, H., Rocha-Pereira, P., Costa, E.,
et al. (2016). Pathological and molecular mechanisms underlying resistance to
recombinant human erythropoietin therapy in the remnant kidney rat model
of chronic kidney disease associated anemia. Biochimie 125, 150–162. doi: 10.
1016/j.biochi.2016.03.012

Rizzo, J. D., Brouwers, M., Hurley, P., Seidenfeld, J., Arcasoy, M. O., Spivak,
J. L., et al. (2010). American Society of Hematology/American Society of
Clinical Oncology clinical practice guideline update on the use of epoetin and
darbepoetin in adult patients with cancer. Blood 116, 4045–4059. doi: 10.1182/
blood-2010-08-300541

Rodgers, G. M. III, Gilreath, J. A., Achebe, M. M., Alwan, L.,
Arcasoy, M., Ali Beth, S., et al. (2017). NCCN. Cancer- and
Chemotherapy-Induced Anemia, Version 2.2017. Available at: http://
www.nccn.org/professionals/physician_gls/pdf/anemia.pdf [accessed April
26, 2017].

Sailaja, Y. R., Baskar, R., and Saralakumari, D. (2003). The antioxidant status during
maturation of reticulocytes to erythrocytes in type 2 diabetics. Free. Radic. Biol.
Med. 35, 133–139. doi: 10.1016/S0891-5849(03)00071-6

Saini, A., Al-Shanti, N., and Stewart, C. E. (2006). Waste management - cytokines,
growth factors and cachexia. Cytokine Growth Factor Rev. 17, 475–486. doi:
10.1016/j.cytogfr.2006.09.006

Sandler, S., Bendtzen, K., Eizirik, D. L., and Welsh, M. (1990). Interleukin-6
affects insulin secretion and glucose metabolism of rat pancreatic islets in vitro.
Endocrinology 126, 1288–1294. doi: 10.1210/endo-126-2-1288

Sanz Ortiz, J. (2008). Predictors of response to erythropoiesis-stimulating agents
(ESA) in cancer patients: the role of baseline serum epoetin level. Clin. Transl.
Oncol. 10, 486–492. doi: 10.1007/s12094-008-0237-2

Schmidt, P. J. (2015). Regulation of iron metabolism by hepcidin during conditions
of inflammation. J. Biol. Chem. 290, 18975–18983. doi: 10.1074/jbc.R115.650150

Schwartz, R. N. (2007). Anemia in patients with cancer: incidence, causes,
impact, management, and use of treatment guidelines and protocols.
Am. J. Health Syst. Pharm. 64(3 Suppl. 2), S5–S13. doi: 10.2146/ajhp
060601

Semenza, G. L. (2000). Surviving ischemia: adaptive responses mediated by
hypoxia-inducible factor 1. J. Clin. Invest. 106, 809–812. doi: 10.1172/JCI11223

Shasha, D. (2001). The negative impact of anemia on radiotherapy and
chemoradiation outcomes. Semin. Hematol. 38(3 Suppl. 7), 8–15. doi: 10.1016/
S0037-1963(01)90125-8

Shin, N. R., Lee, Y. Y., Kim, S. H., Choi, C. H., Kim, T. J., Lee, J. W., et al.
(2014). Prognostic value of pretreatment hemoglobin level in patients with early
cervical cancer. Obstet. Gynecol. Sci. 57, 28–36. doi: 10.5468/ogs.2014.57.1.28

Shu, T., Jing, C., Lv, Z., Xie, Y., Xu, J., and Wu, J. (2014). Hepcidin in
tumor-related iron deficiency anemia and tumor-related anemia of chronic
disease: pathogenic mechanisms and diagnosis. Eur. J. Haematol. 94, 67–73.
doi: 10.1111/ejh.12402

Simon, T. L., Alverson, D. C., AuBuchon, J., Cooper, E. S., DeChristopher, P. J.,
Glenn, G. C., et al. (1998). Practice parameter for the use of red blood
cell transfusions: developed by the Red Blood Cell Administration Practice
Guideline Development Task Force of the College of American Pathologists.
Arch. Pathol. Lab. Med. 122, 130–138.

Singh, A. K., Szczech, L., Tang, K. L., Barnhart, H., Sapp, S., Wolfson, M., et al.
(2006). Correction of anemia with epoetin alfa in chronic kidney disease.
N. Engl. J. Med. 355, 2085–2098. doi: 10.1056/NEJMoa065485

Sitkovsky, M., and Lukashev, D. (2005). Regulation of immune cells by local-
tissue oxygen tension: HIF1α and adenosine receptors. Nat. Rev. Immunol. 5,
712–721. doi: 10.1038/nri1685

Smith, R. E. Jr., Aapro, M. S., Ludwig, H., Pintér, T., Smakal, M., Ciuleanu, T. E.,
et al. (2008). Darbepoetin alpha for the treatment of anemia in patients with

Frontiers in Physiology | www.frontiersin.org 19 September 2018 | Volume 9 | Article 1294

https://doi.org/10.1016/j.amjms.2016.10.009
https://doi.org/10.1172/JCI200420945
https://doi.org/10.1345/aph.1L231
https://doi.org/10.1073/pnas.072632499
https://doi.org/10.1073/pnas.072632499
https://doi.org/10.1111/j.1600-0609.2004.00374.x
https://doi.org/10.1111/j.1600-0609.2004.00374.x
https://doi.org/10.1002/(SICI)1097-0142(19980815)83:4<726::AID-CNCR14>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1097-0142(19980815)83:4<726::AID-CNCR14>3.0.CO;2-U
https://doi.org/10.1097/MOH.0000000000000234
https://doi.org/10.1016/j.stem.2014.06.002
https://doi.org/10.1016/j.stem.2014.06.002
https://doi.org/10.3389/fphys.2014.00003
https://doi.org/10.1016/j.lfs.2016.11.033
https://doi.org/10.1016/j.cca.2011.12.008
https://doi.org/10.1200/JCO.2007.12.2051
https://doi.org/10.1056/NEJMoa0907845
https://doi.org/10.1038/oncsis.2016.3
https://doi.org/10.1002/14651858.CD009007.pub2
https://doi.org/10.3324/haematol.2011.053397
https://doi.org/10.3324/haematol.2011.053397
https://doi.org/10.1016/j.ctrv.2006.04.008
https://doi.org/10.1200/JCO.2001.19.21.4126
https://doi.org/10.1093/ndt/gfs368
https://doi.org/10.1093/ndt/gfs368
https://doi.org/10.1016/j.autrev.2012.03.003
https://doi.org/10.1152/ajpheart.00348.2009
https://doi.org/10.1152/ajpheart.00348.2009
https://doi.org/10.1016/j.biochi.2016.03.012
https://doi.org/10.1016/j.biochi.2016.03.012
https://doi.org/10.1182/blood-2010-08-300541
https://doi.org/10.1182/blood-2010-08-300541
http://
http://www.nccn.org/professionals/physician_gls/pdf/anemia.pdf
https://doi.org/10.1016/S0891-5849(03)00071-6
https://doi.org/10.1016/j.cytogfr.2006.09.006
https://doi.org/10.1016/j.cytogfr.2006.09.006
https://doi.org/10.1210/endo-126-2-1288
https://doi.org/10.1007/s12094-008-0237-2
https://doi.org/10.1074/jbc.R115.650150
https://doi.org/10.2146/ajhp060601
https://doi.org/10.2146/ajhp060601
https://doi.org/10.1172/JCI11223
https://doi.org/10.1016/S0037-1963(01)90125-8
https://doi.org/10.1016/S0037-1963(01)90125-8
https://doi.org/10.5468/ogs.2014.57.1.28
https://doi.org/10.1111/ejh.12402
https://doi.org/10.1056/NEJMoa065485
https://doi.org/10.1038/nri1685
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01294 September 20, 2018 Time: 15:1 # 20

Madeddu et al. Pathogenesis and Treatment of Cancer-Related Anemia Treatment

active cancer not receiving chemotherapy or radiotherapy: results of a phase III,
multicenter, randomized, double-blind, placebo-controlled study. J. Clin. Oncol.
26, 1040–1050. doi: 10.1200/JCO.2007.14.2885

Spivak, J. L. (2000). The blood in systemic disorders. Lancet 355, 1707–1712.
doi: 10.1016/S0140-6736(00)02249-2

Spivak, J. L. (2005). The anaemia of cancer: death by a thousand cuts. Nat. Rev.
Cancer 5, 543–555. doi: 10.1038/nrc1648

Spivak, J. L. (2011). Iron and the anemia of chronic disease: vindication for the
Non-essential role of iron supplementation. Oncology 25, 421–423.

Spivak, J. L., Gascón, P., and Ludwig, H. (2009). Anemia management in oncology
and hematology. Oncologist 14(Suppl. 1), 43–56. doi: 10.1634/theoncologist.
2009-S1-43

Steensma, D. P. (2008). Is anemia of cancer different from chemotherapy-induced
anemia? Clin. Oncol. 26, 1022–1102. doi: 10.1200/JCO.2007.15.3874

Steensma, D. P., Sloan, J. A., Dakhil, S. R., Dalton, R., Kahanic, S. P., Prager,
D. J., et al. (2011). Phase III, randomized study of the effects of parenteral
iron, oral iron, or no iron supplementation on the erythropoietic response to
darbepoetin alfa for patients with chemotherapy-associated anemia. J. Clin.
Oncol. 29, 97–105. doi: 10.1200/JCO.2010.30.3644

Storring, P. L., Tiplady, R. J., Gaines Das, R. E., Stenning, B. E., Lamikanra, A.,
Rafferty, B., et al. (1998). Epoetin alfa and beta differ in their erythropoietin
isoform compositions and biological properties. Br. J. Haematol. 100, 79–89.
doi: 10.1046/j.1365-2141.1998.00521.x

Strassmann, G., Fong, M., Kenney, J. S., and Jacob, C. O. (1992). Evidence for the
involvement of interleukin 6 in experimental cancer cachexia. J. Clin. Invest. 89,
1681–1684.

Succurro, E., Arturi, F., Caruso, V., Rudi, S., Sciacqua, A., Andreozzi, F., et al.
(2011). Low insulin-like growth factor-1 levels are associated with anaemia
in adult non-diabetic subjects. Thromb. Haemost. 105, 365–370. doi: 10.1160/
TH10-06-0379

Takeda, A., Toda, T., Shinohara, S., Mogi, Y., and Matsui, N. (2002). Factors
contributing to higher hematocrit levels in hemodialysis patients not
receiving recombinant human erythropoietin. Am. J. Kidney Dis. 40, 104–109.
doi: 10.1053/ajkd.2002.33918

Tanneberger, S., Melilli, G., Strocchi, E., Frenquelli, C., and Pannuti, Q. F. (2004).
Use of red blood cell transfusion in palliative care services: it is still up to date
or is cancer-related anemia controlled better with erythropoietic agents? Ann.
Oncol. 15, 839–844. doi: 10.1093/annonc/mdh178

Tarng, D. C., Huang, T. P., Chen, T. W., and Yang, W. C. (1999). Erythropoietin
hyporesponsiveness: from iron deficiency to iron overload. Kidney Int. Suppl.
69, S107–S118.

Thomas, G. (2001). The effect of hemoglobin level on radiotherapy outcomes: the
Canadian experience. Semin. Oncol. 28(2 Suppl. 8), 60–65. doi: 10.1016/S00
93-7754(01)90215-5

Tonia, T., Mettler, A., Robert, N., Schwarzer, G., Seidenfeld, J., Weingart, O.,
et al. (2012). Erythropoietin or darbepoetin for patients with cancer. Cochrane
Database Syst. Rev. 12:CD003407. doi: 10.1002/14651858.CD003407.pub5

Torti, F. M., and Torti, S. V. (2002). Regulation of ferritin genes and protein. Blood
99, 3505–3516. doi: 10.1182/blood.V99.10.3505

Toy, P., Popovsky, M. A., Abraham, E., Ambruso, D. R., Holness, L. G., Kopko,
P. M., et al. (2005). Transfusion-related acute lung injury: definition and review.
Crit. Care Med. 33, 721–726. doi: 10.1097/01.CCM.0000159849.94750.51

Tsuboi, M., Ezaki, K., Tobinai, K., Ohashi, Y., and Saijo, N. (2009). Weekly
administration of epoetin beta for chemotherapy-induced anemia in cancer
patients: results of a multicenter, phase III, randomized, double-blind,
placebo-controlled study. Jpn. J. Clin. Oncol. 39, 163–168. doi: 10.1093/jjco/
hyn151

Tsui, A. K., Marsden, P. A., Mazer, C. D., Sled, J. G., Lee, K. M., Henkelman, R. M.,
et al. (2014). Differential HIF and NOS responses to acute anemia: defining

organ-specific hemoglobin thresholds for tissue hypoxia. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 307, R13–R25. doi: 10.1152/ajpregu.00411.2013

Turnbull, A. V., Lee, S., and Rivier, C. (1998). Mechanisms of hypothalamic-
pituitary-adrenal axis stimulation by immune signals in the adult rat. Ann. N. Y.
Acad. Sci. 840, 434–443. doi: 10.1111/j.1749-6632.1998.tb09582.x

Umemoto, Y., Tsuji, K., Yang, F. C., Ebihara, Y., Kaneko, A., Furukawa, S., et al.
(1997). Leptin stimulates the proliferation of murine myelocytic and primitive
hematopoietic progenitor cells. Blood 90, 3438–3443.

Vander Heiden, M. G., Cantley, L. C., and Thompson, C. B. (2009). Understanding
the Warburg effect: the metabolic requirements of cell proliferation. Science 324,
1029–1033. doi: 10.1126/science.1160809

Weber, R. S., Jabbour, N., and Martin, R. C. II (2008). Anemia and transfusions
in patients undergoing surgery for cancer. Ann. Surg. Oncol. 15, 34–45.
doi: 10.1245/s10434-007-9502-9

Weiss, G., and Goodnough, L. T. (2005). Anemia of chronic disease. N. Engl. J.
Med. 352, 1011–1023. doi: 10.1056/NEJMra041809

Wish, J. B. (2006). Assessing iron status: beyond serum ferritin and transferrin
saturation. Clin. J. Am. Soc. Nephrol. 1(Suppl. 1), S4–S8. doi: 10.2215/CJN.
01490506

Woodson, R. D., and Auerbach, S. (1982). Effect of increased oxygen affinity and
anemia on cardiac output and its distribution. J. Appl. Physiol. 53, 1299–1313.
doi: 10.1152/jappl.1982.53.5.1299

Wright, J. R., Ung, Y. C., Julian, J. A., Pritchard, K. I., Whelan, T. J., Smith, C., et al.
(2007). Randomized, double-blind, placebo-controlled trial of erythropoietin
in non-small-cell lung cancer with disease-related anemia. J. Clin. Oncol. 25,
1027–1032. doi: 10.1200/JCO.2006.07.1514

Wu, H. M., Jiang, Z. F., Ding, P. S., Shao, L. J., and Liu, R. Y. (2015). Hypoxia-
induced autophagy mediates cisplatin resistance in lung cancer cells. Sci. Rep.
5:12291. doi: 10.1038/srep12291

Xia, Y., Jiang, L., and Zhong, T. (2018). The role of HIF-1α in chemo-
/radioresistant tumors. Onco Targets Ther. 11, 3003–3011. doi: 10.2147/OTT.
S158206

Zhang, L. L., Zhou, G. Q., Li, Y. Y., Tang, L. L., Mao, Y. P., Lin, A. H.,
et al. (2017). Combined prognostic value of pretreatment anemia and cervical
node necrosis in patients with nasopharyngeal carcinoma receiving intensity-
modulated radiotherapy: a large-scale retrospective study. Cancer Med. 6,
2822–2831. doi: 10.1002/cam4.1233

Zhang, Y., Chen, Y., Chen, D., Jiang, Y., Huang, W., Ouyang, H., et al. (2014).
Impact of preoperative anemia on relapse and survival in breast cancer patients.
BMC Cancer 14:844. doi: 10.1186/1471-2407-14-844

Zhu, W., and Xu, B. (2015). Association of pretreatment anemia with pathological
response and survival of breast cancer patients treated with neoadjuvant
chemotherapy: a population-based study. PLoS One 10:e0136268. doi: 10.1371/
journal.pone.0136268

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The handling Editor co-organized a Research Topic with the authors CM, AM and
confirms the absence of any other collaboration.

Copyright © 2018 Madeddu, Gramignano, Astara, Demontis, Sanna, Atzeni and
Macciò. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 20 September 2018 | Volume 9 | Article 1294

https://doi.org/10.1200/JCO.2007.14.2885
https://doi.org/10.1016/S0140-6736(00)02249-2
https://doi.org/10.1038/nrc1648
https://doi.org/10.1634/theoncologist.2009-S1-43
https://doi.org/10.1634/theoncologist.2009-S1-43
https://doi.org/10.1200/JCO.2007.15.3874
https://doi.org/10.1200/JCO.2010.30.3644
https://doi.org/10.1046/j.1365-2141.1998.00521.x
https://doi.org/10.1160/TH10-06-0379
https://doi.org/10.1160/TH10-06-0379
https://doi.org/10.1053/ajkd.2002.33918
https://doi.org/10.1093/annonc/mdh178
https://doi.org/10.1016/S0093-7754(01)90215-5
https://doi.org/10.1016/S0093-7754(01)90215-5
https://doi.org/10.1002/14651858.CD003407.pub5
https://doi.org/10.1182/blood.V99.10.3505
https://doi.org/10.1097/01.CCM.0000159849.94750.51
https://doi.org/10.1093/jjco/hyn151
https://doi.org/10.1093/jjco/hyn151
https://doi.org/10.1152/ajpregu.00411.2013
https://doi.org/10.1111/j.1749-6632.1998.tb09582.x
https://doi.org/10.1126/science.1160809
https://doi.org/10.1245/s10434-007-9502-9
https://doi.org/10.1056/NEJMra041809
https://doi.org/10.2215/CJN.01490506
https://doi.org/10.2215/CJN.01490506
https://doi.org/10.1152/jappl.1982.53.5.1299
https://doi.org/10.1200/JCO.2006.07.1514
https://doi.org/10.1038/srep12291
https://doi.org/10.2147/OTT.S158206
https://doi.org/10.2147/OTT.S158206
https://doi.org/10.1002/cam4.1233
https://doi.org/10.1186/1471-2407-14-844
https://doi.org/10.1371/journal.pone.0136268
https://doi.org/10.1371/journal.pone.0136268
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

	Pathogenesis and Treatment Options of Cancer Related Anemia: Perspective for a Targeted Mechanism-Based Approach
	Introduction
	Clinical Relevance of Cra
	Anemia-Related Symptoms

	Erythropoiesis
	Erythropoiesis and Iron

	Pathogenesis of Cancer Related Anemia
	Chronic Inflammation in Advanced Cancer Patients
	Specific Actions of Proinflammatory Cytokines

	Iron Homeostasis Changes in Cra
	Relationship Between Nutritional Status and Cancer-Related Anemia
	Cancer-Related Anemia Therapy
	Transfusion of Concentrated Erythrocytes
	Treatment With rHuEpo
	Efficacy of rHuEPO for the Management of CRA

	Adverse Effects of Esas
	Safety Issues and Concerns in Clinical Practice
	Iron Supplementation
	Combined Multitargeted Approach of Cra
	Conclusion
	Author Contributions
	Funding
	References


