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OBIJECTIVES: Concise definitive review of anemia of critical illness.
DATA SOURCES: Available literature on PubMed and MEDLINE databases.

STUDY SELECTION: Available preclinical studies, clinical trials, observational
studies addressing the diagnosis, pathophysiology, and treatment of anemia of
critical illness were included.

DATA EXTRACTION: Eligible studies were identified, and recommendations
were summarized.

DATA SYNTHESIS: Anemia of critical illness is highly prevalent, persists after
ICU discharge and is associated with adverse outcomes. Most ICU patients have
anemia of inflammation (high hepcidin, low erythropoietin, low erythroferrone, iron-
restricted erythropoiesis) or iron deficiency anemia (low hepcidin). Dysregulation
of iron homeostasis can also lead to the release of nontransferrin bound iron (cat-
alytic iron), which catalyzes reactive oxygen species and is associated with organ
failure in ICU patients. With significant advances in the understanding of the path-
ophysiology of anemia in the critically ill, new approaches to anemia management
have emerged. Patient blood management, involving an evidence-based multidis-
ciplinary approach with early diagnosis and diagnosis-specific treatment of anemia,
optimizing hemostasis, and blood conservation including phlebotomy reduction,
has become an increasingly important approach to patient care and represents a
strategy that can result in improved patient outcomes in the critically ill.

CONCLUSIONS: The high prevalence of anemia in ICU patients warrants a de-
cisive shift from RBC transfusion as treatment to early proactive pathophysiology-
based personalized treatment of anemia.
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nemia is very common in the critically ill. Two thirds of patients on

ICU admission are anemic, with almost 95% anemic by day 3 (1-3).

Hemoglobin concentration declines throughout the ICU/hospital stay
with over 80% of ICU patients anemic at hospital discharge (3-5). Anemia can
be observed in 45% of ICU patients 12 months following ICU/hospital dis-
charge (4, 5). In the critically ill, anemia is associated with higher morbidity/
mortality and longer ICU/hospital length of stay (2, 4, 5).

Historically, treatment of anemia in the critically ill was associated with
high rates of RBC transfusions (1, 2, 6). In 1999, the landmark Transfusion
Requirements in Critical Care (TRICC) trial demonstrated that a restrictive
transfusion strategy was comparable, and in some cases superior, to a liberal
transfusion strategy (7). Following the TRICC trial, transfusion research has
focused on comparing outcomes between liberal/restrictive transfusion strate-
gies across a variety of clinical settings. More restrictive transfusion practice
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@\ KEY POINTS

Question: \What are the epidemiology, pathophys-
iology and treatments for anemia of critical illness?

Findings: Anemia is very common in the ICU and
persists post-discharge. It is important to differ-
entiate the etiology of anemia in ICU patients to
facilitate appropriate treatment based on the path-
ophysiology (anemia of inflammation vs. iron defi-
ciency anemia).

Meaning: With significant advances in the under-
standing of the pathophysioclogy of anemia in the
critically ill, new approaches to anemia manage-
ment have emerged.

\_ J

over the last 2 decades has reduced RBC transfusion
in the ICU, although 25% of ICU patients still receive
RBC transfusions (8, 9).

The goal of identifying the appropriate transfusion
threshold, or “trigger,” has led to a perception that there
is an acceptable degree of anemia, at least as an alter-
native to RBC transfusion (10). However, anemia is a
clinical condition whose management, independent of
transfusion, may lead to improved clinical outcomes
(11). This suggests that the focus should shift from
transfusion reduction to anemia treatment, with RBC
transfusion reduction as a secondary benefit (10, 11).
Understanding the pathophysiology of anemia in the
critically ill is important in determining the optimal
treatment of anemia. Implementation of patient blood
management (PBM) in the ICU as a multimodal pro-
gram to detect and treat anemia, reduce blood loss,
correct coagulopathy, and use evidence-based blood
transfusion guidelines will result in optimal ICU pa-
tient outcomes.

PATHOPHYSIOLOGY OF ANEMIA IN
CRITICAL ILLNESS

Most ICU patients have anemia of inflammation (AI).
The host inflammatory response results in dysregula-
tion of iron homeostasis (iron-restricted erythropoi-
esis) and inhibition of erythropoietin production and
activity (Fig. 1). This inflammatory response, com-
bined with reduced RBC survival and blood loss, com-
monly from phlebotomy, is responsible for the high
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prevalence of anemia observed in ICU patients (12,
13).

The main mechanism controlling iron homeo-
stasis centers on the interaction between hepcidin
(produced by hepatocytes), the key regulator of iron
homeostasis and ferroportin (located in duodenal
cells, macrophages, and hepatocytes), the main cel-
lular iron exporter through which iron is absorbed in
the duodenum and released from macrophages into
the plasma. Hepcidin binding to ferroportin results
in ferroportin degradation (14). Therefore, increased
hepcidin limits iron availability due to both decreased
iron uptake from the gut and decreased iron release
from macrophages/hepatocytes (12-15). In contrast,
decreased hepcidin leads to increased iron absorp-
tion and iron release from macrophages/hepatocytes
resulting in iron availability for erythropoiesis.

Under normal circumstances, high iron levels in-
crease hepcidin while iron deficiency decreases hep-
cidin. However, there are substantial changes in
iron homeostasis with inflammation (Fig.1) (16).
Inflammatory cytokines (particularly interleukin-6)
and any inflammatory stimulus (infection/trauma)
up-regulate hepcidin. Serum hepcidin levels are high
in ICU patients with AI (17) and are low in ICU
patients with iron deficiency. High hepcidin levels
and the resulting hypoferremia inhibit erythroblast
proliferation resulting in a functional iron deficiency
or iron-restricted erythropoiesis (12). This anemia is
usually a normochromic, normocytic anemia with low
circulating iron but high serum ferritin (from macro-
phages/hepatocytes) and high hepcidin levels (12).

Erythropoiesis is also tightly regulated by erythro-
poietin, which is normally increased in response to
anemia (Fig. 1). However, during critical illness, cir-
culating erythropoietin concentrations fall quickly
and remain inappropriately low for the degree of
anemia observed, due to proinflammatory cytokine
inhibition of erythropoietin production and reduced
erythropoietin-mediated signaling (12). Decreased
renal function also reduces endogenous erythropoietin.

Erythropoietin also influences hepcidin production
by stimulating erythroblasts to increase the produc-
tion of erythroferrone, an erythroid regulator of hep-
cidin (18). Erythropoietin increases both the number
of erythroblasts and the synthesis of erythroferrone
by each erythroblast. During normal erythropoiesis,
erythropoietin increases circulating erythroferrone,
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Figure 1. Anemia of inflammation in the ICU. Any inflammatory stimulus, including infection, sepsis,
critical iliness and trauma, increases hepcidin and decreases erythropoietin, resulting in functional iron
deficiency, anemia, and reduced endogenous erythropoiesis. It has been confirmed that serum hepcidin
levels are high in ICU patients with anemia of inflammation and hepcidin levels are low in iron deficiency
anemia ICU patients. Fe®*" = ferric ion, IFNy = interferon gamma, IL-13 = interleukin-1 beta, IL-6 =
interleukin-6, RES = reticuloendothelial system, TNFo. = tumor necrosis factor-alpha. From Zarychanski
R, Houston DS: Anemia of chronic disease. A harmful disorder or an adaptive, beneficial response?
CMAJ 2008; 179:333-337. doi: https://doi.org/10.15603/cmaj.071131.

response with abnor-
malities in iron home-
ostasis consistent with
iron-restricted erythro-
poiesis (12).

Anemia in the criti-
cally ill often develops
too early to result solely
from decreased eryth-
ropoiesis.  Shortened
RBC survival has been
consistently  observed
in inflammatory states
and contributes to ICU-
acquired anemia. This
is a result of increased
erythrophagocytosis by
hepatic/splenic macro-
phages resulting from
RBC membrane dam-
age from inflammation/
critical illness (12).

Also important to
the development of
anemia 1is iatrogenic
blood loss (20). As
many as 70% of hospi-
talized patients develop
hospital-acquired
anemia (HAA). A
major contributor to
HAA is phlebotomy,
particularly in the

which inhibits hepcidin production by hepatocytes,
thus increasing iron availability for erythropoiesis (Fig.
2). In ICU patients, erythroferrone concentrations rap-
idly decrease, resulting in high hepcidin, further con-
tributing to iron-restricted erythropoiesis (19).

In summary, over 90% of ICU patients have low
serum iron, total iron binding capacity, and transferrin
saturation (TSAT), but increased serum ferritin (3).
Concurrently, serum erythropoietin levels are low, with
little evidence of appropriate reticulocyte response to
endogenous erythropoietin. Hepcidin levels are con-
sistently found to be increased, while erythroferrone
levels are decreased (12, 13, 15, 19). The anemia of crit-
ical illness, therefore, is a distinct clinical entity char-
acterized by blunted erythropoietin production and

Critical Care Medicine

ICU. The Small-volume Tubes to Reduce Anemia
and Transfusion (STRATUS) pragmatic multicenter
stepped-wedge cluster RCT (n = 27,411, 25 adult
medical-surgical ICUs) compared standard blood
collection vs. low-volume tubes with the use of
needleless closed blood sampling systems. RBC units
per patient per ICU stay significantly decreased (rel-
ative risk [RR], 0.88 [95% CI, 0.77-1.00]; p = 0.04;
absolute reduction of 9.84 RBC units/100 patients per
ICU stay [95% CI, 0.24-20.76]) with no negative im-
pact on laboratory analysis. These strategies should
be used in all ICU patients to prevent anemia.

Over the last decade, studies of catalytic iron (non-
transferrin bound iron [NTBI]) in the critically ill
have added to the complexity of the role of iron in ICU
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Figure 2. Erythroferrone (ERFE) and erythropoiesis. ERFE plays a significant role in the
pathophysiology of anemia of inflammation, which is characterized by high levels of interleukin-6,
hepcidin, ferritin, low levels of iron (Fe), transferrin, and ERFE. ERFE, which is important to down-
regulate hepcidin, showed a rapid decrease in anemia of inflammation ICU patients, resulting in high
hepcidin levels and Fe-restricted erythropoiesis. In response to anemia, increased erythropoietin (EPO)
production by the kidney stimulates erythroblasts to increase the production of ERFE, both because
EPO increases the number of erythroblasts and because EPO increases the synthesis of ERFE by
each erythroblast. Circulating ERFE then acts directly on hepatocytes to suppress hepcidin production,
leading to reduced plasma concentration of hepcidin. Low levels of circulating hepcidin allow the efflux
of stored Fe, primarily from macrophages and hepatocytes, as well as increased dietary Fe absorption of
Fe, so that more Fe is loaded onto transferrin. Increased flows of plasma holotransferrin then deliver Fe
to erythroblasts for augmented heme and hemoglobin synthesis. TF = transferrin. From Coffey R, Ganz
T: Erythroferrone: An erythroid regulator of hepcidin and iron metabolism. Hemasphere 2018; 2:e35.

free hemoglobin in ICU
patients with AKI (26).
High TSAT, and ele-
vated catalytic iron, are
associated with worse
clinical outcomes in sev-
eral clinical conditions
(21). On the other hand,
critically ill patients with
lower iron levels and a
low TSAT were more
likely to survive (27).

IRON
DEFICIENCY IN
CRITICALLY ILL
PATIENTS

It is important to differ-
entiate the etiology of
anemia in ICU patients
to facilitate appropriate
treatment based on the
pathophysiology (Al vs.
iron deficiency anemia
[IDA]). Iron deficiency
is also associated with
increased infection risk
via multiple mecha-
nisms and early appro-
priate treatment of iron

patients (21, 22). Catalytic iron, or NTBI, is iron not
bound to transferrin or other iron binding proteins.
Catalytic iron is associated with iron-dependent pro-
duction of reactive oxygen species and lipid peroxi-
dation resulting in a nonapoptotic form of cell death
termed ferroptosis (23). In the critically ill, increased
catalytic iron and lipid peroxidation has been shown
to be associated with severity of multiple organ dys-
function (24) and increased risk of acute kidney injury
(AKI) and mortality in ICU patients (25, 26) (Fig. 3).
Generally, ICU patients with Al have low serum iron,
low or normal transferrin, and low TSAT. Elevated cat-
alytic iron is observed in clinical settings in which iron
scavenging is saturated, that is, high TSAT (21). In the
critically ill, a major source of iron release is free he-
moglobin, which can saturate iron scavenging systems
(21). Catalytic iron has been shown to correlate with
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deficiency may enhance
immune function and reduce infection risk.

IDA has been generally thought to be uncommon in
the critically ill. This is in part due to the difficulty in
using iron parameters (also acute-phase reactants) for
the diagnosis of IDA in the setting of inflammation.
Serum ferritin and TSAT levels are low in IDA. But
serum ferritin levels increase with inflammation, so can-
not be used to reliably diagnosis IDA in ICU patients.
Soluble transferrin receptor (sTfR) levels increase in
IDA. Since sTfR levels do not increase during inflam-
mation or iron-restricted erythropoiesis as in the crit-
ically ill, sTfR measurements can aid in differentiating
IDA and Al Quantitative reticulocyte parameters (re-
ticulocyte hemoglobin content and Delta-hemoglobin
equivalent) can directly assess the current iron supply
for erythropoiesis and are more specific and sensitive
for the diagnosis of IDA in the ICU.
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Figure 3. Catalytic iron release in the plasma of critically ill patients. Several acute crises (hemolysis,
myolysis/tissue injury, liver cell death, and infection) induce the release of iron-binding proteins and
small iron species. This iron release is characterized by increased transferrin saturation and serum

iron and ferritin levels, and it correlates with worsening clinical conditions, as catalytic iron can

increase oxidative stress, promote pathogen infection, and activate proinflammatory macrophages.

AKI = acute kidney injury, ROS = reactive oxygen species, TSAT = transferrin saturation. From

Grange et al (21).
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Serum hepcidin may
present a more reliable
way to identify iron
deficiency in the criti-
cally ill. In patients dis-
charged from the ICU, a
low hepcidin level iden-
tified iron deficiency in
37% of patients in con-
trast to 8% identified
by iron studies alone
(28). A low hepcidin
level may also identify
patients more likely to
respond to iron therapy.
Iron deficiency at ICU
discharge, diagnosed
using hepcidin level,
was associated with
higher 1-year mortality
and decreased physical
quality of life (28). In
summary, IDA is diffi-
cult to diagnose in the
ICU and optimal bio-
markers are still not
fully validated in ICU
patients.

TREATMENT OF
ANEMIA IN THE
CRITICALLY ILL

RBC Transfusion

The most common treat-
ment for anemia in the
critically ill is RBC trans-
fusion. Over the last 2
decades, it has become
clear that RBC transfu-
sion is not risk free. For
the nonbleeding patient
in many clinical situa-
tions RBC transfusion
is of limited benefit
(29, 30). RBC transfu-
sion strategies for the
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critically ill have recently been reviewed (31-34). Current
national guidelines recommend a restrictive transfusion
strategy (transfuse when hemoglobin < 7g/dL) for most
hemodynamically stable adult/PICU patients. Higher
thresholds are recommended for specific subgroups, in-
cluding cardiac surgery 7.5g/dL, orthopedic surgery, or
preexisting cardiovascular disease (8 g/dL) (31).

Newer data has emerged from RCTs in patients with
acute myocardial infarction and anemia. A recent indi-
vidual patient-level meta-analysis reported that all-cause
mortality and recurrent MI at 30 days was higher in the
restrictive group (15.4% restrictive vs. 13.8% liberal; rel-
ative risk, 1.13; 95% CI, 0.97-1.30). All-cause 6-month
mortality was also increased (20.5% restrictive vs. 19.1%
liberal; hazard ratio, 1.08; 95% CI, 1.05-1.11). Secondary
analyses of the Myocardial Ischemia and Transfusion
(MINT) trial reported no difference in quality of life
outcomes, and variable results in chronic kidney disease
(CKD), heart failure, and revascularization. Ultimately,
individualized transfusion decisions are recommended
to optimize outcomes in these patients.

Newer data is also available from RCTs in neuro-
critical care patients, suggesting different effects across
different neurologic pathologies. The Hemoglobin
Transfusion Threshold in Traumatic Brain Injury
Optimization (HEMOTION) and Transfusion Strategies
in Acute Brain Injured Patients (TRAIN) trials reported
that liberal strategies (hemoglobin 9-10g/dL) may im-
prove neurologic recovery in traumatic brain injury
(TBI). A systematic review and meta-analysis of trans-
fusion strategy (restrictive vs. liberal) in TBI reported
no difference in mortality, infection, or venous throm-
boembolism (VTE), but improved functional outcomes
(Glasgow Outcomes Scale scores: RR, 1.24; 95% CI, 1.06-
1.45) with liberal transfusion, associated with increased
prevalence of acute respiratory distress syndrome (RR,
1.78; 95% CI, 1.06-2.98). In contrast, the Subarachnoid
Hemorrhage Red Cell Transfusion Strategies and
Outcome (SAHARA) trial in aneurysmal subarachnoid
hemorrhage found no significant difference between lib-
eral (< 10g/dL) and restrictive (< 8g/dL) strategies re-
garding unfavorable neurologic outcomes.

Iron Therapy

The abnormalities in iron homeostasis observed in the
critically ill have generated interest in using iron to
treat anemia in ICU patients, although there are lim-
ited data. In clinical trials of iron therapy in the ICU, a

6 www.ccmjournal.org

significant limitation is that anemic patients are often
treated regardless of iron status, related to the difficulty
in diagnosing IDA in ICU patients.

In a study of 200 critically ill anemic surgical patients,
oral iron supplementation resulted in fewer RBC trans-
fusions but no difference in hematocrit or infection risk
(35). Similarly, in a randomized controlled trial of par-
enteral iron in 150 trauma patients with Al, iron sup-
plementation did not result in significant differences in
either hemoglobin, RBC transfusion, or infection risk
(36). In the Intravenous Iron or Placebo for Anemia in
Intensive Care (IRONMAN) trial, treatment with IV
iron did not reduce RBC transfusion; however, hemo-
globin concentration at hospital discharge was signifi-
cantly higher (37). A meta-analysis of six RCTs in ICU
patients (n = 805) found that iron therapy (oral or IV)
resulted in an increase in mean hemoglobin concen-
tration but did not impact RBC transfusion (38). In an
updated meta-analysis (n = 1198) that included three ad-
ditional RCTs, IV iron resulted in an increase in hemo-
globin concentration but no difference in either mortality
or infections (39). The heterogeneity in study design and
clinical outcomes and questions about adequacy/varia-
bility of iron dosing limits the meta-analysis conclusions.

A multicenter feasibility RCT (INtravenous iron to
treat anaemia following CriTical care [INTACT]) com-
pared single dose ferric carboxymaltose 1000mg IV
vs. usual care in patients on ICU discharge with mod-
erate/severe anemia (hemoglobin < 10g/dL). IV iron
resulted in higher hemoglobin at 28 and 90 days, no
difference in infections and significantly reduced hos-
pital readmissions at 90 days (40). In a recent RCT, ICU
patients identified as iron responsive were treated with
a “Practical Anemia Bundle” that included: 1) 1000 mg
IV iron dextran, 2) decreased phlebotomy, and 3) clin-
ical decision support. Hemoglobin concentrations at 1
and 3 months after hospital discharge were significantly
greater in the “Practical Anemia Bundle” patients vs.
standard care (41, 42). Serum hepcidin level may pro-
vide a more reliable means to diagnose iron-restricted
erythropoiesis in critically ill patients with anemia (43,
44). It has now been recognized that serum concentra-
tion of hepcidin decrease in response to iron deficiency,
even in the presence of inflammation (44). Low serum
hepcidin concentration may identify a subset of criti-
cally ill patients with anemia in whom IV iron therapy is
the optimal anemia treatment strategy and may be effec-
tive in reducing RBC transfusion requirements (45).
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In a prospective observational study, nested within
the IRONMAN trial, hepcidin concentration was
measured within 48 hours of ICU admission (37). Low
hepcidin levels identified patients in whom IV iron
therapy was associated with a significant reduction in
RBC transfusions (46). A recent RCT (Hepcidin and
Iron Deficiency in Critically Ill Patients [Hepcidane]
study [47]) used hepcidin levels to identify either ab-
solute or functional iron deficiency at the time ICU
discharge (45). Patients with absolute iron deficiency
(hepcidin < 20 pg/L) were treated with parenteral iron
while patients with functional iron deficiency were
treated with parenteral iron and erythropoietin. Despite
no difference in the post-ICU length of stay (primary
endpoint), 90-day mortality was significantly lower and
1-year survival was increased with treatment for either
absolute/functional iron deficiency vs. standard care.

In the past, concern for hypersensitivity reactions
associated with high-molecular-weight dextran lim-
ited use of parenteral iron. However, with newer for-
mulations of parenteral iron, severe reactions to IV
iron are rare (48-50). Recent evidence-based expert
consensus recommendation support the use of IV iron
over oral iron for treatment of iron deficiency in indi-
viduals who require rapid correction, have insufficient
response, or side effects related to oral iron.

There have also been concerns about the potential
for an increased risk of infection with iron therapy.
Fifty years ago, Weinberg (51) described the concept of
nutritional immunity, related to hypoferremia, as a host
defense to infection. The acute phase response increases
sequestration of iron, in part mediated by hepcidin,
limiting catalytic iron available for microorganisms
(20, 45, 52). On the other hand, increased iron avail-
ability could overwhelm iron-scavenging mechanisms
leading to an increase in catalytic iron and infection
risk. Whether iron therapy in fact increases the infec-
tion, risk is unclear. To date, there have been two meta-
analyses of IV iron across a range of clinical conditions
that suggest an increase in infection risk with IV iron
therapy (45, 53). In contrast, studies in ICU patients
and surgical populations have not shown an increase in
infections with parenteral iron administration (35-37).

Erythropoietic Stimulating Agents

A major feature of the anemia of critical illness is
reduced erythropoietin production and activity (54).

Critical Care Medicine

These observations have suggested that erythropoi-
etic stimulating agent (ESA) treatment could increase
hemoglobin and decrease RBC transfusion. This ra-
tionale led to a series of RCTs of ESAs in the critically
ill (55, 56), which enrolled close to 3000 ICU patients,
including 1500 trauma patients. ESAs significantly
increased hemoglobin, but no RBC transfusion re-
duction was noted if transfusion practice was restric-
tive (55, 56). Of importance, these studies did suggest
a mortality benefit for ESAs in trauma patients. This
effect was independent of transfusion reduction and
is likely a result of nonhematopoietic ESA action (57).
Of note, ESA use was associated with an increase in
thrombotic complications in patient not receiving
therapeutic or prophylactic anticoagulation.

Multiple meta-analyses (58-63) confirm increased
hemoglobin and transfusion reduction with ESA use
in ICU patients. Most recently, a systematic review
and network meta-analysis of pharmacotherapy for re-
ducing RBC transfusion in ICU patients (75 RCTs, n =
15,091) reported that combination iron/ESA therapy
reduced transfusions without increase in VTE or infec-
tion (63). There are two recent pilot studies suggesting
the feasibility of an RCT studying ESA in the critically
ill (64, 65). The INtravenous iron to treat anaemia fol-
lowing CriTical care-2 (INTACT-2) multicenter RCT
initiated enrollment in UK. ICUs (2024-2027) and
will examine the efficacy and cost-effectiveness of IV
iron/erythropoietin for anemia (hemoglobin = 10g/
dL) treatment in ICU patients (n = 1016) at the time of
ICU discharge, with the primary outcome measure of
physical function of the 36-Item Short Form Survey at
90 days post-randomization (66).

The meta-analysis of the effect of ESAs in critically
ill trauma patients (nine studies, n = 2607) found a
substantial reduction in mortality (RR, 0.63; 95% CI,
0.49-0.79; p = 0.0001) without increased deep venous
thrombosis (62). Unfortunately, in the almost 20 years
since the initial ESA RCTs, there had been no studies
following up on the possible mortality benefit of ESAs
in trauma patients, which remains a missed opportu-
nity (57). Currently, there is an ongoing multicenter
RCT (ErythroPOietin in Trauma [EPO-TRAUMA]) to
evaluate the impact of ESA on 6-month mortality and
severe disability in critically ill mechanically ventilated
trauma patients (67).

The 2020 Clinical Practice Guidelines from
the French Société Frangaise d'Anesthésie et de
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Réanimation and Société de Réanimation de Langue
Frangaise critical care groups recommend the ESA use
in anemic critically ill and trauma patients in the ab-
sence of contraindications (68). In contrast, the clin-
ical practice guideline from the European Society of
Intensive Care Medicine recommended against the
routine use of a combination of erythropoietin/iron in
ICU patients with anemia (31). There are ongoing dis-
cussions on optimal use of ESAs in critically ill patients

(69, 70). Given the potential increase in thrombotic
complications with ESA therapy, VTE prophylaxis
should also be considered if ESAs are given.

Modulation of Hepcidin

New emerging Al treatments are directed toward
modulating the hepcidin-ferroportin pathway with
the goal to reverse hypoferremia and thus treat

anemia. Several general

Proerythrocyte

approaches have been
studied: ~ antagonists
that inhibit hepcidin
expression or hepcidin-
ferroportin interac-
tion; antagonists of
hepcidin  regulatory
pathways; and stabi-
lizers of ferroportin
(54, 71). Several com-
pounds directed at the
hepcidin-ferroportin
axis are in early phase
clinical trials (54, 71).
Attempts to modu-
late hepcidin to treat
anemia in the crit-
ically ill need to be
undertaken with some
caution. The elevated
hepcidin and the as-
sociated hypoferremia
observed in the crit-
ically ill may in fact
provide  benefit by
decreasing  catalytic
iron availability (20). It
has been demonstrated
. that hepcidin and hep-

Figure 4. Erythropoietic effects of hypoxia-inducible factor (HIF). (1), HIF upregulates divalent metal
transporter 1 and duodenal cytochrome B to increase intestinal iron (Fe) absorption; (2) transferrin
transports Fe to transferrin receptors in the bone marrow; (3) Fe is released from transferrin into by
the developing erythrocyte; (4) HIF upregulates the erythropoietin (EPO) receptor (EPO-R) and
endogenous EPO production; (5) HIF upregulates transferrin receptor, increasing Fe uptake by
proerythrocytes; (6) HIF promotes the formation of fully functional mature erythrocytes replete with
hemoglobin; (7) after a lifespan averaging approximately 120 d, exhausted erythrocytes are scavenged

cidin agonists increase
resistance to infection
clearing catalytic
iron (72). In contrast,
low hepcidin levels
and increased catalytic
iron are associated with

in the liver and the Fe is returned for reuse. Gl = gastrointestinal. From Gupta N, Wish JB: Hypoxia-

inducible factor prolyl hydroxylase inhibitors: A potential new treatment for anemia in patients with CKD.

Am J Kid Dis 2017; 69:815-826.
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higher mortality in
patients with AKI (25).
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Modulation of Hypoxia-Inducible Factor

Hypoxia-inducible factor (HIF) is a transcription factor
that is an important regulator of erythropoiesis (Fig. 4).
Stabilization of HIF is of paramount importance for op-
timal erythropoiesis. HIF is degraded under normoxic
conditions by HIF-prolyl hydroxylase (HIF-PHD).
Inhibition of HIF-PHD by HIF-prolyl hydroxylase
inhibitors (HIF-PHIs) leads to HIF activation, increased
endogenous erythropoietin production, increased iron
uptake from the gut, and iron mobilization from hepato-
cytes and macrophages, promoting increased erythropoi-
esis. Serum levels of hepcidin are also reduced indirectly
through increased erythropoietic activity and erythrofer-
rone production (73, 74). HIF-PHIs are a new class of oral
agents that promote erythropoiesis primarily through
increased endogenous erythropoietin production and
decrease hepcidin levels. In clinical trials, in patients with
CKD, HIF-PHIs have been shown to be noninferior to
ESAs (75). Several HIF-PHIs are approved worldwide
for CKD patients but the role of these agents for anemia
treatment in non-CKD patients awaits more data.

CONCLUSIONS AND FUTURE
DIRECTIONS

The high prevalence of anemia in ICU patients both in-
hospital and persistent after ICU discharge warrants a
decisive shift from RBC transfusion to early proactive
pathophysiology-based diagnosis/treatment of anemia.
Over the last 2 decades, there has been significant
advances in the understanding of the pathophysiology
of anemia in the critically ill. This has resulted in new
approaches to anemia management. PBM, involving
an evidence-based multimodal/multifaceted approach
with early diagnosis and diagnosis-specific anemia
treatment, optimizing hemostasis, and blood conserva-
tion including phlebotomy reduction (76), has become
an increasingly important strategy that can result in
improved patient outcomes in the ICU (77-79).
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