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IN A MOUSE MODEL OF SEPSIS, HEPCIDIN ABLATION 
AMELIORATES ANEMIA MORE EFFECTIVELY THAN IRON AND 
ERYTHROPOIETIN TREATMENT

Eeman Khorramian1, Eileen Fung1, Kristine Chua1, Victoria Gabayan1, Tomas Ganz1,2, 
Elizabeta Nemeth1, and Airie Kim1

1Departments of Medicine, David Geffen School of Medicine at UCLA, Los Angeles, CA 90095, 
USA

2Departments of Medicine and Pathology, David Geffen School of Medicine at UCLA, Los 
Angeles, CA 90095, USA

Abstract

Intensive Care Unit (ICU) anemia is an extreme version of anemia of inflammation (AI) that 

occurs commonly in critically ill patients and is associated with increased morbidity and mortality. 

Currently available therapies for ICU anemia have shown inconsistent efficacies in clinical trials. 

We conducted a systematic study of the effects of early versus delayed iron (Fe) and/or 

erythropoietin (EPO) therapy in our previously characterized mouse model of ICU anemia based 

on an injection of heat-killed Brucella abortus (BA). To study the effects of ongoing inflammation 

on the response to therapy, inflamed WT and hepcidin knockout (HKO) mice were treated at either 

early (days 1&2) or delayed (days 7&8) time points after the inflammatory stimulus. In the early 

treatment group, Fe and/or EPO therapy did not increase hemoglobin (Hgb) levels or reticulocyte 

production in either the inflamed WT or HKO groups. In the delayed treatment group, 

combination Fe+EPO therapy did increase Hgb and reticulocyte production in WT mice (mean 

ΔHgb in WT saline group −9.2 g/dL vs. Fe/EPO −5.5 g/dL; p<0.001). The HKO mice in the 

delayed treatment group did not improve their Hgb, but HKO mice in all treatment groups 

developed a milder anemia than the WT mice. Our findings indicate that combination Fe+EPO 

therapy is effective in partially reversing ICU anemia when administered after the phase of acute 

inflammation. Hepcidin ablation alone was more effective in attenuating ICU anemia than Fe

+EPO therapy, which indicates the potential of antihepcidin therapeutics in treating ICU anemia.
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INTRODUCTION

Anemia of inflammation (AI) is an anemia seen in the context of infections and systemic 

inflammatory disorders, including rheumatologic disorders, inflammatory bowel diseases, 

malignant neoplasms, and chronic kidney disease (1). AI is a normocytic normochromic 

anemia with a shortened erythrocyte lifespan and suppression of erythropoiesis that can 

occur despite adequate levels of erythropoietin (EPO) (2). Perhaps the most characteristic 

feature of AI is dysregulation of iron homeostasis characterized by a reduction of circulating 

iron despite intact tissue iron stores (1), resulting in decreased iron availability for 

hemoglobin synthesis and erythrocyte production. This inflammation-induced change in 

systemic iron metabolism is thought to have evolved as a host defense mechanism to limit 

iron availability to microbes during infections (3).

The principal regulator of systemic iron homeostasis is hepcidin, a small peptide hormone 

produced primarily by hepatocytes (4). Hepcidin acts by binding to ferroportin, the only 

known cellular iron exporter that is expressed on the surface of macrophages, hepatocytes, 

and duodenal enterocytes. Hepcidin binding causes ferroportin endocytosis and degradation, 

inhibiting gut iron absorption and the efflux of stored cellular iron necessary for 

erythropoiesis (3). Inactivation of the hepcidin gene in mice causes a phenotype of severe 

iron overload (5), while transgenic hepcidin mice with hepcidin overexpression develop the 

opposite phenotype of iron-restricted anemia (6). Hepcidin expression is strongly stimulated 

during times of inflammation or infection, largely by IL-6 via the JAK-STAT pathway, with 

some contribution by the BMP pathway (7).

An extreme version of AI is a condition known as ICU (Intensive Care Unit) anemia that 

develops in critically ill patients within days (8). About two-thirds of ICU patients present 

with a hemoglobin <12g/dL on admission, and a remarkable 97% of patients are anemic by 

day 8 (8–10). Similar to chronic inflammatory anemia syndromes 8-1, ICU anemia is 

associated with adverse outcomes. These include prolonged mechanical ventilation (11), 

myocardial infarction, prolonged hospital stay, and mortality (8).

Despite its prevalence and significance, ICU anemia is likely undertreated because there is 

little consensus on the safety and efficacy of available therapies. Red blood cell (RBC) 

transfusions are the mainstay of therapy in the ICU, but carry the risks of 

immunosuppressive effects, transmission of infections, and transfusion reactions (8). RBC 

transfusions have also been shown to be an independent risk factor for increased mortality 

(8, 9). Iron therapy has shown mixed efficacy in ICU anemia, with one trial of 200 patients 

showing no significant improvement in mortality, but a significant decrease in the rate of 

transfusions (12). A second study using intravenous (IV) iron supplementation for anemia of 

traumatic critical illness showed no discernible effect on transfusion requirement, length of 

stay, or mortality (13). Studies investigating the use of erythropoiesis-stimulating agents 

(ESAs) in ICU anemia have also shown mixed results, with one landmark study showing 

that weekly epoetin alfa administration in critically ill patients was associated with a 

nonsignificant trend towards decreased mortality, but also with an increase in thrombotic 

events (14). While these clinical studies have been illuminating, they are plagued with 
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complex patient demographics and inconsistent treatment regimens. There have been no 

studies illustrating the specific effects of varying treatment regimens using an animal model.

The current paper is a systematic study of the effects of early versus delayed iron (Fe) and/or 

EPO therapy in a mouse model of acute and severe inflammation. Our group recently 

published a detailed characterization of a mouse model of ICU anemia that served as the 

vehicle for the current studies. With a single intraperitoneal injection of heat-killed Brucella 
abortus (BA), mice develop an acute and severe anemia with iron restriction despite 

increased tissue iron stores, erythropoietic suppression, and a shortened erythrocyte lifespan. 

Hepcidin deletion causes a partial but significant correction of the resulting anemia, 

accompanied by an accelerated recovery (15). In short, this model displays all the major 

characteristics seen in ICU anemia, and is an effective platform for testing any potential 

interventions for acute and severe AI.

MATERIALS AND METHODS

Animal models

Animal studies were approved by the Animal Research Committee at the University of 

California, Los Angeles (UCLA). For the wild-type (WT) experiments, C57BL/6 mice were 

obtained from Charles River Laboratories (Wilmington, MA) or The Jackson Laboratory 

(Bar Harbor, ME). Although the regulation of iron metabolism is similar in both genders, 

male C57BL/6 mice have lower iron stores and lower hepcidin compared to female mice, 

thus only male mice were used in this study to minimize the variability in baseline iron 

parameters and hepcidin concentration (16). WT mice were fed standard chow (~270 ppm 

iron; Harlan Teklad; Indianopolis, IN) from the time of weaning until ~6 weeks of age, after 

which they were switched to an iron-sufficient diet (50 ppm iron; Harlan Teklad, 

Indianapolis IN) for two weeks prior to BA injection. This dietary conditioning was applied 

because the high iron content of standard chow maximally stimulates hepcidin expression, 

making it unresponsive to inflammatory stimuli (17). In addition, dietary iron absorption in 

humans accounts for ~5–10% of the daily iron fluxes but as much at ~50% in mice fed 

standard chow (18). Reducing the dietary iron content of mouse chow was designed to 

model iron fluxes of human homeostasis.

In order to evaluate the role of hepcidin in the response to Fe/EPO therapy, we used male 

hepcidin-1 knockout (HKO) mice. HKO mice were originally provided to our laboratory by 

Dr. Sophie Vaulont (5) and were backcrossed onto the C57BL/6 background as previously 

described (19) using marker-assisted accelerated backcrossing. HKO mice are already iron 

loaded by the time they are weaned, and require dietary conditioning to maintain iron levels 

comparable to those of WT mice. For this study, HKO mice were placed on a low-iron diet 

(4ppm) shortly after weaning for ~2 weeks prior to BA injection. This regimen allows for 

adequate iron depletion without development of iron-deficiency anemia.

To induce AI, animals were injected intraperitoneally (IP) with 5 × 108 particles/mouse of 

heat-killed BA (lots 5-1101 and 5-1304; US Department of Agriculture, Animal and Plant 

Health Inspection Service, National Veterinary Services Laboratories) as previously 

described (20). Control WT mice were injected IP with an equivalent volume of normal 
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saline, then treated with Fe/EPO on days 1&2 after saline injection. Both inflamed WT and 

HKO mice underwent Fe/EPO treatments at either “early” (days 1&2) or “delayed” (days 

7&8) time points. See Supplemental Digital Content - Figure 1 for experimental timeline 

schematics. Both groups received subcutaneous (SC) injections of 1mg of Fe dextran 

(Sigma-Aldrich; St. Louis, MO) and/or 1200 units of EPO (Epogen; Amgen; Thousand 

Oaks, CA) (Procrit; Janssen Pharmaceuticals; Titusville, NJ) (600 units/day X 2 days). 

Saline treatment groups underwent SC injections of equivalent volumes of saline. Both WT 

and HKO mice (5–10 evaluable per genotype per treatment group) were analyzed before and 

2 weeks after BA or saline treatment. At the time of sacrifice, mouse blood, liver, and spleen 

were collected for analysis.

Hematologic studies

Blood hemoglobin levels and mean corpuscular volume (MCV) values were obtained using 

a HemaVet blood analyzer (Drew Scientific; Waterbury, CT). To measure iron-restricted 

erythropoiesis, zinc protoporphyrin (ZPP) levels were measured using a hematofluorometer 

(AVIV; Lakewood, NJ) (21). Wet spleen weights were obtained from a subset of the mice as 

a measure of extramedullary erythropoiesis.

Reticulocyte production was measured using flow cytometry at the UCLA Jonsson 

Comprehensive Cancer Center and Center for AIDS Research Flow Cytometry Core 

Facility. Blood samples of 5 μL was added to 1 mL of thiazole orange in phosphate buffered 

solution with 0.1% sodium azide (PBS-azide; BD Bioscience; San Jose, CA), then incubated 

at room temperature for 1–3 hours. For unstained controls, equivalent volumes of blood 

were added to PBS-azide without thiazole orange. The results are expressed as the 

reticulocyte product index: RPI = Retic % X Final Hgb / Baseline Hgb.

Measurement of iron parameters and serum hepcidin

Serum iron and liver non-heme iron concentrations were measured using a colorimetric 

assay for iron quantification (Sekisui Diagnostics; Lexington, MA) as previously described 

(18). Mouse serum hepcidin-1 was measured by a sandwich ELISA (provided by B. Sasu 

and K. Cooke; Amgen; Thousand Oaks, CA). The assay was validated in our laboratory as 

previously described (15).

Statistics

All statistics were performed using SigmaStat (Systat Software; Point Richmond, CA). 

Statistical analyses of various treatment effects on a single genotype were performed using 

One Way ANOVA. Parametric data was compared using Holm-Sidak Method, and 

nonparametric data was compared using Dunn’s method or Tukey test. Multivariate analyses 

of various treatment effects on the two genotypes were performed using Two Way ANOVA, 

and the data was compared using Holm-Sidak method. P<0.05 was considered statistically 

significant.
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RESULTS

EPO treatment increases erythropoiesis and circulating iron availability in uninflamed 
control WT mice

In order to verify appropriate dosages of our Fe and EPO treatment interventions, we 

performed Fe and/or EPO injections in uninflamed control WT mice. To mimic the 

conditions in the later experiment that include an injection of BA, these mice were injected 

with an equivalent volume of normal saline (rather than BA). In selecting the appropriate 

dose of supplemental iron, we aimed to provide significant iron supplementation without 

causing overt iron overload and toxicity. Previous murine data have shown that iron doses of 

0.5 g/kg body weight result in iron overload and end-organ toxicities (22). Standard medical 

practices of iron supplementation for patients with AI use doses of 1–2 grams of IV iron 

(~0.02 g/kg body weight) in various formulations (23). Accounting for differences in IV 

versus SC absorption, we selected a dosing regimen of Fe dextran 0.04 g/kg body weight. 

The EPO dosing regimen was based on previous work by our group that showed that 600 

units total of recombinant human EPO given over 3 days was sufficient to produce changes 

in hematologic and iron parameters in uninflamed mice (24). Because inflamed mice are 

likely to be EPO-resistant, we increased the EPO dose in the current experiment to 1200 

units of EPO given over 2 days.

The uninflamed mice were injected with saline on day 0, underwent Fe and/or EPO 

treatments on days 1&2, and were analyzed on day 14 (Supplemental Digital Content - 

Figure 1A). Relative to the saline group on day 14, the Fe-only group did not increase their 

hemoglobin, whereas EPO treatment without Fe supplementation increased hemoglobin by 

1.0 g/dL, and EPO with Fe supplementation increased hemoglobin by 1.4 g/dL (Figure 1A, 

p<0.05 for each EPO treatment group vs. saline). Spleen weights were measured as a marker 

of extramedullary erythropoiesis, and showed trends toward increased spleen weights in 

EPO and Fe/EPO-treated mice. (Figure 1B) (median spleen weight in saline group 0.08 g vs. 

Fe-only 0.08 g vs. EPO-only 0.10 g vs. Fe/EPO 0.10 g). The results confirm the stimulatory 

erythropoietic effect of our EPO treatment regimen in uninflamed control mice. The addition 

of Fe did not appear to further increase erythropoiesis in these mice.

We measured multiple iron parameters in order to evaluate the status of iron stores and 

circulating iron in each of our treatment groups. Liver iron levels were increased in mice 

treated with Fe (± EPO), confirming that our dose of Fe Dextran administration was 

adequate to increase tissue iron stores (Figure 1C) (median liver iron in saline group 51 μg 

vs. Fe-only 113 μg vs. EPO-only 82 μg vs. Fe/EPO 113 μg; p<0.05 for each Fe-treatment 

group vs. saline). Serum iron levels increased in both EPO treatment groups, but not in the 

Fe-only group (Figure 1D) (mean serum iron in saline group 30 μmol/L vs. Fe-only 33 

μmol/L vs EPO-only 47 μmol/L vs. Fe/EPO 54 μmol/L; p<0.001 for each EPO treatment 

group vs. saline). This rise in serum iron seen in EPO-treated mice likely reflects 

erythropoiesis-mediated suppression of hepcidin expression resulting in increased enteral 

dietary iron absorption and efflux of intracellular iron from storage (24).

Serum ZPP measurements were obtained as a marker of iron-restricted erythropoiesis. When 

insufficient iron is available for erythropoiesis, increased amounts of zinc are incorporated 
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into the protoporphyrin ring and result in increased serum ZPP levels (21). Both EPO and 

Fe/EPO groups had significantly higher increases in their ZPP levels than control mice 

(Figure 1E) (mean ΔZPP in saline group 15 vs. Fe-only 9 vs. EPO-only 128 vs. Fe/EPO 92; 

p<0.001 for each EPO treatment group vs. saline), despite the increased serum iron levels in 

these same EPO treatment groups. We postulate that the rise in ZPP levels occurs early as 

robust erythropoiesis is induced by exogenous EPO and exceeds plasma iron availability. 

The relatively smaller ΔZPP of the Fe/EPO group as compared to the EPO group 

demonstrates the dampening of this effect with iron supplementation. Δ mean corpuscular 

volume (MCV) measurements showed no significant differences among the control and 

treatment groups (Figure 1F).

Early Fe and/or EPO treatment of acutely inflamed WT and HKO mice does not increase 
erythropoiesis and leads to minor changes in iron status

After establishing an appropriate dosing regimen of Fe and EPO treatments for increasing 

erythropoiesis and circulating iron levels as described above, we repeated the treatment 

regimen using our previously characterized mouse model of acute inflammation with heat-

killed BA (15). In order to investigate the role of hepcidin in the response to therapy, we also 

repeated the experiment in HKO mice. Both WT and HKO mice were injected with BA on 

day 0, underwent Fe and/or EPO injections on days 1&2, and were analyzed on day 14 

(Supplemental Digital Content - Figure 1B). In neither WT nor HKO treatment groups was 

there any significant effect of treatment on Hgb compared to their respective saline 

counterparts (Figure 2A). However, when HKO were compared to WT mice, inflamed HKO 

mice had smaller hemoglobin drops than their WT counterparts in most treatment groups, 

confirming the significant role of hepcidin in the development of AI similar to our previous 

characterization of the BA mouse model describing the protective effect of hepcidin deletion 

(15). RPI measurements showed no significant increase in erythropoiesis in any of the 

treatment groups of either genotype. However, the RPI measurements did show a trend 

towards increased reticulocytosis in the HKO mice in all treatment groups (Figure 2B), 

consistent with the observation that the lack of hepcidin attenuates the development of 

anemia during acute inflammation.

Multiple iron parameters were measured in the WT and HKO mice that had received Fe 

and/or EPO treatments during acute inflammation. The HKO mice had consistently lower 

liver iron levels than the WT mice in all treatment groups, confirming that the HKO mice 

were adequately iron-depleted by their iron-deficient diet (Figure 3A). The WT mice had a 

subtle trend towards increased liver iron levels in the Fe and Fe/EPO groups (mean liver iron 

in WT saline group 158 μg vs. WT Fe-only 179 μg vs. WT EPO-only 160 μg vs. WT 

Fe/EPO 199 μg; p<0.05 for Fe/EPO vs. saline), and the HKO mice had no significant 

changes with Fe and/or EPO supplementation. In contrast to the uninflamed WT mice, the 

BA-injected WT mice did not show large increases in iron stores with iron treatments. As 

illustrated in our previous paper describing the BA-injected mouse model of AI, these 

acutely inflamed mice develop hepcidin-mediated iron dysregulation with iron-restricted 

anemia despite significantly increased tissue iron stores (15). Thus, the inflamed WT mice 

already have markedly elevated baseline liver iron levels and would likely require higher 

doses of iron supplementation to detect a significant increase.
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Serum iron measurements showed a trend towards increased levels in HKO mice as 

compared to WT mice (Figure 3B), and significantly higher serum iron in the Fe-only group. 

This observation is to be expected, as hepcidin deletion allows the free efflux of iron from 

intracellular storage into circulation. The WT mice showed no significant differences in 

serum iron levels in the treatment groups, reflecting the decreased availability of circulating 

iron in times of acute inflammation with increased hepcidin expression. The HKO EPO-

treated mice had a small drop in their serum iron levels compared to the saline HKO group 

(median HKO EPO serum iron 27.8 μmol/L vs. HKO saline serum iron 41.1 μmol/L; 

p<0.05) of unclear etiology. This fall in serum iron possibly reflects an early increase in 

erythropoiesis and iron utilization (without the benefit of supplementary Fe) that does not 

manifest in a hemoglobin improvement at the analyzed time point.

ΔMCV measurements were taken as a second measure of iron restriction, and mirrored the 

findings of serum iron measurements. ΔMCVs were increased in HKO mice compared to 

WT mice in all treatment groups (Figure 3C), again reflecting the attenuation of circulating 

iron restriction that occurs with hepcidin deletion. Within each genotype, however, there was 

no significant effect of treatments on ΔMCV values, except that EPO-treated HKO mice 

showed a small but statistically significant drop in ΔMCV values, possibly secondary to an 

early increase in iron utilization for erythropoiesis.

Spleen weights in all mouse groups were dramatically increased as compared to uninflamed 

mice, likely as a result of stress extramedullary erythropoiesis (Figure 3D). There were no 

significant differences with the various treatments in either the WT or HKO groups. The 

saline-treated WT mice did have higher spleen weights than the HKO saline group, with 

unclear significance and etiology, perhaps indicating a difference in medullary and 

extramedullary erythropoiesis between untreated inflamed WT vs. HKO mice.

Together, these results indicated that administering iron and/or EPO shortly after the 

inflammatory stimulus did not improve any hematological parameters in either WT or HKO 

mice compared to their own control group, but that HKO mice were less anemic than WT 

mice regardless of the treatment.

Delayed combination Fe+EPO treatment increases erythropoiesis in acutely inflamed WT 
mice, but cannot surpass the protective effect of hepcidin deletion

As acute inflammation has been shown to blunt erythropoiesis through multiple mechanisms 

involving inflammatory cytokines and hepcidin (25), we hypothesized that BA-injected mice 

could achieve the erythropoietic benefit of Fe and EPO treatments if given at a later time 

point when inflammation is less intense. In this set of experiments, both WT and HKO mice 

were injected with BA on day 0, underwent Fe and/or EPO injections on days 7&8, and 

were analyzed on day 14 (Supplemental Digital Content - Figure 1B). ΔHgb measurements 

showed that in BA-injected WT mice, only treatment with both Fe and EPO significantly 

lessened their hemoglobin drops compared to saline-treated mice (Figure 4A) (mean ΔHgb 

in WT saline group −9.2 g/dL vs. Fe-only −9.3 g/dL vs. EPO-only −7.8 g/dL vs. Fe/EPO 

−5.5 g/dL; p<0.001 for Fe/EPO vs. saline). The HKO mice in all treatment groups had less 

severe anemia than the WT mice, again demonstrating the erythropoietic advantage of 

having increased iron availability secondary to hepcidin deletion. Even the WT mice that 
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benefited significantly from Fe+EPO therapy had larger hemoglobin drops than the HKO 

mice with the same treatment (mean ΔHgb WT Fe/EPO −5.5 g/dL vs. HKO Fe/EPO −4.0 

g/dL; p<0.05). Interestingly, HKO mice had no significant improvement in their ΔHgbs with 

any treatment regimen as compared to the saline-treated HKO group. Thus, the protective 

effect of hepcidin deletion on the development of AI is superior to even the delayed Fe+EPO 

therapy.

RPI measurements also showed that within the WT groups, only Fe/EPO-treated WT mice 

had increased reticulocytosis as compared to the saline WT mice (Figure 4B) (median RPI 

in WT saline group 10.9 vs. Fe-only 10.6 vs. EPO-only 11.7 vs. Fe/EPO 14.8; p<0.05 for 

Fe/EPO vs. saline), confirming the increased erythropoiesis of inflamed WT mice receiving 

delayed combination Fe+EPO therapy. The HKO mice had increased RPI as compared to 

their WT counterparts in all treatment groups, except for the Fe/EPO group where they were 

similar (median RPI HKO Fe/EPO 15.5 vs. WT Fe/EPO 14.8).

These results show that in contrast to the ineffectiveness of early Fe+EPO therapy in 

inflamed WT mice, delayed Fe+EPO therapy did increase their erythropoiesis and ΔHgb. 

This benefit of delayed Fe+EPO therapy likely occurs as a result of EPO-induced hepcidin 

suppression with concomitant iron supplementation. Although our terminal serum hepcidin 

measurements did not find a difference among the various treatment groups at the analyzed 

time point (Supplemental Digital Content - Figure 2), the hepcidin differences likely 

occurred earlier in the timeline after EPO therapy (26).

Delayed combination Fe+EPO treatment increases iron utilization in HKO mice

Multiple iron parameters were again measured in the WT and HKO mice that had received 

delayed Fe and/or EPO treatments after BA injection. The HKO mice had consistently lower 

liver iron levels than the WT mice in all treatment groups, confirming that the HKO mice 

were adequately iron-depleted by their iron-deficient diet (Figure 5A). Despite iron 

supplementation, the BA-injected WT mice did not show increases in iron stores. Because of 

hepcidin-mediated iron dysregulation, these inflamed mice already have markedly elevated 

baseline liver iron levels as compared to uninflamed mice and would likely require higher 

doses of iron supplementation to achieve a detectable increase in iron storage levels.

Serum iron measurements illustrated the effects of the various delayed treatments on 

circulating iron (Figure 5B). As expected, the inflamed WT mice consistently had 

hypoferremia secondary to hepcidin-mediated iron restriction, and iron supplementation was 

insufficient to reverse this. The saline and Fe-treated HKO mice had increased serum iron 

levels, as compared to WT mice in the same treatment groups, secondary to the effects of 

hepcidin deletion on the efflux of iron from intracellular storage into circulation. 

Interestingly, EPO-treated and Fe/EPO-treated HKO mice lowered their serum iron to levels 

comparable to those of their WT counterparts (median serum iron HKO saline 40.5 μmol/L 

vs. HKO Fe/EPO 17.2 μmol/L; p<0.05). We postulate that this decrease in serum iron is 

secondary to EPO-stimulated erythropoiesis and iron utilization that has not yet manifested 

in an increase in hemoglobin. ΔMCVs were increased in HKO mice compared to WT mice 

in all treatment groups (Figure 5C), again reflecting the attenuation of circulating iron 

restriction that occurs with hepcidin deletion. Within the WT mouse groups, ΔMCV values 
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were similar in all treatment groups. Within HKO mice, ΔMCVs were increased in the Fe-

treated groups (median ΔMCV in HKO saline group −0.9 fL vs. Fe-only 2.6 fL vs. EPO-

only −2.1 fL vs. Fe/EPO 2.5 fL; p<0.05 for each Fe-treatment group vs. saline). As 

expected, hepcidin deletion allows a significant reversal of iron restriction in the context of 

iron supplementation.

Spleen weights were measured as a marker of extramedullary erythropoiesis in the inflamed 

WT and HKO mice in the various delayed treatment groups (Figure 5D). WT mice showed 

no significant differences regardless of the treatment, despite the increased ΔHgb noted in 

the Fe/EPO treatment group. This may be a limitation of having measured only one time 

point after the treatment. The HKO mice did have increased spleen weights with delayed Fe

+EPO therapy (median HKO saline spleen weight 0.70 g vs. HKO Fe/EPO spleen weight 

0.98 g; p<0.05). This increase in spleen weight is consistent with the observed decrease in 

serum iron in these same mice, indicating an increase in iron utilization and extramedullary 

erythropoiesis that has not yet resulted in an increase in hemoglobin at this time point.

DISCUSSION

The pathogenesis of ICU anemia is multifactorial, including hepcidin-mediated iron 

restriction, impaired proliferation of erythroid precursors, and shortened erythrocyte lifespan 

(1, 2), and may be further exacerbated by blood loss and iron deficiency. AI is also 

characterized by reduced erythropoiesis that can occur in the context of either decreased 

EPO levels and/or impaired erythroid responsiveness to adequate levels of circulating EPO 

(25). Multiple cytokines have been reported to have a suppressive effect on the proliferation 

of erythroid progenitor cells, including tumor necrosis factor α, IL-1, and interferon-γ 
(IFN-γ) (27–29). Notably, one recent study found that murine transgenic overexpression of 

IFN-γ stimulates monocytic differentiation at the expense of erythroid differentiation (30), 

possibly allowing faster production of leukocytes during times of infection. AI is also 

associated with a shortened erythrocyte lifespan which has been largely attributed to 

cytokine effects on macrophage activation and erythrophagocytosis. In mouse models, IL-4 

and IFN-γ specifically have been shown to activate macrophages for erythrophagocytosis 

(30, 31).

We report a systematic study of the effects of supplemental Fe and/or EPO on the 

development of AI in our previously characterized mouse model of anemia of sepsis (15). 

The BA-injected mice were treated with Fe, EPO, or Fe+EPO at either early or late time 

points after the inflammatory stimulus. We had previously illustrated that these acutely 

inflamed mice had elevated SAA-1 levels that peaked on day 1, and an early elevation in 

hepcidin followed by a steep decline after 7 days as erythropoietic recovery started. In order 

to elucidate the effects of acute inflammation and hepcidin-mediated iron dysregulation on 

the responsiveness to Fe and EPO therapy, we administered the therapies immediately after 

inflammatory stimulus (days 1&2) or a week later (days 7&8) when acute inflammation had 

subsided. Consistent with the known effects of inflammation and iron dysregulation on 

erythropoiesis, early therapy with Fe and/or EPO did not result in any attenuation of anemia 

in BA-injected WT or HKO mice (compared to their own saline control group). The 

unchanged RPI in all of the treatment groups of both genotypes confirmed the lack of 

Khorramian et al. Page 9

Shock. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



erythropoietic response to the supplemental Fe/EPO. Also of note, hepcidin deletion 

appeared to have a protective effect in the development of AI. While the HKO mice did 

decrease hemoglobin with acute inflammation, the decrease was milder by 2.5 g/dL as 

compared to their WT counterparts. Thus, although early supplemental Fe/EPO therapies are 

not effective in the context of acute inflammation, early neutralization of hepcidin could be 

beneficial.

Late treatment of inflamed WT mice with combination Fe/EPO therapy yielded a significant 

attenuation of the hemoglobin drop by 3.7 g/dL as compared to untreated mice. Of note, no 

benefit was seen in the Fe-only or EPO-only treatment groups. We hypothesize that EPO 

administration ameliorated the development of AI by both providing a direct stimulus for 

erythroid production, as well as decreasing hepcidin levels. The recently described hormone 

erythroferrone (ERFE) has been shown to be a powerful mediator of hepcidin suppression 

during stress erythropoiesis (26). By reducing hepcidin levels with EPO and providing 

supplemental iron, we were able to reverse hepcidin-mediated iron dysregulation while 

providing the necessary iron for hemoglobin synthesis. These Fe/EPO treated mice also had 

a 26% increase in RPI compared to controls, confirming the increased erythropoiesis in this 

treatment group. Interestingly, while the HKO mice consistently had lower hemoglobin 

drops in all treatment groups as compared to WT mice, they had no demonstrable benefit 

from any therapy. Thus, complete hepcidin ablation appears to be more effective in 

attenuating the development of AI than combination Fe+EPO therapy. The removal of 

hepcidin-mediated iron dysregulation in these inflamed mice allows for increases in 

circulating and available iron for hemoglobin production and erythropoiesis.

Our study emphasizes the significant role of hepcidin in the development of ICU anemia. 

Multiple experimental therapies targeting the hepcidin-ferroportin axis are in development 

for the treatment of inflammatory anemias. Two drugs that target IL-6-induced hepcidin 

expression are tocilizumab, an IL-6 receptor antibody that reduces hepcidin and improves 

anemia in rheumatoid arthritis (25), and siltuximab, an IL-6 antibody recently approved by 

the FDA for its use in lowering hepcidin and improving anemia in patients with multicentric 

Castleman’s Disase (32). Two example inhibitors of hepcidin production are a BMP type I 

receptor inhibitor (LDN-193189) and a soluble hemojuvelin-Fc fusion protein, both of 

which have been shown to improve anemia in murine models of AI (25). Perhaps the most 

relevant therapeutic option for ICU anemia would be those that target hepcidin directly, 

including hepcidin antibodies, anticalins, Spiegelmers, and antisense oligonucleotides. The 

hepcidin Spiegelmer lexaptepid (NOX-H94) improved LPS-induced hypoferremia in 

humans (33) and is currently in Phase 2 clinical trials. A neutralizing hepcidin antibody 

(12B9m) has been shown to improve iron availability and erythrocyte hemoglobinization in 

mice, and allow more efficient hemoglobinization in monkeys (34). A hepcidin anticalin 

(PRS-080) has completed a phase I clinical trial that demonstrated marked reduction of 

plasma hepcidin levels followed by elevation of serum iron levels (35).

Our paper illustrates the significant role of hepcidin in the development of acute and severe 

anemia, as well as the importance of appropriately timing the currently available therapeutic 

interventions. While our study serves as an important proof of concept for the role of 
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hepcidin in ICU anemia, further investigation is necessary to determine the applicability of 

the developing antihepcidin therapies in the treatment of ICU anemia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The hematologic and iron parameters of uninflamed control WT mice after treatment 
with exogenous Fe Dextran and/or EPO
(A) Δ Hemoglobin. (B) Spleen weights. (C) Liver iron. (D) Serum iron. (E) Δ Serum ZPP. 

(F) Δ MCV. Panel A: Treatment groups each included 8 evaluable male mice; means ± SD 

are shown; *p<0.05 compared to saline group, by Holm-Sidak method. Panel B: Treatment 

groups each included 4 male mice; medians ± 75th/25th percentile are shown; *p<0.05 by 

Tukey test. Panel C: Treatment groups each included 8 male mice; medians ± 75th/25th 

percentile are shown; *p<0.05 compared to saline group, by Dunn’s method. Panels D–F: 

Treatment groups each included 7–8 male mice; means ± SD are shown; **p<0.001 

compared to saline group, †p<0.05, by Holm-Sidak method.
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Figure 2. Treatment of acutely inflamed WT and HKO mice with Fe and/or EPO does not 
increase hemoglobin levels or reticulocytosis
(A) Δ Hemoglobin. (B) Reticulocyte product index. The dashed lines represent the mean 

values from the uninflamed control WT mice of Figure 1. Treatment groups for each 

genotype included 5–10 evaluable male mice. Means ± SD are shown; *p<0.05 compared to 

saline group, †p<0.05 and ††p<0.001 compared to genotype counterpart, all by Holm-Sidak 

method.
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Figure 3. Iron status and utilization in inflamed WT and HKO mice undergoing early treatment 
with Fe and/or EPO
(A) Liver iron. (B) Serum iron. (C) Δ MCV. (D) Spleen weights. The dashed lines represent 

the mean values from the uninflamed control WT mice of Figure 1. Panels A–C: Treatment 

groups for each genotype included 5–10 evaluable male mice. Panel D: Treatment groups for 

WT mice included 3 male mice; Treatment groups for HKO mice included 8–10 male mice. 

Means ± SD (Panel A) or medians ± 75th/25th percentile (Panels B–D) are shown; *p<0.05 

compared to saline group, †p<0.05 and ††p<0.001 compared to genotype counterpart, all by 

Holm-Sidak method.
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Figure 4. Delayed treatment with both Fe and EPO increases hemoglobin and reticulocytosis in 
inflamed WT mice
(A) Δ Hemoglobin. (B) Reticulocyte product index. The dashed lines represent the mean 

values from the uninflamed control WT mice of Figure 1. Treatment groups for each 

genotype included 7–10 evaluable male mice. Means ± SD (Panel A) or medians ± 75th/25th 

percentile (Panel B) are shown; *p<0.05 and **p<0.001 compared to saline group, †p<0.05 

and ††p<0.001 compared to genotype counterpart, all by Holm-Sidak method.
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Figure 5. Iron status and utilization in inflamed WT and HKO mice undergoing delayed 
treatment with Fe and/or EPO
(A) Liver iron. (B) Serum iron. (C) Δ MCV. (D) Spleen weights. The dashed lines represent 

the mean values from the uninflamed control WT mice of Figure 1. Treatment groups for 

each genotype included 7–10 evaluable male mice. Medians ± 75th/25th percentile are 

shown; *p<0.05 and **p<0.001 compared to saline group, †p<0.05 and ††p<0.001 compared 

to genotype counterpart, all by Holm-Sidak method.
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