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Abstract Transferrin is an abundant serum metal-

binding protein best known for its role in iron delivery.

The human disease congenital atransferrinemia and

animal models of this disease highlight the essential

role of transferrin in erythropoiesis and iron metabo-

lism. Patients and mice deficient in transferrin exhibit

anemia and a paradoxical iron overload attributed to

deficiency in hepcidin, a peptide hormone synthesized

largely by the liver that inhibits dietary iron absorption

and macrophage iron efflux. Studies of inherited

human disease and model organisms indicate that

transferrin is an essential regulator of hepcidin

expression. In this paper, we review current literature

on transferrin deficiency and present our recent

findings, including potential overlaps between trans-

ferrin, iron and manganese in the regulation of

hepcidin expression.
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Transferrin deficiency in human biology

Primary deficiency

The role of transferrin (TF) in human biology is best

exhibited by the primary TF deficiency observed

in congenital atransferrinemia/hypotransferrinemia.

In this rare disease, autosomal recessive mutations in

the TF gene lead to TF deficiency. The resulting

microcytic, hypochromic anemia, responsive to infu-

sions of TF or plasma, demonstrates the essential role

of TF in iron delivery for erythropoiesis. Intriguingly,

although few cases have been reported, this condition

is not always diagnosed in early life (Beutler et al.

2000; Asada-Senju et al. 2002; Knisely et al. 2004;

Aslan et al. 2007; Chen et al. 2009), suggesting that TF

deficiency can have a late onset or is not severe enough

in all instances to adversely affect embryonic or

postnatal development and viability. Paradoxically,

patients also develop iron (Fe) overload in multiple

tissues, indicating that TF is not essential for Fe

delivery to all organs. This Fe overload is attributed to

deficiency in the iron regulatory hormone hepcidin,

the role of which will be discussed below.

Secondary deficiency

Given that TF levels decrease in conditions such as

inflammation and Fe overload (Morton and Tavill

1977; Ritchie et al. 1999), it is not surprising that TF

deficiency has been reported in clinical situations
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other than congenital atransferrinemia. Multiple

examples exist:

• Negative correlation between levels of the inflam-

matory cytokine IL-6 and plasma TF levels in

depressed individuals suggests that hypotransfer-

rinemia may reflect an inflammatory state in

depression (Maes et al. 1992, 1993).

• Hypotransferrinemia observed in patients with

chronic alcoholism may reflect inflammation

and/or liver damage caused by alcohol or alco-

hol-related nutritional deficiencies (Borini and

Guimarães 1999).

• Studies on patients prior to or undergoing chronic

hemodialysis revealed a high rate of hypotransferrin-

emia which was attributed to chronic inflammation or

to administration of intravenous Fe for treatment of

anemia prior to the onset of hemodialysis (Kirsch-

baum 1999; Descombes and Fellay 2000).

• Hypotransferrinemia can also result from exces-

sive urinary protein losses in nephrotic syndrome, a

condition characterized in part by urinary excretion

of albumin and other plasma proteins and associ-

ated with several different diseases (Warshaw et al.

1984; Prinsen et al. 2001; Vaziri 2001).

• Postnatal hypotransferrinemia has been noted in

preterm newborn infants where serum TF levels

correlated with postconceptional rather than post-

natal age (Galet et al. 1976).

• A study in critically ill patients documented that

decreased TF levels were associated with increased

pulmonary vascular permeability (Aman et al. 2011).

• Hypotransferrinemia is also a noted characteristic

of GRACILE syndrome, an autosomal recessive

metabolic disorder characterized by multiple

abnormalities including fetal growth retardation

and early death and attributed to mutations in

BCS1L, a gene required for activity of complex III

of the respiratory chain (Fellman 2002).

• While not a state of TF deficiency per se, aberrant

levels of TF glycosylation are used as indicators of

chronic alcohol consumption (Golka and Wiese

2004) and congenital disorders of glycosylation, a

group of inherited diseases characterized by

defective glycan biosynthesis (Jaeken 2010); while

an absence of glycosylation does not impair

binding of TF to TF receptor or Fe, it does impair

cellular Fe uptake in vitro and in vivo (Hu et al.

1991; Mason et al. 1993; Hoefkens et al. 1997).

Iron metabolism in models of transferrin deficiency

A mouse model of congenital atransferrinemia arose

spontaneously in a BALB/cJ colony several decades

ago (Bernstein 1987). Originally referred to as hyp-

otransferrinemic or hpx mice, this strain harbors a

splicing defect in the mouse TF gene that results in

minimal serum TF levels (Huggenvik et al. 1989;

Trenor et al. 2000). As in patients with the analogous

human disease, hpx mice develop an anemia respon-

sive to injections of exogenous TF, further highlight-

ing the essential role of TF in erythropoiesis, and a

paradoxical Fe overload (Craven et al. 1987; Dickin-

son et al. 1996; Raja et al. 1999), again indicating the

non-essential role of TF in delivery to organs other

than bone marrow. While the role of TF in brain Fe

homeostasis is still unclear (Dickinson and Connor

1995; Dickinson et al. 1996; Takeda et al. 1998, 2001;

Malecki et al. 1999; Beard et al. 2005), Fe overload in

liver and other tissues is attributed to gastrointestinal

Fe hyperabsorption which can be suppressed by

transfusion with washed red blood cells or exogenous

TF (Buys et al. 1991; Raja et al. 1999).

While hpx mice exhibit increased duodenal protein

levels of divalent metal transporter 1 (Dmt1), a

cellular Fe importer essential for gastrointestinal Fe

absorption (Canonne-Hergaux et al. 2001), the impres-

sive Fe overload in hpx mice is primarily attributed to

deficiency in hepcidin, a peptide hormone synthesized

largely by the liver. By binding to and stimulating the

internalization and degradation of the only known

cellular iron exporter ferroportin, hepcidin serves to

inhibit gastrointestinal Fe absorption and macrophage

Fe efflux (Ganz and Nemeth 2011). Prior to our recent

studies in hpx mice, there was ample experimental

evidence that TF regulates hepcidin expression: hep-

cidin levels and TF saturation correlate in humans and

mice (Gehrke et al. 2003; Wilkins et al. 2006); diferric

TF regulates hepcidin expression in primary hepato-

cytes and immortalized cell lines (Lin et al. 2007; Gao

et al. 2009; Ramey et al. 2009); TF-deficient zebrafish

are anemic and hepcidin-deficient (Fraenkel et al.

2009); plasma transfusion increases urinary hepcidin

levels in congenital atransferrinemic patients (Trom-

bini et al. 2007); TF treatment increases hepcidin

levels in a mouse model of b-thalassemia intermedia,

an anemia associated with hepcidin deficiency and Fe

overload (Li et al. 2010). Therefore, it was not

surprising that treatment of hpx mice with exogenous
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TF restores hepcidin levels; furthermore, treatment of

mice with the chemotherapeutic agent doxorubicin—

thereby ablating bone marrow and other sites of

erythropoiesis—followed by treatment with TF also

leads to increased hepcidin levels, suggesting that TF

can regulate hepcidin expression independently of its

role in erythropoiesis (Bartnikas et al. 2011).

In contrast, our recent finding that TF regulates

hepcidin expression in an erythropoiesis-dependent

manner (Bartnikas et al. 2011) was unexpected, given

that TF-restricted erythropoiesis is not a form of

erythropoiesis traditionally associated with suppression

of hepcidin expression. Transfusion of hpx mice with

wild-type red blood cells not only corrects the inherent

anemia but also increases hepcidin levels, suggesting

that erythropoiesis in hpx mice actively inhibits hepci-

din expression. To further explore the mechanism of TF-

dependent hepcidin regulation, we also intercrossed hpx

mice to mice deficient in hemojuvelin, a bone morpho-

genetic protein (BMP) co-receptor essential for hepcidin

expression. Treatment of TF- and hemojuvelin-deficient

progeny with TF or red blood cell transfusions fails to

increase hepcidin levels, suggesting that hemojuvelin is

essential for TF-dependent and -independent hepcidin

expression (Bartnikas and Fleming 2011). Given that

TF-restricted erythropoiesis inhibits hepcidin levels,

this latter finding suggests that erythropoietic inhibition

of hepcidin expression acts on the hemojuvelin–hepci-

din axis. Although the decreased liver protein levels of

TF receptor 2 (Tfr2), a membrane protein required for

hepcidin expression (Robb and Wessling-Resnick

2004), most likely contributes to hepcidin deficiency

in hpx mice, the precise role of Tfr2 in hpx mice has yet

to be elucidated, particularly given the recent finding

that Tfr2 is required for biosynthesis and function of

erythropoietin receptor, a factor required for erythroid

progenitor differentiation (Forejtnikovà et al. 2010).

Regulation of hepatocyte hepcidin expression

by manganese

To identify serum factors involved in the regulation of

hepcidin expression, we employed a primary hepato-

cyte culture-based method. We first treated mouse

primary hepatocytes with or without human serum or

plasma, both of which led to increased hepcidin levels

and lesser changes in albumin levels relative to b-actin

levels (Fig. 1a, b). As greater hepcidin levels were

observed with serum rather than plasma treatment, we

focused on serum for the remainder of our analysis.

We next depleted serum of albumin using a GE HiTrap

Blue column and treated primary hepatocytes with the

resulting column flow-through and eluate fractions;

the flow-through fraction had a more pronounced

effect on hepcidin expression than did the column

eluate (Fig. 1c), suggesting that albumin and other

proteins with affinity for the Blue column had minimal

effects on hepcidin levels in the primary hepatocyte

assay. We next applied the Blue column flow-through

to a GE HiTrap Q anion exchange column and eluted

bound proteins with increasing NaCl concentrations.

Treatment of hepatocytes with desalted fractions

revealed that the 75 mM NaCl fraction had the most

pronounced effect on hepcidin levels, when hepcidin

levels were expressed relative to lg of protein per

fraction (Fig. 1d). SDS-PAGE and Commassie stain-

ing demonstrated that the 75 mM NaCl fraction

consisted largely of a roughly 75 kD protein (Fig. 1e).

Mass spectrometric analysis of this band indicated that

the most abundant protein in this sample was TF (data

not shown).

While performing control experiments analyzing the

effect of column equilibration and elution buffers on

hepatocyte hepcidin levels, we noted that treatment of

hepatocytes with the equilibration buffer for a conca-

navalin A column led to increased hepcidin levels

(Fig. 1f). Individual testing of the salts present in this

buffer revealed that treatment of hepatocytes with

MnCl2 increased hepcidin levels (Fig. 1g). We next

examined the time-dependence of the Mn effect by

incubating freshly isolated hepatocytes in serum-replete

media or in serum-free media with or without 100 lM

MnCl2 for 0–16 h (Fig. 2a, c, e); we also examined the

dose-dependence of the Mn effect by incubating

hepatocytes in serum-relete or -free media with

0–500 lM MnCl2 for 16 h (Fig. 2b, d, f). For this and

all following experiments, we used fetal bovine serum,

not human serum, as our source of serum. Hepcidin

RNA levels decreased in hepatocytes incubated in

serum-free media with or without MnCl2 by 16 h but not

in hepatocytes incubated in serum-replete media

(Fig. 2a); Mn treatment had a dose-dependent effect

on hepcidin levels but only in hepatocytes treated in

serum-free media (Fig. 2b). Albumin RNA levels

decreased in hepatocytes with time irrespective of

treatment conditions (Fig. 2c) and did not exhibit any

consistent dose-dependence relative to Mn treatment
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levels (Fig. 2d). Notably, the decrease in albumin levels

in hepatocytes treated here with serum differs from the

increase noted in hepatocytes treated with human serum

(Fig. 1b); this difference may reflect the type of serum

used. b-actin RNA levels increased in hepatocytes with

time irrespective of treatment conditions (Fig. 2e) and

did not exhibit any consistent dose-dependence relative

to Mn treatment levels (Fig. 2f).

We next focused on the effect of Mn-replete TF

(Mn-TF) on hepcidin expression in primary hepato-

cytes, given that TF is essential for the regulation of

hepcidin expression in vivo and is the major

Mn-binding species in blood (Vincent and Love

2011). Mn and Fe occupy the same binding sites in

TF and both require oxidation to the trivalent state for

binding to TF (Vincent and Love 2011). We first

Fig. 1 Response of hepatocyte hepcidin levels to serum:

a–b Primary hepatocytes were treated in serum-free media

(Optimem) with 0 or 5% human serum or plasma overnight, then

harvested and analyzed by Northern blot for hepcidin, albumin

and b-actin RNA levels. c 1 mL human serum, diluted fourfold

with 20 mM Tris pH 8.0, was fractionated with a 5 mL column

volume (CV) GE HiTrap Blue column with high affinity for

albumin; flowthrough (FT) and eluate (EL) fractions were

collected and concentrated and desalted to equal volumes with

5 kD molecular weight cut-off centrifugal filtration devices.

Hepatocytes were treated overnight with equal volumes of FT

and EL fractions; RNA was isolated and analyzed for b-actin

and hepcidin mRNA levels. d 1 mL human serum was diluted

and chromatographed with GE HiTrap Blue (5 mL CV) and Q

anion exchange (1 mL CV) columns. Fractions were eluted

from the Q column with 75, 150 and 300 mM NaCl and

concentrated and desalted using centrifugal filtration devices.

Hepatocytes were treated overnight with 0 or 5% serum or equal

volumes of anion exchange fractions. RNA was isolated and

analyzed by Northern blot. Band intensity was quantitated by

NIH Image software and expressed as a ratio of hepcidin to

b-actin mRNA band intensity per lg of fraction protein.

e Fractions from (d) were subjected to denaturing, reducing

SDS PAGE and Coomassie staining. f Hepatocytes were treated

in serum-free media with 0 or 2% human serum and 0 or 10%

concanavalin A equilibration (20 mM Tris pH 7.4/0.5 M NaCl/

5 mM MgCl2, MnCl2, CaCl2) or elution buffer (500 mM methyl-

a-D-glucopyranoside) overnight, then analyzed for hepcidin and

b-actin expression levels by Northern blot. g Hepatocytes were

incubated in serum-free media with or without 50 lM MnCl2,

CaCl2 or MgCl2 overnight, then analyzed as in (f). Results in all

panels are representative of three independent experiments
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Fig. 2 Effect of manganese on hepatocyte hepcidin levels: a, c,

e Primary hepatocytes were treated in serum-free media

(Optimem) without (black circles) or with 100 lM MnCl2
(dark gray circles) or in serum-replete media (containing 10%

fetal calf serum) without added MnCl2 (light gray circles) for

0–16 h then harvested and analyzed by QPCR for hepcidin (a),

albumin (c) and b-actin (e) RNA levels. Values are normalized

to 0 h value; asterisks indicate value differs significantly (t-test

P \ 0.05) from 0 h value. b, d, f Primary hepatocytes were

treated in serum-free (dark circles) or -replete media (light gray
circles) with 0–500 lM MnCl2 for 16 h then harvested and

analyzed by QPCR for hepcidin (b), albumin (d) and b-actin

RNA levels (f). Values are normalized to 0 lM MnCl2 serum-

free value; asterisks indicate value differs significantly (t-test

P \ 0.05) from 0 lM MnCl2, same serum treatment. g Primary

hepatocytes were treated in serum-free media with or without

3 mg/mL apo-TF, 100% saturated Fe-TF or 50% saturated Mn-

TF or 50 ng/mL BMP6 overnight, then analyzed for expression

levels as in (a–f). Asterisks indicate value differs significantly

(t-test P \ 0.05) from apo-TF value. For all panels, gene RNA

levels were expressed relative to total ng RNA used for QPCR;

bars indicate standard deviation; each value represents the

average of 4–6 biological replicates
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loaded apo-TF with MnCl2 or CuCl2 using a protocol

adapted from Aisen et al. (1969) that has been shown

to result in trivalent metal binding to TF. We decided

to prepare copper (Cu)-loaded TF (Cu-TF) as a

negative control as Cu is not known to bind TF in

vivo. Both Mn-TF and Cu-TF exhibited absorbance

maxima similar to those previously published (Lehrer

1969; Aisen et al. 1969). Measurement of metal

concentration in the TF preparations revealed roughly

1 mol Mn per mol Mn-TF and 2.5 mol Cu per mol Cu-

TF; loading of Cu onto fully Fe-saturated TF (Fe-TF)

resulted in 1.5 mol Fe and 1 mol Cu per mol TF,

suggesting that Cu can displace Fe in our loading

protocol and also binds non-specifically to TF. Nota-

bly, measurement of TF saturation in commercially

obtained Fe-TF and our preparations of Mn-TF and

Cu-TF detected near 100% saturation for Fe-TF and

\10% saturation for Mn- and Cu-TF, possibly

reflecting lability of Mn and Cu binding to TF during

saturation measurement (data not shown). Treatment

of primary hepatocytes with or without apo-TF or Fe-

TF led to increased hepcidin levels only in hepatocytes

treated with Fe-TF, as expected (data not shown).

Treatment of primary hepatocytes with Fe-TF, Mn-TF

but not apo-TF led to increased hepcidin levels, with

bone morphogenetic protein 6 (BMP6) included as a

positive control (Fig. 2g). Surprisingly, treatment of

primary hepatocytes with 0.05–3 mg/mL Cu-TF or

5–50 lM CuCl2 in serum-free media led to cell death

(data not shown).

Speculations on recent findings

While our recent in vivo experiments suggest that TF

modulates hepcidin expression in erythropoiesis-depen-

dent and -independent mechanisms and hemojuvelin is

essential for TF-dependent hepcidin expression, the

mechanism by which erythropoiesis in hpx mice inhibits

hepcidin expression is poorly understood. Candidates

for factors that mediate this inhibition include BMP

signaling antagonists Gdf15 (Tanno et al. 2007),

Twsg1 (Tanno et al. 2009) and Bmper (Patel et al.

2011) and hypoxia inducible factors (Peyssonnaux

et al. 2007). Roles for these factors in the regulation of

hepcidin expression in hypotransferrinemia have yet

to be tested in vivo. Our in vitro experiments also

demonstrate that TF regulates hepcidin expression in

primary hepatocytes, as previously described by

several other groups; however, our finding that Mn

modulates hepatocyte hepcidin expression is novel.

Whether or not this Mn phenomenon has physiologic

relevance remains to be determined and requires much

more detailed investigations than those presented here.

Mn is an essential trace element required for bone,

fat, carbohydrate and nutrient metabolism (Bowman

et al. 2011). Mn can be acquired through dietary intake

and inhalation and, unlike Fe, undergoes hepatobiliary

excretion. While few if any case reports of Mn

deficiency exist, Mn excess typically results in neu-

rological conditions, such as manganism, a Parkin-

son’s disease-like condition due to environmental Mn

overexposure (Bowman et al. 2011), and encephalop-

athy in patients on total parenteral nutrition (Chalela

et al. 2011) or with liver failure (Chetri and Choudhuri

2003). A recently published case report on manganism

documented a roughly tenfold increase in serum Mn

levels relative to the 5.5–18.2 nM reference range

(Brna et al. 2011); although these Mn levels are much

lower than those shown above to influence hepatocyte

hepcidin levels, it is difficult to directly compare

patient data with in vitro assays.

Multiple overlaps in Mn and Fe metabolism are

currently known (Roth and Garrick 2003; Fitsanakis

et al. 2010). For example, Mn can be transported by

DMT1 and ferroportin, cell membrane transporters

essential for dietary Fe absorption (Au et al. 2008; Yin

et al. 2010; Madejczyk and Ballatori 2011). As hepcidin

binds to and stimulates the internalization and degrada-

tion of ferroportin, Mn-dependent regulation of hepci-

din expression could serve as a negative feedback loop

by which excess Mn leads to decreased dietary Mn

absorption. Regulation of hepcidin by Mn may not

always be adaptive, particularly in conditions of Fe

deficiency where increased blood Mn levels have been

noted in human population studies (Kim et al. 2005;

Meltzer et al. 2010; Kim and Lee 2011). If Mn levels do

impact hepcidin levels in vivo, increased Mn levels in

conditions of Fe deficiency could increase hepcidin

levels, thereby worsening Fe deficiency; alternatively,

increased Mn levels in normal Fe states could increase

hepcidin levels and lead to Fe deficiency.

Aberrant Mn levels have also been observed in

hereditary hemochromatosis, a disease of hepcidin

deficiency and Fe overload caused by mutations in

HFE, hemojuvelin and other genes (Pietrangelo 2010).

Mn and Fe content correlate significantly in livers from

hemochromatosis patients (Altstatt et al. 1967). While
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one group observed increased blood Mn levels in

hemochromatosis patients (Hesketh et al. 2008),

another recently demonstrated decreased blood Mn

levels in women carrying at least one disease-associ-

ated HFE allele and mice deficient in Hfe (Claus Henn

et al. 2011). Mitochondria from Hfe-deficient mice

also contain decreased levels of Mn and Mn superoxide

dismutase activity and increased lipid peroxidation, all

of which respond to intraperitoneal Mn injection

(Jouihan et al. 2008). If Mn levels do impact hepcidin

levels in vivo, increased or decreased Mn levels could

respectively attenuate or exacerbate the hepcidin

deficiency inherent to hereditary hemochromatosis.

Materials and methods

The protocol for hepatocyte isolation was approved by

the Animal Care and Use Committee of Children’s

Hospital Boston. Hepatocytes were isolated from

8-week-old C57BL/6J female mice by catheterization

of the vena cava and clipping of the portal vein

followed by perfusion at 1.5 mL/min with 4.5 mL

perfusion buffer (HBSS without calcium or magne-

sium/50 mM HEPES pH 8.0/0.5 mM EDTA) and

9 mL collagenase buffer (HBSS with calcium and

magnesium/50 mM HEPES/1% bovine serum albu-

min/0.05% Sigma collagenase type IV). The portal

vein was intermittently clamped during collagenase

perfusion to increase yield. The liver was then dissected,

placed in hepatocyte media (1:1 DMEM/F12/20 mM

HEPES pH 8.0/1 mM sodium pyruvate/non-essential

amino acids/10% fetal calf serum/penicillin/streptomy-

cin/glutamine) and mechanically dissociated with for-

ceps. The cell mixture was filtered through a 100 lm

nylon strainer, centrifuged for 3 min at 50 g and

resuspended in Percoll Plus (GE/Amersham) and PBS

to a final concentration of 35% Percoll. The suspen-

sion was centrifuged for 10 min at 400 g and the pellet

resuspended in hepatocyte media. Viable cell count

was determined by trypan blue exclusion. 100,000

viable cells per well were allowed to adhere to

collagen-coated six-well plates for 4–6 h then washed

with PBS. Hepatocytes were treated overnight in 1 mL

Optimem or hepatocyte media in a 37�C/5% CO2

incubator. Serum fractionation was performed on a

Pharmacia FPLC system using GE HiTrap columns.

Serum, diluted to 25% with 20 mM Tris pH 8.0, was

applied at 1 mL/min to HiTrap Blue HP (5 mL

column volume) and Q HP (1 mL) columns in series;

after extensive washing of columns, proteins were

eluted from Blue and Q columns respectively with

20 mM Tris pH 8.0/2 M NaCl and 20 mM Tris pH

8.0/75–1,000 mM NaCl step gradient. Eluates were

concentrated and desalted with Millipore Amicon

Ultra 5 kD molecular weight cut-off centrifugal

filtration devices. RNA was harvested from hepato-

cytes using QIAGEN RNeasy kit. For Northern blots,

mRNA levels were measured by denaturing formal-

dehyde agarose gel electrophoresis of at least 2 lg of

each RNA sample, with equal lg of RNA loaded per

sample in each gel, and Northern blotting using

Strategene’s Quikhyb reagent and radiolabelled gene-

specific cDNA probes. For quantitative polymerase

chain reaction (QPCR), mRNA levels were measured

as previously described (Bartnikas et al. 2011). Human

apo- and holo (Fe)-TF were purchased from Sigma.

Apo-TF was first dissolved in 0.1 M KCl/0.05 M Tris

pH 7.5 then subjected to buffer exchange with the

same buffer using Millipore Centrifugal Filter Units to

remove any phosphate present in the original TF

preparation. Apo-TF was loaded with Mn or Cu by

incubating 0.25 mM apo-TF with 2.5 mM Mn(II) or

Cu(II)-citrate pH 5.0 and 40 mM NaHCO3 overnight

at 4�C with agitation followed by a buffer exchange to

PBS using Millipore Centrifugal Filter Units; Mn(II)

and Cu(II)-citrate complexes were prepared by mixing

10 mM MnCl2 or CuCl2 with 10 mM citric acid then

adjusting pH to 5.0. Copper concentrations in TF

preparations were measured using Quantichrom Cop-

per Assay Kit (Bioassay); Mn concentrations in TF

preparations were measured using 4-(2-pyridy-

lazo)resorcinol as previously described (Högbom

et al. 2005). TF saturations were measured using the

Iron/UIBC kit (Thermo Fisher).
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