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Abstract

AIM: To study the role of hepcidin in hereditary hyper-
ferritinemia cataract syndrome (HHCS).

METHODS: Six patients from two families with HHCS,
confirmed by genetic analysis showing A to G mutation
at position +40 in the L-ferritin gene, were recruited
to undergo serum hepcidin and prohepcidin measure-
ments using radioimmunoassay and enzyme linked
immunoassay, respectively, and measurements were
compared with levels in serum from 25 healthy volun-
teers (14 females), mean age 36 + 11.9 years.
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RESULTS: The serum hepcidin and prohepcidin levels
in patients with HHCS were 19.1 + 18.6 and 187 +
120.9 ng/mL, respectively. Serum ferritin was 1716.3 +
376 ug/L. Liver biopsy in one patient did not show any
evidence of iron overload. Serum hepcidin and prohepci-
din values in healthy controls (HCs) were 15.30 + 15.71
and 236.88 + 83.68 ng/mL, respectively, while serum
ferritin was 110 + 128.08 ug/L. There was no statistical
difference in serum hepcidin level between the two co-
horts (19.1 + 18.6 ng/mL vs 15.30 £ 15.71 ng/mL, P =
0.612) using two-tailed ¢-test.

CONCLUSION: Serum hepcidin levels in HHCS pa-
tients is similar to that in HCs. Our study suggests that
circulating ferritin is not a factor influencing hepcidin
synthesis and does not have a role in the iron-sensing
mechanism in hepatocytes.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

The iron-sensing mechanism has been widely studied but
is not yet fully defined. In iron-replete states, circulating
transferrin carrying iron to hepatocytes competes with
hemochromatosis-Fe protein (HFE-protein) to bind to
transferrin receptor-1 (T fR-1)". Transferrin loaded with
iron has greater affinity with TfR-1 than does HFE-pro-
tein. When transferrin binds to TfR-1, HFE-protein is
freed up to bind to transferrin receptor-2 (TfR-2). This
complex is thought to operate as an iron sensor mecha-
nism and functions as an inducer of hepcidin produc-
tion pia SMAD (small mothers against decepentaplegic
homologue) pathway[zl. Under normal circumstances,
hepcidin expression and subsequent release into plasma
prevents further absorption of iron from the duodenal
enterocytes by preventing the efflux of iron by ferropos-
tin channels and hence reduced amounts of iron delivery
via transferrin to hepatocytesm.

Ferritin is an iron storage protein and its synthesis
is controlled at the level of transcriptionw and mRNA
translation by an iron response mechanism. The control
process depends on a highly conserved motif at the 5
non-coding region of ferritin mRINA. Studies have shown
that ferritin is synthesized in the liver and has two sub-
units, I (19 kDa, Light) and H (21 kDa, Heavy)". Dif-
ferent proportions of component L. and H subunits give
rise to isoferritins with tissue specific distributions, with
H-ferritin as the major iron storage protein. The L-ferritin
and H-ferritin genes are based in chromosomes 19 and
11, respectively.

Regulation of ferritin synthesis involves an interaction
between an iron binding protein, termed as the iron regu-
latory protein (IRP), and ferritin mRNA'™", The trans-
lational regulation of ferritin mRNA involves two IRPs,
IRP-1 and IRP-2. Only IRP-1, but not IRP-2, contains
an iron-sulphur complex and is bifunctional, registering
intracellular iron status mainly through an iron-sulphur
switch mechanism and alternating between an active cyto-
solic aconitase form and an apoprotein that binds iron re-
sponsive elements (IREs). Although IRP-2 is homologous
to IRP-1, IRP-2 activity is regulated primarily by iron-
dependent degradation through the ubiquitin-proteasomal
system in iron-replete cells. Targeted deletions of IRP-1
and IRP-2 in animals suggest that IRP-2 is the chief
physiologic iron sensor'”. A constant region of the ferritin
mRNA molecule, termed the IRE, binds with IRP. The
resultant IRE-IRP complex inhibits ribosomal binding
to mRNA and prevents translation of the ferritin coding
sequencem. A critical CAGUGU sequence within IRE is
important for binding with IRP.

In iron overload, as in hereditary hemochromatosis,
the IRE-IRP inhibitory system is suppressed and ferritin
synthesis is increased. When this form of iron storage is
saturated, iron is deposited as hemosiderin in tissue”. Thus
ferritin is a sequel of intracellular iron metabolism and not
a part of the iron sensor mechanism itself.

Hereditary hyperfertitinemia cataract syndrome (HHCS)
is an autosomal dominant disorder characterized by pre-
mature cataract formation and raised serum L-ferritin in
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the absence of iron overload"""". We have ecatlier desctibed
this syndrome in a family with 11 members, six members
from three generations having genetic mutation at +40 (A
to G mutation) corresponding to the critically conserved
nucleotide motif in I-ferritin mRNA IRE on chromosome
19", We have recently discovered another family with five
members from two generations; two members confirmed
as having the genetic mutation as described above. In this
manusctipt, we describe serum levels of hepcidin and pro-
hepcidin in HHCS and discuss the iron-sensing mechanism
in hepatocytes.

MATERIALS AND METHODS

A prospective study was performed with approval of
our Regional Ethics Committee and written consent was
obtained from all patients and healthy volunteers in ac-
cordance with the Declaration of Helsinki. Patients and
healthy volunteers were recruited from a single hospital
with mixed ethnicity mainly comprising Caucasians and
South Asians living in West London.

Healthy controls

The serum study comprised of 25 healthy controls (HCs);
14 were females, mean age was 36 £ 11.9 years (age range
21-62 years), who were hospital colleagues recruited to
measure serum hepcidin-25, prohepcidin and ferritin as
well as routine biochemical profile. HCs on supplemental
vitamins and oral iron were excluded. None of the par-
ticipants had received any blood products in the past. A
morning fasting venous blood sample was collected and
serum stored at -20°C for analysis.

Patients

Six patients from two families with HHCS were recruited
for serum hepcidin, prohepcidin and ferritin analysis. All
six patients had cataracts with limited reduction in visual
acuity and all had hyperferritinemia but normal transfer-
rin saturation. Venous blood samples were obtained and
serum separated and stored at -20°C until analysis. None
of the recruited patients had chronic inflammatory dis-
ease and none were on oral iron supplementation.

Liver biopsy was performed on one of the affected
individuals (A II-1) to determine tissue iron status using
Perl’s Prussian blue staining. Blood samples from family
members were analyzed for genetic mutation within the
IL-ferritin IRE.

Genetic analysis

Polymerase chain reaction amplification and DNA se-
quencing were carried out as described previously"*"”,
Direct cycle sequencing of the 5” untranslated region of
the L-ferritin gene from three affected members from
Family A (A 1-2, A II-1 and A 1I-5) revealed that all
three patients were heterozygous for A to G point muta-
tion at position +40. Family B (B II-1 and B II-3) under-
went genetic analysis and revealed the same mutation as
mentioned above. This corresponds to position 2 of the
CAGUGU motif within the L-ferritin IRE mRNA.
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Figure 1 Family tree of two families Family A (A) and Family B (B) with hy-
perferritinemia. Solid symbols indicate those with ferritin in excess of 800 ug/mL;
symbols with crosses indicate ferritin concentrations within the normal range;
clear symbols indicate spouses in whom the ferritin concentrations have not been
measured.

Hepcidin and prohepcidin analysis

We have earlier described development of a radioim-
munoassay for measurement of serum hepcidin-25"",
Serum prohepcidin was measured by enzyme linked im-
munoassay (DRG Diagnostics, UK). Serum ferritin was
measured using a standard solid phase, two site chemilu-
minescent immunometric assay (Immulite).

Statistical analysis

Quantitative variables were compared using unpaired #test.
A value of P < 0.05 was considered significant. All statis-
tical analyses were carried out using the statistical package
GraphPad Prism, version 5.00 for Windows, (GraphPad
Software, San Diego California USA, www.graphpad.
com).

RESULTS

The serum hepcidin and transferrin saturation values for
all six patients with HHCS were similar to HCs. Figure 1
describes the relationship between the various family
members and Table 1 describes the relation of serum
ferritin to cataract. The mean * SD serum hepcidin in pa-
tients with HHCS was 19.1 + 18.6 ng/mL as compared to
an HC mean value of 15.68 & 15.7 ng/ml., and there was
no statistically significant difference between cohorts (P =
0.612). However, there was a highly significant difference
(P < 0.0001) in serum ferritin level between the two co-
horts; mean serum ferritin for HHCS patients was 1716 +
376 pg/L, as compated to mean value of 110 £ 128 pg/L
for HCs (Table 2). Liver biopsy performed on one patient
did not reveal iron ovetload.
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Family member Serum ferritin Transferrin Cataract
(ug/L) saturation (%)
ATl 1542 18 Yes
Al2 1581 17 Yes
ATl 2049 22 Yes
AT 4 988 17 Yes
ATl5 1855 26 Yes
ATl 902 37 Yes
ATl?2 37 21 No
AT3 49 NA No
Al2 15 16 No
A3 19 NA No
BI1l NA NA Yes
BI2 NA NA No
BIO1 2143 9 Yes
B2 NA NA Yes
B3 1128 37 Yes
NA: Not available.
Healthy controls HHCS cohort Reference
values

No. (M:F) 25 (11:14) 6 (1:5)
Age (range), yr 36 (21-62) 44.65 (21-75)
Hb (g/dL) 13.8+1.3 12.8+23 13-17
MCV (fL) 87.8+5.8 90.4+3.6 80-100
Iron (umol/L) 16.4+4.0 15.6 £ 6.7 10.6-28.3
Ferritin (ug/L) 110 £128 1716.3 £ 376 30-400
Prohepcidin (ng/mL) 236.88 + 83.68 187 £120.9 NA
Hepcidin (ng/mL) 15.68 £15.7 19.1+18.6 NA
TIBC (umol/L) 59.2+£9.6 70.67 £19.9 41-77
Tsat % 28.8+£9.6 21.5+95 NA
Vitamin B12 (pg/mL) 280.4 + 153 324.2+127.2 180-914
Serum folate (ng/mL) 82+40 55+1.9 3.1-17.5
Bilirubin (umol/L) 10.44 £5.5 BICES) 0-20
ALP (IU/L) 73.3 £26.6 77.5+11 40-129
ALT (IU/L) 303 +£22.4 17.7 £ 6.9 10-50
Albumin (g/L) 462+24 42.7£4.2 34-50

Reference range as followed by Department of Biochemistry, Ealing Hos-
pital NHS Trust, University of London, United Kingdom. HHCS: Heredi-
tary hyperferritinemia cataract syndrome; Hb: Hemoglobin; MCV: Mean
corpuscular volume; TIBC: Total iron binding capacity; Tsat %: Transferrin
saturation; ALP: Alkaline phosphatase; ALT: Alanine transaminase; NA:
Not available.

DISCUSSION

HHCS is now a well recognized entity ™', The only clini-
cal manifestation in these patients appears to be early onset
cataracts. Further studies on other family members who
have undergone cataract extraction have confirmed that
the cataracts represent deposits of L-ferritin subunits"”. To
our knowledge, this is the first ever study of hepcidin and
prohepcidin levels in patients with HHCS. Our patients had
normal transferrin saturation with liver biopsy on one pa-
tient ruling out tissue iron ovetload. Serum hepcidin levels
in HHCS patients were similar to those in HCs.
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The iron-sensing mechanism in hepatocytes is pootly
understood. Unlike the ferritin mRNA, there is no iron
regulatory element sequence in the hepcidin gene that is
directly influenced by cellular iron'"”, Kemna ez a/"” have
put forward the hypothesis that several pathways are
involved in hepcidin regulation. Three of these are ac-
tive regulation pathways (erythropoietic activity derived
regulation, iron store based regulation, and inflammation
induced regulation) and one is an independent mandatory
signaling pathway.

Hemojuvelin (HJV)-controlled transcription factors,
such as the bone morphogenic protein (BMP)/SMAD
signaling pathway, appears to be a mandatory signaling
process for the influence of iron stores and erythropoiesis
derived hepcidin regulation!””. Any direct influence of
intracellular iron on hepcidin regulation is not well eluci-
dated. It is known that iron activates BMP-6, an upstream
regulator of hepcidin. Moreovet, it has also been sug-
gested that hepcidin responds to increases in transferrin
saturation. Recent reports suggest that a transmembrane
protease (matriptase-2) inhibits hepcidin activation by
cleaving membrane H]V[ZLZZ].

The inflammation regulatory pathway for hepcidin
regulation is mainly induced by interleukin-6 (IL-6) with a
cascade involving I1.-6 receptor Janus kinase, signal trans-
ducer and activator of transcription (STAT 3)*.

A syndrome of non-hereditary liver iron overload in
patients with modestly raised serum ferritin but normal
transferrin saturation has also been reported. This disor-
der is distinct from both hereditary hemochromatosis and
HHCS and seems to be associated with hyperlipidemia
and impaired glucose tolerance™. The metabolic syn-
drome candidate genes, upstream stimulating factor (UST)
7 and 2 in chromosome 19, are in direct control of the
hepcidin anti-microbial peptide gene (FLAMP gene, chro-
mosome 19 q13), suggesting a link between lipid, glucose,
and iron metabolism.

Our study confirms that L-ferritin in patients with
HHCS is not a factor in the regulation of hepcidin syn-
thesis. It is therefore most likely that iron saturation of
transferrin plays a key role in the iron-sensing mechanism
in hepatocytes. The iron overload reported in patients
with congenital atransferrinemia also supports this hy-
porhesislzsl.
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Background

Hereditary hyperferritinemia cataract syndrome (HHCS) is an autosomal domi-
nant disorder characterized by L-ferritin hyperferritinemia and premature cataract
formation. The defect is due to a point mutation or deletion in the L-ferritin iron
responsive element (IRE) and the resultant changes in the structure of the L-ferritin
IRE preventing its interaction with the iron regulatory protein. Hepcidin is an iron
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regulatory peptide predominantly formed in the liver. Hepcidin has been shown
to be low in the various types of hereditary hemochromatosis such as hemochro-
matosis-Fe-related C282Y/C282Y, hemojuvelin- and transferrin receptor-2-related
hemochromatosis. No data has been available on the levels of hepcidin in HHCS
to date. This research study examined serum levels of hepcidin in two families
with HHCS and set out to explain the iron-sensing mechanism in the liver.

Research frontiers

Hepcidin and its role in iron metabolism has been a topic of intense research
recently. The initial hurdle to measure hepcidin in serum has partly been
resolved with the development of assays to measure the peptide in serum,
e.g. radioimmunoassay and enzyme-linked immunosorbent assay. HHCS is
a benign disorder of iron metabolism and we report for the first time serum
levels of hepcidin in this disorder. This should help in further understanding the
regulation of hepcidin in various disorders.

Innovations and breakthroughs

The authors report for the first time the level of serum hepcidin in patients with
HHCS. Results prove that circulating ferritin has no role in the iron-sensing
mechanism.

Applications

The authors used radioimmunoassay to measure serum levels of hepcidin in
patients and healthy controls. Use of this assay would help explore the role of
hepcidin in various iron disorders.

Peer review

In this work Arnold et al measure the iron regulatory hormone hepcidin (and
its precursor pro-hepcidin) in sera from patients with HHCS. They report that
levels of hepcidin are within the normal range in these patients and conclude
that serum ferritin is not involved in body iron sensing. These findings are not
surprising, but are nevertheless interesting and worthy of publication.
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