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Abstract

Recent findings have led to major advances in our un-
derstanding of genetics and pathophysiology of he-
reditary hemochromatosis. Many crucial genes and
molecules have come to light, and the complex inter-
relationships between them are being studied. Howev-
er, several questions still remain unanswered. Avail-
ability of genotyping has changed the approach to di-
agnosis, and serum markers hold promise for
prognostication. However, the effectiveness of popu-
lation screening continues to be an area of controver-
sy. Finally, there is a promise of development of new-
er therapeutic modalities based on our understanding
of the mechanism of iron absorption. In this review,
we describe the current state of understanding in the
clinical features, pathophysiology and treatment of
hereditary hemochromatosis.

Key words: HFE, iron overload, fibrosis, cirrhosis,
phlebotomy.

Introduction

The discovery of the HFE gene in 1996 by Feder et al'
was a landmark event in the history of hereditary hemo-
chromatosis (HH). This has lead to a paradigm shift in our
understanding of the disease in the last one decade. It is
now recognized that HFE mutations are very common

! Research Fellow in Gastroenterology.
2 Professor of Medicine.

University of Washington. Seattle, Washington
Abbreviations: HH - hereditary hemochromatosis.

Address for correspondence:

Kris V. Kowdley MD, FACP

University of Washington Medical Center
Box 356174

1959 NE Pacific Street,

Seattle, WA 98195

E-mail: kkowdley@u.washington.edu

Manuscript received and accepted: 19 October, 2005.

among populations of Northern European descent and
that HFE mutations are responsible for the majority of
cases of phenotypic hemochromatosis among Cauca-
sians. We have also come to appreciate that many, if not
most, patients identified to have the homozygous C282Y
mutation in the HFE gene in population screening stud-
ies do not have significant end-organ damage. Converse-
ly, the recognition that up to 20% of patients with phe-
notypic hemochromatosis lack the C282Y+/+ mutation
has led to the identification of mutations in several novel
genes involved in iron transport. The identification of a
large number of individuals with HFE mutations but min-
imal disease has led to active debate about the utility of
population screening.

Genetics

Mutations of at least 5 different genes, including HFE,
Hemojuvenilin (HJV), HAMP (the gene encoding Hepci-
din), Transferrin receptor 2 (TfR2) and Ferroportin (FP) -
have been identified to cause hereditary hemochromato-
sis. Therefore, an attempt has been made to classify he-
reditary hemochromatosis (HH) based on the type of ge-
netic mutations. One such classification is shown in ta-
ble 1> Most forms of HH are inherited in an autosomal
recessive pattern, except for HH associated with the Fer-
roportin mutation, which can be inherited in an autosom-
al dominant pattern. The Type 1 HH constitutes the vast
majority of cases and the other Types of HH are found in
a small minority.

The HFE gene, the mutation of which results in type 1
HH, is located in the short arm of chromosome 6, and en-
codes a nonclassical major histocompatibility (MHC)
class I protein. The overwhelming majority of patients
with Type 1 HH have the homozygous C282Y mutation;
approximately 5-7% is compound heterozygous for the
C282Y and H63D mutation. The homozygous H63D mu-
tation is uncommon and is not associated with phenotyp-
ic hemochromatosis. It is generally thought that this mu-
tation results in significant iron overload only when asso-
ciated with other diseases such as alcoholic liver disease
or hepatitis C. Another polymorphism in the HFE gene is
S65C; the clinical significance of this mutation when
present in compound heterozygous form with C282Y or
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H63D is controversial.* The C282Y mutation is present
in 80-100% of hemochromatosis patients of northern Eu-
ropean origin, and in 60-80% of southern European ori-
gin. The distribution of this mutation is more or less re-
stricted to Caucasians, whereas H63D mutation is also
present in other populations.*?

Mutations in the genes encoding Hemojuvenilin
(HJV) or Hepcidin (HAMP) result in type 2 HH. These
mutations are characterized by more severe iron accumu-
lation and earlier onset of disease than Type 1 HH.® Mu-
tations in HAMP, the gene encoding hepcidin, result in
Type 2 HH, a form of juvenile hemochromatosis; these
mutations result in lack of functional hepcidin and are
associated with greatly increased iron loading earlier in
life than in patients with Type 1 HH. G71D and R59G,
the most common HAMP mutations, have been found
only in heterozygous form, and cause iron overload only
when co-inherited with HFE mutations.” Other HAMP
mutations such as C78T, 93delG, G-to-A transition at nu-
cleotide +14, C70R and C78T, which are found only in
homozygous form, and R56X which is found in both ho-
mozygous and heterozygous forms, are all extremely un-
common. In addition, 13 homozygous and 9 heterozy-
gous HJV mutations have been identified, which are
much more common than HAMP mutations.” All HAMP
and HJV mutations cause severe iron loading, resulting in
earlier clinical presentation (usually before age 30), ad-
vanced fibrosis or cirrhosis at the time of diagnosis and
more severe extrahepatic involvement than adult forms
of HH.}

Mutations in the gene for transferrin receptor 2 (TfR
2), result in Type 3 HH, which is phenotypically similar
to Type 1 HH.” Six TfR 2 mutations have been described
as of now, all of which are extremely rare and found most-
ly among southern Europeans and Japanese. These muta-
tions cause more rapid iron accumulation than HFE mu-
tations, but not as severe as HAMP and HJV mutations.’

Type 4 HH results from mutations in the gene for fer-
roportin (FP), in which at least a dozen pathogenic muta-
tions and several nonpathogenic polymorphisms have
been identified.” This type of iron overload is quite dis-
tinct from Type 1 HH. The serum transferrin-iron satura-
tion is lower than in most patients with Type HH and the
ferritin is usually disproportionately elevated.” The pat-
tern of iron distribution in the liver is altered with the
presence of iron in reticuloendothelial cells. These pa-
tients may not tolerate phlebotomy well. It has been pro-
posed that mutations in FP may represent an important
cause of iron overload among African-Americans.'’

Pathogenesis

Despite the recent advances, our understanding of iron
homeostasis and pathogenesis of hemochromatosis remain
incomplete. Though the roles of proteins which are abnor-
mal in hemochromatosis have been identified, much re-

mains unknown about intracellular iron homoeostasis, and
the communication between the intestine, liver and bone
marrow in regulating the level of body of iron stores.

HFE is a transmembrane protein involved in the up-
take of iron from plasma into macrophages and intestinal
epithelial cells. Normal iron absorption appears to re-
quire interaction between HFE and beta2 microglobulin
and transferrin receptor (Tf R-1) to facilitate entry of
transferrin-bound iron into cells.!' It has been proposed
that the intestinal crypt cells ‘sense’ the body’s iron sta-
tus from circulating iron in plasma, and modulate iron
absorption via up or down-regulation of divalent metal
transporter-1 (DMT1) and/or FP, which are expressed on
the mucosal and basolateral surface of the enterocytes re-
spectively.'? The mutated HFE protein is trapped intrac-
ellularly and fails to traverse the cell membrane; it has
been suggested that this results in impaired HFE-mediat-
ed entry of transferrin into crypt cells and results in a
state of “intracellular iron deficiency”. Consequently,
there is increased expression of the proteins responsible
for iron absorption resulting in increased inorganic iron
absorption from these cells after they have differentiated
into villus enterocytes. Absorption of iron from a normal
diet may be 2-4 times normal and may reach or exceed 8-
10 gm per day."* Over time, there is increased deposition
of iron in tissues including the liver, heart, skin, joints,
anterior pituitary, and pancreas.

The recent discovery of hepcidin has further compli-
cated our understanding of iron metabolism but also es-
tablished the role of the liver as essential to the mainte-
nance of iron homeostasis.” (See Figure 1). Hepcidin is a
small antimicrobial peptide which was serendipitously
found to inhibit iron absorption. This protein is secreted
into the circulation by the liver and appears to block iron
absorption from the intestine.'* The accelerated clinical
course of Type 2 HH is thought to reflect the central role
for hepcidin, compared to HFE, TfR2 or Ferroportin, in
iron homeostasis.® Hepcidin inhibits the release of iron
from intestinal epithelial cells and from macrophages
into plasma possibly via binding to ferroportin.'> Hepci-
din expression is decreased in the setting of iron deficien-
cy and increased in the setting of iron overload.'® Reduc-
tion in dietary iron in rodents leads to a prompt decrease
in hepatic expression of hamp, the gene encoding hepci-
din."” Hepcidin expression is increased in the presence of
inflammation and decreased in the setting of hypoxia.!®
However, the mechanisms which coordinate hepcidin ex-
pression to body iron status are not clearly known. It is
possible that some cell other than the hepatocyte detect
body iron stores and signals hepcidin production.'®

Type 3 HH results from mutations in the gene for
transferrin receptor 2 (TfR 2), which like the classical
transferrin receptor (TfR 1), mediates hepatic uptake of
transferrin bound iron. It is not known how mutations
which cause loss of function of this receptor paradoxical-
ly lead to hepatic iron accumulation.’
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Type 4 HH results from mutations in the gene for Fer-
roportin (Fpn).® Ferroportin mutations can be classified
into 2 groups: one resulting in a loss of iron export func-
tion, and a second which is characterized by decreased
sensitivity to the effect of hepcidin on ferroportin.® The
former leads to accumulation of iron in macrophages and
enterocytes, with a depleted plasma iron pool. This is re-
flected by high serum ferritin levels and low to normal
transferrin-iron saturation. It is paradoxical that loss of
function of the iron export protein results in excessive
iron absorption. It has been proposed, but not proven,
that iron-restricted erythropoiesis resulting from reduced
supply of iron to the bone marrow by macrophages,
somehow stimulates enterocytes to increase iron absorp-
tion in spite of defective ferroportin function and in-
creased iron in enterocytes.'” The mutation which causes
hepcidin resistance produces a situation analogous to
hepcidin deficiency, and results in a phenotype similar to
Type 1 HH, with inappropriately high duodenal absorp-
tion of iron, increased transferrin saturation, and iron
deposition in hepatocytes. Both these types of mutations
however are unique in that hepcidin production is nor-
mal, in contrast to all other forms of HH.

Clinical features and evaluation

The clinical manifestations of HH are the result of iron
accumulation in parenchymal tissues and subsequent tis-
sue damage. The extent and severity of tissue damage de-
pends both on the magnitude and duration of iron over-
load.?® Type 1 HH most commonly presents in middle
age and the phenotypic presentation occurs later in life

2+
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and is milder in women. The clinical manifestations of
HH include to various degrees, hepatomegaly, cirrhosis,
hepatocellular carcinoma, diabetes mellitus, hypogona-
dotrophic hypogonadism, impotence, hypothyroidism,
restrictive cardiomyopathy, arrhythmias, heart failure, de-
structive arthropathy and hyperpigmentation. However,
it is becoming increasingly uncommon to identify pa-
tients with severe manifestations of disease because
many, if not most patients are now being identified be-
fore the development of advanced organ damage. The
classic manifestations are therefore uncommonly seen in
Type 1 HH. More common are vague, nonspecific symp-
toms such as fatigue, arthralgias and abdominal pain.?' In
contrast, type 2 HH is characterized by onset of iron
overload at a young age, equal occurrence in both sexes
and more severe extrahepatic involvement, especially en-
docrine and cardiac.”? In summary, the diagnosis of
hemochromatosis should be suspected in middle aged
adults with fatigue, malaise, arthralgia, hepatomegaly or
elevated aminotransferase levels, and children or adoles-
cents with liver disease, hypogonadotrophic hypogo-
nadism or unexplained heart failure.

The appropriate initial screening tests for most cases
of HH include the serum-transferrin-iron saturation and
ferritin.?® Together, these tests have a negative predictive
value of 97% for Type 1 or HFE-associated hemochro-
matosis.?* Hence, hemochromatosis can be ruled out, for
all practical purposes, if both these tests are normal. In-
creased transferrin saturation (>45%) indicates increased
plasma iron, and is the earliest detectable biochemical
abnormality in hereditary hemochromatosis. However, it
is important to remember that the transferrin- saturation

Villus
enterocyte

L]
L]

Reproduced from Kowdley KV: Liver
transplantation: an “in vivo” model for
the pathophysiology of hemochroma-
tosis? Hepatology. 2004;39(6):1495-8.

(with permission)

Duodenum

Figure 1. Proposed model for con-
trol of intestinal iron absorption.
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can also be increased due to excessive alcohol consump-
tion and decreased due to decreased transferrin synthesis
associated with liver dysfunction. Transferrin is also a
negative acute phase reactant and may be decreased in
inflammatory conditions. Circadian and post prandial
variations of transferrin saturation are a potential source
of error, but this can be excluded by overnight fasting. It
has recently been shown that unsaturated iron-binding
capacity (UIBC) is both less expensive than, and at least
as reliable as, transferrin-iron saturation as a screening
test.” The serum ferritin level is a marker of tissue iron
stores. However, ferritin is also an acute phase protein,
and levels may be elevated in several inflammatory con-
ditions and malignancies. Ferritin level also increases
with age, and is dependent on gender.'> Hence, interpre-
tation of an elevated serum ferritin among patients with
suspected iron overload should take into account the
presence of all these confounding factors in addition to
transferrin saturation.

Patients found to have repeatedly elevated transferrin
saturation (especially in the presence of an elevated se-
rum ferritin) should undergo HFE genotyping. The diag-
nosis of hereditary hemochromatosis can be confirmed if
a hemochromatosis-associated genotype is present
(C282Y/C282Y or C282Y/H63D). A suggested algo-
rithm for evaluation and management of patients with el-
evated serum transferrin-iron saturation is described in
Figure 2. At present, testing for mutations in Tf R2, FP
and HAMP are not currently available in routine clinical
practice. Furthermore, these mutations, particularly in the
case of Type 4 HH, are frequently “private” mutations
(i.e. mutations unique to an individual); therefore, gene
testing for these mutations would not be useful for
screening. However, since 80-90% of cases of hereditary
hemochromatosis among Caucasians are associated with
either C282Y homozygozity or C282Y/H63D compound
heterozygozity, analysis of these HFE mutations is suffi-
cient to establish the diagnosis in the vast majority of
cases. If a patient with suspected hemochromatosis does
not carry either of these mutation profiles, liver biopsy
should be performed to confirm the presence and pattern
of increased hepatic iron stores, to identify the presence
or absence of significant hepatic fibrosis, and to exclude
other causes for increased iron stores such as fatty liver
disease, viral hepatitis or alcoholic liver disease.

Role of liver biopsy

Prior to the era of HFE gene testing, liver biopsy was
considered the “gold standard” for the confirmation of
the diagnosis of HH. Commonly accepted diagnostic cri-
teria for HH on liver biopsy include.?

1. Grade 4 stainable iron in hepatocytes, with a peripor-
tal distribution, and a paucity of stainable iron in
Kupffer cells

2. Hepatic Iron Conc. (HIC) > 80 pmol (4,500 mg)/gm
dry wt

3. Hepatic Iron Index (HII = HIC in pmol/g + age in
years) > 1.9

The role of liver biopsy for the diagnosis of HH has
become much less important after the discovery and
widespread use of HFE mutation analysis. Liver biopsy
for the diagnosis of HH is now primarily used in patients
who are not C282Y homozygotes. In such patients, it is
important to consider the possibility of other confound-
ing factors that might contribute to an elevated serum
transferrin saturation and ferritin, such as alcohol con-
sumption, fatty liver disease, and viral hepatitis. Liver bi-
opsy is helpful to exclude such coexistent or alternate di-
agnoses. Among C282Y homozygotes, liver biopsy is
only necessary to evaluate for the presence or absence of
advanced hepatic fibrosis. The presence of elevated liver
enzymes and a serum ferritin >1,000 pg/L significantly
increases the risk of cirrhosis.?”” By contrast, cirrhosis has
been found to be present in only 7% of patients with an
initial serum ferritin < 1,000 pg/L, even among patients
older than 40 years, and those with elevated liver en-
zymes.”” Therefore, it has been recommended that liver
biopsy is not necessary in C282Y homozygotes who
have a serum ferritin <1,000 pg/L at the time of diagno-
sis, especially if they have normal liver enzyme levels
and no hepatomegaly.?

There has been growing interest in the past few years
in development of non-invasive markers of cirrhosis or
hepatic fibrosis. Panels of multiple noninvasive markers
of hepatic fibrosis have now become commercially avail-
able. One such panel consists of y-glutamyltransferase,
o-2-macroglobulin, haptoglobin, apolipoprotein Al and
total bilirubin (marketed as FibroTest in Europe; Fibro-
sure in North America), and another consists of hyaluron-
ic acid, tissue inhibitor of metalloproteinase (TIMP)-1,
and o-2-macroglobulin (marketed as FibroSpect I1).%® The
European Liver Fibrosis Group has recently proposed an
algorithm combining age, hyaluronic acid, amino-termi-
nal propeptide of type III collagen, and tissue inhibitor of
matrix metalloproteinase 1 for detecting liver fibrosis.?” If
these noninvasive markers can be proven to have consis-
tently good positive and negative predictive value for
hepatic fibrosis, then liver biopsy may be obviated in
even more C282Y homozygotes in the future.

Magnetic resonance imaging (MRI) may be another
attractive technique for diagnosis and prognosis of pa-
tients with HH. Specialized MRI techniques such as the
“R2” measurement utilize the paramagnetic properties of
iron in the liver to provide an estimation of HIC. An ex-
cellent correlation between HIC estimated by R2 MRI
and biochemical HIC from liver biopsy was shown in one
study; this technique is now approved by the US FDA 3
A combination of age and estimated HIC by MRI has
been recently reported to have a sensitivity and specific-
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ity of 100% and 86%, respectively, for diagnosis of high-
grade fibrosis.?® Genetic markers like glutathione S-trans-
ferase P1 polymorphism,*' myeloperoxidase promotor
polymorphism*? and TGF-betal codon 25 gene polymor-
phism?? have also been reported to predict progression to
cirrhosis among patients with HH.

Treatment

Phlebotomy remains the safest, most effective, and
most economical iron lowering therapy for hemochroma-
tosis.® The target of phlebotomy is to achieve and main-
tain the serum ferritin level <50 ug/L. This is usually ac-
complished initially by phlebotomies of 500 mL (con-
taining approximately 250 mg of iron) once or twice a
week until the serum ferritin level is <50 ug/L. The dura-
tion of initial induction treatment might last to two or
three years. The hematocrit should be checked prior to
each phlebotomy to avoid significant anemia. The serum
ferritin should be monitored once in every 10 to 12 phle-
botomies. However, as the serum ferritin approaches
50ug/L, more frequent monitoring is appropriate. Phle-
botomy should be temporarily withheld if the hematocrit
decreases to below 32% and may be resumed every other
week. Once the serum ferritin is <50 pg/L, weekly phle-
botomy can be discontinued and serum ferritin should be
monitored every 3-4 months. The required frequency of is
variable, usually ranging from once in 2 to 4 months to

Transferrin saturation

once every month, reflecting the individual variability in
iron absorption, although some patients will not require
further treatment for an extended period.

The clinical features which respond well to phleboto-
my include malaise, fatigue, increased skin pigmenta-
tion, insulin requirement in patients with diabetes melli-
tus and abdominal pain. Arthropathy, hypogonadism and
cirrhosis respond less well to iron depletion. Several stud-
ies have shown that life expectancy is normal if phlebot-
omy is initiated in the pre-cirrhotic stage.**** However,
once cirrhosis has developed, life expectancy is short-
ened and the risk of liver cancer is high, even after com-
plete iron depletion. Overall, 30% of the deaths in pa-
tients with Type 1 HH are caused by hepatocellular carci-
noma, with other complications of cirrhosis contributing
another 20%.3*3¢ Sudden death is most commonly due to
cardiac arrhythmias. Since vitamin C may increase the
risk by making free iron available in blood during peri-
ods of iron mobilization and also because ascorbic acid
may enhance duodenal iron absorption, it should be com-
pletely avoided by patients with HH, especially during
phlebotomy.?

Patients with hemochromatosis should be advised to
abstain from alcohol and educated about the risk factors
of viral hepatitis. Vaccinations against Hepatitis A and
Hepeatitis B should be done if there is no evidence of pre-
vious exposure. HCC surveillance should be carried out
using alpha fetoprotein and ultrasonography or CT scan-

<45%

>45%

HH Ruled out

HFE genotyping

C282Y/C282Y
or Any other genotype
C282Y/H63D
Ferritin ;1000 Ferritin >1000
an
or
normal LFT abnormal LFT
Ferritin normal Ferritin elevated
Liver biopsy Figure 2. Proposed algorithm for

Follow-up Phlebotomy

management of Hereditary He-

mochromatosis.
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ning as liver transplantation may offer the only chance
for a cure.” Liver transplantation is also the only viable
therapy once hepatic decompensation has developed.
However, survival after liver transplantation is worse
among patients with Type 1 HH compared to patients un-
dergoing liver transplantation for other indications.?’
Most of the post-transplant deaths are due to cardiac
complications or infection.*®

Though iron chelators are the treatment of choice in
iron overload associated with hemolytic anemias, they
are generally not used in HH because of the increased risk
of toxicity and need for parenteral administration. The re-
cent approval of ICL670 (EXJADE), an oral iron chela-
tor, may prove to be of benefit for cirrhotic HH patients
who have concomitant anemia or who do not tolerate
phlebotomy.* Another novel approach for treatment of
experimental HH used antisense gene therapy directed
against divalent metal transporter-1 (DMT-1) which
transports iron from the intestinal lumen across the apical
membrane into the intestinal epithelial cells.*

Conclusion

In the years since the discovery of HFE gene, our under-
standing of iron metabolism as well as hemochromatosis
has improved vastly. Several new concepts of iron regula-
tion have emerged, but the crucial steps that are required for
the ‘sensor’ mechanisms of iron stores in hepatocytes and
enterocytes remain unclear. Clear guidelines have been for-
mulated for diagnosis of cases and screening of first degree
relatives, but there are divergent views regarding popula-
tion screening for the disorder. Liver biopsy and measure-
ment of hepatic iron concentration has become less impor-
tant for diagnostic purposes among patients with Type 1
HH, but remains important for prognosis and for diagnosis
among patients without the classic HFE mutations. Phlebot-
omy remains as the treatment of choice, its safety and effica-
cy having withstood the test of time.

Acknowledgements

Supported in part by NIH Grants DK02957 and DK 38215

References

1. Feder JN, Gnirke A, Thomas W, Tsuchihashi Z, Ruddy DA, Basava
A, Dormishian F, et al. A novel MHC class I-like gene is mutated
in patients with hereditary haemochromatosis. Nat Genet 1996;
13(4): 399-408.

2. Hemochromatosis. In: Online Mendelian Inheritance in Man,
OMIM, Ed. McKusick VA, Accessed Nov. 10, 2005 at http:/
www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=235200

3. Wallace DF, Walker AP, Pietrangelo A, Clare M, Bomford AB,
Dixon JL, et al. Frequency of the S65C mutation of HFE and iron
overload in 309 subjects heterozygous for C282Y. J Hepatol
2002; 36(4): 474-9.

4. Merryweather-Clarke AT, Pointon JJ, Shearman JD, Robson KIJ.
Global prevalence of putative haemochromatosis mutations. J
Med Genet 1997; 34(4): 275-8.

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Rochette J, Pointon JJ, Fisher CA, Perera G, Arambepola M,
Arichchi DS, et al. Multicentric origin of hemochromatosis gene
(HFE) mutations. Am J Hum Genet 1999; 64: 1056-62.
Cazzola M, Cerani P, Rovati A, Iannone A, Claudiani G,
Bergamaschi G. Juvenile genetic hemochromatosis is clinically
and genetically distinct from the classical HLA related disorder.
Blood 1998; 92: 2979-81.

Nelson JE, Kowdley KV. Non-HFE Hemochromatosis: Genetics,
Pathogenesis, and Clinical Management. Curr Gastroenterol Rep
2005; 7(1): 71-80.

Pietrangelo A. Hereditary hemochromatosis - a new look at an
old disease. N Engl J Med 2004; 350(23): 2383-97.

De Domenico I, Ward DM, Nemeth E, Vaughn MB, Musci G,
Ganz T, Kaplan J. The molecular basis of ferroportin-linked hemo-
chromatosis. Proc Natl Acad Sci USA 2005; 102(25): 8955-60.
Beutler E, Barton JC, Felitti VJ, Gelbart T, West C, Lee PL, Waalen J,
et al. Ferroportin 1 (SCL40A1) variant associated with iron overload
in African-Americans. Blood Cells Mol Dis 2003; 31(3): 305-9.
Feder JN, Penny DM, Irrinki A, et al. The hemochromatosis
gene product complexes with the transferrin receptor and low-
ers its affinity for ligand binding. Proc Natl Acad Sci USA
1998; 95: 1472-7.

Whittington CA, Kowdley KV. Review article: haemochromatosis.
Aliment Pharmacol Ther 2002; 16(12): 1963-75.

Smith PM, Godfrey BE, Williams R. Iron absorption in idio-
pathic haemochromatosis and its measurement using a whole-
body counter. Clin Sci 1969; 37: 519-31.

Nemeth E, Tuttle MS, Powelson J, Vaughn MB, Donovan A,
Ward DM, Ganz T, et al. Hepcidin regulates cellular iron efflux
by binding to ferroportin and inducing its internalization. Sci-
ence 2004; 306(5704): 2090-3.

Beaumont C, Canonne-Hergaux F. Erythrophagocytosis and re-
cycling of heme iron in normal and pathological conditions;
regulation by hepcidin. Transfus Clin Biol 2005; 12(2): 123-30.
Ganz T. Hepcidin- a regulator of intestinal iron absorption and
iron recycling by macrophages. Best Pract Res Clin Haematol
2005; 18(2): 171-82.

Frazer DM, Wilkins SJ, Becker EM, Vulpe CD, McKie AT, Trinder
D, Anderson GJ. Hepcidin expression inversely correlates with
the expression of duodenal iron transporters and iron absorption
in rats. Gastroenterology 2002; 123(3): 835-44.

Hentze MW, Muckenthaler MU, Andrews NC. Balancing acts:
molecular control of mammalian iron metabolism. Cell 2004;
117(3): 285-97.

Andrews NC. Molecular control of iron metabolism. Best Pract
Res Clin Haematol 2005; 18(2): 159-69.

Olynyk JK, St Pierre TG, Britton RS, Brunt EM, Bacon BR.
Duration of hepatic iron exposure increases the risk of significant
fibrosis in hereditary hemochromatosis: a new role for magnetic
resonance imaging. Am J Gastroenterol 2005; 100(4): 837-41.
O’neil J, Powell L. Clinical aspects of hemochromatosis. Semin
Liver Dis 2005; 25(4): 381-91.

De Gobbi M, Roetto A, Piperno A, Mariani R, Alberti F,
Papanikolaou G, et al. Natural history of juvenile
haemochromatosis. Br J Haematol 2002; 117(4): 973-9.

Tavill AS. Diagnosis and management of hemochromatosis.
Hepatology 2001; 33: 1321-8.

Bassett ML, Halliday JW, Ferris RA, Powell LW. Diagnosis of
hemochromatosis in young subjects: Predictive accuracy of bio-
chemical screening tests. Gastroenterology 1984; 87: 628-633.
Adams PC, Reboussin DM, Leiendecker-Foster C, Moses GC,
McLaren GD, McLaren CE, Dawkins FW, et al. Comparison of
the unsaturated iron-binding capacity with transferrin satura-
tion as a screening test to detect C282Y homozygotes for hemo-
chromatosis in 101,168 participants in the hemochromatosis
and iron overload screening (HEIRS) study. Clin Chem 2005;
51(6): 1048-52.

Keeffe EB. Liver transplantation in patients with hepatic iron
overload: favorable or unfavorable outcome? Hepatology 2000;
32(6): 1396-8.



217.

28.

29.

30.

31.

32.

33.

J Alexander et al. Hereditary Hemochromatosis: Genetics, Pathogenesis, and Clinical Management 247

Morrison ED, Brandhagen DJ, Phatak PD, Barton JC, Krawitt
EL, El-Serag HB, Gordon SC, et al. Serum ferritin level predicts
advanced hepatic fibrosis among U.S. patients with phenotypic
hemochromatosis. Serum ferritin level predicts advanced hepatic
fibrosis among U.S. patients with phenotypic hemochromatosis.
Ann Intern Med 2003; 138(8): 627-33. Erratum in: Ann Intern
Med 2003; 139(3): 235.

Bissell DM. Assessing fibrosis without a liver biopsy: are we there
yet? Gastroenterology 2004; 127(6): 1847-9.

Rosenberg WM, Voelker M, Thiel R, Becka M, Burt A, Schuppan
D, Hubscher S, et al. Serum markers detect the presence of liver
fibrosis: a cohort study. Gastroenterology 2004; 127(6): 1704-13.
St Pierre TG, Clark PR, Chua-anusorn W, Fleming AJ, Jeffrey GP,
Olynyk JK, Pootrakul P, Robins E, Lindeman R. Noninvasive
measurement and imaging of liver iron concentrations using pro-
ton magnetic resonance. Blood 2005; 105(2): 855-61.

Stickel F, Osterreicher CH, Datz C, Ferenci P, Wolfel M, Norgauer W,
Kraus MR, et al. Prediction of progression to cirrhosis by a glu-
tathione S- transferase P1 polymorphism in subjects with hereditary
hemochromatosis. Arch Intern Med 2005; 165(16): 1835-40.
Osterreicher CH, Datz C, Stickel F, Hellerbrand C, Penz M, Hofer
H, Wrba F, et al. Association of myeloperoxidase promotor poly-
morphism with cirrhosis in patients with hereditary hemochro-
matosis. J Hepatol 2005; 42(6): 914-9.

Osterreicher CH, Datz C, Stickel F, Hellerbrand C, Penz M, Hofer
H, Wrba F, et al. TGF-betal codon 25 gene polymorphism is

34.

35.

36.

37.

38.

40.

associated with cirrhosis in patients with hereditary hemochro-
matosis. Cytokine 2005; 31(2): 142-8.

Niederau C, Fischer R, Sonnenberg A, Stremmel W, Trampisch
HJ, Strohmeyer G. Survival and causes of death in cirrhotic and
in noncirrhotic patients with primary hemochromatosis. N Engl J
Med 1985; 313(20): 1256-62.

Adams PC, Speechley M, Kertesz AE. Long-term survival analy-
sis in hereditary hemochromatosis. Gastroenterology 1991;
101(2): 368-72.

Wojcik JP, Speechley MR, Kertesz AE, Chakrabarti S, Adams PC.
Natural history of C282Y homozygotes for hemochromatosis.
Can J Gastroenterol 2002; 16(5): 297-302.

Kowdley KV, Brandhagen DJ, Gish RG, Bass NM, Weinstein J,
Schilsky ML, Fontana RJ, et al. Survival after liver transplantation
in patients with hepatic iron overload: the national hemochroma-
tosis transplant registry. Gastroenterology 2005; 129(2): 494-503.
Brandhagen DJ, Alvarez W, Therneau TM, Kruckeberg KE,
Thibodeau SN, Ludwig J, Porayko MK. Iron overload in cirrho-
sis-HFE genotypes and outcome after liver transplantation.
Hepatology 2000; 31(2): 456-60.

. Cappellini MD. Iron-chelating therapy with the new oral agent ICL670

(Exjade). Best Pract Res Clin Haematol 2005; 18(2): 289-98.
Ezquer F, Nunez MT, Israel Y. Antisense gene delivered by an
adenoassociated viral vector inhibits iron uptake in human intes-
tinal cells: potential application in hemochromatosis. Biochem
Pharmacol 2005; 69(11): 1559-66.



	Hereditary Hemochromatosis: Genetics, Pathogenesis, and Clinical Management
	Introduction
	Genetics
	Pathogenesis
	Clinical features and evaluation
	Role of liver biopsy
	Treatment
	Conclusion
	Acknowledgements


