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Abstract Profound advances in our knowledge of heredi-
tary hemochromatosis (HH) during the past 150 years have
resulted in two distinct “iron ages”: the pre-HFE gene era
and the post-HFE gene era. During these periods, family
studies, HLA association studies, and ultimately HFE gene
studies in various populations informed us of the genotypic
prevalence as well as the clinical and biochemical pene-
trance of HH. We learned that HH has a highly variable
clinical penetrance in susceptible individuals of Northern
European ancestry. Further, we now recognize that the
natural history of HH is not as discrete as previously
believed, because genetic and environmental modifiers of
disease penetrance are increasingly identified as influencing
the clinical expression of HH.
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Introduction

The genetic mutations that define HFE-related hereditary
hemochromatosis (HH) are common in general populations
of northern European origin. That finding notwithstanding,
multiple studies during the past decade have demonstrated
the clinical and biochemical penetrance of HH to be lower
than initially suspected. Furthermore, early diagnosis result-
ing from improved knowledge and cascade screening, as
well as genetic and environmental interactions, may have
influenced the natural history and phenotypic expression of
HH for many individuals. The classical clinical presenta-

tions of HH described prior to discovery of the HFE gene
are less frequently encountered. We have learned much
from the cohort and general population studies undertaken
prior to and following discovery of the HFE gene, and
these are summarized in this review.

The Pre-HFE Gene Era: Emergence of HH
as an Important Clinical Entity

The association between liver iron overload and cirrhosis was
recognized in 1865 by Trousseau [1]. However, it was only in
1935, with the publication of Sheldon’s [2] monograph
detailing 311 cases, that a coherent and unique clinicopath-
ologic entity began to emerge. At that stage, HH was thought
to be rare, affecting 1 in 2,000 to 5,000 individuals. It had
been speculated that the disorder was a result of an inborn
error of metabolism. Sheldon [2] concluded that “idiopathic”
hemochromatosis was inherited in a recessive mode, average
survival was 2 years, and mortality was caused by diabetes or
infections in the preinsulin era.

In 1955, Finch and Finch [3] proposed that iron-storage
disease resulted from abnormal absorption of iron from the
diet and from blood transfusion, and they defined HH as a
disorder characterized by a generalized increase in iron
stores, which resulted in tissue damage in multiple organs.
Biochemical abnormalities were the earliest phenotypic
observation, as evidenced by increased plasma iron and
saturation of the iron-binding protein (later shown to be
transferrin). Plasma iron elevation was universal in symp-
tomatic patients. Hepatomegaly was common. Strikingly,
more than half of decompensated patients had minimal liver
biochemical test disturbance, despite hepatomegaly and
biopsy-proven fibrosis, indicating that the disease process
was insidious. Clinical manifestations occurred at midlife in
about two thirds of cases. The risk of liver cancer increased
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with age. Common extrahepatic manifestations included
skin pigmentation, diabetes, and cardiac problems. The
incidence of hemochromatosis now appeared much more
common than that reported by Sheldon [2]. Mortality was
estimated at 1 in 7,000 hospital admissions [4].

A therapeutic benefit of phlebotomy began to emerge
from clinical studies [5, 6]. Phlebotomy therapy resulted in
improved survival, normalization of liver biochemistry,
decreased skin pigmentation and hepatomegaly, and im-
provement in diabetes. However, no effects were discern-
ible on portal hypertension, testicular atrophy, or
arthropathy. Mortality in HH was now thought to be
primarily from cirrhosis-related hepatocellular carcinoma,
independent of phlebotomy therapy. Bomford and Williams
[6] also noted a higher mortality rate from extrahepatic
neoplasms.

By 1962, the genetic inheritance of HH became clearer
through careful family studies [7]. The genetic basis was
further consolidated in 1977 by the work of Simon et al.
[8], who reported close linkage between the presence of HH
and the HLA class 1 loci, with an autosomal recessive
mode of inheritance emerging. The advancement of
genotyping and family screening contributed to increased
numbers of cases being detected. HLA typing revealed that
HH might be present in 0.79% to 1.2% of Caucasian
populations [9–11]. This observation was extended by
Leggett et al. [12], in a study of healthy individuals taken
from a non-blood bank population. Biochemical penetrance
(defined as transferrin saturation greater than 45%) was
high, and two thirds of those affected had liver biopsy-
confirmed HH. Leggett et al. [12] reported the prevalence
of HH to be 1 in 300 individuals in the healthy population.

Our understanding of the clinical importance of HH was
further clarified by large cohort studies, which highlighted
the importance of early diagnosis and early phlebotomy in
improving the prognosis [13–16]. Niederau et al. [14]
reported findings on 251 patients with clinical, biochemical,
and histologic evidence of HH between 1947 and 1991.
Biochemically, two thirds had elevated serum aminotrans-
ferase levels and patients with cirrhosis had higher serum
iron indices compared with noncirrhotic individuals. Cir-
rhosis was found in 60% of patients and almost all were
symptomatic of weakness, lethargy, and loss of libido
compared with noncirrhotics. Extrahepatic cardiac and
endocrine complications, including diabetes mellitus, were
more common in cirrhotic patients. Morbidity was mainly
from liver cirrhosis and diabetes mellitus. Excess mortality
resulted from liver cancer (mortality ratio 119), followed by
diabetes (mortality ratio 14), cardiomyopathy (mortality
ratio 14), and cirrhosis (mortality ratio 10). Adams et al.
[13] confirmed that cirrhotic patients were 5.5 times more
likely than noncirrhotics to develop liver cancer. Nondia-
betic subjects or those without cirrhosis had morbidity and

mortality profiles similar to those of the general population
[13, 14].

The Post-HFE Gene Era: Refinement of Clinical,
Genetic, and Environmental Influences

By 1996, intensive genetic research led to the discovery of
a candidate gene for HH, termed HFE, a new major
histocompatibility complex class I-like molecule located on
chromosome 6 [17]. The landmark discovery of this gene
provided greater understanding of the genesis of iron
overload and the effect of mutations in the gene. Two
common mutations were identified in the gene product:
first, tyrosine is substituted for cysteine at amino acid 282
(C282Y) and second, aspartate is substituted for histidine at
amino acid 63 (H63D). Homozygosity for C282Y was
observed in 85% to 90% of patients of northern European
origin with typical HH [18–21], although it was relatively
rare in non-Caucasian populations [22, 23].

During the first decade after discovery of the HFE gene,
several cross-sectional studies indicated a wide variation in
the biochemical penetrance of the disorder, as evidenced by
elevated serum ferritin levels (Table 1). When stratified
according to gender, biochemical iron overload was found
in 70% to 88% of men and 30% to 60% of women
homozygous for the C282Y mutation [22, 24–26]. High
clinical penetrance was found in a cross-sectional popula-
tion study of individuals of predominantly northern
European descent from Busselton in Western Australia,
with 0.5% of the population homozygous for the C282Y
mutation. Clinical penetrance (defined as hepatomegaly,
skin pigmentation, or arthropathy) was present in 50% of
C282Y homozygous subjects. About 25% of these patients
had liver biopsy-proven fibrosis and 10% had cirrhosis on
liver biopsy. Interestingly, 25% of the homozygotes had no
clinical symptoms or overt signs, with corresponding
normal range serum ferritin over 4 years of follow-up.

In one of the largest population-based screening projects
reported after discovery of the HFE gene, more than 65,000
individuals age 20 years or older in a Norwegian county
underwent determination of transferrin saturation [27].
Subjects with transferrin saturation above a threshold value
of 55% were genotyped. The incidence of homozygous
C282Y was estimated at 4.1 per 1,000 women and 6.8 per
1,000 men, and 322 women and 300 men had confirmed
transferrin saturation above the threshold levels. Of these,
137 women and 205 men had elevated serum ferritin
concentration. Liver biopsy was performed in 50 women
and 129 men; increased iron stores were universal in the
liver biopsy specimens but at least moderate fibrosis and/or
cirrhosis was seen in only 10% of biopsied cases. Fatigue
and joint pain were the most common extrahepatic
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manifestations in 13% to 20% of newly diagnosed HH
subjects, followed by impotence and diabetes mellitus
(4%).

A French clinic-based study of 9,396 subjects also
confirmed that 0.5% of the population were homozygous
for C282Y, consistent with the earlier studies [26]. Ninety
percent of male C282Y homozygotes had at least one
clinical symptom compared with 60% of females. Family
history of iron excess and chronic fatigue was a common
denominator for both genders. Twenty percent of homozy-
gous subjects had arthritis, and 5% to 10% had diabetes or
increased alanine transaminase levels.

Genotypic screening in more than 11,000 Australian
community residents was done in 2005 by Delatycki et al.
[28], and again confirmed a prevalence rate of 0.5% for
C282Y homozygosity. Symptoms of tiredness were more
common in homozygotes. An additional benefit of this
study was that a follow-up questionnaire administered to
C282Y homozygous subjects diagnosed by genetic screen-
ing indicated that genetic screening was acceptable to the
population.

Adams et al. [22] showed that C282Y homozygosity is
rare in nonwhite populations. In this North American study,
99,711 primary care participants were tested for genetic
mutations and iron indices and underwent clinical assess-
ment. The authors found the prevalence of C282Y mutation
to be highest in whites (0.44%) and lowest in Asians
(0.000039%). Self-reported history of liver disease was
significantly higher in male C282Y homozygotes and
compound heterozygotes.

Contrary to the relatively high clinical expression in
other population studies, Beutler et al. [25], in a study of
41,000 patients recruited from health appraisal clinics,
reported that less than 1% of C282Y homozygotes
developed an overt clinical phenotype. However, the
majority of clinically diagnosed C282Y homozygotes
diagnosed prior to the commencement of this study were
excluded from the analysis. Plasma type IV collagen was
used as a surrogate of hepatic fibrosis and indicated that up

to 25% of subjects might have liver fibrosis, although no
statistically significant relationship was seen between
collagen type IV and serum ferritin concentrations. Surpris-
ingly, the combination of symptoms (general health,
chronic fatigue, joint symptoms, skin pigmentation, impo-
tence, diabetes, arrhythmia, and elevated aspartate transam-
inase) that represent the common clinical features of HH
were no more prevalent in C282Y homozygotes than in
controls.

It was apparent from the cross-sectional population
studies performed up to 2005 that the biochemical and
clinical expression of disease in HH was highly variable. It
was also evident that longitudinal studies would be needed
to define the true natural history of progression of HH.
Olynyk et al. [29] followed the fate of 12 untreated C282Y
homozygotes over 17 years. Median transferrin saturation
value increased from 42% to 76%, but serum ferritin levels
varied markedly. Six of 12 C282Y homozygotes underwent
biopsy at the end of follow-up; of those, 50% had advanced
fibrosis with concurrent serum ferritin levels exceeding
500 µg/L. Clinically, only one patient had diabetes in 1981
and by the end of the study, skin pigmentation developed in
3 of 12 patients, arthritis in 4 of 12 patients, and
hepatomegaly in 2 of 12 patients. Similar findings were
reported by Andersen et al. [30] from 23 untreated C282Y
homozygotes studied over a period of 25 years, and none
developed clinically overt hemochromatosis.

In 2006, the US Preventive Health Services Task Force
systemically reviewed HH with specific attention to the
issues of clinical penetrance and screening, and concluded
that larger longitudinal studies would be required to
consolidate understanding of the natural history of disease
and the marked variance in clinical expression in terms of
putative genetic and environmental modifiers [31]. These
issues were comprehensively addressed by Allen et al.
[32••], who conducted a study based on 31,192 persons of
Northern European descent who were part of the prospec-
tive longitudinal study known as the Melbourne Collabo-
rative Cohort Study. This cohort was recruited between

Table 1 Summary of major cross-sectional population studies

Study Sample
size

C282Y
homozygosity

Elevated ferritin,% Disease definition Fibrosis/cirrhosis

Olynyk et al. [24] 3,011 1:190 50% Hepatomegaly, skin
pigmentation, arthropathy

Fibrosis, 25% Cirrhosis, 10%

Asberg et al. [27] 65,238 Unknown Unknown Fatigue, arthralgia, impotence,
diabetes mellitus

Fibrosis, 8% Cirrhosis, 3%

Beutler et al. [25] 41,038 1:270 76% men 54% women Abnormal LFT 25% fibrosis or cirrhosis

Deugnier et al. [26] 9,396 1:175 70% men 33% women Diabetes, abnormal LFT, arthritis Unknown

Adams et al. [22] 99,711 1:227 88% men 57% women Liver disease Unknown

Delatycki et al. [28] 11,307 1:240 Unknown Diabetes, liver disease, arthritis Fibrosis, 4%

LFT liver function test
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1990 and 1994 through the Australian electoral roll,
community announcement, and advertisement. At initial
recruitment to the study, the mean age of subjects was
55 years. Participants underwent clinical assessment and
genetic and biochemical evaluation (termed baseline assess-
ments). HFE genotyping of 31,192 baseline samples was
performed and investigators were blinded to the genotype
until all clinical assessments were completed. From this
cohort, 1,438 subjects—including all C282Y homozygotes
and a stratified random sample of subjects from the
remaining groups with other HFE genotypes—were evalu-
ated in a follow-up study 12 years after initial recruitment
(termed the HealthIron cohort). There were 203 C282Y
homozygotes, 242 compound heterozygotes, 337 C282Y
heterozygotes, and 147 H63D heterozygote/homozygotes
identified. At baseline, 84% of male and 65% of female
C282Y homozygotes had elevated serum ferritin levels, and
37% of male and 3% of female HH C282Y homozygotes
had ferritin levels exceeding 1,000 µg/L [32••, 33••].
C282Y homozygous males had up to a 50% likelihood of
progression to serum ferritin levels exceeding 1,000 µg/L
after 12 years if they had baseline serum ferritin values of
300 to 1,000 µg/L. With similar baseline values, C282Y
homozygous females had up to a 20% likelihood of
progression to serum ferritin levels exceeding 1,000 µg/L
after 12 years. For both genders, the risk of biochemical
progression over a 12-year period to ferritin levels
exceeding 1,000 µg/L was less than 15% if they had
normal baseline serum ferritin values [33••]. C282Y
homozygotes who are likely to develop serum ferritin
levels sufficient to place them at risk of iron overload–
related disease will have done so by the age of 55 years.

The term “iron overload–related disease” was introduced
by Allen et al. [32••] in 2008 and is defined as the presence
of documented iron overload combined with one of the
following: cirrhosis, liver fibrosis, hepatocellular carcino-
ma, elevated aminotransferase levels, physician-diagnosed
symptomatic hemochromatosis, or arthropathy of the
second and third metacarpophalangeal joints. Fatigue, liver
disease, and increased levels of aminotransferase were more
prevalent in male C282Y homozygotes with ferritin levels
exceeding 1,000 µg/L compared with other HFE geno-
types. Regardless of serum ferritin, arthritis was more
common in male C282Y homozygotes compared with other
genotypes. In contrast, use of arthritis medications and
abnormal liver function tests were the only feature more
common to female C282Y homozygotes with ferritin levels
exceeding 1,000 µg/L compared with other genotypes. Iron
overload–related disease was present in 28% of men and
1% of women at the age 65. The threshold value for serum
ferritin levels exceeding 1,000 µg/L is important because it
is known that the risk of significant liver fibrosis and
cirrhosis is increased above this level [21, 34, 35••, 36].

Nevertheless, liver fibrosis is reversible with phlebotomy
therapy [35••], underscoring the importance of diagnosis
and initiating phlebotomy therapy before cirrhosis becomes
established.

Apart from primary liver cancer, C282Y and H63D
mutations have also been implicated in development of
extrahepatic cancers. H63D homozygosity was shown to be
a significant genetic modifier of carcinogenesis in heredi-
tary nonpolyposis colorectal cancer, where it results in a
threefold increased risk of cancer in MMR gene mutation
carriers and earlier onset of cancer [37•]. C282Y homozy-
gosity results in a twofold increased risk of breast cancer in
women [38, 39•] and colorectal cancer in men and women
[39•]. Adding further to the emerging evidence base that
supports a role for iron as a cofactor in carcinogenesis,
Zacharski et al. [40] showed that reduction of iron stores is
associated with a reduced risk of cancer.

The risk of iron overload–related disease in C282Y/
H63D compound heterozygotes was generally thought to
be less than that of C282Y homozygotes. Using the
HealthIron cohort, Gurrin et al. [41••] conducted a
longitudinal 12-year clinical follow-up study of 180
untreated compound heterozygotes (84 males) compared
with 330 randomly selected wild-type control subjects.
Compared with controls, mean serum ferritin levels and
transferrin saturation were significantly higher for both
genders, although both were within normal ranges, consis-
tent with earlier reports [24, 42]. Serum ferritin levels did
not increase significantly in male or postmenopausal female
compound heterozygotes after middle age. Reassuringly,
only one male subject (who also had other liver disease risk
factors) and none of the female subjects developed iron
overload–related disease.

Results from the HealthIron cohort study have provided
fertile ground for further exploration into the genetic and
environmental modifiers of iron overload. A novel associ-
ation between serum ferritin and CYBRD1 (the gene
encoding the duodenal reductase DCYTB) was identified
recently [43]. Constantine et al. [43] observed that C282Y
homozygous subjects with one or two copies of the
rs88409 single nucleotide polymorphism (SNP) in
CYBRD1 had substantially lower levels of serum ferritin
compared with C282Y homozygotes who did not possess
this common mutation. It is estimated that this mutation
alone accounts for 12% of the variance in iron loading in
the C282Y homozygotes. Using a cohort of twins and their
siblings, Benyamin et al. [44] conducted a genome-wide
association study on four serum markers of iron status
(iron, transferrin, transferrin saturation, and ferritin). As
well as the already described effect of HFE C282Y on all
four markers, they found strong associations between a
TMPRSS6 SNP (rs4820268) and serum iron. Several
transferrin SNPs (rs3811647, rs1358024, 4525863, and
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rs6794945 in adjacent signal recognition particle receptor,
B subunits) were also found to influence serum transferrin
[44]. In addition, C282Y homozygotes with mutations in
other genes of iron metabolism including Hamp (hepcidin),
HJV (hemojuvelin), BMP (bone morphogenic protein) and
Hp (haptoglobin) were identified to modify iron overload
[45–48].

Independent of iron overload, other genetic factors can
influence the susceptibility of the liver to injury. Poly-
morphisms in profibrogenic genes (eg, TGF-β), could
influence the development of fibrosis and cirrhosis [49].
Important environmental modifiers of accelerated iron
loading include excessive alcohol consumption and meat
intake in postmenopausal women [50, 51]. In contrast,
consumption of non-citrus fruits may confer protection
against iron loading [52]. Excessive alcohol consumption
also accelerates fibrogenesis through oxidative stress [53,
54]. In addition to alcohol, concurrent viral hepatitis and
hepatic steatosis play an important role in modifying
fibrogenesis in patients with genetic iron loading [55, 56].

With the evolution and contribution of knowledge
regarding genotypic, biochemical, and clinical penetrance
of HH from the population studies, we have moved from
enthusiasm for introduction of widespread population
screening to a more considered debate and analysis of the
most cost-effective approach to screening [31]. Conducting
sequential screening (genotype following documentation of
elevated transferrin saturation) among males may be the
most cost-effective approach, with a cost of 41,000 Euro
per life-year gained [57•].

Conclusions

The seminal clinical studies of HH conducted over the past
150 years have enriched our knowledge of this common
disorder. We now recognize that the biochemical and
clinical penetrance are highly variable. We have learned
much regarding the natural history of untreated HH, and
this knowledge will determine the development of future
approaches to population screening. We are also on the
cusp of greater understanding of genetic and environmental
modifiers of disease penetrance that may be amenable to
clinical intervention.
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