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BSTRACT

 

Background

 

Ten percent of whites are heterozy-
gous for the HLA-linked hemochromatosis mutation.
We performed a cross-sectional analysis of 1058
genotyped heterozygotes to define the effects of age
and sex on the phenotype.

 

Methods

 

The heterozygous genotype was assigned
to 505 male and 553 female members of 202 pedi-
grees, each with an HLA-typed homozygous proband.
We measured serum iron, transferrin saturation, and
ferritin in all heterozygotes and in 321 genetically nor-
mal subjects (unaffected family members or spouses
of family members). Liver biopsies were performed in
a subgroup of heterozygotes.

 

Results

 

The mean serum iron concentrations and
transferrin-saturation values were higher in hetero-
zygotes than in normal subjects and did not increase
with age. Initial transferrin-saturation levels exceed-
ing the threshold associated with the homozygous
genotype were found in 4 percent of male and 8 per-
cent of female heterozygotes. The geometric mean
serum ferritin concentration was higher in heterozy-
gotes than in normal subjects and increased with
age. Higher-than-normal values were found in 20 per-
cent of male and 8 percent of female heterozygotes.
The clinical and biochemical expression of hemo-
chromatosis was more marked in heterozygotes with
paternally transmitted mutations than in those with
maternally transmitted mutations. Liver-biopsy ab-
normalities were generally associated with alcohol
abuse, hepatitis, or porphyria cutanea tarda.

 

Conclusions

 

The phenotype of persons heterozy-
gous for hemochromatosis differs from that of nor-
mal subjects, but complications due to iron overload
alone in these heterozygotes are extremely rare.
(N Engl J Med 1996;335:1799-805.)
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EMOCHROMATOSIS is transmitted as
an autosomal recessive trait.

 

1,2

 

 The re-
sponsible gene is tightly linked to the
HLA class I region on chromosome 6,

and a candidate locus has recently been identified.

 

3-5

 

The clinical phenotype of skin pigmentation and or-
gan damage occurs only in homozygotes.

 

6,7

 

 Pene-
trance is age-related and may be incomplete, partic-
ularly in women.

 

1,6,8

 

 In whites, homozygosity occurs
with a frequency of 0.005 to 0.008 and heterozy-
gosity with a frequency of 0.100 to 0.130.

 

1,3,9

 

 
Linkage of hemochromatosis to HLA permits as-

signment of the heterozygous genotype to family

H

 

members whose HLA haplotypes are 50 percent ho-
mologous to that of a homozygous proband.

 

10,11

 

Laboratory abnormalities of iron metabolism have
been detected in 15 to 25 percent of heterozygotes,
but the frequency of complications due to iron over-
load has not been defined.

 

1,6,10,11

 

 Complications have
been recognized only when other disorders, such as
porphyria cutanea tarda

 

12

 

 and chronic anemia,

 

13-15

 

are also present.
Regular measurement of iron stores in heterozy-

gotes would require many decades. The alternative
is to identify a large number of heterozygotes and
study each one once. Therefore, we studied the clin-
ical and biochemical expression of hemochromatosis
in 1058 persons who were heterozygous for the dis-
order and analyzed the effects of age, sex, sex of the
parent transmitting the affected chromosome, and
specific HLA haplotypes on iron stores.

 

METHODS

 

Informed Consent

 

The protocol was approved by the University of Utah Institu-
tional Review Board, and all study subjects gave written informed
consent. Subjects who agreed to undergo a liver biopsy received
a careful explanation of the risks associated with this procedure
and provided written informed consent.

 

Genotypic Assignment

 

We studied members of 202 pedigrees identified between 1975
and 1995. In each pedigree there was a well-characterized, HLA-
typed homozygous proband. The heterozygous genotype was as-
signed to 958 pedigree members sharing one HLA haplotype
(HLA-A and B) with a homozygous proband. One hundred ped-
igree members were considered obligate heterozygotes (children
or parents of a homozygote) and did not undergo HLA typing.

A normal genotype was assigned to 321 subjects: 140 were re-
lated by blood to a homozygous proband but did not share a hap-
lotype with the proband and 181 were married to a family mem-
ber. The spouses were considered to have a normal genotype if
they had a normal transferrin-saturation value and if marriages to
genotyped pedigree members produced children with normal
transferrin-saturation values.

 

HLA Typing

 

Serotyping of HLA-A and B was performed as previously
described.

 

16

 

 The antiserum used was capable of identifying 18
HLA-A and 33 HLA-B alloantigens.

Copyright © 1996 Massachusetts Medical Society. All rights reserved. 
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Blood Tests of Iron Stores

 

Serum iron and transferrin saturation were measured as previ-
ously described.

 

17

 

 When possible, samples were obtained while
subjects were fasting. Serum ferritin was measured with radioim-
munoassay kits (Ramco Laboratories, Houston).

 

Liver Biopsies

 

Hepatic iron was assessed by light microscopy (graded on a
scale of 0 to 4 according to the method of Scheuer et al.

 

18

 

) and
by atomic absorption spectrophotometry.

 

17

 

 The normal value for
hepatocellular stainable iron is grade 0 or 1. Normal values for
hepatic iron concentration are less than 25 

 

m

 

mol per gram of dry
weight.

 

19

 

 

 

Statistical Analysis

 

Statistical analyses used the Prophet computer software pack-
age (Bolt Beranek and Newmann, Cambridge, Mass.). Measure-
ments of serum iron and transferrin saturation were compared
between groups of subjects with Student’s t-test (when normally
distributed) or the Mann–Whitney U test (when not normally
distributed). Serum ferritin values were analyzed after logarith-
mic transformation in order to achieve a normal distribution. The
Shapiro–Wilk test was used to test for the normality of the dis-
tribution. Chi-square analysis was used to compare the frequen-
cies of iron deficiency in heterozygotes and normal subjects.
Haplotype frequencies in normal and affected chromosomes
were compared with Fisher’s exact test. All statistical tests were
two-sided.

 

RESULTS

 

Phenotypic Expression of Hemochromatosis

 

The subjects were divided into three groups ac-
cording to age: 1 to 30, 31 to 60, and 61 to 90
years. Values for serum iron, transferrin saturation,
and serum ferritin are shown in Table 1. The mean
serum iron concentration and mean percentage of
saturation of transferrin were higher in heterozy-
gotes than in normal subjects in all age groups and
did not increase with age. The mean values for trans-
ferrin saturation in the normal subjects closely ap-
proximated those reported by McLaren et al. in a
population that excluded subjects with iron deficien-
cy or iron overload and was studied as part of the
Second National Health and Nutrition Examination
Survey (NHANES II).

 

20

 

 A frequency distribution
plot of transferrin-saturation values in heterozygotes
and normal subjects illustrates the shift toward high-
er values in heterozygotes (Fig. 1).

Transferrin saturation was determined in the fast-
ing state in approximately two thirds of subjects;
when samples obtained at random times yielded val-
ues higher than 50 percent, additional samples were
obtained while the subjects were fasting. When val-

 

*Plus–minus values are means 

 

�

 

SD. There were 210 male heterozygotes who were 1 to 30 years of age, 209 who were
31 to 60 years of age, and 86 who were 61 to 90 years of age. There were 38 normal male subjects who were 1 to 30
years of age, 66 who were 31 to 60 years of age, and 28 who were 61 to 90 years of age. There were 201 female hetero-
zygotes who were 1 to 30 years of age, 260 who were 31 to 60 years of age, and 92 who were 61 to 90 years of age.
There were 40 normal female subjects who were 1 to 30 years of age, 105 who were 31 to 60 years of age, and 44 who
were 61 to 90 years of age. 

†To convert values for serum iron concentrations to micromoles per liter, multiply by 0.178.

‡The geometric mean values and 95 percent confidence intervals (CI) were obtained after logarithmic transformation.

§The P value was calculated with the Mann–Whitney U test.

¶The P value was calculated with Student’s t-test.
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�
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(36–309)
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�

 

46
(30–264)

0.005§ 38

 

�

 

14
(7–82)

29

 

�

 

11
(10–58)
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0.001§ 49/82
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37/59
(26–50)
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Females
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ues obtained during fasting were compared between
heterozygotes of either sex and normal subjects, the
differences between groups remained the same (data
not shown). The proportion of samples obtained
during fasting was approximately the same in het-
erozygotes and normal subjects. We measured trans-
ferrin saturation every 2 hours for 24 hours in 19
heterozygotes and 10 normal subjects. The differ-
ences between groups remained roughly constant at
all times (data not shown).

Four percent of the male heterozygotes (22 of
505) had an initial transferrin-saturation level of
more than 62 percent (range, 63 to 85 percent), a
threshold associated with the homozygous genotype
in men.

 

20-22

 

 Thirteen of these heterozygotes were

available for repeated testing in the fasting state; the
values recorded during repeated testing were all 62
percent or less (range, 32 to 62 percent). Eight per-
cent (44 of 553) of the female heterozygotes had an
initial transferrin-saturation level of more than 50
percent, a threshold associated with the homozy-
gous genotype in women.

 

22

 

 Thirteen of these sub-
jects were available for repeated testing while fasting;
in two the transferrin-saturation level still exceeded
50 percent (56 percent and 57 percent). Two of 132
normal men (2 percent) and 6 of 189 normal wom-
en (3 percent) had transferrin-saturation levels ex-
ceeding 50 percent.

The geometric mean serum ferritin concentration
was higher in heterozygotes of both sexes than in
normal subjects, with the exception of the youngest
group of female subjects (Table 1). This difference
was significant only among men 31 to 60 years of
age and among women in the two older age groups
(31 to 60 and 61 to 90 years of age). Twenty per-
cent of male heterozygotes (101 of 505) had fer-
ritin concentrations that exceeded the 95th percen-
tile value for the age-matched male controls. The
highest value recorded was 988 

 

m

 

g per liter in a 21-
year-old man; his transferrin-saturation level was 58
percent. The geometric mean serum ferritin concen-
tration in male heterozygotes rose gradually until
the sixth decade and declined slightly thereafter
(Fig. 2). Eight percent of female heterozygotes (46
of 553) had ferritin values that exceeded the 95th
percentile value for the age-matched female con-
trols. The highest value recorded was 737 

 

m

 

g per li-
ter in a 64-year-old woman; her transferrin-satura-
tion level was 49 percent. In heterozygous women
the geometric mean serum ferritin concentration
rose until the seventh decade (Fig. 2).

Iron deficiency has been defined as a serum fer-
ritin concentration below 12 

 

m

 

g per liter.

 

23

 

 Among
the female subjects of reproductive age (12 to 50
years), ferritin concentrations below 12 

 

m

 

g per liter
were found in 72 of 350 heterozygotes (21 percent)
and in 35 of 108 normal subjects (32 percent,
P

 

�

 

0.02). Among men over 18 years of age, serum
ferritin concentrations below 12 

 

m

 

g per liter were
found in 7 of 374 heterozygotes (2 percent) and
4 of 108 normal subjects (4 percent, P

 

�

 

0.44).

 

Liver Biopsy

 

When our studies began, the histology of the liver
in people heterozygous for hemochromatosis had
not been studied, and the relation between hepatic
iron stores and serum ferritin concentrations had
not been defined. We performed percutaneous liver
biopsies in 39 heterozygotes. Seventeen (12 male
and 5 female subjects; ages, 8 to 65 years) had nor-
mal transferrin-saturation levels and normal serum
ferritin concentrations. The mean hepatic iron con-
centration was 23 

 

m

 

mol per gram of dry weight. The

 

Figure 1.

 

 Distribution of Transferrin-Saturation Values in Sub-
jects Heterozygous for Hemochromatosis and Normal Sub-
jects, According to Sex.
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hepatocellular stainable-iron grade ranged from 0 to
2, with a mean of 0.82. Only two biopsy specimens
were scored as grade 2. One was obtained from an
8-year-old boy with hereditary spherocytosis, the
other from a healthy 65-year-old man. Two liver
biopsies showed evidence of liver damage. The liver
biopsy of a 36-year-old woman showed fibrosis and
cirrhosis associated with steatohepatitis with a chronic
inflammatory infiltrate. Serologic studies for both
hepatitis B and C were negative. The stainable-iron
grade was 0, and the iron concentration was only
9 

 

m

 

mol per gram of dry weight. The liver biopsy of
the healthy 65-year-old man with grade 2 hepato-
cellular iron showed mild periportal fibrosis without
an inflammatory infiltrate. This man did not con-
sume alcohol and had no laboratory evidence of hep-
atitis B or C.

The other 22 heterozygotes (18 male and 4 female
subjects; age, 17 to 71 years) who underwent biopsy
had elevated transferrin-saturation levels, increased
serum ferritin concentrations, or both. The mean he-
patic iron concentration was 32 mmol per gram of
dry weight. The stainable-iron grade ranged from
0 to 3, with a mean of 1.3. With two exceptions, the
highest iron grades (grades 2 and 3) occurred in
heterozygotes with serum ferritin concentrations of
more than 300 mg per liter. The three biopsy speci-
mens scored as grade 3 were obtained from hetero-
zygotes who drank more than 70 g of alcohol daily.
Two of these subjects had porphyria cutanea tarda: a
32-year-old woman without laboratory evidence of
previous exposure to either hepatitis B or C and a
51-year-old man with a positive test for hepatitis B

surface antibody but no laboratory evidence of expo-
sure to hepatitis C. Six biopsy specimens — all from
men — were scored as grade 2. Four of these men
(age, 21 to 61 years) drank more than 70 g of alco-
hol daily. The mean iron concentration associated
with grade 2 and 3 iron overload was 47 mmol per
gram of dry weight. Fibrosis was found in the speci-
mens from both patients with porphyria cutanea tar-
da and in two of the six specimens scored as grade 2.
One of these, from a 54-year-old man who drank
heavily, also revealed cirrhosis. Serologic studies for
hepatitis C antibody were positive. The other fibrotic
specimen was from a 59-year-old man with alcoholic
hepatitis and no evidence of hepatitis B or C.

HLA Haplotypes in Heterozygotes

The two haplotypes identified in the homozygous
proband in each pedigree were considered to be
linked to the hemochromatosis locus. The haplotype
shared with the proband identified the affected chro-
mosome in heterozygotes, and the unshared hap-
lotype was considered to represent a normal chro-
mosome. In each pedigree an affected or normal
haplotype was counted only once. Three hundred
forty-five affected chromosomes and 835 normal
chromosomes were identified. Additional normal hap-
lotypes were found in the genotypically normal spous-
es of family members. HLA-A3 is the most common
HLA-A allele found in chromosomes bearing the he-
mochromatosis mutation, and HLA-A3,B7 is the
most common HLA haplotype on these chromo-
somes. As expected, the HLA-A3 allele was overrep-
resented in affected chromosomes, and HLA-A3,B7
was the most common affected haplotype in the sub-
jects we studied (Table 2).

We found no significant difference in the geomet-
ric mean serum ferritin concentrations between het-
erozygotes with an HLA-A3 allele and those with
any other HLA-A allele (data not shown).

Effect of the Parental Genotype on the Phenotypic 
Expression of Hemochromatosis in Heterozygotes

HLA haplotyping was performed in the parents of
650 heterozygotes whose haplotypes were known.
This permitted an analysis of the effect of the parental
genotype on the phenotypic expression of hemochro-
matosis in heterozygotes (Table 3). The only compo-
nent of the phenotype that is age-dependent is the se-
rum ferritin concentration (Fig. 2 and Table 1). An
affected paternal chromosome had a greater effect
than an affected maternal chromosome on the phe-
notype in female heterozygotes of all ages. Female
heterozygotes who inherited the affected paternal
chromosome were similar in age to those who inher-
ited the affected maternal chromosome, excluding an
effect of age on the phenotype. The same general pat-
tern was seen in heterozygous men, although the dif-
ferences were not statistically significant.

Figure 2. Effect of Age on the Serum Ferritin Concentration in
Subjects Heterozygous for Hemochromatosis.
The geometric mean values (�SD) are shown. The numbers
above the bars are the number of heterozygotes in each group.
Data were not included for the four men and two women who
were 80 to 90 years of age.
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DISCUSSION

The phenotype of our large group of people het-
erozygous for hemochromatosis clearly differed from
that characteristic of normal subjects, but many of
the heterozygotes were indistinguishable from nor-
mal subjects. Genotypic assignment within pedi-
grees was rigorous, but rare homozygotes may have
been misclassified as heterozygotes if penetrance of
the homozygous phenotype in the parent of a
proband was incomplete. Misclassification of the
offspring of probands may also have occurred if a
phenotypically normal spouse was a heterozygote.
Such misclassifications of homozygotes as heterozy-
gotes would make any estimates of differences be-
tween normal subjects and heterozygotes less con-
servative. 

The assignment of a normal genotype was also
subject to a very small rate of error; some spouses of
family members may have been heterozygotes mis-
classified as normal subjects. Misclassifying normal
subjects as heterozygotes would make any estimates of
differences in the phenotype between normal and het-
erozygous subjects more conservative.

We found that 18 percent of male heterozygotes
and 11 percent of female heterozygotes had trans-
ferrin-saturation levels that were more than 2 SD
above the mean values for normal subjects. Only
2 percent of the normal men and 3 percent of the
normal women had transferrin-saturation levels ex-
ceeding 50 percent. We previously suggested that a
reasonable threshold for the transferrin-saturation
level indicating the homozygous genotype in wom-
en is 50 percent.22 Eight percent of the female het-
erozygotes had an initial transferrin-saturation level
exceeding that threshold. Thus, we confirmed our
earlier finding1 that transferrin-saturation levels above
the threshold associated with the homozygous geno-
type occur infrequently in heterozygotes.

The serum ferritin concentration serves as a useful
index of body iron content.6,8,24 Twenty percent of
male heterozygotes and 8 percent of female hetero-
zygotes had serum ferritin concentrations that ex-
ceeded the 95th percentile values in our normal
population. Values obtained in our normal popula-
tion were similar to those reported in NHANES II.25

The increased body iron burden in heterozygotes ap-
pears to have minimal consequences, but there have
been very few liver biopsies in clinically normal het-
erozygotes. Most liver biopsies reported previously
were performed in people with abnormal liver func-
tion or a history of heavy alcohol use.10,11 We per-
formed biopsies in heterozygotes with abnormal
phenotypes and normal phenotypes. Six of 39 biop-
sy specimens showed hepatic damage — fibrosis in
5 and fibrosis and cirrhosis in 1. Associated condi-
tions (hepatitis, porphyria cutanea tarda, and alco-
holism) were identified in five of the six patients,
supporting the concept that heterozygosity for he-

*Haplotypes that were identified in less than 1 percent of normal or af-
fected chromosomes are not shown.

†The P values were calculated with Fisher’s exact test.

TABLE 2. HLA HAPLOTYPES OF 345 
HEMOCHROMATOSIS CHROMOSOMES AND 835 

NORMAL CHROMOSOMES.

HAPLOTYPE*

HEMOCHROMATOSIS

CHROMOSOMES

(N�345)

NORMAL

CHROMOSOMES

(N�835)
P

VALUE†

no. with listed alleles
(frequency of haplotype)

A3 126 (37) 96 (11.5) �0.001

A3, B7 82 (24) 41 (5.0) �0.001

A3, B14 15 (4.4) 5 (0.6) �0.001

A3, B62 7 (2.0) 3 (0.4) 0.008

A3, B44 9 (2.6) 6 (0.7) 0.01

A3, B51 5 (1.5) 2 (0.2) 0.02

A1, B8 18 (5.2) 62 (7.4) 0.20

A1, B57 8 (2.3) 5 (0.6) 0.02

A2, B7 16 (4.6) 32 (3.8) 0.51

A2, B44 15 (4.4) 43 (5.1) 0.65

A2, B51 2 (0.6) 14 (1.7) 0.17

A2, B62 11 (3.2) 21 (2.5) 0.55

A2, B60 2 (0.6) 16 (1.9) 0.11

A11, B35 2 (0.6) 18 (2.2) 0.07

A28, B44 7 (2.0) 11 (1.3) 0.43

A29, B44 7 (2.0) 15 (1.8) 0.81

*Plus–minus values are means �SD. CI denotes confidence interval. 

†To convert values for serum iron concentration to micromoles per liter,
multiply by 0.178.

‡The P value was calculated with the Mann–Whitney U test.

§The P value was calculated with Student’s t-test.

TABLE 3. EFFECT OF THE PARENTAL GENOTYPE ON THE 
PHENOTYPE OF HETEROZYGOTES.*

VARIABLE

MATERNAL

HEMOCHROMATOSIS

CHROMOSOME

PATERNAL 
HEMOCHROMATOSIS

CHROMOSOME

P
VALUE

No. of males
Mean age — yr

132
28

178
29

No. of females
Mean age — yr

144
30

196
30

Serum iron — mg/dl†
Males
Females

126�43
103�44

131�49
114�46

0.54‡
0.04‡

Transferrin saturation — 
%
Males
Females

36�13
29�12

39�14
33�12

0.16§
0.003§

Geometric mean serum 
ferritin — mg/liter 
(95% CI)

Males
Females

72 (61–86)
23 (19–27)

74 (64–86)
29 (26–34)

0.78§
0.03§
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mochromatosis is rarely associated with liver damage
due to iron overload alone.

The HLA-A3 allele is found more often than would
be expected by chance in patients with hemochroma-
tosis, suggesting that an initial mutation causing he-
mochromatosis occurred on a chromosome bearing
the HLA-A3 allele.4 This possibility has been support-
ed by the demonstration of a preserved HLA-A3–
associated haplotype and specific alleles of multiple
markers distal to the HLA class I region.5,26,27 

The presence of hemochromatosis mutations on
chromosomes not bearing the HLA-A3 allele might
be explained either by the occurrence of new muta-
tions or by genetic recombination. Crawford et al.
suggested that in heterozygous women an HLA-A3–
associated mutation has a greater effect on the
phenotype than do mutations associated with other
HLA-A alleles.28 We found no difference in the phe-
notype of heterozygotes of either sex between those
with an HLA-A3–associated mutation and those
without such a mutation. The recombination hy-
pothesis is supported by the preservation of a seg-
ment of the HLA-A3–associated haplotype on chro-
mosomes with the hemochromatosis mutation but
no HLA-A3 allele. The conserved region is telomeric
to the class I region.5,26 

The high frequency of the hemochromatosis mu-
tation suggests that it has been preserved because it
may have once represented an advantage rather than
a liability.4,28 The mutation may still offer a selec-
tive advantage to heterozygous women. For exam-
ple, women who are less likely to have iron deficien-
cy may have a reproductive advantage. This concept
is supported by our finding that low serum ferritin
concentrations were significantly less common in het-
erozygous women than in normal women.

Paternal hemochromatosis alleles had a greater ef-
fect on the phenotype of heterozygotes than mater-
nal alleles, suggesting a parent-of-origin effect of this
gene. Parent-of-origin effects (“imprinting”) are well
established for several diseases, including the Pra-
der–Willi and Angelman’s syndromes,29 Wilms’ tu-
mor,30 insulin-dependent diabetes,31 and bipolar af-
fective disorders.32 Parent-of-origin effects are often
associated with modifications of DNA, including
methylation and condensation of chromatin.33 The
molecular mechanism responsible for a parent-of-
origin effect in hemochromatosis can be studied
once the gene has been confirmed.5 

Screening for persons who are homozygous for
hemochromatosis is cost effective.34 A simple, effec-
tive therapy (repeated phlebotomies) can be used
before organ damage occurs. The transferrin-satura-
tion level has proved to be highly reliable in identi-
fying homozygotes.1,8,21 Our data emphasize that very
few heterozygotes will be misclassified as homozy-
gotes when appropriate threshold values for transfer-
rin saturation are used. When it is not possible to

determine with certainty whether a person is heter-
ozygous or homozygous, it seems prudent to recom-
mend therapeutic phlebotomies until iron depletion
has been achieved.
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