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Hereditary hemochromatosis (HH) is a common disorder of iron
metabolism caused by mutation in HFE, a gene encoding an MHC
class I-like protein. Clinical studies demonstrate that the severity of
iron loading is highly variable among individuals with identical HFE
genotypes. To determine whether genetic factors other than Hfe
genotype influence the severity of iron loading in the murine
model of HH, we bred the disrupted murine Hfe allele onto three
different genetically defined mouse strains (AKR, C57BL/6, and
C3H), which differ in basal iron status and sensitivity to dietary iron
loading. Serum transferrin saturations (percent saturation of se-
rum transferrin with iron), hepatic and splenic iron concentrations,
and hepatocellular iron distribution patterns were compared for
wild-type (Hfe +/+), heterozygote (Hfe +/-—), and knockout
(Hfe —/—) mice from each strain. Although the Hfe —/— mice from
all three strains demonstrated increased transferrin saturations
and liver iron concentrations compared with Hfe +/+ mice, strain
differences in severity of iron accumulation were striking. Targeted
disruption of the Hfe gene led to hepaticiron levels in Hfe —/— AKR
mice that were 2.5 or 3.6 times higher than those of Hfe —/— C3H
or Hfe —/— C57BL/6 mice, respectively. The Hfe —/— mice also
demonstrated strain-dependent differences in transferrin satura-
tion, with the highest values in AKR mice and the lowest values in
C3H mice. These observations demonstrate that heritable factors
markedly influence iron homeostasis in response to Hfe disruption.
Analysis of mice from crosses between C57BL/6 and AKR mice
should allow the mapping and subsequent identification of genes
modifying the severity of iron loading in this murine model of HH.

H ereditary hemochromatosis (HH) is a common autosomal
recessive disorder of iron metabolism characterized by
excessive dietary iron absorption and progressive iron deposition
in the parenchymal cells of many tissues (1, 2). Untreated HH
leads to the failure of multiple organs and contributes to early
death. The gene carrying the mutation responsible for HH
encodes a nonclassical MHC class-I protein designated HFE.
The most common HFE gene mutation leads to the substitution
of tyrosine for cysteine at amino acid 282 (C282Y) (3). Ho-
mozygosity for the C282Y mutation accounts for about 85% or
more of HH cases in populations of northern European extrac-
tion (1, 2, 4). The severity of iron loading, however, is variable
in human patients with identical HFE genotypes, and some
individuals homozygous for the C282Y mutation do not dem-
onstrate iron overload (5-7). Some of the variation in phenotypic
expression of HH may be attributed to nongenetic factors, such
as diet, alcohol intake, and iron loss (menstruation or pregnan-
cy). However, population studies suggest that the variation in
severity of iron loading in HH may be caused by the additive or
interactive effect of other genes (8, 9).

The generation of mice with targeted disruption of the
orthologous murine gene Hfe (10-12) provides a means of
examining the HH phenotype under controlled environmental
conditions. The marked variability in hepatic iron loading ob-
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served in Hfe —/— progeny from crosses of mixed-strain het-
erozygous mice suggested the segregation of other genes mod-
ifying the phenotype (10). Crosses between Hfe —/— mice and
mice carrying other mutations that impair normal iron ho-
meostasis provided specific examples for genetic modification of
the HH phenotype (13).

Inbred mouse strains exhibit considerable variability in several
parameters of iron metabolism (14-16). Serum iron levels,
serum transferrin saturations, and hepatic iron stores vary as
much as 2-fold among inbred strains on a basal diet. Inbred
strains also differ in severity of iron loading on an iron-
supplemented diet. We hypothesized that the heritable factors
determining differences in iron status among mouse strains
would contribute to the phenotypic variability seen with Hfe
disruption. To test this hypothesis, we examined the effect of Hfe
disruption on the iron status of three inbred mouse strains that
differ in basal iron status and sensitivity to iron loading.

Methods

Generation of Inbred Strains of Hfe —/— Mice. The disrupted Hfe
allele (10) on a mixed-strain mouse background (C57BL/6 X
129/SVJ) was bred by successive crosses for 6—10 generations
onto C57BL/6, C3H, or AKR backgrounds. The transmission of
the disrupted Hfe allele was determined by PCR analysis of tail
DNA as described (17). Mice were provided ad libitum a
standard chow (Purina 5001) that contains 0.02% iron. At 10
weeks of age, mice were fasted overnight and anesthetized
before blood was collected by cardiac puncture and tissue
samples were obtained. The studied AKR population consisted
of four male and five female Hfe +/+ mice, two male and five
female Hfe +/— mice, and three male and three female Hfe —/—
mice. The studied C57BL/6 population consisted of four female
and two male Hfe +/+ mice, four female and two male Hfe +/—
mice, and three female and three male Hfe —/— mice. The
studied C3H population consisted of three female and three
male Hfe +/+ mice, three female and three male Hfe +/— mice,
and two female and three male Hfe —/— mice.

Measurement of Serum Transferrin Saturation. Blood was obtained
by cardiac puncture. Serum iron and total iron binding capacity
were measured as described by Fielding (18). Transferrin satu-
ration was calculated as follows: (serum iron/total iron binding
capacity) X 100%.

Abbreviation: HH, hereditary hemochromatosis.
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Fig. 1.  Effect of strain differences and Hfe genotype on serum transferrin saturation. Serum transferrin saturation was measured in wild-type (Hfe +/+),
heterozygote knockout (Hfe +/—), and knockout (Hfe —/—) mice from three inbred mouse strains: C3H (hatched bars), C57BL/6 (B6, solid bars), and AKR (slashed
bars). Data are presented as the mean = SEM. Differences across strains within each genotype and across genotypes within each strain were determined
separately by using a one-way ANOVA. P < 0.05 across strains within genotype: bars 1 vs. 2, bars 1 vs. 3, bars 4 vs. 5, bars 5 vs. 6, bars 7 vs. 8, bars 7 vs. 9, and bars
8 vs. 9. P < 0.05 across genotypes within strain: bars 1 vs. 7, bars 2 vs. 8, bars 3 vs. 9, and bars 6 vs. 9.

Measurement of Tissue Iron Content. Nonheme iron concentration  routine histological processing. The sections were stained with
in liver and spleen tissue was measured by the bathophen-  Perls’ Prussian blue and counterstained with hematoxylin. Iron
anthroline method as described by Torrance and Bothwell (19)  distribution was determined by light microscopy.
and the values were expressed as ug of iron per g of dry tissue.

Statistical Analysis. Mean values for transferrin saturation, liver
Histology of Liver Iron Deposition. Liver tissue samples were fixed  nonheme iron concentration, and splenic nonheme iron con-
in neutral-buffered 10% formalin for 18 h and subjected to  centration were compared separately across mice with the same
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Fig. 2. Effect of strain differences and Hfe genotype on hepatic iron concentration. Hepatic nonheme iron concentrations were measured in wild-type (Hfe
+/+), heterozygote knockout (Hfe +/—), and knockout (Hfe —/—) mice from three inbred mouse strains: C3H (hatched bars), C57BL/6 (B6, solid bars), and AKR
(slashed bars). Data are presented as the mean + SEM. Differences across strains within each genotype and across genotypes within each strain were determined
separately by a one-way ANOVA. P < 0.05 across strains within genotype: bars 1 vs. 2, bars 1 vs. 3, bars 2 vs. 3, bars 4 vs. 5, bars 4 vs. 6, bars 5 vs. 6, bars 7 vs. 8,
bars 7 vs. 9, and bars 8 vs. 9. P < 0.05 across genotypes within strain: bars 1 vs. 7, bars 2 vs. 8, bars 3 vs. 6, bars 3 vs. 9, bars 4 vs. 7, bars 5 vs. 8, bars 6 vs. 9.
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Fig.3. Hepatocellulariron distribution in Hfe +/+ and Hfe — /— C3H (A-C), C57BL/6 (D-F), and AKR (G-/) mice. Representative Perls’ Prussian blue-stained liver
sections from Hfe +/+ (A, D, and G) and Hfe —/— mice of the C3H (B and C), C57BL/6 (E and F), and AKR (H and /) strains are shown, with two magnifications
for the Hfe —/— specimens (X100, B, E, and H; X200, C, F, and /; original magnifications). Dark blue granules represent storage iron. Note predominant
distribution of iron in periportal (zone 1) hepatocytes in Hfe —/— mice from the C3H (B and C) and C57BL/6 (E and F) strains, and the more panlobular staining

of hepatocytes in AKR Hfe —/— (H and /) mice.

Hfe genotype but from different strains and across mice from the
same strain but with different Hfe genotypes, by one-way
ANOVA and Newman-Keuls posttest analysis. The relative
contributions of genotype, strain, and the interaction between
genotype and strain on mean transferrin saturation, liver non-
heme iron concentration, and splenic nonheme iron concentra-
tion were determined by two-way ANOVA. P < 0.05 was
considered statistically significant.

Results

Strain Differences Influence Serum Transferrin Saturation in Response
to Hfe Knockout. Serum transferrin saturations were measured in
Hfe +/+, Hfe +/—, and Hfe —/— mice from each of the three
strains, C3H, C57BL/6, and AKR (Fig. 1). On basal diets, the
mean transferrin saturations in the Hfe +/+ mice differed across
strains. The C3H Hfe +/+ strain had the lowest transferrin
saturations (mean = 27%) and AKR the highest (mean = 77%).
As seen in previous studies on mice from a mixed-strain genetic
background (10), the Hfe —/— mice within each strain had
higher transferrin saturations than the Hfe +/+ mice. Mean
transferrin saturations of the Hfe +/— mice did not differ
significantly from the Hfe +/+ mice within each strain. Hfe
disruption led to the highest degree of transferrin saturation in
the AKR strain (in excess of 100%). Two-way ANOVA showed
that both strain and Hfe genotype contribute to the observed
variance in serum transferrin saturation across the strain-
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genotype combinations. These studies demonstrate that strain
differences strongly influence the degree of serum transferrin
saturation in the presence of Hfe disruption.

Strain Differences Influence Severity of Hepatic Iron Loading in
Response to Hfe Knockout. Hepatic nonheme iron concentrations
were measured in Hfe +/+, Hfe +/—, and Hfe —/— mice in the
three strains (Fig. 2). As observed with serum transferrin
saturation, liver iron concentration differed across strains in the
Hfe +/+ mice. Within each strain, the Hfe —/— mice had higher
liver iron concentrations than the Hfe +/+ mice. The relative
order of liver iron concentration across strains was similar
(AKR > C3H > C57BL/6) in the Hfe +/+ and Hfe —/— mice.
The AKR Hfe —/— mice not only had the highest absolute level
of liver iron but also had the greatest relative increase in liver
iron (6-fold) with Hfe disruption (C57BL/6, 3.6-fold; C3H,
3.8-fold). These observations indicate that the AKR strain has a
much greater propensity for liver iron loading in response to Hfe
disruption than the other two strains. In fact, the Hfe +/— AKR
mice demonstrated significantly higher liver iron concentrations
than the Hfe +/+ AKR mice, whereas the liver iron concen-
trations of the Hfe +/— C3H and C57BL/6 mice did not differ
significantly from the Hfe +/+ mice of the same strain. Two-way
ANOVA demonstrated that strain, Hfe genotype, and the inter-
action between strain and Hfe genotype each contribute to the
variance in hepatic iron concentration across the strain-genotype
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Effect of strain differences and Hfe genotype onspleniciron concentration. Splenicnonheme iron concentrations were measured in wild-type (Hfe +/+),

heterozygote knockout (Hfe +/—), and knockout (Hfe — /—) mice from three inbred mouse strains: C3H (hatched bars), C57BL/6 (B6, solid bars), and AKR (slashed
bars). Data are presented as the mean *= SEM. Differences across strains within each genotype and across genotypes within each strain were determined
separately by a one-way ANOVA. P < 0.05 across strains within genotype: bars 1 vs. 2, bars 2 vs. 3, bars 7 vs. 8. P < 0.05 across genotypes within strain: none.

combinations. These studies thus show that strain differences
strongly influence hepatic iron accumulation resulting from Hfe
disruption.

The relationship between transferrin saturation and liver iron
concentration was analyzed across strains and Hfe genotype.
Although the Hfe +/+ C3H strain had the lowest mean trans-
ferrin saturation, this strain had an intermediate level of hepatic
iron deposition. Likewise, the Hfe —/— C3H mice, despite a
mean transferrin saturation of only 53%, had a hepatic iron
concentration similar to the Hfe —/— C57BL/6 mice, with a
mean transferrin saturation of 86%. Furthermore, there was no
correlation between serum transferrin saturation and liver iron
concentration among the animals within each strain. These
observations suggest that different genetic factors determine
serum transferrin concentration and hepatic iron concentration.
LeBoeuf er al. (14) reached a similar conclusion from studies of
strain differences in sensitivity to dietary iron loading.

Liver Histopathology of Hfe Knockout Mice from Each Strain. Perls’
Prussian blue staining and histological examination were per-
formed on liver specimens from the Hfe +/+, Hfe +/—, and Hfe
—/— mice from the three strains tested. By this method, no iron
was detected in liver sections from Hfe +/+ mice regardless of
strain (Fig. 34, D, and G). However, abundant iron was detected
in liver sections from the Hfe —/— mice of all three strains (Fig.
3B,C,E, F, H, and I). The hepatocellular reactivity in the Hfe
—/— mice from the C3H (Fig. 3 B and C) and C57BL/6 (Fig. 3
E and F) strains was predominantly periportal, with a gradient
decreasing from zone 1 to zone 3. Periportal iron staining was
seen in the original Hfe —/— mice on a mixed genetic back-
ground (10) and is typical of that observed for patients with early
HH. The Hfe —/—AKR mice, which had the highest liver iron
concentrations (Fig. 2), had a more diffuse distribution of
hepatocellular iron staining (Fig. 3 H and I) as observed in more
advanced HH patients. Storage iron was also detected in some
sinusoidal lining cells in the Hfe —/— mice with a similar
distribution from zone 1 to zone 3. Stainable hepatic iron was not
detected in Hfe +/— mice from the C3H and C57BL/6 strains
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(data not shown). However, occasional areas of periportal
granular hepatocellular staining were observed in some Hfe
+/— AKR mice (data not shown).

Spleen Resists Iron Loading in Hfe —/— Mice Regardless of Strain. In
contrast to secondary iron loading, where iron deposition in
reticuloendothelial cells predominates, the reticuloendothelial
cells in HH patients are relatively spared from iron loading until
late in the disease (20, 21). Two studies have shown (10, 11) that
Hfe —/— mice are also relatively resistant to splenic iron loading.
To determine whether this relative sparing of spleen in Hfe —/—
mice was strain-dependent, we measured splenic nonheme iron
concentrations in Hfe +/+, Hfe +/—, and Hfe —/— mice, whose
hepatic iron levels are presented in Fig. 2. Fig. 4 shows that none
of the strains had a statistically significant increase in splenic iron
concentration with Hfe disruption. The sparing effect on splenic
iron loading was most evident in the AKR strain, which showed
the greatest loading of hepatic iron (Fig. 2).

Discussion

HH is a highly prevalent genetic disorder, affecting 3 to 5
individuals per 1000 individuals of northern European descent
(1, 2, 4). In this condition, progressive accumulation of iron in
tissues leads to liver cirrhosis and increased risk for hepatocel-
lular carcinoma, diabetes mellitus, cardiomyopathy, impotence,
and arthritis (1, 2, 4). Identification of the HFE gene mutations
responsible for HH led to the hope of early diagnosis by genetic
screening. Most patients with HH are homozygous for a mis-
sense mutation in the HFE gene that results in the C282Y
substitution in the protein (3). Now that precise identification of
HFE genotype is possible, it has become clear that some
individuals homozygous for the C282Y mutation do not have
evidence of an iron overload (5-7, 22-24). Furthermore, among
HH patients with iron loading, wide variation is observed in
measurements of body iron status (serum ferritin, transferrin
saturation, and hepatic iron concentration) and in the severity of
clinical disease (5-7, 25). The phenotypic variability among
individuals with identical HFE genotypes is partially attributable
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to age and environmental factors, including diet, blood donation,
and alcohol intake. Additionally, the expression of HH in
premenopausal women may be delayed by the physiological loss
of iron during pregnancy and/or menstruation (26, 27). None-
theless, environmental factors do not completely account for the
phenotypic variability in HH.

Several observations indicate that heritable factors other than
HFE genotype also influence the severity of iron loading in HH.
Greater concordance in biochemical measurements and clinical
manifestations of an iron overload is observed within families
than between families (28-30). A twin study concluded that
33%-47% of the variance in transferrin saturation and 47% of
the variance in serum ferritin could be attributed to genetic
factors other than HFE genotype (8). Linkage studies suggest
that one or more genes other than HFE located near the HLA
complex on human chromosome 6 may act to modify the HH
phenotype (9, 31). Given the frequency of the disease and the
severity when fully expressed, identification of the genes that
modify the phenotype is of great practical importance.

We have observed (10) that Hfe —/— progeny from crosses of
F, 129/Sv X C57BL/6 Hfe +/— mice had variable hepatic iron
loading and suggested that segregating genes may influence the
susceptibility to iron loading in the mouse. Studies on several
genetically defined mouse strains have demonstrated consider-
able differences in basal iron status and in sensitivity to dietary
iron loading (14-16). Furthermore, strain-specific differences
have been observed in measurements of duodenal mucosal iron
uptake and in transfer and clearance of iron from the circulation
to the liver (16). We hypothesized that factors leading to strain
differences in iron homeostasis in wild-type mice might also
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determine the sensitivity to iron loading consequent to Hfe
disruption. To test this hypothesis, we used cross-breeding to
introduce the disrupted Hfe allele into three mouse strains that
differ in parameters of iron homeostasis. The results presented
herein show marked differences between the strains resulting
from disruption of the Hfe allele. The most striking difference
was in the propensity for hepatic iron loading on a basal diet. The
AKR strain was particularly susceptible to hepatic iron loading,
and the C57BL/6 strain was particularly resistant.

The present studies show that two well-characterized strains,
C57BL/6 and AKR, differ strikingly in the severity of hepatic
iron loading in response to Hfe disruption. Studies of crosses
between these strains should allow a straightforward genetic
analysis of the loci that account for differences in iron loading,
therefore providing a basis for the genetic dissection of iron
homeostasis. Our observations suggest the existence of poly-
morphic genes that modify the severity of iron loading in this
murine Hfe knockout model of HH. The identification of genes
modifying the murine HH phenotype will certainly add to our
understanding of regulation of iron homeostasis in the mouse.
Whether the murine gene(s) responsible are related to those
involved in susceptibility to iron loading in humans with HFE
mutations is a question of great interest. If they were, they could
suggest screening strategies to identify individuals likely to
develop more severe clinical manifestations of HH.
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