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Erythropoietic protoporphyria is an inherited disorder of heme bio-
synthesis caused by partial ferrochelatase deficiency, resulting in
protoporphyrin (PP) overproduction by erythrocytes. In humans, it is
responsible for painful skin photosensitivity and, occasionally, liver
failure due to accumulation of PP in the liver. The ferrochelatase
deficiency mouse mutation is the best animal model available for
human erythropoietic protoporphyria. The original description, based
on mice with a BALB/cByJCrl genetic background, reported a disease
resembling the severe form of the human disease, with anemia,
jaundice, and liver failure. Using congenic strains, we investigated the
effect of genetic background on the severity of the phenotype. Com-
pared with BALB/cByJCrl, C57BL/6JCrl mice developed moderate
but increasing anemia and intense liver accumulation of PP with
severe hepatocyte damage and loss. Bile excretory function was not
affected, and bilirubin remained low. Despite the highest PP concen-
tration in erythrocytes, anemia was mild and there were few PP
deposits in the liver in SJL/JOrlCrl homozygotes. Discriminant anal-
ysis using six hematologic and biochemical parameters showed that
homozygotes of the three genetic backgrounds could be clustered in
three well-separated groups. These three congenic strains provide
strong evidence for independent genetic control of bone marrow
contribution of PP overproduction to development of liver disease and
biliary PP excretion. They provide a tool to investigate the physio-
logical mechanisms involved in these phenotypic differences and to
identify modifying genes.

protoporphyrin; bilirubin; chronic hepatitis; ferrochelatase; congenic
strains

ERYTHROPOIETIC PROTOPORPHYRIA (EPP) is an inherited disease of
heme synthesis caused by a partial deficiency of the mitochon-
drial enzyme ferrochelatase (FECH, EC 4.99.1.1), which cat-
alyzes the insertion of ferrous iron into protoporphyrin (PP) IX
(2, 5). Reduced FECH activity results in decreased synthesis of
Hb in red blood cells (RBC) and accumulation of PP, which is
hydrophobic and excreted in bile. PP is highly cytotoxic and
induces tissue damage through reactions with free radicals,
especially in the skin after light exposure (19). The disease is
diagnosed in children who develop painful skin inflammation

after short exposure to sunlight. In �5% of patients, it may
progress to severe hepatobiliary disease and hepatic failure and
may require liver transplantation (13). Patients show a range of
phenotypic severity that is not strictly correlated with the
nature of the mutation (12, 16, 32). However, recent data have
shown reduced levels of FECH enzyme activity (15–30% of
normal) due to the coinheritance of a null allele with a normal
“low-expressed” allele in patients suffering from photoderma-
titis (9–11). Characterization of other genetic risk factors
would be of major medical interest for early identification and
care of patients with high probability of developing severe liver
disease.

Two models of EPP have been reported in the mouse. An
FECH exon 10 deletion was generated by gene targeting,
resulting in a dominant-negative effect and embryonic lethality
of homozygotes (20, 21). Heterozygotes show mild protopor-
phyria with no liver disease. The best animal model is an
ethylnitrosourea-induced point mutation with fully recessive
transmission, named FECH deficiency (symbol Fechm1Pas,
hereafter referred to as fech) (34). In the BALB/cByJCrl
genetic background, to which the mutation was originally
backcrossed, homozygotes show 5% residual FECH activity in
liver and spleen and develop skin lesions, jaundice, and severe
hepatic dysfunction with massive PP deposits. This model,
which mimics the most severe hepatic forms of the disease, has
been used to show that gene and cellular therapy may dramat-
ically improve the condition (7, 8, 25, 29, 30). Influence of the
genetic background on the hepatobiliary phenotype of the
mutation was first suspected when fech/fech homozygous mice
were produced with a compound background of 50% BALB/
cByJCrl, 25% C57BL/6JCrl, and 25% SJL/JOrlCrl. In none of
the 15 fech/fech mice was the serum intensely icteric, as in
BALB/cByJCrl mice (unpublished data). Such background
effects, where the phenotype of single-gene diseases is strongly
influenced by genetic modifiers, have been reported, for exam-
ple, in mouse models of hemochromatosis (6), cystic fibrosis
(14, 15), and colorectal cancer (4).

We developed and characterized congenic strains on the
BALB/cByJCrl, C57BL/6JCrl, and SJL/JOrlCrl inbred back-
grounds to study how each of them modified the hematologic
and hepatobiliary phenotypes of the Fechm1Pas mutation. Re-
sults show that the impact of the mutation on erythropoiesis
and hepatobiliary function is dramatically different between
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the three strains. This study provides evidence for independent
genetic control of the contribution of PP overproduction by the
bone marrow to development of liver disease and biliary PP
excretion. These congenic strains offer a powerful tool to
investigate pathophysiological processes underlying the three
phenotypes and to identify modifying genes.

MATERIALS AND METHODS

Production and maintenance of congenic strains. Wild-type
BALB/cByJCrl, C57BL/6JCrl, and SJL/JOrlCrl mice (BALB/c,
C57BL/6, and SJL, respectively) were purchased from Charles River
Laboratories (L’Arbresle, France). The original Fechm1Pas mutation
(34) had been previously backcrossed to the BALB/c inbred back-
ground for �10 generations. Congenic strains were developed simi-
larly on C57BL/6 and SJL, with 10 generations of backcrossing to the
recipient strain. At each backcross generation and in further crosses,
mouse genotypes were identified by amplification of a genomic
segment encompassing the point mutation that removes a BspHI
restriction site. PCR products were produced and digested as previ-
ously described (3).

All mice were housed in the same animal room throughout the
study. They received unlimited, autoclaved water and irradiated food
pellets. According to standard husbandry procedure, they were main-
tained in filter-top cages with artificial fluorescent light, under a
12:12-h light-dark cycle. All animal procedures were performed in
compliance with the French and European Regulations on Animal
Welfare and with Public Health Service recommendations and were
approved by the Institut Pasteur veterinary staff.

Two series of mice were bred and analyzed. The first series
included six groups (�/� and fech/fech for each congenic strain) of
ten 3-mo-old mice (5 males and 5 females), which were analyzed for
hematologic and biochemical parameters. In the second series, �/�
and fech/fech mice were analyzed at 6 wk, 3 mo, or 6 mo of age (5
males or females per group) for biochemical parameters and FECH
activity. Heterozygous �/fech mice were also analyzed in the second
series at 6 wk and 6 mo of age.

Hematology and biochemistry. Mice were anesthetized by intra-
peritoneal injection of xylazine-ketamine and weighed. Blood was
collected by puncture of the orbital sinus. RBC, Hb, hematocrit (Hct),
mean cell volume (MCV), and mean cell content of Hb (MCCH) were
measured using a Vet’ABC counter (SCIL, Viernheim, Germany).
Total serum bilirubin (TBil), serum alkaline phosphatase (ALP), and
serum aminotransferases [aspartate and alanine aminotransferase
(ASAT and ALAT)] were measured with a VetTest analyzer (IDEXX,
Cergy-Pontoise, France). PP levels in RBC and stools were deter-
mined by a method adapted from Poulos and Lockwood (26). Liver
and spleen FECH activities were determined by synthesis of meso-
porphyrin-Zn, adapted from Li et al. (17). Final mesoporphyrin-Zn
concentration was measured using a fluorometer (model RF540,
Shimadzu, Kyoto, Japan) with 410-nm excitation and 580-nm detec-
tion.

RBC fluorescence was used to evaluate erythrocytic PP concentra-
tion and was measured by flow cytometry using a FACscan analyzer
(Becton-Dickinson). Total blood was diluted 1:15 with 0.9% NaCl.
Geometric mean of RBC fluorescence was measured using the FL3
channel. A 3-mo-old C57BL/6 �/� mouse was used to calibrate the
analyzer, and the value was subtracted from that of every mouse
tested.

Histology. Necropsy and liver histology were performed on �/�,
�/fech, and fech/fech mice at 6 wk and 6 mo of age in the three
congenic strains (3 mice per group). Liver samples were fixed in
Tellyesniczky-Fekete solution during 36 h and dehydrated in 70%
ethanol (28). Sections (5 �m) from the paraffin-embedded samples
were routinely stained with hematoxylin, eosin, and saffran to eval-
uate hepatic lesions. PP deposits were assessed by typical birefrin-
gence under polarized light.

Statistical analysis. One- and two-way ANOVA were performed
with StatView F-4.1 software (Abacus Concepts, Berkeley, CA).
Distribution of values was assessed for normality by comparison with
a normal distribution with the same mean and standard deviation
using a Kolmogorov-Smirnov test. To reach distribution normality,
logarithmic transformation of biochemical parameters (RBC fluores-
cence, TBil, ALP, ASAT, and ALAT) was used for ANOVA. When-
ever possible, nonparametric tests (Mann-Whitney for 2 groups and
Kruskal-Wallis for 3 groups) were performed for these variables, but
they resulted in little variation of P values compared with ANOVA.

Parameters for which the genetic background strongly modified the
effect of the mutation were subjected to discriminant analysis (SPSS
version 11.5.0) to reduce the number of variables that best describe
the differences between mutant mice in the three genetic backgrounds.
Given a set of independent variables, discriminant analysis attempts to
find linear combinations of those variables that best separate the
groups of cases. These combinations are called discriminant func-
tions. The number of discriminant functions is the lower of the
number of original variables and the number of groups less 1. For
example, if the original variables are x1, x2, and x3, the first discrimi-
nant function is d1 � a10 � a11x1 � a12x2 � a13x3, where aij is the
constant coefficient of the jth variable of the ith function. Because the
original variables were measured on different scales, they were
standardized (so that the mean is null and the variance � 1 for every
variable across the population) to compare coefficients. Standardized
aij coefficients with large absolute values correspond to variables with
greater discriminating ability. Group centroids were determined as the
point with the smallest total distance to each individual point of the
group.

RESULTS

Congenic strain production and clinical features. Congenic
strains were produced by �10 generations of backcrossing to
the recipient strain. Therefore, the congenic segment trans-
ferred with the mutation is, on average, 20 cM long (24, 33),
representing �1.5% of the genome. No other donor allele is
likely to be found on any other chromosome.

In the BALB/c and C57BL/6 backgrounds, fech/fech ho-
mozygotes showed growth retardation compared with �/fech
littermates at 3 wk of age and reduction of fertility in adults of
both genders, which was milder in C57BL/6 than in BALB/c
mice (data not shown). These features were not noticed on the
SJL background or in �/fech mice of the three strains. Serum
and urine were icteric in fech/fech homozygotes of the three
backgrounds, but this characteristic was much more intense in
BALB/c mice. Jaundice was visible on ears in young albino
BALB/c and SJL homozygotes. No spontaneous photosensi-
tivity lesions were observed under our husbandry conditions.
Clinical observations suggested that the mutation had a more
severe impact on the general condition in BALB/c and
C57BL/6 than in SJL mice.

Strain differences at 3 mo of age define three variants of the
disease. A first group of mice was analyzed at 3 mo of age,
which corresponds to the age of a young adult mouse. Most of
the parameters we investigated were modified by the mutation,
as reported in the original description of the mutation (34). The
most outstanding features observed in homozygotes, albeit
with very significant variations across strains, were consider-
able increase in liver and spleen size and weight and decrease
in Hb, Hct, MCV, and MCCH due to decreased Hb synthesis
(Fig. 1). RBC fluorescence, used to estimate intraerythrocytic
accumulation of PP, was increased, as was TBil, which corre-
lated with the jaundice observed macroscopically. Serum con-
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centrations of enzymes that reflect hepatocyte (ASAT and
ALAT) or biliary duct cell (ALP) damage were also elevated.

There were very significant differences in these variables
across strains in wild-type mice of the three inbred strains, as
revealed by the results of one-way ANOVA (Fig. 1). In
particular, RBC count, Hb concentration, Hct, and MCV were
highest in BALB/c �/� mice. Other differences that were
found to be significant (such as RBC fluorescence and liver
enzymes) were not due to large variations of the means but to
very small intragroup standard deviations. Similarly, highly

significant differences were found for various parameters be-
tween fech/fech mice of the three backgrounds. However, more
interesting than absolute values is the influence of the genetic
background on the modifications of each variable induced by
the mutation, as measured by the interaction component in
two-way ANOVA (Fig. 1).

Despite the severe hepato- and splenomegaly observed in all
fech/fech mice, resulting in abdomen enlargement, body weight
was reduced in BALB/c and C57BL/6 homozygotes (P �
0.0014 and P � 0.014, respectively), correlating with de-

Fig. 1. Parameters measured in 3-mo-old �/�
and fech/fech mice in BALB/c, C57BL/6, and
SJL mice (10 per group). RBC, red blood cell;
MCV, mean cell volume; Hct, hematocrit;
MCCH, mean cell content of Hb; TBil, total
bilirubin; ALP, serum alkaline phosphatase;
ALAT, alanine aminotransferase; ASAT, aspar-
tate aminotransferase. Values are means � SE.
Asterisks above the x-axis indicate significance
of the effect of genetic background on the phe-
notype of �/� and fech/fech mice (1-way
ANOVA). Asterisks at top of graphs indicate
significance of the influence of genetic back-
ground on modifications of each parameter in-
duced by the mutation, as measured by the inter-
action component in 2-way ANOVA, with geno-
type and strain as factors. NS, not significant.
*P � 0.05; **P � 0.01; ***P � 0.001.
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creased adipose tissue deposits observed at necropsy, consis-
tent with altered general condition. By contrast, body weight
was similar in SJL fech/fech mice and their wild-type litter-
mates (P � 0.2).

The effect of the mutation on hematologic parameters was
also influenced by the genetic background. Although BALB/c
fech/fech mice showed the most dramatic reduction in all
hematologic variables, RBC count increased significantly and
Hb was significantly reduced in C57BL/6 and SJL homozy-
gotes. In SJL fech/fech mice, increased RBC almost compen-
sated for reduced MCCH, so that Hb was 93% that of �/�
mice. Similarly, TBil in fech/fech mice was much higher in
BALB/c than in the two other congenic strains (P � 0.0001).
There was a threefold higher increase of RBC fluorescence in
SJL than in BALB/c or C57BL/6 mice (P � 0.0001). Aminotrans-
ferases were consistently increased across strains, whereas ALP
levels were much higher in BALB/c and SJL than in C57BL/6
mice (P � 0.0001). Taken together, these results show that the
FECH deficiency mutation did not induce the same features in
the three congenic strains.

Discriminant function analysis. To investigate this point
further, we performed discriminant analysis on fech/fech mice
to show that the groups of mutant mice of the three congenic
strains were clearly distinguishable and to identify combina-
tions of variables that best separate these groups. Eight vari-
ables (RBC, Hb, MCV, RBC fluorescence, TBil, ALP, body
weight, and spleen-to-body weight ratio) had been found by
ANOVA to be highly significantly influenced by the genetic
background in fech/fech mice, with P � 0.001. Body and organ
weights are likely a far downstream consequence of the muta-
tion and were, therefore, discarded. Because three groups were
considered, two discriminant functions were calculated, each
of which was a linear combination of the six variables. To
avoid scale effects, variables were standardized so that func-
tion coefficients could be compared between variables. Scatter
plot of all fech/fech mice according to the discriminant func-
tions shows that mutant mice could clearly be separated into
three nonoverlapping groups according to their background
strain (Fig. 2). The separation along the x-axis (function 1)
primarily involved MCV and, almost equally, RBC fluores-
cence, Hb, RBC, and TBil. Function 2 essentially involved
ALP, but also Hb and RBC fluorescence. When the same
discriminant functions were applied to �/� mice, SJL and
C57BL/6 mice were largely overlapping and very close to the
BALB/c mice (data not shown).

Strain differences influence disease progression. Another
group of mice was analyzed at 6 wk, 3 mo, and 6 mo of age to
study disease progression in the three congenic strains. Hema-
tologic consequences of the mutation were apparent at 6 wk of
age in the three genetic backgrounds. Few parameters signifi-
cantly changed with age, despite variations in mean ratios,
mostly because of intragroup heterogeneity. The differences
between congenic strains observed at 3 mo were consistently
confirmed (data not shown).

The consequences of the mutation on the liver observed in
3-mo-old mice generally increased in severity with age. Figure
3 shows the values of fech/fech mice at each time point for
biochemical parameters. The influence of age on the effect of
the mutation was tested statistically for each congenic strain as
the interaction component in two-way ANOVA, with age and
genotype (�/� compared with fech/fech) as factors (Fig. 3).

TBil was much higher in BALB/c fech/fech than in the other
strains at 3 mo of age and increased in adult mice (influence of
age: P � 0.006), indicating severe alteration of liver excretory
function. ALP also showed a highly significant increase with
age (P � 0.0001), reflecting aggravation of biliary duct cell
lesions. A progressive impairment of PP excretion through the
bile was revealed by measurement of PP concentration in RBC
and stools in the three age groups. Although no significant
evolution with age was observed in C57BL/6 and SJL mice,
BALB/c fech/fech mice showed a highly significant increase in
the ratio of PP concentration in RBC to PP concentration in
stools (P � 0.0003; Fig. 3), resulting mostly from a threefold
decrease of PP in stools (P � 0.0001) between 6 wk and 6 mo
of age.

Although high levels of aminotransferases were observed at
6 wk in fech/fech homozygotes across strains (�1,000 vs.
250–440 IU/l in �/�), the highest levels were found in adult
C57BL/6 fech/fech mice (�2,000 IU/l in two of five 6-mo-old
mice). The influence of age was not statistically significant
because of large interindividual heterogeneity. ALP was nor-
mal up to 3 mo of age, as was TBil. At 6 mo, both were 3- and
17-fold higher, respectively, than in wild-type mice, suggesting
progressive impairment of liver excretory function.

SJL fech/fech mice showed the least severe overall pheno-
type. By contrast, they showed the highest levels of RBC
fluorescence at all ages. Liver function was moderately af-
fected, with mild elevation of aminotransferases and ALP. TBil
levels were 5- to 10-fold higher than in wild-type mice across
age points.

Fig. 2. Scatter plot of 3-mo-old fech/fech BALB/c, C57BL/6, and SJL mice
(10 per strain) according to discriminant analysis. For each mouse, x- and
y-axis coordinates are values calculated for the 1st and 2nd discriminant
functions, respectively, using standardized variables. �, Group centroid, i.e.,
point with the smallest total distance to each individual point of the group.
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Heterozygotes were compared with wild-type mice at 6 wk
and 6 mo of age in the three strains. The only significant
observation was a transient anemia in 6-wk-old C57BL/6
�/fech mice, with a 18–19% reduction of Hb (P � 0.0005),
Hct (P � 0.006), and MCV (P � 0.0007). All parameters
returned to normal at 6 mo of age.

Strain differences influence FECH enzyme activity in liver
and spleen. FECH activity was measured in liver and spleen of
6-wk- and 6-mo-old �/�, �/fech, and fech/fech mice (Fig. 4).
Wild-type mice showed identical FECH activity across strains
at 6 wk, but FECH activity was lower at 6 mo in C57BL/6 mice
(P � 0.013). The original description of the Fechm1Pas muta-
tion reported �5 and 55% residual activity in homozygotes and
heterozygotes, respectively. These results were confirmed in
the liver across strains at 6 wk and in BALB/c mice at 6 mo.
At 6 mo, C57BL/6 and SJL heterozygous mice showed higher
activity than expected (both at 79%) compared with �/�.

FECH activity (per g tissue) in 6-wk-old �/fech and fech/fech
mice was significantly lower, in absolute values, in C57BL/6
than in BALB/c or SJL mice (P � 0.009 and P � 0.0013,
respectively).

In the spleen, fech/fech-to-�/� ratios were unexpectedly
high: 14 and 19% in 6-mo-old SJL and BALB/c mice, respec-
tively, and 24–39% in the other groups. Even more surpris-
ingly, the expected 50–60% activity in heterozygotes was
observed only in 6-mo-old BALB/c mice (54%); it was �74%
in all other groups. We ruled out experimental artifacts, be-
cause samples were collected and treated randomly across
groups, and intragroup standard deviations were small com-
pared with intergroup differences. In terms of absolute values,
splenic FECH activity was reduced in C57BL/6 fech/fech mice
compared with BALB/c and SJL mice at 6 wk (P � 0.0004)
and 6 mo (P � 0.024). These results show that genetic
background may influence FECH activity in absolute values or

Fig. 3. Changes with time in selected vari-
ables in 6-wk, 3-mo-, and 6-mo-old BALB/c,
C57BL/6, and SJL mice (5 per group). Val-
ues are means � SE of fech/fech mice, except
for the ratio of protoporphryin (PP) in RBC to
PP in stools, where mean and range of indi-
vidual values are given. Significance of the
influence of age on the effect of the mutation,
as measured by the interaction component in
2-way ANOVA with genotype (�/� com-
pared with fech/fech) and age as factors:
*P � 0.05; ***P � 0.001.

Fig. 4. Ferrochetalase (FECH) activity
(nmol mesoporphyrin-Zn synthesized �mg
protein�1 �h�1) in liver and spleen in 6-wk-
and 6-mo-old �/�, �/fech, and fech/fech
mice (5 per group). Values are means � SE.
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in ratios. The most recurrent finding was a lower FECH
activity in C57BL/6 mice, particularly in the spleen.

Strain differences influence liver pathology. In the three
congenic strains, fech/fech mice showed moderate-to-severe
hepatomegaly (Fig. 1) due to PP hepatocellular deposition and
accumulation, cholestasis, and chronic hepatitis. Under polar-
ized light, PP deposits were observed as small crystals char-
acterized by red-to-yellow birefringence under polarized light
in hepatocytes, bile canaliculi, and Küpffer cells (Fig. 5).

Cholestasis, characterized by bile retention within hepatic
parenchyma, was noticed in enlarged hepatocytes, dilated bile
canaliculi containing elongated green-brown bile plugs, and
portal biliary ducts (Fig. 6). Küpffer cells phagocytosed and
accumulated bile released from ruptured canaliculi. Bile accu-
mulation was sometimes observed in various upstream bile
ducts that had undergone proliferation. Chronic hepatitis con-
sisted of fibrosis and inflammatory infiltrate, which were en-
countered at least in portal tracts and associated with isolated
hepatocyte damage and loss and cell regeneration. The severity
of these features was variable across strains (Table 1, Fig. 6).

At 6 wk, BALB/c fech/fech mice showed moderate PP
deposits and accumulation in hepatocytes, canalicular ducts,

Fig. 5. Liver section of a 6-wk-old BALB/c fech/fech mouse under polarized
light. PP nature of intrahepatic deposits was confirmed by typical red-to-yellow
birefringence in hepatocytes (long arrows), bile canaliculi (arrowheads), and
Küpffer cells (short arrows). In hepatocytes and within biliary canaliculi,
crystals were small and isolated; in Küpffer cells, they were much larger,
clustered, and mixed with bile. Scale bar, 10 �m.

Fig. 6. Hematoxylin, eosin, and saffran stain-
ing of liver sections of 6-wk- and 6-mo-old
fech/fech mice. P, portal tract. A: moderate
accumulation of bile pigment in bile canalic-
uli (arrowheads) and Küpffer cells (short ar-
rows) with moderate chronic hepatitis around
portal tract. B: severe cholestasis in portal
biliary duct due to mixed PP and bile plugs,
responsible for epithelial duct cell damage
and loss (arrowheads). Long arrows, severe
chronic hepatitis with portal tract fibrosis. C:
massive bile accumulation in bile canaliculi
(arrowheads) and Küpffer cells (short ar-
rows). D: enlarged portal macrophages filled
with bile (double arrowheads) and PP, as
revealed by birefringence under polarized
light (inset). Double arrows, chronic hepatitis
with severe cell damage and loss. E: mild
cholestasis associated with moderate chronic
hepatitis, with fibrosis and biliary duct hyper-
plasia (arrows). F: mild periportal fibrosis
(long arrows) and bile accumulation in
Küpffer cells (short arrows).
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and macrophages (Fig. 5). PP deposits decreased with time,
and PP crystals were only observed at 6 mo in rare macro-
phages. Cholestasis was then concentrated in macrophages and
portal biliary ducts, the lining epithelial cells being damaged.
Chronic hepatitis rose from moderate to severe, with portal
fibrosis and biliary duct hyperplasia.

PP accumulation in C57BL/6 fech/fech mice was severe at 6
wk, with high concentrations in macrophages, in which PP
deposits appeared as numerous agglomerated masses of vari-
able size, and in the lumen of biliary canaliculi. Severe cho-
lestasis and chronic hepatitis showed marked hepatocellular
necrosis and regeneration.

PP accumulation was mild at 6 wk and nearly absent at 6 mo
in SJL fech/fech mice. Cholestasis pigment accumulation was
mild to moderate at 6 wk, and bile plugs were found later only
in macrophages. Chronic hepatitis was mild to moderate.

In �/fech and �/� mice, the liver was macroscopically
normal in the three strains. Mild histological lesions were
observed in 6-mo-old C57BL/6 �/fech mice, with PP deposits,
associated with mild cholestasis and mild chronic hepatitis.

The histological features of the liver lesions in �/fech and
fech/fech mice were different between strains with regard to 1)
PP deposition at 6 wk (mild in SJL, moderate in BALB/c, and
severe in C57BL/6), decreasing with time (persistent only in
rare macrophages in SJL and BALB/c and in numerous portal
macrophages in C57BL/6), 2) diffuse cholestasis at 6 wk (mild
to moderate in SJL and moderate in BALB/c and C57BL/6),
with bile plugs mostly found in Küpffer cells and macrophages
at 6 mo, 3) chronic hepatitis (mild to moderate in SJL and
BALB/c and severe in C57BL/6), and 4) evolution of lesions
between 6 wk and 6 mo (decreasing PP deposition and cho-
lestasis in SJL and constant or aggravating in BALB/c and
C57BL/6; Fig. 6, Table 1).

These observations emphasize strain differences in PP de-
posits and clearance with age, pigment macrophage accumu-
lation, and necrosis and regeneration of biliary epithelial cells
and hepatocytes.

DISCUSSION

EPP is one of the inherited disorders originally considered as
being transmitted in a Mendelian fashion, in which additional
genetic factors must be involved to explain phenotypic diver-
sity. The major complication of EPP, which affects �5% of
patients, remains the development of severe hepatobiliary dys-
function progressing to liver failure, which is fatal in the
absence of liver transplantation.

The FECH deficiency mouse mutation has proven to be a
valuable animal model for EPP studies. Gene (8, 25, 29, 30)
and cellular (7) therapy experiments showed that correcting the
FECH deficiency results in very significant improvement of
hematopoietic and liver functions. Recent work has focused on
liver pathology, which is a key feature of this model (18).
However, when this mutation is maintained on the BALB/c
genetic background, it mimics the most severe hepatic forms of
the human disease. Because liver pathology and PP accumu-
lations in RBC develop in the 1st wk, it is difficult to establish
the respective implications, in liver PP loading, of PP release
from degraded RBC and of PP synthesis by the liver. This
study started with the unexpectedly mild jaundice observed in
fech/fech mice resulting from an F2 cross between the mutant
strain and (C57BL/6 	 SJL)F1 mice, which suggested that the
phenotype of the fech mutation is strongly influenced by the
genetic background.

Most studies published on genetic background effects have
focused on the mapping of genetic modifiers in segregating
crosses between two inbred strains. Although such studies
point to putative genomic locations, the phenotypes are neither
fixed nor reproducible, because each F2 mouse is genetically
unique. As a consequence and because each mouse provides a
limited source of material, pathophysiological mechanisms
responsible for phenotypic differences between individuals
cannot be investigated in depth. In addition, the designated
genomic regions are large, and gene identification requires
substantial additional work. In contrast, congenic strains are
genetically and phenotypically stable populations that can be
thoroughly characterized to precisely delineate phenotypic dif-
ferences, understand their underlying mechanisms, and provide

Fig. 7. Model of pathophysiology of eryth-
ropoietic protoporphyrin (EPP). Boxed ar-
rows indicate congenic strains where the
phenotype is observed, with intensity re-
flected by font size. SJL mice are character-
ized by pronounced PP accumulation in RBC
but reduced PP deposition in the liver.
C57BL/6 (B6) show marked intracellular PP
deposits, associated with cell damage and
loss, and chronic hepatitis. BALB/c mice
develop anemia and show obstruction of bil-
iary ducts by PP deposits, impairing bilirubin
fecal excretion.

Table 1. Lesions observed in 6-wk- and
6-mo-old fech/fech mice

Lesion Type

BALB/c C57BL/6 SJL/J

6 wk 6 mo 6 wk 6 mo 6 wk 6 mo

PP deposits 2 0–1 3 3 1 0–1
Cholestasis 2 3 2 2 1–2 0–1
Chronic hepatitis 2 3 3 3 1–2 1–2

0, None; 1, mild; 2, moderate; 3, severe. PP, protoporphyrin.
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stable and reproducible animal models for a human disease (1,
6, 27, 31).

We have developed congenic strains by introducing the
FECH deficiency mutation in the C57BL/6 and SJL inbred
backgrounds. Our results demonstrate that the same mutation
results in very different forms of the disease in the three strains.
BALB/c fech/fech mice develop hypochromic and microcytic
anemia, with 25% reduction of Hb and 21% decrease of Hct at
6 wk, which does not improve with age. PP overproduction by
RBC results in moderate pigment deposits in the liver. How-
ever, impairment of the liver excretory function is rapid and
profound, as shown by elevated TBil and ALP levels and by
progressive decrease in fecal PP excretion. C57BL/6 fech/fech
mice show moderate anemia, with 19% Hb reduction and 15%
Hct decrease at 3 mo. This strain shows by far the most
pronounced liver accumulation of pigment, with very large
deposits in hepatocyte cytoplasm, Küpffer cells, bile canaliculi,
and periportal bile ducts. This was characterized by increasing
levels of aminotransferases and by chronic hepatitis with ag-
gravating hepatocellular damage and loss. However, the liver
excretory function was almost unaffected, with high PP fecal
excretion and ALP and TBil concentrations moderately in-
creased only in 6-mo-old mice. SJL fech/fech mice were
undoubtedly the least affected, with discrete hypochromic
anemia and mild liver lesions. These mice had the highest PP
concentration in RBC but the mildest PP loading in the liver.

The three forms of EPP described here are contrasted by the
panel of parameters measured. Differences are so obvious that
six clinical parameters were sufficient to unequivocally assign
every mutant mouse to its proper group by discriminant anal-
ysis, a method that aims at reducing the number of quantitative
variables necessary to describe individuals without loss of
much information. The same functions did not discriminate
wild-type mice of the three strains, suggesting that the classi-
fication of fech/fech mice did not result from differences
intrinsic to the background strains, but from the different
effects of the mutation in the three congenic strains.

The pathophysiological events associated with EPP can be
summarized as shown in Fig. 7. It is generally accepted that 1)
FECH deficiency results in reduced Hb synthesis and in-
traerythrocytic PP accumulation, 2) PP released in the plasma
is taken up by the liver, where it precipitates because of its high
hydrophobicity, 3) PP deposits in hepatocytes cause cell dam-
age and loss, resulting in fibrosis and regeneration, and 4) PP
crystals in biliary ducts impair excretion of bilirubin-rich bile
(2). However, this general model is challenged by our obser-
vations (Fig. 7). Indeed, the most compelling result from this
study is the absence of correlation between Hb deficit, PP
accumulation in RBC, PP deposits in the liver, hepatocellular
damage, and jaundice. Although all strains displayed a similar
decrease in MCCH at 3 mo (Fig. 1), accumulation of PP in
RBC was 3.4-fold higher in SJL than in C57BL/6 mice.
However, liver PP deposits were considerably more important
in C57BL/6 than in SJL mice.

Our data, based on genetically defined congenic strains,
provide evidence for independent genetic control of PP accu-
mulation in RBC and of PP clearance and accumulation by the
liver. The high PP concentration in the RBC of SJL fech/fech
mice may result from higher activity of enzymes upstream
FECH, which influences the amount of PP produced as a final
metabolite, or from reduced release of PP by RBC. A potential

modifying gene could also be the Abcg2 transporter, which was
recently shown to play a role in regulating PP IX levels during
erythroid differentiation (35).

Our histological observations suggest that the genetic back-
ground may influence the preferential site of PP deposition in
the liver. Although overall PP accumulation in the liver was
lower in BALB/c than in C57BL/6 mice, BALB/c mice devel-
oped bile excretory failure with increased ALP and TBil due to
bile duct obstruction with PP precipitates. On the contrary,
C57BL/6 mice showed marked intracellular PP deposits in the
liver, associated with hepatocyte damage and loss and chronic
hepatitis. Recently, using the congenic strains described here,
Navarro et al. (23) reported increased mitochondrial respira-
tory chain enzyme activities in BALB/c and SJL fech/fech
compared with �/� mice. Such an increase, which could play
a protective role against the cytotoxic effects of PP, was not
observed in C57BL/6 mice.

The direct role of the level of FECH activity remains
unclear. The three congenic strains did not significantly differ
in liver FECH activity. The puzzling data obtained for the
spleen could be due to different cellular composition between
strains and genotypes.

The three congenic strains provide unparalleled material to
unravel the pathophysiological mechanisms and identify genes
that control the phenotypic differences reported here. However,
demonstrating the molecular nature of genes underlying quan-
titative modifications of a phenotype remains a long and
tedious process that requires additional crosses and congenic
strains.
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