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Hexachlorobenzene-induced porphyria is iron de- 
pendent and characterized by the decreased activity of 
uroporphyrinogen decarbowlase and the accumu- 
lation of porphyrins in the liver. To examine the 
relationship between iron and porphyrins in liver 
tissue, we performed a biochemical and morphological 
(histological, ultrastructural and morphometrical) 
study in the livers of C57BL/10 mice. Mice were treated 
with hexachlorobenzene, iron dextran or the combi- 
nation of hexachlorobenzene and iron dextran. An 
accumulation of porphyrins and an increased total 
iron content were found not only in the livers of mice 
treated with hexachlorobenzene and iron dextran but 
also in mice treated with iron dextran alone. In 
contrast, the amount of porphyrins was only slightly 
increased in the livers of mice treated with hexachlo- 
robenzene alone. Needle-like structures, representing 
uroporphyrin crystals, were observed, histologically 
and ultrastructurdy, in hepatocytes of mice treated 
with hexachlorobenzene and iron dextran and with 
iron dextran alone. Uroporphyrin crystals and ferritin 
iron were found in the same hepatocyte. A single 
uroporphyrin crystal, surrounded by ferritin iron, was 
observed in a hepatocyte of a mouse treated with 
hexachlorobenzene alone. Both in the livers of mice 
treated with hexachlorobenzene and iron dextran and 
in the livers of mice treated with iron dextran alone, 
morphometrical analysis showed that an increased 
area fraction of uroporphyrin crystals was associated 
with an increased area fraction of ferritin iron in 
hepatocytes. 

Conclusions: In C57BL/10 mice, experimental por- 
phyria can be induced by iron overload alone; uro- 
porphyrin crystals and ferritin iron are located in 
the same hepatocyte; and the morphological co- 
occurrence of uroporphyrin crystals and ferritin iron 
in hepatocytes suggests a role for iron (as ferritin) in 
the pathogenesis of porphyria. (HEPATOLOGY 1991; 14: 
1179-1 188.) 
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Several polyhalogenated aromatic hydrocarbons 
(PAHs), including hexachlorobenzene (HCB), produce 
in humans and animals a form of hepatic porphyria 
closely resembling human porphyria cutanea tarda 
(PCT). Both PCT and experimental porphyria are 
characterized by the decreased activity of uroporphy- 
rinogen decarboxylase (URO-D; EC 4.1.1.37) and by the 
accumulation of uroporphyrins and heptacarboxylpor- 
phyrins in the liver (1-3). 

The exact mechanism of HCB-induced porphyria is 
not clear. It has been demonstrated that the adminis- 
tration of HCB or other PAHs causes the induction of a 
particular isoenzyme of cytochrome P-450, cytochrome 
P-45OIa2 (4, 5) .  No evidence exists that HCB is con- 
verted by a cytochrome P-4504ependent reaction to 
metabolites that inhibit URO-D (6, 7). Because PAHs, 
including HCB, are poor substrates for the cytochrome 
P-450 isoenzyme, recently favored theories suggest that 
the induction of cytochrome P-45OIa2 by HCB could lead 
to the uncoupling of the microsomal system. Subse- 
quently, reactive oxygen species could be produced (5 ,  
8-14) that, under certain circumstances, initiate the 
formation of an inhibitor of URO-D (12, 14-16) and/or 
oxidize uroporphyrinogen to uroporphyrin (11, 13). 
Because uroporphyrin is not a substrate for URO-D, 
accumulation results (17). As in human PCT, iron is 
important in HCB-induced porphyria (1,9,18-25). If, as 
a result of cytochrome p-450 induction, reactive oxygen 
species such as the superoxide radical are produced and 
“free” iron is present, the highly reactive hydroxyl 
radical (OH) could be formed by way of the Haber-Weiss 
reaction (26). In the presence of the hydroxyl radical a 
variety of reactions could be initiated (27, 28). 

In PCT, histological and ultrastructural (light mi- 
croscopy [LMI and electron microscopy [EM]) studies 
revealed needle-like structures, representing uropor- 
phyrin crystals, in hepatocytes (29-37). In addition, in 
HCB-induced porphyria research four morphological 
studies have been published (38-411, of which only one 
study reported the presence of needle-like structures in 
hepatocytes (39). In PCT and in experimental porphyria 
the nature of the endogeneous iron pool involved and its 
correlation with the site within the liver where uropor- 
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phyrin production takes place are not clear. In PCT, one 
LM study investigated the histological relationship 
between porphyrins and iron, reporting that no corre- 
lation was seen between areas of porphyrin fluorescence 
and areas of stainable iron (42). Regarding HCB-induced 
porphyria, no study on the morphological relationship 
between porphyrins and iron has been published. We 
therefore performed a biochemical, histological, ultra- 
structural (both LM and EM) and morphometrical study 
on livers of C57BL/10 mice that were treated with HCB, 
iron dextran as Imferon (IMF) or the combination of 
HCB and IMF. 

MATERIALS AND METHODS 
Chemicals. HCB was purchased from Merck AG (Darm- 

stadt, Germany) ferrihydroxide-dextrane (Imferon) was pur- 
chased from Fisons Pharmaceuticals (Vleusden, The Nether- 
lands) and Avertin was purchased from Aldrich-Chemie 
GmBH & Co. (Steinheim, Germany). All other chemicals were 
of the highest purity commercially available. 

Animals and Treatment. This study was performed ac- 
cording to the “Regulations for use of laboratory animals in 
the Erasmus University Rotterdam” laid down by the Labo- 
ratory Animal Committee of the Erasmus University. Male 
C57BL/10 mice, weighing 20 to 25 gm, were purchased from 
the Centraal Proefdier Bedrijf (Zeist, The Netherlands). The 
mice were divided into five groups: groups 1 to 3 consisted of 
10 mice each, and groups 4 and 5 consisted of 4 mice each. Mice 
in group 1 were treated with 16 mg of HCB in two doses of 
8 mg. HCB dissolved in 0.4 ml warm corn oil was injected 
intraperitoneally. Mice in group 2 were treated with IMF, 
12 mg/mouse, also injected intraperitoneally. Mice in group 
3 were treated with the combination of HCB (16 mg/mouse) 
and IMF (12 mg/mouse) intraperitoneally. HCB was given in 
two doses of 8 mg, on day 1 and day 4, and IMF was given on 
day 1. Mice in group 4 received only 0.4 ml warm corn oil 
intraperitoneally on day 1 and day 4, and mice in group 5 were 
not treated. 

Urine from the mice was collected once a week for the 
determination of porphyrin excretion. For this purpose mice 
were housed for 24 hr in metabolic cages. Urinary porphyrin 
excretion increased after 3 wk in group 3 and after 9 wk in 
group 2. After 26 wk urinary porphyrin excretion remained 
almost undetectable in groups 1, 4 and 5. Uroporphyrin 
excretion was maximal in group 3 after 14 wk. From 14 wks up 
to 26 wk, uroporphyrin excretion remained at the same level 
in group 3. In group 2, uroporphyrin excretion increased more 
slowly; however, it was still increasing after 26 wk. Therefore 
we decided to do the observations for this study at 18 wk. 

Under anesthesia with Avertin, two liver lobes were re- 
moved for the measurement of total porphyrin content, 
hepatic URO-D activity and total iron content in four livers of 
mice in groups 1 to 3 and of two mice in groups 4 and 5. For 
the LM and EM study of the remainder of the liver, the portal 
vein was cannulated, and the liver was perfused with 3% 
glutaraldehyde in 0.14 mom cacodylate buffer, pH = 7.4 (275 
mOsm), at 37” C. Frozen sections were prepared from the livers 
of two mice in groups 1 to 3. For this purpose unperfused livers 
were removed from anesthesized mice and immediately frozen 
in liquid nitrogen. 

Measurement of Porphyrins. For the measurement of por- 
phyrins in the livers, the lobes were homogenized to yield a 
10% homogenate in Tris-HC1 buffer (50 mmol/L, pH = 8.0), 
which was centrifuged for 10 min at 1,800 g. After freeze- 

drying and methylation the porphyrins in liver tissue were 
measured by high-pressure liquid chromatography as de- 
scribed earlier (43). Protein was measured according to Lowry 
et al. (44). The amount of porphyrins was expressed in 
picomoles per milligram of protein. 

URO-D activity. URO-D activity was assayed in supernatant 
fractions of homogenates of liver tissue as previously described 
by Francis and Smith (45)) using pentacarboxylporphyrinogen 
I as substrate. Protein was measured according to Lowry et al. 
(44). URO-D activity was expressed as the amount of copro- 
porphyrinogen I formed in picomoles per minute per milligram 
of protein. 

Total Liver Iron Content.Total liver iron content was 
determined using a modification of the method described by 
Harris (46). Homogenized liver tissue was dried at 110” C 
overnight. The amount of liver tissue was weighed with an 
accuracy of 0.01 mg. To the dried tissue, 0.2 ml perchloric acid 
(70% wt/vol) was added, and this was heated. After cooling, 
distilled water was added until a volume of 2.0 ml was reached. 
From this solution 0.2 ml was taken, and 0.1 ml HCl(1 mom), 
0.2 ml ascorbic acid (25 gmL), 0.1 ml sodium acetate 
(saturated) and 0.2 ml Ferrozine (Sigma Chemical Co., 
St. Louis, MO) were added. This solution was vigorously 
mixed. After 10 min the extinction was measured at 562 nm 
against four standard iron solutions of 20, 50, 150 and 300 
pmom each. Each of the standards was made separately. The 
amount of liver iron was expressed as mmol/lOO gm dry wt. 

LM and EM Study. For LM, a part of the fixed liver was 
dehydrated briefly through graded alcohol series, embedded in 
paraffin, serially sectioned and stained. The staining protocol 
included Gill’s hematoxylin stain (with reduced water contact) 
(32), the ferric ferricyanide reduction test in Lillie’s modifi- 
cation and Perls’ Prussian blue stain for ferric iron (47). 
Histological results, birefringence and fluorescence (excitation 
filter with a transmission range of 300 to 420 nm and an 
absorption filter with a transmission peak above 610 nm) were 
studied with a Zeiss axioplan microscope (Carl Zeiss, 
Oberkochen, Germany). 

Because uroporphyrins have been described to be water 
soluble (29,321, two procedures were used for EM. First, small 
blocks were taken randomly from the fixed livers, dehydrated 
briefly through graded acetone series and embedded in Epon 
(direct method). Second, paraffin-embedded liver blocks, in 
which needle-like structures were found with LM, were 
deparaffined with xylol, followed by immersing in acetone and 
embedding in Epon (indirect method). Ultrastructurally, no 
essential differences were seen between liver tissue processed 
according to either the direct or the indirect method (results 
not shown). Ultrathin sections (60 nm) were collected on 
copper grids and examined with and without conventional 
staining (uranyl acetate and lead citrate) in a Zeiss EM 902 
transmission microscope (Carl Zeiss). This instrument is 
equipped with an integrated electron spectrometer allowing 
high-resolution imaging with energy-filtered electrons (i.e., 
electron spectroscopic imaging [ESII). For technical details see 
Sorber et al. (48, 49). 

Morphometrical Procedure. To determine the area fraction 
(expressed as a percentage of the measured cytoplasmic frame 
area) of uroporphyrin crystals and ferritin-iron core particles, 
the image analyzer IBAS 2000 (KontrodZeiss, Munich, 
Germany) was used. Grey-value frequency histograms were 
used for objective segmentation and discrimination between 
ferritin and uroporphyrin crystals. For technical details see 
Sorber et al. (48, 49) and Cleton et al. (50). Unstained Epon 
sections, 500 to 750 nm thick, were visualized by reflection 
contrast microscopy with the use of a Zeiss antiflex plan- 
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TABLE 1. Biochemical data of liver tissue in different groups of mice after 18 wk 

Treatment 
W O P  

Porphyrin content" 
URO-D 

n URO C T  activityb h n  content' 

1. HCB 4 2.0 L 0.4 - 36.4 i- 1.4 0.5 2 0.2 
2. IMF 4 150 2 3ad 17 i 3.1' 3.2 L l .Od 10.1 * 0.8d 
3. HCB and LMF 4 439 +- 43d 49 i 5.8" 2.6 i O.gd 9.9 5 0.7d 
4. Corn oil 2 - - 39.1 i 1.2 0.4 c 0.2 
5. Control 2 - - 39.8 i 1.4 0.4 c 0.2 

URO = uroporphyrin; C7 = heptacarboxylporphyrin; - = not increased 
"Mean ( c S.D.) in picomoles per milligram protein. 
'Mean (c S.D.) in picomoles per minute per milligram protein. 
'Mean ( ?  S.D.) in mmoVlOO gm dry weight. 

'p i 0.005. 
dp < 0.001. 

neofluar, 63d1.25, Ph3, oil-immersion objective (51, 52). 
Images were transfered to the IBAS with a sensitive camera 
mounted on the Zeiss axioplan. Because only a single uropor- 
phyrin crystal and nearly no ferritin iron were detected in the 
livers of mice treated with HCB alone, only the livers of mice 
treated with the HCB and IMF combination and the livers of 
mice treated with IMF alone were measured. In liver sections 
from each treatment group, 40 cytoplasmic areas of 8,100 pm2 
were randomly selected and measured for both the area 
fraction of uroporphyrin crystals and the area fraction of 
fenitin iron present in each area. 

Statistics. Total porphyrin content, indirect URO-D activity 
and total iron content in the livers of the various groups were 
tested for significant differences using the Wilcoxon's rank 
sum test. 

RESULTS 
Biochemistry. Results of mean k S.D. liver porphyrin 

content, mean ( 2 S.D.) hepatic URO-D activity and 
mean (2S.D.) total liver iron content in the different 
groups of mice at 18 wk are given in Table 1. In group 
3 and to a lesser extent in group 2, hepatic uropor- 
phyrins and heptacarboxylporphyrins were significantly 
increased compared with group 5 .  No significant in- 
crease of liver porphyrins in groups 1 and 4 was seen. 
URO-D activity was significantly decreased in groups 2 
and 3 but not in groups 1, 4 and 5 .  Total liver iron was 
significantly increased in mice treated with IMF (groups 
2 and 3). To exclude the possibility that different lobes 
had different porphyrin content, URO-D activity and 
iron content, we determined these parameters in dif- 
ferent lobes of two livers of mice in groups 1 ,2  and 3. No 
interlobar differences were found. 

Morphological Observations. On macroscopic exami- 
nation, the livers of mice treated with HCB (groups 1 
and 3) were slightly enlarged compared with the livers of 
mice in groups 2 , 4  and 5. The color of the livers of mice 
in group 1 was yellow, in group 2 it was dark brown and 
in group 3 it was yellowish brown compared with the 
normal color of the livers in the control groups (groups 
4 and 5). 

Light Microscopy. LM examination in all five groups 
did not show evidence of inflammatory infiltration, 
spotty necrosis or fibrosis. In groups 2 and 3 the nuclei 
of the hepatocytes appeared somewhat enlarged com- 

pared with the other groups, and some nuclei contained 
up to three nucleoli. This was more pronounced in group 
3 than in group 2. In hepatocytes of mice treated with 
either HCB in corn oil (groups 1 and 3) or corn oil alone 
(group 4), an increased amount of fine lipid droplets with 
a patchy distribution was found in approximately 50% of 
the hepatocytes. In hepatocytes of mice in group 3 and 
to a lesser extent in group 2, needle-like structures were 
present (Fig. la), which displayed birefringence after 
examination with polarized light (Fig. lb). In serially cut 
sections the ferric ferricyanide reduction test in Lillie's 
modification showed needle-like structures in group 3 
and to a lesser extent in group 2 (Fig. lc). With Perls' 
Prussian blue stain, an increased amount of ferric iron 
was found to be located diffusely throughout the liver in 
livers of mice in groups 2 and 3, both in hepatocytes and 
in Kuppfer cells (Fig. Id). In contrast to the iron 
distribution, the needle-like structures were not regu- 
larly distributed but were found in relatively circum- 
scribed areas in the liver, occupying about 50% of 
hepatocytes. Both needle-like structures and ferric iron 
were found to be located in the same hepatocyte 
(compare Fig. la-d). 

We extended the study to examine whether needle-like 
structures also displayed fluorescence with W light. 
When liver tissue of all five groups was examined with 
U V  light, a diffuse autofluorescence was noticed that 
was caused by the use of glutaraldehyde fixation (47). 
Therefore frozen sections were used. In the livers of mice 
of groups 2 and 3, it was noticed that areas with 
needle-like structures (Fig. 2a) displayed fluorescence 
(Fig. 2b); however, fluorescence seemed more wide- 
spread and not limited to needle-like structures alone. 

Comparison of LM with EM. Light microscopical and 
ultrastructural aspects of an unstained, ultrathin 
section containing a needle-like structure were com- 
pared in Figures 3a-c. With EM, the birefringent needle 
of Figure 3a appeared to be largely electron dense (Fig. 
3b, c). 

Electron Microscopy. In the livers of mice in which 
biochemically porphyrins accumulated (groups 2 and 3), 
in general only minor alterations in the ultrastructure of 
the hepatocytes were found. Comparing groups 1,4 and 
5,  we observed that relatively more nuclei were hetero- 
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FIG. 1. Light micrographs (original magnification x 650) of the same field in four sequential sections of a liver from a mouse treated with 
hexachlorobenzene and iron dextran. (a) Gill’s hematoxylin stain. Needle-like structures in hepatocytes display a brown color (arrows). (b) 
Polarized light. Needle-like structures display birefringence. ( c )  Ferric ferricyanide reduction test in Lillie’s modification. Needle-like structures 
in hepatocytes s t a i n  dark blue. (d) Perls’ Prussian blue stain. Blue staining in hepatocytes and Kuppfer cells indicates the presence of ferric 
iron. 

chromatic and that their contours were indented. 
Sometimes the intercellular area between adjacent 
hepatocytes was widened. In these areas, microvilli, 
formed by the lateral surfaces, were found to be 
projecting into the lumen (Fig. 4, arrowheads). In all 
four treatment groups the ultrastructure of bile 
canaliculi appeared to be affected; the lumen was 
enlarged with broadening or loss of microvilli (e.g., Figs. 
4 and 5, arrows). Both the use of a large amount of corn 
oil (0.4 ml) and the iron preparation probably attributed 
to the alterations of the ultrastructure of bile canaliculi 
in groups 1 through 4. The ultrastructure of mito- 
chondria and (rough and smooth) endoplasmic re- 
ticulum was similar in all five groups. In hepatocytes of 
mice treated with corn oil (groups 1, 3 and 41, an 
increased amount of lipid droplets was found (e.g., Fig. 
5) .  Examination of unstained Epon sections showed 
needle-like stuctures in hepatocytes of mice of group 3 
and to a relatively lesser extent in group 2. In group 1 
only a single needle-like structure was observed. 
Needle-like structures were randomly located in the 
hepatocyte. In group 3, at low magnification numerous 
needle-like structures (Fig. 6a) were located in hepato- 

cytes loaded with lipid droplets. Some occupied the same 
vacuole as the lipid (Fig. 6b), but others were found lying 
entirely or partly free in the cytoplasm (Fig. 6c). Iron in 
the cytoplasm of hepatocytes is best seen at higher mag- 
nification (Fig. 6c). It was found as hemosideridferritin 
in siderosomes (iron-containing lysosomes) (Fig. 6a), as 
ferritin in vacuoles (Fig. 6a), sometimes as lipid- 
associated ferritin (Fig. 6b) and as cytoplasmic ferritin 
(Fig. 6c). Frequently, cytoplasmic ferritin formed aggre- 
gates called ferritin clusters (Fig. 6c). The iron nature of 
the ferritin particles in clusters and siderosomes could 
be unequivocally established with the Zeiss EM 902 
electron spectrometer (results not shown) (53). Quali- 
tatively, no significant differences were seen in the 
aspect of the needle-like structures and the iron distri- 
bution in hepatocytes between group 3 (Fig. 6 a-c) and 
group 2 (Fig. 7 a, b). The only difference between the two 
groups was the relative scarcity of lipid droplets 
in group 2. In hepatocytes of mice in group 1, very 
little ferritin iron was present. The needle-like 
structure, which was observed in these hepatocytes, was 
surrounded by ferritin (Fig. 8). 

Morphometrical Analysis. The results of the morpho- 
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FIG. 2. (a) Light micrograph (original magnification x 1,000) (phase-contrast) of a frozen section of liver tissue of mouse treated with iron 
dextran, showing needle-like structures. (b) Light micrograph (original magnification x 1,000) of the same field, showing fluorescence in areas 
with the needle-like structures of Figure 2a. Note that fluorescence was more widespread and not limited to needle-like structures. 

FIG. 3. Light micrograph of an ultrathin, unstained Epon section, mounted on a grid, of a mouse treated with hexachlorobenzene and iron 
dextran, demonstrating a needle-like structure (arrow) (original magnification x 500). (b) Electron micrograph of the same area showing the 
same needle-like structure (bar = 2.5 pm). (c) High-power electron micrograph of the same needle-like structure. Note the alternating areas 
of different electron density (bar = 2.5 pm). 

metrical analysis in the livers of mice treated with HCB 
and IMF and in the livers of mice treated with IMF alone 
are given in Fig. 9a-b. As can be seen from this figure, an 
increased area fraction (expressed as a percentage of the 
measured cytoplasmic frame area) of uroporphyrin 
crystals present in each area was associated with an 
increased area fraction of ferritin iron. The difference 
between the two treatment groups was the increased 
area fraction of uroporphyrin crystals in the livers of 
mice treated with HCB and IMF compared with the 
livers of mice treated with IMF alone. However, the ratio 
between uroporphyrin crystals and ferritin iron was the 
same in both treatment groups (HCB and IMF: 
Y = 0.41 + 2.02 X; IMF: Y = 0.46 + 2.08 XI. 

DISCUSSION 
A biochemically increased amount of hepatic por- 

phyrins (Table 1) was found to coincide light microscop- 
ically with the presence of needle-like structures in liver 
parenchymal cells C57BL/10 mice (Figs. la-c, 3a). 
Electron microscopically, these needle-like structures 
appeared to be of alternating density (Fig. 3b, c). The 
needle-like structures represent uroporphyrin crystals 
because uroporphyrin I and 111, crystallized in uitro, 
displayed the same ultrastructural characteristics (33). 
Uroporphyrin crystals were presumably synthesized in 
vivo in the liver because they were found in frozen 
sections (Fig. 2a). In areas where needle-like structures 
were found, fluorescence was also detected. The fluores- 
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FIG. 4. Low-power electron micrograph (stained section) of hepatic 
parenchymal cells of a mouse treated with iron dextran. Note 
interdigitation of lateral cell membranes (arrowheads) and loss of 
microvilli in bile canaliculus (arrow). Aspect of other cell organelles is 
normal. S = siderosome (iron-containing lysosome) (bar = 2.5 pm). 

cence was not limited to uroporphyrin crystals but 
rather was more widespread in the surrounding cyto- 
plasm (Fig. 2b). In accordance with an observation of 
Fakan and Chlumska (37), needle-like structures re- 
duced ferric iron in the ferric ferricyanide reduction test, 
leading to a blue color in needle-like structures (Fig. lc) 
(54). It seems unlikely that uroporphyrin crystals are 
responsible for the color reaction in the ferric ferricy- 
anide reduction test because uroporphyrins are oxidized 
uroporphyrinogens. Whether the observed fluorescence 
(Fig. 2b) and the reducing substance responsible for the 
color reaction in the ferric ferricyanide reduction test 
(Fig. lc) are the result of a mixture of (ur0)porphyrino- 
gens and (uro)porphyrins surrounding the uropor- 
phyrin crystals remains to be established. Accumulation 
of uroporphyrins and heptacarboxylporphyrins and in- 
hibition of URO-D were found not only in the livers of 
mice treated with HCB and IMF but also in mice treated 

FIG. 5. Electron micrograph of hepatic parenchymal cells (stained 
section) of a mouse treated with hexachlorobenzene and iron dextran. 
Note abundance of lipid droplets and loss of microvilli in bile canaliculi 
(arrows). Aspect of other cell organelles is normal. S = siderosome 
(iron-containing lysosome); L = lipid droplet (bar = 2.5 pm). 

with IMF alone. The only difference was that in the 
livers of mice treated with IMF alone the amount of 
porphyrins at 18 wk was less marked than in mice 
treated with HCB and IMF (Table 1). We were surprised 
to find that iron overload alone was capable of inducing 
porphyria in this strain of mice. Recently, this 
finding was also reported by Smith et al., (55) and 
Smith and De Matteis (56), using the same iron 
preparation. Iron dextran has been described as accu- 
mulating in hepatocytes as ferritin iron 3 to 4 wk after 
parented administration (57). Evidence on the role of 
HCB in experimental porphyria suggests that HCB 
induces cytochrome P-45OIa2 (4, 5), resulting in the 
production of oxidizing species (5,8-14). The role of iron 
is explained by its ability to participate in free radical 
processes (26-28). Induction of the cytochrome P-450 
system appears to depend on the binding of the chemical 
to a receptor protein (Ah phenotype) (4). Greig et al. (58) 
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FIG. 6. Electron micrographs of a hepatic parenchymal cell (unstamed section) of a mouse treated with hexachlorobenzene and iron dextran. 
(a) Note uroporphyrin crystals (UP) surrounded by siderosomes (iron-containing lysosomes, S )  and lipid associated and/or vacuolar ferritin (F). 
L = lipid droplet (bar = 0.6 km). (b) Same section at higher magnification. Note association of uroporphyrin crystal (UP) and ferritin with lipid 
droplets (bar = 0.6 km). (c) High-power electron micrograph of the same section, showing a uroporphyrin crystal (UP) surrounded by 
cytoplasmic ferritin clusters IFClJ and cytoplasmic ferritin (CpFI (bar = 0.6 km). 

1 

! .) 

FIG. 7. Electron micrographs of a hepatic parenchymal cell (unstained section) of a mouse treated with iron dextran. (a) Note association of 
uroporphyrin crystal (UP) with a siderosome (iron containing lysosome, S).  FC1 = ferritin cluster; M mitochondrion (bar = 0.6 km). (b) Same 
section. Note close association of uroporphyrin crystal with ferritin clusters (FC1) and ferritin containing vacuoles (FV). CpF = cytoplasmic 
ferritin; M = mitochondrion (bar = 0.6 pm). 

found that 2,3,7,8-tetrachlorodibenzo-p-&oxin, another 
PAH, induced porphyna both in C57BL/10 mice (Ah 
responsive) and in AKR mice (Ah nonresponsive). The 
2,3,7,8-tetrachlorodibenzo-p-dioxin did not induce por- 
phyria in DBN2 mice (also Ah nonresponsive), even with 
concomitant iron administration. These results, and 
ours, suggest that the induction of the cytochrome P-450 
system is not an absolute requirement for porphyria to 
develop. As a possible explanation for this observation, 

Cheeseman et al. (59) recently reported that 
NADPH/ADP iron-dependent lipid peroxidation in mi- 
crosomes of C57BL/6 mice (Ah responsive) and AKR 
mice was increased twofold compared with microsomes 
of DBN2 mice, suggesting that iron-catalyzed free 
radical-mediated processes are important in inducing 
porphyria. This difference in lipid peroxidation was also 
found in microsomes of C57BL/10 mice compared with 
microsomes of DBN2 mice (55). The role of iron is 
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FIG. 8. Electron micrograph of a hepatic parenchymal cell (un- 
stained section) of a mouse treated with hexachlorobenzene. Note 
association of uroporphyrin crystal (UP) with ferritin (F) (bar = 0.6 
bm). 

further illustrated by findings of Smith et al. (601, who 
described that the development of porphyria in rats 
treated with HCB alone depended on the endogenous 
iron content of the liver. 

Petryka, Kostich and Dhar (42) were not able to 
demonstrate iron and porphyrin fluorescence in the 
same hepatocyte in PCT. They concluded that certain 
cells preferentially accumulate either porphyrins or 
iron. In contrast to their findings, we observed in 
hepatocytes of C57BL/10 mice that uroporphyrin 
crystals and ferritin iron were located in the same 
hepatocyte (Figs. 1, 6-8). Moreover, an increased area 
fraction of uroporphyrin crystals was associated with an 
increased area fraction of ferritin iron in each cyto- 
plasmic area (Figs. 9a-b). The only difference was that at 
18 wk the area fraction of both ferritin iron and 
uroporphyrin crystals in the livers of mice treated with 
IMF alone was reduced to about 50% of the values 
measured in the livers of mice treated with HCB and 
IMF. Nevertheless, the area fraction ratio was the same 
in the livers from both groups (Y = 0.5 + 2X). Addi- 
tionally, the single uroporphyrin crystal found in a 
hepatocyte of a mouse treated with HCB alone was also 
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FIG. 9. Morphometrical analysis by reflection-contrast microscopy 
of unstained, thin Epon sections showing the linear relationship 
beteween area fractions of uroporphyrin crystals and area fractions of 
ferritin-iron cores. The area fractions are expressed as percentages (%) 
of the measured cytoplasmic frame area (40 areas of 8,100 pm9. (a) 
Mice treated with the hexachlorobenzene and iron dextran 
(HCB + IMF). (b) Mice treated with iron dextran (IMF) alone. 

surrounded by ferritin aggregates (Fig. 81, which was 
remarkable in light of the scarcity of (ferritin) iron 
present in these livers. Our results suggest a role for iron 
(as ferritin) in the pathogenesis of (experimental) 
porphyria. Reactive ferrous iron, however, is seques- 
tered in ferritin as a nontoxic oxyhydroxide, com- 
plexed with phosphate (ferritin core = [FeOOHl, . [FeO- 
OPO,H,]); oxidation and the storage of ferrous iron 
appear to be related processes, and the release of iron 
from ferritin requires reduction (61). Although in uitro 
release of ferrous iron from ferritin by liver microsomes 
has been described (10,18,62,63), it is not clear whether 
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this occurs in uzuo. An intracellular pool of low molecular 
weight iron, acting as an intermediate stage between an 
increased availability of iron and ferritin, has been 
suggested by Jacobs (64). Moreover, evidence was found 
for a role of this pool in the radical formation in 
iron-loaded cells (65). Although attractive, definite 
evidence for the existence of a pool of low molecular 
weight iron has not been provided (66). 

On the basis of our results we hypothesize that in 
hepatocytes of C57BL/10 mice a (genetically deter- 
mined) active oxidative metabolism exists. Above a 
certain level of iron accumulation in hepatocytes (Fig. 
9a-b), toxic species could be produced, which induces the 
formation of an inhibitor of URO-D (12, 14-16), the 
oxidation of uroporphyrinogen to uroporphyrin (1 1, 13) 
or both. A third possibility is direct damage of URO-D by 
way of a radical-mediated mechanism (67). 

This study was conducted at  18 wks, at which time 
diffuse iron (as ferritin) and focal uroporphyrin accu- 
mulation still existed. Therefore a study is now in 
progress trying to establish the time-sequence rela- 
tionship between uroporphyrin (crystal) formation and 
ferritin-iron accumulation. 
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