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The short- and long-term pro-oxidant effect of proto-
porphyrin IX (PROTO) administration to mice was
studied inliver. A peak of liver porphyrin accumulation
was found 2 h after the injection of PROTO (3.5mg/kg,
i.p.); then the amount of porphyrins diminished due to
biliar excretion. After several doses of PROTO (1 dose
every 24h up to 5 doses) a sustained enhancement of
liver porphyrins was observed. The activity of §-amino-
levulinic acid synthetase was induced 70-90% over the
control values 4 h after the first injection of PROTO and
stayed at these high levels throughout the period of the
assay. Administration of PROTO induced rapid liver
damage, involving lipid peroxidation. Hepatic GSH
content was increased 2h after the first injection of
PROTO, but then decreased below the control values
which were maintained after several doses of porphy-
rin. After a single dose of PROTO, Cu-Zn superoxide
dismutase (SOD) was rapidly induced, suggesting that
superoxide radicals had been generated. Increased
levels of hydrogen peroxide coming from the reaction
catalyzed by SOD and lipid peroxides as a consequence
of membrane peroxidation, induced the activity of
catalase and glutathione peroxidase (GPx), while
decreased GSH levels induced glutathione reductase
(GRed) activity. However after 5 doses of PROTO, the
activity of SOD was reduced reaching control values.
GPx and catalase activities slowly went down, while
GRed continued increasing as long as the levels of
GSH were kept very low. TBARS values, although
lower than those observed after a single dose of

PROTO, remained above control values; Glutathione
S-transferase activity was instead greatly diminished,
indicating sustained liver damage.

Our findings would indicate that accumulation of
PROTO in liver induces oxidative stress, leading to
rapid increase in the activity of the antioxidant
enzymes to avoid or revert liver damage. However,
constant accumulation of porphyrins provokes a liver
damage so severe that the antioxidant system is
compromised.

Keywords: Antioxidant enzymes, liver damage,
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INTRODUCTION

Erythropoietic protoporphyria (EPP) is an in-
herited disorder of heme metabolism, in which
protoporphyrin  (PROTO) accumulates. Since
PROTOis a natural photosensitizer, EPP is charac-
terized by a typical visible light cutaneous photo-
sensitivity. The porphyrin has also toxic dark
effects; therefore many patients may actually have
hepatocellular abnormalities and develop overt
liver disease, with recurrent cholestatic hepatitis,
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fibrosis and cirrhosis, progressing to terminal
liver failure.!! Liver damage may be caused by
excess PROTO coming from hepatic or extrahe-
patic heme synthesis, from erythrocytes caught
by liver macrophages or serum PROTO taken up
by hepatocytes./ It has been postulated that the
toxic dark effects of PROTO, and other porphy-
rins, are due to their interference with cellular
redox systems.®! In vitro studies have demon-
strated that porphyrins can rise the formation of
reactive oxygen species (ROS) in the dark, and
lipid peroxidation has been proposed as a prime
mechanism for cellular membrane dysfunction
and tissue injury associated with free radical-
initiated processes.'®”]

In view of its central role in metabolism, the
liver should rely on its antioxidant potential;
however, a sustained disturbance of the redox
state could exceed its antioxidant capacity, thus
leading to oxidative stress.

MATERIALS AND METHODS

Materials

Protoporphyrin was from Porphyrin Products.
Other chemicals werereagent gradeand were pur-
chased from Sigma Chemical Co. (St Louis, MO).

Animals

Male CF1 mice weighing 25-30 g were maintained
in controlled conditions and allowed free access
to food (Purina 3, Asociacién de Cooperativas
Argentinas, San Nicolas, Buenos Aires, Argentine)
and water. Animals were treated at the same time
of the day. All animals received humane care as
outlined in the Guide for the Care and Use of
Laboratory Animals.

Experimental Design

One group of 36 animals received a single dose of
3.50mg/kg, i.p. of PROTO and were sacrificed at

different times after the injection. A second group
(24 mice) received a daily dose of 3.50mg/kg,
i.p. of PROTO and were sacrificed 24 h after the
last injection. Control animals received the vehi-
cle 0.1 M borate buffer (pH 7.5), and they were
sacrificed at the same time as the treated ani-
mals. Mice were starved 16 h prior to sacrifice and
were killed under ether anesthesia. Liver and
blood were processed immediately.

Homogenates Preparation

A fraction of non-perfused liver was excised and
homogenized in NaCl (0.9%) containing EDTA
(0.5mM) and Tris-HCl buffer (pH 7.4; 10mM)
(1:3, w/v) and was used to measure ALA-S
activity. Afterwards, the remainder liver was per-
fused with sterile ice cold saline and removed. A
fraction was homogenized (1:3, w/v) in ice cold
0.25M sucrose. After differential centrifugation of
the homogenate, the supernatant of 18,000 xg
was employed to determine ALA-D and PBG-D
activities, and to measure the content of gluta-
thione (GSH), protein bound glutathione (GSSP)
and porphyrins; and the supernatant obtained
after centrifugation at 105,000 xg for 90 min was
used for measuring Cu-Zn superoxide dismutase
(SOD) and glutathione peroxidase (GPx) activ-
ities. Other fraction of the perfused liver was
homogenized (1:10, w/v) in ice cod 50mM
sodium phosphate buffer (pH 7.4) to analyse lipid
peroxidation, and the supernatant obtained after
centrifugation at 18,000 xg for 20 min was used
for measuring catalase and glutathione reductase
(GRed) activities. To determine the activity of glu-
tathione S-transferase (GST) the homogenate was
prepared from perfused liver (5% w/v) in Tris-
HCI buffer (pH 8.1; 2mM) containing 230 mM
mannitol and 70 mM sucrose and centrifuged at
18,000 x g for 20 min.

For blood porphyrin determinations, whole
blood was hemolyzed with Triton X-100 (5%)
and diluted in Tris-HCl buffer (pH 7.4; 0.05M)
1:2,v/v).
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Assays

ALA-S activity was measured by the method of
Marver et al.;*®! ALA-D according to Batlle et al.!”)
and PBG-D by the method of Batlle et al.11”
Catalase activity was measured as described
by Chance and Maehly,"™ GRed according to
Pinto and Bartley,™ Gpx following Paglia and
Valentine!™ and SOD by the method of Paoletti
et al"™ GST activity was determined by the
method of Habig et al.'®!

GSH and GSSP were quantified according to
Rossi et al.*® Lipid peroxidation was estimated as
TBARS according to Niehaus and Samuelson.!”!

Liver and blood porphyrins were determined
fluorometrically as described by Polo et al[l'
Fecal porphyrins were esterified and extracted
following the method of Polo et al,'” and the
quantification was carried out as described by
Rimington and Sveinson.!?”

Protein concentration was determined by the
procedure of Lowry et al.[?!}

Enzyme units were defined as the amount of
enzyme forming 1nmol of product under the
standard incubation conditions. Specific activity
was expressed as units/mg protein. One unit of
SOD s defined as the amount of SOD able to cause
50% inhibition of the rate of NADH oxidation
measured in the control. Results are expressed as
percentage of the corresponding control animals
taken as 100%.

Control Values

ALA-S activity: 22.95+3.42nmol ALA/mg
prot. (n=15); ALA-D activity: 28.78 +2.72 nmol
PBG/mg prot. (n=15); PBG-D activity: 0.650 %
0.054 nmol porphyrins/mg prot. (n=13); GST
activity: 80.84+5.14pumol complex/mg prot.
(n=15); GRed activity: 34.14+2.96 nmol
NADP/mg prot. x min (n=12); Gpx activity:
646.24 +37.48nmol NADPH/mg prot. x min
(n=15); catalase activity: 72.825.37 umol
H,0,/mg prot. x min (n=14); SOD activity:
65.41 £ 5.62 U/mg prot. (n =15).

Liver porphyrins: 110.31+£7.71ng/mg prot.
(n=16); blood porphyrins: 8.98+0.71ng/mg
prot. (n=15); TBARS: 0.135 £ 0.012 nmol MDN/
mg prot. (n=15); GSH: 0.965 + 0.084 nmol/mg
prot. (n=14); GSSP: (15.26 £0.76) x 10~ nmol
GSH/mg prot. (n=15).

Statistical Analysis

All data point represent the mean value + SD of at
least three experiments run in duplicate.
Newman-Keuls test was used to assess the degree
of significance. A probability level of 0.01 and
0.05 was used in testing for significant differ-
ences between experimental groups.

RESULTS

Effect of Protoporphyrin on the
Heme Pathway

Two hours after the administration of a single
dose of PROTO, a significant increase of liver
porphyrins was observed, which then progres-
sively diminished returning to control values 24 h
after (Figure 1A). This diminution would be due
to the biliar excretion of the porphyrins since the
highest amounts of fecal porphyrins were found
between 4 and 16 h after PROTO administration
(Table I). Blood porphyrin levels were high
throughout the whole period studied, when a
single dose of PROTO was given (Figure 1A).

The administration of several doses of
PROTO caused a time-progressive increase in
liver porphyrins and a slight time-decrease of
blood porphyrins (Figure 1B).

ALA-Sactivity was greatly induced 4 h after the
administration of a single dose of PROTO, and
induction was sustained along the whole period
of study (Figure 2A). ALA-D and PBG-D activities
were induced 24 h after one injection of porphyrin
(Figure 2A). With several doses of PROTO, the
enzyme activities maintained their high levels
nearly without variations (Figure 2B).
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FIGURE 1 Effect of PROTO on liver and blood porphyrin. Animals received a single dose (A) or a daily dose (B}

of PROTO (3.5mg/kg, i.p.) and were sacrificed at the indicated times. Porphyrins from liver (@) and blood (Q) were

determined spectrofluorometrically and are expressed as percentage of the corresponding control values taken as 100%.
(%) p <0.05; (%): p<0.01.

TABLEI Fecal porphyrins

Time (h)
0 2 4 16 20 24

Porphyrins 0.81+0.08 5.37+0.08 353.80£0.16 2295+0.12 790+0.12 4.504+0.08
(ng/mg) (n=>5) (n=>5) n=4) n=4) (n=4) (n=>5)

Porphyrins were measured in feces, at different times after the administration of a single dose of PROTO.
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Liver Damage Induced by Protoporphyrin

Lipid peroxidation occurred during the whole
period studied after both a single dose and several
injections of PROTO (Figure 3).

GST activity was induced immediately after the
administration of a single dose of the porphyrin
up to4 hbut then it significantly reduced its activ-
ity, reaching values below the controls 16 h after
(Figure 3A), which remained low after admin-
istration of several doses of PROTO (Figure 3B).

Free and Protein Bound Glutathione

Liver GSH content was strikingly increased 2h
after administration of a single dose of PROTO,

followed by a progressive decrease to reach levels
below control values at 24 h (Figure 4A) and also
after administration of several doses of PROTO
(Figure 4B).

Liver GSSP content was around the control
values up to 16h after the administration of a
single dose of porphyrin (Figure 4A), then it
showed a progressive increase which was sus-
tained after administration of several doses of
PROTO (Figure 4B).

Glutathione Cycle Enzymes

GRed showed a peak of activity 4h after the
administration of a single dose of PROTO, and
then decreased to slightly above the control
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FIGURE 2 Effect of PROTO on the activity of some heme-enzymes. Animals received a single dose (A) or a daily
dose (B) of PROTO (3.5mg/kg, i.p.) and were sacrificed at the indicated times. The liver enzymic activities of ALA-S (@),
?L[;D (O) and PBG-D (A) are expressed as percentage of the corresponding control values taken as 100%. (%): p <0.05;
*3%): p <0.01.
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FIGURE 3 Induction of liver damage by PROTO. Animals received a single dose (A) or a daily dose (B) of PROTO
(3.5mg/kg, i.p.) and were sacrificed at the indicated times. TBARS formation (@) and GST activity (Q) are expressed as
percentage of the corresponding control values taken as 100%. (%): p < 0.05; (¥%): p<0.01.

values up to 24 h (Figure 5A). After administra- GPx activity was kept around control values up
tion of several doses of PROTO a constant and  to 16 h after a single dose of the porphyrin, then it
significant increase in the GRed activity was  was induced up to 50% above the control activity
observed (Figure 5B). at 24h (Figure 5A), and the administration of
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FIGURE 4 Effect of PROTO on the hepatic levels of tree (GSH) and protein bound (GSSP) glutathione. Animals received
a single dose (A) or a daily dose (B) of PROTO (3.5 mg/kg, i.p.) and were sacrificed at the indicated times. Hepatic levels of
GSH (@) and GSP (O) are expressed as percentage of the corresponding control values taken as 100%. (%): p < 0.05;
(%36): p<0.01.
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FIGURE 5 Effect of PROTO on the activity of glutathione reductase (GRed) and glutathione peroxidase (GPx). Animals
received a single dose (A) or a daily dose (B) of PROTO (3.5mg/kg, i.p.) and were sacrificed at the indicated times.
The activity of GRed (@) and GPx (Q) are expressed as percentage of the corresponding control values taken as 100%.
(%): p <0.05; G#%): p<0.01.
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FIGURE 6 Effect of PROTO on the activity of catalase and superoxide dismutase (SOD). Animals received a single dose
(A) or a daily dose (B) of PROTO (3.5mg/kg, i.p.) and were sacrificed at the indicated times. The activity of catalase (@)
and SOD (O) are expressed as percentage of the corresponding control values taken as 100%. (%): p < 0.05; (%3%): p <0.01.

several doses of PROTO did not cause a further
increase of Gpx activity (Figure 5B).

Catalase and Superoxide Dismutase

Catalase activity increased about 30% 2 h after the
administration of a single dose of PROTO and
stayed at that level throughout the period of the
assay (Figure 6A) and even after administration
of several doses of the porphyrin (Figure 6B).
SOD activity steadily increased from the begin-
ning up to 24h after a single dose of PROTO
(Figure 6A), but then decreased after several
injections of the porphyrin (Figure 6B).

DISCUSSION

PROTO intraperitoneally administered to mice
soon reaches the blood and bound to albumin and
hemopexin is carried to the liver.”2?! This rapid
transport of PROTO would explain the enhance-
ment of liver and blood porphyrins only 2 h after

its administration (Figure 1A). Hepatic porphy-
rins are rapidly excreted via biliar (Table I).
However, it appears that the injection of several
doses of PROTO would overpass the liver ex-
cretory ability, leading to the accumulation of
porphyrins (Figure 1B).

PROTO exogenously administered was not
completely released in the liver from the blood
since the blood levels of porphyrins were
still high 24 h after the first injection of PROTO
(Figure 1A), probably due to the great affinity
of porphyrins for albumin.*?*!

Under normal conditions, ALA-S activity is
very low, but this enzyme rapidly respond to
cellular requirements of heme.”® The heme
molecule is the prostetic group of several hemo-
proteins such as cytochromes, catalase and per-
oxidases, some of these proteins are involved in
the antioxidant cellular defense system.”-?® If
excessive amounts of PROTO induced oxidative
stress in the cells, then heme biosynthesis would
be accelerated to cope with the requirements of
antioxidant enzymes, and consequently ALA-S
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activity should increase. This fact would be
the reason why ALA-S activity was constantly
high throughout the whole period of the assay
(Figure 2).

ALA-D and PBG-D can maintain the flow of
heme intermediates without significant varia-
tions in their activities, even though the level of
their substrates were high.””>?% However, when
the heme requirements were too great the activ-
ity of both enzymes should increase. This would
explain the rise in ALA-D and PBG-D activities
24 h after administration of PROTO (Figure 2).

The administration of PROTO also induced
rapid liver damage, as indicated by alteration
of GST activity (Figure 3). This damage would
involve lipid peroxidation of liver membranes
as suggested by the high levels of TBARS from
the beginning of the treatment (Figure 3). Liver
damage persisted even though the hepatic por-
phyrin levels diminished after the first injection
of PROTO (Figures 1A and 3A).

GSH is consumed by the antioxidant defense
system; however, an initial increase in its hepatic
concentration has been reported?>*” being ben-
eficial for the rapid detoxication and antioxidant
capability of the hepatocytes.*® This is consistent
with our findings of a rapid rise followed by a
pronounced decrease in the liver GSH content
(Figure 4). The lowering of the GSH levels could
be due to its use by the antioxidant enzymes, and
to its binding to proteins for protection of their
essential SH groups, which is consistent with the
observed increase in the levels of liver GSSP
(Figure 4).

GPx needs reduced glutathione to detoxify
peroxides. A high concentration of GSH is
maintained within the cell; when oxidized, GSSG
is reduced back to GSH by GRed.”® Under phy-
siological conditions, GRed is able to reduce the
GSSG generated by GPx. Under oxidative stress
conditions, both enzymes should increase their
activities to reinforce the cellular antioxidant
systems. The early peak of GRed (Figure 5A)
would be consistent with the large increase
of GSH (Figure 4A). The induction of GPx,

consuming GSH and generating GSSG would
lead to the further enhancement of GRed activity
(Figure 5A). Nevertheless, although the GRed
activity continued increasing (Figure 5B) and the
GSH levels were constantly depressed (Figure
4B), GPx activity did not increase after several
doses of PROTO (Figure 5B).

Catalase and SOD are induced under oxidative
stress conditions.'”®! The strong specificity for the
substrate!® and the enhancement of SOD activity
suggest the generation of superoxide radicals
above the physiological values. The reaction
catalyzed by SOD yields H,O,. This would lead
to a rise in catalase activity. Moreover, the high
activity of SOD would also produce an increase of
lipid peroxidation, because of the decrease of the
termination reaction of hydroperoxides.[%3%

ROO" + 0}~ — ROOH + O,

thus leading to an enhancement of TBARS
(Figure 3A).

Because GPx reduces lipid peroxides and
detoxifies HyO, with higher efficiency than
catalase,”® induction of GPx (Figure 5A) should
be higher than induction of catalase (Figure 6A).

After several injections of PROTO, the activity
of SOD was rapidly reduced, reaching the control
values upon the administration of 5 doses (Figure
6B). Strong inhibition of SOD by its product has
been reported.’”?® It is also known that the
recovering capacity of cells exposed to oxidative
stress depends on its intensity; the higher the
stress, the lower the recovery.[33‘35] Both facts
could explain the decrease in SOD activity (Figure
6B), which would be accompanied by reduced
formation of H;O,, diminishing the requirements
of catalase (Figure 6B) and Gpx (Figure 5B). Since
the termination reaction of hydroperoxides
would not be decreased due to the lower activity
of SOD, a rise in lipid peroxidation would not be
expected although the level of liver porphyrins is
high (Figure 1B). Nevertheless, the level of
TBARS, even lower than that observed after a
single dose of PROTO, stayed above the control
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values (Figure 3B), while GST activity and GSH
levels (Figures 3B and 4B) are very reduced,
indicating sustained liver damage.

These findings would indicate that accumula-
tion of PROTO in liver induces oxidative stress,
leading to rapid increase in the activity of the
antioxidant enzymes to avoid or revert liver
damage. However, constant accumulation of por-
phyrins provokes a liver damage so severe that
the antioxidant system is unable of reversing.

Although great amounts of PROTO are accu-
mulated in the EPP liver, the first clinical sign of
the disease is its skin photosensitivity. Therefore,
our next approach towards the understanding of
the mechanism underlying cutaneous reaction to
light, will be to investigate the effects of exoge-
nously administrating PROTO, on the skin of ani-
mals exposed and protected from UV light.

Acknowledgements

Alcira Batlle holds the post of Superior Scientific
Researcher in the Argentine National Research
Council (CONICET). Susana Afonso is a Research
Assistant at CONICET. This work was supported
by grants (PIMT-PICT 0026 & PICT 97-05-00000-
01861) from the CONICET, Argentine. A. Batlle
is also grateful to the Ministerio de Educacion
y Ciencia (MEC), Spain, for special help.

References

(11MR. Moore, KEL. McColl, C. Rimington and
A. Goldberg (1987) Disorders of Porphyrin Metabolism.
Bl;num Publishing Corporation. London UK, New York

A.

[2] S. Didier, B. Boboc, J. Bernuau, H. Bismuth and J.P.
Benhamou (1988) Liver transplantation for protoporphy-
ria: Evidence for the predominant role of the erythropoietic
tissue in protoporphyrin overproduction. Gastroenterology
95, 816-819.

[3] K.M. Morehouse, S.N.J. Moreno and R.P. Mason (1987) The
one-electron reduction of uroporphyrin 1 by rat hepatic
microsomes. Archives of Biochemistry and Biophysics 257,
276-284.

{41 ]. van Steveninck, J.PJ. Boegheim, TM.A.R. Dubbelman
et al. (1987) The mechanism of potentiation of horseradish
peroxidase-catalyzed oxidation of NADPH by porphyrins.
Biochemical Journal 242, 611-613.

[51]. van Steveninck, J.PJ. Boegheim, TM.A.R. Dubbelman
et al. (1988) The influence of porphyrins on iron-catalysed

generation of hydroxyl radicals. Biochemical Journal 250,
197-201.

[6] M. Comporti (1985) Lipid peroxidation and cellular
damage in toxic liver injury. Laboratory Investigation 53,
599-623.

[71 D.L. Tribble, Y.A. Tak and D.P. Jones (1987) The patho-
physiological significance of lipid peroxidative cell injury.
Hepatology 7, 377-387.

[8] H. Marver, D. Tschudy, M. Perlroth and A. Collins (1966)
é-aminolevulinic acid synthetase I. Studies in liver homo-
genates. Journal of Biological Chemistry 241, 2803-2809.

[9] A. Batlle, AM. Ferramola and M. Grinstein (1967)
Purification and general properties of $-aminolevuli-
nate dehydratase from cow liver. Biochemical Journal 104,
244-249.

[10] A. Batlle, E. Wider de Xifra and A.M. Stella (1978) A simple
method for measuring erythrocyte porphobilinogenase
and its use in the diagnosis of acute intermittent porphy-
ria. International Journal of Biochemistry 9, 871-875.

[11] B. Chance and A. Maehly (1955) Asssay of catalases and
peroxidases. In Methods in Enzymology (Eds. B. Chanceand
A.Maehly) Acad. Press N.Y., Vol. IL, pp. 764-768.

[12] R. Pinto and W. Bartley (1969) The effect of age and sex on
glutathione peroxidase activities and on aerobic gluta-
thione oxidation in rat liver homogenates. Biochemical
Journal 112, 109-115.

[13] D.E. Paglia and W.N. Valentine (1967) Studies on the
quantitative and qualitative characterization of erythro-
cyte glutathione peroxidase. Journal of Laboratory and
Clinical Medicine 70, 158-169.

(14} F. Paoletti, D. Aldinucci, A. Mocaliand A. Caparrini (1986)
A sensitive spectrophotometric method for the determi-
nation of superoxide dismutase activity in tissue extracts.
Analytical Biochemistry 154, 536-541.

[15] W. Habig, M. Pabst and W. Jakoby (1974) Glutathione-5-
Transferase. The first enzymatic step in mercapturic acid
formation. Journal of Biological Chemistry 249, 7130-7139.

[16] R. Rossi, E. Cardaioli, A. Scaloni, G. Amiconi and P. Di
Simplicio (1995) Thiol groups in proteins as endogenous
reductants to determine glutathione protein mixed di-
sulphides in biological systems. Biochimica et Biophysica
Acta 1243, 230-238.

[17] W. Niehaus and D. Samuelson (1968) Formation of
malondialdehyde from phospholipids arachidonate
during microsomal lipid peroxidation. European Journal
of Biochemistry 6, 126-130.

[18] C. Polo, A. Frisardi, E. Resnik, A.E. Schoua and A. Batlle
(1988) Factors influencing fluorescence spectra of free
porphyrins. Clinical Chemistry 34, 757-760.

[19] C. Polo, S. Afonso and A. Batlle (1988) Un método
simplificado para la determinacién y la extraccién de
esteres metilicos de porfirinas. Acta Biogquimica Clinica
Latinoamericana XXII, 439-441.

[20] C. Rimington and S. Sveinson (1950) The spectrophoto-
metric determination of uroporphyrin. Scandinavian
Journal of Clinical and Laboratory Investigation 2, 209-216.

[21] O. Lowry, N. Rosebrough, A. Farr and R. Randall (1951)
Protein measurement with the Folin-phenol reagent.
Journal of Biochemistry 193, 265-275.

[22] A.A. Lamola, I. Asher, U. Muller-Eberhard and M.B. Poh-
Fitzpatrick (1981) Fluorometric study of the binding of
protoporphyrin to haemopexin and albumin. Biochemical
Journal 196, 693-698.

[23) S. Sandberg and A. Brun (1982) Light-induced proto-

porphyrin release from erythrocytes in erythropoietic

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/20/11
For personal use only.

170 S. AFONSQO et al.

protoporphyria. Journal of Clinical Investigation 70,
693-697.

[24] A. Brun and S. Sandberg (1985) Photodynamic release of
protoporphyrin from intact erythrocytes in erythropoietic
protoporphyria. The effect of small repetitive light doses.
Photochemistry and Photobiology 41, 535-541.

[25]JR. Bloomer (1988) The liver in protoporphyria.
Hepatology 8, 402—407.

[26] S.J. Wolfson, A. Bartczak and J.R. Bloomer (1979) Effect of
endogenous heme generation on §-aminolevulinic acid
synthase activity in rat liver mitochondria. Journal of
Biological Chemistry 254, 3543-3546.

[27] B. Halliwell and J.M.C. Gutteridge (1989) Free Radicals in
Biology and Medicine. 2nd edition; Clarendon Press,
Oxford, UK.

{28] C. Michiels, M. Raes, O. Toussaint and J. Remacle (1994)
Importance of glutathione peroxidase, catalase and
Cu/Zn-SOD for cell survival against oxidative stress. Free
Radicals, Biology and Medicine 17, 235-248.

[29] S.C. Sahu and G.C. Gray (1996) Pro-oxidant activity of
flavonoids effects on glutathione and glutathione S-
transferase in isolated rat liver nuclei. Cancer Letters 104,
193-196.

[30] L.Y. Sheen, C.K. Lii, S.F. Sheu, RH. Meng and 5.J. Tsai
(1996) Effect of the active principle of garlic (diallyl

sulfide) on cell viability, detoxication capability and the
antioxidation system of primary rat hepatocytes. Food and
Chemical Toxicology 34, 971-972.

[31} L. Fridovich (1989) Superoxide dismutases. An adaptation
to a paramagnetic gas. Journal of Biological Chemistry 264,
7761-7764.

[32] .M. McCord (1995) Superoxide radical: controversies,
contradictions, and paradoxes. Proceedings of the Society for
Experimental Biology and Medicine 209, 112-117.

[33] . Honda and M. Matsuo (1987). Lack of recovery from
oxygen-induced damage to colony formation and DNA
synthesis in senescent human diploid fibroblasts. Mechan-
isms of Ageing and Development 40, 81-87.

(34] WJ. Martin and D.L. Kachel (1989). Oxygen-mediated
impairment of human pulmonary endothelial cell growth:
Evidence for a specific threshold of toxicity. Journal of
Laboratory and Clinical Medicine 113, 413-421.

[35] C. Michiels, M. Raes, E. Pigeolet, P. Corbisier, D. Lambert
and J. Remacle (1990) Importance of a threshold for error
accumulation in cell degeneration processes. I. Modula-
tion of the threshold in a model of free radial induced cell
degeneration. Mechanisms of Ageing and Development 51,
41-54.

RIGHTS

i,



