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8-Aminolevulinic acid is a heme precursor accumulated in acute intermittent porphyria and lead-poisoning, which
supposedly ftriggers the typical clinical expression associated with these diseases. Considering that: (i) erythrocyte
anti-oxidant enzymes are abnormally high in patients with both disorders and (ii) 3-aminolevulinic acid autoxidation
generates reactive oxygen species, a possible contribution of reactive oxygen species in the pathophysiology of these
disorders is explored here. Evidence is provided that §-aminolevulinic acid (2-15 mM) induces damage to isolated rat
liver mitochondria. Addition of &-aminolevulinic acid disrupts the mitochondrial membrane potential, promotes Ca?*
release from the intramitochondrial matrix and releases the state-d respiration, thus enhancing the permeability of the
membrane to H *. The lesion was abolished by catalase, superoxide dismutase (both enzymes inhibit §-aminolevulinic
acid autoxidation) and ortho-phenanthroline, but not by mannitol; added H,0, induces damage poorly. These results
suggest the involvement of deleterious reactive oxygen species formed at particular mitochondrial sites from transition
metal ions and d-aminolevulinic acid-generated peroxide and /or superoxide species. These observations might be
compatible with previous work showing hepatic mitochondrial damage in liver biopsy samples of acute intermittent
porphyria patients.

Introduction [1-3]. Liver- and bone-marrow-generated §-aminolevu-

linic acid is able to cross the blood-brain barrier and be

Acute intermittent porphyria and lead poisoning are
diseases in which acute attacks of abdominal pain and
neuropsychiatric manifestations have been linked to
accumulation of 8-aminolevulinic acid — a precursor of
heme biosynthesis [1-3). 8-Aminolevulinic acid accu-
mulates as a result of abnormally low biosynthesis of
uroporphyrinogen I synthetase in acute intermittent
porphyria and of lead inhibition of &-aminolevulinic
acid dehydrase and ferrochelatase in lead poisoning

Abbreviations; RLM, rat liver mitochondria; A¥, mitochondrial
membrane potential; TPP*, tetraphenyl-phosphonium bromide;
Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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distributed in the central nervous system and in other
organs [4,5].

The biochemical basis whereby §-aminolevulinic acid
accumulation leads to toxicity remains unclear [2,3]. At
the neurochemical level, 10~¢ M &-aminolevulinic acid
inhibits the K* -stimulated release of the neurotrans-
mitter y-aminobutyric acid from preloaded synapto-
somes [6] and also inhibits the binding of y-amino-
butyric acid to synaptic membranes {7]. However, these
observations do not explain the neuropathological
changes, such as axonal degeneration and demyeliniza-
tion, that occur in acute intermitent porphyria and lead
poisoning [1,2,8]. In addition, hepatic damage, including
ultrastructural alterations in endoplasmic reticulum and
mitochondria, is observed in acute intermitent porphyria
[9]. Moreover, impairement of kidney mitochondria
function has been reported in lead poisoning {1]. The
origin of these dysfunctions is still obscure.
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Scheme 1.

We [10-14] have presented an alternative rationale
concerning the biochemical bases of these disorders, by
connecting &-aminolevulinic acid accumulation to
oxidative stress. The evidence for this is as follows: (i)
enolic d-aminolevulinic acid forms reactive oxygen
species (O, , H,0,, OH") by autoxidation (Scheme I),
concomitant to oxidation of oxyhemoglobin to met-
hemoglobin [10-12] and (ii) erythrocyte levels of super-
oxide dismutase and of glutathione peroxidase are en-
hanced in acute intermittent porphyria patients [13] and
in lead-exposed workers from industries of the State of
Sao Paulo (Brazil) [14]. These results, taken as a whole,
were interpreted in terms of §-aminolevulinic acid-gen-
erated reactive oxygen species as the etiological agents
in acute intermittent porphyria and lead poisoning [10—
14]}.

Here, we present evidence of damage for isolated rat
liver mitochondria (RLM) by é&-aminolevulinic-acid-
generated reactive oxygen species as a model to explain
the pathophysiology of acute intermittent porphyria
and lead poisoning at the cellular level. Mitochondrial
membrane potential (A¥), Ca’>* fluxes and respiratory
rate were monitored both in the presence and absence
of 8-aminolevulinic acid. The effects of catalase, super-
oxide dismutase, mannitol, ortho-phenanthroline (o-
phen) and H,0, on §-aminolevulinic acid-induced le-
sion to mitochondria were also studied.

Materials and Methods

Reagents. 8-Aminolevulinic acid hydrochloride, tetra-
phenylphosphonium bromide (TPP*), bovine liver
catalase, bovine blood superoxide dismutase, horsera-
dish peroxidase type VI and (Hepes) were purchased
from Sigma Chemical Co. ortho-Phenanthroline was
from Merck. Stock solutions of §-aminolevulinic acid
hydrochloride (250 mM) were stored at —20°C. All
other reagents were of analytical grade.

Preparation of 8-aminolevulinic-acid-containing media.
After addition of 8-aminolevulinic acid to the incuba-
tion media, the pH was adjusted to 7.2 with Tris, and
the incubated 15 min at room temperature (25°C). The
experiments were started by the addition of succinate or
mitochondrial suspension (see legend to figures).

Isolation of RLM. Rat liver mitochondria were iso-

lated as previosly described [15] from overnight-fasted
male Wistar rats weighing about 250 g.

Measurement of A¥. Mitochondria were incubated in
the reaction medium containing 3 uM TPP* as a probe.
The changes in TPP™ activity in the extramitochondrial
medium (due to its migration to the internal mitochon-
drial compartment) was continuously monitored with a
TPP *-selective electrode prepared in our laboratory
according to Kamo et al. [16]. The electrode signals
were amplified and the output registered with a dual-
channel recorder (Linear Model 1202). The mitochon-
drial membrane potential was calculated assuming that
the TPP*distribution between mitochondria and
medium follows the Nernst equation [17].

Measurement of Ca’* fluxes and oxygen uptake.
Changes in Ca** concentration in the incubation media
(10 uM, measured by atomic absorption) were followed
using a Ca’-selective electrode (Radiometer F21112
Calcium Selectrode). Signals from the Ca’* electrode
were fed into an amplifier and then into a dual-channel
recorder (Linear Model 1202). The response of the
Ca’" electrode was calibrated by addition of internal
standards (Ca’*-EGTA buffers) to the media. The con-
sumption of oxygen was monitored with a Clark-type
electrode (Yellow Springs Instruments). All figures de-
scribe the most representative experiments repeated at
least three times and with two different RLM prepara-
tions.

Measurement of H,0,. Hydrogen peroxide was mea-
sured spectrophotometrically according to Cotton and
Dunford [18]. This method is based on the oxidation of
iodide by H,0,, catalyzed by horseradish peroxidase.
Hydrogen peroxide formed by succinate-promoted
mitochondrial respiration during 15 min (25°C) was
estimated in the supernatant after centrifugation of the
incubation media (at 12000 X g for 3 min) to remove
mitochondria.

Measurement of superoxide dismutase activity. The
activity of the superoxide dismutase used in the experi-
ments was measured according to Marklund [19]. The
superoxide dismutase units appearing in the text are
referred to as Marklund’s units.

Results

Effect of 8-aminolevulinic acid in AY and Ca’* fluxes
Fig. 1A shows that isolated rat liver mitochondria
preparations were able to maintain a succinate-promo-
ted AY of —195 mV as long as 20 min in the control
incubation medium (pH 7.2). In the presence of 5 mM
8-aminolevulinic acid, mitochondria formed a lower AY
(—179 mV), which was disrupted after 10-12 min in-
cubation. This effect was more pronounced with 10 and
15 mM é-aminolevulinic acid: the A¥(—155 and —104
mV) collapsed within 4 and 2-3 min, respectively. The
mitochondrial A¥ in 5 mM §-aminolevulinic-acid-con-



taining medium in the presence of 2 uM catalase (an
agent that inhibits 8-aminolevulinic acid autoxidation
[10,12]) was essentially identical to that of the control.
This suggested the involvement of §-aminolevulinic
acid-generated reactive intermediates, probably reactive
oxygen species, in the process of A¥ disruption.
Results similar to those observed for A¥ were ob-
tained by following Ca®* fluxes (Fig. 1B). It is well
known that Ca®* uptake and retention by mitochondria
are dependent on the membrane integrity [20}. In con-
trol experiments, mitochondria took up Ca’* from the
incubation media and retained it in the matrix
throughout the observation period (20 min). In the
presence of 5 mM §-aminolevulinic acid, Ca®™* release
occurred within 10-11 min. As in the case of A¥, Ca’*
release occurs more rapidly in 10 mM §&-aminolevu-
linic-acid-containing medium (data not shown). Calcium
fluxes in medium containing 5 mM §-aminolevulinic
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Fig. 1. Effect of 5-15 mM $-aminolevulinic acid on A¥ (A) and Ca?*
fluxes (B). Experiments were started with the addition of 1 mg/mL
RLM (arrow) to 1 ml of the suspending medium containing 10 mM
Hepes-Tris buffer (pH 7.2), 125 mM saccharose, 65 mM KCl, 2.5 mM
succinate and 4 pM rotenone (plus 3 kM TPP™ in A), at 25° C (solid
lines). Dashed lines show experiments performed in media containing
15, 10 (A) and 5 mM §-aminolevulinic acid. Bold lines show runs with
5 mM d-aminolevulinic acid in the presence of 2 pM catalase.
Calcium fluxes and AY in the presence of 2 uM catalase were the
same as those shown by the bold lines.
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Fig. 2. Comparative effect of 20 puM H,0, and 5 mM §-aminolevu-

linic acid on Ca?* fluxes. Experimental conditions of the control

(solid line) were the same as in Fig. 1B. Dashed line and bold line

show experiments carried out in media containing 5 mM §-amino-
levulinic acid and 20 pM H,0,, respectively.

acid plus 2 catalase were similar to those observed in
control experiments. These results suggest that &-
aminolevulinic-acid-generated reactive intermediates
might be responsible for Ca®* release, probably by
disrupting the mitochondrial membrane integrity and
AY. In addition, the Ca?* fluxes were measured in the
presence of added H,0, (Fig. 2). Hydrogen peroxide is
formed in micromolar amounts by spontaneous §-
aminolevulinic-acid autoxidation [12]. After 15 min at
25°C (pH 7.2), 5 mM &-aminolevulinic-acid in nor-
mally aerated solutions produces 0.2 pM H,0,. It can
be observed in Fig. 2 that, as compared to the 5 mM
8-aminolevulinic acid experiment, Ca®" fluxes were only
slightly affected by excess H,0, (20 uM). These ob-
servations might indicate that H,0, itself, generated by
§-aminolevulinic acid autoxidation, is not responsible
for Ca®* release. Participation of another §-aminolevu-
linic-acid-generated reactive intermediates is analysed
below.

Effect of o-phen and superoxide dismutase on &-amino-
levulinic acid-induced Ca’™ release ’

In order to investigate the involvement of the OH’
radical (or high valent oxo-metallic complexes [21]) in
the process of mitochondrial damage, the effect of o-
phen on the 8-aminolevulinic-acid-induced Ca* release
was studied. Lesive OH " radicals might be formed from
d-aminolevulinic acid-generated H,0, and Oj, cata-
Iyzed by iron ions and/or other transition metals (the
so-called Haber-Weiss reaction) present in the mito-
chondrial suspension. Three o-phen molecules form a
chelate with one ferrous ion, modifying its redox poten-
tial and thus, preventing the occurrence of the Haber-
Weiss reaction [22]. The chelation of iron by o-phen
would also prevent the formation of high valent oxo-
metalic complexes. Fig. 3 shows that 0.1 mM o-phen
completely prevents the release of Ca>* from the intra-
mitochondrial matrix in 5 mM §-aminolevulinic acid-
containing medium (pH 7.2) during the observation
period. In addition, in isotonic media (125 mM) con-
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Fig. 3. Effect of o-phen and superoxide dismutase on 8-aminolevulinic
acid-induced Ca’* fluxes. Experimental conditions of the control
(solid line) were as in Fig. 1B. Dashed line and bold line show
experiments carried out in media containing 5 mM $-aminolevulinic
acid and 5 mM $-aminolevulinic acid plus 0.1 mM o-phen. Calcium
fluxes in the presence of 0.1 mM o-phen were the same as those
represented by the bold line. The dotted line represents the effect of
50 units/m! superoxide dismutase on 5 mM §-aminolevulinic acid-in-
duced Ca®* fluxes.

taining either sacarose or mannitol (both of which are
OH" scavengers) the effect of 5 mM aminolevulinic
acid-induced damage was roughly identical to the con-
trol in KCl (data not shown). These results suggest that,
unless OH" radicals were formed in sites that are un-
accessible to the scavengers, high-valent oxo-metallic
complexes might be directly involved in the damage
process. In addition, the presence of 50 units/ml super-
oxide dismutase in 5 mM &-aminolevulinic-acid-con-
taining medium has completely prevented the release of
Ca’* from intramitochondrial matrix (Fig. 3), whereas
heat-inactivated superoxide dismutase had no effect
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Fig. 4. Effect of 2 mM 8-aminolevulinic acid on Ca’* fluxes of
pre-incubated mitochondria. The suspending media containing 1
mg/ml RLM, 10 mM Hepes-Tris buffer (pH 7.2), 125 mM sac-
charose, 65 mM KC1, 4 pM rotenone and 2 mM S§-aminolevulinic
acid (no 8-aminolevulinic acid in the control) were pre-incubated at
25°C for different time pertods (10, 20, 30 min and no pre-incuba-
tion, as indicated). The Ca?* fluxes were monitored after addition of
5 mM succinate (arrow) at 25° C. Dashed lines show experiments with
2 mM §-aminolevulinic acid and solid lines the controls.

whatsoever on the 8-aminolevulinic acid-promoted Ca**
release. Since, as in the case of catalase, superoxide
dismutase also inhibits §-aminolevulinic acid autoxida-
tion [10~12}, 8-aminolevulinic acid-generated O, might
not be directly involved in the mitochondrial damage
process.

Effect of 8-aminolevulinic acid in Ca’* fluxes of pre-in-
cubated mitochondria

Fig. 4 depicts the extent of Ca?* flux changes at
different periods of pre-incubation of mitochondria in
media containing 2 mM §-aminolevulinic acid (pH 7.2).
Calcium uptake was initiated by addition of 5 mM
succinate. The ability of mitochondria to retain Ca®*
decreased with increasing period of pre-incubation of
mitochondria in 2 mM é-aminolevulinic acid-containing
media up to 30 min. Control experiments show that,
within 30 min of pre-incubation, mitochondria were
able to retain far more Ca** than in the presence of 2
mM §-aminolevulinic acid. Pre-incubation of mito-
chondria for 30 min in medium containing 2 mM 9§-
aminolevulinic acid plus 2 pM catalase resulted in Ca®*
fluxes similar to those observed in the controls (data not
shown). These data demonstrate that Ca®* release from
the intramitochondrial matrix is dependent on the period
of previous exposure to §-aminolevulinic-acid-generated
reactive oxygen species.
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Fig. 5. Effect of 5 mM 8-aminolevulinic acid on the state-4 mitochon-
drial respiratory rate. The experiments (at 25°) were started (arrow)
by addition of 2.5 mM succinate to 1 mi suspending medium contain-
ing 1 mg/mL RLM, 10 mM Hepes-Tris buffer (pH 7.2), 125 mM
saccharose, 65 mM KCl, 4 uM rotenone and 5 mM d-aminolevulinic
acid (dashed line). The control contained no S-aminolevulinic acid
(solid line). The bold line depicts the oxygen uptake of 5 mM
$-aminolevulinic acid in the absense of mitochondria. The rate of
oxygen uptake by 5 mM 8-aminolevulinic acid itself was not affected
by the addition of mitochondria, in the absence of succinate.



Effect of §-aminolevulinic acid on mitochondrial state-4
respiration

Fig. 5 shows that the presence of 5 mM 8-amino-
fevulinic acid caused a release of state-4 respiration
supported by succinate oxidation (pH 7.2). The rate of
oxygen uptake by 5 mM d-aminolevulinic acid itself (by
autoxidation [10-12]) in the absence of mitochondria
was about 20-fold lower than that obtained from the
difference between the rate of the §-aminolevulinic-
acid-induced mitochondrial respiration and the control
rate. This demonstrated that the increase in oxygen
uptake in d-aminolevulinic-acid-containing media was
not merely due to the oxygen consuming reaction of
S-aminolevulinic acid. These observations might indi-
cate that &-aminolevulinic acid-generated reactive
oxygen species are able to increase the permeability of
the mitochondrial inner membrane to H*.

Discussion

Acute intermitent porphyria is an autosomal domi-
nant disease, prevalent in Europe [2], in which the
clinical manifestations are classically associated with
8-aminolevulinic acid accumulation and neurophysio-
logical changes [2,3,6-8]. Interestingly, some of the
symptoms of acute intermitent porphyria and lead poi-
soning are similar [1-3,23]. In the case of plumbism,
direct participation of lead in the basic biochemical
processes underlying the syndrome, such as lead-inhibi-
tion of several enzymes (e.g., brain adenyl cyclase) (Ref.
23 and references therein) and lead-stimulated iron-in-
duced membrane lipoperoxidation [24], have also been
proposed. On the other hand, the production of lesive
reactive oxygen species from 8-aminolevulinic acid au-
toxidation, as the etiological agent in these disorders,
was proposed by Bechara and co-workers [10-14]. In
this context, we are now investigating the possible in-
volvement of §-aminolevulinic acid-generated reactive
oxygen species in damage to cellular components.

The results described here strongly indicate that iso-
lated rat liver mitochondria are damaged by §-amino-
levulinic-acid-generated reactive oxygen species. Thus,
§-aminolevulinic acid (2-15 mM) is able to disrupt the
mitochondrial membrane potential (Fig. 1A), to pro-
mote Ca’* efflux (Figs. 1B, 2, 3 and 4) and to release
the state-4 mitochondrial respiratory rate (Fig. 5). The
lesion was prevented by added catalase, superoxide
dismutase or o-phen.

Catalase and superoxide dismutase have been shown
to inhibit the 8-aminolevulinic acid autoxidation and to
strongly reduce the formation of oxyradicals [10-12].
The slight induction of Ca** release by added 20 H,0,
(Fig. 2) demonstrates that the protective effect of cata-
lase on the §-aminolevulinic acid-induced damage is not
due merely to H,O, itself as the lesive species. Our
inference that neither H,O, nor O; (generated by
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d-aminolevulinic acid autoxidation [10-12}) are lesive to
rat liver mitochondria is consistent with the proposal
that such species are not sufficiently reactive to directly
promote oxidation of cellular components [25]. Micro-
molar H,0, produced by §-aminolevulinic acid itself
(0.2 puM in 15 min) and by mitochondrial respiration
(34-3.6 yM in 15 min) accelerates §-aminolevulinic
acid autoxidation [12]. Added H,0, (20 pM) failed to
increase the 5 mM $-aminolevulinic-acid-induced Ca?*
release (data not shown). Probably, the amount of H,0,
in the mitochondrial suspension is saturating with re-
spect to 8-aminolevulinic acid autoxidation.

The protective effect of o-phen in the d-aminolevu-
linic acid-induced Ca®* release (Fig. 3) suggests the
participation of transition metals in the damage process.
These metals catalyze OH" radical formation, but also
can form highly oxidizing oxo- or peroxocomplexes {21].
The observation that neither saccharose nor mannitol
prevents lesion to mitochondria (see Results) indicates
either that OH" radicals are not the lesive agents or that
they are formed inside the mitochondria, impermeable
to the scavengers. As described elsewhere for peroxida-
tion of liposomes [26], OH" radicals do not play the
lesive role in this process.

In the case of OH’ radicals formed by the Haber-
Weiss reaction between iron ions and 8-aminolevulinic-
acid-generated H,0, and O, were directly involved in
the mitochondrial damage, one should indeed expect
abolition of the effects by both superoxide dismutase
and catalase (see Figs. 2 and 3).

The d-aminolevulinic-acid-generated reactive oxygen
species are able to release the state-4 respiration (Fig. 5)
and thus permeabilize the inner membrane of mito-
chondria to H*. Several modes of lesion could be attri-
buted to the uncoupling effect of S-aminolevulinic-
acid-generated reactive oxygen species. These include
the oxidation and impairment of thiol proteins involved
in the maintenance of membrane integrity and per-
oxidation of membrane phospholipids [26—29]. Damage
to rat renal cortical mitochondria, promoted by reactive
oxygen species generated by exogenous xanthine/
xanthine oxidase, has also been observed {30]. In this
case, an acceleration of state-4 respiration was also
reported.

Hepatic mitochondrial damage was observed by elec-
tron microscopy of liver biopsy samples from acute
intermittent porphyria patients [9]. High urinary §-
aminolevulinic acid levels were measured in these pa-
tients. The ultrastructural alterations reported in
damaged mitochondria ranged from bizarre shapes to
‘ghost’ forms. The accumulation of fats [9] and the
overload of iron [9,31] in the hepatocytes (of acute
intermittent porphyria patients) were interpreted by
Biempica et al. [9] as indirect evidence of impairment of
mitochondrial functions, such as lipid B-oxidation and
iron mobilization. The observed liver ferritin-Fe>* over-
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load [9] might be a potential source of ‘free’ Fe?* when
exposed to O, [32] generated by 8-aminolevulinic acid
autoxidation [10-12} and other sources [28]. Thus, one
could connect the observed in vivo iron overload with
the process described here of §-aminolevulinic acid-in-
duced mitochondrial damage, an iron-mediated process
of reactive oxygen species generation.

Large lipofuscin bodies were observed in the
hepatocytes of acute intermittent porphyria patients [9]
and may result from oxidative stress-induced peroxida-
tion of the membranes of mitochondria and other
organelles [33]. In addition, a-ketoglutaraldehyde (the
final product of 8-aminolevulinic acid autoxidation
[11,12], which might form Schiff adducts with the mem-
brane proteins [34]) together with lipoperoxidation-gen-
erated aldehydes might also lead to the lipofuscin-type
products.

Although the range of &-aminolevulinic acid con-
centration used in the present work (2-15 mM) is far
above that found in vivo (ca. 0.01 mM in the blood
plasma of one acute intermittent porphyria patient [35]),
one must consider that: (i) following intraperitoneal
injection of §-aminolevulinic acid in rats, the drug accu-
mulates in some organs (10-fold in liver, [5]); (i) §-
aminolevulinic acid is a source of reactive oxygen species
which initiates deleterious free radical reactions and;
(iii) data on the intracellular compartimentalization of
d-aminolevulinic acid and its in situ effects are not
available. Moreover, preliminary experiments have
shown that 0.05 mM &-aminolevulinic acid is able to
promote ultrastructural changes in isolated rat liver
mitochondria, by following mitochondrial swelling [27]
observed via the light-cattering technique (Hermes-
Lima, M. and Vercesi, A.E., unpublished data). Thus, it
is tempting to propose, on the basis of the observed in
vitro d-aminolevulinic acid pro-oxidative effects that
they may also be operative in vivo. In the case of lead
poisoning, the reported damage to kidney mitochondria
[1] might also be due to d-aminolevulinic-acid-generated
reactive oxygen species. Finally, we suggest the involve-
ment of reactive oxygen species in the well-doccu-
mented neuropathological manifestations common to
both acute intermittent porphyria and lead poisoning.
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