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This work reviews in vitro and in vivo studies carried out in our laboratories on a role for accumu-
lated ALA as a common potential endogenous source of deleterious oxyradicals and H;0; in lead
poisoning, acute intermittent porphyria (AIP) and hereditary tyrosinemia. In summary: (i) ALA
undergoes transition metal-catalyzed oxidation by molecular oxygen to give Oz’, H,02, HO" radicals,
NH4* ions and 4,5-dioxovaleric acid; (ii) oxyHb co-oxidizes to metHb in the presence of ALA; (iii)
ALA induces lipid peroxidation of cardiolipin-rich vesicles and single strand breaks in plasmid DNA;
(iv) ALA causes Ca**-mediated, Mg?*-antagonized rat liver mitochondrial permeabilization, (v) ALA
chronically-treated rats suffer early fatigue under imposed swimming-training and increased muscle
and liver glycolytic metabolism; (vi) increased chemiluminescence emission from exposed red muscle,
brain and liver of ALA-treated rats signals augmented lipid peroxidation; (vii) the brain of ALA-
treated rats exhibits increased levels of oxidized proteins, ferrous species and TBARS; (viii) synap-
tosomes and synaptic membranes of ALA-treated rats present altered ability to capture Ca* jons and
to bind GABA, respectively; and, finally, (ix) AIP patients and lead-exposed workers present aug-
mented erythrocytic levels of SOD and GSH-Px, interpreted as a protective response against ALA-
generated reactive oxygen species; ALA-treated rats also showed increased activity of CuZnSOD in
brain, red muscles and liver. Our unifying hypothesis for the etiology of those porphyric syndromes
is that overproduced ALA may generate O, and HO radicals ir vivo, which act as oxidizing weapons
against biomolecules (proteins, DNA, lipids) and supramolecular structures (mitochondria, endoplas-
mic reticulum, other membranes), thus impairing vital functions of cells ( Ca®* and iron homeostasis,
binding of receptors, respiration) and, consequently, the functionality of several organs.

Keywords: 5-aminolevulinic acid; reactive oxygen species; lead poisoning; intermittent acute porphy-
ria; porphyria; oxidative stress.

1. THE PORPHYRIAS These disorders are traditionally classified on the basis of
(i) the main organ source of excessive porphyrin metabolites
The porphyrias are defined as acquired and inborn dis- - the liver or the erythropoietic tissues; (ii) the occurrence or
eases linked to enzymatic deficiencies - inhibition or insuffi- not of acute attacks; or (iii) whether cutaneous (photochemi-
ciency - in the heme biosynthetic pathway, resulting in exces- cal), neurological or both syndromes are produced. Of par-
sive production and excretion of formed porphyrins and their ticular interest to our research group are those characterized
precursors (Scheme 1)1.2 . by accumulation and urinary excretion of S5-aminolevulinic
ALA synthase ® ALA dehydratase b«
SUCCINYL »  CoA 5-AMINOLEVULINIC ACID >
PBG deaminase ¢
PORPHOBILINOGEN »  HYDROXYMETHYLBILANE > »
Copro’oxidase ®
COPROPORPHYRINOGEN II1 » HARDEROPORPHYRINOGEN > >
Fe?+
PROTOPORPHYRIN IX > HEME

Ferrochelatase ®

2 Negative feedback inhibition by heme; in AIP, activated by certain drugs and metabolites.
b Inhibited by lead (lead poisoning).

¢ Inhibited by succinylacetone (hereditary tyrosinemia).

4 Deficient biosynthesis in AIP.

Scheme 1. Heme Biosynthetic Pathway.
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acid (ALA), the first metabolite in the heme biosynthetic path-
way and a potential endogenous source of reactive oxygen
species (ROS) in vivo, as will be demonstrated here.

In mammalian cells, ALA is synthesized from glycine and
succinylCoA by ALA synthase in the mitochondrial matrix
and then diffuses to the cytoplasm where it initiates the bio-
synthesis of porphyrins3. This reaction is rate limiting and is
under negative feedback inhibition by the heme. An alterna-
tive pathway for ALA biosynthesis, operative in plants but
minor in animals, involves a transamination reaction between
L-alanine and 4,5-dioxovaleric acid (DOVA), catalyzed by
DOVA transaminase®. The biological fate of ALA.in living
organisms is principally the biosynthesis of chlorophylls (only
in plants) and the heme-proteins and -enzymesS. Heme degra-
dation products such as biliverdin and bilirubin may act as
plasma anti-oxidantsS.

Among the porphyrias related to ALA overload without
cutaneous lesions, we mention?: (i) lead poisoning (plumbism,
saturnism), attributed to lead inhibition of ALA dehydratase,
coproporphyrinogen oxidase and ferrochelatase with conse-
quent accumulation of ALA, coproporphyrin and zinc proto-
porphyrin, respectively; (ii) acute intermittent porphyria
(AIP), an inherited disorder characterized by deficient biosyn-
thesis of porphobilinogen (PBG) deaminase leading to elevated
PBG and ALA levels in blood and urine; and (iii) hereditary
tyrosinemia, consequence of an inborn deficiency of fumary-
lacetoacetate hydrolase of tyrosine catabolism, resulting in
increased production of succinylacetone which strongly com-
petes with ALA (K;= 2-3x 107 M vs Kpu=2-5x 104 M)’
in the ALA dehydratase reaction, leading to accumulation of
ALA (Scheme 1). In all cases, increased urinary excretion of
ALA occurs and, in the former two cases, 10-100-fold elevated
plasmatic ALA concentration were measured®9-

The medical literature describes many similarities in the
clinical expression (acute episodes of neuromuscular and
psychiatric manifestations) of these three types of porphy-
ria210-13_ particularly between AIP and hereditary tyrosinemial4.

AIP prevalence is globally estimated as 1-3 cases/100,000
inhabitants!5. The main clinical features of AIP are acute at-
tacks of abdominal pain, constipation, severe motor distur-
bances, tachycardia, hypertension and psychiatric manifesta-
tions, frequently hallucinations?3. Residual paralysis, hyper-
tension, and renal failure are long-term sequelae. The acute
crises are precipitated by a wide variety of endogenous and
xenobiotic compounds, including steroid hormones, all anti-
convulsivants (eg., barbiturates), anesthetics and sulfonamides.

HOl\/\ -H* 9
—
o3 = 7 o3
NHj NH»
+
ALA pKa =8.1

02, Hp02,HO®

More recently, a significantly higher incidence of hepatomes
in AIP carriers who experienced several acute attacks was
reported!6-13,

Lead poisoning is one of the major environmental and oc-
cupational problems nowadays. It afflicts principally children
with pica habits, potters, shoe makers, a number of industrial
workers and populations of urban areas with high industrial
density and where lead-containing fuels are still employed!0.11-
13, Typical symptoms of lead poisoning include anemia, kid-
ney failure, abdominal pain, peripherical paralysis and brain
damage sometimes accompanied by encephalitis, altered be-
haviour, inattention, IQ deficits, seizures, and hallucinations!3.

Liver and kidney damage occur in hereditary tyrosinemia
carriers and the neuropsychiatric symptoms closely resemble
those of AIP*19, Liver cirrhosis and tumors have also been
reported in patients with the chronic form of this disease.There
is a high prevalence of the trait in the French-Canadian popu-
lation of Quebec (8/100,000 births)20-

This paper provides in vitro and in vivo evidence which
support the hypothesis that transition metal ion - catalyzed
generation of ROS (Oj, superoxide; H,0,, hydrogen perox-
ide; and HO-, hydroxyl radical) by overloaded ALA may be
etiologic agents of the clinical symptoms of the chemical and
inherited porphyrias discussed here?!, with mitochondria and
synaptic membranes as their main targets.

2. 5-AMINOLEVULINIC ACID, A CHEMICAL
SOURCE OF ROS

Similarly to alpha-hydroxy carbonyl compounds, like di-
hydroxyacetone??, glyceraldehyde and glucose?32% ALA (an
alpha -aminoketone) undergoes enolization?5-26 and subsequent
oxidation by dissolved molecular oxygen, in slightly alkaline
buffers, to yield DOVA, NHy4* ions, and H,0; (Scheme 2)25:27,

This reaction was shown to be efficiently catalyzed by
added iron complexes like Fe?+3+.EDTA, Fe2+3+.ATP, met-
and oxy-hemoglobin (Hb)?% and ferritin (unpublished results).
Non-redox active metal ions like Mg+ Ca?* and Cd?* at mil-
limolar concentrations and micromolar Pb%* had no effect
whatsoever on the rate of oxygen uptake by ALA-containing
solutions; millimolar Zn2* had some inhibitory effect (unpub-
lished results). Spectrophotometric studies in the visible ab-
sorption region of Hb showed complete co-oxidation of oxyHb
(6 uM) to metHb in the presence of 6 mM ALA within 30
min (optimum pH ca. 8), followed by formation of hemo-
chromes and loss of secondary structure due to the oxidation

OH
- %\/\ _ _ 02
CO, iron complexes
NH,

ALA (enol)
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Scheme 2. Metal-catalvzed ALA Oxidation.
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of amino acid residues, indicated by CD measurements at
224 nm?7, The involvement of Oy, H>O; and metal-catalyzed
Haber-Weiss produced HO- radicals in the co-oxidation of
ALA and oxyHb was evidenced by the observed inhibitory
effects of added bovine superoxide dismutase (CuZnSOD),
catalase and mannitol, respectively, on both oxygen uptake
and oxyHb decay curves.

Fe3+’ Cu2+
H,0; + Oy ———» HO- + HO- + O; (Haber-Weiss reaction)

The intermediacy of superoxide species in ALA autoxida-
tion was further demonstrated by parallel reduction of added
ferricytochrome ¢, which was inhibited in the presence of
CuZnSOD. Semicarbazide, known to react with superoxide,
also blocks the metal-catalyzed ALA oxidation (unpublished
results). Direct evidence for the generation of oxy- and car-
bon-centered radicals during the aerobic oxidation of ALA in
both the presence and absence of oxyHb was provided by spin-
trapping experiments (Fig. 1)?> done in collaboration with Dr.
O. Augusto (Universidade de Sdo Paulo) .

Hydroxyl radical formation by ALA oxidation was attested
to by the observed characteristic 1:2:2:1 four line ESR spec-

A

trum of the DMPO-hydroxyl adduct (an = ay = 14.87 G) (Fig-
ure 1) and the six-line spectrum of DMPO-methyl adduct (ay
= 16.56 G; ay = 23.68 G) upon addition of DMSO to the
reaction mixture (methyl radicals arise from reaction of HO-
with DMSO)?5. Addition of either CuZnSOD or catalase
quenches the ESR signal, showing again that HO- radicals are
formed from the Haber-Weiss reaction of ALA-generated Oy
and HyO;. On the other hand, incubation of ALA in the pres-
ence of the spin trap POBN gave rise to a stable ESR signal
with ay = 15.52 G and ay = 2.96 G, which can be assigned to
a POBN-carbon centered adduct?3, This is also quenched by
addition of CuZnSOD and thus consistent with the interme-
diacy of an enoyl ALA radical (ALA’ in Scheme 2) in the
propagation of ALA oxidation.

3. ALA-PROMOTED OXIDATION OF LIPOSOMES
AND DNA

Knowing that ALA produces HO- by aerobic oxidation, we
decided to test its ability to initiate lipid peroxidation. In col-
laboration with Dr. P. Oteiza (Universidad de Buenos Aires),
we demonstrated that 0.1-3 mM ALA promoted, albeit slowly
(time scale of a couple of hours), the lipid peroxidation of

. 10 Gouss

Figure 1. ESR spectra of DMPO-radical adducts obtained after 30 min incubation of ALA (6 mM) and DMPO (150 mM) in 0.1 mM DTPA-
containing 0.10 M phosphate buffer, pH 7.8, at 36°C, both in the absence and presence of oxyHb (14 p\M): (A) ALA plus oxyHb; (B) ALA alone;
(C) ALA/oxyHb plus catalase (2.0 p\M); and ALAloxyHb plus SOD (10 pgiml, D and 100 pgiml, E).
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phosphatidylcholine:cardiolipin (80:20) liposomes as evaluated
by the formation of conjugated dienes and thiobarbituric reac-
tive substances (TBARS) and by the release of encapsulated
carboxyfluorescein?®. Alpha-tocopherol, an efficient oxyradical
scavenger, inhibited the TBARS formation and prevented
fluorescer release, ratifying that HO- radicals are indeed
formed during ALA oxidation and promote the liposome
permeabilization. Cardiolipin-rich vesicles were used to mimic
the inner mitochondrial membrane, known to be particularly
rich in cardiolipin?; rat liver mitochondria were shown to be
injured by added ALA (discussed in the next section). Re-
cently, Wratten et al.39 showed that oxidized cardiolipin has a
more disturbing effect on bilayer organization than oxidized
phosphatidylcholine, thereby increasing microheterogeneity
and facilitating the lipid peroxidation propagation. Also
noteworth of mention in this regard are findings that the po-
sition of the alpha-benzoylacetanilide keto-enol equilibrium
in the presence of liposomes favors the enol form in the lipid
phase®l. If this also occurred with ALA in the interface of
synthetic and biological membranes, the higher concentration
of both Oz and ALA in the lipid phase should make the mem-
branes more prone to lipid peroxidation.

Motivated by literature reports on the higher incidence of
primary liver carcinoma in AIP patients who underwent a
series of acute crisis than in asymptomatic carriers!6-18, we
also decided to challenge isolated DNA with ALA. Prelimi-
nary results obtained in collaboration with Dr. P. Di Mascio
(Universidade de Sio Paulo) clearly show that exposure of
supercoiled plasmid pBR322 DNA to 0.01-3 mM ALA led to
DNA single strand breaks, revealed by formation of the cor-
responding plasmid open circular form. That HO- radicals pro-
duced by the Haber-Weiss reaction of ROS generated by iron-
catalyzed ALA oxidation were responsible for DNA single
strand breaks was evidenced by the observed inhibitory effect
of catalase, CuZnSOD, mannitol or DTPA added to the plas-
mid/ALA system (Bechara and coworkers, in preparation for
publication). These results may be relevant with regard to
mitochondrial DNA mutations that may contribute to cellular
aging and promotion of cancer32,

4.IN VITRO STUDIES WITH RAT LIVER
MITOCHONDRIA

In both lead poisoning and AIP disorders, extensive liver
and kidney mitochondrial damage, respectively, were ob-
served!0.33- This led us, in collaboration with Dr. A.E. Vercesi
(Universidade Estadual de Campinas, Sdo Paulo State), to
study possible deleterious effects of ALA-generated ROS upon
rat liver mitochondria and the corresponding mechanisms of
oxidative insult.

Indeed, addition of millimolar ALA was shown to disrupt
the mitochondrial transmembrane potential, to promote Ca?*
release from the intramitochondrial matrix, to release the state-
4 respiration and consequently to cause mitochondrial swell-
ing34. The mitochondrial permeabilization was abolished by
catalase, CuZnSOD, and ortho-phenanthroline, an iron chela-
tor, which is in agreement with the idea that the Haber-Weiss
reaction of ALA-generated O, and H;0, drives the mitochon-
drial injury; accordingly, H,0O; alone induces damage poorly.

Furthermore, we found that mitochondrial swelling occurs
at ALA concentrations as low as 50-100 pM, the level as-
sumed to occur in the liver of AIP patients ( about 60 pM) on

basis of the following findings: (i) in two cases of AIP with.

overwhelming neuropathy, the maximum plasma ALA con-
centration was found to be 9 and 12 pM, which is approx.
100-times above the mean normal value®$ and (ii) when study-
ing ALA 1i.p. injected rats (40 mg/kg body weight), McGillion
et al.3¢ found that ALA distributes among several organs, in-
cluding brain and liver, where the ALA concentration is about
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6-times higher than in the plasma. The actual concentration of
ALA in the liver of AIP patients is not known. Plasma ALA
concentrations were measured in individuals exposed to lead
and compared to a control group: 3.5 and 14 uM ALA was
found for individuals with <30 and >30 pg Pb/dl blood, re-
spectively (control, 3.5 pM ALA)3. This means, taking into
consideration the data for hepatic ALA of treated rats men-
tioned above?S, that lead poisoned subjects can have hepatic
ALA levels as high as 80 pM, a concentration shown to cause
oxidative injury to mitochondrial preparations.

Removal of Ca?* (10 pM) from the suspension of isolated
rat liver mitochondria by adding EGTA abolished both the
ALA-induced transmembrane potential collapse and the mito-
chondrial swelling3?. Upon addition of ruthenium red (an in-
hibitor of Cal* influx) prior to mitochondrial energetization
with succinate, the ALA-induced mitochondrial swelling was
prevented, demonstrating the deleterious role of intra-matrix
Ca? in the oxidative damage. The mediation of Ca?* in the
inner mitochondrial membrane permeabilization promoted by
several pro-oxidants, such as diamide and ¢-butyl hydroperox-
ide, is reviewed by Dr. A.E. Vercesi in this issue of Quimica
Nova. That the ALA-induced, Ca?*-mediated increase of mi-
tochondrial permeability could be caused by the loss of mem-
brane-bound Mg?*, known to be important for membrane in-
tegrity®®, was indicated by the antagonistic protective effect
of 0.8-5.0 mM Mg?* added to the ALA-damaged mitochon-
dria (intracellular free Mg?* is ca. 1 mM).

Under our experimental conditions, complete oxidative
damage to mitochondria by added ALA was generally at-
tained within 10-15 min. If either catalase, ortho-phenanthro-
line, EGTA or dithiothreitol (DTT, a thiolic reducing agent)
is added to the ALA- and mitochondria-containing medium at
the initial stage of the oxidative damage, one can observe al-
most complete recovery of the transmembrane potential®®. If
the reagent addition is done after 8 min, when the potential
has almost completely collapsed, then only EGTA can pro-
mote complete recovery. Gel electrophoretic analyses of the
ALA/mitocondria system after 20 min incubation revealed
extensive formation of thiol-protein aggregates (disulfide
cross-linked proteins), which disappear upon pre-treatment
with DTT. Taken together, these data indicate that ALA-gen-
erated ROS cause calcium-mediated mitochondrial permeabi-
lization via the oxidation of thiol-proteins in an early stage.
Lipid peroxidation, demonstrated to be a relatively slow pro-
cess with cardiolipin-rich vesicles (time scale of hours), may
follow this process, making the oxidative lesion irreversible .

The idea that liver mitochondria could be a potential target
for ROS generated by iron-catalyzed ALA aerobic oxidation
is also supported by cytochemical and ultrastructural studies
of liver in AIP and porphyria cutanea tarda carried out by
Biempica et al.33. When analyzing liver biopsy samples of
four AIP patients, these authors found numerous lipid drop-
lets, abundant intramitochondrial and cytoplasmic ferritin gran-
ules, large lipofuccin bodies, odd-shaped mitochondria (from
bizarre to ghost forms), hyperplasia of smooth endoplasmic
reticulum and autophagic vacuoles containing well-preserved
mitochondria. It is tempting to attribute these abnormalities to
oxidative damage triggered by over-produced ALA and accu-
mulated (Fe3¥ferritin in the hepatocytes. Potentially harmful
concentrations of ferrous chelates (such as Fe2+-ATP and Fe2*-
citrate) could be formed from (Fe3*)ferritin and ALA-gener-
ated Oy Recently, Minotti et al.*® raised the possibility that
ALA-generated O;" may be important in the mobilization of
iron embedded in the endoplasmic reticulum towards the mi-
tochondrion, where incorporation of iron into the porphyrin
ring is operated by ferrochelatase.

In collaboration with Dr. H. Sies and Dr. S. Soboll (both
from Diisseldorf University), we have also examined the pos-
sibility that the product of ALA oxidation, 4,5-dioxovaleric
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acid (DOVA), might be metabolized to succinylCoA via the
Krebs cycle and then be used up for ALA re-synthesis. If this
were actually true, then the coupled operation of ALA oxy-
gen-dependent oxidation and the Krebs cycle would greatly
increase the intramitochondrial production of ROS. Using
[5-14CJALA and rat liver mitochondrial preparations and fol-
lowing ALA catabolism by measuring 14CO,, we demonstrated
that external ALA is taken up by the mitochondria but, in-
stead of undergoing the chemical ROS-generating reaction, it
is deaminated by monoaminooxidase and transaminase activi-
ties before undergoing to a very small extent (0.2%), decar-
boxylation by the Krebs cycle4l. Thus, intramatrix ALA prob-
ably does not cause oxidative damage and its fate is to leave
the mitochondria to be used for heme biosynthesis. One should
also keep in mind that the inner space of mitochondria is well
protected against ROS by chemical and enzymatic anti-oxi-
dants, such as reduced glutathione (GSH), ubiquinone, vita-
min E, MnSOD and glutathione -peroxidase (GSH-Px), which
could also break the ALA oxidation chain.

5. IN VIVO STUDIES WITH ALA-TREATED RATS

McGillion et al.3¢ demonstrated that ALA injected intrap-
eritonially in rats (40 mg/kg body weight) distributes among
and accumulates in several organs (20-fold in brain, 102-fold
in kidney and 103-fold in liver) three hours after injection and
slowly decays to the normal level within 3-8 days; liver ALA
concentration is about 6-fold higher than in blood. We thus
thought that chronically ALA-treated rats (40 mg/kg body
weight every two days during two weeks to mantain continu-
ously elevated ALA in the plasma) should be an adequate
model to represent the pathological states of AIP carriers un-
der acute crisis and lead poisoned individuals with >30 pg
Pb/100 g blood, where the blood ALA level increases up to
102-fold®9.

After chronic ALA treatment of rats, we found: (i) elevated
serum lactate (141%) and free fatty acid (33%) levels, (ii)
increased mobilization of glycogen from the liver (50%), the
soleus (red, mitochondria rich) muscle (83%) and the red
portion of gastrocnemius muscle (43%), (iii) no changes in
the white (mitochondria poor) portion of the gastrocnemius
muscle, (iv) loss of mitochondrial enzymatic activities such as
soleus muscle citrate synthase activity (45% in swimming-
trained rats and 180% in sedentary rats) and MnSOD (250%
in liver, 78% in soleus muscle, and 51% in the red portion of
gastrocnemius muscle)*?, An endurance exercise training pro-
gram coupled to the ALA-treatment was used to intensify the
enzymatic diferences triggered by ALA, as mitochondrial pro-
liferation is known to be induced by exercise-training. This
work was carried out in collaboration with Dr. R. Curi
(Universidade de S&o Paulo) and Dr. E. Kokubun
(Universidade Estadual Paulista, Rio Claro).

Together these data testify in favor of increased glycolytic,
non-aerobic metabolism due to the impairment of mitochon-
drial functions by the pro-oxidative action of ALA. Accord-
ingly, ALA-treated rats reached fatigue under swimming train-
ing significantly earlier than the control, non-treated ALA
group (40 vs . 90 min). With regard to the cytosolic CuZnSOD,
we found increased activity in brain (61%), liver (148%) and
the red fibers of the gastrocnemius muscle (57%), and de-
creased activity in soleus (-184%). The observed increase in
activity of CuZnSOD was interpreted as a protective response
against the deleterious effects of ALA.

Preliminary chemiluminescence experiments carried out in
vivo ¥ in collaboration with Dr. S. Llesuy (Universidad de
Buenos Aires) provided data that parallel those mentioned
above. Treatment of rats with two doses of 40 mg ALA/kg
body weight (four days) rendered increased levels of chemilu-
minescence intensity in liver (4-fold), red muscle (5-fold) and
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brain (5-fold), indicative of increased peroxidative activity
(unpublished results) and thus ALA-driven oxidative stress.

More recently, we initiated collaboration work with Dr. R.
De Luccia (Universidade de Sdo Paulo) and Dr. P. Oteiza
(Universidad de Buenos Aires) with the aim of characterizing
the ALA pro-oxidant effect in brain tissue, which could be
related to the neuropsychiatric syndromes associated with lead
poisoning, AIP and tyrosinosis. We decided to compare sev-
eral biochemical parameters associated with oxidative stress
in the brain of ALA-treated and non-treated rats, such as: Ca?*
uptake by cortical synaptosomes; antioxidant enzyme (SOD
and GSH-Px) activities, TBARS and both carbonyl and dis-
ulfide protein formation in total brain homogenate; iron mobi-
lization to the brain; and 3H-muscimol (a gabaergic receptor
ligant) binding capacity of synaptic membranes prepared from
whole brain. Under acute treatment ( just one dose of 40 mg
ALA/kg body weight), an increased ratio of ferrous/total iron
species was observed in the brain homogenate. After prolonged
treatment (one dose on alternate days during two weeks), all
other parameters were found to be significantly altered, in-
cluding the total content of iron species and the ratio ferrous/
total iron (in preparation for publication). These results again
argue in favor of ALA-triggered oxidative stress in brain. It is
thus tempting to propose that the neuropsychiatric manifesta-
tions of the acquired and inherited porphyrias studied here are
linked to both the well-demonstrated competitive binding of
ALA to gabaergic receptors and competition with GABA up-
take by nerve cells*445 and, subsequently, to oxidative nerve
damage. This could perhaps explain the severe nerve damage
and demyelinization reported to occur in AIP and lead poi-
soning. Interesting in this regard are Tishler et al.’s findings?*6
that some AIP carriers could develop chronic psychiatric
manifestations common to other psychiatric pathologies, with-
out acute episodes, suggesting continous oxidative damage to
the brain.

6. STUDIES WITH AIP PATIENTS AND
LEAD-EXPOSED WORKERS

Since the late seventies, several reports of abnormally high
levels of anti-oxidant enzymes, particularly SOD, in the red
blood cells of individuals with mental aberrations (Down’s
syndrome?’, autism*®, schizophrenia and manic-depression4’
and several other psychiatric disorders®®) were suggested to
be indicative of an oxidative disbalance in the central nervous
system. At that time, knowing that AIP carriers present a typi-
cal neuropathy and undergo episodes of hallucinations during
acute attacks and that lead poisoning symptoms include
behavioural alterations and mental deficiencies, we extended
these studies to the porphyric diseases.

In collaboration with P. Marchiori (Hospital das Clinicas,
Sdo Paulo), we examined latent and symptomatic AIP carriers
with regard to the blood levels of CuZnSOD, GSH-Px and
catalase. Significantly higher levels of SOD (32 and 100% in
latent and symptomatic patients, respectively) and of GSH-Px
(about two-fold in both cases) were found as compared to a
control group (Table 1)L, Treatment of one AIP patient with
intravenous hematin for four consecutive days did not amelio-
rate the neuropathy or affect the erythrocytic level of SOD.
An evaluation of erythrocytic SOD and GSH-Px in non-ex-
posed (<15 pg Pb/100 g blood; <120 pg protoporphyrin-IX/
100 ml erythrocytes) and exposed workers (15-150 pg Pb/
100 g blood; >120 pg PP-IX/100 ml erythrocytes) of several
industries of metropolitan S&o Paulo showed significantly
augmented activities of both enzymes: 85% and 140% for SOD
and GSH-Px, respectively (Table 2)52. The dose-response re-
lationship between erythrocytic SOD and lead concentrations
parallels that obtained for urinary ALA vs. blood lead!0. The
highest SOD value (1960 U/g Hb) was found in a janitor
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Table 1. Erythrocyte SOD, GSH-Px and Catalase Values in AIP Patients.

Group

Enzymes Control IAP, asymptomatic IAP, acute crisis

SOD 490 + 86 (32) 650 + 41 (8) 992 £+ 95 (8)
(U/g Hb)
GSH-Px 10.6 £+ 2.7 (20) 20.0 £ 2.5 (4) 18.5 £ 0.9 (3)

(pmol NADPH/min/g Hb)

Catalase 2020 + 650 (30) 2500 * 170 (6) 1638 + 560 (4)
(ug/g Hb)

Results are presented as X + SD (n).

Table 2. Erythrocyte SOD and GSH-Px Levels in Lead-exposed Individuals.

Groups SOD GSH-Px
(U/g Hb) (umol NADPH/min/g Hb)
n Xt SD n X + SD
Factory A
Exposed 12 996 + 382 11 31.0 £ 194 ®
Non-exposed 26 612 * 139 21 93 + 32
Factory B
Exposed 24 1176 + 365 2 28 342 £ 145°® ?
Non-exposed 21 575 + 98 29 20.7 £ 9.2
Various Industries
Exposed 26 861 + 288¢2 27 535 £ 340>
Control 27 467 + 94 19 239 = 11.2

ap<001; ®*p<0.05

(three-year exposure time) who was responsible for sweeping
lead-containing dust from the prodution site of an electric
cable manufacturing plant. This work involved the participa-
tion of Dr. A.S.A. Arcuri (Division of Industrial Hygiene and
Safety, Servigo Social da Indistria - SESI, S&o Paulo). This
survey of AIP patients and lead-exposed workers with regard
to the anti-oxidant enzymes was actually the starting point for
the work described in this review and provided arguments to
support our free radical hypothesis of chemical and inborn
porphyrias characterized by elevated plasmatic ALA.

7.1S ALA THE COMMON ETIOLOGIC AGENT
IN AIP, HEREDITARY TYROSINEMIA
AND LEAD POISONING?

On a biochemical basis, the relationships between the clini-
cal symptoms of lead poisoning, AIP and tyrosinemia are yet
to be established. The only common factor in these diseases is
the elevation of plasma ALA due to the inhibition or hypopro-
duction of certain enzymes of the heme biosynthetic pathway.
At the subcellular level, they exhibit liver or kidney mito-
chondrial damage and, in the case of AIP, demyelinization of
nerve cells. Kidney and liver insufficiency, hepatomas and
neuropsychiatric manifestations are consequences common to
those three types of porphyria .

The neurological manifestations of AIP have long been
attributed to the competition between the excess ALA and
gamma-butyric acid (GABA) for binding sites of synaptic
membranes*445, In the case of lead poisoning, the molecular
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bases of the syndrome are more complex and multifactorial,
since Pb2* jons inhibit the activity of a large number of thiol-
proteins and -enzymes such as those of the heme biosynthetic
pathway shown in Scheme 1, hemoglobin33, (CaZ*,Mg?*)54 and
(Na*,K*)*S ATPases, adenyl cyclase’®, glucose-6-phosphate
dehydrogenase and phosphofructokinase’?, The possibility that
Pb2* ions can directly promote oxidative damage in several
biological systems has also been demonstrated; e.g., Pb?*-cata-
lyzed oxidation of oxyHb to met-Hb and ROS53 and Pb?*-
stimulated, iron-initiated lipid peroxidation of phospholipid
liposomes, erythrocytes and microsomes8. With regard to pro-
oxidant properties of ALA, the literature also describes ALA-
induced photo-oxidative damage to animal and vegetal tissues,
possibly via oxyradicals and singlet oxygen produced from
electronic excitation of the porphyrins biosynthesized from
ALA. Herbicidal®®, insecticidal®® and tumor killing8! proper-
ties of ALA under illumination have also been described.

Recently, ALA was found to cause transient (5 min) and
dose-dependent relaxation of rat aortic rings, suggesting that
it interferes in the mechanism of NO-mediated modulation of
the vascular tone®2, At first sight, however, based on the prop-
erty of ALA to generate Oy species which are known to de-
crease the lifetime of NO - the endothelium-derived relaxing
factor (EDRF)%3- one would predict an opposite effect of ALA
on the aortic rings.

In this paper we present published and in progress research
information from our laboratories, with in vitro and in vivo
systems, which strongly argues for a role of ALA as a poten-
tial endogenous source of deleterious oxyradicals and H,0;
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when accumulated in the porphyric states considered here. In
summary: (i) ALA undergoes transition metal-catalyzed oxi-
dation by molecular oxygen, propagated by Oz- and ALA enoyl
species, to give H;03, HO- radicals, NH4* ions and DOVA;
(ii) oxyHb co-oxidizes to metHb in the presence of ALA; (iii)
ALA induces lipid peroxidation of cardiolipin-rich vesicles and
single strand breaks in plasmid DNA; (iv) ALA causes Ca?*-
mediated and Mg?*-antagonized rat liver mitochondrial per-
meabilization, revealed by the release of State-4 respiration,
collapse of the transmembrane potential and, consequently,
swelling, probably via cross-linking of membrane thiol-pro-
teins; (v) chronically ALA-treated rats suffer early fatigue
under imposed swimming-training and increased muscle and
liver glycolytic metabolism, as indicated by various biochemi-
cal parameters; (vi) increased lipid peroxidation in the red
muscle, brain and liver of ALA-treated rats is indicated by
increased chemiluminescence emission from the exposed or-
gans; (vii) the brain of ALA-treated rats exhibits elevated
contents of oxidized proteins, iron and TBARS; (viii) synap-
tosomes and synaptic membranes of ALA-treated rats present
altered ability to capture Ca’* ions and to bind GABA, re-
spectively; and, finally, (ix) AIP patients and lead-exposed
workers present aungmented erythrocytic levels of SOD and
GSH-Px which may indicate an adaptive, protective response
against elevated ROS-generated ALA; ALA-treated rats also
showed increased activity of CuZnSOD, measured in brain,
red muscles and liver.

If ALA, synthesized in the mitochondria and distributed
and accumulated in several organs, indeed represents a com-
mon dangerous source of ROS in AIP, lead poisoning and
tyrosinemia, this role requires that ALA be enolized first to
the oxidizable form. That is, enolic ALA could not be stored
or circulated among the organs without causing damage. Elec-
trophoresis of [5-'“C]JALA-incubated human serum did not
indicate any association of ALA, possibly in the keto, non-
oxidizable form, with plasmatic proteins (unpublished results).
In any case, however, plasma anti-oxidants (vitamin E, ascor-
bate, urate, bilirubin, carotenoids, glucose and proteins like
albumin, caeruloplasmin, transferrin, haptoglobin, etc.)5465 are
expected to block the propagation of ALA oxidation, if any,
and provide protection against ROS formed.

In conclusion, based on the in vitro and in vivo data re-
ported here and considering the histopathological information
in the literature, we propose an unifying hypothesis that over-
produced ALA in acquired and inherited porphyrias may gen-
erate Oy and HO- radicals in vivo, which act as oxidizing
weapons against biomolecules (thiol-proteins, DNA, lipids)
and supramolecular structures (mitochondria, endoplasmic
reticulum, other membranes), thus compromising vital func-
tions of cells ( Ca?* and iron homeostasis, binding of recep-
tors, respiration) and, consequently, the functionality of sev-
eral organs. If ALA can actually be considered as an endog-
enous source of Oy species, one might also propose that ALA
may release iron from ferritin and thus provide “free iron” to
catalyze oxidative damage in other cell structures®, Finally,
the data presented here establish i.p. ALA-treated rats as a
very useful model for in vivo studies of oxidative stress, as
ALA is a normal metabolite present in all tissues and is
promptly distributed among several organs.
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