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To show liver failure mediated by 5-aminolevulinic acid (ALA), a heme precursor accumulated 
in inborn and acquired porphyrias, rats were treated with succinylacetone methyl ester (SAME). 
Treated rats underwent the expected ALA accumulation in plasma, liver and urine as a result from 
inhibition of ALA dehydratase (ALAD) activity. The enzyme activity decreased concomitantly with 
diminished urinary coproporphyrin levels. Additionally, liver protein carbonyls, iron and ferritin 
were higher in groups treated with a lower concentration of SAME whereas malondialdehyde 
was higher in the group treated with a higher ester dose. Consistent with these biochemical data, 
chronic treatment SAME was associated with induced oxidative subcellular and tissue damage 
revealed by cytosolic and mitochondrial changes within the liver cells. Altogether, these data 
expand the understanding of the direct biochemical mechanism for liver cell death in hepatic 
inborn disorders by generating excess ALA and may foster future therapeutic-driven strategies 
to preserve liver function.
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Introduction

Succinylacetone (SA) is a tyrosine metabolite that 
accumulates in tyrosinemia type 1 (HT1) carriers.1,2 
SA inhibits ALA-dehydratase (ALA-D) and promotes 
5-aminolevulinic acid (ALA) accumulation,3 which is 
presumed to cause renal dysfunction, liver cirrhosis and 
cancer, and neuropsychiatric manifestations in HT1 
affected individuals.2,4 In animal models, chronic exposure 
to SA leads to ALA-D inhibition, especially in liver, 
kidneys and brain that seem to preferentially accumulate 
and retain SA from extracellular and circulating fluids.5 

Preliminary experiments confirmed a ‘hyperoxidative’ 
status that was suggested by outmatched putative chemical 
and enzymatic biomarkers of redox imbalance.6,7 However, 
iron accumulation and oxidative stress in the liver have also 
been involved in the pathophysiology of SA-induced liver 
toxicity and this redox imbalance may be directly related 
to ALA overload as the oxidative pivot therein.

ALA levels typically peaks in the plasma and 
urine during acute porphyric and tyrosinemic clinical 
episodes.1,8-10 Excess ALA has been shown in vivo and 
in vitro to cause oxidative injury to biomolecules such 
as proteins, DNA modification and fragmentation, and 
structural disruption of lipid bilayers and of cell organelles 
such as mitochondria and synaptosomes.6 Thus, it is 
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tempting to correlate the mitochondrial and DNA oxidation 
found in the liver of ALA-treated rats to the well-known 
high incidence of liver failure and hepatocarcinoma in acute 
intermittent porphyria (AIP) and HT1 patients who have 
chronically been exposed to 10 to 100 times elevated ALA 
hepatic levels.4-6 Accordingly, recent studies on xenobiotics 
and liver-metabolized dietary supplements advocate the link 
between redox imbalance and impaired liver cell function 
in an array of human disorders.8,11

Increased ALA intake in experimental models of 
AIP and HT1 offers competing interpretations on liver 
damage: porphyrin-linked photodynamic action within 
the hepatocyte milieu through singlet-oxygen generation12 
opposed by ALA-driven oxidative effects mediated by 
free radicals.6,13,14 However, regarding the evidence that 
SA-promoted inhibition on ALA-D prevents porphyrin 
synthesis, it favors the latter interpretation on liver damage 
caused by the direct ALA accumulation in these heme 
deficiency disorders. In order to advance in experimentally 
assessing liver heme disorders, we studied the effects of 
the ALA-D inhibition by SA methyl ester (SAME) on 
heme metabolite biochemistry and hepatic cell viability 
and structure. We show here that overproduction of 
ALA in SAME-treated rats can well mimic the liver 
mitochondrial damage long detected in liver biopsies of 
porphyric individuals by Biempica et al.,15 attributed herein 
to impairment of the animal redox balance.

Our working hypothesis to connect the observed 
biochemical and cellular alterations with SAME-induced 
ALA accumulation and resulting redox imbalance is 
illustrated by the Scheme 1.

Experimental

SAME was prepared by methylation of calculated 
amounts of SA (Sigma Chemcial Co. (St. Louis, MO, 
USA)) dissolved in ethyl ether with Diazald®, as described 
by Rocha et al.7

Animal care and treatments

All the experiments were approved by the local Ethics and 
Animal Care Committee (Protocol CECUA 20-03-2007), 
which follows the American NIH guidelines for animal care 
and use. Male Wistar rats (250-300 g), bred and lodged in 
the Institute of Chemistry animal facility, at University 
of São Paulo, were housed in metabolic cages under 
controlled temperature (22 °C), humidity and light (12 h 
light-dark cycles). The animals were fasted for 44 h during 
i.p. treatment with three doses of SAME or saline at 6, 24 
and 42 h, and were sacrificed 2 h after the last injection. 
Water was provided ad libitum. The animals were divided 
randomly into 4 groups. The control group (I) was treated 
with saline (0.67 mL kg-1 body weight, pH 7.2), while 
groups II to IV were treated, respectively, with 10, 40 and 
80 mg SAME kg-1 body weight, pH 7.2. Blood and liver 
samples were collected and stored at −80 °C until analysis. 
Urine was collected for 6 h prior to the first SAME injection 
and during the 18 h intervals between injections.

Metabolite and enzyme analyses

ALA pre-derivatized with acetylacetone and 
formaldehyde was determined in liver, plasma and urine 
samples using a high-performance liquid chromatography 
(HPLC) system with fluorescent detection as described 
by Murata et al.,16 whereas liver ALA-D activities in liver 
extracts were estimated spectrophotometrically according 
to Sassa.17 Urinary coproporphyrin (COPRO) was evaluated 
on an HPLC system with fluorescent detection by the 
method reported by Cypriani et al.18

All putative indices of oxidative stress in tissue 
samples were determined by procedures widely reported 
in the literature. As a marker of lipid peroxidation, 
malondialdehyde (MDA) was measured in liver samples 
by HPLC according to Estebauer et al.,19 and liver 
protein carbonyl levels were determined as described by 

Scheme 1. Envisaged mechanism of ALA-driven redox imbalance in SAME-treated rats.6 SA strongly inhibits (Ki = 30 nM) ALA-dehydration to 
porphobilinogen (PBG) in the heme biosynthetic pathway leading to ALA accumulation in the rat liver and other organs. Excess ALA undergoes enolization 
and further metal-catalyzed oxidation by molecular oxygen yielding ammonium ion and 4,5-dioxovaleric acid (DOVA), a multistep reaction mediated by 
superoxide, hydrogen peroxide and hydroxyl radical. These reactive oxygen species may reportedly cause oxidative damage to protein, DNA, lipids and 
other biomolecules.
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Levine et al.20 after modification by Rocha et al.7 Total 
nonheme iron was assayed spectrophotometrically as 
described by Bralet et al.21

Liver glutathione (GSH) was analyzed by HPLC 
equipped with an electrochemical detector as described 
by Smith et al.,22 and glutathione peroxidase (GPX) 
was assayed spectrophotometrically with peroxide 
coupled to nicotinamide adenine dinucleotide phosphate  
(NADPH)/GPX reductase as reported by Wendel.23 
Total superoxide dismutase (SOD) was assayed 
spectrophotometrically employing a non-enzymatic 
superoxide generator and nitroblue tetrazolium chloride 
as the radical detector.24 Protein concentrations in liver 
samples were determined by the Bradford’s method.25

Histochemical and immunohistochemical analysis

Liver fragments were fixed in 3.7% buffered formalin 
or methacarn and processed for paraffin embedding prior 
to histochemical and immunohistochemical analysis.

Iron II/III histochemical detection was performed as 
described by Smith et al.,26 whereas liver ferritin was 
localized by immunohistochemical reactivity, using 
chicken polyclonal anti-human ferritin antibody (Geneway, 
San Diego, USA) and rabbit polyclonal antibody against 
chicken immunoglobulin Y (IgY).

Liver protein carbonyls (DNP) were also immunolocalized 
as described by Astruc et al.27 Protein carbonyl groups were 
derivatized with 2,4-dinitrophenylhydrazine (DNP), while 
the DNP-conjugate forms were detected using an anti-DNP 
antibody. Polyclonal rabbit anti-DNP primary antibody 
(Sigma-Aldrich, St. Louis, MO, USA) and goat anti-rabbit 
peroxidase-conjugated secondary antibody (Upstate Cell 
Signaling Solutions, 7074, New York, USA) were used.

For the histological analyses, specimens were fixed in 
2.5% glutaraldehyde, post-fixed with 1% osmium tetroxide 
for 1 h, at 4 °C, and embedded in Spurr resin (Spurr 
Embedding Kit, Ladd Research Industries, VT, USA). 
Ultrathin 60 nm sections were stained with 2% uranyl 
acetate and 0.5% lead citrate, both in PBS, and observed 
under a JEOL-100 CX transmission electron microscope 
(JEOL, Tokyo, Japan).

Detection of TUNEL-positive cells

Presence and localization of apoptotic cells within the 
liver were examined as described by Dekel et al.,28 using 
an in situ Cell Death Detection Kit-alkaline phosphatase 
(Boehringer Mannheim, Roche, Germany). Analyses 
were performed under an Axioskop 2 microscope (Zeiss, 
Germany) using 100× objectives. Data were evaluated 

as total number of nicotinamide adenine dinucleotide 
phosphate (TUNEL)-positive cells per microscopic field 
(area = 0.12 µm2) randomly selected from two distinct 
histological sections (from different liver fragments). A 
total of 50 microscopic fields were counted from each 
group. Data were expressed as the mean (± SD, standard 
deviation) of TUNEL positive nuclei per µm2.

Statistical analysis

Parametric data were analyzed based on statistically 
significant differences by one-way analysis of variance 
(ANOVA); Tukey-Kramer and Kruskal-Wallis pos hoc tests 
were performed (p < 0.05). As for the TUNEL-positive cell 
analyses, data were tested by the Student’s t-test (p < 0.05).

Results

Heme precursors and ALA-D activity

As expected, the levels of ALA significantly increased 
in the plasma (× 7-9), liver (× 6-24), and urine (× 12-13) of 
all SAME-treated groups when compared with the control 
group (Table 1). Higher ALA levels were found at higher 
doses of the ALA-D inhibitor, albeit not strictly in a SAME 
concentration-dependent manner. ALA levels in the urine 
samples collected between the 2nd and 3rd i.p. injection were 
significantly elevated in SAME-treated groups relative to 
the control (p < 0.001) and in group IV relative to group 
II (p < 0.05). Not surprisingly, both liver ALA-D activity 
(Table 2) and urinary COPRO concentrations (Table 3) 
reduced in SAME-treated animals. A significant increase 
in the clearance of ALA was found for group II versus 
control (p < 0.05) and group III (p < 0.001), and in group 
IV versus group III (p < 0.01) (Table 3).

Putative indices of oxidative stress

Protein carbonyl levels in rat tissues were widely 
distributed within each SAME-treated group; a significant 
augmented (2-fold) concentration of oxidized protein was 
found only in group II (p < 0.001) (Table 4). Liver MDA 
was significantly higher in group III versus control only 
(p < 0.001). Unexpectedly, GSH, considered a reliable 
parameter to evaluate the cell redox balance,29 showed no 
differences among treated animals. The highly protective 
concentration of GSH in liver may explain this result.29

Liver total non-heme iron levels increased by ca. 50% 
upon 40 mg SAME kg-1 body weight when compared to 
control and group II (Table 4). This supports the molecular 
link among SAME administration, ALA accumulation, iron 
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deposition and oxidative imbalance. SAME administration 
strongly inhibits ALA-D, resulting in overproduced ALA. 
The follow up is ALA oxidation, which is known to be 
catalyzed by iron complexes, yielding oxygen reactive 
species.30,31 ALA also induces iron release from ferritin,30 
providing iron to catalyze aerobic oxidation of various 

metabolites, including ALA itself, aminoacetone and triose 
phosphates.6 SA also inhibits heme synthesis, leading to 
nonheme iron accumulation in mitochondria and cytosol 
of normal reticulocytes.32 Liver total SOD activity and 
glutathione peroxidase (GPx) showed no differences 
(Table 4). As for SOD, this is consistent with previous study 
using acute SAME treatment.7 Concerning GPx, it is long 
known that the hepatic GSH highly buffers against oxidative 
insult by a high rate of GSH synthesis.8 This constitutes 
one of the protection mechanisms lost in a chronic liver 
imbalanced redox environment.

Histochemical and immunohistochemical assays

Liver iron accumulation was confirmed in all groups, 
although it was notably higher in group II (Figure 1E 
versus Figure 1A and 1I). In all groups, the distribution was 
more intense in the center of the classical hepatic lobule, 
surrounding the central vein.

DNP was evenly localized throughout the liver 
parenchyma in all the groups (Figures 1C, 1G, 1K), 

Table 1. Mean plasma, liver and urine ALA levels for all the studied groups. The animals in group I were treated with saline solution (0.67 mL kg-1 body 
weight). Animals in groups II, III and IV were treated with 10, 40 and 80 mg SAME kg-1 body weight, respectively. Data are shown as mean ± SD (ranges)

ALA levels (unit; n)
Group (mg SAME kg-1 body weight)

I (control) II (10 mg) III (40 mg) IV (80 mg)

Plasmaa (µmol L-1; n = 8) 0.48 ± 0.04 
(0.45-0.60)

3.30 ± 0.80* 
(2.28-4.48)

3.99 ± 0.45* 
(3.26-4.56)

4.39 ± 0.93*,** 
(3.10-5.62)

Liverb 
(nmol L-1 per mg protein; n = 8)

1.92 ± 0.35 
(1.60-2.60)

30.83 ± 7.36* 
(22.13-39.99)

42.73 ± 4.38** 
(40.40-49.77)

45.80 ± 11.74**,*** 
(33.62-66.62)

Urinec (between the 2nd and 3rd i.p.) 
(µmol L-1; n = 8)

4.15 ± 1.69 
(1.66-7.66)

49.93 ± 5.3* 
(43.55-58.11)

52.26 ± 9.58* 
(39.13-66.67)

54.26 ± 8.44*,** 
(40.51- 67.63)

aPlasma: *p < 0.001 is statistically different from control (group I), **p < 0.001 is statistically different from group II (10 mg SAME kg-1 body weight). 
Multiple comparisons between the groups were made using the Tukey-Kramer test; bliver: *p < 0.05 is statistically different from control (group I), 
**p < 0.001 is statistically different from control (group I), ***δp < 0.05 is statistically different from group II (10 mg SAME kg-1 body weight). Multiple 
comparisons between the groups were made using the Kruskal-Wallis test; curine: *p < 0.001 is statistically different from control (group I), **p < 0.05 is 
statistically different from group II (10 mg SAME kg-1 body weight). Multiple comparisons between the groups were made using the Kruskal-Wallis test.

Table 3. Mean ± SD reduction in urinary COPRO for all treated groups. Mean ± SD renal clearance of ALA for all the treated groups. Animals in group 
I were treated with saline solution (0.67 mL kg-1 body weight). Animals in groups II, III and IV were treated with 10, 40 and 80 mg SAME kg-1 body 
weight, respectively (n = 5)

Group Reduction in urinary COPRO levelsa / % Clearance of ALAb (mean ± SD) / (mL min-1)

I 0.24 ± 0.14

II 90 (ranging from 72 to 104)*,**,*** 0.39 ± 0.18*,**

III 65 (ranging from 51 to 80)*,** 0.25 ± 0.08

IV 79 (ranging from 50 to 118)*,** 0.33 ± 0.13***

aUrinary COPRO: *data were normalized subtracting the values found for the control group; **p < 0.001 is statistically different from control (group I); 
***p < 0.05 is statistically different from groups III and IV (40 and 80 mg SAME kg-1 body weight, respectively). Multiple comparisons between the 
groups were made using the Tukey-Kramer test; bclearance of ALA: *p < 0.05 is statistically different from control (group I); **p < 0.01 is statistically 
different from group III (40 mg SAME kg-1 body weight); ***p < 0.01 is statistically different from group III (40 mg SAME kg-1 body weight). Multiple 
comparisons between the groups were made using the Kruskal Wallis test.

Table 2. Liver ALA-D activity for animals in groups I, II, III and IV. 
Animals in group I were treated with saline solution (0.67 mL kg-1 body 
weight). Animals in groups II, III and IV were treated with 10, 40 and 
80 mg SAME kg-1 body weight, respectively (n = 6)

Group
% ALA-D activity

Liver

I 100

II 5.63*,****

III 4.18**,****

IV 0.98***

*p < 0.05 is statistically different from control (group I); **p < 0.01 is 
statistically different from control (group I); ***p < 0.001 is statistically 
different from control (group I); ****p < 0.001 is statistically different 
from group IV (80 mg SAME kg-1 body weight). Multiple comparisons 
between the groups were made using the Kruskal-Wallis test.
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although the immunoreaction was also more intense in 
group II (Figure 1G).

The staining pattern of ferritin immunolocalization was 
weakly and uniformly distributed in the liver parenchyma 
in control (Figure 1B) and groups III and IV (Figure 1J), 
but particularly intense in 10 mg SAME treated group 
(Figure 1F).

Ultrastructural analysis

As expected, the ultrastructural analysis showed 
preservation of the liver architecture and distinctive features 
characteristic of hepatocytes in all the specimens. In the 
control group (Figure 2A), hepatocytes contained up to 
two nuclei. After SAME treatment, the most remarkable 
findings under electron microscopic examination showed 
changes in the mitochondrial compartment. In groups II 
and IV (Figures 2B-D and 2I-J, respectively), the hepatic 
ultrastructure showed characteristics similar to those of 
the control group, except for part of the mitochondria, 
which were unusually small, oval or quasi-oval in shape, 
with increased mitochondrial matrix electron-density 
(Figures 2C and 2J). After the 40 mg SAME kg-1 
treatment (Figures 2E-H), hepatocytic mitochondria 
exhibiting higher mitochondrial matrix electron-density, 
suggestive of electron-dense inclusions, predominated over 
morphologically normal mitochondria. Mitochondria with 
electron lucent matrix but with atypical loss of cristae were 
also observed (Figure 2G). The specimens of groups II and 
III also displayed occasional discrete augmentation of lipid 
inclusions (Figure 2F) and heterophagosome-like organelles 

(Figure 2D), myelin figures and atypical dilatations and 
vacuolization in the endoplasmic reticulum cisternae 
(Figure 2G). Nuclear organelles and nuclear membrane 
have maintained their structure in the experimental groups. 
All the specimens showed euchromatic nuclei with a 
prominent nucleolus.

Presence of apoptotic cells

Chromatin condensation and fragmentation were 
frequently visualized throughout the parenchyma 
in the liver of SAME-treated animals, and TUNEL 
assay confirmed that this finding was associated with 
programmed cell death. TUNEL stained nuclei in general 
were more numerous surrounding the central vein at the 
center of the classical lobule and progressively diminishing 
towards the periphery (Figures 3A-B).

SAME-treatment (Figure 3C) at the dose of 40 mg kg-1 
increased the number of TUNEL positive nuclei by 
approximately 5 times when compared with control samples 
(55.6 ± 4.2 vs. 10.1 ± 0.7, p = 0.004), whereas the increase 
seen with 80 mg kg-1 was much more discrete (14.4 ± 0.8 vs. 
10.1 ± 0.7, 1.4-fold, p = 0.012). The 10 mg-SAME treatment 
did not significantly change the number of apoptotic cells 
(14.6 ± 1.9 vs. 10.1 ± 0.7, p = 0.087).

Discussion

Direct administration of SAME to rats at 18 h intervals 
resulted in higher amounts of ALA in plasma, liver 
and urine when compared to control (Table 1). Another 

Table 4. Mean liver protein carbonyl, lipid peroxidation, GSH, total non-heme iron content, SOD activity and GPx activity for all the studied groups. 
Animals in group I were treated with saline solution (0.67 mL kg-1 body weight). Animals in groups II, III and IV were treated with 10, 40 and 
80 mg SAME kg-1 body weight, respectively. Data are shown as mean ± SD (ranges)

Biomarkers of oxidative 
imbalance

Group (mg SAME kg-1 body weight)

Liver

I (control) II (10 mg) III (40 mg) IV (80 mg)

Protein carbonyla 
(nmol L-1 mg-1 protein; n = 6)

6.04 ± 2.10 (3.75-9.20) 13.78 ± 3.99* (10.13-20.76) 5.34 ± 1.18 (4.11-7.50) 4.99 ± 0.68 (3.99-6.10)

Lipid peroxidationb (MDA) 
(nmol L-1 mg-1 protein; n = 6)

2.63 ± 0.40 (2.22-3.17) 2.92 ± 0.60 (2.11-3.67) 3.41 ± 0.42*,# (2.90-4.08) 2.83 ± 0.24 (2.48-3.09)

GSH (n = 5) 0.22 ± 0.04 0.23 ± 0.10 0.23 ± 0.05 0.25 ± 0.08

Total non-heme ironc 
(µg Fe mg-1 tissue; n = 8)

0.50 ± 0.15 0.48 ± 0.10 0.75 ± 0.24** 0.59 ± 0.15

SOD activity (U mg-1 protein) 19.45 ± 3.29 20.86 ± 4.16 20.59 ± 3.71 23.26 ± 3.88

GPx activity (nmol L-1 
NADPH min-1 mg-1 protein)

0.41 ± 0.16 0.52 ± 0.22 0.54 ± 0.22 0.45 ± 0.15

aLiver protein carbonyl: *p < 0.001 is statistically different from groups I (control), III and IV. Multiple comparisons between the groups were made using 
the Tukey-Kramer test; bliver MDA: *p < 0.001 is statistically different from control (group I). #p < 0.05 is statistically different from group IV (80 mg 
SAME kg-1 body weight). Multiple comparisons between the groups were made using the Tukey-Kramer test; ctotal non-heme iron liver levels: **p < 0.05 
is statistically different from control (group I) and group II.
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consequence of ALA-D inhibition by SAME-generated 
SA catalyzed by esterases, confirmed by the data given in 
Table 2, is the downstream depression of urinary COPRO 
(Table 3). The fact that the values of the renal clearance of 
ALA by treated animals were similar to that of the control 
group (Table 3), but for group II, indicates that the increased 
levels of plasma ALA did not suffice to effectively alter the 
renal function. Blood accumulation and urinary excretion 
of ALA at concentrations above the normal levels have 

long been reported in symptomatic AIP carriers1,9,10 and 
have been associated with neurological manifestations and 
hepatoma incidence in AIP patients.6

Altogether, these data suggest that maximal effects of 
SA in rats can be reached at a dose ranging from 10 and 
40 mg SAME kg-1 body weight. It is possible that in the 
presence of high ALA levels, as that attained at SAME 
doses higher than 10-40 mg kg-1 body weight, a competition 
between ALA and SA for the active site of ALA-D may 

Figure 1. Localization of iron (A, E, I), ferritin (B, F, J) and DNP (C, G, K) in the liver of control (A-D) or SAME treated rats (10 mg, E-H; 40 mg I-L; 
80 mg, insert of Figures I-K). Stainable iron is observed as irregular dark granules in liver cell cytoplasm (arrows). The density of granules in the liver 
parenchyma varied with the animals’ treatment (A, E, I and insert). By contrast, DNP immunoreactivity shows differences (C, G, K and insert) in intensity, 
but is uniformly distributed in liver cells. In general, immunoreaction for ferritin is weak in liver cells except in 10 mg SAME-treated samples (B, F, J). 
v: portal vein; s: sinusoid; h: hepatocyte columns; p: portal area. Figures D, H and L are representative of the immunoreaction controls in which the primary 
antibody was replaced by non-immune rabbit serum, respectively, for anti-ferritin in the control group, anti-DNP in the 10 mg SAME treated group, and 
anti-DNP reaction in the 40 mg SAME treated group. The liver sections were counterstained with Mayer hematoxylin or methyl green solution.
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happen, minimizing the inhibitory effects of SA over 
ALA-D and consequently the redox imbalance to the 
tissues.33,34 Data from tissue labeling assays offer additional 
support for this explanation, since the 10 mg SAME-treated 
group was the most affected (Figure 1).

It is tempting to interpret the higher renal clearance of 
ALA observed in groups II and IV relative to group III to a 
faster removal of this metabolite from the body, preventing 
its accumulation and oxidative consequences in this organ.

The dose-effect response found for urinary ALA 
excretion reinforces this hypothesis (Table 1). In cells, 
only low quantities of ALA coexist with the heme 
precursors in the normal flow of heme biosynthesis.35 
Thus, any excess of ALA produced by endogenous or 
exogenous factors is exported.35 A cellular mechanism to 
avoid intracellular accumulation of ALA must operate: 
possibly a detoxification mechanism occurs against the 
pro-oxidant properties of ALA.36 Although significant 
alterations in GSH content and SOD and GPx activities 
were not observed in the current study (Table 4), our 

results substantiate an acute effect of SAME-induced 
ALA accumulation of protein carbonyls, MDA and total 
non-heme iron levels. In addition to be well protected 
against oxidative injury by a high content of GSH, the 
liver may switch on adaptive responses in the early stages 
of toxicant challenge, thereby pre-conditioning the animal 
to further oxidative organ insult.

The treatment of rats with SAME resulted in a 
statistically significant dose-dependent increase of protein 
carbonyls in group II relative to control (Table 4). This 
finding was also confirmed by immunohistochemistry 
(Figures 1C, 1G, 1K). A dose-dependent decrease of 
protein carbonyl was observed in groups III and IV. 
Thus, maximal pro-oxidant effects of SA in rats can be 
triggered by a limiting dose of SAME in the range of 
10-40 mg SAME kg-1 body weight. The oxidative damage 
can be partially suppressed in subsequent hours in response 
to an adapting stimulus.36 Significantly higher lipid 
peroxidation was observed in the liver only upon treatment 
with 40 mg SAME kg-1 (Table 4).

Figure 2. Electron microscopy analyses of the hepatic parenchyma: (A) control group; (B-D) 10 mg SAME kg-1; (E-H) 40 mg SAME kg-1. Hepatocytes (h) 
show euchromatic nucleus (n), prominent nucleolus (nc) and cytoplasm rich in mitochondria. C and D, respectively, highlight mitochondria with electron 
dense matrix (white asterisk) and mitochondria with normal morphology (black asterisk), as well as a heterophagosome-like organelle, which are common 
ultrastructural findings in hepatocyte-treated animals. (E, H) Mitochondria with atypical electron dense matrix (white asterisk) and with electron dense 
inclusions (arrows) prevailed over mitochondria with normal appearance (black asterisk) in hepatocytes of 40 mg SAME-treated animals. (F) Lipid droplets 
are particularly numerous in this group (L) and occasionally also (G) rounded mitochondria with scarce cristae (m) surrounded by dilated endoplasmic 
reticulum cisternae (arrowheads). d: Space of Disse. Bar in E indicates 7 µm (A, B, F), 2 µm (C, G), 0.25 µm (D), 20 µm (E), or 5 µm (H). The liver sections 
were stained with 2% uranyl acetate and 0.5% lead citrate.
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The hepatic ultrastructure changes found in 
SAME-treated rats occurred primarily in the mitochondrial 
compartment. Hepatocyte mitochondrial abnormalities 
after 10 and 40 mg SAME kg-1 body weight treatment 
included bizarre shapes, extreme condensation of matrix, 
electron dense inclusions, swelling and atypical loss 
of cristae, also associated with hepatocyte dysfunction 
and damage in several other conditions such as human 
porphyria, experimental porphyria and in the use of 
porphyrogenic agents.37-39 Among these alterations, 
however, mitochondrial inclusions and increase of matrix 
electron density, indicative of mitochondrial damage, 
prevailed over others. Similar damage has been reported 
in several hepatic diseases, including human acute 
intermittent porphyria,33 although not in all cases,15 as well 
as in rat hepatocytes intoxicated with carbon tetrachloride. 
Abnormal mitochondrial shapes and increased number 
of mitochondrial ghosts are also common morphological 
alterations related with human porphyria, also found in 
hepatocyte cultures exposed to porphyrogenic agents.37-39 
The morphological effects of SAME in the mitochondria 
may be caused by the oxidative imbalance correlated here 

with hepatic lipid peroxidation and ALA accumulation. 
Accordingly, previous studies of swimming-trained 
ALA-treated rats (40 mg kg-1 body weight) revealed they 
underwent a shift from aerobic to glycolytic metabolism, 
which was attested by higher mobilization of muscle 
and liver glycogen, decreased activities of mitochondrial 
MnSOD, and elevated circulation of free fatty acids and 
lactic acid.40

The increase in apoptosis followed by 40 mg kg-1 
SAME treatment is also in agreement with our findings. 
Intriguingly, apoptosis triggered by SAME seemed not 
to occur at doses higher than 40 mg kg-1. We propose 
that a self-limiting pro-oxidant rate for SA effects may 
operate in this model where antioxidant and pro-oxidant 
mechanisms are counterbalanced. Alternatively, our 
inability to determine apoptosis within the liver at minimal 
and maximal doses of SAME treatment may infer a time-
dependent process for which apoptotic figures become 
experimentally more evident in our assays.

Additionally, in the present study, (i) the morphology 
and number of autophagic vacuoles in experimental 
specimens were similar, (ii) myelin figures were similar 

Figure 3. Representative photomicrographs of apoptotic cells labeled by TUNEL staining in liver of animals treated with NaCl (A) or SAME 40 mg (B). 
Apoptotic cells were visualized with alkaline phosphatase-fast red and seen as reddish nuclear staining mainly in hepatocytes cells (arrows). In SAME-treated 
photomicrograph note that stained cells are mainly surrounding a center-lobular hepatic venule (v). Sections were counterstained with methyl green 
solution (0.5% in 0.1 M sodium acetate buffer). Bar = 25 µm for both photomicrographs. (C) Exposure to SAME 40 and 80 mg (a, p < 0.005; b, p < 0.05) 
significantly increased the number of TUNEL positive cells in the hepatic tissue in comparison with control group (NaCl) (n = 50 microscopic fields from 
each group). Data were evaluated as total number of TUNEL-positive cells per microscopic field (area = 0.12 µm2) randomly selected from two distinct 
histological sections (from different liver fragments). A total of 50 microscopic fields were counted from each group. Data were expressed as the mean 
(± S.D.) of TUNEL positive nuclei per µm2. Bars are S.D. The liver sections were counterstained with methyl green solution.
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in control and experimental specimens, (iii) lipid droplets 
seemed to be discretely augmented, and (iv) no iron-positive 
granules related with mitochondrial damage were found.

Surprisingly, the group administered with the higher 
SAME dose (80 mg kg-1) did not show a dose-dependent 
effect for the redox parameters evaluated. An integrated 
and complex mechanism must be implicated therein. First, 
part of ALA accumulated in group IV must have been 
converted to 4,5-dioxovaleric acid (DOVA), a metabolite 
yielded through the aerobic oxidation of ALA.6 The similar 
profile of plasma and liver ALA levels and the data for 
the urinary ALA excretion also support this hypothesis 
(Table 1). Considering the differences in plasma ALA levels 
between groups II and IV, and proportional displacement 
of excess ALA to the extracellular medium,35 much more 
ALA should have been excreted in urine of group IV. 
Thus, it is possible that the lack of ALA-dose response 
was compensated by the production of DOVA. Despite 
DOVA, a highly electrophilic adductant to proteins, 
reportedly causes biological damage, it is expected to be 
less specific than ALA on cellular oxidative impairment, 
or takes longer to trigger its oxidative effects. Second, the 
renal clearance of ALA was higher for groups II and IV 
when compared to group III (Table 3). It seems likely that 
as higher the renal clearance for ALA, faster is the removal 
of this metabolite from the body, avoiding its accumulation 
and consequent oxidative effects. This may have prevented 
the establishment of a dose-dependent effect for group IV. 
This may also explain why some results showed that 
40 mg SAME led to significant different responses as 
compared to the control, whereas 10 mg SAME was more 
effective. Again, the dose-effect dependence found for 
the urinary ALA excretion also supports this suggestion 
(Table 1) once only low quantities of ALA accumulates 
in cells.35 These data suggest the existence of a cellular 
mechanism able to avoid the intracellular accumulation of 
ALA, possibly a detoxification mechanism against the pro-
oxidant properties of ALA. According to Demasi et al.,36 
liver, brain and soleus tissues are partially able to 
suppress the oxidative damage promoted by ALA in a 
longer term in response to an adaptive stimulus. Third, 
as for the biomarkers of oxidative stress determined in 
this study, the lack of a statistic difference for the treated 
groups versus the control might reflect effects of the 
nutritional stress. In this sense, fasting condition may 
have normalized the performance of treated and control 
groups. Fasting conditions reportedly favor mitochondrial 
damage as a consequence of a reduction in the amount of 
liver antioxidants, which would sensitize mitochondrion 
to the harmful action of reactive oxygen species (ROS).41 
Vendemiale et al.42 showed that mitochondria isolated from 

fasting normal liver presented higher levels of oxidized 
lipids and lower amounts of ATP synthase in relation to 
the fed group. Interestingly, in conditions of feeding, the 
model study for porphyria based on the administration 
of SAME is ineffective.7 However, despite discrete, the 
increases in biomarkers for oxidative stress showed in this 
study are in agreement with the reported oxidative damage 
to biomolecules, organelles, and tissues promoted by ALA 
accumulation (Scheme 2).

Conclusions

In conclusion, SA accumulation observed in hepatic 
tyrosinemia drives liver damage by overproduced ALA, 
mimicking the ‘porphyric condition’. This system allows 
us to propose advances in the clinical management of 
individuals (mostly children) in early stages of the disease 
conditions. Valuable observations come out of assessable 
clinical parameters and diagnostic tools for determination 
of risk variables during the disease progression such as 
increased ALA in plasma and urine, as well as elevation 
of urinary COPRO because of ALA-D inhibition by SA. 

Scheme 2. Free radical hypothesis of inherited hepatic porphyrias related 
to the accumulation of ALA, the first precursor of the heme biosynthetic 
pathway. ALA is reportedly overproduced in the liver of AIP patients 
due to PBG deaminase deficiency and in HT1, owing to excess SA, a 
tyrosine catabolite that acts as a strong inhibitor of ALA dehydratase. 
Model studies with rat-administered SAME or ALA6 have revealed: 
(i) increased plasma ALA and urinary ALA clearance, accompanied 
by decreased urinary COPRO (references 4, 43 and this work); 
(ii) liposome and membrane lipoperoxidation (reference 30 and this work); 
mitochondrial permeabilization and impaired functions (reference 7 
and this work); elevated carbonyl proteins (this work); increased liver 
chemiluminescence;36 DNA strand breaks, 2’-deoxyguanosine (dGuo) 
oxidation and DOVA adduction;44-46 and apoptosis (this work). In vivo 
or post-mortem studies of AIP patients have shown increased SOD 
activities;40,45 ALA overload and porphyrin diminution4 plus deformed 
mitochondria, elevated iron deposits and lipid droplets.15 A bulk of data 
advocate the implication of these ALA-triggered biochemical changes in 
the hemodynamic, hepatic, social behavior and psychiatric manifestations 
of AIP and HT1.4 Accordingly, we have also reported oxidative damage 
to γ-aminobutyric acid (GABA) receptors in cerebral structures of rat-
chronically exposed to ALA or SAME.47-49
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Although discrete, the increases observed in the biomarkers 
of oxidative imbalance (protein carbonyl, MDA, iron and 
ferritin) become possible assessments in clinical care for 
diagnoses and chronic intervention paradigms as they 
are consistent with oxidative damage promoted by ALA 
accumulation in humans and experimental animals reported 
elsewhere.6 Notwithstanding, the experimental model has 
limitations in human medical settings. Future clinical 
work may use approaches based on these aforementioned 
parameters to ameliorate the rare, but devastating health 
conditions in infancy and youth found in metabolic heme 
disorders.

The Scheme 2 summarizes in vitro and in vivo 
biochemical, hepatocytes and pathophysiological changes 
reported in this work and in the literature that hypothetically 
link ALA accumulation in both AIP and HT1 syndromes.
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