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Abstract
Acute intermittent porphyria (AIP) is a heme pathway disorder caused by a decrease in the activity and synthesis of porpho-
bilinogen deaminase. Thus, the first heme precursor 5-aminolevulinic acid (ALA) accumulates in the liver. Reactive oxygen 
species (ROS) resulting from ALA oxidation may be correlated to a higher incidence of hepatocellular carcinoma (HCC) in 
AIP patients. However, the molecular mechanisms of this relationship have not been thoroughly elucidated to date. In this 
study, we investigated the effect of increasing levels of ALA on the expression of proteins related to DNA repair, oxida-
tive stress, apoptosis, proliferation and lipid metabolism. Primary rat hepatocytes were isolated by the collagenase perfu-
sion method, lipoperoxidation was evaluated by a TBA fluorimetric assay and Western blotting was used to assess protein 
abundance. The data showed that ALA treatment promoted a dose-dependent increase of p53 expression, downregulation 
of Bcl-2, HMG-CoA reductase and OGG1 and an increase in lipoperoxidation. There was no alteration in the expression of 
the transcription factor NF-κB, catalase and superoxide dismutase. ALA oxidation products induced protein regulation pat-
terns, suggesting the interconnection of cellular processes, such as the intrinsic pathway of apoptosis, redox homeostasis, cell 
proliferation, lipid metabolism and DNA repair. This study helps to elucidate the molecular mechanisms of hepatotoxicity 
mediated by ALA pro-oxidant effects and supports the hypothesis that ALA accumulation correlates with a higher incidence 
of hepatic carcinogenic events.
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oxygen species · Primary rat hepatocytes

Abbreviations
Bcl-2	� β-Cell lymphoma 2
ALA	� 5-Aminolevulinic acid
8-oxodGuo	� 8-Oxo-7,8-dihydro-2´-deoxyguanosine
OGG1	� 8-Oxoguanine DNA glycosylase I
AIP	� Acute intermittent porphyria
CAT​	� Catalase
GAPDH	� Glyceraldehyde 3-phosphate dehydrogenase
HCC	� Hepatocellular carcinoma
HMG-CoAr	� Hydroxymethylglutaryl-CoA reductase
NF-κB	� Nuclear factor κB
ROS	� Reactive oxygen species
SOD	� Superoxide dismutase
p53	� Tumor protein p53

 *	 J. Onuki 
	 janice.onuki@butantan.gov.br

	 P. R. Menezes 
	 patricia.menezes@butantan.gov.br

	 C. B. González 
	 litos1518@gmail.com

	 A. O. DeSouza 
	 ana.souza@butantan.gov.br

	 D. A. Maria 
	 durvanei.maria@butantan.gov.br

1	 Laboratory of Molecular Biology, Butantan Institute, Av. 
Vital Brasil, 1500, Butantã, São Paulo, SP 05503‑900, Brazil

2	 Department of Clinical and Toxicological Analyses, School 
of Pharmaceutical Sciences, University of São Paulo, 
São Paulo, SP 05508‑900, Brazil

3	 Sección de Toxicología, Departamento de Ciencias Forenses, 
Organismo de Investigación Judicial, Heredia, Costa Rica

http://orcid.org/0000-0002-5629-1594
http://orcid.org/0000-0002-0527-5877
http://orcid.org/0000-0001-6025-7500
http://orcid.org/0000-0001-7676-9551
http://orcid.org/0000-0001-5343-8848
http://crossmark.crossref.org/dialog/?doi=10.1007/s11033-018-4367-5&domain=pdf


2802	 Molecular Biology Reports (2018) 45:2801–2809

1 3

Introduction

Porphyrias are acquired or inherited metabolic diseases 
identified by alterations in the activity or the reduced syn-
thesis of heme biosynthetic pathway enzymes, such as 
porphobilinogen deaminase [1]. Among these diseases, 
lead poisoning, hereditary tyrosinemia and acute inter-
mittent porphyria (AIP) are characterized by an increase 
of 5-aminolevulinic acid (ALA) in the urine and plasma. 
ALA, the first precursor of the heme complex, accumulates 
heavily in the brain and liver of AIP patients [2]. This 
accumulation can be the cause of the typical clinical mani-
festations in AIP patients, such as neuromuscular weak-
ness, neuropsychiatric alterations, attacks of abdominal 
pain [3] and an increased hepatocellular carcinoma (HCC) 
incidence [4].

In vitro, ALA oxidation catalyzed by iron/ferritin gen-
erates reactive oxygen species (ROS), such as hydrogen 
peroxide (H2O2) and hydroxyl radical (·OH), and the 
aldehyde 4,5-dioxovaleric acid (DOVA), as final prod-
ucts. In fact, ALA induces several DNA lesions, such as 
strand breaks in plasmid DNA [5], increases the level of 
8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodGuo) and 
radical-induced base degradation products in vitro and 
in the rat spleen and liver DNA [6, 7]. Moreover, it is 
reported that ALA induces chromosomal aberrations [8] 
and mutagenicity by the SOS Chromotest and Ames test 
[9]. Moreover, ALA impairs the mitochondrial trans-
membrane potential and damages the inner membrane of 
isolated rat liver mitochondria through a Ca2+-dependent 
mechanism [10], which plays a significant role in signaling 
pathways of apoptosis, proliferation and carcinogenesis 
[11, 12]. In addition, exposing PC12 and SVNF cells to 
ALA leads to lesions in nuclear and mitochondrial DNA. 
ALA produces DNA lesions and alters the morphology of 
CHO and HepG2 cells, due to apoptosis induction [13]. 
This evidence suggests that ALA is an endogenous source 
of ROS which, in turn, overwhelms antioxidant defense 
mechanisms, resulting in damage to biomolecules and 
the regulation of signaling pathways involved in the cell 
survival checkpoints [14] and the carcinogenic process 
[5, 15]. Although the mechanism for ALA-induced cell 
transformation and carcinogenesis seems to be the muta-
tions that originate from unrepaired or misrepaired DNA 
lesions [16], damage to other biomolecules, such as sign-
aling proteins, DNA repair enzymes and lipids, may also 
play crucial roles in all steps of the tumorigenesis process 
[17], possibly through ALA derivatives.

The objective of this work was to investigate the effect 
of ALA on lipoperoxidation and on the expression of 
selected mammalian proteins related to apoptosis (tumor 
protein p53 and β-cell lymphoma 2), oxidative stress 

(nuclear factor κB, catalase, and superoxide dismutase), 
cell proliferation (β-cell lymphoma 2 and tumor protein 
p53), DNA repair (tumor protein p53 and 8-oxoguanine 
DNA glycosylase I) and lipid metabolism (hydroxymethyl-
glutaryl-CoA reductase). To assess ALA’s capacity to alter 
hepatic protein abundance, we chose primary rat hepato-
cytes (PRH) as our in vitro model. These cells maintain 
most normal hepatic functions, including drug-metabo-
lizing enzymes, which makes them a suitable model for 
chemical toxicity assessments. We chose a short period 
of treatment (2 h) to monitor the early onset of the altera-
tions, considering the high chemical reactivity of ROS and 
previous DNA damage studies, which established the pro-
oxidant hypothesis of ALA’s mechanism. Our data help 
to elucidate ALA-induced liver injury and substantiate 
its hypothesized relation to HCC development in symp-
tomatic AIP patients.

Materials and methods

Animals

Male Wistar rats (6–8 weeks old, 200–250 g) were fed and 
given water ad libitum and were obtained from the Butan-
tan Institute animal house. The experimental procedure was 
approved by the animal ethics committee of Butantan Insti-
tute (CEUAIB 755/10) and was performed in accordance 
with the U.K. Animals (Scientific Procedures) Act, 1986 
and the associated guidelines, the EU Directive 2010/63/
EU for animal experiments and complied with the ARRIVE 
guidelines.

Rat primary hepatocytes: isolation and culture

Rat primary hepatocytes were isolated and cultured follow-
ing a collagenase perfusion method as detailed elsewhere 
[18].

Hepatocyte treatments

Immediately after isolation, the primary hepatocytes 
(2.0 × 106  cells) were seeded in a 25  cm2 flask with 
5  mL media (DMEM, 10% fetal bovine serum and 
penicillin:streptomycin 100 UI/mL:0.1 mg/mL). The PRH 
were incubated for 16 h at 37 °C, with 5% CO2 in a humidi-
fied atmosphere prior to treatment. The cells were exposed 
to ALA (5–100 mM) in serum-free DMEM to prevent the 
enhancement or suppression of the chemical stimuli. The 
hepatocytes were treated for 2 h and were washed with PBS 
and lysed with ice-cold RIPA buffer containing a proteases 
and phosphatases inhibitors cocktail (Thermo Scientific, 
MA, USA). The cell lysates were immediately analyzed or 
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frozen at − 20 °C for further analyses. We chose a short 
period of treatment (2 h) in order to monitor the early onset 
of the alterations, considering the high chemical reactivity 
of ROS and for comparisons with previous studies, which 
established the pro-oxidant mechanism hypothesis [6, 19]. 
We used a high concentration of ALA, considering that it is 
an endogenous molecule, which is not cytotoxic per se, and 
it is hypothesized that it acts as a pro-oxidant only when it 
is accumulated in the liver of AIP patients.

Protein concentration measurement

The protein concentration of the lysates was determined by 
the Coomassie protein assay kit (Pierce Chemical Co., IL, 
USA) as described elsewhere [20].

Lipoperoxidation

Lipid peroxidation was evaluated by a microscale TBA 
fluorimetric assay, which was modified from Mihara & 
Uchiyama [21]. Briefly, 50 µL of the sample was mixed with 
1 mL of phosphoric acid and 50 µL of BHT. One milliliter 
of a 0.67% TBA solution was added to the reaction mixture, 
which was stirred and incubated in boiling water for 30 min. 
After being cooled at room temperature, the pink chromogen 
was extracted by adding 1 mL of butanol and stirring for 
30 s. The samples were centrifuged at 680x g for 5 min. The 
fluorescence of the butanol phase was measured at 515 nm 
(excitation wavelength) and 553 nm (emission wavelength). 
The lipid peroxidation was expressed as a percentage of the 
micromolar of tetraepoxypropane (TEP) equivalents per mil-
limolar of protein.

Western blotting

The extracted proteins (40 µg) were mixed with loading 
buffer and were heat-denatured at 95 °C water for 2 min, 
separated on a 12.5% SDS-PAGE gel for 2 h at 100 V and 
were transferred to a polyvinylidene fluoride (PVDF) mem-
brane using a semidry system at 20 V for 30–45 min in 
transfer buffer (12 mM Tris, 96 mM glycine, 20% metha-
nol, pH 8.3). Bovine serum albumin (1%), containing 0.1% 
Tween-20, was used to block the membranes overnight at 
4 °C, and they were later incubated with primary antibodies 
targeting NF-κB (1:1000) and p53, (5 µg/µL) from Abcam, 
Bcl-2 (1:1000), catalase (1:1000) and OGG1 (1:1000) from 
Thermo Scientific, and superoxide dismutase (1:2000) and 
HMG-CoA reductase (1 µg/mL) from Millipore overnight 
at 4 °C. After three washes with TBS-T for 5 min, the mem-
branes were incubated with an HRP-conjugated second 
antibody (Goat anti-rabbit IgG (H + L) 1:5000 or Goat anti-
mouse IgG1 1:4000) for 1 h at room temperature. Using 
enhanced chemiluminescence, the bands were revealed 

using the SuperSignal® West Dura Extended Duration 
Substrate (Thermo Scientific, MA, USA) and were visual-
ized at ChemiDoc MP (Bio-Rad Lab, CA, USA). GAPDH or 
β-actin were used as the loading controls. The image acqui-
sition, band detection and analyses were performed using 
Image Lab 5.0 Software (BioRad Lab, CA, USA).

Statistical analysis

The data are represented as the mean ± SEM. A one-way 
ANOVA and Dunnett’s multiple comparison tests were used 
to analyze the significant differences between the groups.

Results and discussion

PRH were stimulated with increasing concentrations of 
ALA, which promoted an increase in lipoperoxidation and 
caused the regulation of oxidative stress-related proteins 
associated with the onset of carcinogenesis. ALA promoted 
a dose-dependent increase in p53 protein expression and 
decreased the protein expressions of Bcl-2, HMG-CoAr and 
OGG1. No significant alteration in the expression of NF-ƙB 
(p105/p50), CAT or SOD was found. It is essential to note 
that ROS levels are supposed to remain high in all of the 
tested concentrations.

The oxidative cellular environment induced by ALA on 
the PRH resulted in an upregulation pattern for p53 and a 
downregulation pattern for Bcl-2 (Figs. 1, 2). Reactive oxy-
gen species causes activation and direct mutations in p53, 
which acts as a tumor suppressor [22]. More than 50% of 
human cancers, especially at the advanced stages, present 
mutations in the p53 gene or a loss of protein function [23]. 
The protein p53 plays a pivotal role in sensing and remov-
ing nuclear and mitochondrial DNA (mitoDNA) oxidative 
damage, preventing mutations and genetic instability by 
mediating DNA repair, cell cycle arrest, senescence and cell 
death [24]. In the event of failed DNA repair, p53 represses 
Bcl-2, a known survival signal, and initiates extrinsic and/
or intrinsic apoptosis by the transactivation of pro-apoptotic 
proteins [25]. In fact, the expression of Bcl-2 was signifi-
cantly decreased in the primary hepatocytes treated with 
ALA (Fig. 2).

Proteins in the Bcl-2 family are the central regulators of 
the mitochondrial pathway of apoptosis, acting by seques-
tering the pro-apoptotic proteins (Bak and Bax) responsi-
ble for the formation of the oligomer channels on the outer 
membrane of the mitochondria, through which the release 
of cytochrome c to the cytosol occurs [26]. Alterations in 
this protein indicate that the intrinsic pathway could be the 
mechanism of apoptosis induced by ALA in hepatocytes 
[13]. Under different redox states, Bcl-2 promotes, modu-
lates and optimizes mitochondrial respiration [27] and it 
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demonstrates an anti-proliferative activity in mouse hepa-
tocarcinogenesis [28]. These properties contribute to the 
ALA oxidative effects and emphasize the important roles 
of mitochondrial bioenergetics and ROS in the onset and/or 
maintenance of carcinogenesis [29].

Usually, apoptosis prevents cancer development by elimi-
nating damaged cells or malignant-transformed cells. Nev-
ertheless, in certain liver diseases, such as hepatitis B and 
C, alcoholic liver disease, and non-alcoholic steatohepati-
tis, hepatocyte apoptosis is frequently observed [30], and 
it seems to be mechanistically linked to HCC through the 
activation of the mitochondrial apoptotic pathway, which 
enhances ROS production.

Members of the Bcl-2 family are also described to exert 
an inhibitory influence on cell cycle entry, a function geneti-
cally separated from its anti-apoptotic role [31]. It seems 
that there is a correlation between the overexpression of the 
Bcl-2 protein and a lower proliferative rate in tumors [32]. 
Studies in mice show a tumor suppressor effect in diethylni-
trosamine- or c-Myc-induced hepatocarcinogenesis due to 
the anti-proliferative activity of Bcl-2 [28]. Proteins of Bcl-2 
also regulate migration, invasion and cancer metastasis [33]. 
The co-expression of Bcl-2 and Twist promotes cell migra-
tion and invasion in hepatocarcinoma cells [34]. Considering 

that Bcl-2 also suppresses lipid peroxidation [35] and 
increases antioxidant enzyme expression [36], the absence 
of an alteration in CAT and SOD expressions (Fig. 3) and the 
increased lipid peroxidation (Fig. 4) were in accordance with 
the decreased Bcl-2 protein and with the unaltered NF-κB 
protein expression (Fig. 5). After a two-hour treatment with 
ALA, the cells might already had overcome the initial phase 
of the ROS-triggered antioxidant signaling pathways. Altera-
tions in the protein expression of p53 and Bcl-2 may explain 
several of the pro-oxidative cellular effects of ALA, such as 
lipoperoxidation [37], mitochondrial dysfunction [10, 38] 
and apoptosis [9]. Moreover, it is important to emphasize 
that the total lipid content, the oxidized lipid products and 
the secondary products of lipoperoxidation are extremely 
important in the carcinogenesis process [39].

The induction of DNA lesions by ALA and their molecu-
lar characterization have already been extensively studied 
[6, 13, 40]. Nevertheless, little is known regarding the effect 
of ALA in other biomolecules, such as proteins, enzymes 
and lipids. Our results indicate that DNA repair and lipid 
metabolism might also be involved in ALA’s toxic mecha-
nism along with the downregulation of HMG-CoAr (Fig. 6) 
and OGG1 (Fig. 7). The rate-limiting step in the synthesis 
of cholesterol is the reduction of HMG-CoA to mevalonate, 
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Fig. 1   Effect of ALA on p53 expression in primary hepatocytes 
treated with the indicated concentrations (5–100  mM) for 2  h. The 
protein extracts were subjected to Western blotting using p53 and 
GAPDH primary antibodies and an HRP-conjugated goat anti-mouse 
IgG1 secondary antibody. The emitted chemiluminescence signals 
were quantified. The experiment was performed in four independ-
ent cell preparations. The results are expressed as the ratio of p53/
GAPDH  (mean ± SEM) relative to the control, which was set at 1. 
*p < 0.05, **p < 0.01 versus the control

Fig. 2   Effect of ALA on Bcl-2 expression in primary hepatocytes 
treated with the indicated concentrations (5–100  mM) for 2  h. The 
protein extracts were subjected to Western blotting using Bcl-2 and 
GAPDH primary antibodies and an HRP-conjugated goat anti-rabbit 
Ig (H + L) secondary antibody. The emitted chemiluminescence sig-
nals were quantified. The experiment was performed in four inde-
pendent cell preparations. The results are expressed as the ratio of 
Bcl-2/GAPDH (mean ± SEM) relative to the control, which was set at 
1. *p < 0.05, **p < 0.01 versus the control



2805Molecular Biology Reports (2018) 45:2801–2809	

1 3

which is catalyzed by the enzyme HMG-CoAr [41]. The 
cholesterol level in tumor cells is higher than in surround-
ing cells, and the deregulated growth demand leads to an 
alteration in its synthesis and regulation [42]. Actually, an 
enhanced cholesterol requirement is closely related to a high 
cell proliferation [43] and tumor growth [44]. Cancer tis-
sues display a decrease in the expression of the cholesterol 

exporter ATP binding cassette transporter A1, an increase 
in cholesterol uptake via LDL receptors, an upregulation 
of HMG-CoAr and a loss of its feedback inhibition [45]. 
Moreover, the trafficking of cholesterol to the mitochondria 
is increased [46], contributing to mitochondrial dysfunction, 
chemotherapy resistance and the metabolic reprogramming 
of tumor cells [47, 48]. Accordingly, HCC presents a cho-
lesterol dependency [49] and metabolic models show that 
“among 101 metabolites relevant to HCC development, 30% 
are related to cholesterol biosynthesis” [50]. Indeed, the use 
of statins has a protective association with the risk of devel-
oping liver cancer [51]. In addition, it is hypothesized that 
the accumulation of cholesterol in the mitochondria alters 
membrane fluidity, permeability and organization, affecting 
the function of resident proteins, pore formation, cytochrome 
c release and the interactions between Bcl-2 proteins, which 
leads to mitochondria impairment [48].

An elevated level of 8-oxodGuo in DNA was already 
measured in peritumoral tissue in HCC [52]. Moreover, 
increased oxidative DNA damage is associated with hepa-
tocarcinogenesis in patients with nonalcoholic steatohepa-
titis (NASH); the level of 8-oxodGuo in the liver of NASH 
patients who concomitantly present HCC is higher than the 
NASH patients without HCC [53]. Although no direct and 
specific molecular mechanisms can be established regard-
ing the exact role of oxidatively induced DNA lesions, 
the conversion of the misrepaired or unrepaired lesions to 
mutations seems to be the leading force conducting cells to 
transformation and cancer development [52, 54]. Usually, 

Fig. 3   Effect of ALA on catalase (CAT) and superoxide dismutase 
(SOD) expressions in primary hepatocytes treated with the indicated 
concentrations (5-100 mM) for 2 h. CAT, SOD and GAPDH primary 
antibodies, and a chemiluminescent HRP-conjugated goat anti-rabbit 
Ig (H + L) secondary antibody was used in the Western blotting. The 

results are expressed as ratio of CAT or SOD/GAPDH (mean ± SEM) 
relative to the control, which was set at 1; the data are derived from 
four independent experiments. *p < 0.05, **p < 0.01 versus the con-
trol
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Fig. 4   Microscale TBA fluorimetric assay in primary hepatocytes 
induced by ALA (0–100  mM). The lipid peroxidation is expressed 
as a percentage of micromolar of tetraepoxypropane (TEP) equiva-
lents per millimolar of protein. The experiment was performed 
in four independent cell preparations. The results are expressed 
as the mean ± SEM relative to the control, set at 100%. *p < 0.05, 
**p < 0.01, ***p < 0.001 versus the control
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Fig. 5   Effect of ALA on NF-κB 105/50 expression in primary hepat-
ocytes treated with the indicated concentrations (5–100 mM) for 2 h. 
The experiment was performed in four independent cell preparations. 
NF-κB and GAPDH primary antibodies and a chemiluminescent 
HRP-conjugated goat anti-rabbit secondary antibody were used in 

the Western blotting. The results are expressed as the ratio of NF-κB/
GAPDH (mean ± SEM) relative to the control, which was set at 1; 
that data are derived from four independent experiments. *p < 0.05, 
**p < 0.01 versus the control

Fig. 6   Effect of ALA on HMG-CoAr expression in primary hepato-
cytes treated with the indicated concentrations (5–100 mM) for 2 h. 
HMG-CoAr and GAPDH primary antibodies and a chemiluminescent 
HRP-conjugated goat anti-rabbit Ig (H + L) secondary antibody were 
used in the Western blotting. The results are expressed as the ratio 
of HMG-CoAr/GAPDH (mean ± SEM) relative to the control, which 
was set at 1; the data are derived from 4 independent experiments. 
*p < 0.05, **p < 0.01 versus the control

Fig. 7   Effect of ALA on OGG1 expression in primary hepatocytes 
treated with the indicated concentrations (5-100 mM) for 2 h. OGG1 
and GAPDH primary antibodies and a chemiluminescent HRP-con-
jugated goat anti-rabbit Ig (H + L) secondary antibody were used in 
the Western blotting. The results are expressed as the ratio of OGG1/
GAPDH (mean ± SEM) relative to the control, which was set at 1; 
that data are derived from four independent experiments. *p < 0.05, 
**p < 0.01 versus the control
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8-oxodGuo causes a transversion from guanine (G) to thymi-
dine (T), modulating gene expression by either changing the 
sequence context of the transcription factors binding sites or 
by directly altering DNA–protein interactions [55]. In fact, 
NF-κB classically binds to DNA sequences that contains 
runs of guanines [55, 56]. The access of NF-κB to its bind-
ing motifs can also be affected by architectural changes in 
DNA induced by OGG1 binding to 8-oxodGuo. Thus, the 
transcriptional machinery encounters a new epigenetic regu-
latory mechanism to modulate a timely cellular response to 
oxidative exposure [55], possibly including the one caused 
by ALA oxidation.

It is important to emphasize that the cellular processes 
promoted by ROS do not increase in a linear manner. Fol-
lowing the hierarchical oxidative stress model [57], a low 
oxidative stress induces the expression of antioxidant 
enzymes (CAT and SOD), an intermediate level of oxidative 
stress triggers a microenvironment inflammatory response 
by NF- ƙB and AP-1 activation, and a high level of ROS 
affects the mitochondrial PT pore and disrupts the electron 
transfer, thereby resulting in apoptosis or necrosis [57].

Hikita et al. [54] proposed that an enhanced ROS produc-
tion aggravates oxidative stress events and induces oxidative 
DNA lesions, especially 8-oxodGuo, which leads to muta-
tions, such as the C > A/G > T transversion, and ultimately 
leads to HCC development. This hypothesis accounts for 
the underlying mechanisms for ALA-induced carcinogen-
esis. A harmful build-up of ALA in the hepatic tissue of 
AIP patients boosts ROS production, especially hydrogen 
peroxide and hydroxyl radical. This oxidative cellular envi-
ronment leads to a redox homeostasis imbalance and regu-
lates the expression of stress-related carcinogenic proteins, 
such as p53, Bcl-2, HMG-COAr and OGG1. This scenario 
is congruent with the hypothesis that ROS-induced tumor 
promoting events may occur in AIP patients, thereby induc-
ing the onset of HCC.

Conclusions

Using primary rat hepatocytes, we demonstrated that 
increasing the levels of ALA during a short-term treatment 
(2 h) altered the expression pattern of oxidative stress-related 
proteins. ALA induced lipoperoxidation and promoted an 
increase in p53 expression and a downregulation of Bcl-2, 
HMG-CoAr and OGG1 proteins. Taken together, our results 
indicate that ALA’s pro-oxidative properties induce a redox 
homeostasis imbalance, proapoptotic events, and cell prolif-
eration and interfere with lipid metabolism and DNA repair 
processes.
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