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Abstract

The biological effects of vitamin A (retinol) are generally ascribed to the activation of nuclear retinoid receptors by retinoic acid (RA),
considered the most biologically active retinoid. However, it is not established whether the cytotoxic effects of vitamin A are due to ret-
inoid receptors activation by RA. Vitamin A-related toxicity is associated with cellular redox modifications, often leading to severe oxi-
dative damage, but the role of RA in this effect is also uncertain. We therefore studied the formation of intracellular reactive species
induced by retinol and retinoic acid in PC12 cells, using an in vitro dichlorofluorescein (DCFH) fluorescence real-time assay. We
observed that retinol, but not retinoic acid, induced a steady increase in DCF-based fluorescence over 60 min of incubation, and this
increase was reversed by antioxidant (N-acetyl-cysteine and a-tocopherol) pre-treatment. This effect was also inhibited by the iron che-
lator 1,10-phenantroline and the impermeable calcium chelator EGTA. These results suggest that vitamin A-associated cytotoxicity is
probably related to an oxidant mechanism dependent on iron and calcium, and the formation of intracellular reactive species is related

to retinol, but not to RA.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Vitamin A (retinol) is an essential factor for regulation
of cell cycle and differentiation during early stages of devel-
opment. Retinol can be converted to retinoic acid (RA),
which is the main activator of nuclear steroid receptors
known as retinoid receptors. These receptors are subdi-
vided into retinoic acid receptors (RAR) and retinoid X
receptors (RXR) and it is generally accepted that most of
the biological actions of retinol are mediated by the modu-
lation of these receptors, after the conversion of retinol into
RA. However, other studies have shown that retinol and
RA can exert some of their effects by triggering cellular
events not related to retinoid receptor activation; these
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events have been referred to as non-genomic or extra-
nuclear effects of retinoids (Liao et al., 2004; Elliot, 2005).

Retinoids have redox-related properties and influence
the oxidant status of the cell (Murata and Kawanishi,
2000; Klamt et al., 2003). Many authors suggested that ret-
inol and related molecules, such as beta-carotene, act in
biological systems as antioxidants and thus could be poten-
tial clinical agents in antioxidant therapies for treatment
and prevention of malignant and neurodegenerative dis-
eases (Okuno et al., 2004). However, clinical trials have
observed that retinoids can also be deleterious and are
associated with activation of proto-oncogenes, leading to
an increased incidence of neoplasias (Omenn, 2007). The
existence of these apparently conflicting data implies that
more studies are necessary to address this issue. This is
especially so when it is considered that retinoid-based
therapies present potential treatments for a range of
diseases related to cell cycle disruption/cell death and
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increased reactive oxygen species (ROS) formation, includ-
ing skin cancer, lung cancer, Parkinson’s disease and Alz-
heimer disease (Njar et al., 2006; Greenwald et al., 2006;
Ono and Yamada, 2007).

Our group has been studying the effects of retinol on
oxidative stress-related parameters, and we observed that
retinol induced several cytotoxic parameters. We reported
that retinol increased lipoperoxidation, DNA oxidative
damage, mitochondrial superoxide production and led
to mitochondrial membrane swelling and cytochrome ¢
release, causing cell death (Dal-Pizzol et al., 2000;
Dal-Pizzol et al., 2001; Klamt et al., 2005). Furthermore,
retinol activated ERK1/2 and CREB, causing proliferative
focus formation, and these effects were reversed by antiox-
idant treatment (Gelain et al., 2006). Interestingly, these
results were always observed with the administration of
7 UM retinol, while concentrations up to 5 uM — which is
considered to be within the physiological range for cells
(Ross, 1993) — were never observed to induce deleterious
effects. This suggested that slight variations in the concen-
trations of retinol may trigger changes in the cellular redox
state. These results indicate that retinol can also induce
toxic effects, not compatible with the genomic action of ret-
inoid receptors, and these effects are, at least in part, med-
iated by intracellular reactive oxygen species.

It is not known whether the pro-oxidant properties
observed with retinol are due to its conversion to RA.
The fact that this conversion is by many different non-spe-
cific cellular dehydrogenases (Lidén et al., 2003) also made
difficult an approach using enzymatic inhibitors.

In the present study, we report that retinol, but not RA,
increases intracellular reactive species formation in cul-
tured PCI12 cells, using a real-time DCFH-DA based assay
for intact, living cells (Wang and Joseph, 1999). This is the
first time that increased production of intracellular reactive
species by retinol is demonstrated in PC12 cells, and also
that RA is shown not to increase the formation of these
species by the same approach. Also, we observed that
EGTA (calcium chelator) and 1,10-phenantroline (iron
chelator) inhibited the effect of retinol, suggesting that
the presence of calcium and iron is essential for retinol-
induced toxicity.

2. Material and methods
2.1. Chemicals

EGTA, N-acetyl-cysteine (NAC), all-trans retinol alco-
hol, all-trans retinoic acid (RA), 2',7'-dichlorohydrofluores-
cein diacetate (DCFH-DA) and 1,10-phenantroline were
from Sigma Chemical Co. (St Louis, MO, USA). Retinol
and RA were dissolved in ethanol. Concentrated stocks
were prepared immediately before experiments by diluting
retinol or RA into ethanol and determining final stock con-
centration by UV absorption; solutions were kept pro-
tected from light and temperature during all procedures.

Appropriate solvent controls were performed for each con-
dition. Retinol and RA treatments were initiated by adding
concentrated solutions to reach final concentrations in the
well. The final ethanol concentration did not exceed 0.2%
in any experiment. Tissue culture reagents were from
Sigma Chemical Co. and were of analytical or tissue cul-
ture grade.

2.2. Cell culture

PC12 cells were originally obtained from the ATCC
(VA, USA) and were kindly donated by Dr. Peter R Dunk-
ley (University of Newecastle, Australia) and Dr. Alicia
Kolwaltolwski (Universidade de Sao Paulo, Brazil). Cells
were plated onto plastic culture plates and maintained
under a 5% CO,-containing atmosphere at 37 °C in the
presence of complete medium (Dulbecco’s modified Eagle’s
medium supplemented with 4 mM r-glutamine, 5.5 mM
glucose, 10% fetal bovine serum, 5% fetal horse serum,
15mM HEPES, pH 7.4, 100mg/mL penicillin G,
100 mg/mL  streptomycin, 50 mg/mL gentamicin and
5 mg/mL Mycostatin) for 2448 h, or until cells reached
70-80% confluence. Preliminary MTT viability assay indi-
cated that cell viability was not affected during incubations.

2.3. DCFH-DA assay

Intracellular ROS production was determined by the
DCFH-DA-based real-time assay using intact living cells,
as described by Wang and Joseph (1999). Briefly, PC12
cells were plated onto 96-well plates and incubated for
1 h with DCFH-DA 100 uM (stock solution in DMSO,
10 mM) in 1% FBS culture medium at 5% CO, and
37 °C. Then cells were washed and treatments were carried
out. During treatment, changes in the fluorescence by the
oxidation of DCFH into the fluorogen DCF were moni-
tored in a microplate fluorescence reader (F2000, Hitachi
Ltd., Tokyo, Japan) for 1 h at 37 °C. H,O, 1 mM was used
as positive control for ROS production. Excitation filter
was set at 485 + 10 nm and the emission filter was set at
530 + 12.5 nm. Data were recorded every 30 s and plotted
in Excel software.

2.4. MTT assay

Following retinol treatment, PC12 cells viability was
assessed by the MTT assay. This method is based on the
ability of viable cells to reduce MTT (3-(4,5-dimethyl)-
2,5-diphenyl tetrazolium bromide) and form a blue forma-
zan product. MTT solution (sterile stock solution of 5 mg/
mL) was added to the incubation medium in the wells at a
final concentration of 0.2 mg/mL. The cells were left for
45 min at 37 C in a humidified 5% CO, atmosphere. The
medium was then removed and plates were shaken with
DMSO for 30 min. The optical density of each well was
measured at 550 nm (test) and 690 nm (reference). H,O,
1 mM was used as positive control.
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3. Results

Real-time DCFH-DA assay showed that retinol induced
a concentration-dependent steady increase in intracellular
reactive species in PCI12 cells over 1h of incubation
(Fig. 1A). While concentrations up to 2.5 uM retinol did
not have any effect, we observed increased formation of
intracellular reactive species with 5 uM and 10 uM. The
rate of increase in DCF fluorescence shown in Fig. 1B
was calculated over this first hour of incubation. This range
of concentrations was chosen based on physiological levels
reported for cells (Ross, 1993). A similar experiment using
RA (0.1-10 pM) was performed. However, RA failed to
produce any effect upon PC12 cells over 1 h of incubation
(not shown). Fig. 1C and D shows DCF-based fluorescence
in cells treated with retinoic acid (10 uM) in comparison to
cells incubated with retinol (10 uM) and H,O, (1 mM, used
as a positive control for DCF fluorescence). Vehicle (etha-
nol 0.2%) had no effect on this assay.

Next, we verified the effect of different antioxidant pre-
treatments (30 min) on the retinol-induced increase in
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DCF fluorescence. Both N-acetyl-cysteine (NAC) 1 mM
and o-tocopherol 0.1 mM inhibited the effect of retinol
(Fig. 2A and B), indicating that antioxidant pre-treatment
is able to inhibit the pro-oxidant effect of retinol. This
result agrees with our previous observations, where antiox-
idants inhibited DNA damage and apoptosis caused by ret-
inol treatment (Dal-Pizzol et al., 2001).

We previously observed that DNA damage induced by
retinol is dependent on iron uptake, and that iron chelators
inhibited DNA damage by retinol treatment (Dal-Pizzol
et al., 2001). Recent observations also suggested that cal-
cium might be involved in the pro-oxidant effects of retinol
(Klamt et al., 2005). In this regard, we verified the effect of
pre-incubation with the iron chelator 1,10-phenantroline
(0.1 mM) or the calcium chelator EGTA (4 mM) on the
effect of retinol. Both treatments inhibited retinol-induced
DCF fluorescence (Fig. 2C and D). Combination of both
treatments further decreased intracellular reactive species
production. This result suggests that iron and calcium were
involved in the production of cellular free radicals induced
by retinol. Viability measurements by the MTT assay
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Fig. 1. Kinetics of intracellular reactive species production in PC12 cells evaluated by the DCFH-DA real-time fluorescence assay. (A) PC12 cells were
incubated with increasing concentrations of retinol (up to 10 pM) for 60 min. (B) The rate of DCF-based fluorescence production over this period was
plotted and analysed. (C) Kinetics and (D) rate of DCF-based fluorescence production were compared between PC12 cells treated with only ethanol 0.2%
(vehicle), retinoic acid 10 pM (RA), retinol 10 pM (retinol) and H,O, 1 mM. Data are representative of 3 different experiments (A and C, each line is the
mean of 16 different wells) or expressed as mean + S.E.M and were analysed by one-way ANOVA followed by Duncan’s post hoc test using SPSS 11.0

software (B and D). "p < 0.05, #p <0.01.
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Fig. 2. Effect of antioxidants and iron and calcium chelators on retinol-induced intracellular reactive species formation. The effect of 30 min pre-
incubation with (A) N-Acetyl-cysteine | mM (NAC) and a-tocopherol 0.1 mM, or (C) the iron chelator 1,10-phenantroline 0.1 mM (phe) and the calcium
chelator EGTA 4 mM on DCF-based fluorescence over 60 min of retinol 10 uM incubation is shown. The rate of DCF-based fluorescence increase during
this time course was analysed (B and D). Data are representative of 3 different experiments (A and C, each line is the mean of 16 different wells) or
expressed as mean + S.E.M and were analysed by one-way ANOVA followed by Duncan’s post hoc test using SPSS 11.0 software (B and D). "p <0.01,

#p <0.05, *p <0.001.

indicated no alteration on cell viability by retinol (10 uM)
or RA (1 uM) after 60 min of incubation; however, after
24 h, a decrease in cellular viability was observed in reti-
nol-treated cells (Fig. 3).
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Fig. 3. MTT assay. Cellular viability was assessed by MTT assay after 1 h
or 24 h of ethanol 0.2% (vehicle), retinoic acid 10 pM (RA), retinol 10 pM
(retinol) and H,O, 1 mM incubation. Data are expressed as mean
+ S.E.M and were analysed by one-way ANOVA followed by Duncan’s
post hoc test using SPSS 11.0 software. “p < 0.035, #p < 0.01.

4. Discussion

The ability of retinol and related molecules to act as
antioxidant or protective agents in biological systems has
been strongly supported in recent years. Several studies
have reported a correlation between low serum levels of
retinoids, or carotenoids, and the incidence of pathologies
that are related in part to increased ROS production, such
as neurodegenerative diseases and neoplasias (Jimenez-
Jimenez et al., 1993; Greenwald et al., 2006). The mecha-
nisms underlying these apparent protective properties are
still not well understood. Clinical trials were undertaken
aimed at establishing the efficiency of retinoid/caroten-
oid-based antioxidant therapies against lung cancer (the
ATBC and the CARET trials); however these studies had
to be discontinued due to the increased mortality related
to lung cancer and cardiovascular disease incidence caused
by the experimental treatments (Omenn et al., 1994). More
recent studies observed that retinol or related molecules
could exert pro-oxidant and cytotoxic effects, both
in vitro and in vivo (Murata and Kawanishi, 2000; Pennis-
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ton and Tanumihardjo, 2006). The mechanisms of these
effects are also poorly understood.

This is the first time that reactive species production is
demonstrated to be increased by retinol incubation in
intact living cells. DCFH is commonly used as a probe to
evaluate intracellular ROS formation; it was first described
as a hydrogen peroxide-specific probe, but later it was
shown to be sensitive to other reactive species as well,
including hydroxyl and peroxyl radicals (LeBel et al.,
1992). Nevertheless, it is demonstrated to be an excellent
index for quantification of cellular oxidative stress, since
it is oxidized intracellularly and the emitted fluorescence
was demonstrated to be directly proportional to the pro-
duction of intracellular reactive species. This is an advan-
tage in relation to other methods that evaluate oxidative
stress indirectly by the quantification of damaged biomole-
cules (Wang and Joseph, 1999). The assay used in this
study is an adaptation to the original technique, which
allows it to work with intact living cells, and to assess the
production of ROS, besides other reactive species, in real
time (Wang and Joseph, 1999). In this regard, the data pre-
sented here strongly indicate suggest that retinol is able to
induce oxidative stress in cell systems by increasing the pro-
duction of free radicals in a concentration-dependent
manner.

It has been reported by different groups that other reti-
noids than vitamin A itself have pro-oxidant and/or toxic
properties. Beta-carotene was observed to stimulate human
pulmonary adenocarcinoma cells by activation of PKA
and ERK1/2 pathways (Al-Wadei et al., 2006), to induce
haem oxygenase-1 in HFP-1 cells (Obermuller-Jevic et al.,
1999) and to increase ROS production and decrease cellu-
lar oxidised glutathione content in cancer cell lines (Palozza
et al., 2003). Murata and Kawanishi (2000) observed the
occurrence of DNA oxidative damage in vitro caused by
retinol and retinal. In this study we observed that retinol
had a very clear effect increasing ROS production in a time-
and concentration-dependent manner. In contrast, a wide
range of concentrations of RA failed to produce any effect.
However, RA did not seem to exert antioxidant effects in
these cells, since it has not decreased basal reactive species
production; also, RA co-incubation with retinol had not
affected retinol-induced intracellular reactive species pro-
duction (data not shown).

It has long been postulated that RA is the most active
metabolite of retinol in biological systems; many authors
refer to RA simply as the “metabolically active vitamin
A” (Zile, 2001). This concept is related to the fact that,
among the metabolites of retinol, only all-frans RA and
9-cis RA are able to activate gene transcription through
the activation of the RAR and RXR retinoid receptors
(Chambon, 1994). However, it has becoming increasingly
clear that vitamin A-related compounds, including RA,
exhibit biological activities other than RAR/RXR-medi-
ated gene transcription (Ochoa et al., 2003; Aggarwal
et al., 2006). Despite the observations that retinol adminis-
tration to cells and vitamin A supplementation protocols

may lead to increased oxidative damage or toxicity
(Dal-Pizzol et al., 2001; Omenn et al., 1994), the question
about whether these effects are caused by the action of ret-
inol itself or by the RA generated after retinol administra-
tion/intake has never been explored. Here, we have not
observed any similarities between the effect of retinol and
RA on cellular reactive species production by the DCFH
assay. This suggests that vitamin A may exert different
effects on cell systems by the action of different derivatives
from retinol, including retinol itself. These actions may well
involve both genomic and non-genomic mechanisms.

We observed that retinol-dependent ROS production
was inhibited by iron and calcium chelators. We had previ-
ously noted that iron was involved in the oxidant-mediated
cytotoxicity by retinol (Dal-Pizzol et al., 2000), but this is
the first time we observed the involvement of calcium on
intracellular reactive species production by retinol. Since
EGTA is not permeable to cell membranes, this effect is
probably dependent on extracellular calcium. The involve-
ment of iron in ROS production is generally associated to
the transition metal-catalyzed Fenton reaction, which
accounts for the production of highly reactive hydroxyl
radicals from previously formed hydrogen peroxide, lead-
ing to severe oxidative damage (Terman and Brunk,
2006). However, there are no reports linking extracellular
calcium to increased ROS formation in cells. DCFH reacts
intracellularly with both hydroxyl radicals and hydrogen
peroxide, thus the inhibition of iron-mediated radicals pro-
duction by the iron chelator 1,10-phenantroline is probably
diminishing the DCF fluorescence associated only to
hydroxyl radicals, but not to hydrogen peroxide. As hydro-
gen peroxide production is also probably increased by ret-
inol, since this compound is necessary for iron-mediated
hydroxyl formation, the remaining DCF fluorescence in
cells pre-treated with the iron chelator is most likely due
to hydrogen peroxide formed by a mechanism dependent
on extracellular calcium, since combined EGTA and
1,10-phenantroline further inhibit ROS production by
retinol.

In conclusion, this is the first work demonstrating intra-
cellular reactive species production by retinol using intact,
living cells, by a real-time fluorescence-based assay, and
the first time that retinol-induced ROS formation was
observed to be dependent on both iron and calcium. We
did not observe any pro-oxidant effect by RA, indicating
that most pro-oxidant and/or redox activities associated
to vitamin A are not related to the in vivo production of
RA from retinol. This may also explain the decreased cellu-
lar viability observed after 24 h of retinol incubation, which
was not observed with RA.
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