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Vitamin A is normally stored in the mammalian liver and is physiologically released depending on the need of the
organism for the vitamin. However, there is a compelling evidence showing that even the liver is affected by
conditions of high vitamin A intake. Based on these previously reported findings showing negative effects of vitamin
A on mammalian tissues, we have investigated the effects of a supplementation with vitamin A at clinical doses
(1000–9000 IU/kgday−1)onsomerat liverparameters.Wehaveanalyzedhepatic redoxenvironment, aswell as the
activity of themitochondrial electron transfer chain in vitaminA-treated rats. Additionally, activity of the detoxifying
enzyme glutathione S-transferase was checked. Also, caspase-3 and caspase-8 and tumor necrosis factor-α levels
were quantified to assess either cell death or inflammation effects of vitamin A on rat liver.We found increased free
radical production and, consequently, increased oxidative damage in biomolecules in the liver of vitamin A-treated
rats. Interestingly, we found increased mitochondrial electron transfer chain activity, as well as glutathione-S-
transferase enzyme activity. Neither caspases activity, nor tumor necrosis factor-α levels change in this experimental
model. Our results suggest a pro-oxidant, but not pro-inflammatory effect of vitamin A on rat liver.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
The liver is the main site of vitamin A storage in mammalian
organisms (Napoli, 1999; Ross and Zolfaghari, 2004). Its function in
regulating vitamin A metabolism is crucial to the physiology of other
tissues. On the other hand, vitamin A is equally important to hepatic
homeostasis. It was demonstrated, for example, that vitamin A normal
levels are required tomaintain rat livermitochondriamorphology,which
is closely related to the mitochondrial electron transfer chain activity
(Seward et al.,1966; Esteronell et al., 2000). Furthermore, itwas reported
that either vitamin A deficiency or hypervitaminosis A (200,000 IU/kg/
day) impairs cell cycle in adult rat liver and lung, the former inducing cell
cycle arrest and the later favoring a proliferative state in both liver and
lung cells (Borrás et al., 2003). Indeed, in patients submitted to chronic
vitamin A treatment, it was observed that hepatotoxicity is sometimes
followed by mild cognitive impairments (Myhre et al., 2003). These
findings suggest that vitamin A levels modulate a wide range of hepatic
parameters that could culminate in toxicity.

The ability to alter the redox environment in in vitro and in vivo
experimental models is also a consequence of increasing vitamin A
concentration. It was demonstrated that retinol (vitamin A) induces
oxidative DNA damage through increased superoxide anion radical (O2

−•)
production (Murata andKawanishi, 2000).Wehave reported that vitamin
A induces lipid peroxidation, protein carbonylation, DNA oxidative
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damage, and modulates the activity of antioxidants enzymes in cultured
Sertoli cells (Dal-Pizzol et al., 2001; Pasquali et al., 2008). Additionally, O2

−•

production was found in rat liver mitochondria treated with increasing
doses of vitamin A, consequently inducing mitochondrial lipid peroxida-
tion and swelling of the organelle, which resulted in an increase in
mitochondrial cytochrome c release, a pro-apoptotic factor (Klamt et al.,
2005). Recently, it has been shown that retinol induces apoptotic cell
death in cultured Sertoli cells through an oxidative stress-related process
(Klamt et al., 2008).

Based on previously reported works demonstrating the pro-oxidant
effects of vitamin A on rat tissues, we investigated here the effects of a
chronic supplementation (28 days) with retinol palmitate, a vitamin A
supplement commercially available at drug stores, at pharmacological
doses (1000–9000 IU/kgday−1)on thehepatic redoxstate,mitochondrial
electron transfer chain activity, caspases-3 and -8 enzymes activities, and
tumor necrosis factor-α levels in adult Wistar rats. The retinol palmitate
doses tested here are within a therapeutic range commonly applied in
cancer treatment in both children and adult humans (Fenaux et al., 2001;
Allen and Haskell, 2002; Myhre et al., 2003; Mactier andWeaver, 2005).
2. Experimental procedures

2.1. Animals

Adult male Wistar rats (290–320 g) were obtained from our own
breeding colony. They were caged in groups of five with free access to
food and water and were maintained on a 12-h light–dark cycle
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(7:00–19:00 h), at a temperature-controlled colony room (23±1 °C).
These conditions were maintained constant throughout the experi-
ments. All experimental procedures were performed in accordance
with the National Institute of Health Guide for the Care and Use of
Laboratory Animals (NIH publication number 80–23 revised 1996)
and the Brazilian Society for Neuroscience and Behavior recommen-
dations for animal care. Our research protocol was approved by
the Ethical Committee for animal experimentation of the Federal
University of Rio Grande do Sul.

2.2. Drugs and reagents

Arovit® (retinol palmitate, a water-soluble form of vitamin A) was
purchased from Roche, Sao Paulo, SP, Brazil. Caspase-8 activity assay kit
was purchased from Biotium, Inc., Hayward, CA, USA. Tumor necrosis
factor-α assay kitwas obtained fromBDBiosciences, SanDiego, CA, USA.
All other chemicals were purchased from Sigma, St. Louis, MO, USA.
Vitamin A treatment was prepared daily and it occurred by protecting
vitamin A from light.

2.3. Treatment

The animals were treated once a day for 28 days. All treatments
were carried out at night (i.e. when the animals are more active and
take a greater amount of food) in order to ensure maximum vitamin A
absorption, since this vitamin is better absorbed during or after ameal.
The animals were treated with vehicle (0.15 M saline; n=8–10
animals), 1000 (n=10), 2500 (n=10), 4500 (n=10), or 9000 IU/kg
(n=10) of retinol palmitate (vitamin A) orally via a metallic gastric
tube (gavage) in a maximum volume of 0.6 ml. Adequate measures
were taken to minimize pain or discomfort.

2.4. Oxidative stress and antioxidant enzyme activities analyses

Before sacrifice, the animals were anesthetized with ketamine plus
xylazine (100 mg/kg and 14 mg/kg, respectively). The animals were
sacrificed by decapitation at 24 h after the last vitamin A administra-
tion. The liver was dissected out in ice immediately after the rat was
sacrificed and stored at−80 °C for posterior oxidative stress analyses.
The homogenates were centrifuged (700 g, 5 min at 4 °C) to remove
cellular debris. Supernatants were used to all biochemical assays
described herein. All the results were normalized by the protein
content using bovine albumin as standard (Lowry et al., 1951).

2.4.1. Thiobarbituric acid reactive species
As an index of lipid peroxidation, we used the formation of

thiobarbituric acid reactive species during an acid-heating reaction,
which is widely adopted for measurement of lipid redox state, as
previously described (Draper and Hadley, 1990). The samples were
mixed with 0.6 ml of 10% trichloroacetic acid and 0.5 ml of 0.67%
thiobarbituric acid, and then heated in a boiling water bath for 25min.
Thiobarbituric acid reactive species were determined by the absor-
bance in a spectrophotometer at 532 nm. Results are expressed as
thiobarbituric acid reactive species /mg protein.

2.4.2. Measurement of protein carbonyls
Theoxidative damage toproteinswasmeasuredby thequantification

of carbonyl groups based on the reactionwith dinitrophenylhidrazine as
previously described (Levine et al., 1990). Proteins were precipitated by
the addition of 20% trichloroacetic acid and redissolved in dinitrophe-
nylhidrazine and the absorbance read in a spectrophotometer at 370 nm.
Results are expressed as nmol carbonyl/mg protein.

2.4.3. Measurement of protein thiol content
Briefly, an aliquot was diluted in SDS 0.1% and 0.01 M 5,5′-

dithionitrobis 2-nitrobenzoic acid in ethanol was added and the
intense yellow color was developed and read in a spectrophotometer
at 412 nm after 20 min (Ellman, 1959). Results are expressed as μmol
SH/mg protein.

2.4.4. Enzyme-linked immunosorbent assay (ELISA) to 3-nitrotyrosine
Indirect ELISA assay was performed to analyze changes in the

content of nitrotyrosine by utilizing a polyclonal antibody to nitrotyr-
osine (Calbiochem) diluted 1:5000 in phosphate-buffered saline (PBS)
pH 7.4 with 5% albumin. Microtiter plates (96-well flat-bottom) were
coated for 24 h with the samples diluted 1:2 in PBS with 5% albumin.
Plates were then washed four times with wash buffer (PBS with 0.05%
Tween-20), and the specific antibodies were added to the plates for 2 h
at room temperature. After washing (seven times) with wash buffer, a
second incubation with anti-rabbit antibody peroxidase conjugated
(diluted 1:10,000) for 1 h at room temperature was carried out. After
addition of substrates (hydrogen peroxide and 3, 3′, 5, 5′-tetramethyl-
benzidine 1:1 v:v), the samples were read at 450 nm in a plate
spectrophotometer. Results are expressed as changes in percentage
among the groups (compared to control group).

2.4.5. Antioxidant enzyme activities estimations
Superoxide dismutase enzyme activity was assessed by quantifying

the inhibition of superoxide-dependent adrenaline auto-oxidation in a
spectrophotometer at 480 nm, as previously described (Misra and
Fridovich, 1972), and the results are expressed as U/mg protein. Catalase
activitywas assayedbymeasuring the rate of decrease inH2O2absorbance
in a spectrophotometer at 240 nm (Aebi, 1984), and the results are
expressed as U/mg protein. A ratio between superoxide dismutase and
catalase enzyme activities were applied to better understand the effect of
vitaminA-supplementationupon these twooxidant-detoxifying enzymes
that work in sequence converting superoxide anion to water (Halliwell
andGutteridge,1999). An imbalance between their activities is thought to
facilitate oxidative-dependent alterations in the cellular environment,
which may culminate in oxidative stress.

2.5. Oxidative parameters in submitochondrial particles

To obtain submitochondrial particles, liver was dissected and
homogenized in 230 mM mannitol, 70 mM sucrose, 10 mM Tris–HCl
and 1 mM EDTA (pH 7.4). Freezing and thawing (three times) the
mitochondrial solution gave rise to superoxide dismutase-free sub-
mitochondrial particles. The submitochondrial particles solution was
also washed (twice) with 140 mM KCl, 20 mM Tris–HCl (pH 7.4) to
ensure Mn-superoxide dismutase release from mitochondria. To
quantify superoxide (O2

−•) production, submitochondrial particles was
incubated in reaction medium consisted of 230 mM mannitol, 70 mM
sucrose,10mMHEPES-KOH(pH7.4), 4.2mMsuccinate, 0.5mMKH2PO4,
0.1 µM catalase, and 1 mM epinephrine, and the increase in the
absorbance (auto-oxidation of adrenaline to adrenochrome)was read in
a spectrophotometer at 480 nm at 32 °C, as previously described
(Poderoso et al., 1996; De Oliveira and Moreira, 2007). As a marker of
lipid peroxidation, we measured the formation of thiobarbituric acid
reactive species during an acid-heating reaction, as previously described
(Draper and Hadley, 1990). The oxidative damage to proteins was
measured by the quantification of carbonyl groups based on the reaction
with 2,4-dinitrophenylhydrazine as previously described above (Levine
et al., 1990). Protein thiol content in liver submitochondrial particles
samples was determined as described above. Briefly, an aliquot was
diluted in SDS 0.1% and 0.01M 5,5′-dithionitrobis 2-nitrobenzoic acid in
ethanolwas added and the intense yellowcolorwas developed and read
in a spectrophotometer at 412 nm after 20 min (Ellman, 1959).

2.6. Total radical-trapping antioxidant parameter

The non-enzymatic antioxidant cellular defenses were estimated
by the total radical-trapping antioxidant parameter, which determines
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the non-enzymatic antioxidant potential of the sample, as previously
described (Wayner et al., 1985). Briefly, the reaction was initiated by
injecting luminol and 2,2′-Azobis[2-methylpropionamidine]dihy-
drochloride–a free radical source that produces peroxyl radical at a
constant rate–in glycine buffer (0.1 M, pH 8.6), resulting in a steady
luminescent emission. Hepatic samples (30 µg of protein) were mixed
in glycine buffer in the reaction vial and the decrease in luminescence
monitored in a liquid scintillation counter for 60 min after the
addition of the sample homogenates. The area under the curve
obtained of the chemiluminescence values were transformed to
percentage values and compared against the control values.

2.7. Mitochondrial electron transfer chain activity

To obtain submitochondrial particles from rat liver in order to assess
mitochondrial electron transfer chain activity, we have homogenized
the tissue in 250mMsucrose, 2mMEDTA,10mMTris, pH7.4, and50 IU/
ml heparin buffer. The samples were centrifuged 1000×g and the
supernatants were colleted. Then, the samples were frozen and thawed
three times, andmitochondrial electron transfer chain activity detection
was performed as described below.

2.7.1. Complex I-CoQ-III activity
Complex I-CoQ-III activity was determined by following the increase

in absorbance due to reduction of cytochrome c at 550 nmwith 580 nm
as reference wavelength (∈=19.1 mM−1 cm−1). The reaction buffer
contained 20 mM potassium phosphate, pH 8.0, 2.0 mM KCN, 10 µM
EDTA, 50 µM cytochrome c, and 20–45 µg supernatant protein. The
reaction started by addition of 25 µMNADH andwasmonitored at 30 °C
for 3 min before the addition of 10 µM rotenone, after the which the
activity was monitored for an additional 3 min. Complex I–III activity
was the rotenone-sensitive NADH:cytochrome c oxidoreductase activity
(Shapira et al., 1990).

2.7.2. Complex II and succinate dehydrogenase activities
Complex II (succinate-DCPIP-oxidoreductase) activity was measured

by following the decrease in absorbance due to the reduction of 2,6-
dichloroindophenol at 600 nm with 700 nm as reference wavelength
(∈=19.1 mM−1 cm−1). The reaction mixture consisting of 40 mM
potassium phosphate, pH 7.4, 16 mM succinate and 8.0 µM 2,6-
dichloroindophenol was preincubated with 48–80 µg supernatant
protein at 30 °C for 20 min. Subsequently, 4.0 mM sodium azide and
7.0 µM rotenone were added and the reactionwas started by addition of
40 µM 2,6-dichloroindophenol and was monitored for 5 min at 30 °C.
Succinate dehydrogenase activity was assessed by adding 1 mM
phenazine methasulphate to the reaction mixture. Then, succinate
dehydrogenase activity was monitored for 5 min at 30 °C at 600 nm
with 700 nm as reference wavelength (Fischer et al., 1985).

2.7.3. Complex II-CoQ-III activity
Complex II-CoQ-III activity was measured by following the increase

in absorbance due to the reduction of cytochrome c at 550 nm with
580 nm as the reference wavelength (∈=21 mM−1 cm−1). The
reaction mixture consisting of 40 mM potassium phosphate, pH 7.4,
Table 1
The effects of vitamin A supplementation on rat liver oxidative stress markers levels.

Groups Lipid peroxidation
(nmol TBARS/mg protein)

Protein carbonyla
(nmol/mg protei

Control 7.33±1.05 1.84±0.18
1000 IU/kg day−1 7.72±1.83 1.92±0.2
2500 IU/kg day−1 8.0±1.16 1.79±0.22
4500 IU/kg day−1 11.0±1.34 1.79±0.18
9000 IU/kg day−1 12.11±1.79a 2.23±0.3

Values are means±S.D. of 8–10 animals per group.
a Pb0.05 vitamin A vs. control (one-way ANOVA followed by the post hoc Tukey’s test).
16mMsuccinatewas preincubatedwith 50–100 µg supernatant protein
at 30 °C for 30 min. Subsequently, 4.0 mM sodium azide and 7.0 µM
rotenonewere added and the reaction started by the addition of 0.6 µg/
ml cytochrome c and monitored for 5 min at 30 °C (Fischer et al., 1985).

2.7.4. Complex IV activity
Complex IV activity was measured by following the decrease in

absorbance due to the oxidation of previously reduced cytochrome c at
550 nmwith580nmas referencewavelength (∈=19.15mM−1 cm−1).
The reaction buffer contained 10 mM potassium phosphate, pH 7.0,
0.6 mM n-dodecyl-β-D-maltoside, 2–4 µg supernatant protein and the
reaction was started with addition of 0.7 µg reduced cytochrome c. The
activity of complex IV was measured at 25 °C for 10 min (Rustin et al.,
1994).

2.8. Glutathione-S-transferase activity

Glutathione-S-transferase activity was determined spectrophoto-
metrically according to the method of Habig et al., 1974. Glutathione-S-
transferase activity was quantified in liver homogenates in a reaction
mixture containing 1 mM 1-chloro-2,4-dinitrobenzene (CDNB), and
1 mM glutathione as substrates in 0.1 M sodium phosphate buffer, pH
6.5, at 37 °C. Enzyme activity was calculated by the change in the
absorbance value from the slope of the initial linear portion of the
absorbance time curve at 340 nm for 5 min. Enzyme activity was
expressed as nmol of CDNB conjugated with glutathione/min mg−1

protein.

2.9. Caspase-3 activity

Caspase-3 activity was determined through a fluorimetric commer-
cial kit according manufacturer's instructions (Sigma). Briefly, the
sampleswere homogenized in lysis buffer (50mMHEPES, pH 7.4, 5mM
CHAPS, 5 mMDTT), and centrifuged at 10,000×g for 15min at 4 °C. The
supernatants were used to determine caspase-3 assay in a microplate
fluorimeter at 360 nm excitation and 460 nm emission for 180 min at
25 °C. Results are expressed as nmol AMC produced/minmg−1 protein.

2.10. Caspase-8 activity

Caspase-8 activity was determined through a colorimetric commer-
cial kit according manufacturer's instructions (Biotium). The samples
were prepared as described to investigate caspase-3 activity. However,
caspase-8 activity was monitored in a microplate spectrophotometer at
495 nm for 180 min at 25 °C. Results are expressed as nmol R110
produced/min mg−1 protein.

2.11. Tumor necrosis factor-α quantification

We have measured tumor necrosis factor-α through commercial kit
for enzyme-linked immunosorbent assay according manufacturer's
instructions (BD Biosciences). Briefly, tissue samples were collected
and suspended in lysis buffer containing protease inhibitors. Following
cell lysis, the homogenate was centrifuged, and a portion of the
tion
n)

Protein thiol content
(μmol sulfhydryl/mg protein)

3-Nitrotyrosine content
(% change)

160.5±26.35 100.7±5.5
181.3±16.2 114.0±7.81
166.2±20.8 118.9±20.1
164.3±22.3 141.0±17.7a

173.7±22.2 145.2±7.8a



Table 2
The effects of vitamin A supplementation on rat liver antioxidant and detoxification enzyme activities.

Groups Superoxide dismutase
(U/mg protein)

Catalase
(U/mg protein)

SOD/CAT ration
(arbitrary units)

Glutathione-S-transferase
(nmol CDNB/min mg protein)

Control 29.9±5.1 39.2±3.11 0.76±0.07 372.15±24.9
1000 IU/kg day−1 36.0±7.51 50.5±6.7 0.72±0.2 440.1±153.9
2500 IU/kg day−1 40.21±9.42 49.0±10.1 0.85±0.3 485.3±189.1
4500 IU/kg day−1 55.8±12.2a 54.07±10.1 1.02±0.03 553.2±98.2a

9000 IU/kg day−1 58.2±4.9a 55.9±2.94 1.04±0.14 575.4±28.4a

Values are means±S.D. of 8–10 animals per group.
a Pb0.05 vitamin A vs. control (one-way ANOVA followed by the post hoc Tukey’s test).
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supernatant was reserved for protein concentration measurement, and
the remainingwas storedat−80 °C forposterior tumornecrosis factor-α
levels quantification. The samples were read in a microplate spectro-
photometer at 450 nm.

2.12. Statistical analyses

Data are expressed as means±standard deviation (S.D.); p values
were considered significant when pb0.05. Differences in experimen-
tal groups were determined by one-way ANOVA followed by the post
hoc Tukey's test whenever necessary.

3. Results

3.1. Oxidative stress markers and antioxidant enzyme activities analyses

3.1.1. Oxidative/nitrosative damage markers
In this experimental model, only vitamin A supplementation at

9000 IU/kg day−1 induced an increase in lipid peroxidation levels in
rat liver (pb0.05; Table 1). Protein carbonylation levels, as well as
protein thiol content, did not change in the liver of vitamin A-treated
rats (Table 1). However, we observed increased 3-nitrotyrosine
content in the liver of the rats that received vitamin A supplementa-
tion at 4500 or 9000 IU/kg day−1 (pb0.05; Table 1).

3.1.2. Antioxidant and detoxifying enzyme activities
Vitamin A supplementation at 4500 or 9000 IU/kg day−1 induced

a 1.7–1.9-fold increase of rat liver superoxide dismutase enzyme
activity (pb0.05; Table 2). Catalase enzyme activity did not change in
this experimental model (Table 2). Consequently, the hepatic super-
oxide dismutase/catalase ratio did not change in vitamin A-treated
rats (Table 2). Glutathione-S-transferase activity was found increased
in the liver of the rats that received vitamin A supplementation at
4500 or 9000 IU/kg day−1 (pb0.05; Table 2).

3.1.3. Superoxide anion radical (O2
−•) production and oxidative damage

in submitochondrial particles
As depicted in Fig. 2A, vitamin A supplementation at 4500 or

9000 IU/kg day−1 induced a 1.8–2-fold increase of O2
−• production in

hepatic submitochondrial particles (pb0.05; Table3). Lipidperoxidation
levelswere found increased in submitochondrial particles isolated of the
rats that received vitamin A supplementation at 9000 IU/kg day−1
Table 3
The effects of vitamin A supplementation on oxidative damage levels and superoxide anion

Groups Lipid peroxidation
(nmol TBARS/mg protein)

Protein carbonylati
(nmol/mg protein)

Control 4.0±0.33 1.24±0.2
1000 IU/kg day−1 5.47±0.6 1.46±0.37
2500 IU/kg day−1 5.66±1.42 1.35±0.22
4500 IU/kg day−1 6.26±1.3 1.28±0.4
9000 IU/kg day−1 7.7±1.08a 1.31±0.62

Values are means±S.D. of 8–10 animals per group.
a Pb0.05 vitamin A vs. control (one-way ANOVA followed by the post hoc Tukey’s test).
(pb0.05; Table 3). Protein carbonylation levels and protein thiol content
did not change in the liver of vitamin A-treated rats (Table 3).

3.1.4. Non-enzymatic antioxidant capacity
Chemiluminescence emitted from samples at 1 min of experiment

(total antioxidant reactivity–TAR) did not change in the hepatic
homogenates from the rats that received vitamin A supplementation
(Fig. 1A). Also, TroloxÔ equivalents, an antioxidant parameter, did not
change in this experimental model (Fig. 1B). Consequently, area under
the curve, which represents a measure of the pro-oxidant capacity of
the sample tested, was found unaltered in the liver of the rats that
received vitamin A supplementation (Fig. 1C).

3.2. Mitochondrial electron transfer chain activity

Vitamin A supplementation at 4500 or 9000 IU/kg day−1 induced a
1.5–1.7-fold increase of complex I–III activity in rat liver (pb0.05; Fig. 2A).
Complex II–III activitywas found increasedonly in the liver of the rats that
were administrated with vitamin A at 9000 IU/kg day−1 (pb0.05;
Fig. 2B). Similarly, complex II activity, as well as succinate dehydrogenase
enzyme activity, was found increased only in the liver of the rats that
received vitamin A supplementation at 9000 IU/kg day−1 (pb0.05; Fig.
2C andD). Complex IV activitywas found increased in the liver of the rats
that were exposed to vitamin A supplementation at 4500 or 9000 IU/kg
day−1 (pb0.05; Fig. 2E).

3.3. Caspase-3 and caspase-8 activities and tumor necrosis factor-α levels

Vitamin A supplementation did change neither caspase-3 activity,
nor caspase-8 activity in rat liver. Similarly, tumor necrosis factor-α
levels did not vary in this experimental model (Table 4).

4. Discussion

In the herein presented work, we have shown that vitamin A
supplementation at clinical doses commonly used in the treatment of
life-threatening maladies induces an increase in lipid peroxidation, but
not protein carbonylation, in rat liver. In addition, we found increased
O2
−• production in hepatic submitochondrial particles of vitamin A-

treated animals. Increased O2
−• production may be the result of an

uncoupled or increased electron flux during oxidative phosphorylation,
as previously reviewed (Halliwell, 2006). Indeed, we have found
radical (O2
−•) production in rat liver submitochondrial membranes.

on Protein thiol content
(nmol sulfhydryl/mg protein)

O2
−& production

(nmol/min mg protein−1)

111.0±18.27 4.1±0.4
112.0±11.85 6.1±1.31
100.7±9.55 7.52±1.21
107.7±15.3 8.38±2.1a

109.6±12.4 8.45±1.7a



Fig. 1. Effects of vitamin A supplementation on hepatic non-enzymatic antioxidant
defenses. The total antioxidant reactivity (TAR) is shown in (A). Trolox™ equivalents
and area under the curve are shown in (B) and (C), respectively. Data are mean±S.D. of
8–10 animals per group performed in triplicate.
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increasedmitochondrial electron transfer chain activity in the liver of the
rats that received vitamin A supplementation for 28 days. Additionally,
we have found increased lipid peroxidation levels in mitochondrial
Fig. 2. Effects of vitamin A supplementation on complex I–III (A), complex II–III (B), complex
rat liver. Data are mean±S.D. of 8–10 animals per group performed in triplicate. ⁎Pb0.05 (
membranes. However, even in the presence of an ongoing lipid
peroxidation process in hepatic submitochondrial particles, we did not
observe anychange in caspase-3 or caspase-8 activity. Also, the levels of a
pro-inflammatory cytokine, tumor necrosis factor-α, was demonstrated
to be unaltered in the present experimental model.

We have recently reported that vitamin A induces a several-fold
increase of oxidative stress markers in adult rat hippocampus, striatum,
substantia nigra, cerebral cortex, and cerebellumandaltered rat behavior
(De Oliveira and Moreira, 2007; De Oliveira et al., 2007a, b; De Oliveira
et al., 2008a, b). Nevertheless, vitaminAdid not induce similar effects on
rat liver, whichmay be explained, at least in part, by the fact that liver is
the main site of vitamin A storage and metabolism in the mammalian
organism, as elegantly reviewed by Napoli (Napoli,1999). Nevertheless,
in some situations, vitamin A aggravates the manifestation of hepato-
toxicity in rat, as demonstrated in a CCl4-induced model of liver disease
(Elsisi et al., 1993a, b; Badger et al., 1996). In addition, the differences
observed in the studies mentioned above and the present one may be
due to increased susceptibility of central nervous system to oxidative
insult, since there is a high content of polyunsaturated fattyacids (PUFA)
in brain, which are more sensitive to oxidative modifications than other
lipid molecules (Halliwell and Chirico, 1993). Furthermore, central
nervous system has a decreased activity of antioxidant enzymes
activities than liver, which may favor the onset and maintenance of a
pro-oxidative state (Halliwell, 2006).

Interestingly, we found increased 3-nitrotyrosine content, but not
protein carbonylation in this experimental model regarding oxidative
state of proteins (Table 1). Increased 3-nitrotyrosine content indicates
increased peroxynitrite (ONOO−) production, reactive specie origi-
nated from nitric oxide (NO•) and O2

−• (Halliwell, 2006). Also, we
found increased superoxide dismutase enzyme activity, but unaltered
catalase enzyme activity in the present experimental model. However,
it did not result in an imbalance in the superoxide dismutase/catalase
ratio (Table 2). This is in agreement with the results showing
unaltered lipid peroxidation (with the exception of the 9000 IU/kg
II (C), succinate dehydrogenase (SDH) (D), and Complex IV (E) enzyme activities in the
one-way ANOVA followed by Tukey's test).



Table 4
The effects of vitamin A supplementation on caspase-3 and caspase-8 enzyme activities and TNF-α levels.

Groups Caspase-3 (nmol AMC/min mg protein−1) Caspase-8 (nmol/min mg protein−1) TNF-α levels (pg/mg protein)

Control 0.61±0.13 33.9±9.3 3.3±0.96
1000 IU/kg day−1 0.46±0.08 43.45±20.8 3.93±1.1
2500 IU/kg day−1 1.08±0.64 45.9±1.1 3.8±1.3
4500 IU/kg day−1 0.99±0.33 39.11±7.4 4.2±0.96
9000 IU/kg day−1 0.92±0.3 44.4±7.6 3.9±1.4

Values are means±S.D. of 8–10 animals per group.
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vitamin A dose), protein carbonylation, and protein thiol content,
since an imbalance in the superoxide dismutase/catalase ratio is very
likely to favor an increase in H2O2 production, a reactive oxygen specie
that may give rise to more powerful oxidizing agents, as the hydroxyl
(•OH) radical (Halliwell and Gutteridge, 1999). In regard to non-
enzymatic antioxidant defenses, we did not find any change that
would suggest that vitamin A modulates such parameter in rat liver
(Fig. 1A–C).

The increasedmitochondrial electron transfer chain activity observed
in this work may represent a response of hepatic cells to the stressful
condition imposed by high vitamin A intake, as postulated (Manoli et al.,
2007). Indeed, we have seen that the same vitamin A doses that induced
oxidative damage in liver samples also increasedmitochondrial electron
transfer chain activity (Fig. 2A–E). On the other hand, increased mito-
chondrial electron transfer chain activity may give rise to increased O2

−•

production due to electron leakage from the electron transfer chain
(Halliwell and Gutteridge, 1999; Halliwell, 2006). Accordingly, we have
found increased O2

−• production in submitochondrial particles isolated
from vitamin A-treated rats (Table 3).

In a recently published work, our group has demonstrated that
retinol (vitamin A) induces apoptosis in cultured Sertoli cells through
an oxidative stress-associated process (Klamt et al., 2008). Then, we
have investigated here the effect of vitamin A supplementation on
caspases activity in the liver of rats. Surprisingly, we did find any
change neither in caspase-3 nor caspase-8 activity. Additionally, we
did not observe any alteration in the levels of tumor necrosis factor-α
cytokine (Table 4), suggesting that, in this experimental model,
vitamin A supplementation at therapeutic doses for 28 days did not
induce a pro-inflammatory state in rat liver.

Our results indicate a stressful event that is induced through vitamin
A supplementation at clinical levels on rat liver. This becomes clearer to
be seen when we analyze the activity of both mitochondrial electron
transfer chain and glutathione-S-transferase enzyme. As mentioned
above, it was previously reviewed that diverse cell types, under stressful
conditions, modulate mitochondrial electron transfer chain activity and
number of mitochondria in an attempt to produce more ATP as a
response to the unfavorable environment (Manoli et al., 2007). Indeed,
we have found increased bothmitochondrial electron transfer chain and
glutathione-S-transferase activities (Fig. 2 and Table 2, respectively).
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