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Recent intervention studies revealed that supplementa- 
tion with retinoids resulted in a higher incidence of 
lung cancer. Recently the causal mechanism has begun 
to be clarified. We report here that retinol caused cellu- 
lar oxidative stress and modulated superoxide dis- 
mutase, catalase and glutathione peroxidase activities. 
Retinol (7 gM) significantly increased TBARS, conju- 
gated dienes, and hydroperoxide-initiated chemilumi- 
nescence in cultured Sertoli cells. In response to retinol 
treatment superoxide dismutase, catalase and glutath- 
ione peroxidase activities increased. TBARS content 
and catalase activities were decreased by a free radical 
scavenger. These findings suggest that retinol may 
induce oxidative stress and modulate antioxidant 
enzyme activities in Serto|i cells. 

Keywords: retinol, oxidative stress, reactive oxygen species, 
lipid peroxidation, catalase, glutathione peroxidase, superox- 
ide dismutase 

I N T R O D U C T I O N  

Retinol occurs na tura l ly  in certain foods  of ani- 

ma l  and  vegetal  origin and  can be obta ined  

direct f rom the diet  or b y  the intake of provi ta -  
min  A ( c o m p o u n d s  that  can be conver ted  to vita- 
min  A in the b o d y  such as beta-carotene).  It is 
well  k n o w n  that  retinol regulates  cellular divi- 
sion and  different iat ion [1]. Apa r t  f rom these 
impor tan t  physiological  functions,  the effects 
and  safety of the supp l emen ta t i on  wi th  retinol 

are not  wel l  defined. 
In the last decade  m a n y  epidemiologica l  s tud-  

ies have  s h o w n  an associat ion be tween  low die- 
tary intake of retinol and  the d e v e l o p m e n t  of 
cancer, specifically, lun~ [2], l iver [3], oral and  pha-  
ryngeal  [4], oesophagus  15] and  gastric [6]. On the 

other  hand,  in an an imal  mode l  of lung  cancer 
retinol increased the ma l ignan t  t r ans format ion  
induced  b y  g a m m a  irradiat ion [7] and  Badr et 

al. [8] demons t r a t ed  that  retinol increased the 
induct ion of c h r o m o s o m a l  aberra t ions  in h u m a n  
lymphocy te  cultures. In addit ion,  two repor ts  
sugges ted  a posi t ive  associat ion of v i t amin  A 
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intake and increased incidence of prostate can- 
cer [9'1°]. More recently one randomized, control- 
led clinical trial demonstrated that 
supplementation with a combination of beta car- 
otene and retinol increases the incidence and 
mortality from lung cancer in 18,314 smokers, 
former smokers or workers exposed to asbes- 
tos [11]. In another randomized controlled study 
with 29,133 smokers in Finland [12] a higher inci- 
dence of lung cancer in patients exposed to the 
pro-vitamin A, beta-carotene was demon- 
strated. However, attempts to use retinoids and 
carotenoids for cancer chemoprevention and 
therapy are ongoing [13-15]. Therefore, the casual 
mechanisms should be elucidated to establish 
safe approaches in cancer chemoprevention. 

The production of reactive oxygen species 
(ROS) is recognized as a cause of immediate cellu- 
lar injury leading to cell death or apoptosis. ROS 
can also lead to progressive accumulation of 
DNA damage and, consequently, are involved in 
many physiological (i.e. aging) and pathological 
(i.e. cancer) processes [16]. The hydroxyl ( 'OH) 
radical is probably the most potent of the ROS, 
and the probable initiator of the chain reactions 
which form lipid peroxides and organic radicals. 

Our previous studies demonstrated an 
increased in chromatin sensitivity to DNAse I 
[17], an increase in [methyl-3H] thymidine incor- 
poration into DNA [181, and significant changes 
in nuclear protein phosphorylation [191 in Sertoli 
cells treated with retinol (7 DM). Many of these 
effects were inhibited by the addition of 
1,10-phenanthroline (iron chelator), suggesting 
the participation of a Fenton reaction in these 
retinol-induced effects. Recently, we [2°1 and oth- 
ers [211 demonstrated that retinol supplementa- 
tion could induce oxidative DNA damage, and 
this effect probably involves metal ions. 

We report here that retinol supplementation 
caused oxidative damage to other cellular con- 
stituents, besides DNA, and this was accompa- 
nied by an activation of superoxide dismutase 
(SOD), catalase (CAT) and glutathione peroxi- 
dase (GPx). 

MATERIAIS A N D  METHODS 

Materials 

Type I collagenase, medium 199, HBSS, all-trans 
retinol, thiobarbituric acid, mannitol, tert-butyl 
hydroperoxide, hydrogen peroxide, reduced 
glutathione, glutathione reductase, and NADPH 
were purchased from Sigma, St. Louis, MO, 
USA. Trypsin was purchased from Difco, 
Detroit, MI, USA. 

Cell Culture 

Sertoli cells from 15-day-old Wistar rats were 
prepared and cultured essentially as previously 
described I18]. In brief, the animals were killed by 
ether asphyxiation, testes were removed and 
washed in saline pH 7.4. Sertoli cells were iso- 
lated by enzymatic digestion of decapsulated 
testes with trypsin and type I collagenase. A 
small percentage (3-4%) of contamination by 
peritubular cells, determined by histochemical 
demonstration of alkaline phosphatase activity, 
was present in these Sertoli cell preparations. 

After isolation, Sertoli cells were counted in a 
Neubauer chamber and cultivated in a plating 
density of 3.2 x 105 cells/cm 2 in Petri dishes con- 
taining Medium 199 pH 7.4 supplemented with 
1% fetal bovine serum (v/v). Cells were main- 
tained at 34°C in a humidified atmosphere of 5% 
CO 2 in air. The medium was replaced after 24 h 
by serum free medium to remove unattached 
Sertoli and germinal cells. Experiments were 
performed on cells treated with retinol (0.1 to 7 
~tM) with or without 1 mM mannitol simultane- 
ously. Control cultures received only the retinol 
solvent (0.1% ethanol, v/v) .  Doses above 10 gM 
lead to extensive ceil death (data not shown) and 
this make unsuitable the analyses of oxidative 
stress parameters in these concentrations. To 
control for the effect of ethanol, in all experimen- 
tal procedures a group without the addition of 
ethanol was analyzed, and no significant differ- 
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RETINOL-INDUCED OXIDATIVE STRESS 397 

ences between this and control group were 
encountered on all the parameters measured 
(data not shown). The formation of oxidized reti- 
nol metabolites was monitored by spectroscopic 
scan of all retinol solutions before use. Cell via- 
bility and morphology did not differ signifi- 
cantly between all tested groups (data not 
shown), as assessed by trypan blue exclusion. 

Determination of Conjugated Dienes 

The level of lipid peroxidation was estimated by 
assay of conjugated diene double bonds [22j. 
Briefly, Sertoli cells were homogenized in 2 mL 
of 0.25 M sucrose/5mM EDTA and centrifuged 
at 14500 x g for 15 rain at 4°C. From the postmi- 
tochondrial supernatant the microsomes were 
spun down at 105000 x g for 60 min at 4°C. The 
extraction of lipid was made as described by 
Folch et al. [23]. The lipids extracted were dried 
under vacuum at room temperature and then 
dissolved in 1 mL of cyclohexane. The 
lipid/cyclohexane solution was immediately 
scanned from 300 to 220 nm and second-deriva- 
tive spectrum was recorded, which confers 
greater sensitivity for the diene conjugation 
method [24]. An absorbance spectrum plots 
absorbance (A) against wavelength (M. A 
first-derivative spectrum plots rate of change of 
absorbance with wavelength (dA/d~,) against 
wavelength. The second-derivative spectrum 
plots the rate of change of this rate of change 
(d2A/ d2~,). In the second-derivative spectrum 
the conjugated dienes signal was characterized 
by the height of the minimum peak at 233 nm, 
and is expressed in arbitrary units [24]. 

Thiobarbituric Acid Reactive Species (TBARS) 

As an index of ROS production we used the for- 
mation of TBARS during an acid-heating reac- 
tion, which is widely adopted as a sensitive 
method for measurement of lipid peroxidation, 
as previously described [25]. Briefly, the samples 

were mixed with i ml of trichloroacetic acid 10% 
(TCA) and lml of thiobarbituric acid 0.67% 
(TBA), then heated in a boiling water bath for 15 
min. Butanol (2:1 v / v) was added and after a 
centrifugation (800 x g / 5 min) thiobarbituric 
acid reactive species (TBARS) were determined 
by the absorbance at 535 nm. 

Hydroperoxide-Initiated Chemiluminescence 

To evaluate the oxidant status in these cells we 
measured the hydroperoxide-initiated chemilu- 
minescence. This method measures the balance 
between pro-oxidants and antioxidants present 
in these cells [26]. Briefly, the cell nomogenates 
were diluted to a final concentration of 1 mg of 
protein/mL and 3raM of tert-butyl hydroperox- 
ide was added and chemiluminescence was 
measured in a scintillator counter as previously 
described [261. 

Antioxidant Enzyme Activities 

Enzyme assays were performed in cells extracts 
obtained as follows. Cells were harvested and 
washed three times with saline. To determine 
CAT and GPx activities cells were sonicated in 
50mM phosphate buffer (pH 7.0) and the result- 
ing suspension was centrifuged at 3000 g for 10 
min. The supernatant was used for enzyme 
assays. CAT activity was assayed by measuring 
the rate of decrease in H20 2 absorbance at 240 
nm [271. For GPx activity NADPH oxidation was 
followed at 340 nm [28] in the presence of reduced 
glutathione, tert-butyl hydroperoxide, and glu- 
tathione reductase. SOD activity was assayed by 
measuring the inhibition of adrenaline auto-oxi- 
dation, as previously described [29]. 

Protein Quantification 

All the results were normalized by the protein 
content [301. 
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FIGURE 1 Dete rmina t ion  of TBARS in cells treated wi th  retinol. C u t u r e d  Sertoli cells were t reated wi th  the  indicated concentra-  
t ions of retinol d isso lved  wi th  e thanol  (0.1%) for 24 h; controls  also conta ined 0.1% ethanol  (insert box). D e p e n d i n g  on  the  
exper imenta l  p rocedure  cells were  treated wi th  mann i to l  (1 mM)  for 24 h. For the  de te rmina t ion  of TBARS samples  were  mixed  
wi th  1 ml  of trichloroacetic acid 10% (TCA) and  l m l  of thiobarbi tur ic  acid 0.67~. (TBA) and  the TBARS were  de t e rmin ed  as 
descr ibed u n d e r  "Mater ials  and  Methods"  (n=3). *different f rom control; p < 0.01 different  f rom retinol 7 BM; p < 0.01 

Statistical Analyses  

Results are expressed as means; p values were 
considered significant when p<0.01. Differences 
in experimental groups were determined by 
ANOVA. Comparison between means was car- 
ried out using a Newman-Keuls test. 

RESULTS 

Sertoli ceils were exposed to retinol and the lipid 
peroxidation was estimated by conjugated 
dienes and TBARS concentration as described in 
Material and Methods. 

Retinol treatment induced production of 
TBARS only at higher doses (Fig. 1 - insert box). 
Retinol at 0.1 to 5 gM seems not to induce 
TBARS production in cultured Sertoli cells. This 
pattern was also described previously with reti- 

_[201 nol-induced DNA oxidative damage . 

Fig. 1 shows the effect of mannitol on TBARS 
production. Lipid peroxidation was inhibited by 
the free radical scavenger, mannitol, suggesting 
that retinol induced lipid peroxidation is medi- 
ated by free radicals. 

Since only 7 gM retinol increased TBARS con- 
tent we investigated if this dose could increase 
other markers of oxidative stress. As shown in 
Table I, the concentration of conjugated dienes in 
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FIGURE 2 Catalase activity in cells treated with retinol. Cells were treated as described in the legend to Fig. 1. For the determi- 
nation of catalase activity the rate of decrease in H 2 0 2  absorbance at 240 n m  was  measured  as described under  "Materials and 
Methods" (n=3). different f rom control; p < 0.01 different from retinol 7 btM; p < 0.01 

Sertoli cells treated with 7 btM retinol was signif- 
icantly higher than that of the control. In the 
same way, the chemiluminescence initiated by 
hydroperoxide was significantly increased in 7 
btM retinol treated cells (Tab. 1). These findings 
suggest that 7 btM retinol doses could induce 
lipid peroxidation and alter the balance between 
pro-oxidants and antioxidants present in these 
ceils 

In normal conditions, there is a steady state 
balance between the production of ROS and 
their destruction by the cellular antioxidant sys- 
tem. However,  this balance can be broken either 
by increasing the ROS production or by decreas- 
ing the defense system. When cells are exposed 

to an oxidative stress various defense mecha- 
nisms are induced, including SOD, CAT and 
GPxI31]. 

In accordance with data presented in fig. 1, in 
fig. 2 (insert box) retinol treatment induced cata- 
lase activity only at higher doses, suggesting that 
this dose could induce oxidative stress in Sertoli 
cells. In the same way, the GPx activity was sig- 
nificantly increased in 7 btM retinoI treated cells 
(Figure 3). CAT and GPx activities were inhib- 
ited by mannitol (Fig. 2 and Fig. 3), suggesting a 
role of oxidative stress in the antioxidant defense 
activation, and not a direct retinol effect. In con- 
trast, SOD activity increased in a dose-depend- 
ent manner, from i to 7 btM retinol (Figure 4). 
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400 FELIPE DAL-PIZZOL e t  a l .  

TABLE I Effect of retinol treatment (7 ~tM) for 24h on conjugated dienes and hydroperoxide-initiated chemiluminescence, nata 
represent  mean ± SEM of at least thrcc replicates per independent experiment and three separate experiments 

Assay Control Retinol 7 pM 

Conjugated dienes (arbitrary units) 0.05 _+ 0.05 0.57 ± 0.083 a 

Hydroperoxide-init iated chemiluminescence (cpm/mg protein) 414 ± 40 717 + 52 a 

a. different from control; p < 0.01 

7 •I 
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5~ 

~ 4 .  • 
¢.i 

E 3 

T 

• ': i~-,,:~.i;..] 

retinol 7uM/mannitol 
1raM 

control mannitol l m M  retinol 7uM 

t r e a t m e n t  

FIGURE 3 Glutathione peroxidase activity in cells treated with retinol. Cells were treated as described in the legend to Fig. 1. 
For the determination of glutathione peroxidase activity the rate of NADPH oxidation was followed at 340 nm as described 
under  "Materials and Methods" (n=3). different from control; p < 0.01 different from retinol 7 ~tM p < 0.01 

DISCUSSION 

Any substance that can enhance ROS production 
is potentially carcinogenic once it can damage 
DNA, inducing mutations on specific genes 
responsible for cell proliferation control [16]. Oxi- 
dative stress can cause damage to all types of 
biomolecules, including DNA, proteins and lip- 
ids. In many situations it is unclear which is the 
most important target, since injury mechanisms 

overlap widely. The primary cellular target of 
oxidative stress can vary depending on the cell, 
the type of stress imposed and how severe the 
stress is. 

We report here that supplementation with 
retinol caused lipid peroxidation. This damage 
seems to be induced only by 7 ~tM retinol, since 5 
~tM or lower doses did not induce TBARS, as we 
demonstrated previously for D N A  damage [2°]. 
In response, Sertoli cells increase antioxidant 
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FIGURE 4 Superoxide dismutase activity in cells treated with retinol. Cells were treated as described in the legend to Fig. 1. 
For the determination of superoxide dismutase the inhibition of adrenaline auto-oxidation was measured as described under 
"Materials and Methods" (n=3). different from control; p < 0.01 

defense mechanisms to protect  themselves 
against the injury caused by  ROS. Lipid peroxi- 
dat ion and activation of ant ioxidant  enzymes  
were  inhibited by  mannitol ,  suggest ing a role for 
free radicals in the oxidative retinol effects. 

In contrast, 5 btM or lower doses seemed to 
decrease TBARS and catalase activity, even 
though  this difference did not  reach statistical 
significance. This indicates that retinol in lower 
doses could act as an antioxidant,  but  this effect 
needs  to be confi rmed in different experimental  
protocols. Every ant ioxidant  is in fact a redox 
agent, protect ing against free radicals in some 
circumstances and promot ing  free radical gener- 
ation in others [32]. Al though vi tamin A is a good 
acceptor and donor  of electrons in chemical reac- 
tions, its propert ies  appear  to be very  carefully 
protected by  ret inol-binding proteins [33]. Nor-  

mal values of h u m a n  retinol serum are a round  
360-1200 btg/L (1.254.1 btM), and it is est imated 

that the physiological  retinol concentrat ion in 
Sertoli cells is a round  5 btM [11. In normal  condi- 
tions cells are not  exposed to h igh concentrat ion 
of free retinol [34]. However ,  pharmacological  
amounts  of supplements  may  per turb  key physi-  
ological processes. If excessive intake of supple-  
ments  of v i tamin A and p-carotene saturate 
b inding proteins,  free compounds  m a y  have  
cytotoxicity [21]. 

Differently f rom CAT and GPx, SOD activity 
increased in a dose-dependen t  mal~ner in retinol 
treated Sertoli cells. These data  are in accordance 
to the dose -dependen t  manne r  of superoxide  
generat ion induced  by  retinol t rea tment  
described by  Murata  et al [211. Little cont roversy  
remains concerning the toxicity of superoxide  
and the physiological  funct ion of SOD as ascav- 
enger  of the this radical. The other  side of the 
coin, that too m u ch  SOD m ay  be toxic is n o w  the 
m u ch  more  interesting observation.  Cells that 
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overexpress SOD [35] or mice transgenic for 
human SOD [351 have some abnormalities related 
to oxidative stress. It seems that any concentra- 
tion of SOD other than the optimal leads to 
increased lipid peroxidation and therefore to 
increased oxidative stress [351. Ours results, taken 
together with Murata et al results [211, suggest 
that, in Sertoli cells, the superoxide generation 
induced by retinol 7 gM treatment lead to an 
increased in SOD activity to a level that alters the 
oxidant/antioxidant cellular balance, inducing 
oxidative stress. 

Recently, Chen et al. D6] provided the first 
demonstration of cellular ROS production 
induced by a natural retinoid. Anhydroretinol 
induced oxidative stress and cell death, meas- 
ured by flow cytometry, in 5 /2  and Jurkat cells. 
Murata et al [211 demonstrated that retinol and 
retinal cause oxidative damage to cellular and 
isolated DNA, probably involving the genera- 
tion of superoxide anion and H20 2. Differently 
from our results [2°1, Murata et al. I211 demon- 
strated a dose-dependent effect of DNA damage 
induced by retinol (from 0.5 to 5 gM). This dif- 
ference could be related to a different antioxi- 
dant environment or different metabolism of 
retinol in these two different cell lines. 

The limitations of our study should be consid- 
ered. The methods used to determine oxidative 
stress have been criticized. There are basically 
two ways to detect free radical production. The 
only technique that can detect free radicals 
directly is electron spin resonance spectroscopy 
(ESR). An alternative to this is fingerprinting 
which measure products of ROS damage, i.e. 
TBARS, conjugated dienes and chemilumines- 
cence. These are all older and criticized methods 
but they still are widely used [24] and when taken 
together strongly suggest the presence of oxida- 
tive stress in a biological system. The activation 
of enzymatic defenses against reactive oxygen 
species reinforces the idea of oxidative stress in a 
biological system. However,  we do not know if 
the increases in antioxidant enzyme activity are 
due to induction of mRNA or protein activation. 

The exact mechanism by which retinol 
increases ROS production is still not understood. 
We postulated that it involves a Fenton reaction 
since phenanthroline (iron chelator) may 
decreased retinol (7 gM) cellular effects [17'20]. We 
had previously demonstrated that retinol treat- 
ment modulates iron turnover in Sertoli cells [2°], 
reinforcing the participation of a Fenton reaction 
on retinol-induced oxidative stress. Murata et 
ai.[21] suggested that the oxidative damage to cel- 
lular and isolated DNA, probably involving the 
generation of superoxide and H20 2. Thus, these 
results taken together suggest the probable 
involvement of the Fenton reaction in reti- 
nol-induced oxidative stress. 

Several studies have shown that the toxicity of 
hydrogen peroxide or organic peroxides to ani- 
mal cells in culture can be increased by raising 
their iron content, and decreased by the presence 
of chelating agents (i.e. phenanthroline). Benfato 
et al [37] demonstrated that the transfection with 
transferrin receptor could induce cellular trans- 
formation to a neoplastic phenotype associated 
with iron accumulation. We also demonstrated 
that retinol increases the reduced nucleotide 
content in Sertoli cells (submitted data). This 
may also be responsible for the increased ROS 
production since it can propagate a flee-radical 
chain as shown in the following reaction[381: 

(Eq. 1) Fe 3 + + N A D H - + F e  9 + + N A D  ° + H  + 

(Eq. 2) H++Fe2++H202--+ Fe3++ 'OH+H20.  

The "OH radical produced in a Fenton reac- 
tion reacts with extremely high rate constants 
with almost every type of molecule found in liv- 
ing cells: sugars, amino acids, phospholipids and 
DNA bases. The oxidative agent generated by 
Fenton reactions can cause DNA strand break- 
age and lipid peroxidation in cells undergoing 
oxidative stress [391. Hydroxyl radical attack 
upon DNA generates a whole series of modified 
purine and pyrimidine bases, many of which are 
known to be mutagenic [40'411. 
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T h e  r e s u l t s  p r e s e n t e d  h e r e  r e i n f o r c e  t h e  

r e c e n t l y  p u b l i s h e d  e f f ec t s  o f  r e t i n o l  o n  D N A  

d a m a g e  [2°'21], a n d  i n d i c a t e  t h a t  r e t i n o l  c o u l d  n o t  

o n l y  d a m a g e  D N A ,  b u t  a l so  o t h e r  b i o m o l e c u l e s .  

A c k n o w l e d g e m e n t s  

T h i s  w o r k  w a s  s u p p o r t e d  b y  g r a n t s  f r o m  

C A P E S ,  F A P E R G S ,  C N P q  a n d  F I N E P  ( B r a z i l i a n  

a g e n c i e s  fo r  r e s e a r c h  s u p p o r t ) .  T h e  a u t h o r s  w i s h  

to  t h a n k  Dr .  R i c h a r d  R o d n i g h t  fo r  c r i t i ca l  E n g -  

l i sh  r e v i e w .  
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