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INTRODUCTION

Iron is an essential element for microbes, plants and higher 
animals. It is a component of heme and iron-sulphur centers 
in many key redox enzymes, and is an essential component of 
oxygen storage and transporting proteins such as haemoglobin 
and myoglobin (Andrews, 1999). It is also an integral part 
of several classes of enzymes involved in the synthesis of 
steroid hormones, detoxifi cation of foreign substances in the 
liver, synthesis of neurotransmitters and DNA synthesis and 
breakdown (Garrick, 2011). In all species, the concentration of 
iron in biological fl uids is tightly regulated to provide iron as 
needed and to avoid toxicity, because iron excess can lead to 
the generation of reactive oxygen species (ROS) by catalyzing 
the Fenton reaction and highly generates reactive hydroxyl 
radicals, which can damage the lipid membranes, proteins 
and nucleic acids (Eaton and Qian, 2002; Gao et al., 2009). Iron 
overload caused by frequent blood transfusions, high red meat 
consumption, and intake of iron supplements or caused by 
the genetic disorder hereditary hemochromatosis can promote 
troubles in many organs, mainly in the liver, which is the 
major location for iron storage (Andrews and Schmidt, 2007; 
Nahdi et al., 2010). Hepatic iron deposits and changes induced 
by this metal could be detected by electron microscopy based 
on the electron-dense iron content (Iancu, 2011). Hepatocyte 
alterations are promoted by diff erent mechanisms: apoptosis, 
autophagy and necrosis (Galluzzi et al., 2007). Some studies 
also argued that, in situation of iron overload when ferritin may 
be iron-saturated, lysosomal destabilization is thought to be 
an adaptive response to provide the supply of energy needed 

for cell survival and repair induced by environmental stress 
(Garner et al., 1997; Kurz et al., 2007). In these last decades, there 
was growing interest in the association of specifi c components 
of human nutrition and oxidative stress (Morihara et al., 
2006; Dairam et al., 2008). Lycopene, a carotenoid compound, 
occurring naturally in tomato and other fruits like papaya, 
pink guava and watermelon has been shown to neutralize 
free radicals, especially those derived from oxygen, thereby 
conferring protection against cancer of the prostate, breast, 
lung, bladder, cervix and skin, atherosclerosis and associated 
coronary artery disease (Sharma and Goswami, 2011). Dietary 
intakes of cooked tomatoes and their by-products account 
for 90% of the lycopene in the average Southern and North 
American diet (Bose and Agrawal, 2007; Garciaalonso et al., 
2007). However, the impact of lycopene, known for its anti-cell-
proliferative, anticarcinogenic and antiatherogenic activities, on 
iron metabolism has been poorly understood.

In the present work, we hypothesized that lycopene could 
prevent iron-induced oxidative damage. We investigated 
the effects of chronic administration of different doses of 
lycopene on systemic iron status in rats fed with a normal or 
iron supplementation diet. Our aim was to determine whether 
iron supplementation associated with lycopene consumption 
promoted liver protection of rats. At the same time, our study 
was designed to evaluate the degree of damage induced by 
iron and determine the early defence mechanisms developed 
by hepatocytes with special attention to proliferation, 
apoptosis and autophagy, and to determine if the antioxidant 
eff ect of lycopene can be observed at the ultrastructure level 
and participate in these defence mechanisms.

List of abbreviations: BC, bile canaliculus; DAB, diaminobenzidine; DMT1, divalent metal transporter 1; LYS, lysosomes; M, mitochondria; MDA, malondialdehyde; NBT, 
nitrobluetetrazolium; PBS, phosphate-buffered saline; PMS, post mitochondrial supernatant; RER, rough endoplasmic reticulum; ROS, reactive oxygen species; TIBC, total iron-binding 
capacity; T-SOD, total superoxide dismutase.
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ABSTRACT

Lycopene is common in diet and known for its antioxidant activities. However, the impact of lycopene on iron metabolism is poorly 
investigated. In this study, we hypothesize that lycopene can prevent iron-mediated oxidative stress, proliferation and autophagy in liver 
and use a rat model of nutritional iron supplementation to confi rm its intervention in these defence mechanisms. We found that iron 
supplementation induced cell proliferation predominantly in non parenchymal cells compared with hepatocytes, but not apoptosis. In 
addition, iron was accumulated within the hepatic lysosomes where it triggered autophagy as evidenced by the formation of autophagic 
vesicles detected by LC3-B staining. Iron supplementation also induced morphologic alterations of the mitochondrial membranes probably 
due to increased lipid peroxidation as indicated by elevated iron and malondialdehyde concentrations in serum and tissues. Lycopene 
reduced iron-catalyzed lipid peroxidation by decreasing the malondialdehyde level in the liver and colon and enhancing the total 
superoxide dismutase activities in serum and tissues. The result suggest that lycopene prevents iron-induced oxidative stress, proliferation 
and autophagy at both biochemical and histological levels due to its potent free radical scavenging and antioxidant properties.
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METHODS

Chemicals

S e ru m  i ro n ,  t o t a l  i ro n - b i n d i n g  c a p a c i t y  ( T I B C ) , 
malondialdehyde (MDA) contents and the total superoxide 
dismutase (T-SOD) activities in tissues were quantifi ed using 
commercial kit (Jiancheng Biological Engineering Company, 
Nanjing, China). Lycopene was purchased from Sigma (St. 
Louis, USA). The mouse Ki-67 monoclonal antibody (a cellular 
marker for proliferation), the mouse caspase-3 monoclonal 
antibody (a member of the apoptosis) and rabbit microtubule-
associated protein (LC3-B) polyclonal antibody were used 
(Biyuntian Biological Engineering Company, Shanghai, China). 
They were also processed for immunohistochemical analysis 
and electron microscopy. Other chemicals used in the present 
study were of analytical grade and were purchased from Sigma 
(St. Louis, USA).

Animals and diets

Thirty-six adult male Wistar rats (220 - 245 g) were procured 
from the Central Animal House of the College (Wenzhou, 
China). The animals were housed in stainless steel cages, 
and maintained in a controlled environment under hygienic 
conditions of temperature (25 ± 2 ºC), relative humidity of 
40%, and light (12-hour light/dark cycle, lights on 0700-1900). 
The rats were allowed to acclimatize in the animal facility for 
a period of 1 week before the beginning of the study. During 
that period of time, they had free access to standard animal 
diet and water ad libitum. All the procedures were performed 
in accordance with ethical guidelines on the care and use of 
animals in laboratory research which were approved by the 
Institutional Animal Ethics Committee (IAEC). The diet used 
during the experiment was prepared by thoroughly mixing 
the ingredients and chemical compounds (Table Ⅰ) to obtain a 
homogeneous paste that was dried at 45 ºC, sliced and stored 
at 4 ºC for a short time. The basal diet contained 50 mg/kg diet 
as ferrous sulfate (FeSO4·7H2O). This iron supply corresponds 
to the recommended supply in growing rats and is slightly 
lower than the recommended supplies in humans (Nahdi et al., 
2010). For the iron-treated group, this diet was supplemented 
with 1000 mg/kg diet. According to the rat’s body weight, 
animals were intragastric administered lycopene dissolved in 
corn oil or 0.9% saline solution for 6 weeks (Kaur et al., 2011).

Experimental protocol

Rats were weighed and randomly allocated into six groups of 
six individuals: control group (received the basal diet and was 
fed distilled water by gavage at nine every day), iron group 
(received the basal diet supplemented with ferrous sulfate 
1000 mg/kg diet and was fed distilled water by gavage at nine 
every day), lycopene group (received the basal diet and was 
given lycopene dissolved in corn oil by gavage at nine every 
day, at a dose of 15 mg/kg body weight), iron + lycopene 
groups (received the basal diet supplemented with ferrous 
sulfate 1000 mg/kg diet and was given lycopene dissolved 
in corn oil by gavage at nine every day, at doses of 20, 15 
and 10 mg/kg body weight respectively). The rats received a 
fi xed amount of food every day, and the remaining food was 
weighed to calculated the daily food intake per group. Sacrifi ce 

of all the group’s rats was done 6 weeks after the beginning of 
the treatments. The rats were weighed, anesthetized by 10% 
chloral hydrate (intraabdominally), and killed. Blood was 
immediately collected and centrifuged at 3000 × g for 15 min. 
Serum was stored frozen at –20 ºC until use. The liver, heart, 
spleen, colon and kidney were dissected out, weighed and 
sectioned, and then tissue fragments were kept at –80 ºC. The 
liver fragments were fi xed in 4% polyoxymethylene followed 
by routine paraffi  n embedding and stained with hematoxylin-
eosin for routine evaluation. They were also processed for 
immunohistochemical analysis and electron microscopy.

Evaluation of iron status

Serum iron concentrations and total iron-binding capacity 
(TIBC) were quantifi ed using commercial kit, according to 
manufacture’s instructions. The tissue iron contents were 
determined by acid digestion of tissue samples as described 
previously (Lyoumi et al., 2007; Nahdi, 2010), followed by 
iron quantification using a commercial kit, according to 
manufacture’s instructions.

Markers of oxidative stress

Tissue homogenate (10% W/V) was prepared in 50 mM 
phosphate-buff ered saline (PBS) using potter-Elvehjemtype 
glass homogenizer. The homogenate was centrifuged at 2000 
× g for 15 min at 4 ºC. The content of malondialdehyde (MDA) 
was determined using a commercial kit. Briefl y, the amount 
of MDA was measured by the reaction with thiobarbituric 
acid at 532 nm. The results were expressed as nmoles MDA/

TABLE I

Ingredient composition of the basal diet fed to rats during the 
experimental period

Ingredients Content ( g/kg diet)

Corn fl our 270

Bran  190

Rice  160

Soybean cake 160

Fish fl our 130

CaCO3 20

Bone dust 30

Yeast powder 22.5

NaCl 5

Vitamine mixturea 10

Mineral mixtureb 2.3

FeSO4 0.2

a Vitamin mixture (unit/kg of mixture): synthetic vitamin A concentrate = 
250,000 UI; cholecalciferol = 50,000 UI; -tocopherolacetate = 0.100 g; thiamin 
hydrochloride = 0.100 g; riboflavin sodium phosphate = 0.075 g; pyridoxine 
hydrochloride = 0.100 g;
ascorbic acid = 2.500 g; nicotinamide = 0.500 g; dexpanthenol =0.200 g.
b Mineral mixture (g/100 g mineral salt): MgSO4·7H2O = 73.82; ZnSO4·7H2O = 
19.66; MnSO4·H2O = 4.22; CuSO4·5H2O = 0.73; KIO3 = 0.06; Na2SeO3 = 0.9
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mg protein using molar extinction coefficient of MDA-
thiobarbituric acid chromophore. Protein concentration 
in supernatants was measured using Bradford method 
(Bradford, 1976; Nahdi et al., 2010). The total superoxide 
dismutase (T-SOD) activity in tissues was also quantified 
using a commercial kit according to the manufacture’s 
instructions. Briefl y, the reaction was initiated by the addition 
of hydroxylamine hydrochloride to the reaction mixture 
containing nitrobluetetrazolium (NBT) and post mitochondrial 
supernatant (PMS). The enzyme activity was measured at 560 
nm and expressed as units/mg protein, where one unit of 
enzyme was defi ned as the amount of enzyme inhibiting the 
rate of a reaction by 50%.

Histology and immunohistochemistry

Paraffi  n sections at 4 μm were stained with Perls’ Prussian Blue 
method for iron visualization. In the immunohistochemistry 
analysis, paraffi  n sections were incubated for 20 min in an 
autoclave at 95 ºC in citric buff er (0.01 M, pH 6.0) and left to 
cool for 20 min at room temperature. The slices were washed 
with phosphate-buffered saline (PBS) (0.01 M, pH 7.4) before 
incubating in 0.6% H2O2 for 20 min to quench the endogenous 
peroxidase activity. Then, the slices were incubated overnight 
at 4 ºC with the mouse anti-active caspase-3 monoclonal 
antibody (1:50), the mouse anti-Ki-67 monoclonal antibody 
(1:100) or the rabbit LC3-B polyclonal antibody (1:200) 
according to the manufacturer ’s recommendations. The 
slices were then washed three times with PBS for 10 min. 
Biotinylated goat anti-mouse secondary antibody was used at 
a dilution of 1:200 in 60 min incubation at 37 ºC. The antigen-
antibody complexes were stained with diaminobenzidine 
(DAB) as chromogen, which generated a brown colour. 
Sections were counterstained with hematoxylin for 5 min and 
mounted in a mounting medium (Dako). Negative controls 
were run in parallel by replacing the primary antibody with 
non-immune immunoglobulins. Sections were observed using 
an Olympus DP70 microscope with DP-controller set to the 
same parameters. The number of caspase-3 and Ki-67 positive 
cells was counted in 100 fi elds per group of rats, in order 

to detect apoptotic and proliferative cells respectively. The 
results were expressed as number of labelled cells/mm2. LC3-B 
immunostaining was performed for detection of autophagy in 
hepatocytes.

Electron microscopy

Liver sections were fi xed in 2.5% glutaraldehyde in cacodylate 
buff er (0.1 M, pH 7.4), postfi xed in a 1% osmium tetroxide 
solution, and embedded in Epon 812 resin. Ultra-thin sections 
were observed on a H-7500 transmission electron microscope 
(Hitachi in Japan) after lead citrate and uranyl acetate contrast. 
Some ultra-thin sections were not contrasted in order to 
visualize iron deposits in tissue.

Statistical analysis

Results were expressed as the mean ± SD of six animals per 
group. Statistical analysis were performed using SPSS 16.0 for 
Windows (SPSS, Chicago, USA). Statistical diff erences were 
calculated using a one-way analysis of variance (ANOVA), 
followed by LSD’s post hoc test. Statistical signifi cance was 
defi ned as a P value of less than 0.05.

RESULTS

Eff ect of lycopene and /or iron supplementation on body weight and food 
intake

At the end of the 6 weeks treatment, the body weights of all 
rats were increased. There was no signifi cant diff erence in 
body weight in the iron supplementation, lycopene and iron 
supplementation + lycopene groups versus the control rats 
despite the elevated food intake (P < 0.05) of treated animals 
compared with the controls. However, in the last 2 weeks, 
the weight gain of the iron supplementation group increased 
but less (P < 0.05) than that of the combined group (iron 
supplementation + mean lycopene). Indeed, food intake was 
higher (P < 0.05) in the iron supplementation + mean lycopene 
treated rats than in the iron supplementation rats (Table Ⅱ).

TABLE II

The weight evaluation and total food intake in animals

Weight evaluation (g)

Groups
(n = 6)

Week 0 Week 1 Week 2 Week 3 Week 4 Week 5 Week 6
Total food intake 

(g)

Control 231 ± 8 288 ± 11 325 ± 10 343 ± 7 368 ± 12 379 ± 13 388 ± 10 1032 ± 146

Iron 228 ± 10 278 ± 8 310 ± 13 327 ± 10 357 ± 15 366 ± 13 378 ± 14 1282 ± 152a

Lycopene 236 ± 8 285 ± 12 315 ± 16 339 ± 11 352 ± 11 370 ± 8 389 ± 11 1288 ± 145a

Iron +High lycopene 239 ± 11 283 ± 9 316 ± 9 332 ± 14 350 ± 13 362 ± 15 381 ± 13 1309 ± 151a

Iron+Mean lycopene 236 ± 13 283 ± 15 323 ± 10 340 ± 10 363 ± 10 382 ± 11b 402 ± 12b 1377 ± 133a, b

Iron+Low lycopene 233 ± 6 284 ± 8 313 ± 14 333 ± 9 344 ± 10 362 ± 13 377 ± 12 1275 ± 130a

Control group and lycopene group received the basal diet. Both iron groups (with or without different doses lycopene) received the basal diet supplemented with ferrous 
sulfate (1000 mg/kg diet). All animals were fed 0.9% saline solution by gavage, with or without different doses lycopene (high: 20 mg/kg body weight; mean: 15 mg/
kg body weight; low: 10 mg/kg body weight). Treatments lasted for 6 weeks. Results correspond to the means ± SD of 6 animals. The different pairs of groups were 
compared using LSD’s post hoc test. aP < 0.05 (vs. control ) ; bP < 0.05 (vs. iron supplementation rats).
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Effect of lycopene administration on serum and tissues iron 
concentrations

At the end of the 6 weeks treatment, iron supplementation 
induced a significant increase in iron concentrations in 
serum, heart, colon (P < 0.01), as well as in the liver, spleen 
in iron treated group (P < 0.05) compared with the control 
group. Iron supplementation had no eff ect on the kidney iron 
concentration (Table Ⅲ). Iron supplementation also induced a 
signifi cant decrease in serum TIBC (P < 0.01) compared with 
the control group. Lycopene alone did not modify the iron 
indices except in the liver where a signifi cant decrease (P < 
0.01) was noticed compared with the control group. Compared 
with the iron treatment, there was a signifi cant decrease in 
iron concentration in serum in the iron + lycopene rats (P < 
0.01), as well as in the spleen (P < 0.01) and colon (P < 0.05) 
in the iron + high lycopene rat. Accompanying this fi nding, a 
signifi cant increase (P < 0.01) was noticed in serum TIBC in the 
iron + high lycopene and the iron + mean lycopene rats (Table 
Ⅲ). Compared with the lycopene alone group, there was a 
signifi cant increase in iron concentration in serum in the iron + 
mean lycopene and the iron + low lycopene rats (P < 0.01), as 
well as in liver in the iron + high lycopene and the iron + mean 
lycopene rats and the colon in the iron + high lycopene rat (P < 
0.05), but a signifi cant decrease in serum TIBC in the iron + low 
lycopene rat (P < 0.01) and the iron + mean lycopene rat (P < 
0.05) (Table Ⅲ).

Eff ect of lycopene administration on markers of oxidative stress

In this study, MDA and T-SOD were used as markers of 
oxidative damage mediated by iron supplementation. 
We found that MDA concentration was enhanced by iron 
supplementation in the liver, heart (P < 0.05), as well as in 
the colon (P < 0.01). However, lycopene administration to 
the iron-treated animals for 6 weeks signifi cantly decreased 
the MDA concentration in the liver, heart in the iron + high 
lycopene rat, colon in the iron + high lycopene and the iron + 
low lycopene rats (P < 0.05), as well as in kidney in the iron + 
high lycopene rat (P < 0.01) and moderately in the spleen when 

compared with iron supplementation animals. Compared with 
the lycopene alone group, there was a signifi cant increase of 
the MDA concentration in the liver and colon (P < 0.05) in 
the iron + lycopene groups (Figure 1A-F). Along with this, 
there was a signifi cant increase in T-SOD activity in the serum 
(P < 0.01) and the liver (P < 0.05) by iron supplementation 
compared with the control group. However, in the heart and 
colon, antioxidant T-SOD activity decreased (P < 0.01) in iron 
treatment group. Accompanying this fi nding, a signifi cant 
decrease was noticed in T-SOD activities in serum in the iron 
+ lycopene groups (P < 0.05), but a signifi cant increase (P < 
0.05) in heart in the iron + high lycopene group and in colon 
(P < 0.01) in the iron + lycopene groups compared with iron 
supplementation group. In the kidney, only the iron + high 
lycepone and the iron + mean lycopene groups enhanced the 
activity of T-SOD (P < 0.05). Lycopene alone increased the 
kidney and the spleen T-SOD activities moderately but not 
signifi cantly compared with the control group (Figure 2A-F).

Eff ect of lycopene administration on hepatic structure, cell proliferation 
and apoptosis

Hematoxylin-eosin stained sections showed no morphological 
changes. However, Perls’ reaction sections showed large amount 
of iron accumulated in the liver of iron supplementation rats 
(Figure 3B) compared with the control group (Figure 3A), 
whereas lycopene treatment reduced the iron staining to a 
comparable level as in the control or lycopene only groups 
(Figure 3C, D). Immunohistochemistry analysis showed the 
number of caspase-3 labelled cells were not changed by the 
diff erent treatments (Figure 4). In contrast, iron supplementation 
signifi cantly increased (P < 0.05) the number of proliferating 
hepatocytes and non parenchymal cells (P < 0.05) compared 
with the control group (Figure 5). Interestingly, positive cells 
were predominantly non parenchymal ones. Consumption of 
both lycopene and iron increased proliferation in hepatocytes (P 
< 0.05) and non parenchymal cells (P < 0.05) compared with the 
control group, but decreased it (P < 0.05) in the non parenchymal 
cells compared with iron intake alone. Lycopene alone had no 
eff ect on the number of Ki-67-positive cells (Figure 5).

TABLE III

The serum and tissues iron status in animals

Groups
(n = 6)

Serum iron
(μmol/L)

Liver iron
(μg Fe/g 
tissue)

Spleen iron
(μg Fe/g 
tissue)

Kidney iron
(μg Fe/g 
tissue)

Heart iron
(μg Fe/g 
tissue)

Colon iron
(μg Fe/g 
tissue)

TIBC
(μmol/L)

Control 16.16 ± 1.4 25.82 ± 3.6 46.78 ± 7.3 19.15 ± 3.4 15.54 ± 2.3 10.52 ± 2.2 58.24 ± 7.6

Iron 36.94 ± 2.6a* 29.62 ± 5.1a 66.25 ± 10.1a 19.42 ± 4.8 23.03 ± 3.5ª* 16.15 ± 3.2ª* 32.15 ± 3.4a*

Lycopene 16.76 ± 1.6b* 19.57 ± 2.8a*,b* 48.08 ± 6.2b 21.25 ± 3.9 17.72 ± 1.8b 8.15 ± 1.7 57.68 ± 8.6b*

Iron + High lycopene 19.06 ± 2.1a,b* 25.67 ± 2.7c 38.30 ± 4.8b* 24.40 ± 5.1a 17.30 ± 2.6 12.08 ± 2.9b,c 41.68 ± 7.69b*

Iron + Mean lycopene 21.02 ± 2.4a*,b*,c* 25.54 ± 3.3c 50.51 ± 5.7 21.05 ± 3.2 19.20 ± 3.1 13.12 ± 2.4 42.36 ± 8.32b*, c

Iron + Low lycopene 23.15 ± 1.7a*,b*,c* 24.32 ± 2.9 53.24 ± 8.1 23.02 ± 2.7 19.60 ± 2.7 14.25 ± 3.7 43.29 ± 6.73a, c*

Control group and lycopene group received the basal diet. Both iron groups (with or without different doses lycopene) received the basal diet supplemented with ferrous 
sulfate (1000 mg/kg diet). All animals were fed 0.9% saline solution by gavage, with or without different doses lycopene (high: 20 mg/kg body weight; mean: 15 mg/
kg body weight; low: 10 mg/kg body weight). Treatments lasted for 6 weeks. Results correspond to the means ± SD of 6 animals. The different pairs of groups were 
compared using LSD’s post hoc test. a*P <0.01, aP < 0.05 (vs. control ); b*P < 0.01, bP < 0.05 (vs. iron supplementation rats); c*P < 0.01, cP < 0.05 (vs. lycopene-
treated rats).
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Ultrastructural alterations and autophagy in liver

The liver of the control (Figure 6A-B) and lycopene alone 
treated rats showed few distributed cytoplasmic electron-
dense particles, typically corresponding to ferritin with more 
lipid droplets in the lycopene group (Figure 6C). The liver 
of iron supplementation rats showed large electron-dense 
bodies localized in the lumen and near the bile canaliculi (BC) 
forming membrane-encapsulated clusters (Figure 6D) similar 
to the lysosomes observed in severe conditions of iron overload 
(Figure 6E) (Gutierrez et al., 2009; Iancu, 1992). The liver of iron 
supplementation rats also showed the presence of autophagic 
vacuoles with diff erent shapes and stages containing iron-rich 
ferritin molecules (Figure 6F). Ultrastructural changes were 
found in the liver of iron supplementation rats, including 

mitochondria (M) swelling (Figure 6G), rough endoplasmic 
reticulum (RER) expanding (Figure 6H). However, in the iron 
+ mean lycopene group, there were more lipid droplets than 
in the iron supplementation group, and the integrity of the 
mitochondria membranes was preserved, but microvillus of 
bile canaliculus reduced (Figure 6I). In addition, iron was 
accumulated within the hepatic lysosomes where it triggered 
autophagy as evidenced by the formation of autophagic 
vesicles detected by LC3-B staining. In agreement with the 
above detection of autophagosomes by electron microscopy, 
we observed the characteristic punctuate vesicular staining of 
LC3-B following iron treatment localized mainly around the 
portal spaces (Figure 7B). The staining was attenuated in the 
iron supplementation + mean lycopene group (Figure 7D), and 
absent in the control and lycopene groups (Figure 7A, C).

Figure 1 Serum and tissues (Liver, heart, colon, spleen and kidney) MDA content
Control group and lycopene group received the basal diet. Both iron groups (with or without different doses lycopene) received the basal 
diet supplemented with ferrous sulfate (1000 mg/kg diet). All animals were fed 0.9% saline solution by gavage, with or without different 
doses lycopene (high: 20 mg/kg body weight; mean: 15 mg/kg body weight; low: 10 mg/kg body weight). Treatments lasted for 6 weeks. 
Results correspond to the means ± SD of 6 animals. The different pairs of groups were compared using LSD’s post hoc test.
a*P < 0.01, aP < 0.05 (vs. control) ; b*P < 0.01, bP < 0.05 (vs. iron supplementation rats); c*P < 0.01, cP < 0.05 (vs. lycopene-treated rats).
MDA, malondialdehyde.
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DISCUSSION

This study focused on the eff ect of lycopene on protection 
against oxidative damages mediated by nutritional iron 
supplementation. We also investigated the effect of iron 
supplementation on apoptosis, proliferation and autophagy in 
the liver and the capacity of lycopene to reduce these eff ects 
at histological and ultrastructural levels. We found that the 
presence of lycopene in diet offered a protection against 
lipid peroxidation mediated by iron supplementation. The 
iron-supplemented liver presented morphological changes 
associated with proliferation and autophagy but no apoptosis, 
damages prevented by lycopene pre-treatment.

Dietary intakes of tomatoes and tomato products 
containing lycopene have been shown to be associated 
with decreased risk of chronic diseases such as cancer and 
cardiovascular diseases in several recent studies (Huang and 
Hu, 2011; Sharma and Goswami, 2011). In this study, we noted 

the increase in food ingestion observed in rats with lycopene 
supplementation. The improvement of dietary intake may be 
due to the fact that lycopene gives the food a special fl avour 
which can increase dietary consumption. Iron excess resulted 
in an increased oxidative damage in the liver and thus causing 
mitochondrial membrane alterations. Lipid peroxidation 
occurred as shown by MDA increase and could thereby 
change the fluidity of the inner mitochondrial membrane 
and subsequent mitochondrial swelling, in agreement with 
previous results (Reifen et al., 2004; Lafay et al., 2005). Such 
a damage aff ected especially the liver because it is the major 
recipient for excessive iron and might indicate a process of 
iron removal from the liver. Lipid peroxidation also aff ected 
the colon, heart, and spleen because these organs accumulated 
this metal and the colon participated in iron absorption. A 
recent study showed that the colon iron absorption represented 
approximately 14% of the duodenal absorption and that caecal 
and proximal colon mucosa accumulated iron to a much 

Figure 2 Serum and tissues (Liver, heart, colon, spleen and kidney) T-SOD activity
Control group and lycopene group received the basal diet. Both iron groups (with or without different doses lycopene) received the basal 
diet supplemented with ferrous sulfate (1000 mg/kg diet). All animals were fed 0.9% saline solution by gavage, with or without different 
doses lycopene (high: 20 mg/kg body weight; mean: 15 mg/kg body weight; low: 10 mg/kg body weight). Treatments lasted for 6 weeks. 
Results correspond to the means ± SD of 6 animals. The different pairs of groups were compared using LSD’s post hoc test.
a*P < 0.01, aP < 0.05 (vs. control) ; b*P < 0.01, bP < 0.05 (vs. iron supplementation rats); c*P < 0.01, cP < 0.05 (vs. lycopene-treated rats).
T-SOD, total superoxide dismutase.
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Figure 3 The Perls’ reaction and iron accumulation in animals
A. Control group; B. Iron group; C. Lycopene group; D. Iron + mean lycopene group

lower extent than the duodenal mucosa (Blachier et al., 2007). 
There was no accumulation of iron in kidney suggesting that 
the kidney might be an effi  cient way of eliminating excess 
iron. A recent study demonstrated that the kidney has the 
ability to express transferrin receptor-1 (TfR1), divalent metal 
transporter-1 (DMT 1), ferroportin-1 (FPN 1), iron regulatory 
protein (IRP), hepcidin (Hepc) and other iron metabolism 
proteins (Veuthey et al., 2008). However, our study also showed 
that lycopene treatment diminished the electron-dense ferritin 
storage and protected the mitochondrial membranes. This was 
confi rmed by decreased MDA in the liver and other organs.

An increased serum iron with decreased TIBC in iron group 
was shown here. When plasma iron concentration exceeds the 
iron-binding capacity of transferrin, iron accumulates in the 
body as non-transferrin bound iron and prone to the formation 
of reactive oxygen species (ROS) and causes cell damages 
(Papanikolaou and Pantopoulos, 2005; Ghorbel et al., 2011). 
However, lycopene treatment in the combined group prevented 
iron-damages by decreasing the level of serum iron and 
increasing the iron-binding capacity. A previous study showed 
that garlic alone diminished DMT1 mRNA expression, which 
decreased the intestinal iron absorption and therefore lowered 
the iron concentration in the tissues (Nahdi et al., 2010).

Compared with iron supplementation rats, we also found 
lycopene-treated groups T-SOD activities were enhanced in the 
heart, colon and kidney, giving evidence of the role of lycopene 

in scavenging hydroxyl radicals and activating an antioxidant 
defence enzyme. Interestingly, iron supplementation rats 
increased hepatic T-SOD activity but decreased it in the colon 
and heart may be T-SOD behaves towards oxidative stress 
in two diff erent manners. If stress is sustained and produces 
massive toxic ROS as shown by the important elevation of the 
colonic iron concentration, the enzyme will be destroyed and 
its concentration will decrese (Mena et al., 1991).

The potential of iron damage is particularly high in 
liver, the primary organ for storage of excess iron. In this 
study, we found that hepatic iron deposits in rats with 
iron supplementation compared with the control rats. 
Immunohistochemical study in the liver showed that iron 
supplementation did not induce apoptosis but induced 
proliferation in hepatocytes and non parenchymal cells 
with a predominance in non parenchymal cells, suggesting 
an imbalance between these two processes. Caspase-3 may 
function as the primary executioner in the initiation of 
apoptosis, and active caspase-3 may promote apoptosis by 
degrading key structural and regulatory proteins within 
the cell. In the combined group, the proliferation rate was 
intermediate between the control and iron groups suggesting 
that lycopene reduced the iron mediated proliferation by 
lowering the iron storage in the liver. Many studies in the 
liver have demonstrated that chronic iron overload was 
accompanied by cell proliferation and that it was due to 
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Figure 4 Detection of apoptosis in the liver of rats
(The mouse anti-active caspase-3 monoclonal antibody (1:50) was used) A. Control group; B. Iron group; C. Lycopene group; D. Iron + 
mean lycopene group. Control group and lycopene group received the basal diet. Both iron groups (with or without lycopene) received 
the basal diet supplemented with ferrous sulfate (1000 mg/kg diet). All animals were fed 0.9% saline solution by gavage, with or without 
lycopene (15 mg/kg body weight). Treatments lasted for 6 weeks. *Representative active caspase-3 immunohistochemistry for the 
detection of apopotic cells in the liver of rats showed coloured zones in the cytoplasm. Number of apoptotic cells counted in 100 fi elds per 
group and expressed per mm2. Results correspond to the means ± SD of 6 animals.

the elevation of both cyclin D1 protein and mRNA levels 
(Brown et al., 2006; Furutani et al., 2006). Excessive ROS 
production can lead to oxidation of macromolecules and has 
been implicated in mtDNA mutations, ageing, and cell death. 
Mitochondria-generated ROS play an important role in the 
release of cytochrome c and other proapoptotic proteins, 

which can trigger caspase activation and apoptosis. Other 
studies reported that Fe-NTA could lead to oxidative stress and 
apoptosis in hepatocyte cultures (Walter et al., 2002; Rauen et 
al., 2004).

Our results showed that ferritin deposits in the liver of 
iron supplementation rats were dispersed in the cytoplasm 
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Figure 5 Detection of proliferation in the liver of rats
A. Control group; B. Iron group; C. Lycopene group; D. Iron+mean lycopene group. Control group and lycopene group received the basal 
diet. Both iron groups (with or without lycopene) received the basal diet supplemented with ferrous sulfate (1000 mg/kg diet). All animals 
were fed 0.9% saline solution by gavage, with or without lycopene (15 mg/kg body weight). Treatments lasted for 6 weeks. Representative 
Ki-67 immunohistochemistry for the detection of proliferation cells in the liver of the rats showed brown immunostained nuclei in 
hepatocytes (*) and in non-parenchymal cells (+). Number of proliferation cells in hepatocytes and in non-parenchymal cells counted in 
100 fi elds per group and expressed per mm2. Results correspond to the means ± SD of 6 animals. aP < 0.05 (vs. control ) ; bP < 0.05 (vs. 
iron overload rats).

of cells or localized in lysosomes mainly near the bile 
canaliculi, in agreement with previous results (Gutierrez et 
al., 2009). We also demonstrated that iron supplementation 
was accompanied by activation of autophagy, an adaptive 
mechanism to cell damages. However, iron + lycopene groups 
diminished the electron-dense ferritin storage, protected the 
mitochondrial membranes and reduced punctuated LC3-B 
staining compared with iron group. The autophagic vesicles 
were barely detectable in control, lycopene treated and iron 

+ lycopene treated groups. Autophagy is a housekeeping 
process that ensures the turnover of damaged protein 
aggregates and organelles to maintain cell homeostasis (Xie 
and Klionsky, 2007). Lysosomes are central in autophagy as 
they fuse with autophagosomes to form autophagolysosomes 
where a variety of organelles and proteins are degraded via 
their acid hydrolases. Therefore, the lysosomal membrane 
peroxidation takes place and lysosomes become leaky after a 
delay that is dependent on the magnitude of oxidative stress. 
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Figure 6 Ultrastructural alterations in the liver
A-B. Control group; C. Lycopene group; D-H. Iron group; I. Iron + mean lycopene group. Representative transmission electron micrographs of 
control and treated groups in liver showed an accumulation of many lipid droplets (*) in the lycopene group. The liver of iron supplementation 
rats showed iron-rich ferritin localized in the lumen and near the bile canaliculus (BC) along with lysosomes (→, Fig. 6D), mitochondria (M) 
swelling (Fig. 6G), rough endoplasmic reticulum (RER) expanding (Fig. 6H), autophagosomes with different shapes and stages dispersed in the 
cytoplasm (Fig. 6F). In the iron + mean lycopene group, the integrity of mitochondria membranes was preserved (Fig. 6I).
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Figure 7 Detection of autophagy in the liver of rats
A. Control group; B. Iron group; C. Lycopene group; D. Iron + mean lycopene group. Representative LC3-B immunohistochemistry for the 
detection of autophagy in the liver of the control and treated groups showed punctuated vesicular staining following iron treatment mainly 
localized around the portal spaces. (*portal vein branch). The staining was attenuated in the iron + mean lycopene group and absent in 
the control and lycopene group, but punctuated vesicular staining of LC3-B in the iron supplementation rats.

This is followed by reparative autophagy which is an early 
defence mechanism of the cell (Antunes et al., 2001). Our study 
demonstrated an unexpected early upregulation of autophagy 
and proliferation in response to iron supplementation. 
Autophagy can provide an early adaptive mechanism avoiding 
apoptosis. Lycopene significantly prevented iron-mediated 
oxidative stress in the liver and colon and iron-induced 
mitochondrial alteration and autophagy in the liver due to its 
potent free radical scavenging and antioxidant properties.
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