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Iron overload toxicity was shown to associate with chronic liver diseases which lead to hepatic fibrosis
and subsequently the progression to cancer through oxidative stress and apoptotic pathways. Green
tea potential activity as chelating, anti-oxidative, or anti-apoptotic mechanisms against metal toxicity
was poorly clarified. Here, we are trying to evaluate the anti-oxidant and anti-apoptotic properties of
green tea in the regulation of serum hepcidin levels, reduction in iron overloads, and improve of liver
fibrosis in iron overloaded experimental rats. Three groups of male adult rats were randomly classified
into three groups and treated as follows: control rats, iron treated rats for two months in drinking water
followed by either vehicle or green tea extract (AGTE; 100 mg/kg) treatment for 2 more months.
Thereafter, we studied the effects of AGTE on iron overload-induced lipid peroxidation, anti-oxidant
depletion, liver cell injury and apoptosis. Treatment of iron-overloaded rats with AGTE resulted in
marked decreases in iron accumulation within liver, depletion in serum ferritin, and hepcidin levels.
Iron-overloaded rats had significant increase in malonyldialdehyde (MDA), a marker of lipid peroxidation
and nitric oxide (NO) in liver when compared to control group. Also, significant change in cytochrome c
and DNA content as apoptotic markers were reported in iron treated rats. The effects of iron overload on
lipid peroxidation, NO levels, cytochrome c and DNA content were significantly reduced by the interven-
tion treatment with AGTE (P < 0.001). Furthermore, the endogenous anti-oxidant capacities/levels (TAC)
in liver were also significantly decreased in chronic iron overload and administration of AGTE restored
the decrease in the hepatic antioxidant activities/levels. Also, hepatic hepcidin was shown to be signifi-
cantly correlated with oxidative and apoptotic relating biomarkers as well as an improvement in liver
fibrosis of iron treated rats following AGTE treatment. In-vitro analysis showed that, the improvement
in iron toxicity of the liver depend mainly on antioxidant and protective ability of green tea polyphenolic
compounds especiallyepigallocatechin-3-gallate (EGCG). Our study showed that green tea extract (GTE)
ameliorates iron overload induced hepatotoxicity, apoptosis and oxidative stress in rat liver via inhibition
of hepatic iron accumulation; improve of liver antioxidant capacity, and down regulation of serum hep-
cidin as well as reduction in the release of apoptotic relating proteins.
� 2017 The Author. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nutritional deficiency is the main target for iron deficiency in
human beings with or without anemia. Thus, for all living cells,
both essential roles and toxic actions of iron were reported
(Wosten et al., 2000). Also, prolonged and uncontrolled iron
administration should be avoided for the potentially cellular dam-
aging effects especially in liver cells (Mollet et al., 2016). Higher
epidemic levels were reported as a result of excess iron in living
cells.

In human and animal research models, iron overload was
shown to be related with hereditary hemochromatosis, tha-
lassemia, and hepatic diseases such as chronic viral hepatitis, alco-
holic hepatitis (Deugnier et al., 2008). Iron (Fe) is stored within
liver cells in various forms including, Fe containing enzymes, fer-
ritin, hemosiderin, and heme (Jomova and Valko, 2011).

As a result of metal binding capacity of iron to some cellular low
molecular weight proteins which act as chelators, excess iron was
sequestrated, deposited within liver cells, and inducing liver tissue
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damage. The deposition of iron in hepatocytes increasing the risk
of developing significant fibrosis, cirrhosis, and subsequently
increase the rate of morbidity and mortality (Olynyk et al., 2005).
Several research studies reported a significant association between
the hepatic iron concentration (HIC), hepatotoxicity, and the prog-
nosis of liver fibrosis (Olynyk et al., 2005).

In iron overload, excess iron promotes the generation of reac-
tive oxygen species which stimulates severe oxidative damage to
cellular organelles such as lipids, proteins, and nucleic acids (Siah
et al., 2006). Also, the liberated oxidative free radicals trigger hep-
atic inflammation via production of some proinflammatory cytoki-
nes (TNF-a, nuclear factor jB) which participates in the
pathogenesis of both acute, chronic liver damage, and even cirrho-
sis (Uchiyama et al., 2008).

Also, excess iron may have additional toxic effect on mitochon-
drial membranes. It may initiates an opening of the mitochondrial
pores which conducts solutes into the mitochondria and conse-
quently produce more damaging process such as mitochondrial
depolarization, uncoupling of oxidative phosphorylation, mito-
chondrial swelling, and depletion in adenosine triphosphate. This
finally leads to the release of proapoptotic proteins, like cyto-
chrome c which resulting in hepatic cell necrosis or apoptosis
(Uchiyama et al., 2008; Moon et al., 2010). This significant hepato-
cyte apoptosis plays a significant role in the progression of hepatic
fibrogenesis and carcinogenesis (Kowdley, 2004). Although, many
mechanisms were present to discuss hepatocellular injury, the
estimate pathways involved in liver cell dysfunction and fibrogen-
esis remain to be sufficiently elucidated (Hubscher, 2003).

Hepcidin is a small 25-amino acid peptide produced within
liver cell and can be estimated easily in tissue, serum or urine sam-
ples (Frazer et al., 2002). Most studies reported hepcidin as an iron
hormone regulator whereas, deficiency in hepciden level was
observed in cases with iron overload, and that overexpression of
hepcidin levels were shown in subjects with severe iron deficiency
and anemia (Frazer et al., 2002).

The up and down regulation of hepcidin was shown to be linked
with iron disorders and in turn estimates its importance in sys-
temic iron homeostasis. The hyposideremic activity of hepcidin
regulates iron levels by inhibiting the intestinal absorption, the
release of iron by macrophages, and control of the surface expres-
sion of the iron exporter ferroportin. It was shown that hepcidin
was be able to bind to ferroportin, leading to the internalization
and degrading of the iron exporter (Nemeth et al., 2004a,b),
thereby decreasing iron availability in the circulation. So, hepcidin
may has a pivotal role in hepatic fibrogenesis and severity of liver
diseases (Frazer et al., 2002), and could be used as a diagnostic
parameter for staging of liver fibrosis (Frazer et al., 2002).

The changes in the expression of hepcidin have been reported in
many liver diseases. Lower levels of serum hepcidin/ferritin ratio
were reported in iron overloaded chronic hepatitis C patients com-
pared to HBV patients (Tan et al., 2012; Fujita et al., 2007). Also,
hepatocyte apoptosis induced by iron overload was shown to be
linked with the regulation of hepcidin (Ganz, 2011).

Recently, it was reported that over expression of p53 and Fas
antigens as apoptosis inducing proteins in hepatoma cells partici-
pates in the regulation of hepcidin. Whereas, up regulation of these
proteins has been shown to induce hepcidin gene transcription and
conversely down regulation of p53 and Fas antigens resulted in
down regulation of hepcidin expression (Li et al., 2013).

Chemically synthesized iron chelators have been proposed for
the treatment of many diseases associated with iron overload
(Pangjitet al., 2015; Kulprachakarn et al., 2014; Chansiw et al.,
2014). However, more adverse effects were represented during
the treatment schedules that made many pharmacologists to
devote their efforts to study new treatment strategies based on
naturally occurred iron chelators of plant origin.
Green tea was reported as one of the most naturally present
iron chelators which showed both antioxidant and iron chelation
activities in vivo and in vitro experimental models (Patel et al.,
2012; Saewong et al., 2010). In iron overloaded experimental mod-
els, hepcidin levels were regulated with both drug therapy and nat-
urally occurred iron chelators (Porter et al., 2014; Gu et al., 2013;).
Although, little is known about the exact regulation mechanisms
proposed under these conditions, only green tea alone or in combi-
nation with other drugs chelating toxic iron in plasma and tissues,
and increasing the levels of hepcidin expression (Kautz et al., 2014;
Yun and Vincelette, 2015; Upanan et al., 2015). From the previous
data, our hypothesis that green tea as naturally occurred iron
chelator of plant origin could ameliorates iron overload toxicity
and prevent most iron related diseases especially liver diseases.
Thus, in this study, we are trying to evaluate the anti-oxidant
and anti-apoptotic properties of green tea in the regulation of
serum hepcidin levels, reduction in iron overloads, and improve
of liver fibrosis in iron overloaded experimental rats.
2. Materials and methods

2.1. Animals and experimental design

A total of 30 young albinos male Sprague Dawley rats (Rattus
norvegicus) weighing 120–150 g have been randomly included in
this study. The animals have been housed in healthy atmospheric
conditions, normal feeding, drinking, and medical care based on
the guidelines of the experimental animal care, college of science,
King Saud University, Riyadh, Saudi Arabia. The experimental pro-
cedures were approved by the Ethics Committee of the Experimen-
tal Animal Care Society at King Saud University (Permit Number:
PT 1204).

The animals were divided randomly into three groups (n = 10);
Control group (rats feed on normal diets without iron), Iron over-
loaded group (rats feed with iron in a drinking water for two
month and then left without treatment for another two month),
and AGTE treated group (rats feed with iron in a drinking water
for two month then treated with 100 mg/kg/day AGTE suspended
in drinking water for another two month).

Iron was added to drinking water in a quantity exceeds the
maximum permissible concentration (MPC; Fe2+ is 0.3 mg per liter)
for this chemical in Ministry of Health. Thus, rats of control group
supplemented only tap water, whereas iron overloaded and AGTE
groups provided with drinking water containing 3 mg/L of Fe2+

(using 8.3 mg/L of FeSO4). The dose of AGTE was selected based
on previous studies (Upanan et al., 2015; Kim et al., 2009). In most
animal studies, a dose range of 50–200 mg/kg body weight AGTE
exhibited a good anti-inflammatory and anti-fibrotic activity and
seemed to have no adverse effects on human (Saewong et al.,
2010; Kim et al., 2009; Ibrahim et al., 2015). After four months, rats
were sacrificed under ether anesthesia. Blood and liver tissue sam-
ples were collected and subjected for subsequent histological and
biochemical analysis. For biochemical analysis in liver tissues, part
of the samples was immediately frozen at �80 �C until reused.
2.2. Green tea extracts (GTE)

A microwave cabinet was used for drying freshly harvested
green tea leaves (Camellia sinensis) (Upanan et al., 2015). To pre-
pare green tea extract, hot water is used. Epigallocatechin 3-
gallate (EGCG) as active constituent was estimated in green tea
extract by using HPLC method. The GTE product containing 28%
(w/w) EGCG was kept in the dark at �20 �C until studied (Kim
et al., 2009; Saewong et al., 2010).
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2.3. Estimation of total phenolic (TPC) and flavonoid contents (TFC) of
aqueous green tea extract

Spectrophotometric analysis were reported to estimate total
flavonoid (TFC) and phenolic contents (TPC) in green tea water
extract by using 2% aluminum chloride and diluted Folin-
Ciocalteu as reagents (Djeridane et al., 2006). The absorbance of
the reaction mixtures produced was measured at 430 nm and
725 nm respectively. Standard calibrated curves of rutin and Gallic
Acid were used to estimate flavonoids and poly phenolic com-
pounds in green tea samples. The data obtained were expressed
in mg rutin equivalent (RE) per g for flavonoids and Gallic Acid
Equivalents/100 mg for poly phenolic compounds respectively
(Djeridane et al., 2006).

2.4. Antioxidant analysis of aqueous green tea extracts (AGTE)

Radical scavenging and antioxidant activities of the AGTE were
measured by using spectrophotometric analysis as previously
(Brand et al., 1995; Mothana, 2011). Various concentrations from
the extracted green tea were prepared in hot water and both rad-
ical scavenging and antioxidant activities of green tea against
DPPH and b-Carotene-linoleic acid were estimated as absorbance
at k = 517 nm according to the following equations:

Radical scavenging activity ð%Þ ¼ ½ðAc� AsÞ=Ac� � 100 ð1Þ
where (Ac) is the absorbance of the control and (As) is the absor-
bance of the sample.

Antioxidant activity ð%Þ ¼ ðAbs0� AbstÞ=ðAbs � 0� Abs�tÞ � 100

ð2Þ
where Abs0 and Abs⁄ 0 are the absorbance values measured at 0
time of incubation for sample extract and control, respectively. Abst
and Abs⁄ t are the absorbance values for sample extract and control,
respectively, at t = 120 min.

2.5. Estimation of liver function and hepcidin levels

Commercially available colorimetric assays were performed to
estimate liver function tests (ALT, AST, and Bilirubin), and serum
ferritin as previously reported in the literature (Thapa and Anuj,
2007; Bardou-Jacquet et al., 2014). Additionally, Serum hepcidin
was measured using a validated ELISA kits, as already previously
described (Koliaraki et al., 2009; Bardou-Jacquet et al., 2014).

2.6. Histopathological evaluation

Liver tissues of both iron overloaded and AGTE treated rats were
investigated histologically and liver cell fibrosis scored as no fibro-
sis (0–1) and fibrosis (2–3) as previously reported in literature
(Scheuer, 1991).

2.7. Estimation of iron in liver tissues

Flame atomic absorption spectroscopy (Perkin-Elmer 2380,
Norwalk, CT 06859-0012, USA) was used to analyze iron in liver
homogenates after digestion and dissolution in 0.1 mol/L HNO3.

2.8. Estimation of malonyldialdehyde (MDA) as marker of oxidative
stress

A total of 200 ll of liver tissue homogenates were used to esti-
mate MDA by using colorimetric assay previously reported. A mix-
ture of TBA (1.5 mL), 8.1% SDS (200 ll), 20% acetic acid (1.5 mL),
and distilled water (600 ll) were added to the homogenates and
the resultant pink color was measured colorimetrically at 534 nm
using a spectrophotometer. MDA concentration per tissue samples
was calculated against standard calibration curve (Lefevre et al.,
1998; Erdincler et al., 1997).
2.9. Estimation of NO concentration in liver tissues

Indicative levels of nitric oxide (NO) in liver tissues were esti-
mated as nitrite (NO2

�) concentrations which considered the most
stable metabolic product and can be formed by conversion of
nitrate (NO3

�) molecules by the aids of elementary zinc. To estimate
nitrite concentration in liver tissues, a classic colorimetric Griess
reaction was performed by adding equal volumes of liver tissue
homogenates along with Griess reagent at room temperature.
The absorbance of the developed color was measured colorimetri-
cally at 570 nm using a spectrophotometer. The concentration of
nitrite was calculated using standard calibrated curve of sodium
nitrite standard (Hortelano et al., 1995).
2.10. Estimation of total antioxidant capacity (TAC)

Serum samples were used to determine total antioxidant capac-
ity (TAC) by using colorimetric assay Kit (BioVision Incorporated,
CA, USA). The concentrations of antioxidant capacity were mea-
sured at 570 nm using a spectrophotometer. Based on manufac-
turer’s instructions equivalents, the results were calculated as a
function of Trolox concentration as follows.

Sa=Sv ¼ nmol=ll or mM Trolox equivalent;

Sa = Sample amount (in nmol) which has been read from the
standard curve.
Sv = The undiluted sample volume added to the wells.

2.11. Estimation of DNA content and cytochrome c as markers of
apoptosis

Colorimetric analysis was used to estimate DNA content in liver
tissue samples. DNA was extracted by using diphenylamine as
organic solvent and the concentration of DNA was measured at
600 nm using a spectrophotometer (Gendimenico et al., 1988).
Also, serum cytochrome c concentrations were determined using
an immune assay ELISA kit (ZymedR cytochrome c ELISA Kit Cat.
No. 99-0040).
2.12. Statistical analysis

The data of this study have been analyzed using SPSS version
17. All data have been tabulated as mean ± SD. The statistical dif-
ferences were performed by using one-way analysis of variance
(ANOVA) and Student’s t-test. P < 0.05 considered to be statistically
significant.
3. Results

3.1. Total phenolic and flavonoid contents of aqueous green tea extract

Green extraction yields of phenolic and flavonoid compounds
were listed in Table 1. Both Total phenolic compounds and flavo-
noid contents recorded values of 29.8 ± 5.8 mg GAE/100 g, and
16.9 ± 2.4 mg rutin/100 g of dry green tea extract respectively
(Table 1).



Table 1
Biological activities, total phenolic and flavonoids constituents of aqueous green tea
extract (AGTE; mg/100 g).

Contents/biological activity AGTE (100 mg)
Phenolic content (mg/100 g) 29.8 ± 5.8
Flavonids content (mg/100 g) 16.9 ± 2.4

Radical scavenging activity (ΒCLA; %)
At cons. of 500 lg/mL 82.3
At cons. 1000 lg/mL 94.2

Total antioxidant activity (DPPH; %) 89.7
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3.2. In-vitro antioxidant activity of green tea

In the present study, in vitro antioxidant and radical scavenging
activities of phenolic and flavonoid rich green tea extract were
measured according to the inhibition rates of linoleic acid oxida-
tion and DPPH radicals. AGET recorded free radical scavenging
activity of 82.3% and 94.2% at concentrations of 500 and 1000 lg/
mL respectively, while the same extract reported antioxidant activ-
ity with mean of 89.7% according to the b-carotene bleaching rate
of green tea extract (Table 1).

3.3. Liver function tests

Iron overload produces significant increase in the levels of ALT
and AST activity and TB concentration and decrease in the levels of
albumin in iron treated rats compared to control group as shown
in Fig. 1. In AGET treated rats, significant improvementwas reported
in the levels of ALT and AST activity and TB concentration and
increase in the levels of albumin to words normal values compared
to iron overloaded rats (Fig. 2). Non-significant changes were
detected for all parametersbetween the control andgroup IV (Fig. 2).

3.4. Effects of aqueous green tea extract (AGTE) on iron accumulation,
serum ferritin and hepcidin in iron overloaded rats

The data obtained showed no change in water, food consump-
tion or behavior of rats during iron overload. In iron treated rats,
Fig. 1. Effect of aqueous green tea extract (AGTE) on the levels of liver function biom
mean ± SD. *P < 0.05; **P < 0.01 compared to control; Student’s t-test.
iron administration produce about 2.8 fold increase in total hepatic
iron content when compared to related values of control group as
shown in figure (2A). Treatment with green tea resulted in signif-
icant reduction in the levels of iron content in the livers of iron
overloaded rats by fold change of 1.6 (P < 0.01). Also, serum ferritin
was studied as marker of iron overload. Chronic iron loads resulted
in a significant increase by about 350-fold change in ferritin when
compared to healthy control rats. In AGTE group, green tea admin-
istration produces significant reduction by about 125-fold change
in the levels of ferritin (P < 0.001) (Fig. 2B).

3.5. Effects of AGTE on hepatic lipid peroxidation and antioxidant
profile

Also, in this study, we trying to study the anti-oxidant activity
of green tea against oxidative stress induced by iron overloads.
Chronic iron overloads showed significant increase in the levels
of hepatic malonyldialdehyde (MDA), a corresponding biological
compound commonly used as an index of oxidative stress.
Whereas, significant improvement in the levels of MDA towards
normal levels was reported in iron overloaded rats following treat-
ment with green tea extract (P < 0.01, P < 0.001 Fig. 3A). Addition-
ally, the increase in oxidative stress in iron overloaded rats was
associated with a marked increase in liver NO levels (P < 0.001),
and decrease in total antioxidant capacity (TAC) (P < 0.001). Green
tea supplementation significantly reduced the elevation in hepatic
NO levels and increase or improve TAC in iron overloaded rats as
shown in Figs. 3B and 2C.

3.6. Effects of AGTE on hepatic DNA content and serum cytochrome C

Hepatic DNA content and serum cytochrome C were esti-
mated as markers of apoptosis induced by iron overloads.
Chronic iron overloads resulted in significant increase in serum
cytochrome C and reduction in DNA content compared to nor-
mal control group (P < 0.01). A significant decrease in serum
levels of cytochrome c and increase in DNA content were
reported in iron overloaded rats following treatment with AGTE
arkers in overload and green tea treated experimental rats. All values represent



Fig. 2. Potential effects of aqueous green tea extract (AGTE) on iron accumulation, serum ferritin, and hepcidin in experimental rats. [A] Fold change in the level of hepatic
iron (lmole/g tissue) in iron overloaded and green tea treated rat livers in relation to control group. [B] Fold change in hepatic hepcidin and ferritin levels of iron overloaded
and green tea treated rat livers in relation to control group. All values represent mean ± SD. *P < 0.05; **P < 0.01 compared to control; Student’s t-test.

Fig. 3. Effect of iron deposition on oxidative stress, NO levels, and apoptotic related biomarkers (DNA, cytochrome C) in livers, and potential effects of aqueous green tea
extract (AGTE). [A] Fold change of hepatic malonyldialdehyde (MDA) as a marker of oxidative stress in liver tissues (nmole/g wet tissue). MDA levels significantly increased in
livers of iron overloaded rats compared to both control and AGTE treated groups. [B] Fold change in hepatic nitric oxide (NO) (nmole/g wet tissue) in liver. Levels of NO
showed significant increase in iron overloaded rats than in control rats, whereas significant reduction in NO levels were reported in iron overloaded rats following green tea
treatments (AGTE; 100/kg). [C] Fold change in total antioxidant capacity (TAC; nmol/mM) in hepatic cells of iron overloaded and green tea treated rats in relation to control
rats. Significant decrease in TAC activity was reported in iron overloaded rats compared to control and green tea treated rats. [D] Fold change in hepatic DNA content and
cytochrome C as markers of apoptosis. Significant decrease in DNA content and increase in cytochrome C in iron overloaded rats compared to control rats, and significantly
improved in iron overloaded rats following AGTE treatments. All values represent mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001 compared to control; Student’s t-test.
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(100 mg/kg; P < 0.001) as compared with iron treated rats
(Fig. 3D). The improvement of DNA content and reduction in
the expression in cytochrome c clearly confirms the preventive
and anti-apoptotic role of green tea against iron overload
toxicity.
3.7. Effects of AGTE on expression of hepatic hepcidin in the serum of
iron overloaded rats

Serum hepcidin levels were studied as marker of molecular
fibrogenesis induced by iron overload. Chronic iron loads resulted
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in a significant increase by about 235-fold change in hepatic hep-
cidin compared to healthy control rats. In AGTE group, green tea
administration produces significant reduction by about 185-fold
change in the levels of hepcidin as compared with iron loaded rats
(P < 0.001) (Fig. 2B).

The correlative effect of the expression of hepatic hepcidin in
liver tissues was shown to be significantly correlated with liver cell
damage, lipid peroxidation, oxidative stress, and apoptosis resulted
in relation to iron overloads. The expression of hepcidin in both
iron overloaded and green tea treated rats correlated negatively
with hepatic iron content, serum ferritin, oxidative stress markers
(MDA, NO), apoptosis markers (DNA, cytochrome C), and positively
with liver function, TAC, and fibrosis score as shown in Table 2.
Also, liver cell fibrosis was shown to be closely related with iron
toxicity as measured by hepatic iron content, ferritin, and hepcidin
levels in iron overloaded and AGRTE treated rats as shown in
Table 3.
4. Discussion

In the present study, the effects of excess iron administration on
hepatic tissues and cellular functions were evaluated in experi-
mental rats. In rats treated with chronic iron the data obtained
showed significant increase in hepatic iron contents. This incre-
ment was associated with significant changes in liver cell function,
lipid peroxidation, and subsequent deficiency in both antioxidant
defense mechanisms as well as progression of liver cell apoptosis,
and fibrosis.

Excess iron deposition demonstrates evidence of tissue damage
and alterations in cellular function of most biological organs espe-
cially liver tissues (Bancroft and Gamble, 2002). Previous research
studies reported that excessive hepatic iron loads lead to the pro-
gression of liver fibrosis, significant fibrosis, cirrhosis, and subse-
quently increased the rates of morbidity and mortality (Britton,
2000; Olynyk et al., 2005). There are many sources relating to
excess iron in human organs such as increased absorption of diet-
ary iron, chronic liver and diseases associated with hemolytic ane-
mia as well as drinking water with higher amounts of iron which
effects on human health (Abou-Seif et al., 2004; Badria et al., 2007).

Liver is one of the most important organs for vital biological
activities such as metabolism, metal storage and detoxification
(Tao and Gitlin, 2003). According to our results, a significant eleva-
tion in ALT and AST enzyme activity, TB level, and decrease in albu-
min were reported in iron overloaded rats. Also, significant
changes in liver tissue cells was reported such as hepatocellular
necrosis, mononuclear cells infiltration, activation of Kupffer cells,
and sporadic cell necrosis as well as apoptosis. The increment in
Table 2
Correlation between hepatic hepcidin levels and different variables among iron overload

Variables Hepatic hepcidin levels

Iron overload

r

ALT (IU/L) 0.21
AST (IU/L) 0.38
Albumin (mg/dl) 0.89
Bilirubin (mg/dl) 0.58
Hepatic iron �0.75
Ferritin �0.28
MDA �0.128
NO �0.358
TAC 0.871
DNA content �0.25
Cytochrome c �0.510
Fibrosis score (0–1; 2–3) 0.248
the levels of liver function may be related to disturbance in the
transport function of hepatocytes, leakage, and subsequent release
of hepatocellular enzymes out of hepatic cells (Mohammadyari
et al., 2014; Aneja et al., 2013). Also, iron loads produce significant
damage in hepatic parenchyma which results in the failure of nor-
mal uptake, conjugation, excretion, and subsequent increase in TB
concentration (Dubey and Mehta, 2014).

In the current study significant increase in hepatic iron content
and serum ferritin were reported in rats following iron treatment.
A greatest iron deposition and density were reported in the hepatic
cells of iron treated rats which is closely related to the severity of
liver fibrosis scores (0–1 vs 2–3). The deposition of iron was signif-
icantly linked with cellular hepatic damage, fibrosis score and ele-
vation in liver function. Our data were in accordance with previous
research reports which suggested an association between excess
iron deposition and hepatic diseases such as chronic viral hepatitis
and alcoholic hepatitis (Deugnier et al., 2008). Also, the increase in
serum ferritin was significantly related to excess iron which stored
within liver cells in various forms especially ferritin and hemosi-
derin (Jomova and Valko, 2011), releasing liver tissue damage
and initiates fibrosis (Olynyk et al., 2005). Similarly, several
research studies reported a significant association between the
hepatic iron concentration (HIC), hepatotoxicity, and the prognosis
of liver fibrosis (Olynyk et al., 2005).

In the current study, oxidative stress markers; MDA, NO and
TAC were estimated in iron overloaded rats. The data showed sig-
nificant increase in the serum levels MDA, NO, and decrease in the
levels TAC in iron treated compared with healthy control rats. The
data obtained significantly correlated with hepatic iron content,
liver function, and staging of liver fibrosis.

In normal hepatic cells, there was a homeostatic balance
between the levels of ROS produced and antioxidant enzymes
whereas mitochondria, peroxisomes, and microsomes produce a
significant levels of ROS which maintained in a constant levels by
action of enzymes like superoxide dismutase, catalase, and glu-
tathione peroxidases, which degrade ROS to nontoxic by-
products (Britton, 2000; Pietrangelo, 2003). In excess iron condi-
tions, severe oxidant damage of cellular macromolecules was
reported such as lipid peroxidation of cellular membranes and
organelles, amino acid oxidation, DNA strand breaks, and protein
fragmentation (Pietrangelo, 2003). Also, increased ROS, and oxida-
tive stress were reported in AML-12 mouse hepatocytes following
treatment with excess iron (Messner et al., 2013). The increase in
hepatic iron was associated with excess ferritin levels which sug-
gested behaving like inflammatory cytokine which may activate
hepatic stellate cells to initiate the process of fibrogenesis
(Ruddell et al., 2009). Recently, excess iron supplementation
and green tea treated rats.

Green tea treated (AGTE; mg/100 g)

P r P

0.001 0.45 0.01
0.001 0.158 0.01
0.001 0.174 0.01
0.001 0.85 0.01
0.001 �0.89 0.05
0.001 �0.39 0.01
0.01 �0.265 0.001
0.001 �0.450 0.01
0.01 0.125 0.01
0.001 �0.37 0.01
0.01 �0.650 0.01
0.001 0.312 0.001



Table 3
Correlation between scores of liver cell fibrosis and iron toxicity measured by hepatic hepcidin, iron and ferritin levels in iron overload and green tea treated rats.

Variables Liver cell fibrosis

Iron overload Green tea treated (AGTE; mg/100 g)

0–1 2–3 0–1 2–3

Hepatic iron 0.754** 0.981*** �0.120** �0.168***

Ferritin 0.167** 0.298*** �0.399** �0.541***

Hepatic hepcidin levels 0.235** 0.147*** �0.378** �0.156***

* p < 0.05.
** p < 0.01.
*** p < 0.001.
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initiates hepatic oxidative stress, induction of both inflammatory
and immune mediators, and hepatocellular ballooning injury
which resulting in the prognosis of NASH (Handa et al., 2016).

Cell death was recognized as promoters of liver damage and
prognosis of hepatic fibrosis in all liver diseases such as acute
and chronic viral hepatitis (Jaeschke et al., 2012 Canbay et al.,
2004). The studying of biochemical markers of cell death in liver
pathophysiology and fibrosis enables in the management of new
therapeutic targets of liver diseases (Friedman et al., 2013; Ni
et al., 2012).

In the current study, cytochrome c and hepatic DNA content as
apoptotic markers were estimated in iron overloaded rats. The data
showed significant increase in the level of cytochrome c and reduc-
tion the hepatic DNA content in rats treated with excess iron com-
pared to healthy control rats.

Previous research studies showed that excess iron induce dam-
age of the mitochondrial inner membrane and initiate opening of
the mitochondrial pores via oxidative stress mechanism. This leads
to depletion in adenosine triphosphate and the release of cyto-
chrome c, a proapoptotic protein of hepatic cell apoptosis
(Uchiyama et al., 2008). Thus, excess iron either alone or by exert-
ing oxidative stress synergizes in promoting hepatic cell necrosis
or apoptosis (Ni et al., 2012, Moon et al., 2010). These data also
clearly show that iron overload can cause apoptotic cell death in
isolated hepatocytes via cell DNA fragmentation produced by
ROS via oxidative stress mechanism whereas the production of
ROS was the first event probably occurs in iron overloaded hepato-
cytes (Allameha et al., 2008). Also, it was reported that oxidative
damage of DNA resulting from excess iron may lead to the devel-
opment of hepatocellular carcinoma (HCC). The increased DNA
damage was associated with the increased frequency of mutations
in p53, inducing apoptosis and progression of liver cell cancer
(Hussain et al., 2000).

Iron hemostasis was significantly regulated via synthesis of
hepcidin hormone which released into the blood circulation to reg-
ulate metabolism of systemic iron (Fung and Nemeth, 2013; Kuhn,
2015). In iron overload conditions, hepcidin was considered
recently as one of the novel reliable markers for iron metabolism
in tissue, urine, and serum samples (Porter et al., 2014; Chauhan
et al., 2014; Ikuta, 2015).

In the current study, serum hepcidin was estimated in iron
overloaded rats. The data showed a significant increase in the
serum levels of hepcidin in iron treated compared with healthy
control rats.

Liver cells were shown to be the main precursor for the produc-
tion of hepcidin as pro-hepcidin (inactive form) which subse-
quently activated via cleavage of a furin site through
prohormone convertase furin process (Gu et al., 2013; Kautz
et al., 2014). Under stimulation processes, the role of hepcidin is
to control of local iron fluxes within liver cells (Yun and
Vincelette, 2015), whereas the increase in its content was shown
to be linked with serum ferritin levels in iron overloaded and
inflammatory diseases (Nemeth et al., 2004a,b). The expression
of hepcidin in iron overload diseases was significantly influenced
by many biological factors especially the growth differentiation
factor 15 and the twisted gastrulation factor 1(Kautz et al., 2014;
Kartikasari et al., 2008). However, the mechanisms by which oxida-
tive stress and apoptosis induced by iron overload effects on hep-
cidin regulation are still unclear.

In the current study, in rats treated with excess iron the expres-
sion of hepcidin correlated negatively with hepatic iron content,
serum ferritin, oxidative stress markers (MDA, NO), apoptosis
markers (DNA, cytochrome C), and positively with liver function,
TAC, and staging of liver fibrosis. The expression of hepcidin was
shown to be associated with iron content and oxidative stress
parameters in iron overloaded patients with low-risk myelodys-
plastic syndrome (Ghoti et al., 2011). Regarding to apoptosis, many
studies reported that induction of apoptosis has been suggested in
the regulation of hepcidin in most liver diseases linked with iron
overload (Schattenberg et al., 2006; Ganz, 2011).

Also, it was reported that the expression of over-expression of
p53, and Fas antigens in liver cells participate in the down regula-
tion of hepcidin expression (Li et al., 2013). In contrary, our results
were the first to discuss up regulation of hepcidin expression in
iron overloaded models via overexpression of cytochrome C and
lower DNA content as markers of apoptosis. This may be due to
oxidative stress and inflammatory cytokines produced as result
of iron overload (Villarroel et al., 2012; Nemeth et al., 2004a,b).
Many therapeutic treatments were reported as iron chelators
which characterized by some limitations such as lower specificity,
limited capacity to enter cells and higher side effects especially
hepatic failure (Gagliardo et al., 2008; Cappellini et al., 2006). Thus,
herbal medicine may be evaluated as alternative therapeutic
strategies against iron overload.

Further we are trying to highlight on the hepatoprotective
effects of GTE against iron overloaded-inducing apoptotic effects
triggered over the production of ROS. The mechanistic roles under-
lying the protective effect of AGTE against excess iron hepatotoxi-
city need for more clarifications. Based upon evidences of previous
work and our current results, several protective pathways could be
drawn. It was recommended that food products of plant origin,
especially tea contain high amounts of phenolic and polyphenolic
constituents that were reported to reduce the susceptibility to cer-
tain human diseases including cancer (He et al., 2001). In the pre-
sent study, high levels of polyphenolic (29.8 mg) and flavonoid
(16.9 mg) were found in 100 g of AGTE, whereas
epigallocatechin-3-gallate (EGCG) constitutes up to 28%. The data
obtained were different from previously reported studies which
showed higher EGCG contents of the extract (Roomi et al., 2016).
This may be related to brewing time, type of tea, commercial brand
and producing country (Nash and Ward, 2016).

In our study, hepatic cell injury and elevated circulating mark-
ers of hepatocyte injury such as serum ALT, AST, bilirubin, and
reduction in albumin level caused by iron overload were all
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restored to normal ranges following treatment with green tea
extracts. This may be related to the presence of flavonoids and
polyphenols constituents in green tea, whereas its ability to stabi-
lize and preserve the integrity of the hepatocyte membrane, stim-
ulating hepatocyte regeneration, and hepatocellular protein
synthesis, to repair damaged hepatic tissues were estimated previ-
ously (Safer et al., 2015; Pezeshki et al., 2016). Also, in the same
manner increased hepatic iron content, and both serum ferritin
and hepcidin levels in iron treated rats were shown to be normal-
ized into normal levels following green tea administration. This
may be owing to the chelating activity of green tea against iron
and minimizing its content in plasma and liver tissues (Saewong
et al., 2010).

The hepatoprotective effects of green tea extract were shown to
be associated with its considerable antioxidant capacity and anti-
free radical activities against excess iron inducing oxidative stress
(Tomaszewska et al., 2015; Gramza et al., 2005).So, we further esti-
mated the free radical scavenging activity of AGTE by both DPPH
(89.2%) and b-carotene (82.3% and 94.2% at 500 and 1000 lg/mL
respectively) tests. The data obtained proposed that the phenolic
constituents of AGTE have the ability to suppress the chain reac-
tions of lipid peroxidation via free radical scavenging mechanism.
Our results are in line with other research work which reported
that green tea extracts (AGTE) have considerable free radicals scav-
enging activity (Panat et al., 2016).

Consistent with the in vitro observations, AGTE was able to
reverse in vivo lipid peroxidation induced by deposition of excess
iron in liver tissue. Thus, this showed that green tea could provide
essential antioxidant effects during chronic iron overload alongside
to its role as an iron-chelating agent. The antioxidant property of
green tea may be related to the presence of more phenolic and
polyphenolic constituents especially epigallocatechin-3-gallate
(EGCG) (He et al., 2001; Roomi et al., 2016; Nash and Ward,
2016). The increase in MDA as a potential marker for lipid peroxi-
dation during iron overload was associated with elevation in hep-
atic NO levels which could be an alternative pathway to minimize
oxidative stress. This proposed pathway was supported by the fact
that green tea activity induced significant decrease in MDA, deple-
tion in the levels of hepatic NO along with significant improve in
total antioxidant capacity (TAC) of iron overloaded rats.

Most studies reported that systemic toxicities of hepatic cells
are associated with the release of many chemical mediators such
as NO and proinflammatory cytokines which in turn induce liver
cell damage. The presence of these mediators in higher concentra-
tions plays an integral part in hepatic fibrogenesis (Ojiako et al.,
2015; Poli, 2000; Shuto et al., 2004). The improvement in the levels
of lipid peroxides, NO, TAC as well as damaged hepatic cells may be
related to the promising antioxidant and antiradical scavenging
activity of green tea constituents against harmful oxidative free
radicals (Safer et al., 2015). Similarly, other research studies
reported that some polyphenol-rich plant extracts have the capa-
bility to ameliorate hepatic cell injury induced by LPS (Amat
et al., 2010) or iron overload (Badria et al., 2015; Ounjaijean
et al., 2008). Thus, green tea extracts have been shown to have a
positive effect on hepatocytes via antiradical activity against oxida-
tive stress free radicals initiated from excess iron toxicity.

In the current study, green tea also showed significant anti-
apoptotic activity against the progression of liver cell apoptosis
in rats following treatment with excess iron. In green tea treated
rats, there was a significant decrease in the levels of cytochrome
c and increase in hepatic DNA content as apoptotic relating
biomarkers. Pervious research studies showed that the imbalance
between oxidative burden and defense mechanism induces severs
damage in cell organelles especially, DNA damage and a progres-
sion of cell death or apoptosis (Li et al., 2003). It was reported that
normal apoptosis plays an important part in development process
of multicellular organisms; however its abnormal induction could
attributed with motivation of various diseases (Neeta, 2007). Previ-
ous research studies showed that excess iron induce damage of the
mitochondrial inner membrane and initiate opening of the mito-
chondrial pores via oxidative stress mechanism. This leads to
depletion in adenosine triphosphate and the release of cytochrome
c, a proapoptotic protein of hepatic cell apoptosis (Ni et al., 2012;
Uchiyama et al., 2008). Thus, excess iron either alone or by exerting
oxidative stress synergizes in promoting hepatic cell necrosis or
apoptosis (Ni et al., 2012). The improvement in the levels of cyto-
chrome c and hepatic DNA content following treatment with green
tea similarly matched with recently published data which showed
that GTE offered partial hepatic protection through minimization
of DNA fragmentation, apoptotic genes as caspases enzymes along-
side with the healing view of hepatic parenchyma, and regenera-
tion of hepatocytes or reduction in liver fibrosis (Ibrahim et al.,
2015).

The anti-apoptotic activity of green tea extract against excess
iron may be related to gallate groups of catechins especially EGCG.
These phenolic compounds have a radical scavenging ability via
chelating divalent transition metal ions via their ortho-hydroxy-
phenolic groups, preventing the generation of LPO (Somdet et al.,
2012; Leopoldini et al., 2011; Lamberta and Eliasa, 2010). Also,
green tea rich catechins minimize damage of DNA molecules by
nullifying the effects of ROS through ultra-rapid electron transfer
from catechins to ROS free radicals or activation of intracellular
signaling cascades which acts as potent anti-apoptotic signaling
(Lamberta and Eliasa, 2010; Anderson et al., 2001; Pan et al.,
2007). Also, many research studies go in the same line and sup-
ported that green tea catechins especially, EGCG compounds and
its methylated metabolite protect liver cells against necrosis and
apoptosis by suppressing the expression proapoptotic genes
(caspase-3) via preventing the cytochrome c release from mito-
chondria to cytosol (Kagaya et al., 2002; Al-Refai et al., 2014;
Hisamura et al., 2006).

More studies concluded that whole GTE was more stable and
liable than pure ECGC due to the presence of other antioxidant con-
stituents, (Kaszkin et al., 2004) that act synergistically and exert
their full beneficial effect as total extracts (Loew and Kaszkin,
2002). This is why we select to work on the natural extracts of
green tea rather than its ingredients.

Finally, based on our data, the antioxidant, anti-apoptotic, and
chelating properties of whole AGTE active constituents may con-
tribute in its efficacy as anti-fibrotic when treating iron overload
toxicity.

5. Conclusion

Our study showed that green tea extract (GTE) ameliorates iron
overload induced hepatotoxicity, apoptosis and oxidative stress in
rat liver via inhibition of hepatic iron accumulation; improve of
liver antioxidant capacity, and down regulation of serum hepcidin
as well as reduction in the release of apoptotic relating proteins.
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