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Abstract: The accumulation of iron (Fe) in the liver is a serious complication of thalassemia and other iron-

loading anemias requiring long-term blood transfusions. Such patients are directed to suffer death unless they 

are treated with Fe chelating agents. Desferrioxamine (DFO), deferiprone (L1) and desferasirox (ICL-670) are 

clinically approved iron chelators used to treat secondary iron overload, but there is still need for new drug 

candidates due to limited long-term efficacy and drug toxicity. Pyridoxalisonicotinoylhydrazone (PIH) is 

tridentating iron chelator effective at scavenging and mobilizing iron. Therefore, the present study was 

undertaken to evaluate the role of PIH to improve rat antioxidant systems against iron overload (IOL) induced 

hepatic oxidative stress. To produce IOL, rats were intraperitoneal(IP) injected by 50 mg iron–sorbitol–citric 

acid complex/100g b.w. subcutaneously on four successive days.AST and ALT activities, moreover, MDA, 

TBARS and NO levels were significantly (p<0.05) increased. The toxic effect of iron was also indicated by 

significant (p<0.05) decrease in the levels of liver GSH, Gpx, CAT, SOD and Ceruloplasmin when compared 

with the control rats. Administration of PIH at different doses 50 mg PIH/kgb.w.(low dose) and 100 mg PIH/Kg 

b.w. (high dose), significantly (p<0.05) reversed  the levels of AST, ALT, MDA, TBARS and NO levels and 

restored the levels of GSH, Gpx, CAT, SOD and Ceruloplasmin to the normal levels. This study provides in vivo 

evidence that PIH administration can improve the antioxidant defense systems against IOL-induced hepatic 

oxidative stress in rats. This therapeutic effect of PIH in iron overloaded rats liver may be due to both the 

antioxidant and metal chelation activities. 
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I. Introduction 
Fe is a foremost minute element of the body, being found in operation form in hemoglobin, myoglobin, 

and cytochrome enzymes with iron sulphur complexes [1]. During iron overload, red blood cells are very 

susceptible to iron-mediated cell injury but, they do not bear the assault of reactive oxygen species (ROS) alone. 

Damage to cells in other organs accumulates gradually and becomes clinically significant. Hepatocytes, the 

primary component cells of the liver, are the major site for body iron. With IOL, these cells are 

unremittinglybarraged by ROS and eventually die. Also, the hepatocytes are replaced by fibroblast cells and 

collagen laid down by fibroblasts produces hepatocellular carcinoma. Liver is one of the main organs in the 

body and the highest site for intense metabolism and excretion [2],[3]. Hepatotoxicity is the furthermostshared 

finding in patients with IOL as liver is mainly the active loading site of Fe in the body [4].Although an optimum 

level of iron is always maintained by the cells to balance between essentiality and toxicity, in some situations it 

is disrupted, resulting in IOL which is related to the oxidative stress madeillnesses including anemia, heart 

failure, hepatocellular necrosis and cirrhosis [5]. 

 In IOLpromptedsicknesses, Feelimination by iron chelation therapy is an actual life-saving treatment. 

IOLraises the creation of ROS which implicatesin the start of lipid peroxidation, protein oxidation and liver 

fibrosis. However, excess iron is stored as Fe
3+

 in ferritin and IOL sustains for long period and released depends 

on the efficiency of iron chelating drugs [6]. The currently available iron-chelating agents used clinically are 

deferoxamine, 1,2-dimethyl3-hydroxypyrid-4-one (deferiprone, L1), and deferasirox. The body lacks to excrete 

unnecessaryFe and therefore the attention has been focused to develop Fe chelators that are economical, orally 

effective, and highly competentpotent chelating agent capable of complexing with Fe and helpingin its excretion 

[7],[8]. 

One group of compounds that satisfies all of these criteria is that of the 

Pyridoxalisonicotinoylhydrazone (PIH) class.PIH is tridentate iron chelator produced by the Schiff base 

condensation of pyridoxal and isonicotinic acid hydrazide (INH), this method is simple and economical because 

it is a one-step procedure. In addition, both pyridoxal and INH are readily available. Hence the cost of preparing 

PIH is very low, which is of major importance, since the thalassemia syndromes occur at highest frequency in 

developing countries [9]where the population cannot pay forcostly drug routines. PIH is tridntate ligands that 

bind Fe through their phenolic oxygen, carbonyl oxygen, and aldimine nitrogen groups[10], [11].PIH active at 

scavenging and mobilizing iron. The possible utility of this type of chelator, as well as its ability as anti-

proliferative agents, preventing free-radical mediated damage.PIH has been shown to chelate both forms of Fe, 
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at pH 7.4 these chelators exist as a mixture of the neutral molecule. In fact, at physiologic pH, PIHs are 

predominantly in the form of the neutral molecule(the neutral charge of PIH ensures oral absorption and allows 

access to the cytosol, where labile Fe can be chelated), allowing access across cell membranes to intracellular Fe 

pools and absorption from the gut. The mainly uncharged state of pyridoxalisonicotinoylhydrazone at pH 7.4, its 

small sizeand its relatively high lipophilicity  probably account for its rapid uptake by cells to chelate 

intracellular Fe pools [12],[13],[14].PIH displayedabilityforeliminatingFe from rat reticulocytes which enclosed 

labile non-hemeFe and mobilizing Fe from Chang cells. From the speciation schemes of these ligands it was 

revealed that the neutral species was maximal at pH 6.3 Hence the greatest absorption of these compounds may 

occur in the small intestine, where the pH has been reported to be in this range [15]. PIH is a strong antioxidant 

against OH

creationmade by Fe

+3
-EDTA, ascorbate and O2 or by fenton reagents Fe

+2
 and H2O2. The 

antioxidant activity of PIH was explained by its ability to form a complex with iron that does not participate in 

Haber-Weiss reactions [16], [17], [18], [19]. 

Hence the present study aimed to investigate effect of iron overload on liver and the role of PIH as an 

iron chelatoragainst iron-induced liver injury. 

 

II. Material And Methods 
The current study was carried out on male albino rats Rattusrattus as an animal model for induction of 

iron overload. Eighty fivemature male albino rats were used in the current study. Their average weight was of 

100±10 g representing 9±1 weeks of age. Animals were allowable 10 days pre-experiment period to acclimatize 

to laboratory conditions in order to avoid any complications along the period of the experiment. Rats were 

housed in metallic cages at 28±2
o
C and 50% relative humidity and received food and water ad-libitum with new 

supplies offered daily. 

To induce iron overload, rats were given 50 mg iron–sorbitol–citric acid complex (Jectofer–Auenntis 

Pharm. Co.) /100g BW subcutaneously on four successive days [20]. Pyridoxal hydrochloride, pyridoxal-5- 

phosphate and pyridoxine hydrochloride were obtained from Sigma Chemical Co., USA. PIH were prepared by 

the method of Johnson et al. [21] and were recrystallized from methanol / petroleum ether to yield crystalline 

PIH. Solution of PIH was prepared using 1M sodium hydroxide in normal saline solution (0.9% sodium 

chloride) and adjusted to pH 10 with 1Mhydrochloric acid prior to the injection 50 mg PIH/kg b.w. (low dose) 

and 100 mg PIH/Kg b.w. (high dose). 

This work included two experiments; the first one was carried out to follow up the changes that could 

occur in the liver parameters as a result of iron overload. To achieve this purpose, a comparison was done 

between two groups of animals, the first group (normal control, n=5 rats) received daily dosehypodermic of 

normal saline (0.9 % NaCl) for four successive days. The second animal group (n=5 rats) injected 

subcutaneously with 50 mg iron-sorbitol-citric acid complex for the same previous period to induce iron 

overload. 

In the second experiment, 75 rats were employed in this experimental. Five comparisons were made 

between normal control rats, positive control rats [animal which treated with both low dose (50 mg PIH/kg b.w.) 

and high dose (100 mg PIH/kg b.w.) for 4, 8 and 12 weeks] and iron overload rats [groups treated with the same 

previous doses of PIH for the same intervals time]. At the end of the 1st and the 2nd experiment (4, 8 and 12 

weeks) post iron overload induction, rats were overnight fasted, anaesthetized under diethyl ether (Sigma Co. 

USA) and random blood samples and liver tissue specimens were collected from all animals groups. 

Venous bloods of all the groups were collected from the venous plexus of the eye by standard 

venipuncture with glass capillary tubes in dry, clean and screw capped tubes and left to clot. Sera were separated 

and divided into small aliquots to avoid effects of repeated melting and icing. All sera were kept at -20°C until 

used for subsequent biochemical analysis.  

Liver tissues; incompletion of each investigational period, rats were forgone by cervical decapitation. 

The liver specimen was rapidly removed and weighted, then perfused with cold saline to exclude the blood cells 

and then blotted on filter study and stored at -20°C. Liver tissues were cut and milled into minorbits, make 

uniform with a glass homogenizer in 9 volume of ice-cold 0.05 mM potassium phosphate buffer (pH7.4) to 

make 10% homogenates. The homogenates were centrifuged at 5,000 rpm for fifteen minutes at 4°C then the 

supernatant was used for the subsequent biochemical analysis. 

Biochemical analysis: Aspartate aminotransferase (AST) and alanine aminotransferase 

(ALT),glutathione (GSH), catalase (CAT), superoxide dismutase (SOD),ThioBarbituric Acid Reactive 

Substances (TBARS),malondialdehyde (MDA), Nitric Oxide (NO),glutathione peroxidase (GPx), 

andceruloplasmin, were determined according to the methods described by [22], [23], [24], [25],[26], [27],[28], 

[29], and[30] respectively. 
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2.1 Statistical Analysis 

All documented data were expressed as mean±standard error and analyzed by applying the next 

mathematical principles, 2-way analysis of variance (ANOVA) test followed by Duncan’s multiply range test 

[31],[32]. The Statistical Package for the Social Sciences (SPSS) version 15 at a statistical significance level of 

P <0.05 and 95% confidence interval were used. 

 

III. Results 
The present study was directed to interpret the beneficial role of PIH as an iron chelator in relations of 

decreasing and correction the noxious effects of iron overload on liver functions, which induced in male albino 

rats. To induce iron overload, rats were given 50 mg iron–sorbitol–citric acid complex/100g b.w. 

subcutaneously on 4continuous days. From the inspection of the data presented in Table (1), a significant 

(p<0.05) increase in the AST and ALT were noted in iron overload rat group. The percentage of these increases 

reached to 95.35 for AST and 70.58 for ALT as compared to the normal control rats. 

Also, the data revealed a significant (p<0.05) elevation in MDA, TBARS and NO in iron overload rat 

group. The mean values recorded 187.60 ± 18.38 for MDA, 161.76 ± 1.79 for TBARS, and 0.201 ± 0.005 for 

NOregarding to 129.81 ± 5.07, 110.91 ± 1.59, and 0.164 ± 0.003 respectively in normal control rats.  

In relation to the control rats, a significant (p<0.05) reduction in GSH, GPx, CAT, SOD and 

Ceruloplasmin weredescribed in iron overload rats. The percent of these decreases reached to -15.07043, -

18.51851, -14.1107, -22.7387 and -44.33962 respectively. 

 

Table - 1:The Mean and standard error value of AST, ALT, GSH, GPx, MDA, CAT, SOD, TBARS, NO, and 

Ceruloplasmin in control and iron overload groups. 
                                          Groups 

Parameters 

Control Iron overload % 

AST 

(U/L) 
Mean±SE 77.50 ± 5.87 151.41 ± 5.56* 95.35484 

ALT 

(U/L) 
Mean±SE 15.32 ± 1.32 26.13 ±1.08* 70.58824 

GSH 

(nmol/g tissue) 
Mean±SE 86.12 ± 0.46 73.14 ± 0.47* -15.07043 

GPx 

(U/g) 
Mean±SE 0.54 ± 0.03 0.44 ± 0.02* -18.51851 

MDA 

(nmol/g) 
Mean±SE 129.81 ± 5.07 187.60 ± 18.38* 44.53005 

CAT 

(µmol/mg tissue/ 

60 min) 

Mean±SE 61.23 ± 1.74 52.59 ± 1.59* -14.1107 

SOD 

(Nu/mg tissue/30min) 
Mean±SE 7.96 ± 0.035 6.15 ± 0.051* -22.7387 

TBARS 

(nmol/g tissue) 
Mean±SE 110.91 ± 1.59 161.76 ± 1.79* 45.84798 

NO 

(µmol/g) 
Mean±SE 0.164 ± 0.003 0.201 ± 0.005* 22.56098 

Ceruloplasmin 

(U/g tissue) 
Mean±SE 1.06 ± 0.004 0.59 ± 0.002* -44.33962 

 

On detecting the biochemical analysis for AST, ALT, GSH, GPx, CAT, SOD, TBARS, MDA, NO, and 

ceruloplasmin, the data graphically represented in Chart (1). The data showed that the mean values of AST, 

ALT, TBARS, MDA, and NO, were significant (p<0.05) decreased with the progress of time in positive control 

rats animal (which treated with both low dose (50 mg PIH / kg b.w.) and high dose (100 mg PIH / kg b.w.) for 4, 

8 and 12 weeks) and iron overload rats group (treated with the same previous doses of PIH for the same 

intervals time) compared to their corresponding normal control rats. 

In contrary PIH showed a significant (p<0.05) increased of GSH, CAT,GPx and ceruloplasmin, at 

week 4 and week 8 backing into normal value at week 12 compared to their corresponding normal control rats. 

On the other hand, the data showed a significant (p<0.05) elevation of SOD in positive control rat groups and 

iron overload groups at all-time intervals but it didn't reach the normal value even in week 12 according to 

normal control rats. 
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Figure -1: The mean value of AST, ALT, GSH, GPx, MDA, CAT, SOD, TBARS, NO, and Ceruloplasmin in all 

rat groups 

 

IV. Discussion 
Iron overload in rats is an outstanding model to investigate the in vivolipid peroxidation (LPO) in 

which extraFe induced oxidative stress by growing lipid peroxide levels in liver and in serum[33]. Subsequently, 

malondialdehydewasformedsignificantly contributed to liver injury that is evaluated by AST and ALT levels in 

the iron-supplemented rats [34]. Excess hepatic iron may thus cause peroxidation of membrane lipids and 

oxidative liver damage[35] in which IOL increases liver injury and accelerates the process of fibrosis [36]. This 

tissue injury can be relieved by the treatment of an suitable chelating agent which can association with the Fe 

and rise its rate of excretion [37], as PIH that are substances with both chelating and free radical scavenging 

propertiesthus, it may be a very useful medicine for treatment [38]. 

Iron overload resulted in significant increase in serum AST and ALT activities compared with the 

normal control rats. The obtained results are nearly parallel to data reported by [39], [40] that presented, in the 

iron-supplemented rats all of the indices of LPO, including AST and ALT, were enlarged significantly (~5-fold) 

compared with the control. As AST and ALT were used as sensitive indicators of liver damage [41], the serum 

enzymes amplifiedactions in Fe-loaded rats can be attributed to the generation of ROS and oxidative destruction 

by excess hepatic Fe that may outcome in chronic necro-inflammatory hepatic illness, which in turn creates 

more ROS and causes more oxidative injury[40], [41], [42]. PIH administration in iron-loaded rats reduced 

serum transaminases activities. Comparable results were reported by the data of [43] thatnoted, PIH 

administration to iron overload rats reduced serum ALT and AST activities compared to untreated controls. 

Also, [44]detected that, PIH administration significantly decreased the levels of AST and ALT activities in 

overloaded rats, suggesting protection by stabilizing the structural integrity of the hepatocellular membrane. PIH 

also scavenged free radicals [45] and deterring LPO procedure[46], in which the Fe complexes of PIH studied 

not only reserved the antioxidant properties of PIH, but in many cases displayedimproved free radical-

scavenging activity [47]. 

The obtained datashown that, iron overload resulted in significant increase in MDA concentrations in 

the iron-loaded rats as compared with control group. These results are nearly related to those of [48] who 

observed that, the injection of FeCl or FeSO4 (3 mg Fe
2+

/100 g b.w.) significantly amplified LPO products in the 
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rat liver. Also, [49] reported that, IOL in rats was accompanied by improvement in LPO as presented by a 

significant rise in all tissue MDA concentration in iron complemented group and added that, in the liver there 

was a perfect relationship between MDA level and tissue iron content, suggesting creation of oxidative stress. 

LPO produced by ROS was measured in terms of MDA[50], which is a secondary end product of the oxidation 

of polyunsaturated fatty acids [51]. Focusing on the liver organ, the cytotoxic degradation products as MDA[52] 

can form covalent adducts with proteins, phospholipids and DNA[53], in which the creation of liver microsomal 

malondialdehyde protein adducts, through IOL in mice and the microsomal function injury may modify protein 

function and might lead to cellular damage and Fe-associated hepatotoxicity [54]. When rats were administered 

with PIH hepatic MDA concentrations were significantly reduced than that of iron-loaded control group. The 

obtained results approve with the data of [55] that described, PIH administration in IOL-rats sharply diminished 

microsomal LPO in the liver and spontaneous oxygen radical creation by peritoneal macrophages. Also, 

[56]stated that, LPO level in the liver of the PIH group was significantly reduced in comparison to the control 

group, so PIH can be both antioxidants and iron chelators; it means that PIH will be good applicants for curing 

IOL related sicknesses, as they can play a dual role in dropping the rate of oxidation, one act as iron chelator and 

the other act as radical trap [56]. Also [57] found that, PIH administration suddenly suppressed free 

radicalconstruction in liver microsomes by phagocytes in iron overload rats. This antioxidant activity due to its 

Fe(III) complexingthat may be a good antioxidant and may be more effective free radical scavengers matched to 

other antioxidant. The severe decrease in MDA in IOL-rats may be also attributed to the free radical scavenging 

property of PIH, in which IOL in rats induces the oxidative stress that was characterized by oxygen radical over-

creation in liver microsomes, peritoneal macrophages and blood neutronphils[19]. 

The current results revealed that, IOL resulted in significant decrease in liver GSH levels when 

compared with the control group. The obtained data are nearly parallel to those reported by [58] that observed 

increase in protein carbonylation and decrease in GSH content as well as in the GSH/GSSG ratio of the liver 

were observed after six weeks of treatment maybe induced by iron-generated free radical activity [59]. Also, 

[60]stated that, introduction of Fe into mouse liver mitochondrial fraction caused a time dependent reduction in 

GSHtwice lower than control at 30 min post usage. GSH is a main non-enzymatic tri-peptide multifunctional 

intracellular antioxidant [61] that was frequently used as an estimation of the redox environment of the cell [62]. 

Iron deposition and related damages in liver show a strong relation between modifications of cellular redox 

condition which increase in ROS, e.g., Fe-induced free radical [59] due to GSHreduction, suggesting a novel 

mechanistic link between dopaminergic GSHreduction and increased iron levels based on enlarged translational 

regulation of transferrin receptor 1, in which iron deposition and related injuries in liver indicate a strong 

relation between alterations of cellular redox condtion/increase in ROS generation due to GSHreduction with 

changed iron homeostasis in hepatic cell that directed to iron deposition [63],[64].At the same time, oxidative 

stress arises because of the catalytic activity of the metal ion creating high reactive oxygen radicals and lastly 

leads to tissue damage[37]. 

PIH administration to iron-overloaded rats resulted in significant increase in liver GSH level compared 

with the IOL-group. Likewise,[65] observed that, PIH treatment significantly increase the GSH level in the iron 

overload rats. Furthermore, [66] reported that, PIH treatment showed significant enhancement in GSH 

concentration, telling its role in scavenging the free radicals produced by iron-overloaded. The antioxidant 

imbalance was compensated by the prophylactic treatment of PIH as excessive LPO can cause increased GSH 

consumption [57], PIH inhibiting in vitro lipid peroxidation, oxidative DNAinjury, ascorbate oxidation, and 2- 

deoxyribosedeprivation through the creation of an inactive complex of PIH with Fe
3+

 that does not catalyze 

oxyradicalconstruction [67]. 

The obtained results revealed that, iron overload resulted in significant decrease in liver Gpx, CAT and 

SOD activities when compared with the control group. Iron overload can altered the balance between pro-

oxidants and antioxidants, leading to severe damage of total antioxidant status level. This phenomenon can be 

seen in most iron overload animal models [68]although these animal cells are equipped with a collection of 

endogenous antioxidant defense machinery, which includes such enzymes (Gpx, CAT and SOD)[69]. In excess, 

iron is a major cause of oxidative stress and lowers the levels of these enzymes involved in body’s antioxidant 

defense system. The present results suggest that PIH arrested the iron-induced depletion of these enzymes and 

thus reduced the iron-induced damage. 

Catalase is an iron-containing antioxidant enzyme, it was described that under iron overload, there was 

a significant reduction of catalase activity in rat liver [70]. Similarly, [37] who displayed that, Fe-dextran 

injection in mouse caused a significant reduction in hepatic CAT activity. Furthermore, [71]informed that, GPx 

significantly competes with CAT for H2O2substrate and it is the major source of protection against low levels of 

oxidative stress-induced cancer. These results can be explained as the ROS generated throughusual cellular 

processes are directly detoxified by endogenous antioxidants similarto GSH, CAT, GPx, glutathione reductase, 

glutathione-S-transferase, etc. [72]. 
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SOD work in conjunction with CAT and GPX [73], preventing its interaction with Fe and therefore 

creation of the highly toxic 

OH, in which SOD and GPx are supportive enzyme system of the first line cellular 

defense against oxidative injury [74]. GPx decomposes peroxides, that start a chain of free radical creation to 

H2O [60] while simultaneously oxidizing GSH; Significantly, GPx competes with CAT for H2O2 substrate, as it 

is the maincause of protection against low levels of oxidative stress [71] and the increase of SOD/GPx ratio in 

Fe treated cells compared to control cells specified that Fe-induced oxidative damageseemed, that might be 

indicative of ROS rise due to unefficient scavenging by enzymes [75]. 

PIH is able to inhibit lipid peroxidation in bio-membranes by forming a complex with Fe
3+

. The 

resulting complex is not redox active and thus cannot receive electrons from LOOH. By functionally arresting 

LOO
-
 formation, PIH may stop the propagation of the peroxidation process and lead to a reduced formation of 

by-products of lipid peroxidation, such as aldehydes [76]. 

 

Fe
2+

-citrate + 2PIH → Fe
2+

 –PIH2 + citrate 

       → Fe
3+

 –PIH2 

Fe
3+

 –PIH2 + LOOH → Fe
2+

 –PIH2 + LOO
-
 + H

+
 

 

PIH administration to iron-loaded rats resulted in significant increases in liver Gpx, CAT and SOD 

activities compared with the IOL group. As antioxidants, PIH may increase total antioxidant status level in 

living body, and could raise hepatic total antioxidant status level in rats and mice [76]. This effect may come 

from the chelation of free Fe ion with preventing iron-catalyzed oxidative reaction and the direct aggregate 

antioxidant status that performance as robust antioxidant. Thus, PIHpresented a novel source of antioxidant and 

could partiallyimpede peroxidation-induced hemedamage and then providing a defense on catalase [77]. The 

significant rises in liver antioxidant enzymes in PIHcured iron-loaded rats are in conformity with the 

resultsstated by [78] that noted, PIH has a significant influence on SOD and GPx in rats. As associatedrise in 

CAT and/or GPx activity is vital if a useful effect from the high SOD be expected. Chronic iron administration 

induced adaptive responses involving stimulation of the antioxidant defenses. PIH significantly inhibited LPO in 

IOL-microsomes that may be due to thefree radical scavenging property [79]. The three enzymes can prevent 

injury by detoxifying ROS. The significant increasing of SOD activity also proposes that its free-radical 

scavenging action is only actualonce it is complemented by a rise in activity of CAT and/or GPx, because SOD 

produces H2O2 as a metabolite [80], which is more noxious than oxygen radicals in cells and require to be 

scavenged by CAT or GPx[81]. 

Ceruloplasmin is the major copper-carrying protein in the blood, and in addition plays a role in iron 

metabolism, it was reported that under iron overload, there was a significant decrease of ceruloplasmin in rat 

liver. Likewise, [82],[83] who displayed that, ceruloplasmintransmits more than 95% of the total copper in the 

plasma of healthy human. Ceruloplasmindisplays a copper-dependent oxidase activity, which is connected with 

possible oxidation of Fe
2+

 into Fe
3+

, consequentlysupport in its carriage in the plasma in connotation with 

transferrin, which can transmit iron only in the ferric state. The declining of the level of ceruloplasminrevealed a 

substantial rise in TBARS levels when compared with the control group. This rise was due to amplified lipid 

peroxidation, presumably due to altered systemic iron homeostasis, so ceruloplasmin is vital for normal iron 

metabolism and storage inside cells [84]. 

PIH administration to iron-overloaded rats resulted in significant increase in ceruloplasmin activity and 

reduced liver TBARS levels compared with the IOL group. These data may be attributed to the pharmaokinetic 

properties and antioxidant capabilities of PIH, which acts as free radical scavengers, reducing the manufacture 

of oxygen and/or nitric free radicals, inhibition of oxidation in mitochondrial matrix and cell membrane 

stabilizers. Also, PIH acts to neutralize the free radicals, declines the lipid peroxidation and increases the 

immune system defiance. These data are in agreement with those obtained by [56], [85],[86]. 

Iron overload caused in significant rise in liver NO levels when matched with the control group. 

Comparable results were recorded by[87] that found, amplified NO generation was evidenced in the liver under 

conditions of acute IOL. Furthermore, [88]discovered that, increased manufacture of NO by nitric oxide 

synthase-2 was confirmed in patients with hepatic cell carcinoma complicating genetichaemochromatosis. That 

can be clarified as NO is an inorganic reactive nitrogen species created in liver by inducible nitric oxide 

synthase (iNOS) found in hepatocytes, Kupffer cells and endothelial cells [89], whose appearance is controlled 

by the redox-sensitive transcription factor, nuclear factor-kappa B [90] and the complex interrelationships 

between Fe and NO [91] can result in modificationsin vivo NO production [92]. Also the rise in rat liver NOS 

activity due to chronic iron overload [93] is related to up regulation of iNOS expression [94]. 

PIH administration to iron-overloaded rats resulted in significant decreased liver NO levels compared 

with the IOL group. The data obtained are in synchronization with [95] that displayed, PIH inhibit 

lipopolysaccharide-induced NO production. NO was proposed to act as a pro-oxidant at high concentration, that 

is suppressed by PIH by direct scavenging [96],[97]. 
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V. Conclusion 
Altogether, the present results confirmed that, PIH is  inhibit the adverse effect of ferric ion induced 

oxidative stress, lipid peroxidation, and reducing the toxic level of iron in IOL rats, hence protect liver from 

oxidative stress and fibrosis. PIH treatment improved the cytoprotective enzymatic and non-enzymatic 

antioxidants as revealed by elevated the GSH concentration, GPx, CAT, ceruloplasmin, and SOD activities and 

thus, might protect the cellular environments from iron-induced free radical damage. The results indicate that, 

PIH may have potential effects in inhibiting the iron-induced oxidative stress in human. The effective role of 

PIH on livers of iron-overloaded rats may be due to its high antioxidant activity, including both its radical 

scavenging and iron chelation activities. Conclusively, PIH may be used for the development of potential iron 

chelating drug in the treatment of iron overload-induced liver toxicity. 

 

References 
[1]. Pulla Reddy A.C., Lokesh, B.R.Effect of curcumin and eugenol on iron induced hepatic toxicity in rats, Toxicology (1996) 9–45. 

[2]. Bonkovsky, H.L. (1991):Iron and the liver. Am. J. Med. Sci., 301: 32: 43. 

[3]. F.M.Ward, Daly Hepatic disease, in: R. Walker, C. Edwards (Eds.), Clinical Pharmacy and Therapeutics, Churchill Livingstone, 
New York, 1999, pp. 195–212. 

[4]. D.A. Papanastasiou, D.V. Vayenas, A. Vassilopoulos, M. Repanti, Concentration of iron and distribution of iron and transferrin 

after experimental iron overload in rat tissues in vivo: study of the liver, the spleen, the central nervous system and other organs, 

Pathol. Res. Pract.196 (2000) 47–54. 

[5]. L.S. Goodman, A. Gilman, The Pharmacological Basis of Therapeutics, 11th ed., McGraw-Hill, New York, 2006. 

[6]. K.R. Bridges, K.E. Hoffman, The effects of ascorbic acid on the intracellular metabolism of iron and ferritin, J. Biol. Chem. 261 
(1986)14273–14277. 

[7]. G.L. Pardo-Andreu, C. Barrios, Curtietal Protective effects of Mangiferaindica L. extract (Vimang), and its major component 

mangiferin, on iron-induced oxidative damage to rat serum and liver, Pharmacol. Res. 57 (2008) 5779–5786. 
[8]. L Pari, A Karthikeyan, P Karthika, and A Rathinam, Protective effects of hesperidin on oxidative stress, dyslipidaemia and 

histological changes in iron-induced hepatic and renal toxicity in rats, Toxicology Reports 2 (2015) 46–55. 

[9]. World Health Organization. Community control of hereditary anaemias. Bull WHO 1983; 61:63-80. 
[10]. Aruffo A, Murphy TB, Johnson DK, Rose NJ, ShomakerV.Structural studies of Fe(III) and Cu(II) complexes of salicy-laldehyde 

benzoyl hydrazone, a synthetic chelating agent exhibiting diverse biological properties. InorganicaChimActa 1982;67:L25-7. 

[11]. Murphy TB, Johnson DK, Rose NJ, Aruffo A, Schomaker V. Structural studies of iron(III) complexes of the new iron-binding drug 
pyridoxalisonicotinoylhydrazone. InorgChimActa 1982;66:L67-8. 

[12]. Baker E, Vitolo ML, Webb JM. Iron chelation by pyridoxalisonicotinoylhydrazone and analogues in hepatocytes in culture. 

BiochemPharmacol 1985;34:3011-7.  
[13]. Baker E, Richardson DR, Gross S, Ponka P. Evaluation of the iron chelation potential of pyridoxal, salicylaldehyde and 2-hydroxy-

l-naphthylaldehyde using the hepatocyte in culture. Hepatology 1992;15:492-501. 

[14]. Richardson DR, Baker E. The release of iron and transferrin from the human melanoma cell. BiochimBiophysActa 1991;1091:294-
302. 

[15]. Schmidt RF, Thews G. Human physiology. New York: Springer-Verlag, 1983. 

[16]. Schulman, H.M. ; Hermes-Lima, M. ; Wang, E.M. and Ponka, P. (1995) : In vitro antioxidant properties of the iron 

chelatorpyridoxalisonicotinoylhydrazone (PIH) and some of its analogs. Redox Report, 1 : 373 – 378. 

[17]. Hermes-Lima, M. ; Nagy, E. ; Ponka, P. and Schulman, H.M. (1998) : The iron chelator  protects plasmid PUC-18 DNA against 

OH˙-mediated strand breaks. Free Rad. Biol. Med., 25 (8) : 875 – 880. 
[18]. Hermes-Lima, M. ; Santos, N.C.F. ; Yan, J. ; Andrews, M. ; Schulman, H.M. and Ponka, P. (1999) : EPR spin trapping and 2- 

deoxyribose degradation studies of the effect of  pyridoxalisonicotinoylhydrazone (PIH) on OH˙ formation by the Fenton reaction. 

Biochim. Biophys. Acta, 1426 : 475 – 482. 
[19]. Hermes-Lima, M. ; Ponka, P. and Schulman, H.M. (2000) : The iron chelatorpyridoxalisonicotinoylhydrazone (PIH) and its 

analogues prevent damage to 2-deoxyribose mediated by ferric iron plus ascorbate. Biochim. Biophys. Acta, 1523 : 154 -160. 

[20]. Hoy, T.; Humphrys, J.; Jacobs, A.; Williams, A. and Ponka, P. (1979). Effective iron chelation following oral administration of an 
ionized - pyridoxalhydrazone. Br. J. Haematol., 43: 443 – 449. 

[21]. Johnson, D.K.; Pippard, M.J.; Murphy, T.B. and Rose, N.J. (1982). An in vivo evaluation of iron – chelating drugs derived from 

pyridoxal and its analogs. J. Pharmacol. Exp. Ther., 221 (2): 399 – 403. 
[22]. Reitman, S; Frankel, S (1957). Glutamic – pyruvate transaminase assay by colorimetric method. Am.J. Clin. Path 28: 56. 

[23]. Baker, M.A. ; Cerniglia, G.J. and Zaman, A. (1990) : Microtiter plate assay for the measurement of glutathione and glutathione 

disulfide in large numbers of biological samples. Anal. Biochem., 190 : 360 – 365. 
[24]. Aebi H. : Assay of catalase, In "Methods in Enzymology" ed. by L. Packer, (Academic Press, New York) 105: 121-27 (1974). 

[25]. Oyanagui, Y. (1984) : Evaluation of assay methods and establishment of kit for superoxide dismutase. Anal. Biochem., 142 : 290 - 

296. 
[26]. Ohkawa, H. ; Ohishi, N. and Yagi, K. (1979) : Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal. 

Biochem., 95 : 351 – 358. 

[27]. Esterbauer, H., K.H. Cheeseman, M.U. Dianzani, G. Poli and T.F. Slater, 1982. Separation and characterization of the aldehydic 
products of lipid peroxidation stimulated by ADP-Fe2+ in rat liver microsomes. Biochem. J., 208: 129-140. 

[28]. Montgomery, H.A.C. and J.E. Dymock, 1961. Determination of nitrite in water. Analyst, 86: 414-416. 
[29]. Gross, R.T., R. Bracci, N. Rudolph, E. Schroeder and J.A. Kochen, 1967. Hydrogen peroxide toxicity and detoxification in the 

erythrocytes of newborn infants. Blood, 29: 481-493. 

[30]. Schosinsky K.H., Lehmann H.P., Beeler M.F., 1974. Measurement of ceruloplasmin from its oxidase activity in serum by use of o-
dianisidinedihydrochloride. Clin. Chem., 20, 1556-1563. 

[31]. Duncan, D.B. (1955): "Multiple ranges and multiple F-test Biometric." 11:1 – 42. 

[32]. Snedecor, G.W. and Cochran, W.G. (1982): "Statistical Methods" 7th Ed. Iowa State University Press. Am., Iowa, USA. 
[33]. Reddy, A.C.P. and B.R. Lokesh, 1996. Effect of curcumin and eugenol on iron-induced hepatic toxicity in rats. Toxicology, 107: 

39-45. 



Evaluating The Effect Of PIH On Rats-Liver Overloaded With Iron 

DOI: 10.9790/3008-1106067382                                      www.iosrjournals.org                                        81 | Page 

[34]. Asare, G.A., K.S. Mossanda, M.C. Kew, A.C. Paterson, C.P. Kahler-Venter and K. Siziba, 2006. Hepatocellular carcinoma caused 

by iron overload: A possible mechanism of direct hepatocarcinogenicity. Toxicology, 219: 41-52. 

[35]. Abel, S. and W.C. Gelderblom, 1998. Oxidative damage and fumonisin B1-induced toxicity in primary rat hepatocytes and rat liver 
in vivo. Toxicology, 131: 121-131. 

[36]. Arezzini, B., B. Lunghi, G. Lungarella and C. Gardi, 2003. Iron overload enhances the development of experimental liver cirrhosis 

in mice. Int. J. Biochem. Cell Biol., 35: 486-495. 
[37]. Zhao, Y., H. Li, Z. Gao and H. Xu, 2005. Effects of dietary baicalin supplementation on iron overload-induced mouse liver 

oxidative injury. Eur. J. Pharmacol., 509: 195-200. 

[38]. M. A. Ibrahim, A. Salah-Eldin, and A. Yassin, Efficiency of PIH as an iron chelator on the alteration of haematological aspects in 
rats suffering from iron overload, International Journal of Advance Research and Innovative Ideas, 1 (5),  2015, 261-272. 

[39]. Asare, G.A., K.S. Mossanda, M.C. Kew, A.C. Paterson, C.P. Kahler-Venter and K. Siziba, 2006. Hepatocellular carcinoma caused 

by iron overload: A possible mechanism of direct hepatocarcinogenicity. Toxicology, 219: 41-52. 
[40]. Peng An, Hao Wang, Qian Wu, XinGuo, Aimin Wu, Zhou Zhang, Di Zhang, XiaochenXu, Qianyun Mao, XiaoyunShen, Lihong 

Zhang, ZhiqiXiong, Lin He, Yun Liu, Junxia Min, Daizhan Zhou and FudiWangc,  Elevated serum transaminase activities were 

associated with increased serum levels of iron regulatory hormone hepcidin and hyperferritinemia risk, Sci Rep. 2015; 5: 13106. 
[41]. Mahmoud, A.M., 2012. Influence of rutin on biochemical alterations in hyperammonemia in rats. Exp. Toxicol. Pathol., 64: 783-

789. 

[42]. Jungst, C., B. Cheng, R. Gehrke, V. Schmitz and H. Dieter et al., 2004. Oxidative damage is increased in human liver tissue 
adjacent to hepatocellular carcinoma. Hepatology, 39: 1663-1672. 

[43]. Richardson D.R., and Ponka P. Pyridoxalisonicotinoylhydrazone and its analogs: potential orally effective iron-chelating agents for 

the treatment of iron overload disease. J Lab Clin Med. 1998 Apr;131(4):306-15. 
[44]. Maiko Hayashi, Hideo Fukuhara, Keiji Inoue, Taro Shuin, YuichiroHagiya, Motowo Nakajima, Tohru Tanaka, Shun-ichiro Ogura, 

The Effect of Iron Ion on the Specificity of Photodynamic Therapy with 5-Aminolevulinic Acid, (2015), PLoS ONE 10(3): 

e0122351. 
[45]. Hermes-Lima M, Ponka P, Schulman HM. The iron chelatorpyridoxalisonicotinoylhydrazone (PIH) and its analogues prevent 

damage to 2-deoxyribose mediated by ferric iron plus ascorbate. BiochimBiophysActa. 2000 Oct 18;1523(2-3):154-60. 

[46]. Maurício AQ, Lopes GK, Gomes CS, Oliveira RG, Alonso A, Hermes-Lima M. Pyridoxalisonicotinoylhydrazone inhibits iron-
induced ascorbate oxidation and ascorbyl radical formation. BiochimBiophysActa. 2003 Mar 17;1620(1-3):15-24. 

[47]. Buss JL, Neuzil J, Ponka P. Oxidative stress mediates toxicity of pyridoxalisonicotinoylhydrazone analogs. Arch BiochemBiophys. 

2004 Jan 1;421(1):1-9. 
[48]. Kokoszko, A., J.D. Browski, A. Lewin and M. Karbownik-Lewin, 2008. Protective effects of GH and IGF-I against iron-induced 

lipid peroxidation in vivo. Exp. Toxicol. Pathol., 60: 453-458. 

[49]. Nahdi, A., I. Hammami, C. Brasse-Lagnel, N. Pilard, M.H. Hamdaoui, C. Beaumont and M. El May, 2010. Influence of garlic or its 
main active component diallyl disulfide on iron bioavailability and toxicity. Nutr. Res., 30: 85-95. 

[50]. Arjumand, W., A. Seth and S. Sultana, 2011. Rutin attenuates cisplatin induced renal inflammation and apoptosis by reducing 

NFκB, TNF-α and caspase-3 expression in Wistar rats. Food Chem. Toxicol., 49: 2013-2021. 
[51]. Yang, J., J. Guo and J. Yuan, 2008. In vitro antioxidant properties of rutin. LWT- Food Sci. Technol., 41: 1060-1066. 

[52]. Esterbauer, H., R.J. Schaur and H. Zollner, 1991. Chemistry and biochemistry of 4-hydroxynonenal, malonaldehyde and related 
aldehydes. Free Radic. Biol. Med., 11: 81-128. 

[53]. Guichardant, M., P. Taibi-Tronche, L.B. Fay and M. Lagarde, 1998. Covalent modifications of aminophospholipids by 4-

hydroxynonenal. Free Radical Biol. Med., 25: 1049-1056. 
[54]. Valerio Jr., L.G. and D.R. Petersen, 1998. Formation of liver microsomal MDA-protein adducts in mice with chronic dietary iron 

overload. Toxicol. Lett., 98: 31-39. 

[55]. J. L. Buss, J. Neuzil and P. Ponka, The role of oxidative stress in the toxicity of pyridoxalisonicotinoylhydrazone (PIH) analogues, 
Biochemical Society Transactions (2002) Volume 30, part 4. 

[56]. Santos, N.C., Castilho, R.F., Meinicke, A.R. and Hermes-Lima, M., The iron chelatorpyridoxalisonicotinoyl hydrazine inhibits 

mitochondrial lipid peroxidation induced by Fe (II) citrate, European Journal of Pharmacology 428 (2001) 37-44. 
[57]. Schulman H, Hermes-Lima M, Wang Em, Ponka P: In vitro antioxidant properties of the chelatorspyridoxalisonicotinoylhydrazone 

and some of its analogs. Redox Report 1: 373-378, 1995. 

[58]. Poli, G., G. Leonarduzzi, F. Biasi and E. Chiarpotto, 2004. Oxidative stress and cell signalling. Curr. Med. Chem., 11: 1163-1182. 
[59]. Pietrangelo, A., 2003. Iron-induced oxidant stress in alcoholic liver fibrogenesis. Alcohol, 30: 121-129. 

[60]. Jagetia, G.C. and T.K. Reddy, 2011. Alleviation of iron induced oxidative stress by the grape fruit flavanonenaringin in vitro. 

Chemico-Biol. Interact., 190: 121-128. 
[61]. Morimoto, T., Y. Sunagawa, T. Kawamura, T. Takaya and H. Wada et al., 2008. The dietary compound curcumin inhibits p300 

histone acetyltransferase activity and prevents heart failure in rats. J. Clin. Invest., 118: 868-878. 

[62]. Schafer, F.Q. and G.R. Buettner, 2001. Redox environment of the cell as viewed through the redox state of the glutathione 
disulfide/glutathione couple. Free Radical Biol. Med., 30: 1191-1212. 

[63]. Kaur, D., D. Lee, S. Ragapolan and J.K. Andersen, 2009. Glutathione depletion in immortalized Midbrain-derived dopaminergic 

neurons results in increases in the labile iron pool: Implications for Parkinson's disease. Free Radical Biol. Med., 46: 593-598. 
[64]. Tapryal, N., C. Mukhopadhyay, M.K. Mishra, D. Das, S. Biswas and C.K. Mukhopadhyay, 2010. Glutathione synthesis inhibitor 

butathionesulfoximine regulates ceruloplasmin by dual but opposite mechanism: Implication in hepatic iron overload. Free Radical 

Biol. Med., 48: 1492-1500. 
[65]. Buss  JL,  Arduini  E,  and  Ponka  P (2002a):  Mobilization  of  intracellular  iron by  analogs  of  pyridoxalisonicotinoylhydrazone  

(PIH)  is  determined  by  the membrane  permeability  of  the  ironchelator  complexes.  BiochemPharmacol 64: 1689-1701. 

[66]. Brittenham, G. M. 1990. Pyridoxalisonicotinoylhydrazone (PIH): effective iron chelation after oral administration. Ann. N. Y. 
Acad. Sci. 612:315-326. 

[67]. Angelo Q Maurício, Pyridoxalisonicotinoylhydrazone inhibits iron-induced ascorbate oxidation and ascorbyl radical formation, 

Oxyradical Research Group, Departamento de BiologiaCelular, Universidade de Brasilia, Brazil BiochimBiophysActa 1620:15-24. 
2003. 

[68]. Dabbagh, A.J., T. Mannion, S.M. Lynch and B. Frei, 1994. The effect of iron overload on rat plasma and liver oxidant status in 

vivo. Biochem. J., 300: 799-803. 
[69]. Beckman KB, Ames BN. The free radical theory of aging matures. Physiol Res. 1998;78:547–81. 

[70]. Galleano, M. and S. Puntarulo, 1997. Dietary α-tocopherol supplementation on antioxidant defenses after in vivo iron overload in 

rats. Toxicology, 124: 73-81. 



Evaluating The Effect Of PIH On Rats-Liver Overloaded With Iron 

DOI: 10.9790/3008-1106067382                                      www.iosrjournals.org                                        82 | Page 

[71]. Valko, M., C.J. Rhodes, J. Moncol, M. Izakovic and M. Mazur, 2006. Free radicals, metals and antioxidants in oxidative stress-

induced cancer. Chem. Biol. Interact., 160: 1-40. 

[72]. Kim, Y.H., Y.W. Kim, Y.J. Oh, N.I. Back and S.A. Chung et al., 2006. Protective effect of the ethanol extract of the roots of 
Brassica rapaoncisplatin-induced nephrotoxicity in LLC-PK1 cells and rats. Biol. Pharm. Bull., 29: 2436-2441. 

[73]. Michiels, C., M. Raes, O. Toussaint and J. Remacle, 1994. Importance of Se-glutathione peroxidase, catalase and Cu/Zn-SOD for 

cell survival against oxidative stress. Free Radic. Biol. Med., 17: 235-248. 
[74]. Kalpravidh, R.W., N. Siritanaratkul, P. Insain, R. Charoensakdi and N. Panichkul et al., 2010. Improvement in oxidative stress and 

antioxidant parameters in β-thalassemia/Hb E patients treated with curcuminoids. Clin. Biochem., 43: 424-429. 

[75]. Formigari, A., P. Irato and A. Santon, 2007. Zinc, antioxidant systems and metallothionein in metal mediated-apoptosis: 
Biochemical and cytochemical aspects. Comp. Biochem. Physiol. C Toxicol. Pharmacol., 146: 443-459. 

[76]. Marcelo Hermes-Lima, Free Radicals and Oxidizing Agents in Biology, Functional Metabolism: Regulation and Adaptation, edited 

by Kenneth B. Storey.  ISBN 0-471-41090-X Copyright # 2004 John Wiley & Sons, Inc. 
[77]. Abuja, P. M., and Albertini, R. (2001). Methods for monitoring oxidative stress, lipid peroxidation and oxidation resistance of 

lipoproteins. ClinChimActa 306:1– 17. 

[78]. Lovejoy DB, Richardson DR. Iron chelators as anti-neoplastic agents: current developments and promise of the PIH class of 
chelators. Curr. Med. Chem. 2003;10:1035–1049. 

[79]. Simunek T, Klimtova I, Kaplanova J, et al. Study of daunorubicincardiotoxicity prevention with pyridoxalisonicotinoylhydrazone in 

rabbits. Pharmacol. Res. 2005;51:223–231. 
[80]. Park, J.H. and E. Park, 2011. Influence of iron-overload on DNA damage and its repair in human leukocytes in vitro. Mutat. Res. 

Genet. Toxicol. Environ. Mutagenesis, 718: 56-61. 

[81]. Heather C Hatcher, Ravi N Singh, Frank M Torti, and Suzy V Torti, Synthetic and natural iron chelators: therapeutic potential and 
clinical use, Future Med Chem. 2009 Dec; 1(9): 10.41-55. 

[82]. Osaki, S., and Johnson, D. A. (1969). Mobilization of liver iron by ferroxidase (ceruloplasmin). J. Biol. Chem. 244, 5757-5765.  

[83]. Osaki, S., Johnson, D. A., and Frieden, E. (1971). The mobilization of iron from the perfused mammalian liver by a serum copper 
enzyme, ferroxidase I. J. Biol. Chem. 246, 3018-3023. 

[84]. Richardson DR (1999) The role of ceruloplasmin and ascorbate in cellular iron release. J Lab Clin Med 134: 454-465 

[85]. N. C. Santos, R. F. Castilho, A. R. Meinicke, M. Hermes-Lima, The iron chelatorpyridoxalisonicotinoylhydrazone inhibits 
mitochondrial lipid peroxidation induced by Fe II –citrate, European Journal of Pharmacology 428 2001 37–44. 

[86]. Schulman, H.M. ; Hermes-Lima, M. ; Wang, E.M. and Ponka, P. (1995) : In vitro antioxidant properties of the iron 

chelatorpyridoxalisonicotinoylhydrazone (PIH) and some of its analogs. Redox Report, 1 : 373 – 378. 
[87]. Cornejo, P., G. Tapia, S. Puntarulo, M. Galleano, L.A. Videla and V. Fernandez, 2001. Iron-induced changes in nitric oxide and 

superoxide radical generation in rat liver after lindane or thyroid hormone treatment. Toxicol. Lett., 119: 87-93. 

[88]. Vadrot, N., A. Legrand, E. Nello, A.F. Bringuier, R. Guillot and G. Feldmann, 2006. Inducible Nitric Oxide Synthase (iNOS) 
activity could be responsible for resistance or sensitivity to IFN-γ-induced apoptosis in several human hepatoma cell lines. J. 

Interferon Cytokine Res., 26: 901-913. 

[89]. Alderton, W.K., C.E. Cooper and R.G. Knowles, 2001. Nitric oxide synthases: Structure, function and inhibition. Biochem. J., 357: 
593-615. 

[90]. Kleinert, H., A. Pautz, K. Linker and P.M. Schwarz, 2004. Regulation of the expression of inducible nitric oxide synthase. Eur. J. 
Pharmacol., 500: 255-266. 

[91]. Galleano, M., M. Simontacchi and S. Puntarulo, 2004. Nitric oxide and iron: Effect of iron overload on nitric oxide production in 

endotoxemia. Mol. Aspects Med., 25: 141-154. 
[92]. Kagan, V.E., A.V. Kozlov, Y.Y. Tyurina, A.A. Shvedova and J.C. Yalowich, 2001. Antioxidant mechanisms of nitric oxide against 

iron-catalyzed oxidative stress in cells. Antioxidants Redox Signal., 3: 189-202. 

[93]. Cornejo, P., P. Varela, L.A. Videla and V. Fernandez, 2005. Chronic iron overload enhances inducible nitric oxide synthase 
expression in rat liver. Nitric Oxide, 13: 54-61. 

[94]. Cornejo, P., V. Fernandez, M.T. Vial and L.A. Videla, 2007. Hepatoprotective role of nitric oxide in an experimental model of 

chronic iron overload. Nitric Oxide, 16: 143-149. 
[95]. Hentze MW, Kühn LC. Molecular control of vertebrate iron metabolism: mRNA-based regulatory circuits operated by iron, nitric 

oxide, and oxidative stress. ProcNatlAcadSci USA 1996;93:8175. 

[96]. Pantopoulos K, Weiss G, Hentze MW. Nitric oxide and oxidative stress (H2O2) control mammalian iron metabolism by different 
pathways. Mol Cell Biol 1996;16:3781. 

[97]. Darnell, G., and  Richardson D.R., The Potential of Iron Chelators of the PyridoxalIsonicotinoylHydrazone Class as Effective 

Antiproliferative Agents III: The Effect of the Ligands on Molecular Targets Involved in Proliferation, Blood 1999 94:781-792. 


