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Mechanisms of Protection With Melatonin By Hepatic Heme-Oxygenase-1 Activation 
In Burn
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Abstract
Background: Melatonin, the principal secretory product of the pineal gland, functions as a potent antioxidant and 
free radical scavenger. Additionally, the antiapoptotic effect of melatonin has been observed. Several studies show that 
heme-oxygenase-1 (HO-1) possesses antiapoptotic action and prevents hepatic damages. Recent studies indicate that 
heme-oxygenase-1(HO-1) inhibits apoptosis and exert hepatoprotective effect.

The aim: of this experimental study was to investigate the protective effects of melatonin against burn-induced 
apoptotic injury and the association between the oxidative stress and the changed expression of hepatic HO-1 in burn 
rat model. 

Material and method: Melatonin was applied immediately after the burn. The expression of hepatic 4-hydroxynonenal 
(4-HNE), as marker of liver peroxidative injury, hepatic HO-1, marker of antioxidant defense and apoptosis-related 
genes Bcl-2 and Bax was evaluated using light immunоhistochemistry.

Results: Burns caused an increased expression of HO-1, 4-HNE, Bax and Bax/Bcl-2 ratio and induced apoptosis of 
sinusoidal endothelial cells (SECs) in liver tissue. Melatonin treatment augmented the increase in HO-1 expression, 
decreased both burn-induced peroxidative damage and hepatic apoptosis as evidenced by reduced expression of Bax, 
enhanced expression of Bcl-2.

Conclusion: Our present data suggest that melatonin suppresses burn-induced liver injury through HO-1 activation, 
attenuation of lipid peroxidation and modification of Bax/Bcl-2 ratio.
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Introduction
Excessive and sustained increases in oxidative stress and apoptosis 
have been implicated in the pathogenesis of pathological damage 
in many organs, including organs in the splanchnic area. Literature 
data shows that thermal trauma induces system apoptotic response 
[1]. Pathophysiological mechanisms of apoptosis in hepatic injury 
have not been fully clarified yet. Possible mechanisms of cell death 
are hypoperfusion, ischemia and subsequent reperfusion, increased 
production of proinflammatory cytokines and free radicals [2-4]. It 
has been reported that oxidative injury mediated by 4-hydroxynonenal 
(4-HNE), a lipid peroxidation product, may lead to changes in 
expression of Bcl-2 proteins known as markers of apoptosis [5]. 
There is insufficient information on the role of oxidative stress in the 
development of the apoptotic process induced by thermal trauma in 
the cells of the liver and other organs. There is evidence that SECs 

are the initial targets in ischemia/reperfusion injury. Recently, it has 
been reported that in comparison with hepatocytes, SECs are more 
sensitive to burn-induced injury via an apoptotic pathway involving 
production of antiapoptotic proteins.

Heme-oxygenase-1 (HO-1) is an enzyme with antioxidant, 
antiinflammatory and antiapoptotic properties. Its expression is 
induced under oxidative stress conditions such as hypoxia, ischemia 
and exposure to proinflammatory cytokines which facilitate the 
generation of reactive oxygen species (ROS) [6-7] and it is involved 
in the protection of several cell types. Several studies suggest 
that HO-1 prevents hepatic damages [8-10]. HO-1 provides both 
antioxidant and antiapoptotic properties may be due to its products 
of biliverdin/bilirubin (BV/BR), iron and carbon oxide (CO). CO 
increases Bcl-2 expression and prevents cytochrome-C (Cyt-c) 
release and activation of caspases [11]. However, very little is 
known about the effect of HO-1 in burn-induced hepatic apoptotic 
injury. Inhibition of SEC apoptosis seems to be a rational therapeutic 
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strategy to reduce the risk of liver injury after burns.

Melatonin (N-acetyl-5-methoxytryptamine) is an indole amine 
endogenously produced in the pineal gland and and extrapineal 
tissues, liver including [12]. Melatonin exerts a wide variety of 
biologic effects such as sedative, anxiolytic, and antinociceptive. It is 
а powerful antioxidant and scavenger and possesses antiinflammatory 
and antiapoptotic properties [13]. Melatonin exerts a protective effect 
on liver in other experimental models including ischemia/reperfusion, 
hemorrhagic shock and various hepatotoxic agents such as endotoxin 
and this protection is mediated through HO-1 induction [14]. Melatonin 
is an important antiapoptotic agent in various tissues by modulating 
expression of antioxidants and decreasing proapoptotic proteins such 
as Bax [15]. According to a previous study, melatonin protects mice 
from lipopolysaccharide/D-galactosamine-induced apoptotic liver 
damage [16]. In addition, pretreatment with melatonin prevents from 
ischemia/reperfusion-induced hepatic necrosis and apoptosis [15]. 
Although experimental and clinical studies have shown that melatonin 
suppresses apoptosis in liver [17-18] we failed to find any data about 
a possible protective effect of melatonin on burn-induced hepatic 
damage by activation of antioxidant enzyme HO-1. 

The aim of this experimental study was to investigate the protective 
effects of melatonin against liver injury and the association between 
the oxidative stress and the changed expression of HO-1 in burn 
rat model.

Material and Methods
Animals
The experimental procedure was approved by the Home Office for 
Care and Use of Laboratory Animals and performed with a strong 
consideration for ethics of animal experimentation. Age-matched 
male rats weighing between 220 and 250 g fasted for 12 h were 
allowed free access to water before injury. Animals were housed in 
a 20oC and offered rat chow and water ad libitum. They were kept 
in dark : light cycles (DL = 12:12 h) in individual wire-bottomed 
cages. Thus, lights were turned off at 8:00 p.m. and turned on at 
8:00 a.m. for achieving satisfactory photoperiod.

Thermal injury and melatonin treatment
After light ether inhalation, general anesthesia was performed using 
thiopental (30 mg/kg i.p.). In order to accomplish 30% of third 
degree burn hot boiling water (90oC) was applied on the back of 
the animals during a period of 10 sec. For those rats which were 
subjected to burn injury 4 mL of physiological saline was applied 
i.p. for immediate resuscitation following burn injury. No animals 
died within the first 24 h of post-burn period. Twenty-four male 
Wistar rats were divided into three equal (n=8) groups: 1. control 
- non-burned, non-treated group (C); 2. burned, non treated (B). 3. 
treated with melatonin (10 ml/kg(-1) b.w.) burned group (B + M). 
All the animals were given buprenorphine (0.3 mg /kg i.p. b.w.) 
twice daily for pain control post burn. They were re-anesthetized 
with thiopental and sacrificed 24 h after burns as liver was sampled.

Immunohistochemical Examination for 4-HNE, HO-1, Bcl-2 and Bax
Rat liver specimens were fixed in 10% neutral buffered formalin 
and embedded in paraffin. The deparaffinized and dehydrated 
sections (5 μm thick) were treated with 1% hydrogen peroxide for 
peroxidase activity inhibition for 5 min. Then they were rinsed in 0.1 
M phosphate buffered saline (PBS) (pH 7.4) and treated in normal 
goat serum for 20 min. Subsequently, the sections were incubated with 

polyclonal primary antibody for 24 h at room temperature. Rabbit 
4-HNE antibody (Abcam, UK), rabbit anti-HO-1 antibody (Santa 
Cruz, USA) and rabbit Bcl-2 and Bax antibody (Santa Cruz, USA) 
were used. After rinsing with PBS the sections were incubated for 
20 min in goat anti-rabbit immunoglobulins at room temperature. 
Then they were rinsed in PBS again, treated with rabbit peroxidase-
anti-peroxidase complex for 20 min at room temperature and then 
rinsed in PBS. Finally, peroxidase activity was estimated by the 
diaminobenzydine-tetrachloride H2O2-method. 

Negative controls were incubated with non-immune sera instead 
of primary antibody. Morphometric method was used to assess 
quantitatively contents of 4-HNE, HO-1, Bcl-2 and Bax. Enzyme 
content was determined as: strong, score 3; moderate, score 2; 
weak, score1, and lacking, score 0 on the basis of the occurrence 
of immunodeposits [19]. 4-HNE, HO-1, Bcl-2 and Bax contents 
of liver were defined as the enzyme content of each cell was 
multiplied by their scoring factors and divided by total number of 
cells. Morphometric investigation was performed on 50 cells from 
each sample. 

Additionally a computer program Image J (Wayne Rasband) as a 
control method was used. From our point of view according to the 
purposes of the study the manual counting is appropriated. In the 
manual reading of the expression of a substance in microscopic slides 
we have the possibility not only for quantitative analysis (degree 
of intensity of the corresponding color), but qualitative analysis of 
the relevant color too. Qualitative analysis provides information 
about the expression of the substance in the cell ((including the 
cell structures - nuclueus, cytoplasm, etc.), the type of the cell 
(endothelial, hepatocytes) as well as outside the cell - extracellular 
space and concomitant changes in the microscopic structure, 
lacerations, apoptosis and others. This analysis avoids any errors 
reporting artifacts staining close to the test substance.

Statistics
Our data were log-transformed to satisfy the assumptions required to 
perform parametric tests and, therefore, presented as geometric mean 
and 95% confidence intervals of the mean. Orthogonal contrasts in 
ANOVA were used to statistically analyze the difference between 
any two specified groups.

Results
Melatonin ameliorates bur-induced liver injury
4-HNE expression was found in both sinusoidal endothelial cells 
(SEC) and hepatocytes in the control group (Fig.1).
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 The staining intensity of 4-HNE positive cells varied from weak to 
moderate. The mean 4-HNE content in the cells was 0,95 ± 0.095. In 
the burned group the number of 4-HNE positive cells was increased 
in SECs and mainly in hepatocytes around the central vein. The mean 
content was 2.87± 0.059. In the burned group reated with melatonin, 
induction of 4-HNE positive cells was principally in SEC and some 
hepatocytes around the central vein. The mean content in SECs and 
hepatocytes was 1, 46 ±0.089, which is lower (50%, p<0.001) than 
this of the burned non treated group.

Effects of melatonin on expression of hepatic HO-1 
HO-1 expression was found in SECs of the liver in the control 
group. The staining intensity of HO-1 positive cells was weak. 
The mean HO-1 content in the cells was 1.35±0.068 (Figure 2). In 
the burned non treated group, induction of HO-1 was principally 
in the sinusoidal endotelial cells (SECs). It was moderate to strong 
in the individually cells. Their mean content (2.83 ±0. 0.085) was 
significantly higher (51%, p<0.001) than this of the control rats. The 
number of HO-1 positive SEC in the liver is increased in burned 
treated with melatonin group, which contributes to an increase in the 
average content of HO-1 protein in the liver (2.53 ± 0.077), which is 
23% (p <0.001) higher than in the burned non trerated group (Fig.2).

Effects of melatonin on expression of Apoptosis-Related Bcl-2
The expression of Bcl-2 was detected in sinusoidal endothelial cells 
(SECs) in the control group (Figure 3). The mean Bcl-2 content in 
the cells was 1.36 ± 0.48 (Figure 3). In the burned group, Bcl-2 
expression remained low (1.54 ± 0.69) and did not show significant 
changes compared to controls. The expression Bcl-2 was increased 
in SECs of the burned group treated with melatonin (Figure 3). 

It was moderate to strong in sinusoidal endothelial cells and their 
mean content (2.22 ± 0.74) was significantly higher 63% (p < 0.001) 
than this of the controls.

Effects of melatonin on expression of Apoptosis-Related Bax 
The data showed that Вax expression was detected mainly in the 
SECs in the control group (Figure 4). The intensity of the immune 
reaction ranged from mild to moderate (1.46 ± 0.29) Bax expression 
in SECs was moderate to strong (2.34 ± 0.59) in the burned group 
and the number of positive cells was significantly higher by 60% 
(p < 0.01) compared to controls. The expression Bax was reduced 
by 62% (p < 0.01) in the burned group treated with melatonin 
maintaining the level close to the control values.

Discussion
Severe burn is associated with high oxidative stress which will trigger 
inflammatory response and apoptosis [1]. Excessive ROS production 
might eventually overwhelm antioxidant defenses and generate highly 
toxic lipid peroxides. Our results show that levels 4-HNE, a major 
aldehydic product of lipid peroxidation, significantly increase in the 
liver at 24 h after burns. 4-HNE causes modification of important 
biomolecules including proteins, DNA, and phospholipids containing 
amino group [20]. Accumulation of 4-HNE decreases glutathione 
(GSH) pools and antioxidant defense and may cause oxidative liver 
injury [21]. 4-HNE alters mitochondrial energy metabolism, protein 
mitochondrial function and apoptosis [22]. 

HO-1 is stress-responsible enzyme and plays an important role 
against oxidative stress [6-7]. Several studies have reported that 
HO-1 induction exerts protective effect against oxidative injury under 
pathological conditions such as ischemia/reperfusion, endotoxin, and 
hepatotoxins [14, 23-25] and is one of the most sensitive and reliable 
indicators of cellular oxidative stress [26]. Recent experimental 
evidence shows that HO-1-deficient cells and mice are susceptible 
to the accumulation of free radicals and to oxidative injury after 
endotoxin administration [27]. Our results show an increased 
expression of HO-1 protein in SECs and some hepatocytes in our 
experimental model. 

Melatonin treatment enhances the increase in the HO-1 activity 
in liver, reduces the levels of lipid peroxidation products, and 
attenuates liver histological changes. HO-1 is responsible for 
breakdown of heme to bilirubin, free iron and CO [7]. Bilirubin 
has antioxidant properties [6]. Free iron sequestration by ferritin 
lowers the prooxidant state of the cell [28]. These findings suggest 
that the protective mechanism of melatonin against burn-induced 
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liver injury might be closely associated with HO-1 overexpression 
and its increased cellular levels may improve the redox balance in 
the liver cells. It is quite possible that by this mechanism, melatonin 
modulates and stimulates redox-sensitive signaling pathways thus 
contributing to the increased antioxidant protection.

Oxidative stress is recognized as an important mechanism of 
apoptosis. ROS involvement is suggested in apoptosis of hepatocytes 
[29, 30] and endothelial cells [31].

The results of the present study demonstrate an increased expression 
of 4-HNE and a greater number of apoptotic hepatic cells. Several 
hypotheses have been published about the pro-apoptotic activity 
of 4-HNE as a marker of lipid peroxidation and oxidative stress: i) 
direct damage and mitDNA activation of the mitochondrial apoptotic 
pathway; ii) inhibition of mitochondrial proteins (channels) as 
adenine nucleotide translocase (ANT) due to SH-group oxidation, 
which increases the permeability of mitochondrial membrane Cyt-c 
release; iii) inhibition of antiapoptotic Bcl-2 proteins [5].

ROS overproduction might induce apoptosis by inducing Fas ligand 
to interact with Fas and forms a death-inducing signal complex 
(DISC) [32], activates caspases such as caspase-8 and caspase-3 to 
recruit hepatocytes to apoptosis [33].

In the present study, we observe significantly increased Bax protein 
levels in SECs at the periphery of the sinusoidal space in liver. Our 
data show that the increased levels of 4-HNE, a marker of lipid 
peroxidation and oxidative stress, is accompanied by elevation 
of proapoptotic Bax protein, however, there are no changes of 
antiapoptotic Bcl-2 protein of burn-treated animals when compared 
with the control group. The large number of Bax positively stained 
SECs and some hepatocytes and the increased Bax/Bcl-2 ratio might 
increase the susceptibility of these cells to apoptosis.

HO-1 regulates mitochondrial function by activating Bcl-2 and 
Bcl-xL, preventing Cyt-c release and activation of caspases [34]. 
Increased HO-1 expression augments Bad, inhibits Cyt-c release 
and enhances cell survival [35]. Collectively, the protective effect 
of HO-1 on oxidative damage-induced apoptosis may be mediated 
via both the extrinsic pathway and the intrinsic apoptosis signaling 
pathways. Both antioxidant and anti-apoptotic properties of HO-1 
could be due to its products of BV/BR, CO and iron. BV/BR protects 
against reactive oxygen species [36]. Iron induces ferritin, which 
in turn prevents lipid peroxidation [37]. HO-1 protects the cell 
against oxidant-induced cell death by regulating the intracellular 
redox active iron [28]. CO exhibits also antiinflammatory and 
antiapoptotic properties, which are mediated by activation of p38 
mitogen-activated protein kinase (p38 MAPK) signaling pathway 
[6]. The antiapoptotic effect of CO is involved in the inhibition 
of Fas/FasL expression. CO increases Bcl-2 expression, prevents 
Cyt-c release and apoptosis activation [11]. Clearly, further studies 
are still necessary to clarify how HO-1 affects these two apoptosis 
signaling pathways.

Our data show that melatonin significantly decreases Bax expression 
and increases Bcl-2 expression. We suggest that melatonin might 
modulate both Bax and Bcl-2 expression as well as Bax/Bcl-2 
ratio to protect rat hepatocytes from burn-induced apoptosis. The 
antiapoptotic effect of melatonin is associated with its antioxidant 
role because melatonin protects liver from oxidative stress by 

scavenging the hydroxyl radicals and inhibiting generation of the 
lipid peroxidation product 4-HNE.

Melatonin is a known powerful antioxidant and antiinflammatory 
agent. It exerts beneficial effects against mitochondrial dysfunction, 
the major source of ROS and reactive nitrogen species (RNS) [4, 
38, 39]. Melatonin prevents mitochondrial Bax translocation and 
the collapse of mitochondrial membrane potential [40]. It inhibits 
free radical-mediated mitochondrial-dependent hepatocyte apoptosis 
and liver damage induced during malarial infection [41] suggests 
that HO-1 induction by melatonin treatment attenuates apoptosis 
injury, which could be regarded as alleviation of lipid peroxidation 
and modulation of Bcl-2/Bax ratio in liver in burned rats.

In conclusion, our present data suggest that melatonin suppresses 
burn-induced apoptosis injury through HO-1activation, attenuation 
of lipid peroxidation and modification of Bax/Bcl-2 ratio.

Reference 
1. Gravante G, Delogu D, Sconocchia G (2007) “Systemic 

apoptotic response” after thermal burns. Apoptosis 12: 259-270.
2. Jeschke MG, Low JF, Spies M, Vita R, Hawkins HK, Herndon 

DN, et al. (2001) Cell proliferation, apoptosis, NF-kappa B 
expression, enzyme, protein, and weight changes in livers of 
burned rats. Am. J. Physiol. Gastrointest. Liver Physiol 280: 
G1314-1320.

3. Vemula M, Berthiaume F, Jayaraman A, Yarmush ML (2004) 
Expression profiling analysis of the metabolic and inflammatory 
changes following burn injury in rats. Physiol. Genomics 18: 
87-98.

4. Radogna F, Diederich M, Ghibelli L (2010) Melatonin: 
a pleiotropic molecule regulating inflammation. Biochem. 
Pharmacol 80: 1844-1852.

5. Vieira HL, Belzacq AS, Haouzi D, Bernassola F, Cohen I, 
Jacotot E, et al. (2001) The adenine nucleotide translocator: 
a target of nitric oxide, peroxynitrite, and 4-hydroxynonenal. 
Oncogene 20: 4305-4316. 

6. Otterbein LE (2000) Choi AM Heme oxygenase: colors of 
defense against cellular stress. Am. J. Physiol. Lung Cell. Mol. 
Physiol 279: L1029-L1037.

7. Ryter SW, Otterbein LE, Morse D, Choi AM (2002) Heme 
oxygenase/carbon monoxide signaling pathways: regulation and 
functional significance. Mol. Cell. Biochem 234-235, 249-263.

8. Jung KH, Hong SW, Zheng HM, Lee DH, Hong SS (2009) 
Melatonin down regulates nuclear erythroid 2-related factor 2 
and nuclear factor-kappa B during prevention of oxidative liver 
injury in a dimethylnitrosamine model. J Pineal Res 47: 173-183.

9. Crespo I, Miguel BS, Laliena A, Alvarez M, Culebras JM, 
González-Gallego J, et al. (2010) Melatonin prevents the 
decreased activity of antioxidant enzymes and activates nuclear 
erythroid 2-related factor 2 signaling in an animal model of 
fulminant hepatic failure of viral origin. J. Pineal Res 49: 
193-200. 

10. Li Volti G, Sacerdoti D, Di Giacomo C, Barcellona ML, Scacco 
A, Murabito P, et al. (2008) Natural heme oxygenase-1 inducers 
in hepatobiliary function. World J. Gastroenterol., 14: 6122-
6132. 

11. Nakao A, Kimizuka K, Stolz DB, Seda Neto J, Kaizu T, Choi 
AM, et al. (2003) Murase N.Protective effect of carbon monoxide 
inhalation for cold-preserved small intestinal grafts. Surgery 
134: 285-292. 



Volume 2 | Issue 1 | 5 of 5J Clin Exp Immunol, 2017

12. Reiter RJ, Paredes SD, Manchester LC, Tan DX (2009) Reducing 
oxidative/nitrosative stress: a newly-discovered genre for 
melatonin. Crit. Rev. Biochem. Mol. Biol 44: 175-200.

13. Allegra M, Reiter RJ, Tan DX, Gentile C, Tesoriere L, Livrea 
MA (2003) The chemistry of melatonin’s interaction with 
reactive species. J. Pineal. Res 34: 1–10.

14. Park SW, Choi SM, Lee SM (2007) Effect of melatonin on altered 
expression of vasoregulatory genes during hepaticischemia/
reperfusion. Arch. Pharm. Res 30: 1619-1624. 

15. Kim SH, Lee SM (2008) Cytoprotective effects of melatonin 
against necrosis and apoptosis induced by ischemia/reperfusion 
injury in rat liver. J. Pineal. Res 44: 165-171.

16. Wang H, Xu DX, Lv JW, Ning H, Wei W (2007) Melatonin 
attenuates lipopolysaccharide (LPS)-induced apoptotic liver damage 
in D-galactosamine-sensitized mice. Toxicology 237: 49-57.

17. Ohta YM, Kongo M, Sasaki E, Nishda K, Ishiguro I (2000) 
Therapeutic effectof melatonin on carbon tetrachloride-induced 
acute liver injury in rats. J. Pineal Res 28: 119-126.

18. Oz E, Ilhan MN (2006) Effects of melatonin in reducing the 
toxic effects of dox-orubicin. Mol. Cell. Biochem 286: 11-15.

19. Tzaneva M (2001) Electron microscopic immunohistochemical 
investigation of chromogranin A in endocrine cells in human 
oxyntic gastric mucosa. Acta histochem 103: 179-194.

20. Niki E (2009) Lipid peroxidation: physiological levels and dual 
biological effects. Free Radic. Biol. Med 47: 469-484. 

21. Arashiki N, Otsuka Y, Ito D, Yang M, Komatsu T, Sato K, et 
al. (2010) The covalent modification of spectrin in red cell 
membranes by the lipid peroxidation product 4-hydroxy-2-
nonenal. Biochem. Biophys. Res. Commun 391: 1543-1547. 

22. Roede JR, Jones DP (2010) Reactive species and mitochondrial 
dysfunction: mechanistic significance of 4-hydroxynonenal. 
Environ Mol. Mutagen 51: 380-390. 

23. Lee CH, Kim SH, Lee SM (2008) Effect of pyrrolidine 
dithiocarbamate on hepatic vascular stress gene expression 
during ischemia and reperfusion. Eur. J. Pharmacol 595: 100-
107.

24. Sun BW, Sun Y, Sun ZW, Chen X (2008) CO liberated from 
CORM-2 modulates the inflammatory response in the liver of 
thermally injured mice. World J. Gastroenterol 14: 547-553.

25. Ashino T, Sugiuchi J, Uehara J, Naito-Yamamoto Y, Kenmotsu 
S, Iwakura Y, et al. (2011) Auranofin protects against cocaine-
induced hepatic injury through induction of heme oxygenase-1. 
J Toxicol Sci 36: 635-643.

26. Uc A, Zhu X, Wagner BA, Buettner GR, Berg DJ (2012) Heme 
oxygenase-1 is protective against nonsteroidal antiinflammatory 
drug-induced gastric ulcers. J. Pediatr. Gastroenterol. Nutr 54: 
471-476.

27. Vile GF, Tyrrell RM (1993) Oxidative stress resulting from 
ultraviolet A irradiationof human skin fibroblasts leads to a 
heme oxygenase-dependent increase in ferritin. J Biol Chem 
268: 14678-14681.

28. Ferris CD, Jaffrey SR, Sawa A, Takahashi M, Brady SD, Barrow 
RK, et al. (1999) Haem oxygenase-1 prevents cell death by 
regulating cellular iron. Nat. Cell. Biol 1: 152-157.

29. Sarafian TA, Bredesen DE (1994) Is apoptosis mediated by 
reactive oxygen species? Free Radical Research 21: 1-8. 

30. Singh R, Czaja MJ (2007) Regulation of hepatocyte apoptosis 
by oxidative stress. J.of Gastroenterology and Hepatology 22: 
S45-S48.

31. Rauen U, Polzar B, Stephan H, Mannherz HG, de Groot H 
(1999) Cold-induced apoptosis in cultured hepatocytes and 

liver endothelial cells: Mediation by reactive oxygen species. 
FASEB Journal 13: 155-168.

32. Walsh CM, Luhrs KA, Arechiga AF (2003) The “fuzzy logic” 
of the death-inducing signaling complex in lymphocytes. J. 
Clin. Immunol 23: 333-353.

33. Morse D, Lin L, Choi AM, Ryter SW (2009) Heme oxygenase-1, 
a critical arbitrator of cell death pathways in lung injury and 
disease. Free Radic. Biol. Med 47: 1-12.

34. Di Noia MA, Van Driesche S, Palmieri F, Yang LM, Quan S, 
Goodman AI, et al. (2006) Heme oxygenase-1 enhances renal 
mitochondrial transport carriers andcytochrome C oxidase 
activity in experimental diabetes. J. Biol. Chem 281: 15687-
15693.

35. Olszanecki R, Rezzani R, Omura S, Stec DE, Rodella L, Botros 
FT, et al. (2007) Genetic suppression of HO-1 exacerbates renal 
damage: reversed by an increase in the antiapoptotic signaling 
pathway. Am. J. Physiol. Renal Physiol 292: F148-F157.

36. Sass G, Soares MC, Yamashita K (2003) Heme oxygenase-1 and 
its reaction product, carbon monoxide, prevent inflammation-
related apoptotic liver damage in mice. Hepatology 38: 909-918.

37. Orino K, Lehman L, Tsuji Y, Ayaki H, Torti SV, Torti FM 
(2001) Ferritin and the response to oxidative stress. Biochem. 
J 357: 241-247.

38. López A, García JA, Escames G, Venegas C, Ortiz F, López LC, 
et al. (2009) Melatonin protects the mitochondria from oxidative 
damage reducing oxygen consumption, membrane potential, 
and superoxide anion production. J. Pineal Res 46: 188-198.

39. Paradies G, Petrosillo G, Paradies V, Ruggiero FM (2010) 
Oxidative stress, mitochondrial bioenergetics, and cardiolipin 
in aging. Free Radic Biol Med 48: 1286-1295.

40. Maity P, Bindu S, Dey S, Goyal M, Alam A, Pal C, et al. (2009) 
Melatonin reduces indomethacin-induced gastric mucosal cell 
apoptosis bypreventing mitochondrial oxidative stress and the 
activation of mitochondrialpathway of apoptosis. J. Pineal Res 
46: 314-323.

41. Guha M, Maity P, Choubey V, Mitra K, Reiter RJ, Bandyopadhyay 
U (2007) Melatonin inhibits free radical-mediated mitochondrial-
dependent hepatocyte apoptosis and liver damage induced during 
malarial infection. J. Pineal Res 43: 372-381.

Copyright: ©2017 Ganka Bekyarova. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License, 
which permits unrestricted use, distribution, and reproduction in any 
medium, provided the original author and source are credited.


