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Abstract
Objective:  By studying hydrogen peroxide induced apoptosis, this study aims to provide an understanding for the mechanism of various 
liver diseases and thus drug development. 
Methods:  Oxidative stress was experimentally induced in rats through daily oral administration of 1% hydrogen peroxide (H2O2) for 15 and 
30 days, leading to liver injury characterized by cell death of hepatocytes, particularly in the centrilobular region. 
Results:  This study aimed to investigate the role of apoptosis in the pathogenesis of H2O2-induced hepatic injury. Apoptotic hepatocytes 
and Kupffer cells were identified and quantified using light microcopy. Liver sections revealed characteristic apoptotic changes, including 
a honeycomb appearance, cellular shrinkage, nuclear condensation and fragmentation, apoptotic body formation and phagocytosis of 
apoptotic cells by neighboring cells. The number of apoptotic cells was positively correlated with the duration of H2O2 exposure (15 and 30 
days). Ultrastructural analysis showed liver injury marked by mitochondrial swelling, cristae lysis, fragmentation of the endoplasmic 
reticulum and disruption of cytoplasmic structures. Additionally, rats treated with H2O2 exhibited a significant reduction in hepatic 
glutathione (GSH) levels compared to control. 
Conclusion:  The findings of this study suggest that apoptosis plays a significant role in the pathological process underlying liver injury 
induced by oxidative stress mediated by H2O2.
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Introduction
Hydrogen peroxide (H2O2) and its reactive derivatives, such 
as hydroxyl radicals and superoxide anions, are key contrib-
utors to oxidative stress, driving lipid peroxidation, protein 
degradation and cell apoptosis.1,2 While reactive oxygen spe-
cies (ROS) are primarily known for inducing cellular 
damage, they also play critical roles in cell signaling, regu-
lating processes like proliferation and apoptosis through 
reversible protein modifications.3 Apoptosis or programmed 
cell death PCD, is essential for removing damaged or unnec-
essary cells, maintaining homeostasis, and reducing inflam-
mation.4–6 Triggers of apoptosis include developmental 
signals, oxidative stress, and cytokines.7,8 In liver disease, 
ROS are implicated in both cell death and tissue injury, 
though the mechanisms remain unclear. Apoptotic cell death 
is marked by cellular shrinkage and chromatin condensa-
tion, with organelles as mitochondria, lysosomes, and the 
endoplasmic reticulum involved in damage sensing and 
signal integration.9 Lysosomal enzymes, like cathepsins D 
and B, are translocated early in apoptosis preceding 
cytochrome C release and caspase activation, with caspase-3 
playing a central role in H2O2- induced apoptosis.10–12

The liver an ideal system for studying apoptosis, as its 
occurrence is typically rare under normal conditions but 
increases with exposure to hepatotoxic agents.13 This study 
investigated liver injury induced by daily oral administra-
tion of 1% H2O2 in rats, focusing on the role of apoptosis in 
hepatocyte damage. Apoptotic changes were examined 
using light and electron microscopy, with the goal of 
advancing knowledge on liver disease mechanisms as 
non-alcoholic fatty liver disease and hepatocellular carci-
noma, drug development, liver transplantation and regen-
erative medicine.

Materials and Methods
Animal subjects: twenty old male albino rats, 30 days old 
each, were obtained from College of Veterinary Medicine, 
University of Mosul. The animals were housed and bred and 
divided into 2 groups; group 1 served as the control group, 
while group 2 was treated with 1% hydrogen peroxide (H2O2) 
administered orally daily for 30 days.

Experimental procedure: at days 15 and 30 post- H2O2 
treatment, the animals were sacrificed under ether anesthesia. 
The livers of both control and treated animals were examined. 
Liver tissue was perfused via the portal vein with 1.5% glutar-
aldehyde in a 0.062 mol/L cacodylate buffer (pH 7.4) con-
taining 1% sucrose. Tissue blocks were further processed by 
immersion in 0.1 mol/L phosphate-buffered 1% osmium 
tetroxide (pH 7.4) for 2 hours, followed by dehydration and 
embedding in epoxy resin. Semi-thin sections (0.5 mm) were 
stained with toluidine blue for evaluation by light microscopy. 
Thin plastic sections were stained with 1% toluidine blue in 1% 
borax at 60o for 1–2 minutes, as described by Robert in 1978.11

Counting apoptotic cells: apoptotic cells were identified 
following the method outlined by Atroshi et al.13 Random 
areas of liver tissue were selected for cell counting, with the 
number of apoptotic cells counted per mm2 using an ocular 
lens with a standard square grid under oil immersion. The 
area of the grid was calculated using a stage micrometer, meas-
uring 0.0049 mm2. The total number of cells counted within 
this area was divided by the area of the square (0.0049 mm2) to 
estimate the number of apoptotic hepatocytes per mm2. 
Counting was performed in the centrilobular zone of the liver. 

Determination of glutathione (GSH) levels: glu-
tathione content in hepatocyte was assessed in-situ using 
perfused livers from rats treated with 1% H2O2 for 15 and 30 
days. Freshly isolated hepatocytes were harvested by 
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centrifugation at 2000g in a refrigerated centrifuge, then 
washed and suspended in phosphate- buffered saline (PBS). 
Cells were lysed through repeated freezing- thaw cycles. The 
levels of reduced (GSH) and oxidized glutathione (GSSG) 
were measured in the clear supernatant obtained after cen-
trifugation at 22000g for 15 minutes using high- perfor-
mance liquid chromatography.14,15

Statistical analysis: statistical analyses were performed using 
Student’s t-test for independent samples. A p-value of <0.05 
was considered statistically significant. Data are presented as 
mean ± standard deviation (SD).

Results
Glutathione content: Table 1 shows reduced liver tissue 
GSH levels 15- and 30-days post-1% H2O2 treatment. The 
GSH content decreased to 2.21 ± 0.010 mmoL/g and 2.01 ± 
0.02 mmoL/g, respectively, compared to the control group. 

Apoptotic and necrotic cells: Table 2 demonstrates an 
increase in apoptotic cell count after H2O2 administration. 
Apoptotic cell count rose to 87.25 ± 55.41 and 104.2 ± 52.33 at 
days 15, and 30 respectively. Necrotic cells also increased, with 
25.23 ± 41.02 and 27.52 ± 32.31 at day 15 and 30 respectively 

Microscopic lesions: at day 15 post- H2O2 administra-
tion, vacuolar degeneration of hepatocytes was observed, par-
ticularly in the midzonal region of the liver lobule. The 
hepatocytes displayed pale, foam-like cytoplasm and detach-
ment from adjacent cells giving a honeycomb appearance 
(Figure 1). 

By day 30, apoptotic foci formed a circular arrangement 
around the centrilobular zone, consisting of hepatocytes with 
nuclear fragmentation, chromatin condensation, and vacuolar 
changes (Figure 2 left). Cells exhibit shrunken morphology 
with fragmented nuclear remnants that were often phagocy-
tosed by adjacent cells. Figure 2 right is showing toluidine blue 
staining of apoptotic bodies.

Table 1.  Effect of oral administration of 1% H2O2 on tissue GSH 
of hepatocytes in rat liver

Samples
GSH (mmol/g wet tissue)

Day 15 post 1% H2O2 Day 30 post 1% H2O2

Control 3.32 ± 0.05 3.45 ± 0.04

H2O2 treated 2.21 ± 0.01 2.01 ± 0.02

-The value are given as a total glutathione intracellular GSH7GSSG.
-Value expressed as means ± SD significantly at P < 0.05. 
-No. of rats/group = 10.

Table 2.  Effect of oral administration of 1% H2O2 on number of 
apoptotic and necrotic hepatocytes

Types Control/mm2 H2O2 / mm2

Day 15 post 
1% H2O2 

Day 30 post 
1% H2O2

Day 15 post 
1% H2O2

Day 30 post 
1% H2O2

Apoptosis 10.4 ± 8.21 18.91 ± 
9.28

87.25 ± 
55.41

104.2 ± 5 
2.33

Necrosis 5.2 ± 1.2 7.3 ± 2.3 25.23 ± 
41.02

27.52 ± 
32.31

-Values expressed as means SD significantly at P < 0.05. No. of rats/group = 10.

Fig. 1  Left: light micrograph of rat liver section treated with 1% 
H2O2, showed vacillation of cytoplasm (arrow). Right: (a) cells 

losing their contact (b) honeycomb-shape. (H & E). 1000X.

Fig. 2  Plastic section of liver rat treated with 1% H2O2, showing 
Left: (a) apoptotic hepatocytes, (b) blebbing of plasma mem-
brane, (c) shrinkage, condensation of nuclear chromatin. I.E.  

Resin. 1000X. Right: apoptotic bodies in centrilobular area 
(arrow). T.B. Resin. 1000X. T.B. toluidine blue.

Other toluidine blue-stained semi-thin sections further 
revealed apoptotic hepatocytes, and nuclear remnants, accom-
panied by cytoplasmic hyper eosinophilia and nuclear hyper-
trophy (Figure 3). 

Additionally, Kupffer cells became hypertrophic with 
irregular plasma membranes, suggestive of apoptosis, while 
lipid- laden Ito cells were distended (Figure 4).

Ultrastructural changes: ultrastructural analysis of liver 
sections revealed significant mitochondrial rarefaction and 
lysis of cristae, with moderate swelling. Fragmentation and 
lysis of the endoplasmic reticulum, cytoplasmic disruption, 
and cell membrane blebbing were evident. Space between the 
nuclear membrane and nuclear material was occasionally 
noted (Figure 5).

Results of this study also showed some areas of necrosis 
characterized by pyknosis, fragmentation of nuclei (karyor-
rhexis) in addition to some hepatocyte vacuolation, acido-
philic changes associated with infiltration of mononuclear 
inflammatory cells.

Discussion
Both necrosis and apoptosis can be triggered by various drugs 
and toxins.16,17 This study aimed to investigate the role of apop-
tosis in hydrogen peroxide (H2O2)- induced liver injury. Our 
findings provide clear evidence of apoptosis in hepatocytes 
within the necrotic (midzonal) zone of the liver, marking the 
first time this process has been confirmed in H2O2-induced 
liver damage. The identification of apoptosis was based on 
morphological changes observed through both light and elec-
tron microscopy, including cell shrinkage, chromatin conden-
sation, apoptotic body formation, and phagocytosis by 
neighboring cells, which aligns with findings of Hockenberry’s 
and Azizova’s.18,19 These features are distinct from other forms 
of cell death and suggest that apoptosis plays a significant role 
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phosphatidylserine on the cell surface, marking the cell for 
phagocytosis21 The loss of cell-to-cell contact, as cells detached 
and became rounded, marked the progression of the pro-
grammed cell death. Apoptotic cells were also found in the 
sinusoidal lumen, similar to findings in sodium fluoride and 
lead nitrate exposures.21,22 ROS generated during oxidative 
stress are known to cause various types of cellular injury, 
including hepatocyte damage.23 Caspase activation, a central 
element in apoptosis, can be triggered by both cell surface and 
intracellular sensors, with mitochondrial damage acting as a 
key signal amplifier,24 non-caspase protease such as cathep-
sins, calpains, and the proteosome complex also play crucial 
role and mediating apoptosis. Cathepsins are thought to pro-
mote apoptosis by cleaving cytosolic substrates, such as 
caspases, or by directly damaging the nucleus and mitochon-
drial or lysosomal membranes, leading to the release of. 
Pro-apoptotic factors.25–28 On the other hand, apoptotic cell 
counts showed substantial hepatocyte loss, affecting up to half 
of the liver lobule through both apoptosis and necrosis (table 2). 
Apoptosis is considered to be more efficient in removing dam-
aged cells, minimizing the release of inflammatory mediators 
that can cause further tissue damage.  After 15 days of H2O2 
administration, apoptotic cells were sporadic, while focal 
apoptosis in Apoptotic cells were found sporadically 
throughout the lobule at 15 days post- H2O2 administration, 
while focal apoptosis became more pronounced in the centri-
lobular area after 30 days, suggesting a time-dependent effect. 
Under oxidative stress, as seen in this study, hepatocytes expe-
rience a depletion of GSH which plays a key role in main-
taining redox balance. When cells are deprived of GSH, they 
are more susceptible to oxidative stress and less capable of 
neutralizing ROS produced by cellular mechanism.29,30 Pro-
longed GSH depletion promotes apoptosis, while short-term 
depletion can have varied effect.31,32 Additionally, Kupffer cells 
may contribute to mitochondrial damage, further influencing 
hepatocyte apoptosis.33 

Conclusion
Overall, apoptotic pathways in hepatocytes involve a complex 
series of molecular and biochemical events that result in the 
orderly disintegration of the cell. These characteristic changes, 
detectable by microscopy and cytometry, serve as essential 
markers for identifying apoptosis.
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