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ABSTRACT

The cell constitutes the fundamental structural and functional 
unit of all tissues and organs in multicellular organisms. As a 
self-regulating biological system, it integrates a vast array of 
specific, metabolic, energetic, protective, and informational 
functions.

Cellular pathology, characterized by structural and functional 
disturbances, represents the foundational pathological 
process underlying human disease. This article provides 
a comprehensive overview of the core principles of cell 
damage, detailing the principal mechanisms of injury, 
including energy metabolism disruption, membrane and 
enzyme system damage, ion imbalance, genetic program 
dysregulation, and signaling pathway failures. The molecular 
pathways and morphological features of the main types of cell 
death—necrosis, apoptosis, autophagy, and senescence—are 
examined. Furthermore, the review explores the critical role of 
mitochondrial and lysosomal pathology, outlines fundamental 
cellular adaptation mechanisms, and discusses specific disease 
entities arising from organelle dysfunction, such as lysosomal 
storage disorders. Understanding these processes is essential 
for deciphering the pathogenesis of a wide spectrum of 
conditions, from ischemic injury and neurodegenerative 
diseases to cancer and inherited metabolic disorders.
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INTRODUCTION

The cell is the elementary living system, the structural and 
functional basis of organs and tissues in multicellular organisms. 
It possesses all the manifestations of life: metabolism, energy 
conversion, growth, reproduction, irritability, and adaptability. 
Its diverse functions encompass specific roles such as 
contraction in muscle cells and secretion in glandular cells, 
energy-converting processes like ATP synthesis, and protective 
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mechanisms including membrane barriers and antioxidant 
systems. Furthermore, cells perform reproductive, metabolic, 
informational, and transport functions. The lifespan of cells 
varies tremendously, from a few days for intestinal epithelial 
cells to many years for hepatocytes or even a lifetime for 
neurons and cardiomyocytes. Cell pathology is defined as a 
typical pathological process characterized by a violation of 
the structure and function of a cell, which can lead to its death 
or a reduction in its functional lifespan. Crucially, cell damage 
forms the basis of any pathology in a multicellular organism, 
and the study of these disturbances provides the key to 
understanding disease pathogenesis at the most fundamental 
level [1].

Mechanisms of Cell Damage

Cell injury results from the disruption of one or more essential 
homeostatic systems. The continuous and efficient production 

of adenosine triphosphate (ATP) is non-negotiable for cell 
survival. The primary site of ATP synthesis in most cells is the 
mitochondrion, where oxidative phosphorylation occurs [1-
3]. Energy formation can be disrupted by several mechanisms. 
Oxygen deficiency (hypoxia), whether local or systemic, 
is a primary cause [4-8]. The process can also be impaired 
by agents that uncouple oxidation from phosphorylation, 
such as certain protonophores, which dissipate the vital 
proton gradient without generating ATP. A lack of necessary 
substrates, inhibition of electron transport chain enzymes 
by toxins like cyanide, or increased permeability of the inner 
mitochondrial membrane—often caused by reactive oxygen 
species (ROS) or free fatty acids—also lead to failure [9]. 
Furthermore, genetic defects in mitochondrial components or 
inhibition of the ATP synthase enzyme itself can cripple energy 
production. These disruptions collectively underpin a group 
of hereditary or acquired disorders known as mitochondrial 
diseases (Figure 1 and 2).

The consequences of mitochondrial damage are severe and cascading.

Figure 1: Mitochondrial Components 

Figure 2: ATP-dependent Pumps
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Energy (ATP) deficiency leads directly to the failure of ATP-
dependent pumps, such as the Na+/K+-ATPase and Ca2+-
ATPase [6]. This pump failure results in the intracellular 
accumulation of sodium and calcium, causing cellular swelling 
(hyperhydration), acidosis, and impaired protein synthesis, 
ultimately progressing to hypoxic necrosis. Damaged 
mitochondria also become prolific producers of ROS, creating 
a vicious cycle of further mitochondrial and membrane 
damage [7]. Critically, mitochondrial dysfunction can activate 
the intrinsic apoptotic pathway through the release of 

cytochrome c into the cytoplasm [10-14]. A central mediator 
in this catastrophic cascade is calcium. Under energy-deficient 
conditions, cytosolic Ca2+ levels rise persistently due to pump 
failure and release from internal stores. This calcium overload 
acts as a potent cytotoxic agent, uncontrollably activating 
calcium-dependent catabolic enzymes: phospholipases 
that damage cellular membranes, proteases that degrade 
cytoskeletal and membrane proteins, and endonucleases that 
fragment DNA [5] (Figure 3).

Membranes define cellular compartments and are vital for selective permeability, signaling, and energy transduction.

Figure 3: Cellular Membranes

Their integrity can be compromised through various pathways. 
Oxidative stress, a state where ROS production exceeds 
antioxidant capacity, is a major cause [9,10]. The activation 
of hydrolases, such as calcium-activated phospholipases 
and proteases, directly attacks membrane integrity. The 
insertion of amphiphilic compounds like lysophospholipids 
destabilizes the lipid bilayer. Direct physical or chemical injury 

from extreme pH, detergents, or radiation, as well as immune-
mediated cytotoxicity from components like the complement 
membrane attack complex or perforin, also cause severe 
damage. Furthermore, the adsorption of polyelectrolytes or 
an impaired ability to resynthesize damaged components can 
lead to membrane failure (Figure 4).

Figure 4: Molecular organization of the plasma membrane
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Oxidative stress and the resulting lipid peroxidation (LPO) 
are central to membrane pathology. Reactive Oxygen and 
Nitrogen Species (ROS/RNS), including superoxide anion, 
hydroxyl radical, and hydrogen peroxide, are generated from 
multiple sources within the cell, such as mitochondrial electron 
leakage, NADPH oxidases, and the metabolism of xenobiotics. 
These reactive molecules initiate a free-radical chain reaction 
targeting polyunsaturated fatty acids in membranes. This lipid 
peroxidation yields toxic byproducts like malondialdehyde 
and 4-hydroxynonenal, which themselves propagate damage 
and act as mutagens. Cells counteract this with a sophisticated 
antioxidant defense system comprising enzymatic 
components like superoxide dismutase and catalase, non-
enzymatic scavengers such as vitamins E and C, and metal 
chelators that sequester pro-oxidant metals like iron. 

The effects of oxidative stress on cells are profound. It leads 
to a loss of membrane integrity and selective permeability, 
inactivates critical membrane proteins like receptors and 
pumps, impairs bioenergetics, causes DNA damage including 
mutations and strand breaks, and activates pro-apoptotic and 
pro-inflammatory pathways [10]. Damage to cell membranes, 
particularly those of lysosomes, leads to the release of 
hydrolytic enzymes into the cytoplasm, causing autodigestion 
and amplifying injury. It also promotes inflammation through 

the release of signaling molecules like eicosanoids and 
cytokines.

This mechanism is intrinsically linked to bioenergetic failure 
and membrane damage. The collapse of the Na+/K+ pump 
gradient leads directly to Na+ and water influx, resulting in 
cellular edema. The concurrent calcium overload, as previously 
described, activates a suite of destructive enzymes. These 
altered ion gradients disrupt resting membrane potentials, 
critically affecting excitability in neurons and muscle cells 
[11]. Severe swelling can culminate in membrane rupture, a 
process known as oncosis, which is characteristic of necrotic 
cell death.

Damage to nuclear DNA, or genotoxic stress, can occur via ROS, 
radiation, chemicals, or viruses. The consequences include 
mutations that alter protein function, DNA strand breaks that 
can lead to chromosomal aberrations, and impaired DNA 
replication and transcription. Cells respond to such damage 
with sophisticated DNA repair mechanisms, such as base 
excision repair and double-strand break repair. However, 
the failure of these systems can lead to the accumulation 
of mutations, genomic instability, carcinogenesis, or the 
activation of apoptotic programs, often mediated by key 
regulators like the p53 protein (Figure 5).

Figure 5: DNA Damage
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Cellular function is governed by complex signaling networks 
involving stages from ligand-receptor binding to signal 
transduction via secondary messengers and eventual effector 
activation. Intercellular signaling occurs through endocrine, 

paracrine, autocrine, and juxtacrine mechanisms. Major 
receptor families include ligand-gated ion channels, G-protein 
coupled receptors (GPCRs), and enzyme-linked receptors like 
receptor tyrosine kinases (Figure 6.1 and 6.2)

Figure 6.1: Activation of G-protein: a-b – intermediate stages of the process

Figure 6.2: Inactivation of G-protein: a-b – intermediate stages of the process

Signaling can become dysregulated through multiple 
causes: a deficiency of a signal (e.g., lack of insulin in type 1 
diabetes), an excess of a signal (e.g., catecholamines from a 
pheochromocytoma), signal mimicry by autoantibodies (e.g., 
in Graves’ disease or myasthenia gravis), or post-receptor 
defects in G-proteins, secondary messengers (like cAMP, Ca2+, 

or IP3), or effector enzymes [12]. Key signaling molecules 
include growth factors, which regulate proliferation and 
survival, and eicosanoids, which are potent local mediators of 
inflammation, vascular tone, and platelet aggregation (Figure 
7). 
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Figure 7: Cell Signaling

Types of Cell Death

Cell death is the ultimate consequence of severe or irreparable damage but also occurs as a regulated physiological process 
(Figure 8).

Figure 8: Types of Cell Death
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Necrosis is an accidental, unregulated, and pathogenic form 
of cell death resulting from overwhelming damage such as 
severe ischemia, toxins, or trauma. Its key features include 
a characteristic morphology of cell and organelle swelling 
(oncosis) followed by membrane rupture and the release of 
intracellular contents, which elicits a strong inflammatory 
response. Biochemically, it is marked by ATP depletion, 
a complete loss of ion homeostasis, and random DNA 
degradation. The consequence is significant tissue damage 
and inflammation [13].

In stark contrast, apoptosis is a programmed, regulated, energy-
dependent form of cell death crucial for development, tissue 
homeostasis, and defense [13,14]. Morphologically, it involves 
cell shrinkage, chromatin condensation (pyknosis), nuclear 
fragmentation (karyorrhexis), and the formation of apoptotic 

bodies that are neatly phagocytosed by neighboring cells 
without causing inflammation. Biochemically, it requires ATP 
and involves the activation of a cascade of caspases, with DNA 
cleaved into regular fragments. Apoptosis can be triggered by 
three main pathways: the extrinsic (death receptor) pathway 
activated by ligands like FasL; the intrinsic (mitochondrial) 
pathway activated by internal stress like DNA damage; and the 
perforin/granzyme pathway used by cytotoxic immune cells. 
It is tightly regulated by families of proteins like Bcl-2 (pro- 
and anti-apoptotic) and IAPs (inhibitor of apoptosis proteins). 
Dysregulation of apoptosis is central to many diseases: 
increased apoptosis contributes to neurodegeneration and 
ischemic injury, while decreased apoptosis is a hallmark of 
cancer and some autoimmune disorders (Figure 9).

Figure 9: Cell Death - Apoptosis and Necrosis

Autophagy, meaning “self-eating,” is a regulated process 
for degrading and recycling cytoplasmic components like 
damaged organelles and protein aggregates via the lysosomal 
system. It primarily serves as a survival mechanism during 
stress, such as nutrient deprivation, but excessive autophagy 
can also lead to a form of cell death. The process involves 
the formation of double-membraned autophagosomes that 
engulf cargo and then fuse with lysosomes for degradation.

Cellular senescence is a state of stable, irreversible cell cycle 
arrest. It can be triggered by telomere shortening (replicative 
senescence) or by stress such as DNA damage or oncogene 
activation. Senescent cells remain metabolically active but 
secrete a mix of pro-inflammatory factors, proteases, and 

growth factors known as the senescence-associated secretory 
phenotype (SASP), which can contribute to tissue aging and 
various pathologies [13].

A key distinction lies between apoptosis and necrosis. 
Apoptosis is typically triggered by physiological or mild 
pathological signals, affects scattered individual cells, 
and results in cell shrinkage and fragmentation without 
inflammation. It is ATP-dependent and tightly genetically 
regulated. Necrosis, conversely, is caused by severe injury, 
affects groups of cells, and is characterized by swelling, 
rupture, and prominent inflammation. It is ATP-independent 
and unregulated.
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Pathology of Cellular Organelles

Lysosomes are organelles containing over 40 hydrolytic 
enzymes for degrading biomolecules. Damage to their 
membranes leads to enzyme release and autolysis. Lysosomal 
storage diseases are a group of inherited disorders caused 
by deficiencies of specific lysosomal enzymes, leading to the 

toxic accumulation of undegraded substrates. This category 
includes lipidoses like Tay-Sachs disease (GM2 ganglioside 
accumulation) and Niemann-Pick disease (sphingomyelin 
accumulation), as well as mucopolysaccharidoses (MPS) 
like Hurler syndrome, which involve the accumulation 
of glycosaminoglycans, leading to severe somatic and 
neurological symptoms (Figure 10).

Pathology of the ER often involves disruption of protein 
synthesis and folding, leading to ER stress and the activation 
of the unfolded protein response (UPR). This can result in 
impaired secretion, accumulation of misfolded proteins, and 
apoptosis. 

The ER also plays key roles in lipid synthesis and calcium 
storage. Golgi apparatus pathology disrupts essential functions 
like protein sorting, modification (e.g., glycosylation), and 
packaging for secretion or delivery to other organelles.

Peroxisomes are involved in the β-oxidation of very long-
chain fatty acids, plasmalogen synthesis, and detoxification 
of ROS via catalase. Peroxisomal disorders, such as Zellweger 
syndrome, are severe and characterized by neurological 
deficits, craniofacial dysmorphism, and liver dysfunction due 

to impaired biogenesis or specific enzyme defects.

Mechanisms of Cellular Adaptation to Damage

When faced with sublethal injury, cells activate a range of 
adaptive responses to restore homeostasis and survive. These 
mechanisms include the activation of alternative energy 
metabolism pathways, such as upregulating glycolysis; 
enhanced protection through the induction of antioxidant 
enzymes and stress proteins like heat shock proteins (HSPs) 
[2]; the activation of DNA repair systems; a decrease in 
functional activity to conserve energy; and the activation of 
repair and compensatory mechanisms such as regeneration, 
hypertrophy (cell enlargement), and hyperplasia (cell 
proliferation) [15] (Table 1).

Figure 10: Inherited Disorders Caused by Deficiencies of Specific Lysosomal Enzymes
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The induction of specific protective proteins, such as neuroglobin in neurons, exemplifies a targeted adaptive response to 
hypoxia [16].

CONCLUSION

Cellular pathology provides the essential conceptual 
framework for understanding human disease at its most 
fundamental level [1,15]. The mechanisms of damage—
bioenergetic failure, oxidative stress, calcium overload, 
and signaling dysregulation—converge to disrupt cellular 
homeostasis [5,6,12]. The cell’s fate, whether it adapts, 
undergoes regulated death (apoptosis, autophagy), or 
succumbs to accidental death (necrosis), depends on the 
severity, nature, and duration of the insult, as well as the 
cell’s inherent adaptive capacity [13-19]. Organelle-specific 
pathologies, such as mitochondrial and lysosomal disorders, 
highlight the critical vulnerability of these integrated systems 
[7,20]. Ongoing research into these fundamental processes 
continues to unveil new therapeutic targets for combating a 
vast array of human diseases, from acute ischemic injury to 

chronic neurodegeneration and cancer [2,4]. Therefore, the 
principles of cellular pathology remain the indispensable 
foundation of modern molecular medicine.
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