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The pathophysiology of inflammation in cell injury

Elizabeth Rispens!, Amanda Bron?, Julie Lee?®, Jimmy Fukumoto*

Abstract

The purpose of inflammation is to eliminate the initial cause of cell injury, clear out necrotic cells and
tissues damaged from the original insult and the inflammatory process, and to initiate tissue repair. The
process of acute inflammation is initiated by resident immune cells already present in the involved tissue,
mainly resident macrophages, dendritic cells, histiocytes, Kupffer cells and mastocytes. These cells
present on their surfaces certain receptors named pattern recognition receptors (PRRs), which recognize
generic molecules that are broadly shared by pathogens but distinguishable from host molecules,
collectively referred to as pathogen-associated molecular patterns (PAMPs). Inflammatory
abnormalities are a large group of disorders that underlie a vast variety of human diseases. The immune
system is often involved with inflammatory disorders, demonstrated in both allergic reactions and some
myopathies, with many immune system disorders resulting in abnormal inflammation. Non-immune
diseases with etiological origins in inflammatory processes include cancer, atherosclerosis,
and ischemic heart disease. A large variety of proteins are involved in inflammation, and any one of
them is open to a genetic mutation which impairs or otherwise dysregulates the normal function and
expression of that protein. The aim of this narrative review is to provide an overview
of pathophysiology and treatments targeting arterial inflammation in these diseases.
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Introduction

Cell injury is a fundamental biological event that underlies virtually all forms of human disease. It
arises when the adaptive capacity of a cell is exceeded by endogenous or exogenous stressors, including
hypoxia, ischemia-reperfusion, infectious agents, toxins, metabolic derangements, immune-mediated
damage, and physical forces. The cellular response to injury is dynamic and context-dependent, ranging
from reversible functional and structural alterations to irreversible damage culminating in cell death.
Central to this response is inflammation, a highly conserved and coordinated process that serves to
eliminate injurious stimuli, contain tissue damage, and initiate repair.

Historically, inflammation was conceptualized primarily as a reaction to infection, characterized by
the classical cardinal signs of redness, heat, swelling, pain, and loss of function. However, advances in
molecular immunology have expanded this view to encompass sterile inflammation, which is triggered
in the absence of pathogens and is instead driven by endogenous signals released from injured or stressed
cells. This paradigm shift has profound implications for understanding a wide spectrum of diseases,
including atherosclerosis, ischemic injury, autoimmune disorders, and malignancy.

At the heart of the inflammatory response is the recognition of danger. Cells of the innate immune
system are equipped with germline-encoded pattern recognition receptors (PRRs) that detect conserved
molecular motifs associated with pathogens (pathogen-associated molecular patterns, PAMPS) as well
as host-derived molecules released during cellular stress or damage (damage-associated molecular
patterns, DAMPSs). The engagement of these receptors initiates intracellular signaling cascades that
culminate in the activation of transcription factors such as nuclear factor kappa B (NF-kB) and interferon
regulatory factors (IRFs), leading to the production of cytokines, chemokines, and other mediators of
inflammation.

The interface between cell injury and inflammation is bidirectional and self-amplifying. On one hand,
cellular injury provides the initial triggers that activate inflammatory pathways. On the other hand, the
inflammatory response itself can exacerbate cellular injury through the production of reactive oxygen
species, proteolytic enzymes, and pro-inflammatory cytokines. This interplay creates a feed-forward
loop that, if not properly regulated, can lead to tissue damage and disease progression.

A critical aspect of this interplay is the nature of cell death. Different modes of cell death—such as
necrosis, apoptosis, pyroptosis, necroptosis, and ferroptosis—have distinct immunological
consequences. Necrosis, characterized by loss of membrane integrity, results in the release of
intracellular contents that act as DAMPs and strongly promote inflammation. In contrast, apoptosis is
generally considered immunologically silent due to the rapid clearance of apoptotic cells by phagocytes.
However, under certain conditions, apoptotic cells can acquire immunogenic properties, further blurring
the distinction between these processes. Emerging forms of regulated cell death, such as pyroptosis and
necroptosis, actively integrate cell death with inflammatory signaling and are increasingly recognized
as key contributors to disease pathogenesis.

The inflammatory response is traditionally divided into acute and chronic phases, although this
distinction represents a continuum rather than discrete states. Acute inflammation is characterized by
rapid onset, increased vascular permeability, and the recruitment of neutrophils to the site of injury. It is
typically self-limited and resolves once the inciting stimulus is removed. In contrast, chronic
inflammation is marked by the persistence of inflammatory stimuli, infiltration of mononuclear cells
such as macrophages and lymphocytes, and ongoing tissue destruction accompanied by attempts at
repair, including fibrosis and angiogenesis.

Recent advances have highlighted the importance of resolution as an active and regulated phase of
inflammation rather than a passive process. Specialized pro-resolving mediators, macrophage
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reprogramming, and efficient clearance of apoptotic cells (efferocytosis) are essential for restoring tissue
homeostasis. Failure of these resolution mechanisms contributes to chronic inflammation and the
development of pathological conditions.

Another emerging dimension in the study of inflammation is immunometabolism, which refers to
the interplay between metabolic pathways and immune cell function. Activated immune cells undergo
profound metabolic reprogramming to meet the energetic and biosynthetic demands of inflammation.
For example, pro-inflammatory macrophages adopt a glycolytic phenotype, whereas anti-inflammatory
and reparative macrophages rely more on oxidative metabolism. These metabolic shifts not only support
cellular function but also actively regulate inflammatory signaling pathways.

The systemic consequences of inflammation are equally important. Cytokines such as tumor necrosis
factor (TNF), interleukin-1 (IL-1), and interleukin-6 (IL-6) mediate the acute phase response, which
includes fever, leukocytosis, and the production of acute-phase proteins by the liver. While these
responses are protective in the context of infection or injury, their dysregulation can lead to systemic
inflammatory states, including sepsis and cytokine release syndromes.

From a clinical perspective, inflammation is a central feature of many diseases encountered across
medical specialties. In cardiovascular disease, inflammation drives the initiation and progression of
atherosclerotic plaques. In autoimmune disorders, dysregulated immune responses target self-antigens,
leading to chronic tissue damage. In cancer, inflammation plays a dual role, contributing to both tumor
suppression and tumor promotion through mechanisms such as genomic instability, angiogenesis, and
immune evasion. In hematologic malignancies, inflammatory signaling pathways within the tumor
microenvironment influence disease progression, treatment response, and resistance mechanisms.

Therapeutically, targeting inflammation has become a cornerstone of modern medicine. Traditional
anti-inflammatory agents such as nonsteroidal anti-inflammatory drugs and corticosteroids are widely
used but lack specificity and are associated with significant adverse effects. The advent of biologic
therapies targeting specific cytokines and signaling pathways has revolutionized the treatment of
inflammatory diseases, offering greater precision and efficacy. More recently, there has been growing
interest in therapies that promote resolution of inflammation rather than simply inhibiting its initiation
or propagation.

In this context, a comprehensive understanding of the pathophysiology of inflammation in cell injury
is essential. This review aims to integrate current knowledge on the molecular and cellular mechanisms
that link cell injury to inflammatory responses, with a particular focus on signaling pathways, immune
cell dynamics, regulated cell death, and resolution processes. By elucidating these mechanisms, we seek
to provide a framework for understanding disease pathogenesis and identifying novel therapeutic targets.

Molecular Basis of Cell Injury

At the core of cell injury lies disruption of cellular homeostasis, particularly in energy metabolism,
redox balance, calcium signaling, and protein folding.

ATP depletion is a hallmark of many forms of injury, particularly hypoxia and ischemia. Impaired
oxidative phosphorylation leads to failure of ATP-dependent ion pumps, resulting in cellular swelling,
intracellular calcium accumulation, and metabolic acidosis. These changes destabilize cellular
membranes and promote enzymatic degradation.

Mitochondrial dysfunction plays a central role not only in energy failure but also in inflammatory
signaling. Damaged mitochondria generate excessive reactive oxygen species (ROS) and release
mitochondrial DNA, both of which act as potent DAMPs. Mitochondria are also key regulators of
apoptosis through cytochrome c release.
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Oxidative stress represents a major mechanism of cellular damage. ROS generated by mitochondrial
respiration, NADPH oxidases, and enzymatic reactions induce lipid peroxidation, protein oxidation, and
DNA damage. While ROS are essential for microbial killing, excessive production leads to tissue injury.

Calcium dysregulation further amplifies injury. Increased cytosolic calcium activates
phospholipases, proteases, and endonucleases, leading to membrane damage, cytoskeletal breakdown,
and DNA fragmentation.

Endoplasmic reticulum stress and activation of the unfolded protein response link cellular injury to
inflammation. Persistent ER stress triggers inflammatory signaling pathways, including NF-«B
activation, and can culminate in apoptosis.

Danger Signal Recognition and Innate Immune Activation

The transition from cell injury to inflammation is mediated by pattern recognition receptors (PRRS),
which detect both pathogen-associated molecular patterns (PAMPSs) and DAMPs.

Toll-like receptors (TLRs) are among the most extensively studied PRRs and are expressed on
immune and non-immune cells. Activation of TLRs initiates signaling cascades involving adaptor
proteins such as MyD88 and TRIF, ultimately leading to activation of NF-kB and interferon regulatory
factors. These transcription factors drive the expression of pro-inflammatory cytokines and type |
interferons.

NOD-like receptors (NLRs) function as cytosolic sensors of cellular stress and damage. Among
them, the NLRP3 inflammasome is particularly important in sterile inflammation. It integrates signals
such as potassium efflux, mitochondrial dysfunction, and lysosomal damage to initiate inflammatory
responses.

Damage-associated molecular patterns, including HMGB1, ATP, uric acid crystals, and
mitochondrial components, amplify inflammation by engaging PRRs. These molecules are released
passively from necrotic cells or actively secreted under stress conditions.

Inflammasomes and IL-1-Driven Inflammation

The inflammasome represents a central molecular platform that links cellular injury to the activation
of inflammatory cytokines, particularly interleukin-18 (IL-1B) and interleukin-18 (IL-18).
Inflammasomes are cytosolic multiprotein complexes that assemble in response to a wide range of
pathogenic and sterile stimuli, thereby serving as key sensors of cellular stress and danger signals.

Among the different inflammasome complexes identified, the NLRP3 inflammasome is the most
extensively studied and is notable for its ability to respond to structurally diverse stimuli. These include
pathogen-associated molecular patterns (PAMPS) such as bacterial toxins and viral components, as well
as damage-associated molecular patterns (DAMPs) released during cellular injury, including
extracellular ATP, uric acid crystals, cholesterol crystals, mitochondrial DNA, and reactive oxygen
species. Despite the diversity of these triggers, NLRP3 activation is thought to converge on common
intracellular events, including potassium efflux, mitochondrial dysfunction, lysosomal destabilization,
and oxidative stress.

Activation of the NLRP3 inflammasome typically requires two distinct signals. The first, or
“priming” signal, is mediated through pattern recognition receptors such as Toll-like receptors, leading
to activation of NF-xkB and upregulation of NLRP3 and pro—IL-1f expression. The second, or
“activation” signal, is triggered by cellular stressors that promote assembly of the inflammasome
complex. Upon activation, NLRP3 oligomerizes and recruits the adaptor protein apoptosis-associated
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speck-like protein containing a CARD (ASC), which in turn binds and activates pro—caspase-1 through
proximity-induced autocatalysis.

Activated caspase-1 plays a pivotal role in inflammatory signaling by cleaving the inactive precursors
pro—IL-1B and pro—IL-18 into their biologically active forms. IL-1pB is a potent pro-inflammatory
cytokine that induces fever, enhances leukocyte recruitment, and amplifies cytokine cascades, while IL-
18 promotes interferon-y production and contributes to both innate and adaptive immune responses. The
secretion of these cytokines represents a critical step in the propagation of inflammation.

In addition to cytokine maturation, caspase-1 induces pyroptosis, a highly inflammatory form of
programmed cell death. Pyroptosis is mediated by cleavage of gasdermin D, which releases its N-
terminal fragment to form pores in the plasma membrane. These pores disrupt ionic gradients, lead to
cell swelling, and ultimately cause membrane rupture. Unlike apoptosis, which is generally
immunologically silent, pyroptosis results in the release of intracellular contents, including DAMPs such
as HMGBL1 and ATP, thereby amplifying the inflammatory response and recruiting additional immune
cells to the site of injury.

Recent studies have further highlighted the interplay between inflammasome activation and other
forms of regulated cell death, including necroptosis and ferroptosis, suggesting the existence of
integrated cell death networks that coordinate inflammatory responses. Moreover, non-canonical
inflammasome pathways, involving caspase-4 and caspase-5 in humans (and caspase-11 in mice), can
directly sense intracellular lipopolysaccharide and contribute to pyroptosis independently of NLRP3,
while also indirectly activating the canonical inflammasome.

Dysregulation of inflammasome activity has been implicated in a wide range of diseases. Excessive
or inappropriate activation of the NLRP3 inflammasome contributes to autoinflammatory syndromes,
metabolic disorders such as type 2 diabetes, atherosclerosis, neurodegenerative diseases, and cancer. In
hematologic and oncologic contexts, inflammasome signaling within the tumor microenvironment can
influence immune surveillance, tumor progression, and response to therapy.

Given its central role in inflammation, the inflammasome pathway has emerged as an important
therapeutic target. Pharmacologic inhibitors of NLRP3, caspase-1, and IL-1 signaling are currently
under investigation or in clinical use. Agents such as anakinra (IL-1 receptor antagonist) and
canakinumab (anti—IL-1B monoclonal antibody) have demonstrated clinical benefit in several
inflammatory conditions, underscoring the translational relevance of inflammasome biology.

Vascular and Endothelial Responses

The vascular phase of inflammation is characterized by coordinated changes in blood flow, vascular
permeability, and endothelial activation.

Vasodilation, mediated by histamine, nitric oxide, and prostaglandins, increases blood flow to injured
tissues. Increased vascular permeability allows plasma proteins and leukocytes to exit the circulation
and accumulate at the site of injury.

Endothelial cells undergo activation and express adhesion molecules such as selectins and integrins.
This facilitates the recruitment of circulating leukocytes through a multistep process involving rolling,
adhesion, and transmigration.

Cellular Effectors of Inflammation
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Neutrophils are the first responders in acute inflammation and are highly effective in microbial killing
through phagocytosis, ROS generation, and release of granule enzymes. However, their activity can also
damage host tissues.

Macrophages serve as central regulators of inflammation and exhibit remarkable plasticity.
Classically activated (M1) macrophages produce pro-inflammatory cytokines and ROS, whereas
alternatively activated (M2) macrophages promote tissue repair and resolution.

Dendritic cells link innate and adaptive immunity by presenting antigens to T lymphocytes. T cells
further shape inflammatory responses, with subsets such as Thl, Th17, and regulatory T cells exerting
distinct effects.

Cytokine and Mediator Networks

Inflammation is orchestrated by complex networks of cytokines, chemokines, lipid mediators, and
complement proteins.

Key pro-inflammatory cytokines such as TNF-a, IL-1pB, and IL-6 regulate fever, acute phase
responses, and endothelial activation. Chemokines direct leukocyte trafficking, ensuring targeted
recruitment to sites of injury.

Lipid mediators derived from arachidonic acid, including prostaglandins and leukotrienes, regulate
vascular tone, pain, and leukocyte function. The complement system further amplifies inflammation
through opsonization, chemotaxis, and direct cell lysis.

Regulated Cell Death and Inflammation

Different forms of cell death exert distinct effects on inflammation.

Necrosis is characterized by loss of membrane integrity and release of intracellular contents, making
it highly pro-inflammatory. In contrast, apoptosis is generally immunologically silent due to rapid
clearance of apoptotic cells.

Necroptosis and pyroptosis are regulated forms of necrotic cell death that actively promote
inflammation. Ferroptosis, driven by iron-dependent lipid peroxidation, is an emerging contributor to
inflammatory pathology.

Immunometabolism

Immune cell function is closely linked to metabolic reprogramming. Activated inflammatory cells
shift toward glycolysis to support rapid energy production and biosynthesis. Metabolites such as
succinate act as signaling molecules, stabilizing transcription factors like HIF-1o and promoting
cytokine production.

Conversely, anti-inflammatory macrophages rely more on oxidative metabolism and fatty acid
oxidation, highlighting the interplay between metabolism and immune function.

Resolution of Inflammation and Tissue Repair

Resolution of inflammation is an active and highly regulated process. Specialized pro-resolving
mediators, including lipoxins, resolvins, and protectins, promote the termination of inflammation and
restoration of tissue homeostasis.

Macrophage-mediated clearance of apoptotic cells (efferocytosis) prevents secondary necrosis and
dampens inflammatory signaling. Tissue repair involves angiogenesis, fibroblast activation, and
extracellular matrix remodeling.

Failure of resolution leads to chronic inflammation, which is a key driver of many diseases.
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Chronic Inflammation and Disease

Persistent inflammation arises from ongoing injury, unresolved immune responses, or dysregulation
of inflammatory pathways. Chronic inflammation is implicated in a wide range of conditions, including
atherosclerosis, autoimmune diseases, chronic infections, neurodegeneration, and cancer.

In cancer, inflammation promotes genomic instability, tumor growth, angiogenesis, and immune
evasion, highlighting its dual role in host defense and disease progression.

Therapeutic Implications

Understanding the molecular basis of inflammation has led to the development of targeted therapies.
Conventional treatments such as nonsteroidal anti-inflammatory drugs and corticosteroids remain
widely used but are associated with significant side effects.

Biologic therapies targeting cytokines, including TNF inhibitors, IL-6 receptor antagonists, and IL-
1 blockers, have transformed the management of inflammatory diseases. Emerging strategies focus on
intracellular signaling pathways, such as JAK inhibitors and inflammasome-targeted therapies.

An evolving paradigm involves promoting resolution rather than simply suppressing inflammation,
with specialized pro-resolving mediators representing a promising therapeutic avenue.

Conclusion

Inflammation in the context of cell injury is a complex, multidimensional process involving intricate
interactions between molecular signaling pathways, immune cells, and metabolic networks. While
essential for host defense and tissue repair, dysregulated inflammation is a central driver of disease.
Advances in understanding the pathophysiology of inflammation are paving the way for more precise
and effective therapeutic strategies that balance immune activation with resolution and tissue
homeostasis.
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