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Inflammation is an ancient, evolutionarily conserved host-defense response that plays
a critical role in protection from infection and injury. Yet, if deregulated, inflammatory responses
are a central element in invasive diseases like autoimmune disorders, metabolic syndromes,
or cardiovascular and neurodegenerative pathology, and gastrointestinal inflammation. The
clinical result of inflammation is not just a product of the extent of immune activation, but rather
reflects a balance between pro-inflammatory amplification and active resolution programs.
More recently, major advances have utterly changed our thinking on inflammation to that of an
active, highly regulated biological process as opposed to a passive cessation of immune signals.
This new way of thinking has huge implications for drug discovery. Here, we analyze this recent
knowledge, focusing on cellular, molecular and signaling mechanisms controlling immune
regulation in the context of inflammation and discuss how activating and regulatory pathways
interplay to direct the effects of inflammation. We describe the contribution of innate and
adaptive immune cell networks, cytokines, lipid mediators, immune receptors, and intracellular
kinases-including NF-?B, MAPK, and JAK/STAT the modulation of inflammatory tone. Crucially,
we then reconcile recent insights into immune receptor-mediated regulation and pro-resolving
signaling to emphasise why interventions focusing exclusively on inflammatory suppression
have demonstrated moderate long-term success. Thinking about inflammation in terms of
balance and resolution gives a framework on whichthe next generation of immunomodulatory
therapies can be built, specifically designed to promote restoration rather than suppression of
immune homeostasis.
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Inflammation is a fundamental and

evolutionarily conserved biological response
that enables the host to defend against infection,
repair tissue injury, and maintain physiological
homeostasis. It is initiated through the recognition
of pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular
patterns (DAMPs) by pattern recognition receptors
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(PRRs), leading to activation of innate and
adaptive immune responses. Under physiological
conditions, inflammation is tightly regulated and
self-limiting, resolving once the initiating stimulus
has been eliminated."'!-

However, dysregulated or unresolved
inflammation plays a central role in the pathogenesis
of numerous diseases, including autoimmune
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disorders, metabolic syndrome, cardiovascular
diseases, neurodegenerative conditions, cancer,
and chronic gastrointestinal disorders. Persistent
inflammation is now recognized as a key driver
of disease progression and tissue damage across
multiple organ systems.>**’

Recent advances have shifted the classical
view of inflammation from a simple on—off
response to a highly dynamic and multi-phase
process governed by complex regulatory networks.
These networks involve coordinated interactions
between immune cells, soluble mediators, and
intracellular signaling pathways that determine
the magnitude, duration, and outcome of the
inflammatory response.**

A critical determinant of inflammatory
outcome is the balance between pro-inflammatory
signaling and active resolution pathways. Pro-
inflammatory mediators are essential for host
defense; however, failure to appropriately regulate
these responses leads to excessive tissue damage
and chronic inflammation. In contrast, resolution
is now understood as an active and programmed
process involving specialized pro-resolving
mediators (SPMs), anti-inflammatory cytokines,
and cellular clearance mechanisms such as
efferocytosis.®73*7

At the molecular level, intracellular
signaling pathways such as nuclear factor-kappa
B (NF-éB), mitogen-activated protein kinase
(MAPK), and Janus kinase/signal transducer
and activator of transcription (JAK/STAT) play
central roles in integrating inflammatory signals.
These pathways regulate gene expression, immune
cell activation, and cytokine production, thereby
controlling both initiation and resolution of
inflammation. Dysregulation of these signaling
cascades results in persistent immune activation
and contributes to the development of chronic
inflammatory diseases.’*6%¢

In addition to signaling pathways,
emerging evidence highlights the importance of
immunometabolism and tissue-specific immune
regulation in shaping inflammatory responses.
Metabolic reprogramming of immune cells
influences their functional phenotype, while
tissue-specific microenvironments determine
the nature and intensity of inflammation. These
factors contribute to the heterogeneity observed

in inflammatory diseases and represent important
considerations for therapeutic targeting.*6%"

From a pharmacological perspective,
traditional anti-inflammatory therapies primarily
focus on suppressing inflammatory mediators.
Although effective in controlling acute symptoms,
these approaches do not restore immune balance
and are often associated with significant long-term
adverse effects. Consequently, there is increasing
interest in therapeutic strategies that promote
resolution of inflammation and restore immune
homeostasis rather than simply inhibiting immune
activation.®”7!

This review aims to provide a
comprehensive overview of the cellular, molecular,
and signaling mechanisms underlying immune
regulation in inflammation. It emphasizes the
concept of inflammatory balance and resolution
biology, and discusses emerging therapeutic
approaches that target regulatory pathways
to achieve sustained and effective control of
inflammatory diseases.

This schematic illustrates inflammation
as a dynamic and regulated continuum progressing
through four interconnected phases: (A) initiation,
triggered by tissue injury or pathogen recognition
by innate immune cells through pattern-recognition
receptors;"!" (B) pro-inflammatory amplification,
characterized by activation of macrophages and
neutrophils and engagement of NF-¢B, MAPK
(p38/JINK), and JAK/STAT signaling pathways
leading to production of pro-inflammatory
cytokines and lipid mediators;>'***%" (C) immune
regulation, involving anti-inflammatory cytokines
(IL-10, TGF-8), macrophage polarization toward
a regulatory phenotype, and receptor-mediated
control of inflammatory signaling including
TREM-2;*1821 and (D) resolution and homeostasis,
marked by efferocytosis, generation of specialized
pro-resolving mediators (lipoxins, resolvins,
protectins, maresins), and restoration of tissue
integrity.®7*%32 The final inflammatory outcome is
determined by the balance between inflammatory
activation and active resolution mechanisms.'**’
Novelty and knowledge gap

Although several reviews have described
inflammatory signaling pathways and immune
cell functions, most focus predominantly on pro-
inflammatory mechanisms or individual pathways
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in isolation. A clear integrative framework linking
immune activation, immunometabolic regulation,
receptor signaling, and resolution biology remains
lacking.
This review addresses this gap by
1. Presenting inflammation as a dynamic balance
between activation and resolution, rather than a
linear process
2. Integrating immunometabolism with immune
signaling pathways
3. Highlighting receptor-mediated regulation
(TREM axis) as a bridge between innate sensing
and resolution
4. Emphasizing resolution pharmacology as a next-
generation therapeutic paradigm

Thus, this review provides a systems-
level and mechanistically integrated perspective
that extends beyond traditional pathway-based
descriptions.
Types and phases of inflammation

Inflammation is a fundamental biological
response that enables multicellular organisms to
protect themselves against infection, tissue injury,
and harmful stimuli. Traditionally, inflammation
has been classified into acute and chronic forms
based on duration, cellular composition, and
functional outcomes. However, contemporary
immunology recognizes inflammation as a dynamic
and continuous process in which acute responses
ideally progress toward active resolution, whereas
failure of resolution leads to chronic inflammatory
pathology.'** Understanding the distinct phases
of inflammation is essential for interpreting both
physiological host defense mechanisms and the
pathogenesis of inflammatory diseases. These
phases are tightly regulated by coordinated
interactions between immune cells, molecular
mediators, and intracellular signaling pathways.%
Acute Inflammation

Acute inflammation represents the
immediate and short-term response to tissue
injury or infection. It is initiated primarily
by tissue-resident immune cells, including
macrophages, mast cells, dendritic cells, and innate
lymphoid cells, which continuously monitor the
microenvironment for danger signals. These cells
recognize pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular
patterns (DAMPs) through pattern recognition
receptors (PRRs), such as Toll-like receptors

(TLRs) and NOD-like receptors (NLRs).!!5

Activation of these receptors triggers
intracellular signaling cascades that result in rapid
transcriptional and post-transcriptional responses,
leading to the release of inflammatory mediators.
These include vasoactive amines (e.g., histamine),
lipid mediators (prostaglandins and leukotrienes),
and pro-inflammatory cytokines such as tumor
necrosis factor-a (TNF-4) and interleukin-1a (IL-
14), which collectively promote vascular changes
and immune cell recruitment.'>°

A hallmark of acute inflammation is a
well-coordinated vascular response characterized
by vasodilation, increased vascular permeability,
and leukocyte recruitment. Endothelial activation
facilitates leukocyte extravasation through
sequential processes of rolling, adhesion, and
transmigration mediated by selectins, integrins,
and adhesion molecules. Neutrophils are the
first responders, followed by monocytes that
differentiate into macrophages at the site of
inflammation.'*'3

Functionally, acute inflammation is
protective and promotes pathogen clearance
through mechanisms such as phagocytosis,
reactive oxygen species (ROS) generation, and
enzyme-mediated degradation. Importantly,
acute inflammation is self-limiting and is actively
resolved through anti-inflammatory cytokines,
efferocytosis, and the generation of specialized
pro-resolving mediators (SPMs), which restore
tissue integrity and immune homeostasis.*”
Chronic Inflammation

Chronic inflammation arises when acute
inflammatory responses fail to resolve or when
persistent stimuli continuously activate the immune
system. These stimuli may include unresolved
infections, autoimmune reactions, metabolic
disturbances, or repeated tissue injury. Under such
conditions, sustained immune activation leads
to progressive tissue damage and pathological
remodeling.*'*%

Unlike acute inflammation, chronic
inflammation is characterized by the prolonged
presence of macrophages, lymphocytes, and
plasma cells within affected tissues. These cells
form complex inflammatory networks that maintain
continuous production of cytokines, chemokines,
growth factors, and matrix-degrading enzymes,
thereby perpetuating inflammation.'!
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A defining feature of chronic inflammation
is tissue remodeling, which includes angiogenesis,
fibrosis, and extracellular matrix reorganization.
While these processes may initially support repair,
persistent activation leads to abnormal tissue
architecture and organ dysfunction. Sustained
fibroblast activation and vascular alterations
contribute to irreversible structural damage and
disease progression.™

Chronic inflammation is now recognized
as a central mechanism underlying a wide
range of diseases, including autoimmune
disorders, atherosclerosis, metabolic syndrome,
neurodegenerative diseases, and inflammatory
bowel disease. Despite differences in clinical
presentation, these conditions share a common
feature: a persistent imbalance between pro-
inflammatory and anti-inflammatory signaling
pathways.?7-63

Recent evidence suggests that therapeutic
strategies should focus not only on suppressing
inflammation but also on restoring immune
balance and promoting resolution. Approaches
that enhance pro-resolving pathways and regulate
immune signaling networks offer improved long-
term outcomes compared to conventional anti-
inflammatory therapies.””!

Cellular components of inflammation

Inflammatory responses are not mediated
by a single cell type but arise from the coordinated
and dynamic interactions between immune and
non-immune cells within tissues. The cellular
composition of inflammation varies depending on
the nature of the stimulus, the affected tissue, and
the phase of the inflammatory response. During
inflammation, immune cells undergo phenotypic
and functional reprogramming in response to
microenvironmental signals. This cellular plasticity
is essential for effective host defense while
minimizing tissue damage. Dysregulation of these
interactions is a hallmark of chronic inflammatory
diseases. 5062
Innate Immune Cells
Neutrophils

Neutrophils are the first responders in
acute inflammation and are rapidly recruited from
the bloodstream to sites of infection or tissue injury.
Their migration is guided by chemokines, adhesion
molecules, and vascular changes. Upon arrival,
neutrophils exert potent antimicrobial effects

through phagocytosis, production of reactive
oxygen species (ROS), release of proteolytic
enzymes, and formation of neutrophil extracellular
traps (NETs), which help capture and eliminate
pathogens. 342

Although essential for early host defense,
excessive or prolonged neutrophil activation can
lead to tissue injury. Uncontrolled release of ROS,
proteases, and cytotoxic mediators contributes
to endothelial damage, extracellular matrix
degradation, and amplification of inflammatory
signaling. Such dysregulated neutrophil activity
is implicated in the transition from acute to
chronic inflammation and in the pathogenesis of
autoimmune and inflammatory diseases.**>
Macrophages

Macrophages are central regulators of
inflammation due to their remarkable functional
plasticity and responsiveness to environmental
cues. They originate either from circulating
monocytes or from tissue-resident populations
established during development. Their phenotype
and function are shaped by cytokines, microbial
products, and metabolic signals present in the local
microenvironment.>

Traditionally, macrophages have been
categorized into pro-inflammatory (M1-like)
and anti-inflammatory or reparative (M2-like)
phenotypes. M1-like macrophages are induced by
microbial stimuli and pro-inflammatory cytokines
and produce mediators such as TNF-4, IL-1a,
and nitric oxide, thereby enhancing inflammatory
responses and microbial clearance. In contrast,
M2-like macrophages secrete anti-inflammatory
cytokines such as IL-10, promote efferocytosis,
and contribute to tissue repair and remodeling.>*

Macrophage polarization is
mechanistically regulated by signaling pathways
such as NF-éB and STAT1 in M1 activation, and
STAT6 and PPARA pathways in M2 differentiation,
linking extracellular signals to functional
phenotypes.

The balance between these functional
states is a key determinant of inflammatory
outcome. Timely transition from pro-inflammatory
to reparative macrophages facilitates resolution
and restoration of tissue homeostasis. Conversely,
sustained activation of pro-inflammatory
macrophages leads to persistent inflammation,
fibrosis, and disease progression.>*"
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These functional states are further
controlled by metabolic reprogramming, where
glycolysis supports pro-inflammatory activation,
while oxidative phosphorylation promotes anti-
inflammatory and pro-resolving functions.
Macrophage Spectrum and Functional
Heterogeneity

Recent advances have demonstrated
that macrophage activation extends beyond the
classical M1/M2 paradigm and instead exists along
a dynamic functional spectrum. This spectrum
reflects a continuum of activation states influenced
by tissue-specific microenvironments, metabolic
conditions, and disease context.®

Tissue-resident macrophages exhibit
significant heterogeneity depending on their
anatomical location. For instance, microglia in the
central nervous system, Kupffer cells in the liver,
and alveolar macrophages in the lungs possess
distinct transcriptional profiles and specialized
functions tailored to their respective tissues. This
tissue-specific heterogeneity plays a critical role in
determining inflammatory responses and disease
outcomes.”

Macrophage function is also closely
linked to cellular metabolism. Pro-inflammatory
macrophages are typically associated with
glycolytic metabolism, whereas anti-inflammatory
and pro-resolving macrophages rely on oxidative
phosphorylation and lipid metabolism. This
integration of immunological and metabolic
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pathways contributes to the diversity of macrophage
phenotypes and functions.5"¢

Importantly, macrophages exhibit
dynamic plasticity and can transition between
functional states during the course of inflammation.
The ability to shift from a pro-inflammatory to a
pro-resolving phenotype is essential for effective
resolution and tissue repair. Failure of this
transition results in chronic inflammation, impaired
resolution, and pathological tissue remodeling.**7

Understanding macrophage heterogeneity
and plasticity is therefore crucial for the development
of targeted therapeutic strategies. Approaches
aimed at modulating macrophage polarization
and enhancing pro-resolving phenotypes hold
significant promise for restoring immune balance
and treating chronic inflammatory diseases.®"!
Dendritic Cells

Dendritic cells (DCs) serve as a critical
link between innate and adaptive immunity. They
recognize and process antigens through pattern
recognition receptors and present them to naive
T cells, thereby shaping the adaptive immune
response. Depending on the cytokine environment
and co-stimulatory signals, DCs can promote either
inflammatory or regulatory T cell responses.?’

In addition to their role in immune
activation, DCs are essential for maintaining
immune tolerance. Under specific conditions, they
induce regulatory T cells and suppress excessive
immune responses, thereby preventing tissue
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Fig. 1. Immune balance model of inflammation from activation to resolution
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damage and chronic inflammation. This dual
functionality positions DCs as key regulators of
immune balance.®*6
Adaptive Immune Cells

The adaptive immune system plays
a major role in chronic inflammation, where
prolonged antigen exposure leads to sustained
lymphocyte activation. Effector T cells, particularly
Thl and Th17 subsets, promote inflammation by
secreting cytokines that activate macrophages and
other immune cells. In contrast, regulatory T cells
(Tregs) suppress excessive immune responses and
contribute to resolution by maintaining immune
tolerance.?®5

B cells also contribute to inflammatory
processes beyond antibody production. They act
as antigen-presenting cells and secrete cytokines
that modulate T cell responses and macrophage
activation. Dysregulation of B cell function
is associated with chronic inflammation and
autoimmune diseases.?”
Immune Receptors and Regulation

Inflammation is tightly controlled by
receptor-mediated signaling mechanisms that
regulate immune activation thresholds and
response duration. Among these, triggering

TREM-1
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receptors expressed on myeloid cells (TREM) play
important roles in modulating inflammation.

TREM-1 amplifies inflammatory signaling
by synergizing with Toll-like receptors, leading
to enhanced cytokine production and increased
immune activation. Excessive activation of TREM-
1 contributes to tissue damage and inflammatory
pathology. In contrast, TREM-2 promotes anti-
inflammatory responses, enhances phagocytosis,
and supports tissue repair, thereby facilitating
resolution of inflammation.'¢-'87

The balance between activating and
inhibitory receptor signaling is a critical determinant
of inflammatory outcomes. Disruption of this
balance leads to either excessive inflammation
or impaired host defense. Therefore, targeting
immune receptor signaling represents a promising
therapeutic strategy for restoring immune
homeostasis in inflammatory diseases.**”

This figure depicts the contrasting
functions of triggering receptors expressed on
myeloid cells (TREM) in inflammation. TREM-
1, predominantly expressed on neutrophils and
macrophages, signals through the adaptor protein
DAPI12 and SYK kinase to amplify inflammatory
responses via NF-EB, MAPK, and JAK/STAT
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pathways, synergizing with Toll-like receptor
signaling and promoting production of pro-
inflammatory cytokines, chemokines, and reactive
oxygen species, ultimately contributing to tissue
injury.'¢!7192428 [n contrast, TREM-2 signaling on
macrophages and dendritic cells limits excessive
inflammation by suppressing NF-éB activation,
enhancing phagocytosis and efferocytosis,
promoting M2 macrophage polarization, and
increasing anti-inflammatory cytokine production
such as IL-10, thereby facilitating tissue repair and
resolution.'#3%313% The balance between TREM-
1-mediated amplification and TREM-2—mediated
regulation critically determines inflammatory
outcome and immune homeostasis.'**

These cellular interactions are tightly
regulated by soluble mediators and intracellular
signaling pathways, which are discussed in the
following section.

Molecular mediators of inflammation

Inflammation is a highly coordinated
biological process regulated by a complex network
of soluble and cell-associated mediators that
control immune cell activation, vascular responses,
and tissue repair. These mediators are produced
by infiltrating leukocytes, tissue-resident immune
cells, endothelial cells, and stromal cells, and act
in autocrine and paracrine manners to regulate
the initiation, amplification, and resolution of
inflammatory responses.'*

Precise temporal and spatial regulation
of these mediators is essential, as excessive or
sustained production can lead to tissue injury and
chronic inflammatory pathology.**¢

Pro-inflammatory cytokines serve as
central regulators of inflammatory signaling.

Upon immune activation, cytokines such as tumor
necrosis factor-a (TNF-4), interleukin-1a (IL-13),
and interleukin-6 (IL-6) are rapidly released and
mediate key processes including endothelial
activation, leukocyte recruitment, induction of
fever, and stimulation of hepatic acute-phase
protein synthesis.!”2'¢ Persistent production
of these cytokines promotes amplification of
inflammatory cascades and enhances immune
cell survival, thereby contributing to chronic
inflammation and disease progression.’:¢

Chemokines provide specificity to
the inflammatory response by directing the
migration and positioning of leukocyte subsets
at sites of infection or injury. Through the
establishment of chemotactic gradients, they ensure
efficient immune surveillance and targeted cellular
responses, thereby coordinating both innate and
adaptive immunity.?%

Lipid mediators derived from arachidonic
acid metabolism, including prostaglandins and
leukotrienes, play important roles in regulating
vascular tone, increasing vascular permeability,
mediating pain, and promoting leukocyte activation.
In parallel, reactive oxygen and nitrogen species
generated by activated phagocytes contribute to
host defense by facilitating microbial killing and
amplifying inflammatory signaling. However,
excessive production of these reactive species can
result in oxidative stress and tissue damage, thereby
exacerbating inflammatory pathology.?***¢2

Counter-regulatory mediators are essential
for limiting inflammation and promoting its
resolution. Anti-inflammatory cytokines such as
interleukin-10 (IL-10) and transforming growth
factor-a (TGF-a) suppress the production of

Table 1. Key Regulators of Inflammatory Balance

Component Pro-inflammatory Role Resolution Role Clinical Relevance

Cytokines TNF-a, IL-18, IL-6 IL-10, TGF-B Autoimmune diseases

Lipid mediators Prostaglandins, leukotrienes Lipoxins, resolvins, Chronic inflammation
protectins

Immune cells Neutrophils, Th1/Th17, Tregs, M2 Tissue repair

M1 macrophages macrophages

Signaling pathways NF-xB, MAPK, JAK/STAT Signal termination Drug targets

pathways

Immune receptors TREM-1, TLRs

TREM-2, checkpoint
receptors

Precision therapy
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pro-inflammatory cytokines, inhibit antigen
presentation, and maintain immune tolerance.’'
In addition, specialized pro-resolving mediators
(SPMs), including lipoxins, resolvins, protectins,
and maresins, actively drive the resolution phase
by reducing neutrophil recruitment, enhancing
efferocytosis, and promoting tissue repair.**3!5%7!
Overall, the outcome of inflammation
is determined by the dynamic balance between
pro-inflammatory and pro-resolving mediators.
Disruption of this balance leads to persistent
inflammation and disease, whereas restoration of
mediator equilibrium is essential for maintaining
immune homeostasis and tissue integrity.*>%
Signaling pathways in inflammation
Inflammatory signaling pathways
represent central regulatory networks that integrate
environmental danger signals into coordinated
transcriptional, metabolic, and functional immune
responses. These pathways enable immune cells
to detect signals from pathogens, tissue injury,
and endogenous stress, and respond appropriately
to maintain host defense. Among the major
intracellular signaling cascades involved in
inflammation, the nuclear factor-kappa B (NF-
€B), mitogen-activated protein kinase (MAPK),
and Janus kinase/signal transducer and activator

of transcription (JAK/STAT) pathways are key
regulators of inflammatory gene expression,
immune cell activation, survival, and effector
function. 260

Importantly, these signaling pathways do
not operate in isolation but form an interconnected
network characterized by extensive crosstalk
and feedback regulation. This integration allows
precise control over the magnitude, duration, and
reversibility of inflammatory responses. While
transient activation supports effective host defense,
dysregulation of these pathways results in sustained
pro-inflammatory signaling and contributes to the
development of chronic inflammatory diseases.**"”*
NF-éB Signaling Pathway

The NF-éB signaling pathway is a
central regulator of inflammation and controls
the transcription of numerous genes involved in
immune responses, including pro-inflammatory
cytokines, chemokines, adhesion molecules, and
anti-apoptotic proteins. Through these actions, NF-
éB regulates immune cell recruitment, activation,
and survival during inflammation.>¢

NF-éB activation occurs through
phosphorylation and proteasomal degradation of
[€B inhibitors, enabling nuclear translocation of
NF-éB dimers and transcription of genes encoding
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pro-inflammatory cytokines, chemokines, adhesion
molecules, and anti-apoptotic proteins.

Under physiological conditions, NF-éB
activation is rapid and transient. Following immune
stimulation, NF-éB translocates to the nucleus,
initiates gene transcription, and is subsequently
inactivated to prevent excessive immune responses.
This tightly controlled activation is essential for
effective host defense while limiting tissue damage.

However, persistent or dysregulated NF-
€B activation leads to continuous production of
inflammatory mediators, resistance to apoptosis,
and sustained immune cell activation. Such chronic
activation contributes to the pathogenesis of
autoimmune diseases, metabolic disorders, cancer,
and other inflammatory conditions.%"

MAPK Signaling Pathways

The MAPK family, including extracellular
signal-regulated kinases (ERK), c-Jun N-terminal
kinases (JNK), and p38 MAPK, plays a critical
role in translating extracellular inflammatory
signals into intracellular responses. These
pathways regulate both transcriptional and post-
transcriptional mechanisms, including cytokine
gene expression, mRNA stability, and protein
translation. 2676

MAPK signaling is mediated through
sequential phosphorylation cascades (MAPKKK
I MAPKK ’! MAPK), leading to activation of
transcription factors such as AP-1 that regulate
cytokine gene expression, cell proliferation, and
stress responses.

MAPK pathways are activated by
cytokines, microbial components, and cellular
stress. Among them, p38 MAPK is particularly
important for stabilizing mRNAs encoding
inflammatory cytokines such as TNF-4 and IL-6,
thereby prolonging their expression and amplifying
inflammatory responses.

While transient MAPK activation is
necessary for appropriate immune responses,
sustained activation leads to prolonged
inflammatory signaling, cellular stress, and tissue
damage. Chronic activation of ERK, JNK, and p38
pathways contributes to persistent inflammation
and disease progression.®
JAK/STAT Signaling Pathway

The JAK/STAT pathway serves as a direct
link between extracellular cytokine signaling
and nuclear gene transcription. Upon cytokine

binding to their receptors, Janus kinases (JAKs)
are activated, leading to phosphorylation of
STAT transcription factors, which subsequently
translocate to the nucleus to regulate gene
expression. 82967

Upon cytokine binding, receptor-
associated JAKs phosphorylate specific tyrosine
residues, creating docking sites for STAT proteins,
which are subsequently phosphorylated, dimerize,
and translocate to the nucleus to regulate target
gene transcription.

This pathway is essential for immune cell
differentiation, activation, and effector functions.
However, excessive or prolonged activation of
JAK/STAT signaling results in amplification
of cytokine signaling loops, sustained immune
activation, and immune dysregulation.

Given its central role in cytokine-mediated
inflammation, the JAK/STAT pathway has emerged
as an important therapeutic target. Pharmacological
inhibitors of JAK kinases have demonstrated
efficacy in treating inflammatory and autoimmune
diseases by modulating aberrant cytokine signaling
while preserving essential immune functions.®’
Termination of Signaling and Resolution of
Inflammation

Effective resolution of inflammation
depends on the timely termination of signaling
through NF-éB, MAPK, and JAK/STAT pathways.
Signal termination mechanisms limit the production
of inflammatory mediators, promote resolution
pathways, and restore tissue homeostasis.*™

Failure to appropriately terminate these
signaling cascades results in persistent immune
activation, continuous cytokine production,
and defective resolution of inflammation. Such
dysregulation is a key molecular feature of chronic
inflammatory and autoimmune diseases.**”*

Restoration of proper signaling regulation
and termination has therefore emerged as a
critical therapeutic strategy. Targeting these
pathways to re-establish immune balance offers
promising approaches for the treatment of chronic
inflammatory conditions.5”-™
Resolution pathways and immune homeostasis

Resolution of inflammation is an active
and tightly regulated biological process that is
essential for maintaining tissue integrity and
immune homeostasis. It is not merely the passive
cessation of pro-inflammatory signals but involves
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coordinated molecular and cellular mechanisms
that suppress inflammation and promote tissue
repair and immune reprogramming.®’-®

Anti-inflammatory cytokines such as
interleukin-10 (IL-10) and transforming growth
factor-a (TGF-4) play crucial roles in limiting
inflammatory responses. IL-10 inhibits the
activation of macrophages and dendritic cells,
whereas TGF-a4 promotes immune tolerance and
tissue repair. Dysregulation of these cytokines leads
to persistent inflammation, fibrosis, and impaired
resolution.?"%

Specialized pro-resolving mediators
(SPMs), including lipoxins, resolvins, protectins,
and maresins, represent a major advancement in
resolution biology. Derived from omega-3 and
omega-6 fatty acids, these mediators actively
terminate inflammation by reducing neutrophil
recruitment, enhancing efferocytosis, and
promoting tissue regeneration while preserving
host defense mechanisms.***"3%7!

Efferocytosis, the clearance of apoptotic
cells by phagocytes, is a critical process in
inflammation resolution. Efficient efferocytosis
suppresses pro-inflammatory signaling and
promotes the release of anti-inflammatory
mediators. In contrast, defective clearance leads to
secondary necrosis, sustained immune activation,
and chronic inflammation.’>"

Collectively, cytokines, lipid mediators,
and cellular clearance pathways form an integrated
resolution network that restores immune balance
and tissue homeostasis. Disruption of this network
is a key contributor to chronic inflammatory
diseases.*

Immunometabolism in inflammatory regulation

Immunometabolism refers to the interplay
between cellular metabolic pathways and immune
cell function. During inflammation, immune cells
undergo metabolic reprogramming that directly
influences their phenotype and effector functions.

Pro-inflammatory immune cells, such as
M1 macrophages, rely predominantly on aerobic
glycolysis (Warburg-like metabolism), which
supports rapid ATP generation and biosynthesis
of inflammatory mediators. This metabolic state
promotes activation of NF-éB and production of
cytokines such as TNF-4 and IL-14.

In contrast, anti-inflammatory and pro-

resolving macrophages (M2-like) depend on
oxidative phosphorylation and fatty acid oxidation,
which support tissue repair and resolution
processes.

Key metabolic intermediates such as
succinate, citrate, and itaconate act as signaling
molecules that regulate inflammatory pathways.
For example:

* Succinate stabilizes HIF-14 ’! promotes IL-1a
* [taconate inhibits NF-éB ’! anti-inflammatory
effect

Additionally, metabolic pathways
regulate:

* Epigenetic modifications
* Cytokine production
* Immune cell differentiation

Thus, immunometabolism represents
a critical mechanistic link between cellular
metabolism and immune regulation, offering novel
therapeutic targets for controlling inflammation.
Pharmacological modulation of inflammatory
balance

Pharmacological modulation of
inflammation has traditionally focused on
suppressing excessive immune responses to
alleviate symptoms and limit tissue damage.
Conventional therapeutic strategies primarily target
the production or activity of pro-inflammatory
mediators rather than restoring immune
homeostasis. Although effective in managing
acute inflammation, these approaches often fail
to address the underlying imbalance in chronic
inflammatory diseases.***

Classical Anti-Inflammatory Therapies

Nonsteroidal anti-inflammatory drugs
(NSAIDs) and glucocorticoids remain the
cornerstone of anti-inflammatory treatment.
NSAIDs inhibit cyclooxygenase enzymes,
thereby reducing prostaglandin synthesis, while
glucocorticoids suppress multiple inflammatory
pathways through transcriptional regulation of
pro-inflammatory genes.

Despite their effectiveness, these
agents do not actively promote resolution of
inflammation. Long-term or high-dose use is
associated with significant adverse effects,
including gastrointestinal toxicity, metabolic
disturbances, osteoporosis, adrenal suppression,
and increased susceptibility to infections. These
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limitations highlight the drawbacks of broad
immunosuppression in achieving sustained
immune balance.?*-%

Targeted Inmunomodulatory Therapies

Advances in molecular immunology have
led to the development of targeted therapies that
selectively inhibit specific inflammatory mediators
and signaling pathways. Biological agents targeting
TNF-4, IL-6, and IL-14 have significantly improved
the management of autoimmune and chronic
inflammatory diseases by providing pathway-
specific inhibition.*¢

In addition, small-molecule Janus kinase
(JAK) inhibitors have emerged as effective oral
therapies that modulate intracellular cytokine
signaling. These agents offer controlled and
reversible immunomodulation, allowing partial
suppression of inflammatory pathways while
preserving essential immune functions.*¢*767
Limitations of Suppressive Strategies

Despite therapeutic advancements,
most current anti-inflammatory treatments are
fundamentally suppressive in nature. By broadly
reducing immune activity, these therapies may
compromise host defense and increase susceptibility
to infections and malignancies. Importantly,
they do not correct the imbalance between pro-
inflammatory and regulatory pathways that
underlies chronic inflammation.

As aresult, disease recurrence is common
after treatment discontinuation, indicating that
suppressive strategies fail to achieve long-term
immune homeostasis.**%

Resolution-Based Therapeutic Approaches

Emerging therapeutic strategies focus on
promoting resolution of inflammation rather than
suppressing immune activation. These approaches
aim to enhance endogenous anti-inflammatory and
pro-resolving pathways, particularly through the
modulation of specialized pro-resolving mediators
(SPMs) and their signaling mechanisms.>*7%!

Unlike conventional therapies, resolution-
based approaches actively terminate inflammation,
promote clearance of inflammatory cells, and
restore tissue integrity while preserving immune
competence. This represents a paradigm shift
toward restoring immune balance rather than
inhibiting immune responses.””!

Conceptual Shift in Inflammatory Pharmacology

Overall, these developments reflect a

major shift in inflammatory pharmacology—from
broad immune suppression to selective modulation
of immune balance and resolution pathways. Future
therapies will increasingly focus on regulating the
intensity and duration of inflammation, promoting
timely resolution, and maintaining immune
homeostasis.

This evolving paradigm offers the
potential for more effective and safer therapeutic
strategies, enabling long-term disease control
with minimal adverse effects and advancing the
development of next-generation anti-inflammatory
treatments.”®7”

This illustration compares conventional
inflammatory suppression therapies with emerging
resolution-based pharmacological approaches.
Traditional anti-inflammatory treatments,
including non-steroidal anti-inflammatory drugs,
corticosteroids, and anti-cytokine biologics,
primarily act by inhibiting cyclooxygenase
activity and suppressing NF-éB/MAPK signaling,
resulting in reduced cytokine production but often
causing broad immune suppression, impaired host
defense, delayed tissue healing, and increased
risk of relapse.®*** In contrast, resolution-based
therapies aim to promote endogenous termination
of inflammation through specialized pro-resolving
mediators (lipoxins, resolvins, protectins, maresins),
activation of regulatory receptors, enhancement of
efferocytosis, and immune reprogramming toward
homeostasis.”**3%37 These strategies support
durable tissue repair and immune balance without
compromising antimicrobial defense.5'%!
Clinical implications and future perspectives

Dysregulated inflammation has emerged
as a central contributor to a wide spectrum of
acute and chronic diseases, including autoimmune
disorders, cardiovascular diseases, metabolic
syndrome, neurodegenerative conditions, and
inflammatory bowel disease.’**'*7 In these
conditions, inflammation is not merely a secondary
consequence of tissue injury but actively
participates in disease initiation, progression, and
complication. Persistent inflammatory signaling
drives tissue damage, metabolic dysfunction, and
immune imbalance, thereby exacerbating disease
severity.*

Importantly, complete elimination of
inflammation is neither biologically feasible nor
clinically desirable. Inflammatory responses are
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essential for host defense, tissue repair, and immune
surveillance. Therefore, therapeutic strategies
aimed at total suppression of inflammation may
disrupt critical physiological processes and
increase susceptibility to infections and other
complications.*™

Current trends in inflammatory medicine
emphasize controlled immune modulation rather
than broad immunosuppression. The goal is
to restore immune balance and re-establish
homeostasis by fine-tuning inflammatory responses
rather than completely inhibiting them. This
approach allows preservation of protective immune
functions while preventing excessive tissue damage
and chronic disease progression.5*’!

Emerging evidence highlights the
importance of personalized and precision-
based therapeutic strategies that consider
tissue-specific inflammatory mechanisms,
immune cell heterogeneity, and patient-specific
factors. Advances in systems immunology,
immunometabolism, and molecular profiling are
enabling the identification of novel therapeutic
targets and biomarkers for disease stratification
and treatment optimization.®626*

Future therapeutic approaches are
expected to focus on enhancing endogenous
resolution pathways, modulating immune receptor
signaling, and targeting key intracellular signaling
networks. Resolution-based therapies, including
those targeting specialized pro-resolving mediators
(SPMs), represent a promising direction for
achieving sustained disease control with minimal
adverse effects. 07!

Overall, a paradigm shift is underway
in inflammatory disease management—from
symptom suppression to restoration of immune
balance. This evolving framework offers the
potential for more effective, targeted, and safer
therapeutic strategies, ultimately improving long-
term clinical outcomes and patient quality of
life.707
Implications of Targeted Immunotherapies

The emergence of pathway-specific
immunotherapies has demonstrated that selective
inhibition of key inflammatory drivers can provide
substantial therapeutic benefits. By targeting
specific signaling pathways and cytokine networks,
these therapies can disrupt disease-driving

mechanisms while minimizing systemic toxicity.
Such targeted approaches have transformed the
management of several inflammatory and immune-
mediated diseases by modulating the inflammatory
milieu rather than indiscriminately suppressing
immune function.?*66¢7

Despite these advances, important
limitations remain. Inter-individual variability
in immune responses, disease heterogeneity,
and tissue-specific differences in inflammatory
networks contribute to variability in therapeutic
outcomes. In addition, concerns regarding long-
term safety, immunogenicity, and sustained
immune modulation persist, particularly with
biologics and advanced cellular therapies. These
challenges highlight the limitations of “one-size-
fits-all” treatment strategies and underscore the
need for personalized therapeutic approaches that
consider individual immune balance, resolution
capacity, and tissue-specific regulation.*>*4
Toward Personalized Inflammatory Medicine

Future management of inflammatory
diseases is expected to integrate advances in
systems immunology, biomarker discovery, and
precision pharmacology. Systems-level approaches
enable comprehensive mapping of immune
networks and signaling pathways, providing
deeper insights into the regulation of inflammatory
responses.®6

Identification of reliable biomarkers
reflecting inflammatory burden, resolution
capacity, and pathway activation is critical for
patient stratification and treatment optimization.
Such biomarkers can guide selection of appropriate
therapies, predict treatment response, and allow
dynamic monitoring of disease progression.
Personalized immunomodulation strategies based
on biomarker-driven decision-making have the
potential to enhance therapeutic efficacy, reduce
adverse effects, and achieve sustained disease
control. #4764

In parallel, modulation of immune
checkpoints beyond oncology is emerging as a
novel strategy for regulating inflammation. By
adjusting immune activation thresholds rather than
inducing global immunosuppression, checkpoint-
based approaches can provide precise control over
inflammatory responses while preserving essential
immune functions.*>”
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Translational Perspective and Therapeutic
Long-Term Goals

From a translational perspective,
therapies that enhance endogenous resolution
pathways, restore immune receptor balance, and
normalize tissue microenvironments represent
a transformative approach to inflammatory
disease management. Unlike conventional anti-
inflammatory therapies that broadly inhibit immune
responses, these strategies align pharmacological
intervention with natural regulatory mechanisms
of the immune system.’707!

Restoration of immune homeostasis has
both short- and long-term clinical implications. In
the short term, such approaches may reduce disease
flares, improve symptom control, and minimize
treatment-related toxicity. Over the long term,
they hold the potential to slow disease progression,
improve survival outcomes, and reduce dependence
on chronic pharmacotherapy.

Ultimately, the induction and maintenance
of physiological immune regulation represent a
rational and sustainable strategy for managing
inflammatory diseases. This paradigm shift—from
suppression to restoration of immune balance—
offers a promising foundation for the development
of next-generation therapeutic interventions.*8>73

DISCUSSION

Thepresent review highlights inflammation
as a highly dynamic and tightly regulated process
governed by complex interactions between immune
cells, molecular mediators, and intracellular
signaling pathways. While significant progress
has been made in understanding inflammatory
mechanisms, several important aspects require
further consideration to fully explain the variability
and complexity observed in inflammatory diseases.

A central concept emerging from recent
research is that inflammation cannot be adequately
explained by linear pathways alone. Instead, it
represents a multidimensional network in which
signaling pathways such as NF-éB, MAPK, and
JAK/STAT interact through extensive crosstalk
and feedback mechanisms. This network-based
regulation allows precise control of inflammatory
responses but also introduces multiple points at
which dysregulation can occur, leading to chronic
inflammation and disease progression.®:6373

One of the major limitations of traditional
models is the oversimplified classification of
immune cells, particularly macrophages. The
classical M1/M2 paradigm does not fully capture
the functional diversity of macrophages observed
in vivo. Emerging evidence supports the concept of
a macrophage activation spectrum, in which cells
adopt context-dependent phenotypes influenced
by tissue microenvironment, metabolic state,
and disease conditions.® This spectrum-based
model provides a more accurate framework for
understanding how macrophages contribute to both
inflammation and resolution.

In addition to cellular diversity, tissue-
specific inflammatory heterogeneity represents
a critical but often underappreciated factor.
Inflammatory responses differ significantly across
tissues due to variations in immune cell composition,
stromal interactions, metabolic environment, and
local signaling networks. For example, microglia
in the central nervous system, Kupffer cells in
the liver, and adipose tissue macrophages exhibit
distinct functional profiles that influence disease
outcomes in neurodegeneration, liver disease,
and metabolic disorders, respectively.t'*7 These
differences suggest that inflammation is not a
uniform process but rather a context-dependent
phenomenon requiring tissue-specific therapeutic
approaches.

Another important consideration is
the balance between pro-inflammatory and
pro-resolving mechanisms. While most current
therapeutic strategies focus on suppressing
inflammatory mediators, increasing evidence
indicates that failure of resolution pathways is
a key driver of chronic inflammation. Defects
in specialized pro-resolving mediators (SPMs),
impaired efferocytosis, and dysregulated anti-
inflammatory cytokine signaling contribute to
persistent inflammation and tissue damage.’07!
Therefore, inflammation should be viewed not
only as excessive activation but also as defective
resolution.

Alternative hypotheses further suggest
that metabolic and environmental factors play a
crucial role in shaping inflammatory responses.
Immunometabolism has emerged as a key regulator
of immune cell function, influencing macrophage
polarization, cytokine production, and signaling
pathway activation. Metabolic reprogramming
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can either promote inflammatory responses or
support resolution, depending on the context.5"¢
Similarly, trained immunity and epigenetic
reprogramming may contribute to sustained
inflammatory responses even after removal of the
initial stimulus, providing an additional layer of
complexity.®

From a therapeutic perspective, these
insights challenge the traditional paradigm of broad
immunosuppression. While targeted therapies
against cytokines and signaling pathways have
improved clinical outcomes, they do not fully
address the underlying dysregulation of immune
balance. Inter-individual variability, tissue-specific
responses, and network-level interactions limit the
effectiveness of uniform treatment strategies.*’

Taken together, these observations support
a shift toward a systems-level understanding of
inflammation that integrates cellular heterogeneity,
tissue-specific context, metabolic regulation, and
resolution biology. Future research should focus
on identifying precise biomarkers, understanding
tissue-specific immune networks, and developing
therapies that restore immune balance rather than
simply suppress inflammatory pathways. Such
approaches are likely to provide more effective
and sustainable strategies for the management of
inflammatory diseases.®7*"*

Importantly, this review integrates
emerging concepts such as immunometabolism,
macrophage heterogeneity, and resolution
pharmacology into a unified framework of
inflammatory regulation. This integrative
perspective highlights potential therapeutic
strategies aimed at restoring immune balance rather
than suppressing immune responses.

CONCLUSION

Inflammation is an evolutionarily
conserved biological response essential for host
defense, tissue repair, and immune surveillance.
However, its protective function depends on precise
regulation of both the intensity and duration of
the response. As discussed, inflammation is not
a simple on—off phenomenon but a dynamic and
tightly coordinated process governed by complex
interactions among cellular, molecular, and
signaling networks. Importantly, the transition from
acute, protective inflammation to chronic disease is

driven not only by sustained activation but also by
failure of regulatory and resolution mechanisms.

Recent advances have established that
resolution of inflammation is an active and highly
regulated process involving coordinated actions
of anti-inflammatory cytokines, pro-resolving
mediators, immune regulatory receptors, and
cellular clearance pathways. Conversely, persistent
activation of key signaling pathways such as NF-
€B, MAPK, and JAK/STAT contributes to immune
dysregulation, tissue injury, and progression of
chronic inflammatory diseases. These insights
highlight the importance of maintaining a balance
between activation and resolution to preserve
immune homeostasis.

From a therapeutic perspective, current
evidence indicates that conventional anti-
inflammatory strategies based primarily on broad
immune suppression are effective for short-term
symptom control but are limited in restoring
long-term immune balance. These approaches
may also be associated with adverse effects due to
non-specific inhibition of immune function.

Emerging therapeutic strategies
are therefore shifting toward targeted
immunomodulation and enhancement of
endogenous resolution pathways. Approaches
such as selective cytokine inhibition, modulation
of intracellular signaling pathways, and promotion
of resolution mechanisms offer the potential to
achieve more controlled and sustained regulation
of inflammation. In addition, advances in systems
immunology and biomarker-guided therapy are
expected to support more individualized treatment
strategies that account for variability in immune
responses and disease context.

Overall, improving our understanding
of inflammatory regulation and resolution will
be critical for the development of safer and more
effective therapeutic interventions. A balanced
approach that integrates controlled immune
modulation with preservation of host defense
represents a rational and sustainable strategy for
managing inflammatory diseases.
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