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Summary

Background: Inflammation is increasingly
recognized as an active contributor to the
pathogenesis of hematological diseases rather
than a secondary consequence. Persistent
inflammatory signaling disrupts bone marrow
homeostasis, alters immune regulation, and
promotes disease progression.

Objective: This review evaluates the role of
inflammation in hematological diseases, with
particular emphasis on leukemia, highlighting
molecular mechanisms, microenvironmental
interactions, and clinical relevance.

Methods: A narrative review of peer-reviewed
literature published between 2000 and 2024
was conducted using PubMed, Scopus, Web of
Science, and Google Scholar. Relevant studies
addressing inflammatory pathways, cytokine
signaling, and hematological disease
progression were analyzed.

Key Findings: Chronic elevation of pro-
inflammatory cytokines, including interleukin-1,
interleukin-6, and tumor necrosis factor-a,
activates NF-kB and JAK/STAT signaling
pathways, leading to leukemic cell survival,
immune suppression, endothelial dysfunction,
and inhibition of normal hematopoiesis. In
leukemia, inflammation-driven interactions
within the bone marrow microenvironment
contribute to disease progression and
therapeutic resistance. Inflammatory
biomarkers such as C-reactive protein,
interleukin-6, and endothelial activation markers
demonstrate  diagnostic and  prognostic
relevance. Similar  inflammation-mediated
mechanisms are also observed in non-

malignant disorders, including anemia of chronic
disease and myelodysplastic syndromes.
Conclusion: Inflammation plays a central role
in the pathogenesis and clinical behavior of
hematological diseases, particularly leukemia.
Targeting inflammation-associated pathways
alongside conventional therapies may improve
disease management and clinical outcomes.

Keywords
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Introduction

Hematological diseases comprise a broad

spectrum of disorders affecting blood cells, bone
marrow, and lymphoid organs, and they remain
a significant cause of morbidity and mortality
worldwide despite advances in diagnosis and
treatment [1,2].

These disorders include malignant conditions
such as leukemia and lymphoma, as well as
non-malignant disorders including anemia,
thrombocytopenia, and other cytopenias arising
from impaired hematopoiesis [1,2]. The clinical
heterogeneity of hematological diseases
reflects their complex etiology, which involves
genetic abnormalities, environmental
exposures, and immune-mediated mechanisms
acting in concert [3].

Inflammation has emerged as an important
biological link between immune dysregulation
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and hematological pathology, extending beyond
its traditional role in host defense [3].

While acute inflammation is essential for
pathogen clearance and tissue repair, persistent
or dysregulated inflammatory responses can
adversely affect hematopoietic function [1].

Chronic inflammatory signaling disrupts bone
marrow homeostasis, alters stem and progenitor
cell behavior, and contributes to ineffective
blood cell production [2].

The bone marrow microenvironment plays a
central role in maintaining normal
hematopoiesis through interactions between
hematopoietic cells, stromal cells, endothelial
cells, and immune mediators [1]. Pro-
inflammatory cytokines such as interleukin-1,
interleukin-6, and tumor necrosis factor-a are
key regulators of stress-induced hematopoiesis
and immune activation within this niche [2].

Sustained exposure to these
promotes stem cell exhaustion, lineage
imbalance, and suppression of normal
hematopoietic differentiation [3]. At the
molecular level, chronic inflammation induces
oxidative stress and excessive production of
reactive oxygen species, leading to DNA
damage and impaired genomic stability in
hematopoietic cells [3]. Repeated inflammatory
insults may overwhelm cellular repair
mechanisms, thereby increasing susceptibility
to leukemogenic mutations and clonal
expansion [1].

cytokines

These processes provide a mechanistic
explanation for the association between chronic
inflammatory conditions and the development of
hematological malignancies [3]. In malignant
hematological disorders, inflammation actively
contributes to disease maintenance rather than
representing a secondary consequence of
tumor burden [3]. Malignant cells and
surrounding immune cells engage in reciprocal
signaling  that reinforces  inflammatory
pathways, suppresses anti-tumor immune
responses, and promotes cell survival [1,2]. This
inflammatory feedback loop is particularly
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evident in leukemia, where it influences disease
progression, immune evasion, and therapeutic
resistance [3].

Recent advances in computational analysis and
biomarker research have further emphasized
the diagnostic and prognostic relevance of
inflammation in hematological diseases [4].
Integration of inflammatory markers with
conventional hematological parameters has
improved disease classification and risk
stratification [4]. These findings underscore the
translational importance of understanding
inflammation-driven mechanisms in
hematological pathology [4].

This review aims to critically examine the role of
inflammation in hematological diseases, with
emphasis on underlying mechanisms, leukemic
microenvironment interactions, and emerging
diagnostic and therapeutic implications. By
synthesizing current evidence, this article
highlights inflammation as a central determinant
of disease progression and clinical outcome in
hematological disorders.

2. Literature search strategy.

This review was developed using a narrative
literature approach to evaluate the role of
inflammation in hematological diseases. A
comprehensive search was performed using
electronic databases including PubMed,
Scopus, Web of Science, and Google Scholar.
Articles published between 2000 and 2024 were
considered.

Search terms included combinations of
inflammation, hematological diseases,
leukemia, cytokines, bone marrow

microenvironment, NF-kB, JAK/STAT, and
inflammatory biomarkers. Selection was based
on relevance to inflammatory mechanisms,
disease progression, diagnostic value, and
therapeutic implications.

Peer-reviewed original research articles, clinical
studies, and review papers published in English
were included. Conference abstracts, non-peer-
reviewed sources, and studies lacking
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mechanistic or clinical relevance were excluded.
Additional articles were identified through
manual screening of reference lists from
selected publications.

This approach allowed integration of
mechanistic,  translational, and clinical
perspectives related to inflammation-driven
hematological pathology.

3. Mechanism of Inflammation in Hematological
Diseases

Inflammation influences hematological diseases
through a complex network of immune sensing,
cytokine signaling, cellular activation, and
intracellular regulatory pathways that

collectively disrupt normal hematopoietic
function [5].

These mechanisms involve coordinated
interactions between innate and adaptive
immune responses, linking early immune

recognition to sustained inflammatory signaling
within hematological tissues [6].

Dysregulation of these pathways shifts
inflammation from a protective response to a
disease-promoting process in the hematopoietic
system [5].

3.1 Innate and Adaptive Immune Interface

The innate immune system initiates
inflammatory  responses by recognizing
pathogen-associated and damage-associated
molecular patterns through pattern recognition
receptors such as Toll-like receptors and NOD-
like receptors [5]. Activation of these receptors
triggers the rapid release of cytokines and
chemokines, leading to immune cell recruitment
and amplification of inflammatory signaling [5].
Innate immune activation directly shapes
adaptive immune responses by influencing
antigen presentation, T-cell priming, and B-cell
differentiation [6]. Evolutionary and functional
studies indicate that innate and adaptive
immunity operate as an integrated system rather
than as separate entities [6]. Persistent
activation of this immune interface in
hematological diseases leads to prolonged
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inflammation and impaired immune regulation
[5]. Such dysregulation contributes to ineffective
immune surveillance and altered hematopoietic
signaling [6].

3.2 Cellular Effectors: Neutrophils and Myeloid
Cells

Neutrophils play an important role in
inflammatory regulation beyond their classical
function as short-lived phagocytic cells [7].
Activated  neutrophils  release  cytokines,
proteolytic enzymes, and reactive oxygen
species that amplify local and systemic
inflammatory responses [7]. The formation of
neutrophil extracellular traps further sustains
inflammation by  exposing intracellular
components that activate immune signaling
pathways [7]. Myeloid cells, including
monocytes and macrophages, act in concert
with neutrophils to regulate the progression and
resolution of inflammation [7]. In chronic
inflammatory states, persistent activation of
these cells disrupts tissue homeostasis and
alters the bone marrow microenvironment [7].
Such alterations impair normal hematopoietic
stem and progenitor cell function [7].

3.3 Cytokine
Communication

Signaling and  Systemic

Pro-inflammatory cytokines such as interleukin-
1, interleukin-6, and tumor necrosis factor family
members serve as central mediators of
inflammatory  communication [8]. These
cytokines exert both local effects within the bone
marrow and systemic effects through circulation
to distant organs [9]. Sustained cytokine
signaling skews hematopoietic stem cell
differentiation toward myeloid lineages and
suppresses normal blood cell production [8].
Inflammatory cytokines also interact with the
central nervous system through humoral and
neural pathways [9]. This bidirectional
neuroimmune communication reinforces
chronic inflammatory states and influences
systemic immune regulation [9]. Such feedback
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mechanisms contribute to the persistence of

inflammation in hematological diseases [8].

3.4 Intracellular Signaling Pathways
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contributes to hematological dysfunction and
disease progression [10].

3.5 Integration and Pathological Outcomes

Inflammation in Hematological Diseases
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Figure. 1 Conceptual schematic illustrating inflammation-driven mechanisms in hematological diseases, with emphasis

on leukemic microenvironment alterations,

biomarkers, and therapeutic approaches. The figure is an original illustration created to summarize key concepts

immune suppression,

inflammatory signaling pathways, diagnostic

and PI3K/AKT cascades, which integrate
signals from cytokine receptors and immune
sensors [10]. Persistent activation of these
pathways promotes apoptosis resistance,
differentiation arrest, and abnormal cell
proliferation [5]. In hematopoietic and stromal
cells, dysregulated intracellular signaling
disrupts normal feedback control mechanisms
[10]. This disruption allows inflammatory
responses to persist beyond their physiological
role [5]. Such maladaptive signaling directly

supports host defense, tissue repair, and
immune homeostasis [7]. In contrast, chronic or
uncontrolled inflammation leads to sustained
cytokine production, immune cell activation, and
microenvironmental  remodeling  [10]. In
hematological diseases, these processes impair
normal hematopoiesis, promote immune
dysfunction, and create conditions favorable for
malignant transformation [5]. Understanding
these integrated mechanisms is essential for
identifying therapeutic targets capable of
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interrupting inflammation-driven hematological
pathology [8,10].

The integrated effects of chronic inflammatory
signaling on hematopoietic cells, immune
regulation, and the bone marrow
microenvironment are summarized in Figure 1.

4, Role of Inflammation in
Hematological Disorder — Leukemia

Specific

Inflammation is now recognized as a
fundamental component of the leukemic
microenvironment, influencing disease initiation,
progression, and response to therapy [11].
Leukemia development is not driven solely by
intrinsic genetic alterations but is strongly
shaped by extrinsic inflammatory signals within
the bone marrow niche [12]. These inflammatory
cues originate from immune cells, stromal
elements, and endothelial cells, creating a
microenvironment that favors leukemic cell
survival [11,14].

Leukemic cells actively participate in sustaining
inflammation by producing cytokines,
chemokines, and growth factors that reinforce
immune dysregulation [11]. This bidirectional
interaction establishes a self-perpetuating
inflammatory loop that promotes disease
persistence and clonal expansion [12]. As a
result, inflammation functions as both a driver
and a consequence of leukemic burden [11].

4.1 Inflammatory  Microenvironment and

Leukemogenesis

Chronic inflammatory signaling contributes to
leukemogenesis by enhancing the survival and
expansion of pre-leukemic and leukemic clones
[11]. Pro-inflammatory cytokines such as tumor
necrosis factor-a, interleukin-1, and interleukin-
6 activate transcriptional programs that promote
resistance to apoptosis and uncontrolled
proliferation [11]. These cytokines primarily
exert their effects through activation of NF-kB
and JAK/STAT signaling pathways, which are
frequently dysregulated in leukemia [11].
Persistent inflammation also induces oxidative
stress within hematopoietic progenitor cells [11].
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Excessive generation of reactive oxygen
species leads to DNA damage and increased

genomic instability [11]. This inflammation-
driven  mutational pressure accelerates
leukemic transformation and disease

progression [11].
4.2 Cytokine-Mediated Immune Dysregulation

In acute myeloid leukemia, elevated levels of
inflammatory  cytokines are  consistently
observed and correlate with disease severity
[12]. Cytokines such as interleukin-1p,
interleukin-6, and tumor necrosis factor-a
suppress cytotoxic T-cell function and impair
natural killer cell activity [12]. This immune
suppression facilitates leukemic immune
evasion and limits effective anti-tumor
responses [12]. Inflammatory cytokines also
influence immune cell recruitment and
polarization within the leukemic
microenvironment [12]. Activation of monocytes,
macrophages, and myeloid-derived suppressor
cells further amplifies immunosuppressive
signaling [14]. These changes contribute to
immune exhaustion and reduced therapeutic
efficacy [12].

4.3 Endothelial Dysfunction and Coagulation
Abnormalities

Inflammation-induced endothelial activation
represents an important pathological feature of
leukemia [13]. Pro-inflammatory mediators
disrupt endothelial integrity and increase
expression of adhesion molecules within the
bone marrow vasculature [13]. These alterations
facilitate leukemic cell adhesion, migration, and
retention within protective vascular niches [13].
In chronic lymphocytic leukemia, endothelial
inflammation is closely associated with
coagulation abnormalites and increased
thrombotic  risk  [13]. Cytokine-mediated
vascular injury, combined with
immunomodulatory therapies, further
exacerbates endothelial dysfunction [13]. This
highlights the contribution of inflammation to
both disease pathology and treatment-related
complications [13].
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4.4 Inflammation-Mediated Suppression of
Normal Hematopoiesis

Leukemia-associated inflammation profoundly
disrupts normal hematopoiesis within the bone
marrow [14]. Inflammatory mediators released
by leukemic cells impair hematopoietic stem and
progenitor cell function [14]. This suppression
contributes to anemia, neutropenia, and
thrombocytopenia commonly observed in
affected patients [14]. Activated immune cells
within the leukemic niche further inhibit stem cell
renewal and differentiation [14]. Over time,
inflammation-driven remodeling of the bone
marrow microenvironment leads to sustained
hematopoietic failure [14]. These effects
significantly worsen clinical outcomes and
disease-related morbidity [14].

4.5 Clinical and Critical Perspective

Although extensive evidence links inflammation
to leukemic progression, variability exists across
studies regarding the prognostic value of
individual  inflammatory = mediators  [11].
Differences in leukemia subtype, disease stage,
patient demographics, and treatment exposure
contribute to inconsistent findings [12].
Furthermore, much of the available evidence is
derived from observational studies or preclinical
models, limiting direct causal interpretation [11].
Despite these limitations, inflammation remains
a clinically relevant therapeutic target in
leukemia [11]. Understanding the balance
between protective immune responses and

pathological inflammation is essential for
optimizing treatment strategies [14]. An
integrated view of inflammation-driven

mechanisms is therefore critical for improving
leukemia management and outcomes [11].

Figure 2 illustrates the key inflammatory
pathways involved in leukemic progression,
immune suppression, endothelial dysfunction,
and potential therapeutic targets.

Although leukemia represents a major focus of
current research, inflammatory mechanisms are
also implicated in several non-malignant and
pre-malignant hematological conditions. In
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anemia of chronic disease, persistent
interleukin-6  signaling induces hepcidin
overexpression, leading to impaired iron

availability and reduced erythropoiesis.
Myelodysplastic syndromes and
myeloproliferative neoplasms exhibit chronic
immune activation within the bone marrow,
where inflammatory cytokines contribute to
ineffective hematopoiesis and clonal expansion.
These observations suggest that inflammation
acts as a common pathological denominator
across diverse hematological disorders,
reinforcing its broader clinical relevance beyond
leukemia.

5. Therapeutic Implications of Inflammation in
Leukemia.

The recognition of inflammation as a key driver
of leukemic progression has expanded
therapeutic strategies beyond direct cytotoxic
targeting of malignant cells [11]. Persistent
inflammatory signaling within the bone marrow
microenvironment promotes leukemic cell
survival, immune evasion, and resistance to
conventional chemotherapy [12]. Targeting
inflammation-associated pathways therefore
represents a complementary approach to
improve treatment outcomes in leukemia [11].

5.1 Cytokine-Targeted Therapeutic Strategies

Pro-inflammatory cytokines such as interleukin-
1, interleukin-6, and tumor necrosis factor-a play
a central role in sustaining leukemic cell growth
and survival [12]. Pharmacological inhibition of
interleukin-1 signaling using agents such as
anakinra has demonstrated the ability to reduce
inflammatory cytokine production and suppress
leukemic proliferation in preclinical studies [15].
Similarly, blockade of interleukin-6 signaling has
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been shown to interfere with STAT3-mediated
survival pathways in leukemic cells [15].
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Figure.2 Inflammatory involvement in hematological diseases highlighting leukemic progression,

immune

suppression, endothelial dysfunction, and potential therapeutic targets (adapted from reference 19).

Targeting tumor necrosis factor-a has also been
explored as a strategy to disrupt inflammation-
driven leukemic signaling [13].

Inhibition of these cytokines can attenuate
downstream activation of NF-kB and JAK/STAT
pathways, thereby enhancing leukemic cell
sensitivity to apoptosis [11].

In addition to anti-leukemic effects, cytokine-
targeted therapies may reduce systemic
inflammatory symptoms and improve patient
quality of life [15].

5.2 NF-kB and JAK/STAT Pathway Inhibition
The NF-kB and JAK/STAT signaling pathways
serve as major transcriptional regulators

translating inflammatory signals into pro-
survival gene expression programs in leukemia

leukemias [15]. This dysregulation contributes to
uncontrolled  proliferation, resistance to
apoptosis, and immune suppression [11].

JAK inhibitors such as ruxolitinib have
demonstrated efficacy in suppressing cytokine-
driven inflammatory signaling in hematological
malignancies [11].

Proteasome inhibitors, including bortezomib,
indirectly inhibit NF-kB activation by preventing
degradation of inhibitory proteins [15]. Inhibition
of these pathways disrupts leukemic—stromal
interactions and enhances responsiveness to
chemotherapy [14].

5.3 Anti-inflammatory and Immunomodulatory
Approaches

Corticosteroids remain an integral component of
leukemia treatment due to their potent anti-
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inflammatory and
properties [13].

immunosuppressive

These agents reduce cytokine production and
induce apoptosis in selected leukemic subtypes
[13]. However, long-term corticosteroid use is
associated with metabolic, infectious, and
cardiovascular complications, limiting their
prolonged application [13]. Immunomodulatory
drugs have demonstrated therapeutic benefit in
selected hematological malignancies by altering
immune cell activity and cytokine profiles [13]. In
chronic lymphocytic leukemia, agents such as
lenalidomide may  paradoxically induce
endothelial  inflammation and increase
thrombotic risk [13]. These observations
highlight the complexity of inflammation-
targeted therapies and the need for careful
patient monitoring [13].

5.4 Targeting the Leukemic Microenvironment

Inflammation-driven remodeling of the bone
marrow microenvironment plays a crucial role in
leukemic stem cell survival and disease
persistence [14]. Disruption of
microenvironmental signaling aims to reduce
niche-mediated drug resistance and immune
suppression [14]. Targeting the CXCR4-
CXCL12 axis has shown promise in mobilizing
leukemic cells from protective niches and
enhancing chemotherapy efficacy [15].
Reprogramming macrophage polarization and
inhibiting  myeloid-derived suppressor cell
activity represent additional strategies to restore
immune balance [14].

Reduction of inflammation-induced immune
suppression may improve anti-leukemic
immune responses and long-term disease
control [15]. These approaches underscore the
therapeutic potential of targeting inflammation at
the level of the tumor microenvironment [14].

5.5 Critical Perspective on Inflammation-
Targeted Therapy
Despite encouraging results, inflammation-

targeted therapies are not universally effective
across  all leukemia  subtypes  [11].
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Heterogeneity in cytokine dependency, genetic
background, and disease stage contributes to
variable therapeutic responses [12]. Moreover,
many anti-inflammatory strategies remain
supported primarily by preclinical or early-phase
clinical evidence [15]. Future therapeutic
success will likely depend on patient-specific
inflammatory profiling and rational combination
strategies [11]. Integrating inflammation-
targeted approaches with chemotherapy,
targeted therapy, and immunotherapy may
enhance efficacy while minimizing resistance
[14]. A deeper understanding of inflammation-
driven signaling networks is therefore essential
for optimizing therapeutic interventions in
leukemia [11].

6. Inflammatory Biomarkers and Diagnostic
Relevance.

Inflammatory biomarkers provide valuable
insight into disease activity, prognosis, and
therapeutic  response in  hematological
malignancies, particularly leukemia [16].

These biomarkers reflect the intensity of
immune activation and the extent of
microenvironmental disruption within the bone
marrow [16]. Measurement of inflammatory
mediators has therefore gained importance as
an adjunct to conventional diagnostic and
prognostic tools [16].

6.1 Cytokines as Diagnostic and Prognostic
Indicators

Pro-inflammatory cytokines such as interleukin-
6, interleukin-1B, and tumor necrosis factor-a
are frequently elevated in patients with leukemia
[12]. Elevated cytokine levels correlate with
increased disease burden, aggressive clinical
behavior, and reduced overall survival [12].
Interleukin-6 has been particularly associated
with  treatment resistance and adverse
outcomes in acute leukemias [12]. Despite their
clinical relevance, cytokine levels show
considerable inter-patient variability [16].
Factors such as infection, therapy-related
inflammation, and comorbid conditions can
confound interpretation [16]. These limitations
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restrict the use of individual cytokines as
standalone diagnostic markers [16].

6.2 Acute Phase Reactants and Systemic
Inflammation Markers

Acute-phase proteins including C-reactive
protein and ferritin serve as indirect indicators of
systemic inflammation in  hematological
diseases [16]. Elevated levels of these markers
are commonly observed in leukemic patients
and often reflect active disease or inflammatory
complications [16]. Hyperferritinemia has been
associated with cytokine release syndromes
and immune dysregulation in advanced disease
stages [16]. However, acute-phase reactants
lack disease specificity [16]. Their elevation may
result from infections, transfusions, or
treatment-related inflammation rather than
leukemia itself [16]. Therefore, these markers
are most informative when interpreted in
conjunction with clinical and laboratory findings
[16].

6.3 Cellular and Molecular Biomarkers

Inflammation-related signaling molecules such
as NF-«kB and STAT3 have emerged as
molecular biomarkers of leukemic progression
[11]. Persistent activation of these pathways is
associated with enhanced leukemic cell survival
and immune evasion [11]. Detection of pathway
activation status may provide prognostic
information and guide targeted therapeutic
decisions [11]. Expression patterns of immune
checkpoint molecules and inflammatory
receptors also reflect immune dysregulation in
leukemia [14]. Alterations in these markers may
predict responsiveness to immunomodulatory
and inflammation-targeted therapies [14].

Integration of molecular biomarkers into
diagnostic workflows may improve personalized
treatment strategies [14].

6.4 Emerging Biomarkers and Clinical
Challenges
Recent studies have explored composite

inflammatory indices combining cytokine levels,
immune cell ratios, and acute-phase proteins
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[16]. Such integrated biomarker panels may
provide greater prognostic accuracy than
individual markers alone [16].

However, lack of standardization and assay
variability remain significant obstacles to clinical
implementation [16]. longitudinal monitoring of
inflammatory biomarkers may offer insight into
treatment response and early relapse detection
[12].

Despite this potential, large-scale prospective
studies are required to validate clinical utility
[16]. Careful interpretation of inflammatory
biomarkers is therefore essential to avoid
overestimation of their diagnostic value [16].

7. Future Research

Directions.

Perspectives and

Growing evidence indicates that inflammation is
not merely a secondary feature of hematological
diseases but an active contributor to disease
initiation and progression [17]. Future research
must focus on delineating the temporal
relationship between inflammatory signaling
and genetic alterations in hematopoietic cells
[17]. Clarifying this relationship may help identify
early intervention points before irreversible
malignant transformation occurs [17].

Advances in single-cell sequencing and spatial
transcriptomics offer new opportunities to
dissect inflammatory heterogeneity within the
bone marrow microenvironment [17]. These
technologies can reveal cell-specific
inflammatory signatures that are not captured by
bulk analyses [17]. Such insights may improve
risk stratification and therapeutic targeting in
leukemia and related disorders [17].
Identification of reliable inflammation-based
biomarkers remains a critical research priority
[16]. Standardization of assay methods and
validation across diverse patient cohorts are
essential for clinical translation [16]. Future
studies  should emphasize longitudinal
biomarker monitoring to better predict treatment
response and relapse [16].
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The development of combination therapies
targeting both leukemic cells and inflammatory
pathways represents a promising direction [15].
Rational integration of anti-inflammatory agents
with chemotherapy, targeted therapy, or
immunotherapy may enhance efficacy while
limiting resistance [15]. However, careful
evaluation of immunosuppressive risks is
required to avoid compromising host defense
[15].

Finally, expanding research beyond leukemia to
include other hematological diseases such as
myelodysplastic syndromes and
myeloproliferative neoplasms will improve
alignment between title and content [17].
Comparative studies across disease entities
may uncover shared inflammatory mechanisms
and disease-specific differences [17]. Such
approaches are essential for developing broadly
applicable and disease-tailored therapeutic
strategies [17].

Conclusion

Inflammation has emerged as a fundamental
driver of hematological disease pathogenesis,
extending beyond a secondary response to
malignant transformation or tissue injury. In
leukemia and related disorders, sustained
inflammatory signaling reshapes the bone
marrow microenvironment, promotes leukemic
cell survival, and suppresses normal
hematopoiesis through persistent activation of
cytokine-mediated pathways such as NF-kB and
JAK/STAT. These processes contribute to
immune dysfunction, endothelial activation, and
therapeutic resistance, collectively worsening
clinical outcomes.

Recognition of inflammation as a dynamic
component of disease biology has important
translational implications. Targeting
inflammatory pathways alongside conventional
cytotoxic and targeted therapies may enhance
treatment efficacy and reduce disease
persistence. In parallel, inflammatory
biomarkers including interleukin-6, C-reactive
protein, and markers of endothelial activation
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hold promise for improving diagnosis,
prognostication, and treatment monitoring.
Continued integration of inflammation-focused
research into clinical practice may support more
precise, mechanism-based management
strategies for hematological diseases.
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Summary

Migraine is a debilitating neurological condition
marked by recurrent episodes of intense
headache frequently accompanied by nausea,
vomiting and sensory abnormalities. Even
though there are many therapy options, many
patients are still unhappy since the results take
too long to kick in, they have gastrointestinal
side effects and they do not follow the
instructions. The intranasal route has garnered
considerable interest for acute migraine
treatment because of its quick absorption,
avoidance of first-pass metabolism and
provision of a non-invasive option for individuals
with gastrointestinal issues. Triptans, non-
steroidal anti-inflammatory medications
(NSAIDs) and new small-molecule antagonists
are only a few of the pharmaceuticals that have
been made into intranasal delivery methods. In
recent years, polyherbal and innovative
formulation strategies have been investigated to
improve therapeutic efficacy and patient
convenience. This review gives a full picture of
the pathophysiology of migraines, the intranasal
therapies currently available, herbal-based
techniques, formulation tactics, mechanisms of
intranasal drug administration, the benefits and
drawbacks of this rapidly evolving sector and
what the future holds for it.

Keywords

Acute migraine, calcitonin gene-related peptide,
intranasal drug delivery, nose-to-brain delivery,
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Introduction

Migraine is one of the most common and
disabling neurological disorders in the world,
affecting approximately 15% of adults. Women
are more likely to be affected than males [1]. It
is marked by recurring unilateral throbbing
headaches lasting from 4 to 72 hours, frequently
accompanied by photophobia, phonophobia,
nausea, and vomiting [2]. The World Health
Organization (WHO) lists migraine as one of the
leading causes of years lived with disability,
highlighting its significant economic burden and
impact on quality of life [3].

Standard oral medications, such as triptans and
NSAIDs, remain the cornerstone of acute
migraine treatment. However, numerous
patients encounter delayed relief, inadequate
absorption due to gastric stasis during attacks,
or gastrointestinal discomfort, which constrains
therapeutic efficacy [4]. Parenteral
administration offers expedited relief but is
intrusive and linked to low patient adherence [5].
Consequently, there is an urgent need for
alternate drug delivery systems that are swift,
efficient, and non-invasive.

The intranasal route offers distinct advantages:
a large vascularized mucosal surface, rapid
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absorption and the possibility of direct drug
transfer from the nose to the brain through
olfactory and trigeminal pathways [6]. These
characteristics make it a promising approach for
both traditional pharmaceuticals and innovative
formulations in migraine therapy. Multiple
intranasal formulations, including sumatriptan,
zolmitriptan and newer compounds such as
zavegepant, have already demonstrated clinical
efficacy [7].

Pathophysiology of Migraine

Migraine is likely to be a brain disorder involving
altered regulation and control of afferents, with
a particular focus on the cranium. An
understanding of the pathophysiology of
migraine should be based upon the anatomy
and physiology of the pain-producing structures
of the cranium integrated with knowledge of their
central nervous system modulation. [8].

The activation of trigeminal afferents occurs
through neuronal pannexin-1 mega channel
opening and subsequent activation of caspase-
1. This is followed by the release of
proinflammatory mediators, activation of nuclear
factor kappa-B (NF-kB), and the spreading of
this inflammatory signal to trigeminal nerve
fibers around the vessels of the pia mater. This
process triggers a series of cortical, meningeal
and brainstem events, provoking inflammation
in the pain-sensitive meninges and resulting in
headaches through central and peripheral
mechanisms. This pathway can explain the
cortical depression (which establishes the aura)
and the latter prolonged activation of trigeminal
nociception (which leads to headache).

Based on vasodilation, edema and plasma
protein extravasation, neurogenic inflammation
results from the activation of nociceptors,
particularly within the trigeminal system. This
process is associated with the release of
substance P, calcitonin gene—related peptide
(CGRP) and neurokinin A  vasoactive
neuropeptides liberated by stimulation of the
trigeminal ganglion. Elevated levels of these
neuropeptides have been observed in the spinal

Vita Scientia @B

fluid of patients with chronic migraines.
Neurogenic inflammation can lead to
sensitization: a process where neurons become
more responsive to stimulation. This may
explain clinical symptoms of pain and the
transition from episodic migraine to chronic
migraines. [9]

Activation of the Trigeminovascular System

Trigeminal pathway activation triggers the
release of neuropeptides including CGRP,
substance P, neurokinin A, VIP, nitric oxide, and
neuropeptide Y from trigeminal neurons. CGRP
acts as a potent vasodilator, while substance P
and neurokinin A promote plasma extravasation.
This process drives neurogenic inflammation
and pain transmission in migraine. [10]

The Function of Calcitonin Gene-Related
Pep-tide (CGRP)

CGRP has become a key mediator in migraine
pathophysiology. During attacks, CGRP levels
rise and intravenous administration of CGRP
provokes migraine like symptoms in susceptible
individuals [11]. CGRP receptor antagonists and
monoclonal antibodies targeting the CGRP
pathway have therefore been developed as
novel migraine therapies.

Sensitization of the Central Nervous System

During extended migraine episodes, continuous
trigeminovascular stimulation induces central
sensitization in the brainstem and thalamus,
causing increased pain sensitivity, allodynia and
prolonged headache duration [12].

The Function of Serotonin (5-HT)

Serotonergic dysfunction is also implicated in
migraine.  Triptans  selective  5-HT1B/1D
receptor agonists alleviate migraine symptoms
by constricting intracranial arteries and blocking
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Figure 1 conceptual illustration of the mechanisms of the different phases of migraine. An overlap of the different phases

is possible

neuropeptide release from trigeminal terminals
[13].

In summary, migraine involves a cascade of
CSD, trigeminovascular activation, CGRP
production, serotonergic dysregulation, and
central sensitization. Understanding these
mechanisms has been vital in developing
effective intranasal treatments that target
specific cellular pathways [14].

Intranasal Drug Delivery Mechanism

The intranasal route exploits the highly
vascularized nasal mucosa and the anatomical
proximity of olfactory and trigeminal nerves to
the brain. After intranasal administration, drug
molecules traverse the nasal epithelium and can
reach the CNS via olfactory and trigeminal nerve
pathways, bypassing the blood—brain barrier
(BBB) [15-17]. This nose-to-brain (N2B)
pathway enables rapid therapeutic onset with

reduced systemic side effects compared with
oral administration.
Across epitheliumand Tis

Nasal Cavity Via paracellular space
Perivascular Pump
ant bulkTiow Perineural Space

| i Frpre

Subarachnoid CSF CNS
Space Convection Tissue

Blood Vessels H Lymphatics |

Figure 2. Author generated illustration of Flowchart
illustrating the key extracellular steps involved in drug
transport to the CNS following intranasal administration.

Drugs Used in Intranasal Therapy

Abortive Migraine Treatment

The ergots and triptans are the most efficacious
medicines for abortive treatment of migraine
headaches. Ergots have been available since
the early 1900s, while triptans have been in use
since the 1990s. Sumatriptan, the first triptan,
has since become the global standard of care
for
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Figure 3. conceptual illustration of mechanism of drug delivery via the intranasal route of administration. Key advantages

of the intranasal route include:

* Rapid drug absorption through the richly vascularized nasal mucosa

» Avoidance of hepatic first-pass metabolism
* Bypass of the gastrointestinal environment

» Potential direct CNS access via olfactory/trigeminal pathways

* Non-invasive, patient-friendly administration

acute migraine. Its intranasal formulation offers
rapid absorption, bypassing gastrointestinal
stasis that frequently occurs during migraine
attacks.

Preventive Migraine Treatment

Methysergide was the first preventive
medication developed specifically for migraine.
It acts as a potent serotonin antagonist and
animal studies have confirmed its ability to
induce cerebral vasoconstriction and suppress
neurogenic  inflammation [18].  Modern
preventive strategies also include beta-
blockers, antiepileptics, tricyclic antidepressants
and CGRP-pathway agents. Erenumab, a
CGRP receptor blocker, is a humanized 1gG2
mAb that has been found to have an early onset
efficacy. In one trial, patients who received
erenumab (140 mg) reported a 250% decrease
in the migraine days/week in the first week of
use. In a study from ltaly, treatment with
erenumab for 1 month reduced the monthly
migraine days (MMDs) in patients with CM by
12.2 days, in addition to resulting in reduced use
of medication, intensity of pain, and disability.
Two phase Il randomized controlled trials
(RCTs) have evaluated the efficacy of

subcutaneously administered erenumab (70 mg
and 140 mg monthly) in the prevention of EM
and found =50% reduction in MMDs in a
significant proportion of patients. American
Headache Society guidelines state that mAbs
treatment with established dosing may be used
in adults demonstrating intolerance or
unresponsiveness to at least two well-
established prophylactic agents after 6 weeks of
treatment initiation. [19]

FDA-Approved Intranasal Agents

The FDA has approved the following agents for
intranasal migraine treatment:

Zavegepant (Zavzpret), a novel CGRP receptor
antagonist, has recently been approved by the
FDA for the acute treatment of migraine. Clinical
trials have demonstrated its efficacy in providing
headache and symptom relief, with a statistically
significant percentage of patients achieving
freedom from headaches and most bothersome
symptoms. Despite mild adverse effects, such
as taste disorders and nausea, Zavzpret's
overall safety profile remains acceptable.

Zavegepant is sold under the brand name
Zavzpret by Pfizer Inc. It is a CGRP receptor
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antagonist used for the acute treatment of
migraine with or without aura in adults. [20].

Herbal Versus Synthetic Drugs

Table 2 presents a detailed comparative
analysis of herbal versus synthetic drugs across
key pharmaceutical parameters including origin,
composition, efficacy, safety and quality control
standards.

Polyherbal Intranasal Preparations

Nasal drug delivery is considered a particularly
promising approach for headache management
because it is more convenient and potentially
more effective than existing oral treatments.
Individuals  experiencing nausea  during
migraine  attacks may favor non-oral
formulations due to the reduced risk of vomiting.
The nasal mucosa has a neutral pH, lacks the
pancreatic and gastric enzymes that degrade
drugs orally, and avoids hepatic first-pass
metabolism. Some drugs, such as sumatriptan,
have limited blood—brain barrier penetration via
the oral route, making intranasal delivery
particularly advantageous.

Herbal nasal drops are formulated from plant-
derived substances with variable phytochemical
compositions. One of the documented
considerations of herbal medicines is their
inconsistent adverse-effect profile compared to
synthetic drugs. Herbal therapies derived from
plant-based sources may be tolerated differently
across patients depending on preparation and
dosage. [22].

Key Herbal Extracts

Rough Cocklebur (Xanthium strumarium):
Cocklebur has been described in select
traditional medicine systems, though historical
documentation varies across cultures. It
reportedly demonstrates anti-inflammatory and
analgesic activities that may contribute to
migraine symptom management. Extracts from
this plant have shown preliminary evidence of
relief from headache and sinus pain associated
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with  migraines, pending further clinical
validation.
Purslane (Portulaca oleracea): Purslane is

nutrient- dense and exhibits antioxidant, anti-
inflammatory, and neuroprotective effects. It has
been employed in herbal medicine to address
migraine symptoms by reducing oxidative stress
and inflammation. Its high omega-3 fatty acid

content additionally supports neurological
health [23].
Synthetic versus Herbal: Therapeutic
Philosophy

Synthetic medications treat symptoms arising
from de fined pathological mechanisms. By
contrast, herbal medicine tends to support the
body’s self-regulatory processes by gently
reinforcing systems that have become deficient
or correcting excesses that have become
dominant. Medicinal plants thus offer a
complementary therapeutic philosophy that
extends beyond isolated symptom relief [24].

Benefits and Drawbacks of Intranasal

Therapy

« Benefits of Intranasal Drug Delivery for

Migraine

« Drawbacks of Intranasal Drug Delivery for

Migraine

« Rapid absorption with higher bioavailability and

lower doses required

+ Mucociliary clearance reduces drug residence

time

+ Fast onset of therapeutic action

+ Not applicable to all drug classes

+ Avoidance of hepatic first-pass metabolism

+ Insufficient absorption for poorly water-soluble

drugs

+ No gastrointestinal metabolism or mucosal

irritation

+ Dose volume requirements (25-200 pL)

constrained by nasal capacity

* Lower risk of overdose

+ Potential for nasal irritation and discomfort

« Non-invasive with reduced risk of disease
* transmission

+ Possible metabolic degradation within the nasal

cavity

- Easy self-administration and improved patient

compliance

+ Less suitable for drugs requiring sustained

plasma levels
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for migraine management. [25]
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In Vivo Evaluation Methods

Imaging studies have been employed to
visualize drug deposition following intranasal
administration in animal models. Veronesi et al.
enumerated the predominant in vivo imaging
modalities used in experimental investigations
and underscored their importance in evaluating
therapeutic efficacy [26].

Current Innovations: The nose-to-brain (N2B)
drug delivery approach has emerged as a
compelling strategy for the management of
neurological disorders, offering a direct conduit
to the central nervous system while minimizing
unwanted systemic exposure and associated
side effects. This route exploits the unique
neural connections of the nasal cavity,
specifically the olfactory and trigeminal nerve
pathways, which provide a direct anatomical link
between the nasal mucosa and the brain,
allowing drugs to bypass the blood-brain barrier
(BBB) altogether rather than attempting to
penetrate it. This results in improved
bioavailability at the target site, faster onset of
action, and reduced hepatic first-pass
metabolism, addressing key limitations of
conventional CNS-targeted pharmacotherapy.
However, challenges such as rapid mucociliary
clearance, limited nasal residence time, and
enzymatic degradation within the nasal mucosa
often constrain efficient drug transport. To
address these barriers, advanced nano based
formulations, including polymeric nanoparticles,
liposomes, and solid lipid nanoparticles, are
being actively investigated to enhance N2B drug
delivery efficiency. These nanocarriers improve
mucoadhesion, protect therapeutic agents from
enzymatic breakdown, and facilitate targeted
uptake across the olfactory epithelium, making
them promising tools for the treatment of
neurological and neurodegenerative conditions
such as Alzheimer's disease, Parkinson's
disease, and migraine. [27]

Prospects for the Future

Vita Scientia @B

Patent analysis of N2B delivery technology
indicates that research on excipients and novel
dosage forms will drive the advancement of
nasal and intracerebral drug delivery systems.
Intranasal nano-delivery technology may offer
an innovative approach for managing CNS
disorders. Nano-delivery systems can leverage
nano-targeting technology to enhance drug
delivery efficiency along the nose-to-brain
pathway, thereby reducing the risk of adverse
reactions [28].

Future research priorities include:

1.Development of novel excipient materials and
smart polymers

2.Improvement of formulation technology for
sustained-release nasal systems

3.Engineering of advanced, patient-friendly
delivery devices

4.Interdisciplinary collaboration to industrialize
N2B delivery platforms

trials for
intranasal

5.Large-scale clinical
intranasal formulations
management [28].

polyherbal
migraine

Conclusion

Looking ahead, the convergence of artificial
intelligence with pharmaceutical formulation
science is poised to accelerate the development
of  next-generation intranasal  migraine
therapeutics. Al-driven modeling and machine
learning algorithms can facilitate rational design
of nasal formulations by predicting drug-mucosa
interactions, optimizing permeation enhancers,
and streamlining device-formulation
compatibility, thereby reducing the time and cost
associated with traditional trial-and-error
approaches. Concurrently, the shift toward
personalized

medicine offers promise for tailoring intranasal
therapy

based on individual patient factors such as nasal
mucosal physiology, migraine phenotype,
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comorbidities, and pharmacogenomic profiles,
potentially improving both efficacy and
tolerability while minimizing adverse effects.
However, realizing these advances will require
parallel evolution in regulatory frameworks.
Regulatory agencies will need to establish clear
guidance on bioequivalence standards for nasal
sprays, quality control benchmarks for novel
excipients and polyherbal formulations, and
pathways for approving Al-assisted formulation
platforms, ensuring that innovation is matched
by rigorous safety and efficacy oversight.
Collaborative  efforts among formulation
scientists, clinicians, regulatory bodies, and
technology developers will be essential to
translate these emerging directions into
clinically validated, accessible therapies for
migraine management.
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