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Abstract

Macrophages are phagocytic cells, digest the cellular debris, foreign substances, and microbes. They are
equally important for tissue development and homeostasis. Macrophages are generally of two types, one is
M1-type, involved in inflammation, aggravating the pathological events, including cardiovascular diseases,
diabetes, and neurological disorders. The other one is M2- type, and known for their anti-inflammatory func-
tion. The tumor micro-environment (TME) generally loaded with M2-type, and causes the cancer metastasis.
The impact of nutrients on immune system, especially on macrophage plasticity is a point of growing research
interest. Recent researchers have found pro- and anti-inflammatory properties of some nutrients/diet patterns,
which can be used for low-grade inflammatory status correction. In this regard, the assessment of potential ef-
fects of nutrition on macrophage differentiation, proliferation, and functioning in health and disease is highly
warranted. In this review, we discuss with current data the effects of nutrition on the macrophage functioning
in relation to various disease control.
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Abbreviations
TME Tumor Microenvironment
CAR-M Chimeric Antigen Receptor Macrophage
PAMPs Pathogen-Associated Molecular Patterns
MAPK Mitogen-Activated Protein Kinase
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DAMPs Damage-Associated Molecular Patterns (or Danger-Associated Molecular
Patterns)

NF-kB Nuclear Factor Kappa B (Nuclear Factor Kappa-Light-Chain-Enhancer of
Activated B Cells)

IFN-y Interferon-Gamma

po65s Protein Transcription Factor p65 (RelA Subunit of NF-xB)

LPS Lipopolysaccharide

ALI Acute Lung Injury

NO Nitric Oxide

ARDS Acute Respiratory Distress Syndrome

CCL2, CCL3, CCL5 CC Chemokine Ligand 2, 3, and 5

IL-12, IL-6, IL-1p, IL-23 Interleukin-12, Interleukin-6, Interleukin-1 Beta, and Interleukin-23

STAT Signal Transducer and Activator of Transcription

TNF-a Tumor Necrosis Factor-Alpha

CXCLS, CXCL9, C-X-C Motif Chemokine Ligand 8, 9, 10, 11, and 16

CXCL10, CXCL11,

CXCL16

NOS Nitric Oxide Synthase (or Nitric Oxide Synthases)

ROS Reactive Oxygen Species

MHC 11 Major Histocompatibility Complex Class II

SOCS Suppressor of Cytokine Signaling (not Security Operations Center in this
biological context)

TLR Toll-Like Receptor

SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2

IRF Interferon Regulatory Factor

IRF5 Interferon Regulatory Factor 5

IRF4 Interferon Regulatory Factor 4

Introduction

Macrophages are terminally differentiated phagocytic cells including dendritic cells, circulating blood mono-
cytes, myeloid progenitor cells in the bone marrow, and also the microglia in the brain and central nervous
system. Based on developmental origins, macrophages are categorized as tissue-resident macrophages and
monocyte-derived macrophages, which collectively involved in host defense. These are activated in response to
various signals, like Pathogen Associated Molecular Patterns (PAMPs) present on most microbes, and Danger
Associated Molecular Patterns (DAMPs) developed in the presence of dead or infected host cells. Notably, the
functional states of macrophages exist along a continuum between the classical pro-inflammatory (M1) and
anti-inflammatory/reparative (M2) dichotomy [1].

Macrophages are considered as plastic cells, activation and its polarization to its different types have a functional
significance in homeostasis and diseases, like, systemic metabolism, hematopoiesis, vasculogenesis, apoptosis,
malignancy, and reproduction, etc. These states are dynamically shaped by spatio-temporally heterogeneous
micro-environmental signals and coordinated through intricate molecular networks. The classical (M1) and
alternative (M2) activation depend on the type of cytokines and also the micro-environmental signals, that the
macrophages encounter [2-4].
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M1 Macrophages (Classically Activated)

The classical or M1 activated macrophages have positive effects on inflammation, and formed as a result of
classical activation of Toll-like Receptors through interferon-gamma (IFN-y) or lipopolysaccharide (LPS), and
kill invading pathogens through the production of inflammatory mediators, like nitric oxide (NO) and other
cytokines (Figure 1) [5].

Fig. 1: Monocyte

1. OXPHOS

2. B-Oxidation
3. Tissue repair

In short, the pro-inflammatory macrophages (M1-type) eliminate infections caused by bacteria, viruses, or
fungi, and also kill tumor cells.
Biomarkers Specific for M1-Macrophage Activation [6,7]:

e Cytokines : IL-12, TNF-a, IL- 6, IL-1p, IL-23

* Chemokines: CXCLS§, CXCL9, CXCL10, CXCL11, CXCL16, CCL2, CCL3, CCL5

* Co-stimulatory molecules: CD80, CD86

e Surface markers: MHCII and TLR2/4

* Inflammatory mediators like nitric oxide synthases (NOS) and reactive oxygen species (ROS)

M2-Macrophages (Alternatively Activated)

M2-macrophages are formed on exposure to cytokines like, IL-4, IL-10, or IL-13, and inhibit inflammation.
These macrophages produce polyamines and proline, which induce proliferation and collagen production, hence
regulates the immune response towards parasites, allergy, wound healing, and tissue remodeling. Further, the
anti-inflammatory macrophages (M2-type) can induce differentiation of regulatory T-lymphocytes. It should
be mentioned here that different stimuli can further activate the M2-type into its various sub-types, like M2a
(wound-healing) induced by IL-4 and IL-13, M2b (alternative inflammation) triggered by immune complexes
in the presence of FcyR/TLR ligand, and M2c by anti-inflammatory stimuli such as glucocorticoids, IL-10,
TGF-B [8, 9].

Biomarkers Specific for M2-Macrophage Activation

Arginase-1, Chitinase-3 like protein or Ym1, CD206 and CD163, FIZZ1, DC-SIGN or CD209, MGL-1 and
Dectin-1 (CLEC- 7A), cytokines such as IL-10 and IL-1ra, chemokines like CCL17, CD200R, or CD23 are
the known makers for M2-macrophages [10].

Transcription Factors for Polarization of Macrophages

Nuclear Factor kB (NF-kB) transcription factor activates the macrophage to its M 1-type in response to inflamma-
tory cytokines and stress signals. Activated Protein 1 (AP-1), a group of basic leucine zipper pro-inflammatory
transcription factor mediates gene regulation in response to physiological and pathological stimuli. Interferon
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Regulatory Factors (IFN) such as IRF5 and IRF4 are
important for M1 and M2 differentiation. Hypoxia-In-
ducible Factors (HIF-1a) activity, regulated by Th1
cytokines, causes M 1-macrophage polarization, which
promotes the production of Nitric oxide, whereas HIF-
2a activity is regulated by Th2 cytokines and caus-
es M2-macrophage polarization. Signal Transducers
and Activators of Transcription (STAT1, STAT2) are
associated with M1-macrophage polarization, and
M2-macrophage polarization, respectively [11-13].

Macrophage Polarization and the Control of Dif-
ferent Diseases

The dynamic balance—typically conceptualized as
pro-inflammatory M1 and anti-inflammatory/tissue-re-
pairing M2, are the priming factors for physiological
status of the body. Dysregulated macrophage and
microglial polarization—a persistent, pathological
imbalance between the pro-inflammatory (M1) and
anti-inflammatory/tissue-repairing (M2) phenotypes—
causes chronic inflammatory, autoimmune, and met-
abolic conditions, as well as severe fibrotic diseases
and invasive carcinoma.

Neurodegenerative Diseases: In the central nervous
system, the chronic M1 activation of resident immune
cells, microglia. causes neurotoxicity. Whereas, a fail-
ing or depleted M2 state decreases the brain's ability
to clear debris and resolve inflammation [14,15].

e Alzheimer’s Disease (AD): Characterized by
hyperactive M1 microglia responding to amy-
loid-beta (A) plaques and tau tangles, resulting
in progressive synaptic loss.

e Parkinson’s Disease (PD): Caused by M1-in-
duced oxidative stress and pro-inflammatory
cytokines that drives the death of dopaminergic
neurons.

* Amyotrophic Lateral Sclerosis (ALS): M1-
type of macrophages induce neuroinflammation
by causing the accumulation of mutated proteins
(e.g., SOD-1). This, then, accelerates the motor
neuron degeneration.

*  Multiple Sclerosis (MS): An autoimmune dis-
ease, when microglia and macrophages polarize
to its M 1-phenotype, leading to the breakdown
of the blood-brain barrier and the destruction of
myelin [14-20].

Autoimmune & Systemic Inflammatory Disorders:
An increased M1-to-M2 ratio perpetuates chronic

systemic attacks on host tissues:

* Rheumatoid Arthritis (RA): M1 macrophages
heavily drive synovial inflammation and joint deg-
radation, while defective M2 macrophages fail to
properly repair the extracellular matrix.

e Inflammatory Bowel Disease (IBD): Crohn's
disease and ulcerative colitis are marked by an
overabundance of M1 macrophages producing
cytokines, which destroy the mucosal lining.

e Systemic Lupus Erythematosus (SLE): An ab-
normal balance of both M1 and M2 states prevents
the resolution of inflammation, leading to chronic
organ and tissue damage, particularly in the kid-
neys (lupus nephritis) [14-17].

Metabolic & Cardiovascular Diseases: The polarization
state of macrophages dictates a systemic metabolic
health and vessel integrity:

* Obesity & Type 2 Diabetes: Adipose tissue ex-
pansion promotes a shift of macrophages toward
the inflammatory M1 phenotype. These M1 cells
release cytokines that counteract insulin, ultimately
induces insulin resistance [14].

* Atherosclerosis: Excess lipids convert arterial
macrophages into inflammatory M1-type, which
contribute to the formation and rupture of athero-
sclerotic plaques [14,15].

* Fibrotic Disorders: While the M2 phenotype is
essential for tissue repair, an unchecked, chronic
polarization toward M2 macrophages directly pro-
motes the excessive accumulation of the extracel-
lular matrix (e.g., collagen) [14].

* Systemic Sclerosis (Scleroderma): M2a mac-
rophages are recognized as primary drivers of tis-
sue fibrosis, destroying organ architecture.

*  Chronic Kidney Disease (CKD): Progressive loss
of kidney function driven by chronic M2-induced
fibrosis and macrophage-induced oxidative stress
[14,15].

Oncology (Tumor-Associated Macrophages - TAMs)
In many tumors, macrophages are polarized into an
M2-like state. Instead of fighting the cancer, as M1-
type does, these M2 macrophages secrete factors that
suppress the immune system, stimulate tumor angiogen-
esis (growth of blood vessel), and promote metastasis
[14,15].

Mechanisms Involved Behind the Roles of M1/
M2-Macrophages in Inflammatory Responses
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Inflammation is a part of homeostasis where the body recruits’ immune cells to destroy the infectious agents,
pathogens, and dead cells. The immune cells that include T cells, B cells, NK cells, monocytes, macrophages,
dendritic cells, neutrophils, basophils, eosinophils, and mast cells to participate in the process of pathogen
recognition and also to activate the signaling cascade of inflammation. An inflammatory response is required
by the immune system to recruit more immune cells. Various signaling molecules like I1L-2, IL-3, IL-4, IL-12,
IFN-y, and TNF-q, etc. participate in immune cell activation and proliferation. Polarized T cells i.e. Th-1 and
Th-2, secrete Thl cytokines (IL-12, IFN-y, TNF-B) and Th2 cytokines (IL-4, IL-5, IL-6, IL-9, IL-10, and IL-
13), respectively. The Th-1 cytokines influence the M1 polarization and Th-2 cytokines cause M2 macrophag-
es polarization. Among the various other factors, the microenvironment and surrounding cytokines can also
polarize M1/M2 macrophages [10,20,21].

During a pathogenic encounter, M 1-type macrophages are involved in the process of phagocytosis by secreting
various cytokines and chemokines, and after pathogen removal the other phenotype, M2-macrophages, clear
the apoptotic cells, produce extracellular matrix, blood vessels, secrete chemotactic factors and IL-10, resulting
in the process of wound healing, tissue repair, and mitigation of inflammation [22].

Macrophage Polarization Due to Environment

The transformation between M1 and M2 macrophages is also an environment-driven process (Figure 2).
Mechanistically, in classical activation of M1 macrophages, induction of NOS2 produces NO, which causes
inflammation. In case of M2 macrophages activation, expression of arginase expression gests up-regulated,
and convert arginine to ornithine and subsequently into hydroxyproline and polyamines. Those amino acids
help in the reconstruction of the damaged extracellular matrix [23].

Fig.2 Environmental Influences
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Figure 2: Environmental Influences on Macrophage Polarization

\IFN and TLR induced IRF/STAT signaling, activates M1 macrophages while IL-4 and IL- 13 induced IRF/
STAT signaling via STAT 6 induces M2 macrophages. Furthermore, SOCS, a family of proteins can inhibit
cytokine-mediated signal transduction. The knock-out study of SOCS led to the observation that the ratio of
SOCS1: SOCS3 is high in M2 macrophages, but low in M1 macrophages. Therefore, it is considered that the
expression of SOCS also can affect the M1- M2 macrophage polarization [24,25].

Some Patho-Physiological Conditions can Change the Macrophage Phenotype
An early phase of bacterial infection M 1-macrophages induces an inflammatory response, whereas during
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the late phase of infection macrophages polarize into
M2-type to protect the host from excessive injuries
and to undergo wound healing. However, in the case
of viral infections like influenza, HIV, and SARS, M2-
macrophages dominate these pathological conditions.
The formation of new blood vessels is a characteristic
of M1-mediated inflammatory conditions, as observed
in atherosclerosis and tumor, whereas M2 dominated
phase is involved during angiogenesis, which is
required for cells recruitment and wound healing,
and also tumor growth. However, Jetten, et al. recently
reported the pro-angiogenesis role of M2 macrophages
but not for the M1 macrophages. Much research is
required to decide the presence of specific ratio of M1/
M2 population in any pathological condition [26-30].

Key Signaling Pathways Guide Polarization
Directions

Metabolic pathways like, glycolysis, pentose phosphate
pathways while can do M1 polarization, the oxidative
phosphorylation and fatty acid oxidation favor M2
polarization. Furthermore, epigenetic mechanisms,
like DNA methylation, histone modifications, and
non-coding RNAs, contribute to stabilizing polarized
phenotypes with functional diversity [31,32].

Psychological conditions can also polarize macrophage
phenotype. The Stress can activate the brain
macrophages (microglia) and attain the M1 macrophage
phenotype, which is related to inflammatory
mechanisms leading to neurodegeneration. Treatment
with plant-derived natural compounds polarize the
MI1-microglia towards the M2-type, and prevent the
inflammatory responses and thus protect the neurons
[14,33].

Therefore, the technology of M1 to M2 phenotype
polarization may hold clinical promise in several
inflammatory diseases. Pharmacological interventions
using small molecules and metabolic modulators to
reprogram cell phenotypes, CAR-M macrophages
or exosome-mediated reprogramming to remodel
immune micro-environments, along with gene editing
or epigenetic modifications are the present adopted
methods for therapeutic macrophage polarization.
However, obstacles are there in advancing the field as
the clinical translation faces the challenges like off-
target effects, inefficient delivery, micro-environmental
dependency [34-36].

Nutrition/Diet-Based Macrophage Polarization and
the Control of Different Diseases

There are many studies on plant-derived natural products
which reported to show macrophage polarization.

* Dietary-compounds, like polyphenols have potent
natural anti-oxidative properties. Within this group
of polyphenols, curcumin (isolated from bright-
yellow Indian spice, turmeric) has been shown
to suppress macrophage inflammatory responses,
polarize/repolarize macrophages toward the M2
phenotype. Curcumin significantly reduces co-
stimulatory molecules and also inhibits MAPK
activation and the translocation of NF-kB p65.
Curcumin-treated macrophages are highly efficient
in antigen capture and endocytosis via the mannose
receptor, as well as it is therapeutically potential
for the inflammation-related diseases. However,
their precise effects on polarization and immune-
stimulatory functions are still remain unknown
[37-45].

* Acute lung injury (ALI)/acute respiratory distress
syndrome (ARDS) is a pulmonary inflammatory
disease with high mortality. During the development
of ALI/ARDS, macrophages usually polarize
toward M1 pro-inflammatory type and aggravate
the lung tissue damage. Natural compounds, like
flavonoid, brevilin A, and tetrahydropalmatine
with anti-inflammatory response showed an
excellent result in the treatment of ALI/ARDS
through macrophage polarization. Therefore, the
in-depth exploration of the regulatory mechanism
of macrophages can establish the foundation for
the application of flavonoids in alleviating the
inflammation-related lung injury [46].

* How Foods Polarize Macrophages: Foods and their
components can directly influence macrophage
polarization — the process by which macrophages
adopt distinct functional states — through specific
nutrients, bioactive compounds, and dietary
patterns.

Diets can change the macrophage phenotype by altering
their metabolic state and signaling pathways. For
example:

e Cholesterol-rich diets can promote pro-
inflammatory (M1-like) macrophage activation,
contributing to chronic inflammation [47].

e Protein deficiency has been linked to altered
macrophage function, potentially skewing toward
inflammatory states [47].

e Vitamin B6 deficiency can impair immune
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regulation, affecting macrophage polarization [47].
e Anti-inflammatory diets rich in polyphenols, omega-3 fatty acids, and fiber tend to favor M2-like (anti-
inflammatory/reparative) macrophages, supporting tissue repair and immune homeostasis [47].

Bioactive Food Compounds Certain food-derived molecules can directly modulate macrophage polarization:
e Polyphenols (e.g., from berries, tea, and dark chocolate) suppress NF-kB signaling, reducing pro-
inflammatory cytokine production and promoting M2 polarization [47].
e Omega-3 fatty acids (from fatty fish, flaxseeds, walnuts) generate anti-inflammatory lipid mediators (e.g.,
resolvins) that shift macrophages toward M2 phenotypes [47].
e Fiber and prebiotics (e.g., in whole grains, legumes, and vegetables) modulate gut microbiota, which in
turn influence intestinal macrophage polarization toward anti-inflammatory states [47].

Mechanisms of Polarization Foods influence macrophage polarization via:

e Metabolic reprogramming: M1 polarization is linked to glycolysis and the pentose phosphate pathway,
while M2 polarization favors oxidative phosphorylation and fatty acid oxidation [48]. Nutrients in food
can shift these metabolic pathways.

e Epigenetic regulation: Dietary components can alter DNA methylation, histone modifications, and non-
coding RNA expression, stabilizing polarized phenotypes [48].

e (Cytokine modulation: Food-derived compounds can influence local cytokine environments, guiding
macrophages toward M1 or M2 states.

Functional Outcomes:
e Pro-inflammatory foods (high in saturated fats, refined sugars, processed foods) often increase M1
macrophage activity, exacerbating chronic inflammation and tissue damage.
¢ Anti-inflammatory foods (whole plant foods, healthy fats, fermented foods) tend to promote M2 macrophage
activity, aiding in inflammation resolution and tissue repair [49].
* The influence of some diet patterns on Macrophage polarization are shown as a cartoon figure. (Figure: 3)

Fig. 3 Influence of Some Diets on Macrophage Polarization
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Conclusion

Macrophages adopt a long functional spectrum, driven by mainly two mutually transformable phenotypes,
M1 and M2. M1-type while known as the pro-inflammatory, which is essential for eliminating pathogens but
can cause tissue damage, if overactive. Glycolysis, a metabolic pathway can drive to M1-type. The other type
M2 (Anti-inflammatory/Repair), can be driven by Fatty Acid Oxidation (FAO) and Oxidative Phosphorylation
(OXPHOS), and that normalizes the inflammation and promotes the tissue repair.

Macrophage polarization—a process by which immune cells adapt distinct functional states—is tightly connected
with systemic nutrient availability and their cellular metabolism. By modulating the MQ phenotypes, nutrients
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and diet-plan can control inflammatory, autoimmune,
and metabolic diseases in humans. Some amino acids
like Arginine, Glutamine, and Tryptophan influence
the functional states of the macrophages, modulate the
immune system, and alter the severity of autoimmune
diseases. Saturated fatty acids from high-fat diets of-
ten promote the inflammatory M1-like polarization,
and thus result the meta-inflammation. Conversely,
Omega-3 fatty acids and conjugated linoleic acids
(CLAs) promote the M2-like phenotype. Plant-derived
antioxidants (polyphenols) exert anti-inflammatory
effects by encouraging a shift from M1 to M2-type.

Imbalances in macrophage polarization dictate the
onset and progression of several major human con-
ditions, like: High-fat diets trigger M1 infiltration in
adipose and hepatic tissues, result chronic inflam-
mation and insulin resistance. While shifting to an
M2-like phenotype restores insulin sensitivity and
helps the hyperglycemia. Lipid dys-homeostasis and
oxidative stress promote pro-inflammatory M1-type
MQ, while nutraceuticals and dietary polyphenols
can shift M1- to an anti-inflammatory, protective M2-
type. Elevated M1/M2 ratios are tied to rheumatoid
arthritis, inflammatory bowel disease, and multiple
sclerosis; whereas a high M2/M1 macrophage ratio
is closely linked to tumor progression, chronic fibrot-
ic conditions. Modulating metabolism with targeted
amino acids or nutrients helps to correct this immune
imbalance.

In summary, Foods polarize macrophages by provid-
ing specific nutrients and bioactive compounds that
alter their metabolism, signaling, and epigenetic state,
thereby shifting them toward pro- or anti-inflamma-
tory phenotypes. This makes diet a powerful tool
for modulating macrophage function in health and
disease. Future research must integrate multi-omics
data to develop individualized therapies, and inves-
tigate the stability/plasticity of polarization states.
Advanced model systems are required to advance
precision immune-therapeutics.

Acknowledgement

I acknowledge all our colleagues and secretaries for
their help during the preparation of the manuscript
and providing all the relevant information.

Conflict of interest
I declare that the research was conducted in the ab-

sence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

References

1. Sreejit G, Fleetwood AJ, Murphy AJ, Nagareddy
PR (2020) Origins and diversity of macrophages
in health and disease. Clin Transl Immunology 9:
el1222.

2. Brancewicz J, Woéjcik N, Sarnowska Z, Robak
J, Krol M (2025) The multifaceted role of mac-
rophages in biology and diseases. Int J Mol Sci
26:2107.

3. Chen S et al (2023) Macrophages in immunoreg-
ulation and therapeutics. Signal Transduct Target
Ther 8: 207.

4. WeiY, Wang M, Ma, Que Z, Yao D (2021) Clas-
sical dichotomy of macrophages and alternative
activation models proposed with technological
progress. Biomed Res Int 2021: 9910596.

5. Al-Qahtani AA, Alhamlan FS, Al-Qahtani AA
(2024) Pro-inflammatory and anti-inflammatory
interleukins in infectious diseases: A comprehen-
sive review. Trop Med Infect Dis 9: 13.

6. Moin ASM, Sathyapalan T, Diboun I, Atkin SL,
Butler AE (2021) Identification of macrophage ac-
tivation-related biomarkers in obese type 2 diabetes
that may be indicative of enhanced respiratory risk
in COVID-19. Sci Rep 11: 6428.

7. Liu B et al (2025) Identification of novel protein
biomarkers of macrophage polarization using com-
parative proteomic analyses of murine primary
macrophages. J Immunol 214: 2730-2742.

8. Pucinelli CM, Paulo Nelson Filho, Marilia Pacif-
ico Lucisano, Jorge Esquiche Ledn, Lucia Helena
Faccioli, et al. (2025) M1 and M2 macrophages
markers are alternately expressed during peri-
apical lesion development. J Appl Oral Sci 33:
€20240579.

9. Strizova Z, Iva Benesova, Robin Bartolini, Rene
Novysedlak, Eva Cecrdlova, et al. (2023) M1/M2
macrophages and their overlaps - myth or reality?
Clin Sci (Lond) 137: 1067-1093.

10. Mussbacher M, Derler M, Basilio J, Schmid JA
(2023) NF-kB in monocytes and macrophages -
an inflammatory master regulator in multitalented
immune cells. Front Immunol 14: 1134661.

11. Bhosale PB, Hun Hwan Kim, Abuyaseer Abusal-
iya, Preethi Vetrivel, Sang Eun Ha, et al. (2022)
Structural and functional properties of activator
protein-1 in cancer and inflammation. Evid Based

J.of Clin Onco & Adv Thpy

Vol:2,2. Pg:8



Research Article Open Access

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Complement Alternat Med 2022: 9797929.
Petrova E, Ekaterina Sherstyukova, Snezhanna
Kandrashina, Vladimir Inozemtsev, Alexandra
Tsitrina, et al. (2026) Irf5 knockdown in bone
marrow-derived macrophages favors M 1-to-M2
transition. Cells 15: 238.

Guo S, Wang H, Yin Y (2022) Microglia polar-
ization from M1 to M2 in neurodegenerative
diseases. Front Aging Neurosci 14: 815347.
Darwish SF, Elbadry AMM, Elbokhomy AS,
Salama GA, Salama RM (2023) The dual face
of microglia (M1/M2) as a potential target in the
protective effect of nutraceuticals against neuro-
degenerative diseases. Front Aging 4: 1231706.
Moehle MS, West AB (2015) M1 and M2 im-
mune activation in Parkinson's disease: Foe and
ally? Neuroscience 302: 59-73.

Dover M, Kishek M, Eddins M, Desar N, Fiala
M (2022) The role of M1- and M2-type mac-
rophages in neurological and infectious diseas-
es. In: Macrophages - Celebrating 140 Years of
Discovery. Intech Open.

Leuti A, Emanuela Talamonti, Antonietta Gen-
tile, Marta Tiberi, Alessandro Matteocci, et al.
(2021) Macrophage plasticity and polarization
are altered in the experimental model of multiple
sclerosis. Biomolecules 11: 837.

Gao C, Jiang J, Tan Y, Shengdi C (2023) Micro-
glia in neurodegenerative diseases: Mechanism
and potential therapeutic targets. Signal Trans-
duct Target Ther 8: 359.

Wu H, Zheng J, Xu S, Yuanjian F, Yingxi Wu, et
al. (2021) Mer regulates microglial/macrophage
M1/M2 polarization and alleviates neuroinflam-
mation following traumatic brain injury. J Neu-
roinflammation 18: 2.

Schindler H, Lutz MB, Réllinghoff M, Bogdan
C (2001) The production of IFN-gamma by IL-
12/IL-18-activated macrophages requires STAT4
signaling and is inhibited by IL-4. J Immunol
166: 3075-3082.

Peng M, Zhu Y, Hu Y, Wen J, Huang W (2025)
Advances in the regulation of macrophage polar-
ization by the tumor microenvironment. Discov
Oncol 16: 1487.

Yan L, Jue Wang, Xin Cai, Yih Cherng Liou, Han
Ming Shen, et al. (2024) Macrophage plasticity:
signaling pathways, tissue repair, and regenera-
tion. MedComm 5: e658.

Yu W, Linghua Fu, Guangtao Lei, Fan Luo, Peng

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Yu, et al. (2025) Chemokine ligands and receptors
regulate macrophage polarization in atherosclero-
sis: A comprehensive database mining study. CJC
Open 7: 310-324.

Liu J, Wang M, Zhao Y (2025) The regulatory
network of transcription factors in macrophage
polarization. Immunotargets Ther 14: 555-575.
Wilson HM (2014) SOCS proteins in macrophage
polarization and function. Front Immunol 5: 357.
Su X, Jianye Yang, Zhenghao Xu, Li Wei, Shu-
hao Yang, et al. (2025) Fibrous scaffolds loaded
with BMSC-derived apoptotic vesicles promote
wound healing by inducing macrophage polari-
zation. Genes Dis 12: 101388.

Imamichi T, Jun Yang, Qian Chen, Suranjana
Goswami, Mayra Marquez, et al. (2025) Interleu-
kin-27-polarized HIV-resistant M2 macrophages
are a novel subtype of macrophages that express
distinct antiviral gene profiles in individual cells:
implication for the antiviral effect via different
mechanisms in the individual cell-dependent man-
ner. Front Immunol 16: 1550699.

Luo M, Zhao F, Cheng H, Su M, Wang Y (2024)
Macrophage polarization: an important role in in-
flammatory diseases. Front Immunol 15: 1352946.
Li W, Xu Zilu, Zou Binghan, Yang Dong cheng,
Lu Yue, et al. (2024) Macrophage regulation in
vascularization upon regeneration and repair of
tissue injury and engineered organ transplantation.
Fundam Res 5: 697-714.

Jetten N, Verbruggen S, Gijbels MJ, Post MJ,
De Winther MP, et al. (2014) Anti-inflammatory
M2, but not pro-inflammatory M1 macrophages
promote angiogenesis in vivo. Angiogenesis 17:
109-118.

Viola A, Munari F, Sdnchez Rodriguez R, Scolaro
T, Castegna A (2019) The metabolic signature of
macrophage responses. Front Immunol 10: 1462.
Ivashkiv LB (2013) Epigenetic regulation of mac-
rophage polarization and function. Trends Immu-
nol 34: 216-223.

Chamkouri H, Motlagh Mohavi S (2025) Micro-
glia and macrophages in central nervous system
homeostasis and disease progression: Guardians
and executioners. Neuroglia 6: 31.

Zhou Y, Ran G, Guo H (2026) Exosome-delivered
bioactive molecules regulate macrophage polariza-
tion in atherosclerosis and myocardial infarction:
mechanisms and therapeutic potential. Front Car-
diovasc Med 13: 1739907.

J.of Clin Onco & Adv Thpy

Vol:2,2. Pg:9



Research Article Open Access

35.

36.

37.

38.

39.

40.

41.

42.

LeiY, Xiao T, Hu X, Lin H (2026) Advanced drug
delivery strategies for overcoming biological
barriers: Tumor microenvironment and blood-
brain barrier. Drugs R D 26: 1-30.

Sioson VA, Kim M, Joo J (2021) Challenges in
delivery systems for CRISPR-based genome ed-
iting and opportunities of nanomedicine. Biomed
Eng Lett 11: 217-233.

El-Saadony MT, Ahmed M Saad, Dina Mosta-
fa Mohammed, Samar Sami Alkafaas, Soumya
Ghosh, et al. (2025) Curcumin, an active compo-
nent of turmeric: biological activities, nutritional
aspects, immunological, bioavailability, and hu-
man health benefits - a comprehensive review.
Front Immunol 16: 1603018.

Abd-Elhalem SS, Al-Doori MH, Hassen MT
(2023) Macrophage polarization towards M2
phenotype by curcuminoids through NF-«kB path-
way inhibition in adjuvant-induced arthritis. Int
Immunopharmacol 119: 110231.

Sun H, Mengsi Zhan, Serge Mignani, Dzmit-
ry Shcharbin, Jean-Pierre Majoral, et al. (2022)
Modulation of macrophages using nanoformu-
lations with curcumin to treat inflammatory dis-
eases: A concise review. Pharmaceutics 14: 2239.
Mohammadi A, Blesso CN, Barreto GE, Banach
M, Majeed M, et al. (2019) Macrophage plas-
ticity, polarization and function in response to
curcumin, a diet-derived polyphenol, as an im-
munomodulatory agent. J Nutr Biochem 66: 1-16.
Shirley SA, Montpetit AJ, Lockey RF, Mohapatra
SS (2008) Curcumin prevents human dendritic
cell response to immune stimulants. Biochem
Biophys Res Commun 374: 431-436.

Chen S, Yanhui Ji, Hongwei Kou, Chi Zhang,

43.

44,

45.

46.

47.

48.

49.

Guowei Shang, et al. (2021) Curcumin modulates
the crosstalk between macrophages and bone mes-
enchymal stem cells to ameliorate osteogenesis.
Front Cell Dev Biol 9: 634650.

Goleij P, Rezaee A, Lam HY, Noureldeen O, Dorsa
A, etal. (2025) From bench to bedside: exploring
curcumin-driven signaling pathways in immune
cells for cancer management. Inflammopharma-
cology 33: 2293-2306.

Makuch S, Wiecek K, Wozniak M (2021) The im-
munomodulatory and anti-inflammatory effect of
curcumin on immune cell populations, cytokines,
and in vivo models of rheumatoid arthritis. Phar-
maceuticals (Basel) 14: 309.

Deng T, Jiahe Xu, Qiong W, Xing W, Yi J, et al.
(2024) Immunomodulatory effects of curcumin on
macrophage polarization in rheumatoid arthritis.
Front Pharmacol 15: 1369337.

Yin Z, Song R, Yu T, Fu Y, Ding Y, et al. (2025)
Natural compounds regulate macrophage polar-
ization and alleviate inflammation against ALI/
ARDS. Biomolecules 15: 192.

Varaeva YR, Kirichenko TV, Shaposhnikova NN,
Nikityuk DB, Starodubova AV (2022) The role
of diet in regulation of macrophages functioning.
Biomedicines 10: 2087.

Ji'Y, Xia Li, Xinlei Yao, Jiacheng Sun, Jia Yi, et
al. (2025) Macrophage polarization: molecular
mechanisms, disease implications, and targeted
therapeutic strategies. Front Immunol 16: 1732718.
Xue JD, Gao J, Tang AF, Feng C (2024) Shaping
the immune landscape: Multidimensional environ-
mental stimuli refine macrophage polarization and
foster revolutionary approaches in tissue regener-
ation. Heliyon 10: €37192.

Copyright: ©2026 Ashok Chakraborty. This is an open-access article distributed under the terms of the Creative Commons Attri-

bution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and
source are credited.

J.of Clin Onco & Adv Thpy

Vol:2,2. Pg:10



