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Abstract
An immune system response known as inflammation can be carried on by a variety of things, 
such as infections, damaged cells, and noxious substances. These factors may cause acute or 
chronic inflammatory responses in the heart, pancreas, liver, kidney, lungs, brain, colon, 
and reproductive system, which may cause disease or tissue damage. Inflammatory cells and 
signaling pathways are activated by both pathogenic and non-pathogenic agents, cell injury, 
and infectious agents. The most ubiquitous types of these include tumor necrosis factor-alpha 
(TNF-α), nuclear factor kappa B (NF-κB), High mobility group box 1 protein (HMGB1), 
mitogen-activated protein kinase (MAPK), monocyte chemoattractant protein (MCP1), 
interleukin 1 beta (IL1β), and Janus kinase-signal transducer and activator of transcription 
(JAK-STAT). Severe inflammation has the potential to cause systemic inflammatory response 
syndrome. The most severe forms of this condition are characterized by hyperinflammation and 
can cause organ damage, shock, and even death. We concentrate on the origin of inflammation, 
all conceivable inflammatory mechanisms, and organ-specific inflammatory responses in this 
study on inflammatory reactions inside organs.
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Introduction
Inflammation, the immune system’s response to harmful 
stimuli like pathogens, damaged cells, poisonous 
substances, or radiation, works by removing dangerous 
stimuli and starting the healing process. Therefore, one 
important defense  mechanism for maintaining good 
health is inflammation.1,2 Cellular and molecular activity 
and interactions typically serve to successfully control 
potential damage or infection during acute inflammatory 
responses.3, 4 Acute inflammation is reduced as a result of 
this mechanism, and tissue homeostasis is also restored. 
However, if acute inflammation is left untreated, it can 
lead to several chronic inflammatory disorders.5-7 Redness, 
swelling, heat, discomfort, and a loss of tissue function are 
signs of tissue-level inflammation. Local immune, vascular, 
and inflammatory cell reactions to infection or injury cause 
this illness. Leukocyte recruitment and accumulation, 
alterations in vascular permeability, and the release of 
inflammatory mediators are all significant microcirculatory 
processes that occur during the inflammatory phase. 
Inflammation can be caused by a variety of pathogenic 
events that cause tissue damage, including infection, 

tissue injury, or myocardial infarction.8,9 The body starts 
a chemical signaling cascade in response to tissue damage, 
which leads to actions intended to restore the damaged 
tissues. Leukocytes move to the injured sites as a result 
of these signals. These cytokines are produced by these 
activated leukocytes and cause inflammatory reactions.10-12 

Cytokines and Chemokines as Chemical Mediators
White blood cells and other cells release cytokines, which 
are tiny glycoproteins with a molecular weight of 30 kDa, 
in response to a variety of internal and external stimuli. 
While certain cytokines have specific purposes, others act 
as regulatory proteins to support the growth of immune 
effector cells.  According to the Watford group in 2003, 
depending on their function, secretion, or target of the 
action, cytokines include interleukins (IL), chemokines, 
interferons, tumor necrosis factor-alpha (TNF-α), and 
lymphokines; however, hormones and growth factors 
are typically ignored. The cytokine family includes 
chemoattractant chemokines, which are released proteins 
that control the immune system.13 Cytokines are produced 
and secreted by a wide range of cells, including immune 
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cells such as macrophages, T and B lymphocytes, mast 
cells, fibroblasts, endothelial cells, and other stromal cells.14 
In a signal induction cascade, numerous genes and the 
transcription factors that regulate them may be activated 
or inhibited, leading to the generation of further cytokines. 
The surface receptors of other molecules are consequently 
enhanced by these additional cytokines, which might cause 
feedback inhibition. When cytokines attach to a target cell’s 
membrane receptor and activate signaling pathways at the 
same time, the altered gene expression on the targeted 
cells causes a variety of biological reactions. Cytokines 
serve a critical role in coordinating and orchestrating 
normal immunological homeostasis, development, 
and protection against a variety of infectious disease 
situations.15 The presence of more cytokines is assumed 
to signal the activation of cytokine-related pathways 
involved in the development of inflammatory reactions or 
illness. Numerous illnesses, including severe depression 
and Alzheimer’s disease, as well as many cancers whose 
intensity fluctuates from their physiological state, have 
been related to the unexpected consequences of cytokine 
release. Analyzing cytokine levels can help us understand 
the inflammatory processes that lead to autoimmune 
diseases. They are thought to be ideal therapeutic targets 
and agents for particular cytokine antagonists in a variety 
of inflammatory and immune disorders16 (Figure 1).

Chemokines play a role in a number of biological 
processes, including chemotaxis, leucocyte degranulation, 
hematopoiesis, and angiogenesis. They interact with 
cell surface G-protein coupled receptors GPCRs) and 
contribute to the onset of atherosclerosis, cancer, and 
infectious illnesses.17 Based on the distance between 
disulfide bridges connecting peptides, the four subfamilies 
are CXC subfamily, CC subfamily, C or XC subfamily, and 
CX3C subfamily. It is possible to use CXCL12 and CXCL8, 
also known as IL-8, as markers of vascular dysfunction.18 
Through its interactions with endothelial cells and vascular 
smooth muscle cells, CXCL8 might play a part in uremia-

related vascular calcification. In all phases of chronic 
kidney disease (CKD), the scavenger receptor for oxidized 
LDL, CXCL16, has been linked to a decline in renal 
function. In type 2 diabetes patients, it also seems to be 
a marker of renal impairment because it is independently 
associated with microalbuminuria, and its levels in the 
urine may indicate the severity of interstitial fibrosis and 
other issues.19

Plasma CCL2 commonly referred to as monocyte 
chemoattractant protein 1 (MCP-1), rises with 
deteriorating renal function but does not appear to 
represent a separate risk factor for death in CKD patients. 
But dyslipidaemia has been linked to CCL2 levels in 
haemodialysis patients. Chronic kidney disease’s onset has 
also been linked to CCL2 baseline values. Additionally, 
patients with diabetic nephropathy have greater CCL2 
levels, which suggests tubular damage. Studies on gene 
polymorphisms have shown that CCL2 polymorphisms 
increase the risk of developing CKD.20 Paediatric CKD 
patients’ blood and urine levels of CCL2 were assessed, and 
the results were contrasted with those of controls. Although 
urine levels varied among CKD etiologies, glomerular 
disease patients had greater urine levels than those with 
renal and urinary tract abnormalities. Furthermore, it 
was discovered that the inflammatory marker CCL2 
fractional excretion could forecast tubular dysfunction in 
children with CKD. In patients with ANCA-associated 
crescentic glomerulonephritis, CCL18, also known as 
the pulmonary and activation-regulated chemokine, may 
serve as a biomarker for disease activity and recurrence. A 
thorough analysis revealed that CCL2 may contribute to 
renal fibrosis and declining renal function. In mice, it has 
been demonstrated that CCL2 protects the kidneys against 
acute inflammation after renal ischemia/reperfusion 
injury. Additionally, it has been demonstrated that CCL5, 
which is well known for its function in the attraction of 
macrophages and T lymphocytes to wounded tissues, 
protects mice against kidney damage by inhibiting CCL2’s 

Figure 1. The schematic diagram shows how macrophages, lymphocytes, mast cells, endothelial cells, and lymphocytes induce the 
production of cytokines. When cytokines connect to receptors, a biological reaction occurs.
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proinflammatory effects.21

Interleukins 
Leukocytes are where the interleukins family of cytokines 
was initially identified. Based on receptor complexes 
that interact with different interleukins, they have 
been categorized into 16 categories, including the IL-1 
superfamily, IL-6 family, IL-10 family, IL-12 family, and 
IL-17 family.22

Interleukin-6
 Vascular pulse wave velocity reveals a relationship between 
IL-6 and elevated central aortic stiffness. Higher IL-6 levels 
were linked to advanced carotid plaques in South African 
CKD patients, and the IL-6 gene’s -174G/C polymorphism 
was discovered to be widespread.23 Despite this, a recent 
meta-analysis found no link between the -174G/C 
polymorphism and the risk of renal failure. Increased 
fibroblast growth factor 23 (FGF23) transcription in acute 
kidney injury (AKI) and CKD, which is linked to higher 
morbidity and mortality, is another potential role for IL-6. 
It has also been found to play a role in erythropoiesis in 
adults.24,25 A poor response to erythropoiesis-stimulating 
agent (ESA) therapy in hemodialysis patients has been 
associated with higher levels of IL-6. Additionally, 
animal studies point to a role for it in the emergence 
of hypertension and end-organ damage, indicating 
therapeutic opportunities.

Interleukins 1 and 18 
The IL-1 family consists of four anti-inflammatory 
antagonists (IL-1RA, IL-36Ra, IL-37, and IL-38) and 
seven pro-inflammatory agonists (IL-1, IL-18, IL-36, IL-
36, and IL-33) that promote inflammation.26 They play 
a part in the initiation and control of innate immune 
responses like complement activation, activation of 
innate immune receptors, and nondirected phagocytosis, 
where an imbalance can lead to excessive inflammatory 
responses. IL-1, which binds to the IL-1 receptor and 
activates the immune system, is one of the substances 
that has generated the most research. Additionally, it 
promotes the development of T helper 17 cells, which are 
important in the pathophysiology of autoimmune diseases 
like psoriasis and rheumatoid arthritis. Its transcription 
is triggered by the toll-like receptor (TLR), IL-1 receptor 
activation, or TNF-α, and the inflammasome caspase-1 is 
required to cleave it into the mature form.27 There has been 
a previous study on how IL-1 suppression affects renal 
function. The use of the recombinant human IL-1 receptor 
antagonist anakinra led to the conclusion that IL-1 may 
be a significant mediator of inflammation in Heart failure 
(HF) and CKD.28  

Similar to how caspase-1 activates IL-1, IL-18 activates 
NF-κB and generates inflammatory mediators by using 
the same mechanism. Because it is produced by myeloid 
cells and attaches to the IL-18 receptor increases Interferon 
(IFN) production, and autoimmune illnesses such as lupus 

erythematosus, psoriasis, and inflammatory bowel disease 
have high levels of it. Particularly in diabetic nephropathy, 
where its expression is linked to albuminuria and disease 
progression, it seems to be primarily focused on renal 
pathology. Inhibiting it could be a therapeutic target 
because of its importance in diabetic nephropathy.29

Interleukin-1β (IL-1β) 
IL-1β is a proinflammatory cytokine with a reputation for 
regulating pain sensitivity. TNF-α and IL-1β are frequently 
involved in the inflammatory response after central nervous 
system (CNS) injury. The CNS is exposed to IL-1β, which 
results in mechanical autonomic dysfunction and thermal 
hyperalgesia. In mutant mice with impaired IL-1β signaling, 
there is no atypical neuronal activity, no neuropathic pain, 
and almost no self-mutilation.30,31 Furthermore, the mice’s 
thermal hyperalgesia following nerve injury was decreased 
by a rat antibody to the IL-1 receptor. Bumetanide 
therapy has been demonstrated to decrease inflammation 
by suppressing IL-1 expression. Thiazolidinediones 
(TZDs), powerful synthetic agonists of the transcription 
factor peroxisome proliferator-activated receptor-
gamma (PPAR gamma), have also been demonstrated to 
produce neuroprotection following cerebral ischemia by 
lowering IL-1 levels. Additionally, it is thought that IL-1 
is what causes matrix metalloproteinases (MMPs) to be 
upregulated.32 

Other Interleukins
In the combat against bacterial and fungal skin diseases, 
the IL-17 family, which consists of IL-17A through IL-
17F, contributes to tissue inflammation. It recently came 
to light that it blocks the interstitial fibrosis brought on by 
transforming growth factor (TGF) in the kidney. IL-10, 
which is a member of the IL-10 family along with IL-19, IL-
20, IL-22, IL-24, and IL26, is one of the anti-inflammatory 
mediators. The primary producers are tissue epithelial cells 
and immune cells.33 Its role in tissue fibrogenesis, which 
includes renal fibrosis, has been thoroughly explored. As a 
potential antifibrotic therapy, the interaction of IL-10 with 
other signaling molecules is being researched. In preclinical 
hypertension investigations, its anti-inflammatory 
properties improve vascular and renal function. A new 
meta-analysis of IL-10 gene polymorphisms suggests that 
some single nucleotide polymorphisms (SNPs) may shield 
type 2 diabetics from developing diabetic nephropathy.34

Interferons 
A class of cytokines known as IFNs was first recognized for 
their capacity to stop viral replication in the host. They are 
divided into three groups. Interferons of type I, including 
interferon-alpha (INF-α) and interferon-beta (IFN-β), are 
produced by innate immune cells; interferons of type II, 
also known as interferon-gamma (IFN-γ), are produced 
by natural killer cells and T lymphocytes; and interferons 
of type III, also known as interferon lambda (IFN- λ), or 
initially IL-28 and IL-43.35,36 Tyrosine kinase 2 (TYK2) and 
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JAK1 are activated when type I IFNs bind to IFN alpha and 
beta receptor subunits 1 and 2 (IFNAR1 and IFNAR2). 
The identical signal cascade is activated by IFN- type III 
signaling, but IFN binds to IL28-R and IL-10R2. When 
IFN- binds to IFN-λ receptors 1 and 2, it activates JAK1 and 
JAK2 to send signals. (IFNGR1 and IFNGR2). But it was 
also noted in IgAN, lupus nephritis, and renal vasculitis. 
IFN- γ has a significant impact on a number of extrarenal 
viral diseases, including hepatitis C infection, which may 
culminate in membranoproliferative glomerulonephritis.28 
Plasma IFN-γ levels in hemodialysis patients are 
independently related to survival and are related to a better 
hepatitis B virus (HBV) vaccine response. Interferon has 
been utilized as a therapy option in a few case reports, 
typically for ailments other than renal disease.37 

Immunity and Inflammation
Two interconnected pathways make up the host defensive 
systems. The innate immune system acts fast to heal 
wounds. It recognizes a broad range of pathogen-associated 
molecular patterns (PAMPs), which are frequently 
observed on pathogens but are absent in mammals and lack 
the precise structural specificity of the adaptive immune 
response.38 PAMPs are ligands for macrophage pattern 
recognition receptors and comprise lipopolysaccharides, 
surface phosphatidylserine, and aldehyde-derivatized 
proteins. Low-density lipoproteins (LDL), a traditional 
risk factor for atherosclerosis, are also a part of them in 
modified forms.39 NF-κB and mitogen-activated protein 
kinase (MAPK) pathways are stimulated when TLR are 
activated, but bound ligands may be endocytosed and 
destroyed by lysosomes when scavenger receptors combine. 
Additionally, TLR activation can accelerate phagocytosis, 
produce more reactive oxygen species (ROS), and release 
cytokines, glucocorticoids, and lipid mediators, all of which 
help to coordinate and exaggerate the local inflammatory 
response. The adaptive immune response, the other major 
element of host defenses, develops more slowly and has 
a more specialized response mechanism.40 Th2 cells 
can enhance humoral immunity by secreting a range of 
cytokines that encourage B-cell maturation into antibody-
producing plasma cells and B-cell class switching, which 
enhances the synthesis of IgE antibodies.41 Mast cells, 
another cause of allergic reactions and a factor in chronic 
inflammation in some tissues and disease states, can be 
drawn to and activated by Th2 cells. Along with these 
specific pro-inflammatory responses, Th2 cells can inhibit 
inflammation by generating anti-inflammatory cytokines 
such as IL-10.42

To protect the host from pathogens, viruses, toxins, 
and diseases, inflammation is an effector process that 
involves the activation of immune and non-immune cells. 
It also facilitates tissue repair and recovery.43 To maintain 
metabolic energy and provide the active immune system 
with more resources, metabolic and neuroendocrine 
changes may occur depending on the scope and severity of 
the inflammatory response, including whether it is systemic 

or local.44 Sadness, persistent depression, tiredness, 
reduced libido, and food intake, disrupted sleep, social 
withdrawal, elevated blood pressure, insulin resistance, 
and dyslipidemia are some of the specific bio-behavioral 
effects of inflammation.45 In conditions of physical damage 
or microbiological threat, these behavioral adjustments 
may be vital for survival. The hallmark of a typical 
inflammatory response is a brief spike in inflammatory 
activity that occurs in response to a threat, dissipates 
once the threat has passed, and then returns to normal.46 
Changes from a short-lived to a long-lived inflammatory 
response can impair immunological tolerance and result 
in significant changes to all tissues and organs as well as 
to normal cellular physiology, which can raise the risk of 
different non-communicable diseases in both young and 
old people.

Infiltration of Inflammatory Cells
The pathophysiology of many chronic diseases is 
influenced by the inflammatory pathway, which includes 
common inflammatory mediators and regulatory 
systems.47 Inflammatory triggers activate intracellular 
signaling pathways, which in turn trigger the creation of 
inflammatory mediators. The main causes of inflammation 
include cytokines and microbial compounds; such as 
TNF-α, which interacts with NF-κB, interleukin-6, 
interleukin-8, and interleukin-1 beta to produce 
inflammation.48 The recruitment of inflammatory cells to 
the site of injury is a vital step in wound healing once the 
wound heals after the completion of repair and recovery. 
Inflammation persists and does not go away and becomes a 
powerful catalyst for the onset of fibrotic illness. Therefore, 
fibrosis typically occurs before inflammation. Endocytosis 
and phagocytosis mediated by cytokines are the primary 
causes of inflammation.49 Neutrophils are the first cells 
to be recruited and activated. The activation of T cells 
is also the main process that initiates fibrogenesis and 
encourages the release of fibrogenic cytokines. As soon as 
neutrophils and T cells are activated, macrophages enter 
damaged tissues and release fibrogenic cytokines. In the 
fibrotic tissues, macrophages are primarily responsible for 
producing transforming growth factor beta1 (TGF-β1). 
IFN-γ activates macrophages and increases NF-κB 
activity. Additionally, macrophages produce a variety of 
chemokines and ROS, have a distinctive pro-inflammatory 
tendency, and contribute to tissue fibrosis and destruction. 
Macrophage adoption worsens the fibrotic lesions, while 
macrophage depletion lowers fibrosis after injuries.50 
And therefore, the initiation and progression of fibrotic 
disease may be caused by the infiltration and activation 
of inflammatory cells. Targeting inflammatory signaling 
reduces fibrosis overall. 

Inflammatory cytokines such as chemokines, TNFs, IFNs, 
TGFs, and colony-stimulating factors (CSF) are produced 
by cells to induce leukocytes to the site of an infection or 
injury.51 Through a tangled series of interactions, cytokines 
control inflammation and modify the immune system’s 
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response to infection or inflammation. However, excessive 
synthesis of inflammatory cytokines can cause organ 
failure, tissue damage, hemodynamic abnormalities, and 
even death. Greater awareness of how cytokine pathways 
are regulated may lead to more accurate agent-mediated 
inflammation diagnosis and inflammation illness 
treatment.52

The abnormal activation of several enzymes, including 
high-mobility group box 1 (HMGB1), superoxide 
dismutase (SOD), glutathione peroxidase (GPx), 
NADPH oxidase (NOX), inducible nitric oxide synthase 
(iNOS), and cyclooxygenase-2, is a significant factor 
in the emergence of inflammatory diseases like cancer 
and cardiovascular disease. (COX-2).53 As a result, 
inflammatory cytokines including TNF-α and IL-1 are 
released. In medicine, inflammatory proteins and enzymes 
have been used as biomarkers for injury, infection, and 
inflammation. Oxidative stress is influenced by antioxidant 
defense systems, which include antioxidant enzymes. 
Increased oxidative stress can result in the production of 
malondialdehyde (MDA), 8-hydroxy-2-deoxyguanosine 
(8-OHdG), and ROS, which all trigger NF-κB, Activator 
protein 1(AP-1), and p53. The expression of genes that 
produce growth factors, inflammatory cytokines, and 
chemokines may rise as a result (Figure 2).

Markers of Inflammation 
In therapeutic settings, inflammation markers are used 
to differentiate between healthy and unhealthy biological 
processes and to evaluate the effectiveness of treatment. 
The origins and effects of inflammatory diseases such 

as cardiovascular disease, endothelial dysfunction, and 
infection are all correlated with inflammatory indicators, 
which may be used to predict inflammatory disorders.54

Tumour necrosis factor-α (TNF-α) 
TNF-α is a key stimulus that triggers inflammation by 
interacting with the TNF receptor, IL-1 receptor, IL-6 
receptor, and toll-like receptors (TLRs). The three most 
important intracellular signaling pathways produced by 
receptor activation are NF-кB,  MAPK, and Janus kinase 
(JAK)-signal transducer and activator of transcription 
(STAT).55 TNF-α plays a crucial role in the cascade of 
inflammatory reactions at both the local and systemic 
levels and exhibits direct involvement in the etiology of 
many systemic diseases. Because normal cells require TNF 
to maintain essential homeostatic processes including cell 
division, necrosis, and apoptosis, TNF is more important. 
TNF-α causes edema and immune cell infiltration by 
increasing the synthesis of lipid mediators on vascular 
epithelial cells through the activation of leukocyte 
adhesion molecules. Various studies have shown that anti-
TNF-α medications are beneficial in treating inflammatory 
diseases.56 

By triggering apoptosis and ECM build-up in glomerular 
and tubular regions, TNF-α is known to change glomerular 
filtration, tubular permeability, and reabsorption. The 
synthesis of cardiac-actin and a myosin-heavy chain 
may also be inhibited by TNF-α, which is linked to a loss 
in ventricular systolic function in heart failure (HF).57 
Furthermore, long-term high TNF- α levels in vivo 
could change the architecture of the heart by promoting 

Figure 2. Signaling mechanisms via which reactive oxygen species (ROS) activate nuclear factor kappa-B (NF-κB). These kinase path-
ways are triggered by proinflammatory cytokines, oxidative stress, and other inflammatory stimuli, as well as by ROS generated by mito-
chondria and NADPH oxidase. Tumor necrosis factor-alpha (TNF-α), interleukin-1 (IL-1), interleukin-6 (IL-6), and interleukin-8 are just a 
few of the target genes that NF-κB, which translocate to the nucleus, can boost transcription of (IL-8).
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cardiomyocyte enlargement, raising cardiomyocyte 
mortality, and resulting in myocardial fibrosis. Additionally, 
rodents’ lungs exhibit mild fibrosis and inflammation due 
to TNF-overexpression. In airway epithelial cells, TNF-α 
promotes fibroblast growth, epithelial cell hyperplasia, cell 
recruitment, and cell death.58 

TNF-α is an essential pro-inflammatory cytokine that is 
involved in all phases of the growth of breast cancer and 
is found in the tumor microenvironment (TME). It affects 
metastasis, recurrence, and the epithelial-to-mesenchymal 
transition (EMT), as well as the survival and proliferation 
of tumor cells.59 TNF-α is one of the most important 
pro-inflammatory cytokines found in the TME of breast 
tumors and is secreted by both stromal cells, especially M1 
TAMs, and cancer cells. A type II transmembrane protein 
belonging to the cytokine TNF/TNFR superfamily, TNF-α 
is produced by the TNF gene.60 However, it can function 
as both a membrane-integrated protein and a soluble 
molecule at the beginning of numerous signaling cascades 
by interacting with its two different receptors, TNFR1 and 
TNFR2. TNFR1 is expressed by a variety of cell types, 
including tumor epithelial cells, whereas TNFR2 is largely 
expressed by hematopoietic cells as a transmembrane 
protein.61 The recent discovery of TNFR2 expression in 
breast cancer tissues may have prognostic consequences. 
As such, TNF-α was considered one of the most promising 
anti-cancer cytokines. Since then, two main mechanisms 
for its anti-cancer action have been proposed. First, it was 
found that the local administration of exogenous TNF-α 
promotes the destruction of the tumor vasculature, thus 
causing indirect necrosis of tumor cells.62 In addition, 
TNF-α appeared to synergize with liposome-mediated 
chemotherapy by increasing blood vessel permeability 
and, thereby, facilitating drug accumulation at the tumor 
site. Secondly, it was found that high levels of exogenous 
TNF-α administration may act directly on malignant cells 
by inducing apoptosis, but that the cytotoxic effects may 
emerge only in the presence of other metabolic inhibitors.63 
TNF activity has been linked to NP reaction development 
due to a NO-mediated mechanism that induces glial and 
neuronal death. It is suggested that it protects against 
excitotoxic amino acids and aids in the maintenance of 
intracellular Ca2+ levels.64

Nuclear factor-kappa B (NF-κB) 
The transcription of genes implicated in the inflammatory 
and anti-apoptotic responses is strongly encouraged by 
NF-κB. NF-κB is crucial for a variety of features of immune 
responses. Through two key signaling pathways, NF-κB is 
activated in response to immunological and stress stimuli.65 
Additionally, NF-κB is essential for healthy immune 
responses to infections, but aberrant NF-κB activation 
is a significant contributor to inflammatory disorders. 
Blocking this pathway is a viable strategy for the prevention 
of unfavorable cardiac remodeling because activation of 
NF-κB is closely associated with the emergence of heart 
expansion and hypertrophy.66 

The processes of inflammation, immunological response, 
survival, and apoptosis all require the transcription factor 
NF-κB. Members of the NF-κB family of transcription 
factors include p50, p52, and p65. Numerous enzymes, 
intercellular inflammatory cytokines, pathogen-derived 
compounds, and other triggers can all cause NF-B to 
become active.51 Under normal circumstances, NF-κB 
is inhibited by IB proteins in the cytoplasm. When IB is 
phosphorylated, the proteasome breaks it down, releasing 
NF-κB for nuclear translocation and gene transcription 
activation. The inflammatory response depends on the 
production of pro-inflammatory cytokines and the 
recruitment of inflammatory cells, both of which are 
regulated by this pathway. One of the most potent signaling 
pathways in the early immune response, the NF-κB route 
coordinates and controls a variety of immune system 
defense responses in response to potentially harmful 
stimuli such as viral infections.67

The NF-κB pathway initiates a strong and immediate 
immunological response as the first line of defense. 
Negatively regulating NF-κB transcriptional activity 
properly and quickly is essential to prevent immune system 
hyperactivation. Therefore, NF-κB pathway dysregulation 
is intimately associated with autoimmune illnesses, 
neurological diseases, allergies, and the emergence of 
various cancers, among other maladies.68 Therefore, in 
addition to numerous genes involved in inflammation and 
cell survival, active NF-κB frequently causes the powerful 
expression of proteins involved in negative feedback loops, 
such as IκB. IκB is primarily in charge of keeping NF-κB 
(p65-p50) dimers in the cytoplasm in an unstimulated 
condition, but it is also in charge of bringing DNA-bound 
NF-кB subunits from the cell nucleus to the cytoplasm, 
which prevents the transcriptional response and returns 
the pathway to its resting state.69

Monocyte chemoattractant protein (MCP-1)
MCP-1 is responsible for triggering the production of pro-
inflammatory cytokines and the attraction of macrophages 
and inflammatory cells.70 It suggests that MCP-1 is a crucial 
mediator in the emergence of cardiac fibrosis.71 According 
to several studies, the MCP-1 axis disruption reduces 
fibrosis in experimental models of myocardial infarction 
and ischemic cardiomyopathy, attenuating unfavorable 
cardiac remodeling. Since the level of renal damage in both 
inflammatory and non-inflammatory models of glomeruli 
coincides with the glomerular production of MCP-1, it also 
contributes to the advancement of glomerular lesions.72 

High mobility group box 1 protein (HMGB1)
HMGB1, a member of the high mobility group nuclear 
protein family, is one of the most evolutionarily conserved 
proteins. Mammalian cells always contain HMGB1, which 
is then released into the extracellular media in response 
to the right stimuli. The inflammasome is crucial to this 
process.73 The release occurs both actively and passively 
after inflammatory cells like dendritic cells and monocyte/
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macrophages are stimulated by an inflammatory stimulus. 
HMGB1 enters the secretory lysosome after being 
transported from the nucleus to the cytoplasm and is then 
expelled from the cell by exocytosis. The damage signal 
is transmitted to nearby cells when it is released from 
necrotic or burst cells. HMGB1 controls cellular processes 
like autophagy and apoptosis in the cytoplasm. After 
being sequestered inside double-membrane delimited 
vacuoles, intracellular organelles undergo a process known 
as autophagy that results in their destruction. HMGB1 
is essential for oxidative stress-mediated autophagy, 
making it a new target for the treatment of stress-related 
disorders.74 HMGB1 aids in cell proliferation through 
autophagy, but it also activates endonuclease G and DNA 
fragmenting factor (DFF) to encourage apoptosis. As a 
damage-associated molecular pattern molecule (DAMP), 
HMGB1 released into extracellular fluid mediates the 
non-infectious inflammatory response.75 Macrophage 
antigen-1, chemokine (C-X-C motif) receptor 4, receptor 
advanced glycation end product (RAGE), TLR2, TLR4, 
and mucin domain proteins are a few examples of surface 
molecules that extracellular HMGB1 can interact with. To 
stop metastasis and invasive migration, HMGB1’s COOH-
terminal motif is where RAGE and HMGB1 interact.76 
HMGB1 interacts with TLR2/4 receptors to promote the 
translocation of cytoplasmic NF-κB into the nucleus and 
start an inflammatory response. It binds to the chemokine 
(C-X-C motif) ligand 12 and interacts with CXCR4 to 
promote monocyte and fibroblast movement (CXCL12). 
As a result of HMGB1 activation, which is dependent on 
the IL-6/Stat3 signaling axis, miR-21 is overexpressed77 

(Figure 3).

Figure 3. Interaction of extracellular HMGB1 released from 
inflammatory and necrotic cells with  cell surface receptors. (a) 
HMGB1 binds to  RAGE  which induces nuclear transcription of 
NF-κB, leading to transcription and expression of target genes 
of cytokines and  chemokines; (b) HMGB1 causes inflammation 
by interacting with TLR2/TLR4 (c) the heterocomplex formed 
by binding of HMGB1 and CXCL12 promotes the migration of 
monocytes and fibroblasts.

The critical role of adenosine A2A receptors (A2AR) in the 
control of inflammation
Low quantities of adenosine, an endogenous purine 
nucleoside, are detected in the extracellular space; 
nevertheless, ischemia, hypoxia, inflammation, and 
trauma are situations that cause an increase in extracellular 
adenosine.78 Following the release, adenosine binds 
to particular adenosine receptors on the cell surface. 
Adenosine has four different receptor subtypes: A1, A2A, 
A2B, and A3 adenosine receptors. In particular, Gs-
protein-coupled A2A and A2B adenosine receptors can 
raise intracellular cAMP levels by activating adenylate 
cyclase, which is a type of G-protein-coupled receptor. The 
majority of people think that adenosine’s anti-inflammatory 
effect is primarily mediated by adenosine A2A receptors 
(A2ARs). A2AR activation on macrophages can increase 
the secretion of IL-10 in response to lipopolysaccharide 
(LPS) while decreasing the production of TNF-α and 
Nitric oxide (NO).79, 80

Although A2ARs are present throughout the body, the 
immune system and the striatopallidal system in the brain 
have the highest levels of A2AR expression. Adenosine 
activates immune cells’ A2AR, which raises intracellular 
cAMP levels. An intracellular off signal called cAMP blocks 
intracellular signal pathways, which stops immune cells’ 
pro-inflammatory activities. Using sub-threshold dosages 
of inflammatory stimuli, A2AR-deficient animals developed 
considerably worse liver damage and sepsis, revealing the 
crucial role of A2ARs in the regulation of inflammation and 
protection from tissue harm.81

Jun N-terminal kinase (JNK) pathway
Both leukocytes and non-leukocytes can be stimulated 
by JNK to produce an inflammatory response. The 
transcription factor AP-1 is a key method by which the 
JNK pathway induces inflammation, even though the 
stimuli that activate JNK can differ depending on the type 
of cell and kind of tissue injury.82,83 TNF-α, CCL2, and 
leukocyte adhesion molecules like Vascular cell adhesion 
protein 1(VCAM-1) are just a few of the many genes 
that are regulated by JNK’s ability to phosphorylate c-Jun 
and facilitate dimerization with c-Fos.84 Therefore, JNK 
activation in endothelial cells can encourage leukocyte 
adhesion and transmigration by increasing adhesion 
molecules and chemokines, whereas JNK activation in 
epithelial cells (like those in the injured kidney, lung, 
or liver) can attract and activate leukocyte populations 
by producing chemokines and cytokines.85 JNK also 
phosphorylates activating transcription factor 2 (ATF-2), 
which is involved in the transcription of genes involved in 
the inflammatory response. JNK signaling also contributes 
to the activation of the Th1 and Th2 T cell subsets. TNF-α, 
IL-1, LPS, and oxidative stress are among the triggers that 
might cause inflammation by activating JNK/AP-1 and 
NF-кB.86 In addition, JNK can promote IκB degradation 
to directly activate NF-кB. Thus, NF-кB controls JNK-
dependent cell death whereas JNK/AP1 and NF-кB can 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/cell-surface-receptor
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/advanced-glycation-end-product-receptor
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/chemokine
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coordinate the inflammatory response. Therefore, by its 
pro-apoptotic and pro-inflammatory effects, activation 
of the JNK pathway may aid in the promotion of renal 
fibrosis. There is also proof that JNK signaling can directly 
enhance the fibrotic response87 (Figure 4).

The Janus kinase-signal transducer and activator of 
transcription (JAK-STAT)
The JAK-STAT pathway is a signaling mechanism that 
allows external stimuli to impact gene expression. It is made 
up of cytokines, growth factors, interferons, and related 
molecules including leptin and growth hormone.51 When 
ligands bind to JAKs attached to receptors, they become 
active and phosphorylate one another, creating docking 
sites for STATs, latent cytoplasmic transcription factors. 
Before being sent to the nucleus, STATs recruited from 
the cytoplasm are phosphorylated and then dimerized. 
Phosphorylation of tyrosine is necessary for STAT 
dimerization and DNA binding.88 The direct translation 
of an external stimulus into a transcriptional response is 
made possible by JAK/STAT signalling. The JAK-STAT 
proteins are activated when members of the IL-6 family 
engage with plasma membrane receptors. Target genes’ 
promoters are bound by translocated STAT proteins 
in the nucleus. NF-κB, MAPK, or JAK-STAT activity 
dysregulation has been linked to autoimmune, metabolic, 
inflammatory, and cancer illnesses. When receptors are 
active, crucial intracellular signalling pathways like the 
MAPK, NF-κB, and JAK-STAT are activated.89 In response 
to various stimuli, such as osmotic stress, mitogens, heat 
shock, and inflammatory cytokines (such as IL-1, TNF-α, 
and IL6), the MAPK pathway is a collection of serine/
threonine protein kinases that regulates cell proliferation, 
differentiation, survival, and apoptosis (Figure 5).

Figure 4. Schematic diagram of the JNK signaling pathway; The JNK signaling pathway is shown schematically. Members of the mitogen-
activated protein kinase kinase kinase (MAP3K) family can be triggered by pro-fibrotic growth factors and inflammatory cytokines. MAP3K 
activation may also be caused by other elements including osmotic stress and reactive oxygen species (ROS). The scaffold protein 
(JNK-interacting protein-1) maintains the individual members of the MAP3K and MAP2K families as well as JNK close and supports a 
quick succession of phosphorylation events leading to phosphorylation of the activation site of JNK. B cell lymphoma (Bcl-2) and Bcl-2 
associated x-protein are two molecules that the activated JNK can use to drive mitochondria-dependent apoptosis after dissociating from 
this complex (Bax). JNK activation can encourage fibrosis, inflammation, and cell death.

Figure 5. JAK-STAT signaling pathway illustration. Notes: Particular 
ligands bind to their associated receptors to activate the JAK 
component. To activate its kinase function, JAK phosphorylates 
its tyrosine component, which then phosphorylates the STAT 
component. STATs that have been activated go into the nucleus 
to encourage DNA transcription. JAK: Janus kinase, and STAT: 
signal transducer and activator of transcription.

Matrix metalloproteases (MMPs) 
Many different cell surface proteins, including adhesion 
molecules, receptors, growth factors, and cytokines, are 
degraded by a family of extracellular proteases called 
zinc-dependent matrix metalloproteases.90 By supporting 
growth and regeneration activities in healthy conditions, 
MMP-9, which is produced in migrating growth cones, is 
thought to mediate the cellular extracellular environment. 
During the inflammatory response in injured tissue, 
ROS, mechanical stimulation, and the MAPK pathway 
activate transcription factors including AP-1 and NF-B, 
which affects how neuropathic pain manifests. MMP-2 
and MMP-9 also play a crucial part in this process. These 
factors have a direct impact on MMPs and other strong 
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inflammatory mediators like IL-1 and TNF-α. It is thought 
that MMPs, which are overexpressed in injured spinal 
cord tissue, mediate NP by cleaving IL-1. The fact that 
NP related to MMP-9 production is frequently linked to 
microglia activation, whereas NP associated with MMP-2 
expression appears to be a substantial difference between 
these two MMP profiles.91 MMP-9 overexpression after 
spinal cord injury (SCI) has a significant unfavourable 
impact on the blood-spinal cord barrier disintegration. As 
a result of this breakdown, immune cells like neutrophils 
and inflammatory substances can enter the area of injury, 
adding to further tissue damage and interacting with nearby 
astrocytes and microglia to produce more inflammatory 
cytokines.92 Through necrotic processes including the 
formation of ROS, proteases, and nitric oxide, invading 
neutrophils will contribute to the lesion’s expansion. 
The invasion of the injury site by macrophages and the 
surrounding astrocytes help to induce MMP-2. After 
SCI, animals lacking MMP-9 exhibited improved blood-
spinal cord barrier integrity and decreased neutrophil and 
macrophage infiltration. This shows that blocking MMP-9 
plays a neuroprotective effect after SCI.93 

Matrix metalloprotease tissue inhibitors (TIMPs)
Matrix metalloprotease tissue inhibitor activity is critical 
to maintaining a healthy balance of extracellular matrix 
(ECM) turnover in a healthy state because it prevents the 
rampant breakdown of ECM proteins by constitutively 
active MMPs.94  The most common mechanism of TIMP 
inhibition of MMP activity involves the binding of the 
N-terminal amino acid of the TIMP protein and the zinc 
ion coordinated to the MMP.  This interaction between 
TIMPs and the catalytic domain of MMPs results in 
conformational changes that prevent MMP proteolytic 
activity. TIMP-1 was discovered to inhibit MMP-9 activity, 
suggesting that its activation may have a neuroprotective 
role in CNS injury. MMP control is correlated with MAPK 
activity. Activating the c-Jun and c-Fos binding domains 
also contributes to TIMP overexpression.95

Nitric oxide (NO)
One of the most powerful inflammatory mediators is nitric 
oxide (NO). Vasodilation, a rise in the production of free 
radicals, and the mediating of important cellular processes 
are all results of the stimulation of cyclic guanosine 
monophosphate (cGMP). NO concentrations above a 
specific point can be neurotoxic. NO synthase activity is 
typically the best predictor of NO-induced inflammation 
since NO has such a short half-life. The three types of nitric 
oxide synthases that are active during chronic inflammation 
are endothelial, neuronal, and inducible nitric oxide 
synthase (iNOS). TNF- α and IL-1 are believed to be the 
main cytokines that cause iNOS to be upregulated. Both of 
these cytokines are active a few hours to many days after 
injury and work through the nuclear transcription factor 
NF-κB.96 Because they are released by wounded cells, 
overexpressed forms of NOS like neuronal and endothelial 

play a higher role in the inflammatory response just after 
the injury. In chronic constrictive models of SCI, iNOS 
inhibitors have been proven to improve function and 
reduce NP.97 A generic NOS inhibitor has also been shown 
to lessen swelling, hyperalgesia, and allodynia following 
excitotoxic SCI. Research has unexpectedly suggested that 
specific endogenous NO activity may have neuroprotective 
effects in the years after SCI. Although the mechanism is 
unclear, rats given a new gabapentin derivative that releases 
NO showed reduced pain behaviour following injury. The 
multiple effects that NO mediates must be taken into 
account in treatment efforts aimed at blocking NO’s role 
in NP formation.98

Transforming growth factor beta (TGF-β)
The control of cell proliferation is mediated by the cytokine 
TGF-β. Whatever the name, it is essential for maintaining 
the balance of immune cells and can either stimulate or 
inhibit cell proliferation. Additionally, it has been linked 
to the start of other illnesses, such as connective tissue 
problems, fibrosis, and cancer.99 Genomic sequence 
analysis has led to the identification of 33 proteins that 
are members of the TGF family. Smad proteins are 
intracellular receptors and effectors that control target 
gene expression and mediate intracellular signaling.100 TGF 
regulation and release of gene mutations have been linked 
to connective tissue diseases and skeletal disorders. Renal 
fibrosis is a typical side effect of several kidney conditions, 
including diabetic and membranous nephropathy. One 
of the important regulators appears to be TGF-β, which 
promotes the transition from epithelial to mesenchymal 
tissue, increases matrix protein synthesis, prevents matrix 
breakdown, and alters cell-to-cell communication.101 One 
of the TGF-regulated pathways, TGF/Mothers against 
decapentaplegic homolog 3 (SMAD 3), is associated with 
tissue fibrosis through myofibroblast scar formation. The 
fibrosis process is also aided by non-canonical pathways 
like p53, JAK/STAT3, and the epidermal growth factor 
receptor (EGFR). TGF serum levels were found to be 
greater in diabetics by meta-analysis. As a result, pyrrole-
imidazole (PI) polyamide, a promoter inhibitor of TGF-
1, was studied in a mouse model, and it was found to 
minimize podocyte injury.102 A phase 2 trial examined the 
impact of TGF-β1 monoclonal antibody therapy on renin-
angiotensin-aldosterone system (RAAS) inhibitor therapy 
in individuals with diabetic nephropathy. Treatment has not 
reduced the decline of renal function. The long non-coding 
ribonucleic acids (lnc-RNA) Erbb4-IR and lnc-TSI are 
potential therapeutic targets for progressive renal fibrosis 
linked to the recently identified TGF/SMAD3 pathway. 
Obstructive nephropathy also has a pathophysiologic 
foundation in TGF/SMAD3-induced fibrosis.103,104 The 
nuclear factor erythroid 2-like 2 (Nrf2)/SMAD7 pathways 
are one more molecular mechanism. Recently, the NRF-2 
activator bardoxolone helped mice with tubular necrosis 
and interstitial fibrosis.105
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Inflammation and Diseases
Chronic inflammation and infection are thought to be 
the primary causes of 15% of all human malignancies. 
Acute and chronic inflammation-mediated tissue injury 
is present in many organ systems, including the heart, 
pancreas, liver, kidney, lung, brain, digestive tract, and 
reproductive system.106,107 Inflammation is an essential 
response to microbial invasion or tissue damage in order 
to preserve tissue homeostasis. An inflammatory pathway 
has been recognized as a significant molecular basis in the 
aetiology of many chronic diseases.108 A growing amount 
of research suggests that excessive inflammation may have 
a significant role in the development and/or onset of stress-
related illnesses. A significant amount of evidence points 
to the inflammatory response as the “common soil” of 
numerous diseases, including cancer, neurodegenerative 
disorders, psychotic diseases, and cardiovascular and 
metabolic diseases.109

Numerous disorders, including atherosclerosis, 
cancer, diabetes, cancer, and cardiovascular disease are 
linked to oxidative stress. As a result, the metabolites of 
oxidative stress can serve as indicators of an inflammatory 
response. Inflammatory reactions involve various cell 
types.110 Macrophages are significant mononuclear 
phagocyte system members who contribute significantly 
to the development, maintenance, and resolution of 
inflammation.111 Macrophages have a variety of roles, 
including delivering antigens, participating in phagocytosis, 
and regulating the immune response during inflammation 
by generating cytokines and growth factors. Mast cells 
are inflammatory effector cells that are present on the 
surfaces of epithelial cells and connective tissue matrices. 
Inflammatory mediators such as cytokines, chemokines, 
histamine, proteases, prostaglandins, leukotrienes, and 
serglycin proteoglycans are released by activated mast 
cells.112 

Inflammation role in neuropathy (NP)
Inflammation is required for the production of NP. 
The development of NP has been associated with the 
accumulation and recruitment of inflammatory cytokines, 
chemokines, and prostaglandins, as well as changes in 
extracellular proteins, transmembrane receptor expression, 
immune cell infiltration, and intracellular adjustments 
regulated by ion channel activity and receptor signalling.113 
Despite the fact that most body tissues swell up after 
damage, the central nervous system differs from other body 
tissues in some ways. The only cells identified in the central 
nervous system are neurons, astrocytes, oligodendrocytes, 
and microglia. It is also understood that neurons have a 
finite ability to repair themselves. The absence of a lymphatic 
drainage system prevents the CNS from growing, which 
places restrictions on other surrounding tissues such the 
dura, spinal canal, and skull.114 In addition, the blood-brain 
barrier triggers an inflammatory reaction unique to the 
CNS. The healing process is aided by growth factors and 
endogenous neurochemical mediators that are produced 

as a result of injury. Leukocytes are attracted to the site 
of inflammation in the CNS, infections are eradicated, 
necrotic tissue is phagocytized, and some types of injured 
tissues can facilitate repair mechanisms.115 Additionally, 
it has been shown that neuroprotective properties of 
neurotrophic substances generated by microglia and 
astrocytes in response to cytotoxic factors produced by 
injured cells exist. On the other hand, it’s hypothesized that 
the inflammatory response helps NP illnesses develop.116 
Numerous neurotrophic substances, including TNF-α, 
which have been shown to have neuroprotective 
characteristics, also increase the inflammatory response. 
Secondary damage is mediated by acute increases in 
proteases, nitric oxide, bradykinins, prostaglandins, and 
TNFα.117 

The CNS’s resident immune cells, known as microglia, 
are also constantly scanning their environment for 
foreign signals. They are a component of the innate 
immune response that is quickly activated in response to 
injury or infection, and they resemble the macrophage, 
the main immune cell of the peripheral nervous system 
(PNS), in many ways. Due to their greater levels of CD45 
expression, diminished ability to deliver antigens, and 
reduced inflammatory response, microglia differ from 
macrophages.118 Microglia express TLRs, allowing them to 
detect bacterial and viral molecular patterns. After a nerve 
injury, microglial cells in the ventral horn of the spinal 
cord form dense clusters surrounding the cell bodies of 
wounded motor neurons, much like how macrophages 
surround injured sensory neurons in the PNS. TNF-α, 
IL-1, IL-6, and NO are examples of inflammatory 
cytokines that are released after activation and can start 
an immune response.119 Local spinal microglia and 
circulating monocytes reach the dorsal horn at the lesion 
site via three signalling pathways. TLR, a chemokine that 
activates on the CX3CR1 receptor, and CCL2 signalling 
through CCR2 are all involved. Microglial stimulation in 
the spinal cord reduces KCC2 expression, which helps to 
explain the mechanical hyperalgesia and spinal neuronal 
hyperactivity caused by diabetes. As a result of chemicals 
released by activated microglia in SCI, more inflammatory 
mediators are produced by the microglia. This increases 
dorsal horn hyperresponsiveness. The possibility for NP 
to develop even further is offered by this positive feedback 
loop. Through pathways including TNF-α and IL-1, as 
well as IL-6 in chronic conditions, microglial activation is 
necessary for the emergence and maintenance of below-
level allodynia following SCI.120

Inflammation pathway in the gastrointestinal tract
The use of biological medicines that target cytokines is one 
of the most important types of therapy that is particularly 
helpful in the current treatment of IBD.121 Exaggerated 
release of cytokines originating from innate immune 
cells, which are both proinflammatory and hence major 
drivers of adaptive T-cell function, is thought to be related 
to the development of IBD. Both TNF-α and IL-6 are key 
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therapeutic targets in the treatment of IBD. Antibodies 
targeting the TNF-α or IL-6 receptor signalling pathways 
have emerged as promising potential treatments for 
this condition. Similarly, cytokines produced by innate 
immune cells, such as IL-12 and IL-23, have been proven to 
be important therapeutic targets for Crohn’s disease(CD). 
These cytokines are closely connected and encourage the 
growth of inflammatory T cells while inhibiting regulatory 
T cells.122 There appears to be an abnormal Th2-like 
cytokine response in ulcerative colitis (UC), which may 
be connected with natural killer T (NKT) cells and is 
characterized by excessive IL-13 synthesis through a less 
well-understood pathway, making IL-13 an intriguing 
therapeutic target. Similarly, by the release of TGF-β, IL-10, 
and IL-35, some subsets of dendritic cells and macrophages 
can drive T cells into a regulatory phenotype that reduces 
inflammation. Thus, the final determinant of whether 
chronic inflammation or homeostasis will occur is the 
balance between regulatory T cells and proinflammatory 
T-helper cells.123

Myocardial inflammation
The underlying cause of myocarditis, myocardial 
infarction (MI), ischemia-reperfusion injury (I/R) injury, 
heart failure (HF), aortic valve problems, atherosclerosis, 
and hypertension is excessive or chronic myocardial 
inflammation that leads to significant myocardial injury.124 
Myocardial inflammation causes many substances, such as 
pro-inflammatory cytokines, cell surface molecules, and 
chemokines, to be produced by cardiac myocytes, which 
aid neutrophil infiltration into the heart. Additionally, 
myocardial inflammation is regulated by several 
mechanisms.125 Inflammation is brought on by pattern 
recognition receptors (PRRs), crucial components of the 
innate immune system. PRRs can identify and respond 
to damage-associated molecular patterns (DAMPs), 
including exogenous pathogen-associated molecular 
patterns (PAMPs), which are conserved structures of 
pathogenic bacteria, and endogenous alarmins, which are 
created in response to stress or tissue damage.126 The first 
line of innate host defense is cardiac myocyte inflammation, 
which is stimulated by TLR activation by DAMPs. This 
inflammation also controls adaptive immunological 
responses.127 TLR4, a vital member of the TLR family, has 
been linked to inflammatory bowel illness, autoimmune 
disorders, neuronal degeneration, metabolic diseases 
brought on by obesity, and cardiovascular disease.128 TLR4 
has a critical role in myocardial inflammation, which 
includes myocarditis, MI, I/R damage, HF, aortic valve 
problems, atherosclerosis, and hypertension. TLR4 has the 
greatest levels in the heart when compared to other TLRs. 
TNF-α, IL-6, IL-1, IL-18, and immunological antigens 
were among the inflammatory mediators that were 
found to be higher in the plasma of HF patients. These 
results validated the “cytokine theory,” which postulated 
that inflammation contributed to HF development.129 
Proinflammatory cytokines and chemokines that are 

abundantly generated and released in HF include TNF-α, 
IL-1, IL-6, IL-18, and MCP-1, and their plasma levels are 
inversely correlated with organ damage.130 These cytokines 
may originate from the heart’s cardiomyocytes, endothelial 
cells, or fibroblasts as well as from extracardiac tissues or 
invading inflammatory cells like macrophages. TNF-α, 
IL-1, and IL-6 levels have been found to rise, but some 
studies that support this finding have small sample sizes or 
lack adequate adjustment. Numerous studies have found 
elevated levels of TNF receptors (TNFR1 and TNFR2) or 
molecules connected to the TNF receptor superfamily, 
such as Fas or osteoprotegerin (OPG).131 

HF is caused by structural and functional cardiac changes. 
The structural modifications include structural alterations, 
myofibroblast transformation of cardiac fibroblasts, and 
cardiomyocyte hypertrophy. This remodelling impairs both 
the systolic and diastolic functions of the heart and increases 
the risk of proarrhythmia.132 Many of the pathogenic 
effects at the tissue level are caused by angiotensin II, 
which causes lung fibrosis and low-level pulmonary 
clearance via ERK1/2 kinases. Angiotensin II induces 
MAPK in cardiac fibroblasts, resulting in myocardial 
hypertrophy, and upregulates COX-2.133 Angiotensin II 
also enhanced IL-6 and TNF-synthesis in the heart and 
kidneys, according to in vivo studies. Proinflammatory 
cytokine release is maintained by increased endothelin 
1 expression and decreased natriuretic peptide levels, 
which are connected to increased NO synthesis by iNOS 
and decreased myocardial contractility.134 TNF- and IL-1 
infusion weakens left ventricular contractility and prolongs 
operative end-diastolic volume. By altering the myocardial 
calcium current and Na+/Ca2+ exchange, TNF and IL-6 also 
lower the peak intracellular Ca2+ levels. TNF-α also makes 
myofilaments less sensitive to calcium. Cardiovascular 
depressants TNF-α, IL-1, and IL-6 can have both 
immediate and delayed effects.135 Through their influence 
on constitutive nitric oxide synthase, they generate baseline 
levels of NO (cNOS). In animal experiments, they activate 
iNOS quickly (30 min), increasing NO levels and generating 
ROS, particularly peroxynitrite. The adrenergic receptors’ 
decreased responsiveness, which is NO-dependent, is 
another mechanism that decreases contractility. Animal 
studies have demonstrated that mitochondrial Ca2+ is a 
crucial regulator of energy use and controls mitochondria-
induced cell death. The extremely adaptable organelles 
known as cardiomyocyte mitochondria are responsible for 
the production of adenosine triphosphate (ATP), which 
is necessary for cell integrity and contractility.136 Another 
warning indicator is the ATP released by apoptotic cells, 
which changes the expression patterns of numerous 
cytokines, including IL-1, IL-6, chemokine C-X-C motif 
ligand 1 (CXCL-1), and MCP-1.137 

Fibrosis is brought on by macrophage activation and 
infiltration and impairs contractility. Cardiomyocyte death 
and heart failure are brought on by calcium influx brought 
on by BCL2/adenovirus E1B interacting protein 3 (BNIP3) 
overexpression or leakage via ryanodine receptor type 2 
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(RYR2) mutant channels.130 Two defensive mechanisms 
that stop mitochondrial breakdown include mitophagy and 
the mitochondrial unfolded protein response. Urolithin 
A, a mitophagy inducer, enhances mitochondrial activity 
by lowering cardiac depression brought on by systemic 
inflammation.138 In mice, deletion of the regulatory 
FUN14 domain-containing protein 1 (FUNDC1) 
blocks calcium input from the cytoplasm via IP3R2, 
maintaining mitochondrial integrity. Pharmacological 
intervention can improve mitochondrial function. It has 
been demonstrated that anti-inflammatory medications 
enhance mitochondrial function.139

Inflammation’s role in kidney injury
Inflammation in the kidneys can send cytokines and 
chemokines into the bloodstream, leading organs further 
away, such as the heart and lungs, to malfunction.140 
As a result, renal TLR4 activation triggers a critical 
signalling cascade that affects nearby and distant organs, 
causing systemic inflammation that significantly worsens 
the clinical state. TLR4 inhibition or inactivation is a 
promising target for the prevention or treatment of AKI. 
NLRs (Nod-like receptors) are intracellular sensors found 
throughout the kidney and have been linked to several 
AKI models, in contrast to TLRs, which are situated on the 
surfaces of cells and endosomes.141  PAMPs and DAMPs 
are recognized by immune cells resident in the body as 
well as renal parenchymal cells that express TLRs and 
NLRs.142 Proinflammatory cytokines and chemokines 
are released when these receptors are activated via 
intracellular pathways like JNK, MAPK, and NF-κB. When 
TLR4 and/or TLR2 were absent, along with their adaptor 
protein MyD88, IRI-exposed mice suffered less kidney 
damage. According to the evidence now available, alarmins 
generated after cell damage and/or death bind to these 
receptors, activating them and causing the development 

of downstream inflammatory processes. TLR4 is required 
for the development of renal injury in mice with cisplatin-
induced AKI.143 One way it might affect the condition 
is by increasing FGF23, which regulates phosphate 
homeostasis, causes problems with minerals and bones, 
and has been connected to all-cause mortality in CKD 
patients. According to a study, TNF-α levels rise as diabetic 
nephropathy worsens and are higher in diabetic patients 
than in healthy individuals. Additionally, higher soluble 
TNFR levels have been linked to diabetic renal disease, 
where they have been shown to independently predict 
incident cardiovascular disease.144

The significance of TNF in diabetic nephropathy led 
researchers to examine additional kidney conditions. 
Higher levels of circulating TNFR have been linked to 
poor renal function and histopathologic abnormalities 
in Immunoglobulin A Nephropathy (IgAN) patients. 
Additionally, starting points indicated eventual renal 
impairment. According to the Heart and Soul study, TNFR 
affects deteriorating renal function. TNF-α levels were 
associated with proteinuria and impaired renal function, 
indicating that it may be used as a biomarker to assess the 
severity of illness145 (Figure 6).

Inflammasomes also have a role in pyroptosis, 
mitochondrial regulation, and myofibroblast differentiation 
in CKD patients. They also control the inflammatory 
response. The inflammasomes’ nucleotide oligomerization 
domain (NOD), leucine-rich repeat (LRR), and pyrin 
domain-containing protein 3 both activate IL-1 and IL-
18 (NLRP3). Inflammation develops in CKD patients as a 
result of its activation, which encourages renal phagocytes 
and podocytes to produce IL-1 and IL-18.146 Renal fibrosis, 
diabetic nephropathy, obesity-related kidney disease, 
chronic glomerulonephritis, IgAN, and renal damage 
brought on by crystal-related nephropathy have all been 
linked to NLRP30 in studies. Current research indicates 

Figure 6. Schematic diagram of induction of Kidney injury. Reactive oxygen species (ROS) induce the activation of angiotensin II(Ang2), 
transforming growth factor-beta (TGF-β), Interleukin 1 beta (IL1β), nuclear factor-kappa B (NF-κB), Jun N terminal kinase (JNK), monocyte 
chemoattractant protein 1 (MCP1). Continuous activation of these inflammatory markers will increase the expression of alpha-smooth 
muscle actin (α-SMA), and ECM accumulation and increase the incidence of fibrosis.



Comprehensive Overview of Organ Inflammatory Responses

  Pharmaceutical Sciences, 2023, 29(4), 397-416  | 409

that reducing plasma oxalate levels may help prevent or 
treat CKD because elevated plasma oxalate levels trigger the 
activation of inflammasomes. Allopurinol, which has been 
demonstrated to reduce renal inflammation by blocking 
the NLRP3 inflammasome, has been linked to similar 
findings.147 Controlling cell apoptosis, tissue remodeling, 
and mitochondrial function are only a few of NLRP3’s 
inflammasome-independent roles in the pathophysiology 
of CKD. Nephron-calcinosis and hyperoxaluria, two 
diseases associated with NLRP3, are influenced by TGF 
receptor signaling and macrophage polarization. With 
implications for renal function, renal fibrosis, hypertension, 
atherosclerosis, and diabetes mellitus, NLRP3 suppression 
has also been shown to be a potential therapeutic target in 
numerous studies. 

Inflammation’s role in lung injury
Inflammation plays a crucial role in lung injury.148 When 
the lungs are exposed to harmful substances, such as 
viruses bacteria, or environmental pollutants, the immune 
system responds by triggering an inflammatory response. 
This response is designed to protect the body from further 
harm, but it can also lead, to tissue damage and lung injury 
if it becomes too severe or prolonged. In the case of lung 
injury, inflammation can cause several different effects. In 
summary, inflammation is a necessary response to lung 
injury, but it can also cause tissue damage and contribute to 
the progression of lung disease if it becomes too severe or 
prolonged. Managing inflammation is an important aspect 
of treating lung injury and preventing further damage to 

the lungs149 (Table 1).

Inflammation’s role in liver injury
Inflammation plays a key role in liver injury by activating 
immune cells, producing cytokines, and promoting tissue 
damage and fibrosis.150 Managing inflammation is an 
important aspect of treating liver injury and preventing 
further damage to the liver151 (Table 2).

Inflammation’s role in pancreas injury
The pancreas is a glandular organ that produces digestive 
enzymes and hormones such as insulin and glucagon.152 
Inflammation of the pancreas, also known as pancreatitis, 
can be caused by a variety of factors, including alcohol abuse, 
gallstones, and high levels of triglycerides in the blood.153 
During pancreatitis, inflammation causes the release of 
enzymes and cytokines that can damage the pancreatic 
tissue.154 The enzymes can also leak out of the pancreas 
and into surrounding tissues, causing further damage and 
inflammation. In severe cases, pancreatitis can lead to the 
formation of cysts or abscesses within the pancreas, which 
can be life- threatening. Chronic inflammation of the 
pancreas can also lead to the development of pancreatic 
cancer.155 Inflammation can cause changes in the DNA 
of pancreatic cells, leading to mutations that can result in 
cancerous growth. Overall, inflammation is a key factor 
in pancreatic injury and disease. Managing inflammation 
through lifestyle changes, such as avoiding alcohol and 
maintaining a healthy diet, can help reduce the risk of 
developing pancreatic problems.

Table 1. Role of inflammation on lung disease.

Role of inflammation in lung injury Effects
Production of  ROS ROS can damage lung tissue and impair lung function.156

Increased permeability of blood vessels Allows fluid and immune cells to leak into the lung tissue, causing edema and further 
damage.157

Recruitment of immune cells Neutrophils and macrophages can release toxic substances that further damage the lung 
tissue.158

Necessary response Inflammation is a necessary response to lung injury.159

Potential for tissue damage Inflammation can cause tissue damage and contribute to the progression of lung disease 
if it becomes too severe or prolonged.160

Importance of managing inflammation Managing inflammation is an important aspect of treating lung injury and preventing 
further damage to the lungs.160

Table 2. Role of inflammation in liver injury.

Role of inflammation in liver injury Effects

Activation of immune cells In response to liver injury, immune cells such as macrophages and neutrophils are 
activated and recruited to the site of injury.161

Production of cytokines These immune cells produce cytokines, which can further activate other immune cells 
and promote inflammation.162

Tissue damage Inflammatory cells and cytokines can directly damage liver cells, leading to liver 
dysfunction and impaired liver function.163

Fibrosis Chronic inflammation can also lead to the development of liver fibrosis, which is 
characterized by the buildup of scar tissue in the liver.164

Importance of managing inflammation Managing inflammation is a critical component of treating liver injury and preventing 
further liver damage.165
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Conclusion
According to clinical investigations, inflammatory 
pathways, which include common pro-inflammatory 
mediators and regulatory pathways, play a significant role 
in the etiology of several chronic disorders connected 
to aging. When organ illness advances in a harmful 
way, inflammation is usually a primary factor. There are 
three crucial factors to consider. The pathways NF-кB, 
MAPK, TNF-α, TGF-β, and JAK-STAT all play important 
roles. Inflammation has a role, and dysregulation of 
one or more of them can lead to disease. Inflammation-
related diseases may be caused by one or more of these 
aforementioned mechanisms. Briefly, our understanding 
of the inflammatory response has improved. New 
routes and molecular mechanisms will definitely lead to 
improvements in cancer prevention and the treatment of 
inflammatory diseases.

Author Contributions
Samar A. Antar: Conceptualization, Investigation, Writing 
- Original Draft. Ayman M. Mahmoud: Investigation, 
Writing - Review & Editing. Walied Abdo: Investigation, 
Writing - Review & Editing. Cherry Gad: Investigation, 
Writing - Review & Editing. Ahmed A. Al‐Karmalawy: 
Conceptualization, Methodology, Investigation, 
Supervision, Writing - Original Draft.

Conflict of Interest
The authors report no conflicts of interest.

References
1.	 Irwin MR. Sleep and inflammation: Partners in sickness 

and in health. Nat Rev Immunol. 2019;19(11):702-15. 
doi:10.1038/s41577-019-0190-z 

2.	 Ibrahim M. Design, Synthesis, Molecular Docking and 
Biological Evaluation of Some Novel Quinazolin-4 
(3h)-One Derivatives As Anti-Inflammatory Agents. 
J Pharm Sci.  2012;46(2):185-203. doi:10.21608/
ajps.2012.7145

3.	 Ragab MA, Eldehna WM, Nocentini A, Bonardi A, 
Okda HE, Elgendy B, et al. 4-(5-Amino-pyrazol-
1-yl)benzenesulfonamide derivatives as novel 
multi-target anti-inflammatory agents endowed 
with inhibitory activity against COX-2, 5-LOX and 
carbonic anhydrase: Design, synthesis, and biological 
assessments. Eur J Med Chem. 2023;250:115180. 
doi:10.1016/j.ejmech.2023.115180

4.	 Antar SA, Ashour NA, Marawan ME, Al-Karmalawy 
AA. Fibrosis: Types, Effects, Markers, Mechanisms for 
Disease Progression, and Its Relation with Oxidative 
Stress, Immunity, and Inflammation. Int J Mol Sci. 
2023;24(4):4004. doi:10.3390/ijms24044004

5.	 Hirano T. IL-6 in inflammation, autoimmunity and 
cancer. Int Immunol. 2021;33(3):127-48. doi:10.1093/
intimm/dxaa078

6.	 El-Azab MF, Al-Karmalawy AA, Antar SA, Hanna 
PA, Tawfik KM, Hazem RMA. Novel role of Nano 

selenium and sildenafil on streptozotocin-induced 
diabetic nephropathy in rats by modulation of 
inflammatory, oxidative, and apoptotic pathways. Life 
Sci. 2022;303:120691. doi:10.1016/j.lfs.2022.120691

7.	 Mohamed AA, Al-Karmalawy AA, El-Kholy AA, El-
Damas DA, Abostate HM, Mostafa SM, et al. Effect 
of Vitamin D supplementation in patients with liver 
cirrhosis having spontaneous bacterial peritonitis: 
a randomized controlled study. Eur Rev Med 
Pharmacol Sci. 2021;25(22):6908-19. doi:10.26355/
eurrev_202111_27239

8.	 Amin MN, Siddiqui SA, Ibrahim M, Hakim ML, 
Ahammed MS, Kabir A, et al. Inflammatory cytokines 
in the pathogenesis of cardiovascular disease and 
cancer. SAGE Open Med. 2020;8:2050312120965752. 
doi:10.1177/2050312120965752

9.	 Salem MA, Aborehab NM, Al-Karmalawy AA, Fernie 
AR, Alseekh S, Ezzat SM. Potential valorization of 
edible nuts by-products: exploring the immune-
modulatory and antioxidants effects of selected nut 
shells extracts in relation to their metabolic profiles. 
Antioxidants (Basel). 2022;11(3):462. doi:10.3390/
antiox11030462.

10.	 Huakan Z, Wu L, Guifang Y, Chen Y, Mingyue Z, 
Wu Y, Li Y. Inflammation and tumor progression: 
Signaling pathways and targeted intervention. Signal 
Transduct Target Ther. 2021;6(1):263. doi:10.1038/
s41392-021-00658-5

11.	 Antar S, Al-Karmalawy AA, Mourad A, Mourad 
M, Elbadry M, Saber S, et al. Effects of mirazid on 
gentamicin-induced nephrotoxicity in rats through 
antioxidant, anti-inflammatory, JNK1/iNOS, and 
apoptotic pathways; novel mechanistic insights. Pharm 
Sci. 2022;28(4):525-40. doi:10.34172/PS.2022.4

12.	 Hazem RM, Antar SA, Nafea YK, Al-Karmalawy AA, 
Saleh MA, El-Azab MF. Pirfenidone and vitamin D 
mitigate renal fibrosis induced by doxorubicin in mice 
with Ehrlich solid tumor. Life Sci. 2022;288:120185. 
doi:10.1016/j.lfs.2021.120185

13.	 Eloutify YT, El-Shiekh RA, Ibrahim KM, Hamed AR, 
Al-Karmalawy AA, Shokry AA, et al. Bioactive fraction 
from Plumeria obtusa L. attenuates LPS-induced 
acute lung injury in mice and inflammation in RAW 
264.7 macrophages: LC/QToF-MS and molecular 
docking. Inflammopharmacology. 2023;;31(2):859-75 
doi:10.1007/s10787-023-01144-w

14.	 Wu F, Yang J, Liu J, Wang Y, Mu J, Zeng Q, et al. 
Signaling pathways in cancer-associated fibroblasts 
and targeted therapy for cancer. Signal Transduct 
Target Ther. 2021;6(1):218.  doi: 10.1038/s41392-021-
00641-0

15.	 Muñoz-Carrillo JL, Contreras-Cordero JF, Gutiérrez-
Coronado O, Villalobos-Gutiérrez PT, Ramos-
Gracia LG, Hernández-Reyes VE. Cytokine profiling 
plays a crucial role in activating immune system 
to clear infectious pathogens. In: Tyagi RK, Bisen 
PS, editors. Immune Response Activation and 

http://dx.doi.org/10.21608/ajps.2012.7145
http://dx.doi.org/10.21608/ajps.2012.7145
https://doi.org/10.1016/j.ejmech.2023.115180
https://ps.tbzmed.ac.ir/Archive/28/4
https://doi.org/10.34172/PS.2022.4
https://doi.org/10.1016/j.lfs.2021.120185
https://doi.org/10.1038/s41392-021-00641-0
https://doi.org/10.1038/s41392-021-00641-0


Comprehensive Overview of Organ Inflammatory Responses

  Pharmaceutical Sciences, 2023, 29(4), 397-416  | 411

Immunomodulation. London: IntechOpen; 2018. 
doi:10.5772/intechopen.80843

16.	 Lee DS, Rojas OL, Gommerman JL. B cell depletion 
therapies in autoimmune disease: advances and 
mechanistic insights. Nature reviews. Nat Rev Drug 
Discov. 2021;20(3):179-99. doi:10.1038/s41573-020-
00092-2

17.	 Hughes CE, Nibbs RJ. A guide to chemokines and their 
receptors. FEBS J. 2018;285(16):2944-71. doi:10.1111/
febs.14466

18.	 Lu J, Wang Z, Ren L, Sun Y, Cao Y, Xiong Y, et al. 
Expression and functional analysis of CXCL12 and its 
receptors in human term trophoblast cells. Reprod Sci. 
2020;27(1):46-54. doi:10.1007/s43032-019-00134-0

19.	 Kyriakidis NC, Cobo G, Dai L, Lindholm B, Stenvinkel 
P. Role of uremic toxins in early vascular ageing 
and calcification. Toxins. (Basel). 2021;13(1):26. 
doi:10.3390/toxins13010026

20.	 Jung SW, Moon JY. The role of inflammation in diabetic 
kidney disease. Korean J Intern Med. 2021;36(4):753-
66. doi:10.3904/kjim.2021.174

21.	 David BA, Kubes P. Exploring the complex role of 
chemokines and chemoattractants in vivo on leukocyte 
dynamics. Immunological reviews; transplantation 
reviews. 2019;289(1):9-30. doi:10.1111/imr.12757

22.	 Ferreira VL, Borba HH, Bonetti ADF, Leonart LP, 
Pontarolo R. Cytokines and interferons: types and 
functions. autoantibodies and cytokines. In: Khan 
WA, editor. Autoantibodies and Cytokines. London: 
Intechopen; 2018. doi:10.5772/intechopen.74550

23.	 Rose-John S. Interleukin-6 family cytokines. Cold 
Spring Harb Perspect Biol. 2018; 10(2):a028415. 
doi:10.1101/cshperspect.a028415

24.	 Durlacher-Betzer K, Hassan A, Levi R, Axelrod J, 
Silver J, Naveh-Many T. Interleukin-6 contributes to 
the increase in fibroblast growth factor 23 expression 
in acute and chronic kidney disease. Kidney Int. 
2018;94(2): 315-25. doi:10.1016/j.kint.2018.02.026

25.	 Al-Warhi T, Al-Karmalawy AA, Elmaaty AA, 
Alshubramy MA, Abdel-Motaal M,  Majrashi TA, et 
al. Biological evaluation, docking studies, and in silico 
ADME prediction of some pyrimidine and pyridine 
derivatives as potential EGFRWT and EGFRT790M 
inhibitors. J Enzyme Inhib Med Chem. 2023;38(1):176-
91. doi:10.1080/14756366.2022.2135512

26.	 Goldbach-Mansky R, Pizarro T, Hoffman H, Bufler P, 
Nold M, Ghezzi P, et al. IL-1 family nomenclature. Nat 
Immunol. 2010;11(11):973. doi:10.1038/ni1110-973

27.	 Vijayaraj SL, Feltham R, Rashidi M, Frank D, Liu Z, 
Simpson DS, et al. The ubiquitylation of IL-1β limits 
its cleavage by caspase-1 and targets it for proteasomal 
degradation. Nat Commun. 2021;12(1):2713. 
doi:10.1038/s41467-021-22979-3

28.	 Petreski T, Piko N, Ekart R, Hojs R, Bevc S. Review 
on inflammation markers in chronic kidney 
disease. Biomedicines. 2021;9(2):182. doi:10.3390/
biomedicines9020182

29.	 Sukhanov S, Higashi Y, Yoshida T, Mummidi S, Aroor 
AR, Russell JJ, et al. The SGLT2 inhibitor Empagliflozin 
attenuates interleukin-17A-induced human aortic 
smooth muscle cell proliferation and migration 
by targeting TRAF3IP2/ROS/NLRP3/Caspase-1-
dependent IL-1β and IL-18 secretion. Cell Signal. 
2021;77:109825. doi:10.1016/j.cellsig.2020.109825

30.	 Cheng YC, Chiu YM, Dai ZK, Wu BN. Loganin 
Ameliorates Painful Diabetic Neuropathy by 
Modulating Oxidative Stress, Inflammation and 
Insulin Sensitivity in Streptozotocin-Nicotinamide-
Induced Diabetic Rats. Cells. 2021;10(10):2688. 
doi:10.3390/cells10102688

31.	 ElMahdy MK, Zaki MO, Al-Karmalawy AA, Abdo W, 
Alnasser SM, Antar SA. Glimepiride ameliorates renal 
toxicity induced by cadmium in mice: Modulation of 
Jun N terminal kinase (JNK)/nuclear factor kappa B 
(NF-κB) and phosphatidylinositol 3-kinases (PI3K)/
protein kinase (AKT) pathways. Life Sci. 2022;311(Pt 
B):121184. doi:10.1016/j.lfs.2022.121184

32.	 Martínez-López A, García-Casas A, Bragado P, Orimo 
A, Castaneda-Saucedo E, Castillo-Lluva S. Inhibition 
of RAC1 activity in cancer associated fibroblasts 
favours breast tumour development through IL-
1β upregulation. Cancer Lett. 2021;521:14-28. 
doi:10.1016/j.canlet.2021.08.014

33.	 Brembilla NC, Senra L, Boehncke WH. The IL-
17 family of cytokines in psoriasis: IL-17A and 
beyond. Front Immunol. 2018;9:1682. doi:10.3389/
fimmu.2018.01682

34.	 Fathy SA, Mohamed MR, Ali MA, El-Helaly AE, 
Alattar AT. Influence of IL-6, IL-10, IFN-γ and 
TNF-α genetic variants on susceptibility to diabetic 
kidney disease in type 2 diabetes mellitus patients. 
Biomarkers. 2019;24(1):43-55. doi:10.1080/135475
0X.2018.1501761

35.	 Negishi H, Taniguchi T, Yanai H. The interferon (IFN) 
class of cytokines and the IFN regulatory factor (IRF) 
transcription factor family. Cold Spring Harb Perspect 
Biol. 2018;10(11):a028423. doi:10.1101/cshperspect.
a028423

36.	 Salem MA, El-Shiekh RA, Aborehab NM, Al‐
Karmalawy AA, Ezzat SM, Alseekh S, et al. 
Metabolomics driven analysis of Nigella sativa seeds 
identifies the impact of roasting on the chemical 
composition and immunomodulatory activity. 
Food Chem. 2023;398:133906. doi:10.1016/j.
foodchem.2022.133906

37.	 Grzegorzewska AE, Winnicka H, Warchoł W, 
Mostowska A, Jagodziński PP. Correlations of 
indoleamine 2, 3-dioxygenase, interferon-λ3, and 
anti-HBs antibodies in hemodialysis patients. 
Vaccine. 2018;36(30):4454-61. doi:10.1016/j.
vaccine.2018.06.034

38.	 Ernst O, Khan MM, Oyler BL, Yoon SH, Sun J, Lin FY, 
et al. Species-specific endotoxin stimulus determines 
toll-like receptor 4-and caspase 11-mediated 

https://doi.org/10.1111%2Ffebs.14466
https://doi.org/10.1111%2Ffebs.14466
https://doi.org/10.1007/s43032-019-00134-0
https://doi.org/10.3390%2Ftoxins13010026
https://www.intechopen.com/books/6243
https://doi.org/10.1101%2Fcshperspect.a028415
https://doi.org/10.3390%2Fbiomedicines9020182
https://doi.org/10.3390%2Fbiomedicines9020182
https://doi.org/10.1016/j.cellsig.2020.109825
https://doi.org/10.1016/j.foodchem.2022.133906
https://doi.org/10.1016/j.foodchem.2022.133906


Antar, et al.

412   | Pharmaceutical Sciences, 2023, 29(4), 397-416

pathway activation characteristics. mSystems. 
2021;6(4):e0030621. doi:10.1128/mSystems.00306-21

39.	 Mushenkova NV, Bezsonov EE, Orekhova VA, 
Popkova TV, Starodubova AV, Orekhov AN. 
Recognition of oxidized lipids by macrophages and 
its role in atherosclerosis development. Biomedicines. 
2021;9(8):915. doi:10.3390/biomedicines9080915

40.	 Crosio G, Huang AH. Innate and adaptive immune 
system cells implicated in tendon healing and disease. 
Eur Cell Mater. 2022;43:39-52. doi:10.22203/eCM.
v043a05

41.	 Olatunde AC, Hale JS, Lamb TJ. Cytokine-skewed 
Tfh cells: functional consequences for B cell help. 
Trends Immunol. 2021;42(6):536-550. doi:10.1016/j.
it.2021.04.006

42.	 Schülke S. Induction of interleukin-10 producing 
dendritic cells as a tool to suppress allergen-specific 
T helper 2 responses. Front Immunol. 2018;9:455. 
doi:10.3389/fimmu.2018.00455

43.	 Brito C, Cabanes D, Sarmento Mesquita F, Sousa 
S. Mechanisms protecting host cells against 
bacterial pore-forming toxins. Cell Mol Life Sci. 
2019;76(7):1319-39. doi:10.1007/s00018-018-2992-8

44.	 Furman D, Campisi J, Verdin E, Carrera-Bastos P, 
Targ S, Franceschi C, et al. Chronic inflammation in 
the etiology of disease across the life span. Nat Med. 
2019;25(12):1822-32. doi:10.1038/s41591-019-0675-0

45.	 Swanepoel T, Möller M, Harvey BH. N-acetyl cysteine 
reverses bio-behavioural changes induced by prenatal 
inflammation, adolescent methamphetamine exposure 
and combined challenges. Psychopharmacology. 
2018;235(1):351-68. doi:10.1007/s00213-017-4776-5

46.	 Cox Jr LA, Goodman JE, Engel AM. Chronic 
inflammation, Adverse Outcome Pathways, and 
risk assessment: A diagrammatic exposition. Regul 
Toxicol Pharmacol. 2020;114:104663. doi:10.1016/j.
yrtph.2020.104663

47.	 Abdulkhaleq LA, Assi MA, Abdullah R, Zamri-
Saad M, Taufiq-Yap YH, Hezmee MN. The crucial 
roles of inflammatory mediators in inflammation: A 
review. Vet World. 2018;11(5):627-35. doi:10.14202/
vetworld.2018.627-635 

48.	 Kwon DH, Cha HJ, Choi EO, Leem SH, Kim GY, Moon 
SK, et al. Schisandrin A suppresses lipopolysaccharide-
induced inflammation and oxidative stress in RAW 
264.7 macrophages by suppressing the NF-κB, 
MAPKs and PI3K/Akt pathways and activating Nrf2/
HO-1 signaling. Int J Mol Med. 2018;41(1):264-74. 
doi:10.3892/ijmm.2017.3209

49.	 Trendell J. Effects of oncostatin-m receptor 
overexpression on cervical squamous cell carcinoma 
cells and their extracellular vesicles [dissertation]. 
Cambridge: University of Cambridge; 2020. 
doi:10.17863/CAM.52126

50.	 Conte E. Targeting monocytes/macrophages in 
fibrosis and cancer diseases: Therapeutic approaches. 
Pharmacol Ther. 2022;234:108031. doi:10.1016/j.

pharmthera.2021.108031
51.	 Chen L, Deng H, Cui H, Fang J, Zuo Z, Deng J, et al. 

Inflammatory responses and inflammation-associated 
diseases in organs. Oncotarget. 2018;9(6):7204-18. 
doi:10.18632/oncotarget.23208

52.	 Lupu F, Kinasewitz G, Dormer K. The role of endothelial 
shear stress on haemodynamics, inflammation, 
coagulation and glycocalyx during sepsis. J Cell Mol 
Med. 2020;24(21):12258-71. doi:10.1111/jcmm.15895

53.	 Nasry WHS, Rodriguez-Lecompte JC, Martin CK. 
Role of COX-2/PGE2 mediated inflammation in oral 
squamous cell carcinoma. Cancers. 2018;10(10):348. 
doi:10.3390/cancers10100348

54.	 Babiker A, Hassan M, Muhammed S, Taylor G, Poonia 
B, Shah A, Bagchi S. Inflammatory and cardiovascular 
diseases biomarkers in chronic hepatitis C virus 
infection: A review. Clin Cardiol. 2020;43(3):222-34. 
doi:10.1002/clc.23299

55.	 Smara N, Cherbal AE. Anti-inflammatory property of 
Rosmarinus officinalis L. [dissertation]. Jijel: University 
of Jijel; 2020. 

56.	 Hori H, Kim Y. Neurosciences C. Inflammation 
and post-traumatic stress disorder. Psychiatry Clin 
Neurosci. 2019;73(4):143-53. doi:10.1111/pcn.12820

57.	 Vileigas DF, Cicogna AC. Effects of obesity on the 
cardiac proteome. Endocr Metab Sci. 2021;2:100076. 
doi:10.1016/j.endmts.2020.100076

58.	 Wang J, Lin S, Brown JM, van Wagoner D, Fiocchi 
C, Rieder F. Novel mechanisms and clinical trial 
endpoints in intestinal fibrosis. Immunol Rev. 
2021;302(1):211-227. doi:10.1111/imr.12974

59.	 Gómez-Valenzuela F, Escobar E, Pérez-Tomás R, 
Montecinos VP. The inflammatory profile of the tumor 
microenvironment, orchestrated by cyclooxygenase-2, 
promotes epithelial-mesenchymal transition. Front 
Oncol. 2021;11:686792. doi:10.3389/fonc.2021.686792

60.	 So T, Ishii N. The TNF–TNFR family of co-
signal molecules. 2019, 53-84. Adv Exp Med Biol. 
2019;1189:53-84. doi:10.1007/978-981-32-9717-3_3

61.	 Medler J, Wajant H. Tumor necrosis factor receptor-2 
(TNFR2): an overview of an emerging drug target. 
Expert Opin Ther Targets. 2019;23(4):295-307. doi:1
0.1080/14728222.2019.1586886

62.	 Dash S, Sahu AK, Srivastava A, Chowdhury R, 
Mukherjee S. Exploring the extensive crosstalk 
between the antagonistic cytokines-TGF-β and 
TNF-α in regulating cancer pathogenesis. Cytokine. 
2021;138:155348. doi:10.1016/j.cyto.2020.155348

63.	 Yamashita M, Passegué E. TNF-α coordinates 
hematopoietic stem cell survival and myeloid 
regeneration. Cell stem cell. 2019;25(3):357-72. 
doi:10.1016/j.stem.2019.05.019

64.	 Subedi L, Gaire BP, Kim SY, Parveen A. Nitric oxide as 
a target for phytochemicals in anti-neuroinflammatory 
prevention therapy. Int J Mol Sci. 2021;22(9):4771. 
doi:10.3390/ijms22094771

65.	 Khan H, Ullah H, Castilho PC, Gomila AS, D’Onofrio 

https://doi.org/10.3390%2Fbiomedicines9080915
https://doi.org/10.1016/j.yrtph.2020.104663
https://doi.org/10.1016/j.yrtph.2020.104663
https://doi.org/10.1016/j.pharmthera.2021.108031
https://doi.org/10.1016/j.pharmthera.2021.108031
https://doi.org/10.18632%2Foncotarget.23208
https://doi.org/10.1002%2Fclc.23299


Comprehensive Overview of Organ Inflammatory Responses

  Pharmaceutical Sciences, 2023, 29(4), 397-416  | 413

G, Filosa R, et al. Targeting NF-κB signaling pathway 
in cancer by dietary polyphenols. Crit Rev Food Sci 
Nutr. 2020;60(16):2790-800. doi:10.1080/10408398.20
19.1661827

66.	 Peng C, Ouyang Y, Lu N, Li N. The NF-κB signaling 
pathway, the microbiota, and gastrointestinal 
tumorigenesis: Recent advances. Front Immunol. 
2020;11:1387. doi:10.3389/fimmu.2020.01387

67.	 Sarohan AR, Kızıl M, İnkaya AÇ, Mahmud S, 
Akram M, Cen O. A novel hypothesis for COVID-19 
pathogenesis: Retinol depletion and retinoid signaling 
disorder. Cell Signal. 2021;87:110121. doi:10.1016/j.
cellsig.2021.110121

68.	 Singh S, Singh TG. Role of nuclear factor kappa B 
(NF-κB) signalling in neurodegenerative diseases: 
an mechanistic approach. Curr Neuropharmacol. 
2020;18(10):918-35. doi:10.2174/157015
9X18666200207120949

69.	 Diamond MS, Kanneganti TD. Innate immunity: 
the first line of defense against SARS-CoV-2. 2022, 
1-12. Nat Immunol. 2022;23(2):165-76. doi:10.1038/
s41590-021-01091-0

70.	 Singh S, Anshita D, Ravichandiran V.  MCP-1: 
Function, regulation, and involvement in disease. 
Int Immunopharmacol. 2021;101(PtB):107598. 
doi:10.1016/j.intimp.2021.107598

71.	 Saleh MA, Antar SA, Hazem RM, El-Azab MF. 
Pirfenidone and vitamin D ameliorate cardiac 
fibrosis induced by doxorubicin in ehrlich ascites 
carcinoma bearing mice: modulation of monocyte 
chemoattractant protein-1 and Jun N-terminal 
kinase-1 pathways. Pharmaceuticals. 2020;13(11):348. 
doi:10.3390/ph13110348

72.	 Takei Y, Takahashi S, Nakasatomi M, Sakairi T, 
Ikeuchi H, Kaneko Y, et al. Urinary Activin A is a 
novel biomarker reflecting renal inflammation and 
tubular damage in ANCA-associated vasculitis. PLoS 
One. 2019;14(10):e0223703. doi:10.1371/journal.
pone.0223703

73.	 Deng C, Zhao L, Yang Z, Shang JJ, Wang CY, Shen MZ, 
et al.   Targeting HMGB1 for the treatment of sepsis 
and sepsis-induced organ injury. Acta Pharmacol Sin. 
2022;43(3):520-8. doi:10.1038/s41401-021-00676-7

74.	 Esmaeili Y, Yarjanli Z, Pakniya F, Bidram E, Los MJ, 
Eshraghi M, et al.  Targeting autophagy, oxidative 
stress, and ER stress for neurodegenerative diseases 
treatment. J Control Release. 2022;345:147-75. 
doi:10.1016/j.jconrel.2022.03.001

75.	 Vourc’h M, Roquilly A, Asehnoune K. Trauma-induced 
damage-associated molecular patterns-mediated 
remote organ injury and immunosuppression in 
the acutely ill patient. Front Immunol. 2018;9:1330. 
doi:10.3389/fimmu.2018.01330

76.	 Watanabe H, Son M. The immune tolerance role 
of the HMGB1-RAGE axis. Cells. 2021;10(3):564. 
doi:10.3390/cells10030564

77.	 Yuan S, Liu Z, Xu Z, Liu J, Zhang J. High mobility group 

box 1 (HMGB1): a pivotal regulator of hematopoietic 
malignancies. J Hematol Oncol. 2020;13(1):91. 
doi:10.1186/s13045-020-00920-3

78.	 Reiss AB, Grossfeld D, Kasselman LJ, Renna HA, 
Vernice NA, Drewes W, et al.  Adenosine and the 
cardiovascular system. Am J Cardiovasc Drugs. 
2019;19(5):449-64. doi:10.1007/s40256-019-00345-5

79.	 Rajasundaram S. Adenosine A2A receptor signaling 
in the immunopathogenesis of experimental 
autoimmune encephalomyelitis. Front Immunol. 
2018;9:402. doi:10.3389/fimmu.2018.00402

80.	 Kayhan M, Koyas A, Akdemir I, Savas AC, Cekic 
C. Adenosine receptor signaling targets both PKA 
and Epac pathways to polarize dendritic cells to a 
suppressive phenotype. J Immunol. 2019;203(12):3247-
55. doi:10.4049/jimmunol.1900765

81.	 Tavares LP, Negreiros-Lima GL, Lima KM, Silva PM, 
Pinho V, Teixeira MM, et al.  Blame the signaling: 
Role of cAMP for the resolution of inflammation. 
Pharmacol Res. 2020;159:105030. doi:10.1016/j.
phrs.2020.105030

82.	 Dharshini LC, Vishnupriya S, Sakthivel KM, Rasmi 
RR. Oxidative stress responsive transcription factors 
in cellular signalling transduction mechanisms. 
Cell Signal.2020;72: 109670. doi:10.1016/j.
cellsig.2020.109670

83.	 Ghanem A, Al-Karmalawy AA, Abd El Maksoud 
AI, Hanafy SM, Emara HA, Saleh RM, et al. Rumex 
Vesicarius L. extract improves the efficacy of 
doxorubicin in triple-negative breast cancer through 
inhibiting Bcl2, mTOR, JNK1 and augmenting p21 
expression. Inform Med Unlocked. 2022;29:100869. 
doi:10.1016/j.imu.2022.100869

84.	 Papavassiliou AG, Musti AM. The multifaceted output 
of c-Jun biological activity: focus at the junction 
of CD8 T cell activation and exhaustion. Cells. 
2020;9(11):2470. doi:10.3390/cells9112470

85.	 Elia SG, Al‐Karmalawy AA, Nasr MY, Elshal MF. 
Loperamide potentiates doxorubicin sensitivity in 
triple-negative breast cancer cells by targeting MDR1 
and JNK and suppressing mTOR and Bcl-2: In vitro 
and molecular docking study. J Biochem Mol Toxicol. 
2022;36(1):e22938. doi: 10.1002/jbt.22938

86.	 Sivasakthi P, Sanmuga Priya E, Senthamil Selvan P. 
Molecular insights into phytochemicals exhibiting 
anti-arthritic activity: systematic review. Inflamm Res. 
2021;70(6):665-85. doi:10.1007/s00011-021-01471-0

87.	 Antar SA, ElMahdy MK, Khodir AE. A novel role 
of pirfenidone in attenuation acetic acid induced 
ulcerative colitis by modulation of TGF-β1/JNK1 
pathway. Int Immunopharmacol. 2021;101(Pt 
B):108289. doi:10.1016/j.intimp.2021.108289

88.	 Hu X, Li J, Fu M, Zhao X, Wang W.  The JAK/STAT 
signaling pathway: From bench to clinic. Signal 
Transduct Target Ther. 2021;6(1):402. doi:10.1038/
s41392-021-00791-1

89.	 Awasthi N, Liongue C, Ward AC. STAT proteins: 

https://doi.org/10.1371/journal.pone.0223703
https://doi.org/10.1371/journal.pone.0223703
https://doi.org/10.1016/j.jconrel.2022.03.001
https://doi.org/10.1016/j.imu.2022.100869


Antar, et al.

414   | Pharmaceutical Sciences, 2023, 29(4), 397-416

a kaleidoscope of canonical and non-canonical 
functions in immunity and cancer. J Hematol Oncol. 
2021;14(1):198. doi:10.1186/s13045-021-01214-y

90.	 Luchian I, Goriuc A, Sandu D, Covasa M. The Role of 
matrix metalloproteinases (MMP-8, MMP-9, MMP-
13) in periodontal and peri-implant pathological 
processes. Int J Mol Sci. 2022;23(3):1806. doi:10.3390/
ijms23031806

91.	 Zhang HT, Wang P, Li Y, Bao YB. SerpinA3n affects 
ovalbumin (OVA)-induced asthma in neonatal 
mice via the regulation of collagen deposition and 
inflammatory response. Respir Physiol Neurobiol. 
2021;288:103642. doi:10.1016/j.resp.2021.103642

92.	 Huang X, Hussain B, Chang J. Peripheral inflammation 
and blood–brain barrier disruption: Effects and 
mechanisms. CNS Neurosci Ther. 2021;27(1):36-47. 
doi:10.1111/cns.13569

93.	 Latronico T, Larocca M, Milella S, Fasano A, 
Rossano R, Liuzzi GM. Neuroprotective potential 
of isothiocyanates in an in vitro model of 
neuroinflammation. Inflammopharmacology. 
2021;29:561-71. doi:10.1007/s10787-020-00772-w

94.	 Peng Z, Sun H, Bunpetch V, Koh Y, Wen Y, Wu 
D, et al. The regulation of cartilage extracellular 
matrix homeostasis in joint cartilage degeneration 
and regeneration. Biomaterials. 2021;268:120555. 
doi:10.1016/j.biomaterials.2020.120555

95.	 Pramanik KK, Mishra R. ERK-mediated upregulation 
of matrix metalloproteinase-2 promotes the 
invasiveness in human oral squamous cell carcinoma 
(OSCC). Exp Cell Res. 2022;411(1):112984. 
doi:10.1016/j.yexcr.2021.112984

96.	 Piovan A, Filippini R, Corbioli G, Costa VD, Giunco 
EM, Burbello G, et al.  Carotenoid extract derived 
from euglena gracilis overcomes lipopolysaccharide-
induced neuroinflammation in microglia: role of 
NF-κB and Nrf2 signaling pathways. Mol Neurobiol. 
2021;58(7):3515-28. doi:10.1007/s12035-021-02353-6

97.	 Chang S, Li X, Zheng Y, Shi H, Zhang D, Jing B, Chen 
Z, et al. Kaempferol exerts a neuroprotective effect 
to reduce neuropathic pain through TLR4/NF-ĸB 
signaling pathway. Phytother Res. 2022;36(4):1678-91. 
doi:10.1002/ptr.7396

98.	 Jin G, Gao Z, Liu Y, Zhao J, Ou H, Xu F, et al. 
Polymeric nitric oxide delivery nanoplatforms for 
treating cancer, cardiovascular diseases, and infection. 
Adv Healthc Mater. 2021;10(3):2001550. doi: 10.1002/
adhm.202001550

99.	 Hao Y, Baker D, Ten Dijke P. TGF-β-mediated epithelial-
mesenchymal transition and cancer metastasis. Int J 
Mol Sci. 2019;20(11): 2767. doi:10.3390/ijms20112767

100.	Hanna A, Humeres C, Frangogiannis NG. The role of 
Smad signaling cascades in cardiac fibrosis. Cell Signal. 
2021;77:109826. doi:10.1016/j.cellsig.2020.109826

101.	Nawaz M, Shah N, Zanetti BR, Maugeri M, Silvestre 
RN, Fatima F, et al. Extracellular vesicles and 
matrix remodeling enzymes: the emerging roles 

in extracellular matrix remodeling, progression of 
diseases and tissue repair. Cells. 2018;7(10):167. 
doi:10.3390/cells7100167 

102.	Zhang Y, Jin D, Kang X, Zhou R, Sun Y, Lian F, et 
al. Signaling Pathways Involved in Diabetic Renal 
Fibrosis. Front Cell Dev Biol. 2021;9:696542. 
doi:10.3389/fcell.2021.696542

103.	Tuleta I, Frangogiannis NG. Diabetic fibrosis. Biochim 
Biophys Acta Mol Basis Dis. 2021;1867(4):166044. 
doi:10.1016/j.bbadis.2020.166044

104.	Raslan MA, Taher RF, Al-Karmalawy AA, El-Ebeedy 
D, Metwaly AG, Elkateeb NM, et al. Cordyline fruticosa 
(L.) A. Chev. leaves: isolation, HPLC/MS profiling and 
evaluation of nephroprotective and hepatoprotective 
activities supported by molecular docking. New 
J. Chem. 2021;45(47):22216-33. doi:10.1039/
D1NJ02663A

105.	Uddin MJ, Kim EH, Hannan MA, Ha H. 
Pharmacotherapy against oxidative stress in chronic 
kidney disease: Promising small molecule natural 
products targeting nrf2-ho-1 signaling. Antioxidants. 
2021;10(2):258. doi:10.3390/antiox10020258

106.	Loos BG, Van Dyke TE. The role of inflammation and 
genetics in periodontal disease. Periodontol 2000. 
2020;83(1):26-39. doi:10.1111/prd.12297

107.	El Gizawy HA, Boshra SA, Mostafa A, Mahmoud 
SH, Ismail MI, Alsfouk AA, et al. Pimenta dioica (L.) 
Merr. bioactive constituents exert anti-SARS-CoV-2 
and anti-inflammatory activities: molecular docking 
and dynamics, in vitro, and in vivo studies. Molecules. 
2021;26(19):5844. doi:10.3390/molecules26195844

108.	Rathinam VA, Chan FK. Inflammasome, 
inflammation, and tissue homeostasis. Trends 
Mol Med. 2018;24(3):304-18. doi:10.1016/j.
molmed.2018.01.004

109.	Martone G. The inflammation hypothesis and mental 
illness. J Clin Psychiatry. 2019;2(1):3-12.

110.	Germolec DR, Shipkowski KA, Frawley RP, Evans 
E. Markers of inflammation.   Methods Mol Biol. 
2018;1803:57-79. doi:10.1007/978-1-4939-8549-4_5

111.	Lugo-Villarino G, Cougoule C, Meunier E, Rombouts 
Y, Vérollet C, Balboa L. The mononuclear phagocyte 
system in infectious disease. Front Immunol. 
2019;10:1443. doi:10.3389/fimmu.2019.01443

112.	Kubo M. Mast cells and basophils in allergic 
inflammation. Curr Opin Immunol. 2018;54:74-9. 
doi:10.1016/j.coi.2018.06.006

113.	Mannan A, Garg N, Singh TG, Kang HK. Peroxisome 
proliferator-activated receptor-gamma (PPAR-ɣ): 
molecular effects and its importance as a novel 
therapeutic target for cerebral ischemic injury. 
Neurochem Res. 2021;46(11):2800-31.   doi:10.1007/
s11064-021-03402-1

114.	Proulx ST. Cerebrospinal fluid outflow: a review of the 
historical and contemporary evidence for arachnoid 
villi, perineural routes, and dural lymphatics. Cell Mol 
Life Sci. 2021;78(6):2429-57. doi:10.1007/s00018-020-

https://doi.org/10.1016/j.resp.2021.103642
https://doi.org/10.1002/adhm.202001550
https://doi.org/10.1002/adhm.202001550
https://doi.org/10.3390/ijms20112767
https://doi.org/10.1016%2Fj.cellsig.2020.109826
https://doi.org/10.3389%2Ffcell.2021.696542
https://doi.org/10.1016/j.bbadis.2020.166044
https://doi.org/10.1039/1369-9261/1998
https://doi.org/10.1039/1369-9261/1998
https://doi.org/10.1039/D1NJ02663A
https://doi.org/10.1039/D1NJ02663A
https://doi.org/10.3389/fimmu.2019.01443


Comprehensive Overview of Organ Inflammatory Responses

  Pharmaceutical Sciences, 2023, 29(4), 397-416  | 415

03706-5
115.	Filgueira L, Larionov A, Lannes N. The Influence 

of virus infection on microglia and accelerated 
brain aging. Cells. 2021;10(7):1836. doi:10.3390/
cells10071836

116.	Li L, Eter N, Heiduschka P. The microglia in healthy 
and diseased retina. Exp Eye Res. 2015;136:116-30. 
doi:10.1016/j.exer.2015.04.020

117.	Finnie JW. Neuroinflammation: beneficial and 
detrimental effects after traumatic brain injury. 
Inflammopharmacology. 2013;21:309-20. doi:10.1007/
s10787-012-0164-2

118.	Spiteri AG, Wishart CL, Pamphlett R, Locatelli G, King 
NJ. Microglia and monocytes in inflammatory CNS 
disease: integrating phenotype and function.   Acta 
Neuropathol. 2022;143(2):179-224. doi:10.1007/
s00401-021-02384-2

119.	Soltani Khaboushan A, Yazdanpanah N, Rezaei N. 
Neuroinflammation and Proinflammatory Cytokines 
in Epileptogenesis. Mol Neurobiol. 2022;59(3):1724-
43. doi:10.1007/s12035-022-02725-6

120.	Fang P, Sun G, Wang J. RIP3‐mediated necroptosis 
increases neuropathic pain via microglia activation: 
necrostatin‐1 has therapeutic potential. FEBS 
Open bio. 2021;11(10):2858-65. doi:10.1002/2211-
5463.13258

121.	Yang C, Merlin D.  Nanoparticle-mediated drug 
delivery systems for the treatment of IBD: Current 
perspectives. Int J Nanomedicine. 2019;14:8875-89. 
doi:10.2147/IJN.S210315

122.	Paniri A, Akhavan-Niaki H. Emerging role of IL-6 
and NLRP3 inflammasome as potential therapeutic 
targets to combat COVID-19: Role of lncRNAs in 
cytokine storm modulation. Life Sci. 2020;257:118114. 
doi:10.1016/j.lfs.2020.118114

123.	Catalán Martina DF, Mansilla MA, Ferrier Espósito 
AA, Soto L, Oleinika K, Aguillón Gutiérrez JC, et 
al. Immunosuppressive mechanisms of regulatory B 
cells. Front Immunol. 2021;12:611795. doi:10.3389/
fimmu.2021.611795

124.	Algoet M, Janssens S, Himmelreich U, Gsell W, 
Pusovnik M, Van den Eynde J, et al. Myocardial 
Ischemia-Reperfusion Injury and the Influence 
of Inflammation. Trends Cardiovasc Med. 2022. 
doi:10.1016/j.tcm.2022.02.005

125.	Chen B, Frangogiannis NG. Chemokines in myocardial 
infarction. J Cardiovasc Transl Res. 2021;14:35-52. 
doi:10.1007/s12265-020-10006-7

126.	Tanaka K, Heil M. Damage-associated molecular 
patterns (DAMPs) in plant innate immunity: applying 
the danger model and evolutionary perspectives. 
Annu Rev Phytopathol. 2021;59:53-75. doi:10.1146/
annurev-phyto-082718-100146

127.	Sun L, Wang X, Saredy J, Yuan Z, Yang X, Wang 
H.  Innate-adaptive immunity interplay and redox 
regulation in immune response. Redox Biol. 
2020;37:101759. doi:10.1016/j.redox.2020.101759

128.	Cai J, Xu M, Zhang X, Li H. Innate immune signaling 
in nonalcoholic fatty liver disease and cardiovascular 
diseases. Annu Rev Pathol. 2019;14:153-84. 
doi:10.1146/annurev-pathmechdis-012418-013003

129.	Qu H, Liu R, Chen J, Zheng L, Chen R. Aerobic 
exercise inhibits CUMS-depressed mice hippocampal 
inflammatory response via activating hippocampal 
miR-223/TLR4/MyD88-NF-κB pathway. Int J Environ 
Res Public Health. 2020;17(8):2676. doi:10.3390/
ijerph17082676

130.	Szabo TM, Frigy A, Nagy EE. Targeting mediators 
of inflammation in heart failure: a short synthesis 
of experimental and clinical results. Int J Mol Sci. 
2021;22(23):13053. doi:10.3390/ijms222313053

131.	Kitaura H, Marahleh A, Ohori F, Noguchi T, Nara 
Y, Pramusita A, et al.  Role of the interaction of 
tumor necrosis factor-α and tumor necrosis factor 
receptors 1 and 2 in bone-related cells.  Int J Mol Sci. 
2022;23(3):1481. doi:10.3390/ijms23031481

132.	Ono K, Iwasaki YK, Akao M, Ikeda T, Ishii K, Inden 
Y, et al. JCS/JHRS 2020 guideline on pharmacotherapy 
of cardiac arrhythmias. Circ J. 2022;86(11):1790-924. 
doi:10.1253/circj.CJ-20-1212

133.	Luu VT, Phan S, Jin ZQ. Dedifferentiation of human 
cardiac myofibroblasts is independent of activation of 
COX-2/PGE2 pathway. Int J Mol Sci. 2022;23(6):3023. 
doi:10.3390/ijms23063023

134.	Krylatov AV, Tsibulnikov SY, Mukhomedzyanov AV, 
Boshchenko AA, Goldberg VE, Jaggi AS, et al.  The 
role of natriuretic peptides in the regulation of cardiac 
tolerance to ischemia/reperfusion and postinfarction 
heart remodeling. J Cardiovasc Pharmacol Ther. 
2021;26(2):131-48. doi:10.1177/1074248420952243

135.	Rolski F, Błyszczuk P. Complexity of TNF-α signaling 
in heart disease. J Clin Med. 2020;9(10):3267. 
doi:10.3390/jcm9103267

136.	Forte M, Schirone L, Ameri P, Basso C, Catalucci 
D, Modica J, et al. The role of mitochondrial 
dynamics in cardiovascular diseases. Br J Pharmacol. 
2021;178(10):2060-76. doi:10.1111/bph.15068

137.	Kany S, Vollrath JT, Relja B. Cytokines in inflammatory 
disease. Int J Mol Sci. 2019;20(23):6008. doi:10.3390/
ijms20236008

138.	Wang Y, Jasper H, Toan S, Muid D, Chang X, Zhou H. 
Mitophagy coordinates the mitochondrial unfolded 
protein response to attenuate inflammation-mediated 
myocardial injury. Redox Biol. 2021;45:102049. 
doi:10.1016/j.redox.2021.102049

139.	Zhang D, Wang F, Li P, Gao Y. Mitochondrial Ca2+ 
homeostasis: emerging roles and clinical significance 
in cardiac remodeling. Int J Mol Sci. 2022;23(6):3025. 
doi:10.3390/ijms23063025 

140.	Weiskirchen R, Weiskirchen S, Tacke F. Organ and 
tissue fibrosis: Molecular signals, cellular mechanisms 
and translational implications. Mol Aspects Med. 
2019;65:2-15. doi:10.1016/j.mam.2018.06.003

141.	Habib R. Multifaceted roles of Toll-like receptors 



Antar, et al.

416   | Pharmaceutical Sciences, 2023, 29(4), 397-416

in acute kidney injury. Heliyon. 2021;7(3):e06441. 
doi:10.1016/j.heliyon.2021.e06441

142.	Lee H, Fessler MB, Qu P, Heymann J, Kopp JB. 
Macrophage polarization in innate immune responses 
contributing to pathogenesis of chronic kidney 
disease. BMC Nephrol. 2020;21(1):270. doi:10.1186/
s12882-020-01921-7

143.	Deng JS, Jiang WP, Chen CC, Lee LY, Li PY, Huang WC, 
et al. Cordyceps cicadae mycelia ameliorate cisplatin-
induced acute kidney injury by suppressing the TLR4/
NF-κB/MAPK and activating the HO-1/Nrf2 and Sirt-
1/AMPK pathways in mice.  Oxid Med Cell Longev. 
2020;2020:7912763. doi:10.1155/2020/7912763

144.	Schrauben SJ, Shou H, Zhang X, Anderson AH, 
Bonventre JV, Chen J, et al. Association of multiple 
plasma biomarker concentrations with progression of 
prevalent diabetic kidney disease: Findings from the 
Chronic Renal Insufficiency Cohort (CRIC) Study. 
J Am Soc Nephrol. 2021;32(1):115-26. doi:10.1681/
ASN.2020040487

145.	Lampropoulou IT, Stangou Μ, Sarafidis P, Gouliovaki 
A, Giamalis P, Tsouchnikas I, et al. TNF-α pathway 
and T-cell immunity are activated early during the 
development of diabetic nephropathy in Type II 
Diabetes Mellitus. Clin Immunol. 2020;215:108423. 
doi:10.1016/j.clim.2020.108423

146.	Zheng D, Liwinski T, Elinav E. Inflammasome 
activation and regulation: Toward a better 
understanding of complex mechanisms. Cell Discov. 
2020;6:36. doi:10.1038/s41421-020-0167-x

147.	Kim YG, Kim SM, Kim KP, Lee SH, Moon JY. The role 
of inflammasome-dependent and inflammasome-
independent NLRP3 in the kidney. Cells. 
2019;8(11):1389. doi:10.3390/cells8111389

148.	Chopra M, Reuben JS, Sharma AC. Acute lung injury: 
apoptosis and signaling mechanisms.  Exp Biol Med. 
2009;234(4):361-71. doi:10.3181/0811-MR-318

149.	Hiraiwa K, van Eeden SF. Contribution of lung 
macrophages to the inflammatory responses induced 
by exposure to air pollutants. Mediators Inflamm. 
2013;2013:619523. doi: 10.1155/2013/619523

150.	Neuman MG. Cytokines—central factors in alcoholic 
liver disease. Alcohol Res. 2003;27(4):307.

151.	Seitz HK, Bataller R, Cortez-Pinto H, Gao B, Gual A, 
Lackner C, et al. Alcoholic liver disease. Nat Rev Dis 
Primers. 2018;4(1):16. doi:10.1038/s41572-018-0014-
7

152.	Ogobuiro I, Gonzales J, Tuma F. Physiology, 
gastrointestinal. In: StatPearls [Internet], Treasure 
Island (FL): StatPearls Publishing; 2021.

153.	Szatmary P, Grammatikopoulos T, Cai W, Huang W, 
Mukherjee R, Halloran C, et al. Acute pancreatitis: 
Diagnosis and treatment. Drugs. 2022;82(12):1251-
76. doi:10.1007/s40265-022-01766-4

154.	Alves FDAV, Oliveira LDLS, Salomão NG, Provance 
Jr DW, Basilio-de-Oliveira CA, Basílio-de-Oliveira R, 
et al. Cytokines and inflammatory mediators: Markers 
involved in interstitial damage to the pancreas in two 
dengue fever cases associated with acute pancreatitis. 
PLoS One. 2022;17(1):e0262785. doi:10.1371/journal.
pone.0262785

155.	Shi J, Xue J.  Inflammation and development of 
pancreatic ductal adenocarcinoma. Chin Clin Oncol. 
2019;8(2):19. doi:10.21037/cco.2019.04.02

156.	Wang B, Chan YL, Li G, Ho KF, Anwer AG, Smith BJ, 
et al. Maternal particulate matter exposure impairs 
lung health and is associated with mitochondrial 
damage. Antioxidants. 2021;10(7):1029. doi:10.3390/
antiox10071029

157.	Allnoch L, Beythien G, Leitzen E, Becker K, Kaup 
FJ, Stanelle-Bertram S, et al. Vascular inflammation 
is associated with loss of aquaporin 1 expression on 
endothelial cells and increased fluid leakage in SARS-
CoV-2 infected golden Syrian hamsters. Viruses. 
2021;13(4):639. doi:10.3390/v13040639

158.	Wang J. Neutrophils in tissue injury and repair. Cell 
Tissue Res. 2018;371(3):531-9. doi:10.1007/s00441-
017-2785-7

159.	Strieter RM, Kunkel SL. Acute lung injury: the role of 
cytokines in the elicitation of neutrophils. J Investig 
Med. 1994;42(4):640-51.

160.	Saetta M, Turato G, Maestrelli P, Mapp CE, Fabbri 
LM. Cellular and structural bases of chronic 
obstructive pulmonary disease. Am J Respir Crit 
Care Med. 2001;163(6):1304-9. doi:10.1164/
ajrccm.163.6.2009116

161.	Thorgersen EB, Barratt-Due A, Haugaa H, Harboe M, 
Pischke SE, Nilsson PH, et al. The role of complement 
in liver injury, regeneration, and transplantation. 
Hepatology. 2019;70(2):725-36. doi: 10.1002/
hep.30508

162.	Liu R, Nikolajczyk BS. Tissue immune cells fuel 
obesity-associated inflammation in adipose tissue and 
beyond. Front Immunol. 2019;10:1587. doi:10.3389/
fimmu.2019.01587

163.	Tian D, Ye Q. Hepatic complications of COVID-19 
and its treatment. J Med Virol. 2020;92(10):1818-
1824. doi:10.1002/jmv.26036

164.	Antar SA, Ashour NA, Marawan ME, Al-Karmalawy 
AA. Fibrosis: types, effects, markers, mechanisms for 
disease progression, and its relation with oxidative 
stress, immunity, and inflammation. Int J Mol Sci. 
2023;24(4):4004. doi:10.3390/ijms24044004

165.	Petroni ML, Brodosi L, Bugianesi E, Marchesini G. 
Management of non-alcoholic fatty liver disease.  Br 
Med J. 2021;372:m4747. doi:10.1136/bmj.m4747


