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Abstract

:

Defects in signaling pathways are the root cause of many disorders. These malformations come in a wide variety of types, and their causes are also very diverse. Some of these flaws can be brought on by pathogenic organisms and viruses, many of which can obstruct signaling processes. Other illnesses are linked to malfunctions in the way that cell signaling pathways work. When thinking about how errors in signaling pathways might cause disease, the idea of signalosome remodeling is helpful. The signalosome may be conveniently divided into two types of defects: phenotypic remodeling and genotypic remodeling. The majority of significant illnesses that affect people, including high blood pressure, heart disease, diabetes, and many types of mental illness, appear to be caused by minute phenotypic changes in signaling pathways. Such phenotypic remodeling modifies cell behavior and subverts normal cellular processes, resulting in illness. There has not been much progress in creating efficient therapies since it has been challenging to definitively confirm this connection between signalosome remodeling and illness. The considerable redundancy included into cell signaling systems presents several potential for developing novel treatments for various disease conditions. One of the most important pathways, NF-κB, controls several aspects of innate and adaptive immune responses, is a key modulator of inflammatory reactions, and has been widely studied both from experimental and theoretical perspectives. NF-κB contributes to the control of inflammasomes and stimulates the expression of a number of pro-inflammatory genes, including those that produce cytokines and chemokines. Additionally, NF-κB is essential for controlling innate immune cells and inflammatory T cells’ survival, activation, and differentiation. As a result, aberrant NF-κB activation plays a role in the pathogenesis of several inflammatory illnesses. The activation and function of NF-κB in relation to inflammatory illnesses was covered here, and the advancement of treatment approaches based on NF-κB inhibition will be highlighted. This review presents the temporal behavior of NF-κB and its potential relevance in different human diseases which will be helpful not only for theoretical but also for experimental perspectives.
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1. Introduction


The idea that structure reflects function is a recurring one in biology. The genome is arguably the most well-known example of a biological structure that foretells physiological activity. One can determine whether coding DNA encodes a protein domain, binding site, conserved motif, or hairpin structure by understanding the sequence structure of the DNA [1,2,3,4,5]. These illustrations show that the structural elements of a cell contain functional information that is encoded. If we could measure cellular structures in enough detail, one may claim that they contain all the necessary information. Is this the only possible method for encoding biological information or is it possible to learn about the features of biological activity that cannot be learned by studying static structures alone? Here, the main concern is about the recent development in cell biology that provides a different way for information to be sent in cells such as by the motion of signaling molecules. As per the nomenclature, dynamics refers to the form of the curve that shows how a molecule’s concentration, activity, modification state, or localization alters over time (temporal dynamics) [6,7,8,9,10]. This kind of signaling stores data in the temporal signal’s frequency, amplitude, duration, or other characteristics. As a result, it is richer and more complicated than communicating through the state of a signaling molecule instantly. We have focused on the comprehensive overview of what is known about the dynamics of many biological systems, concentrating on systems that have been well investigated and have undergone analysis using a variety of quantitative measurement and perturbation techniques. Through these illustrations, we are able to draw broad conclusions regarding the function of dynamics in biology and the potential benefits of transferring information via the dynamics of signaling molecules [11,12,13,14,15,16,17,18,19].



Since Sen and Baltimore’s discovery of nuclear factor kappa B (NF-κB) in 1986, a great deal of work has been put forward to clarify the roles that this transcription factor plays in the body. NF-κB is a member of the Rel-homology-domain family of transcription factors. The transactivation of numerous target genes involved in immunity, inflammation, and proliferation mostly depends on its component p65/RelA. Its activity is strictly controlled by the B protein inhibitors (IBs) and the B kinase proteins (IKKs), and as a result, growth factors, cytokines, and cell proliferation are expressed. The main functions of NF-κB are to trigger immunological and inflammatory reactions as well as to control apoptosis [20,21,22,23,24]. Its targets include the genes that make cytokines, chemokines, and anti-apoptotic substances as well as cell adhesion molecules. By hiding its RHD, the inhibitory (inhibitor B (IB)) molecules (such as IκBα) confine NF-κB to the cytoplasm. A second complex known as IkappaB kinase (IKK) is activated when cytokines such as interleukin-1 (IL-1) or tumor necrosis factor (TNF) excite a cell [25,26].



The cytosolic IκB kinase activity was initially linked to a massive protein complex of 700–900 kDa that was capable of precisely phosphorylating IκBα on serines 32 and 36. The regulatory subunit IKKγ (NEMO) and two catalytically active kinases, IKKα and IKKβ, were found in this complex after it was purified. IKKα and IKKβ are ubiquitously expressed proteins with leucine zippers, carboxy-terminal helix–loop–helix domains, and amino-terminal kinase domains (HLH). The kinases dimerize through the leucine zipper, and mutations in this region leave the kinases inactive. In contrast, the HLH is not required for dimerization but is crucial for optimal kinase activity. The connection between the regulatory subunit IKKα and IKKβ, which is regulated by a hexapeptide sequence (LDWSWL) on IKKs known as the NEMO binding domain (NBD), depends on the carboxy-terminal parts of IKKα and IKKβ. The phosphorylation of two serines in the sequence motif SLCTS of the T-loop sections in at least one of the IκB kinases is required for the activation of the IKK complex [27].



IB is made ready for proteolysis by ubiquitin by being phosphorylated by the active IKK complex. Following this, NF-κB moves into the nucleus to start the transcription of the target genes. Due to a lack of linkages to specific human disorders, NF-κB signaling has not received much attention in the human setting despite being involved in essential cellular processes. Nevertheless, a number of publications over the last year have identified faulty NF-κB function in a number of hereditary illnesses, including ectodermal dysplasia (ED), familial expansile osteolysis (FEO), primary lymphedema (PL), and incontinentia pigmenti (IP). In this study, we have discussed the precise abnormalities in the NF-κB pathway as well as the genetic mutations that result from these four illnesses [20,28].



Since abnormalities in NF-κB function influence a variety of physiological systems and organs in mice, including the immune system, fetal liver, skin, limbs, and the osteoclast lineage, so we have discussed broad-spectrum role for it. The etiology of ED, FEO, PL, and IP has been explained in part by our understanding of the NF-κB pathway, but the phenotypes of human diseases have also shed light on the route itself. An old protein transcription factor known as NF-κB is thought to control innate immunity. By connecting pathogenic signals and cellular danger signals, the NF-κB signaling pathway organizes cellular defenses against encroaching pathogens (Figure 1). In reality, several studies have demonstrated that NF-κB functions as a network hub for intricate biological signaling [29,30,31]. To this purpose, it has been proposed that NF-κB is a master regulator of metabolic cascades that have been preserved throughout evolution.



Physiologist Claud Bernard proposed in 1854 that complex systems such as the human body require the ability to self-regulate their internal environment in order to live. Almost 60 years later, Walter B. Cannon used the term “homeostasis” to describe this essential characteristic of living things. Homeostasis, despite its origin, is a very dynamic process in which only a small number of internal physicochemical parameters are kept within a specific range, or are homeostatically managed. Homeostatic regulation is crucial at the system, tissue, and cellular levels in complex organisms. For instance, the blood’s pH is regulated by the brain, lungs, kidneys, and red blood cells; adult stem cells renew tissues to preserve their integrity; and cells keep the baseline concentrations of Ca2+, Na+, and K+ within certain ranges [31,32,33]. Homeostatic regulation depends on biochemical networks known as cell signaling, which provide cells with the capacity to detect physicochemical stimuli, analyze information, and carry out the best biological reactions. Here, we focus on the new conceptual and methodological developments that are improving our knowledge of the molecular processes underlying homeostatic regulation [7,34,35].



Progenitors are the ancestors of all cells. Cellular variety and specialization can be established throughout development through the differentiation of progenitor cells. Additionally, in recent years, we know that the majority of tissues reserve undifferentiated progenitors that probably contribute to the tissue’s homeostasis during the course of its lifespan. These cells’ differentiation during homeostasis is probably a tightly controlled process. Progenitor growth and differentiation may become dysregulated in illness, but this is not well understood. For instance, the cancer stem cell theory contends that populations of tumor cells that resemble healthy adult stem cells biologically are the source of malignant tumors [36,37,38]. These might be endogenous stem cells that have developed somatic mutations over time that lead to cancer. Another illustration is fibrosis, which is characterized by an overgrowth of myofibroblasts that produce components of the extracellular matrix that render tissues non-compliant. The origins of myofibroblasts in fibrotic tissues are poorly known, but it has long been assumed that these cells come from nearby regions. Thus, cell fate decisions in development and disease could be of potential interest and this could update on the processes that regulate cell destiny differentiation, techniques for studying and quantifying cell fate differentiation, and evaluations of the current understanding of how cell fate differentiation goes haywire in illness or disease models. Cells can transmit and receive information by managing the temporal behavior (dynamics) of their signaling molecules, according to an increasing number of studies. We go through what is known about the dynamics of various signaling networks and how they affect cellular responses in this review.



We discuss the emerging general principles in the field, paying particular attention to how the type and amount of stimulus are represented in temporal patterns, how signaling dynamics affect cellular outcomes, and how particular dynamical patterns are both generated and interpreted by the organization of molecular networks. In order to conclude, we also discussed about probable functions for signaling molecules’ dynamics in transferring cellular information and prospective applications for disease therapy. To achieve our goal for this review study, most relevant review and research works as well as the recent work were studied and have also cited them in the required places.




2. NF-κB Signaling


Controlling inflammation is one of the main functions of NF-κB proteins, which suggests that they focus on the body’s intricate defensive systems when inflammation is present [28,39,40,41]. This is accomplished by controlling the expression of several crucial genes involved in the crucial process, including chemokines and pro-inflammatory cytokines, in both a positive and negative manner. IL-1, for example, and tumor necrosis factor alpha (TNF-α) are powerful inducers of NF-κB. Additionally, NF-κB aids reduce inflammation, which subsequently impairs NF-κB activity [42,43,44]. The anti-inflammatory, pro-autophagy, and anti-insulin resistance protein Sirtuin 1 is less abundant as people age and become obese because NF-κB is produced more frequently. By attaching to the promoter region of the microRNA miR-34a, which prevents the formation of nicotinamide adenine dinucleotides (NAD), NF-κB raises its levels in the body, causing Sirtuin 1 levels to drop. Senescence-associated secretory phenotype (SASP) factors are produced by senescent cells as a result of a positive feedback loop between NF-κB and IL-1α. NF-κB and CD38, an enzyme that breaks down nicotinamide adenine dinucleotides, also mutually induce one another [45,46,47,48].



With this review, we want to better understand how NF-κB activation affects mitochondrial function. It is expected that the reader is already familiar with the fundamentals of mitochondrial biology. RelA, RelB, c-Rel, p100, and p150 are the five different proteins that make up the NF-κB transcription factor family. For dimerization, DNA binding, and interaction with l-B inhibitors, they have RHD, which are crucial. The v-rel oncogene from the T-strain of the reticuloendotheliosis virus (REV), which produces the embryonic lymphatic tumor, is the source of the domain’s name due to their same sequence. Additionally, the transcription activation domain is present in RelA, RelB, and c-Rel (transcription activation domain (TAD)) [44,49,50,51,52]. Additionally, TADs are missing from p100 and p105, which are precursor proteins for NF-kB, which, following proteolysis, creates the p50 and p52 subunits. As a result, NF-κB is a general term that can refer to a family of dimer proteins made by various substances. Additionally, they all contain the RelA, RelB, c-Rel, p50, and p52 subunits. The majority of cells express the NF-κB dimer p50/RelA, for which many research works have been performed in the past. P100 is processed to create p52 by the two serine residues (in the phosphorylation areas) and the lysine residues (in the ubiquitination region). Ankyrin (ANK) repeats: ANK IkB dysregulation has been known to include serine residues (phosphorylation sites) and lysine residues (ubiquitination sites).



The NF-κB is activated by the two signaling pathways, canonical/classical and non-canonical/alternative (Figure 1). The canonical/classical pathway is activated by extracellular stimuli such as TNF-alpha, RANK (receptor activator of nuclear factor kappa B), TCR (T-cell receptor), CD30, CD40, and LPS (bacterial lipopolysaccharides). These extracellular stimuli change the IKK trimetric complex, which is made up of two catalytic subunits of IKKα and IKKβ and a regulatory subunit of IKKγ (also known as NF-κB essential modulator or NEMO) leads to the phosphorylation of IKB inhibitor (IKB-α) at different sites (i.e., Ser 32 and Ser 36) as a result of the continued ubiquitination of IKBα [53,54]. The p50/p65-containing free NF-kB dimer is activated, translocates to the nucleus, and binds to the promoter region of responsive genes to trigger their transcription. The B-cell activator receptor (BAFF-R), lymphotoxin beta receptor (LTBR), CD40 activating NIK kinase phosphorylating the IKK complex containing IKB dimerized complex, further activating the RelB/p100 to RelB/p52, and transcription are just a few extracellular stimuli that can activate the non-canonical/alternative pathway [28,44,55].



The ability to receive and interpret information from both the intracellular and external environments, initiate and carry out biological reactions, and interact with one another is created through cell signaling. Cell signaling is ultimately in charge of preserving homeostasis at the cellular, tissue, and systemic levels. In order to understand how cells coordinate the transitions between states under developing and adult organisms in healthy and pathological settings, cell signaling is the focus of considerable study efforts. With an emphasis on how single-cell analytical tools uncover processes driving cell-to-cell variability, signaling plasticity, and collective cellular responses, we summarized current knowledge of how cell signaling functions at various spatial and temporal scales in this article [8,56,57,58,59,60].



Eukaryotic cells frequently employ NF-κB as a regulator of genes that govern cell survival and proliferation. As a result, NF-κB has been misregulated in a wide variety of human tumor types, making it constitutively active. Inactive NF-κB prevents the production of genes that would otherwise lead the cell to undergo apoptosis and maintain cell proliferation. Cancer is characterized by mutations or the abnormal expression of proteins that regulate NF-κB signaling, which impair the ability of the malignant cell to coordinate with the rest of the body. This is demonstrated by metastasis as well as by the immune system’s ineffective removal of the tumor. When a normal cell is removed from the tissue to which it belongs or when its genome cannot function in harmony with tissue function, it might die. These events rely on the feedback control of NF-κB, which is defective in cancer. Increased apoptosis sensitivity and subsequent cell death are caused by NF-κB defects [29,61,62,63,64]. This is due to the fact that NF-κB controls genes that prevent apoptosis, particularly TRAF1 and TRAF2, and as a result, suppresses the activities of the caspase family of enzymes, which are essential to the majority of apoptotic processes. As in 41% of nasopharyngeal carcinoma, colorectal cancer, prostate cancer, and pancreatic tumors, tumor cells have increased NF-κB activity. This is caused by mutations in the genes that code for the NF-κB transcription factors or in the genes that regulate NF-κB activity (such the IB genes); in addition, certain tumor cells produce substances that activate NF-κB. By inhibiting NF-κB, tumor cells may cease growing, perish, or develop increased sensitivity to the effects of anti-tumor medications. As a result, pharmaceutical companies are actively researching NF-κB as a target for anti-cancer treatment [65,66,67,68,69].



The development of antitumor therapy based on the suppression of NF-κB activity is justified by convincing experimental data that identify NF-κB as a key promoter of tumorigenesis; however, care should be taken when considering anti-NF-κB activity as a general therapeutic strategy in the treatment of cancer because data also show that NF-κB activity increases tumor cell sensitivity to apoptosis and senescence. Furthermore, it has been demonstrated that the alternative NF-κB is a Fas transcription repressor and that conventional NF-κB is a Fas transcription activator. Because NF-κB encourages Fas-mediated apoptosis in cancer cells, inhibiting NF-κB may restrict Fas-mediated apoptosis and reduce the ability of host immune cells to prevent tumor growth [70,71,72,73,74]. Here, we have explained the role of NF-κB in different human diseases, which covers a wide range of NF-κB activation mechanisms and potentially associated SMs [1,75,76,77].




3. Signaling Dynamics and the Association with Signaling Parameters


Information must be transferred from a receptor to the nucleus through a process called signal transduction. This procedure is essential for regulating cellular activity and destiny. Apoptosis, proliferation, and differentiation are influenced by the dynamics of signaling activation and inhibition (Figure 2). Therefore, it is crucial to comprehend the variables that affect both transient and persistent reaction. Using a mathematical method, we investigated the variables that can change how downstream signaling molecules are activated in order to answer this issue. Loops (feedforward and feedback loops), crosstalk of signal transduction pathways, and changes in the concentration of signaling molecules are the aspects that we looked into. According to our findings, the feedback loop and cross-talks that directly block the target protein dominate in regulating the temporary cellular response [75,76,77]. The ability to receive and interpret information from both the intracellular and external environments, initiate and carry out biological reactions, and interact with one another is created through cell signaling. Cell signaling is ultimately in charge of preserving homeostasis at the cellular, tissue, and systemic levels. In order to understand how the cell coordinates the transitions between states under developing and adult organisms in healthy and pathological settings, cell signaling is the focus of considerable study efforts. With an emphasis on how single-cell analytical tools uncover processes driving cell-to-cell variability, signaling plasticity, and collective cellular responses, we summarize current knowledge of how cell signaling functions at various spatial and temporal scales in this article [28,78,79,80,81]. Cell signaling therefore coordinates the transition between cellular states with the molecular machinery (such as ERBB-dependent cytoskeletal rearrangements or DNA damage repair) in response to a stimulus in order to maintain cell homeostasis and function. Similar to this, signaling affects cellular choices that control the development of multicellular animals and the homeostasis of adult tissues by combining cell-autonomous and non-cell-autonomous pathways. We are able to deterministically explain each step of these mechanisms, but it is becoming more and more clear that stochastic models are better able to capture the behavior of cells within a population. For instance, stem cells that, while proliferating, demonstrate a specific likelihood to either differentiate or self-renew, maintain the homeostasis of skin and the esophageal epithelium. To ensure tissue regeneration, this likelihood is precisely calibrated. However, the disruption of cell signaling by cell-autonomous pathways or cell-to-cell communication can change this equilibrium, resulting in illnesses such as cancer [82,83,84,85,86].



In recent decades, phospholipid-based signal sensing has seen significant advancements. Numerous studies have shown that the homeostasis of phospholipids is maintained by an intricate and dynamic network of metabolic processes that are controlled by a number of enzymes, whose activities are extremely sensitive to external and intracellular stimuli. A sizable and structurally complex collection of signaling molecules is formed as a result of the multiplicity of phospholipid metabolic pathways. Even within a single cell, the sheer number of effectors leads to the development of a highly intricate network of signaling pathways that follow the activation of phospholipid signaling. Recent studies have uncovered crucial facets of phospholipid signaling, the relevance of their spatiotemporally diverse and dynamic molecular profile, and their multiple locations in various extracellular fluids, as well as specific membrane microdomains, distinct intramembrane pools, and various subcellular sites and compartments. Phospholipids, along with the metabolic products they produce, are essential for signaling events that are involved in a variety of biological processes, including those that control survival, growth, differentiation, shape, motility, activation, and death. Recent evidence that numerous phospholipids and their derivatives play a crucial role as transcriptional regulators of complicated nuclear signaling pathways revealed an intriguing feature of phospholipid signaling. In fact, certain phospholipid species have the ability to operate as non-membrane associated lipids to precisely bind to and functionally control the activation of particular nuclear receptors. In addition, several nuclear receptors have the ability to attach phospholipid head groups to essential phospholipid signaling enzymes, which can subsequently change the phospholipid head group with special kinetic features. Thus, phospholipid signaling is a network of metabolic pathways that is intricately regulated and crucial for the management of homeostasis, intercellular communication, and efficient cellular responses [87,88,89,90].



Recent research also demonstrated that the role of phospholipid signaling in the control of extracellular vesicles added yet another layer of intricacy to its already intricate processes. These tiny, secreted vesicular structures, which play a role in intercellular communication and the preservation of physiological homeostasis, are becoming a new frontier in signal transduction. These vesicles seem to carry particular phospholipid enzymes or signals, offering a method of efficiently transporting them across long distances to various cells without dilution or destruction. Given the importance of phospholipid signaling and the variety of cell regulatory functions it performs, it should come as no surprise that its dysregulation is the root of many diseases. The onset of a number of human diseases is driven by defects in phospholipid signaling, according to recently accumulated evidence. Numerous studies have shown that changes in phospholipid signaling can accelerate the development of a number of illnesses, including cancer, cardiovascular, and neurological problems, as well as developmental and degenerative diseases. Understanding the triggers that cause the signaling transition to a pathogenic function and developing innovative treatment techniques are two pertinent, ongoing research areas [80,91,92,93].



It has been demonstrated in earlier research that the temporal dynamics may be related to signaling factors such as signal molecule concentration, feedback/feedforward (positive/negative), crosstalk (positive/negative) between the pathways, and reaction rate [18,75,76,94,95]. These analyses into many parameters have been conducted for various signaling pathways, including MAPK. The strength of the receptor and input signals could perhaps have an impact on the nature of the temporal response of the downstream signaling molecules, according to the prior research. Similarly to this, while the rate of reaction (kinetic parameters) can simply increase or decrease the response strength, feedback loops and route crosstalk can entirely change the nature of the signaling response [76,77,96,97,98,99,100,101,102].




4. Cell-Fate Decision


Understanding the mechanisms that control cell fate decisions is a core objective of developmental and stem cell biology. The contributions of alterations in transcriptional programming, epigenetic modifications, and biochemical differentiation signals are covered in the majority of studies on the regulation of cell destiny decisions. Recent research has discovered that the regulation of cell destiny decisions is also significantly influenced by other facets of cell biology. Intracellular molecular regulatory networks and external environmental factors interact intricately to control the destiny of cells. We are able to analyze the molecular specifics of these regulatory mechanisms in ever-greater depth because of recent improvements in experimental technology. These cues serve both upstream and downstream of developmental signaling pathways and can play either a permissive or instructional role. They are a part of a wider network of signaling (Figure 1 and Figure 2) and for detailed relevance, Figure 3 has been shown which infers the aberration to cell-fate decision. Regulation of cell destiny has a direct impact on human health and tissue homeostasis. Research on cell fate choice identifies important regulators, aids in comprehending the mechanisms, and offers fresh ideas for treating clinical disorders associated with aberrant cell development [21,22,103,104,105,106,107,108,109].



A specialized organelle for protein folding and trafficking, the endoplasmic reticulum (ER) is extremely sensitive to changes in intracellular homeostasis and external stimuli. Misfolded proteins build up in the ER as a result of changes in the protein-folding environment, which has a significant impact on a number of cellular signaling processes, such as energy generation, inflammation, differentiation, and death. The unfolded protein response (UPR) is a group of adaptive signaling pathways that have developed to address protein misfolding and re-establish a favorable environment for protein folding. Recent developments: The UPR and ER stress have both been connected to the production of reactive oxygen species (ROS). ROS, which can be formed in the cytosol and a number of organelles, including the ER and mitochondria, are important for many cellular activities. According to studies, ER stress, which may in turn trigger the formation of ROS in the ER and mitochondria, can be brought on by a change in the ER’s redox equilibrium. Despite the fact that oxidative stress and ER stress frequently occur in pathologic situations, it is unclear whether or how these stressors interact. Additionally, it is not known how modifications to the ER’s protein-folding environment result in oxidative stress. Additionally, it is uncertain how the creation of ROS and protein misfolding cause apoptosis in cells and contribute to a number of degenerative disorders. In terms of future perspectives, the discovery of innovative therapies for many human diseases will benefit from a deeper knowledge of the underlying processes that maintain the homeostasis and redox state of protein folding [16,110,111,112,113].



Through progenitor cell differentiation, cellular diversity and specialization can be established throughout development. The majority of tissues reserve undifferentiated progenitors, which are likely involved in the tissue’s homeostasis during the duration of its existence, as we have also learnt in recent years. The differentiation of these cells during homeostasis is probably a carefully regulated process [114,115,116]. Although this is not well understood, progenitor development and differentiation may become dysregulated in disease. For instance, the cancer stem cell theory claims that the biological origin of malignant tumors is populations of tumor cells that resemble healthy adult stem cells. These could be endogenous stem cells that, over time, underwent somatic mutations that result in cancer. Another example is fibrosis, which is characterized by an overabundance of myofibroblasts that create extracellular matrix components that make tissues less flexible. Although little is known about the origins of myofibroblasts in fibrotic tissues, it has long been believed that these cells originate from the immediate area [117,118,119,120,121].




5. Encoding and Decoding Cellular Information


Cells modulate the dynamics of intracellular signaling molecules (SMs) to transmit and receive information through the signal transduction process. Cellular decision making critically depends on the temporal dynamics of SMs. For instance, prolonged Erk activation following NGF administration causes PC-12 cells to differentiate, whereas transient Erk activation results in proliferation. According to previously published research, a number of serious illnesses seem to be brought on by abnormalities in the signal transduction pathway. The crucial factor is the length or kind of cellular response, which appears to be directly related to the choice of the cell’s fate. The cells go through apoptosis, proliferation, or differentiation depending on the kind of biological response (transient, sustained, or partly adapted) [1,16,122,123,124,125,126]. Understanding how the signaling pathways interact to produce a temporary or long-lasting physiological response is thus a crucial stage in the signal transduction process. A cascade of linked biochemical processes that finally control the elements in charge of cellular phenotypic activities influence the response of a cell to environmental inputs. The signaling apparatus was first envisioned as a combination of separate, linear routes. However, the present perception of the system as a complex network has supplanted the more recent elaboration of the breadth and diversity of intra-pathway crosstalk. These days, it is believed that the cell’s signaling network serves as the primary functional module, which is coupled to a number of additional modules that control phenotypic function. These latter ones include those that control the cell’s secretory, motile, and translational activities. A noteworthy feature of signaling is that transmission and information processing are intertwined. Through intra-cascade feedback control and cross-talk with other channels, the interactions between individual components serve as the interfaces for information computing. The context-specificity of the cellular response is a result of the signaling network’s capacity to process information [85,90,127,128,129,130,131].



Within certain cell types, the kinetics of cell signaling and transcriptional regulatory activity vary in response to the same stimulus. There is a lot of interest in using single-cell-size data in addition to researching network connections to clarify the non-random parts of the variability involved in cellular decision making. Based on an immediate link between the molecular processes, previous studies have taken into account the information flow between the signaling and transcriptional domains. These results suggest a restricted binary on/off encoding technique that undervalues the complexity of biological information processing and, thus, the value of data at the single-cell scale. Here, instead of focusing on chemical abundances, we adopt a unique approach that reframes the information transmission problem as incorporating the dynamic aspects of signaling (Figure 3). We use a computational method to investigate whether and how the patterns of transcriptional regulatory activity might provide insight into the temporal evolution of signaling. This work also summarizes two methodological factors: (1) the dynamic characteristics of signaling that significantly change transcriptional regulatory patterns (encoding); and (2) the temporal history of signaling that can be inferred from snapshots of transcriptional activity taken at the single-cell scale (decoding). In contrast to transcription factor activity patterns, which were instructive of the activation and deactivation kinetics of signaling, immediate early gene expression patterns were indicative of signaling peak retention kinetics. Additionally, the network’s information processing characteristics fluctuated, with each component encoding a particular portion of the dynamic signaling qualities. In order to understand the dynamic multiplexing of the signaling properties at each of these network components, we created unique sensitivity and information transfer maps. Two groups that corresponded with network patterns and could be separated by transcriptional feedforward vs. feedback interactions were discovered by the unsupervised clustering of the maps. By finding the downstream snapshot measurements necessary for deducing particular dynamical aspects of upstream signals important in the control of cellular responses, our novel computational technique has an influence on the single-cell size investigations [9,16,132,133,134,135,136,137].



In order to identify the functional feedback influencing the observed dynamics, it might be useful to examine the dynamics of signaling molecules in response to various stimuli. For instance, a negative feedback between ERK and Son of Sevenless (SOS) in the EGF pathway contributes to the variations in ERK dynamics in response to EGF or NGF. Additionally, NGF signaling, but not EGF signaling, persists after receptor internalization, which helps maintain ERK activation. Positive feedback on ERK activation through PKC is also supported by research. The inference is that changes in the identity and the connection of different route components are what cause the different responses to EGF and NGF, which are mediated by the dynamics of ERK [13,111,138,139,140,141].




6. NF-κB Signaling and Molecular Targets for Therapeutic Purpose of Human Diseases


Numerous factors that contribute to human diseases such as different types of cancers include NF-κB. The development of cancer is known to be linked to inflammation, which depends on the reciprocal activation of NF-κB and inflammatory cytokines. The anticancer effects of therapy are diminished by both constitutive and therapeutic-induced NF-κB activation. Understanding the functions of NF-κB in cancer aids the development of methods for cancer therapy and prevention [25,26]. A thorough analysis of NF-κB in each type of disease is essential in this regard due to the complexity of NF-κB involvement in many human diseases. To increase efficacy and lower systemic toxicity, more disease-specific NF-κB inhibiting techniques are sought. NF-κB potentially regulates the transcription process, apoptosis, and proliferation by interacting/affecting with/the critical biological pathways via their components (genes/proteins). These pathway components are targeted for therapeutic purposes. Bcl-2 family members, IAP family members, ROS, p53, MDM2, MDR1, DR5, FASL, Bax, and more are well-known targets for therapeutic purposes. Furthermore, the targeting approach may differ such as the application nanoparticles coated herbal drugs and/or pure herbal drugs [25,26,142,143].



Potential NF-κB blockers include non-steroidal anti-inflammatory drugs (NSAIDs) such as sulindac, aspirin, ibuprofen, indomethacin, and COX-2 inhibitors. These either directly suppress NF-κB at critical junctures along the NF-κB activation pathway or indirectly suppress the inflammatory cell response to do so. It has been thoroughly investigated whether combining these medications with anticancer medicines will promote chemoprevention or chemosensitization. Curcumin (diferuloylmethane), eicosapentaenoic acid (EPA), luteolin, and other naturally occurring anti-inflammatory chemicals are also able to block NF-κB, making them another class of NF-κB-blocking medications for cancer therapy and prevention. These substances obstruct NF-κB at various points along the route. Celestrol blocks NF-DNA B’s binding, apigenin and anacardic acid block IKK, resveratrol blocks p65 phosphorylation, epicatechin blocks p65 translocation to the nucleus, and p65 phosphorylation, respectively. It is important to highlight that these compounds are mostly antioxidants, and their potential role in the prevention of cancer may include controlling the redox state of the cell. The modification of redox, however, might be a factor in NF-κB blocking. It is also known that luteolin inhibits TNF-α-induced NF-κB in lung cancer cells by activating superoxide. Luteolin’s inhibition of NF-κB causes TNF-α-induced cancer cell survival to switch to apoptosis. Luteolin may function as a possible chemopreventive agent due to its capacity to change TNF-α from a tumor promoter to a tumor suppressor due to its ability to block NF-κB. TNF-α is engaged in inflammation-associated carcinogenesis [144,145,146].




7. Conclusions and Future Perspectives


When thinking about dynamics’ functional role, the next question that comes to mind is how cells understand various dynamical patterns. What molecular processes, in other words, are required to recognize time-dependent patterns and convert these patterns into distinctive phenotypic responses? Identifying the mechanisms that decode dynamics continues to be one of the field’s most difficult objectives despite the fact that numerous studies have identified functional roles for particular temporal behaviors, and only a small portion of these have precisely determined how different dynamical patterns are distinguished at the molecular level to cause different downstream responses. When addressing the functional relevance of dynamics, the difficult topic is how cells understand various dynamical patterns. Which molecular processes are required to recognize time-dependent patterns and convert them into different phenotypic responses? We have presented details about the NF-κB signaling roles in human diseases, details of signaling dynamics, cell-fate decision, and encoding/decoding of cellular information into final cell-fate decision. We consider it to be of potential interest which could be helpful in not only understanding and exploring the dynamics of different signaling pathway for multiple purposes, including in precise therapeutic approach for different human diseases.
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Figure 1. An overview of the work presented in this review. 
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Figure 2. Signaling dynamics controlling various cellular decisions. 
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Figure 3. Signaling dynamics are known to control various cellular/cell-fate decisions. Signaling dynamics are associated with specific responses (downstream SMs). Targeted perturbations reveal the role of dynamics in cellular responses. 
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