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INTEGRATED NETWORK PHARMACOLOGY, TRANSCRIPTOMIC VALIDATION, 

AND MOLECULAR DOCKING ANALYSIS ANTI-INFLAMMATORY MECHANISMS 

OF COLUMBIN 

ABSTRACT 

The intricacy of chronic inflammation's interrelated signaling pathways has led to the perception 

that multi-target treatment tactics are more successful than single-target approaches, emphasising 

the necessity of system-level research. Columbin, a furanoditerpenoid lactone discovered from the 

Tinospora species, has been shown to have anti-inflammation properties; however, the underlying 

molecular mechanisms remain unknown. This study used an integrated computational approach to 

thoroughly investigate columbin's multi-target anti-inflammatory properties. Four computational 

techniques were used to suggest potential targets, which were then confirmed against genes linked 

with inflammation using GeneCards, DisGeNET, and transcriptome profiling (GSE55235). 

Protein-protein interaction (PPI) analysis indicated eight hub genes (ESR1, JAK1, JAK2, MAPK1, 

STAT3, HSP90AA1, PIK3R1, and PTPN11) that contribute to significant inflammatory signaling. 

Molecular docking demonstrated favorable binding affinities. Molecular docking yielded 

favorable binding affinities (ΔG: -6.9 to -8.6 kcal/mol) and protocol validation using co-crystal 

ligand redocking (RMSD <2 Å). External validation with an independent rheumatoid arthritis 

dataset (GSE55457) revealed differential expression of hub genes (2 of 8 significant, FDR<0.05) 

with diagnostic potential (5 of 8 genes, AUC>0.70). Immune infiltration research indicated strong 

relationships between hub gene expression and immune cell types, notably neutrophils and 

macrophages. ADMET profiling revealed favorable oral bioavailability with anticipated 

hepatotoxicity, requiring experimental confirmation. These findings provide the first 

comprehensive characterisation of columbin's multi-target anti-inflammatory mechanism, as well 

as a computational framework that may be used to phytochemical drug development. 

KEYWORDS: ADMET Analysis, Columbin, Inflammation, Molecular docking, Molecular 

mechanism, Network pharmacology 
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CHAPTER - 1 

INTRODUCTION 

 

 

Inflammation is a key biological activity required for host defense and tissue healing. Persistent or 

improperly regulated inflammatory responses are closely associated with the development of 

several severe health conditions affecting different organ systems, including autoimmune joint 

disorders, chronic intestinal inflammation, cardiovascular complications caused by plaque 

buildup, and progressive neurological degeneration. Together, these long-term inflammatory 

conditions contribute to nearly 60% of mortality across the globe (1,2). Conventional anti-

inflammation treatments, such as NSAIDs, steroids, and biologic agents that block pro-

inflammatory mediators like TNF-α and IL-6, have greatly improved the management of acute 

inflammatory conditions and autoimmune diseases. However, each class has major limits that 

prevent prolonged usage. NSAIDs primarily block cyclooxygenase (COX) and give symptomatic 

relief, although they are linked with gastrointestinal damage, renal impairment, and cardiovascular 

problems, particularly with long-term usage (3). Corticosteroids, while extremely effective, have 

significant long-term toxicity that includes osteoporosis, gastrointestinal ulcers, metabolic 

changes, immunosuppression, and avascular necrosis (4). Biologic treatments targeting TNF-α, 

IL-6, or JAK-STAT signalling show benefit in 40-60% of patients with RA and IBD. However, 

their high cost and immunosuppressive effects restrict accessibility and long-term safety. 

Importantly, these medicines often target specific inflammatory mediators, which may be 

inadequate in illnesses defined by network-level dysregulation and route redundancy (5). The acute 

inflammatory response is critical for host defense and consists of a synchronized network of 

cytokines, kinases, transcription factors, and immune effector cells. When this coordination is 

broken by environmental triggers, genetic predisposition, or chronic pathogenic stressors, the 

ensuing dysregulation includes several interwoven signaling pathways rather than discrete 

molecular abnormalities (6,7). This single-target strategy frequently fails to address the complexity 

of inflammatory networks, resulting in unsatisfactory response rates and treatment resistance.  



2 
 

The increased interest in herbal medicine has prompted a change in pharmacological research 

towards isolating bioactive ingredients obtained from medicinal plants (8). Columbin, a key 

constituent of the Menispermaceae family, which comprises Tinospora sp. and Jateorhiza palmata, 

was found as an anti-inflammatory drug in several exploratory studies (9–11). In vitro studies show 

that it inhibits cyclooxygenase (COX) enzymes more effectively against COX 1 (about 64% 

inhibition at 100 μM) than COX 2 (approximately 19% at 100 μM) (12). However, the molecular 

targets and network-level processes that underpin columbin's anti-inflammatory effect remain 

poorly understood.  

This study uses network pharmacology, molecular docking, as well as external transcriptomic 

validation to thoroughly identify and describe columbin's molecular targets, as well as their 

interactions with important inflammatory signaling networks. This systems-level approach gives 

a thorough grasp of both the interaction landscape and its biological importance. These findings 

are the first comprehensive characterisation of columbin's multi-target anti-inflammatory 

mechanisms, and they offer a computational paradigm that may be used to other phytochemical 

lead optimization initiatives. 

Objectives  

• To explore the potential biomolecular interactions of columbin associated with 

inflammation-related pathways through the application of network pharmacology and 

computational bioinformatics approaches. 

• To identify the binding interactions between columbin and major inflammatory proteins 

using molecular docking and assess the biological significance of these potential targets 

using external transcriptomic data.  
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CHAPTER - 2 

LITERATURE REVIEW 

 

2.1 Inflammation: Biological Basis and Clinical Significance 

Inflammation is required for host defense, tissue repair, and homeostasis restoration. Acute 

inflammation generally subsides quickly, is transient and is restricted (13) and is responsible for 

eliminating pathogens and repairing tissues. On the other hand it becomes chronic inflammation 

when the inflammatory stimuli is present for a long time or if there are no resolution mechanisms. 

This, in turn, can result in continuous damage to tissues, organs and disease development (14). 

Inflammation, which is important for the elimination of pathogens and damaged cells, is mediated 

by recognition of patterns receptors from innate immunity, cytokines, inflammasomes, 

macrophages, neutrophils, and so on; the acute inflammatory response is distinguished by rapid 

cytokine release and immune cell infiltration. 

Sustained, mild inflammatory activity over prolonged periods has been strongly associated with 

the process of aging and is considered an important contributor in the development of several 

diseases, such as metabolic abnormalities, heart-related conditions, malignancies, autoimmune 

joint complications, chronic intestinal disorders, and progressive neurological degeneration (15). 

Chronic inflammation can result in tissue remodeling, an increase in oxidative stress, genomic 

instability and the development of disease (16). 

Macrophages and neutrophils are key role-players of inflammatory processes. Neutrophils 

contribute to antimicrobial action by phagocytosis and NETs, whereas macrophages are 

responsible for pathogen clearance, presentation to immune cells, and repair. But when these 

immune cells are activated too much, they can cause damage to the tissues and promote continued 

inflammation (17). 

Many chronic disorders have comparable inflammatory pathways and mechanisms. TNF, IL-1, 

and IL-6 are cytokines that are inflammatory that trigger joint inflammation in RA, vascular 

inflammation in atherosclerosis, and JAK/STAT signaling. Uncontrolled activation of both the 

adaptive and innate immune systems, inflammasome activation, and neutrophil damage to 

epithelial cells all contribute to the development of chronic inflammatory bowel disease (CIBD). 

Microglia stimulation and blood-brain barrier disruptions have been linked to peripheral systemic 
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inflammation and chronic neuroinflammation, which are increasingly thought to have a role in 

neurodegenerative diseases such as Alzheimer's (18). 

During injury, the inflammatory pathways are essential for a protective function. If left 

uncontrolled however it will lead to chronic inflammation and be involved in the processes of 

disease pathogenesis. Shared mediators of inflammation such as NLRP3 inflammasomes, IL-1, 

macrophages, and neutrophils might be therapeutic targets to reduce the global disease load. 

2.2. The molecular mechanisms underlying the inflammatory response 

 The inflammatory response, a crucial protective defense mechanism executed by the immune 

system against pathogens, tissue damage, toxins, or other stimuli that pose a threat, is a tightly 

orchestrated cascade of innate and adaptive immune events mediated by various molecular players 

including cytokines, chemokines, inflammatory mediators and immune effector cells. While 

physiological inflammation resolves naturally when the stimulus is removed, failure in regulating 

inflammatory signaling pathways leads to sustained inflammatory responses, tissue damage and 

development of chronic diseases. Pattern recognition receptors (PRRs) recognize pathogens and 

damage, triggering signaling cascades that distribute inflammatory mediators, induce additional 

immune cells toward the inflamed tissue, and increase stimulus elimination. 

2.2.1. Inflammasomes 

Inflammasomes, multiprotein complexes located in the cytoplasm of innate immunity cells, are 

another essential the innate immune system component capable of initiating a powerful 

inflammatory response. Upon detection of appropriate danger signals they assemble to activate 

inflammatory caspases, mainly caspase-1. It is therefore involved in integrating sensing of innate 

immune system with development of inflammatory responses (16). 

2.2.2. Pro-inflammatory Cytokines 

Cytokines include protein messengers who regulate cell-to-cell communication and immune 

system response to inflammation. IL-1, IL-6, and TNF -α are major pro-inflammatory cytokines 

that are rapidly produced by numerous innate immune cells upon identifying patterns of signalling 

activity, which include the TLR-NF-B pathway and the MAPK pathway (19). Activated 

macrophages and monocytes produce TNF-α and IL-1, which promote endothelial activation and 

activation of leukocytes through enhancing the production of adhesion molecules like ICAM-1 

and VCAM-1 upon endothelial cell types (20). This causes an inflow of immune cells to wounded 

or diseased tissue. Furthermore, TNF -α and IL-1 promote inflammation by releasing additional 
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cytokines, chemokines, nitric oxide (NO), and matrix-degrading enzymes (21). IL-6 has a unique 

function in maintaining inflammatory responses and boosting the acute-phase reaction seen after 

infection or tissue damage, as well as in many chronic inflammatory disorders. Chronic production 

of IL-6 is closely associated with various diseases such as autoimmune disorders, cytokine storm 

syndromes, cancer progression and cytokine mediated inflammatory disorders (22). Studies in 

microglial cells showed that LPS induced TNF -α, IL-1, IL-6 through MAPK and PKC pathways 

and nitric oxide generation has been shown to be essential for IL-1 and IL-6 generation (20). 

2.2.3. Chemokines   

Chemokines constitute a kind of cytokine whose primary role is to guide the movement and traffic 

of immune cells like neutrophils and monocytes to inflammation regions in response to 

inflammatory stimuli (23). This is accomplished by their capacity to attach to certain receptors 

found on immune cells. Therefore, binding to these GPCRs directs immune cell migration through 

chemotactic gradients thereby recruiting them to areas of infection or tissue damage. In addition 

to attracting immune cells, chemokine signaling guides leukocyte adherence to endothelial cells, 

as well as leukocyte activation and retention in inflamed tissues. Chemokine signaling plays an 

important role in diseases such as atherosclerosis, various autoimmune disorders, and age-related 

inflammation, 'inflammaging', where organized chemokine and receptor networks and 

glycosaminoglycans orchestrate cell migration and immune responses (24). Recent studies have 

reported additional regulatory mechanisms that finetune inflammation through modulation of 

chemokine activity and binding such as heterodimeric interactions with galectins which can 

mediate reduced chemokine receptor activity and hence reduced leukocyte migration, for example, 

binding of CXCL12 with galectin-3 (25). In addition to cytokines and chemokines, other 

inflammatory mediators including vasoactive amines like histamine, eicosanoids like 

prostaglandins and leukotrienes, acute-phase proteins, complement proteins, ROS, and reactive 

nitrogen species (RNS) play a vital part in the vascular and cellular events that constitute 

inflammation (26). 

2.2.4. Role of Macrophages and Monocytes 

Monocytes and macrophages are central effector cells of inflammation and play a vital role in all 

phases of this response: initiation, amplification and resolution. They are resident macrophages 

that operate as sentinels and identify inflammatory stimuli through their PRRs, triggering the 

synthesis of numerous inflammatory mediators, recruiting other immune cells including 
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neutrophils to the affected region, and orchestrating processes leading to inflammation (27). 

Macrophages can also adopt different phenotypes and differentiate into a M1 classical or M2 

alternative inflammatory macrophage depending on the signals provided by their 

microenvironment. M1 macrophages are frequently pro-inflammatory because they create reactive 

species such as nitrogen and oxygen and release cytokines that are pro-inflammatory, resulting in 

tissue damage and inflammation. M2 macrophages, on the contrary side, have anti-inflammatory 

capabilities and are in control of tissue repair and settlement by secreting cytokines including IL-

10 as well as TGF (28). Persistent stimulation of M1 macrophages has been associated with many 

chronic inflammatory conditions including atherosclerosis and autoimmune disorders, where 

continuous cytokine production and ROS cause chronic inflammation and growing tissue damage 

(21). 

2.2.5. Role of Neutrophils 

Neutrophils are the earliest and most abundant leukocytes at the site of acute inflammation, having 

a role in pathogen clearance, inflammation, and wound healing. After recruitment by chemokine 

gradients, they travel swiftly to the site of infection and injury, where they exert their strong 

antimicrobial effects via phagocytosis, degranulation, ROS and RNS generation, and the creation 

of neutrophil extracellular traps (NETs) (29). They develop and distribute pro-inflammatory 

compounds such as prostaglandins, leukotrienes, and cytokines, as well as matrix-degrading 

enzymes, which can cause direct tissue injury (17). Hence although essential for eliminating the 

infectious agent they also contribute to the exacerbation of inflammation and tissue injury, making 

them key players in inflammatory disease progression. They are heavily linked in inflammatory 

diseases like atherosclerosis, autoimmune diseases, and inflammatory kidney disease (21). 

2.2.6. Role of T Cells 

T cells are the primary players in adaptive immune responses, and they perform a crucial part in 

chronic inflammatory diseases. Antigen-presenting cells (APCs) deliver antigens to native T 

lymphocytes in the form of co-stimulatory chemicals and cytokines, activating them (27). The 

cytokine environment controls when activated T cells divide into several categories: Th2, Th1, 

Th17, Treg, and toxic T cells (30). The inflammatory mediator's cytokines and chemokines are 

essential for T cell recruitment and polarization through JAK-STAT, MAPK, PI3K, and focal 

adhesion kinase (FAK) signaling pathways (31). Th1 responses stimulate production of IFN- and 

drive cell-mediated immunity while Th17 responses drive neutrophilic inflammation and the 
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development of autoimmunity. Regulatory T cells serve to prevent immune system overstimulation 

and promote tolerance. 

IL-1 family cytokines and IL-18 induced by inflammasome activation are potent inducers of Th1 

responses and IFN- production while IL-10 serves to dampen pro-inflammatory responses and 

promote resolution (16). Abnormal T cell activation as well as an imbalance of pro-inflammatory 

and regulating subsets are critical in the formation of chronic inflammatory along with 

autoimmune conditions (29). Finally, inflammatory mediator signaling occurs in intricate systems 

of innate and adaptive immune signaling channels. PRR engagement activates the NF-ĸB pathway, 

MAPK, and inflammasome pathways, causing the development of cytokines like TNF-α, IL-1, IL-

6, and chemokines, who stimulate the activation and recruitment of neutrophils, macrophages, and 

T cells, perpetuating cytokine and chemokine production, APC stimulation, and Th activation. The 

regulation of cytokine signaling, chemokine networks, and immune cell polarization is critical for 

inflammation resolution and chronic disease prevention. 

2.3 Key inflammatory signaling pathways  

The cellular signaling pathways are a network highly regulated by immune and non-immune 

stimulations such as pathogens, tissue damage, metabolic signals and immune stimulants to 

generate inflammation In the case of acute inflammation, they remove toxic stimulators; however, 

persistent activation of inflammatory signaling pathways results in long-term inflammation, that 

contributes towards the pathophysiology of many illnesses, including RA, cardiovascular disease, 

IBD, asthma, neurological disorders, diabetes, and cancer (32). Still, inflammatory signaling 

pathways cannot function in isolation; they are linked, redundant, and the inflammatory 

stimulation continues even when one pathway is blocked. 

2.3.1. NF-ĸB Signaling pathway 

The NF-ĸB signaling pathway regulates inflammation and immune responses (30). NF-ĸB 

transcription factors govern immune cell activation, proliferation, survival, and cytokine 

production in response to inflammation (33). At rest, IBs in the cytoplasm block NF-ĸB protein, 

inhibiting activation. Inflammatory events such TNF-, IL-1, TLR ligand binding, oxidative stress, 

and microbial metabolites can phosphorylate and degrade IBs, prompting NF-ĸB to migrate to the 

nucleus along with activation (34). The two most established signaling pathways are canonical and 

non-canonical NF-ĸB activation pathway, respectively initiated by various inflammatory 

stimulators or the receptors of TNF family members. Activation of the NF-ĸB signaling pathway 
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leads to the production of various inflammatory molecules, such as TNF-, IL-6, and IL-1, as well 

as chemokines, migration and adhesion molecules. It also increases the transcription of COX-2, 

iNOS, and antiapoptotic proteins (35). Sustained stimulation through the NF-ĸB signaling pathway 

can lead to chronic inflammation, autoimmune disorders, cancer, and neurological problems (36). 

NF-ĸB signaling regulates macrophage and monocyte polarization, inflammasome activation, 

inflammatory cytokine production, and cell survival. It also interacts with other signaling 

molecules like STAT1 and STAT6 to facilitate context-specific immune responses. Given that NF-

ĸB signaling activates multiple inflammatory molecules simultaneously, this signaling pathway 

has become an important therapeutic target in chronic inflammation (30). 

2.3.2. MAPK signaling pathway 

Another important inflammatory signaling mechanism involves the mitogen-activated protein 

kinase (MAPK) pathway, which controls cellular reactions in response to stress, mediators of 

inflammation, growth factors, and microbial substances. TLRs, cytokine receptors, physical harm, 

and oxidative stress together stimulate the three primary MAPK signaling cascades: ERK, JNK, 

and p38. Activated MAPK kinases phosphorylate and regulate target transcription factors, 

subsequently mediating the synthesis and secretion of different mediators of inflammation, 

including pro-inflammatory cytokines TNF-α, IL-1, and inflammatory response such as immune 

cell proliferation, apoptosis, and tissue remodeling (37). The MAPK pathway can interact with and 

augment the NF-ĸB signaling and thereby activate the matrix metalloproteinases (MMPs) and 

other catabolic enzymes that mediate the destruction of joint tissues and cause the degradation of 

cartilage and destruction of joint in osteoarthritis, which are considered the chronic inflammatory 

diseases. The specific role and activation of the three MAPKs in inflammatory signaling are 

known, for example, p38 MAPK can be stimulated by inflammatory cytokine IL-1 to enhance the 

synthesis of inflammatory mediator such as TNF-, while JNK signaling pathways can trigger 

apoptosis and stress-induced inflammation. ERK signaling typically promotes cell growth and 

survival, which makes it a promising target in a variety of chronic inflammatory diseases and 

tumor-associated microenvironment (20). The high redundancy among MAPK signaling pathways 

as well as the essential role in normal cellular physiology pose great challenges to its targeting for 

effective therapeutic efficacy without adverse effects (38). 

2.3.3. JAK-STAT signalling pathway 
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The Janus kinase-signal transducer and activator of transcription (JAK-STAT) signalling system 

is another important cytokine-mediated route involved in immunity, inflammation, cell 

proliferation, and survival (39). The phosphorylation and activation of the STAT protein occurs 

when a cytokine binds to its relevant receptor and the related JAK kinases are activated (39). 

Activated STAT proteins eventually dimerize, go to the nucleus, and directly stimulate gene 

expression. Multiple cytokine receptors are involved in the regulation of chronic inflammatory 

responses, and the majority of them activate the JAK-STAT pathway. The activated JAK-STAT 

signaling pathway has been strongly implicated in the development of various inflammatory 

diseases, including autoimmune diseases (40). STAT3 has been identified as an essential STAT 

protein in the pathophysiology of inflammatory diseases because it promotes cell survival, 

proliferation, angiogenesis, and chronic inflammation. What is important is the considerable 

interaction between the JAK-STAT and NF-B pathways. STAT3 can trigger long-term NF-B 

activation, resulting in self-amplification of inflammation in chronic inflammation and the tumor 

microenvironment. The JAK-STAT pathway is a promising target for treating inflammation and 

chronic diseases like RA because of its capacity to respond to many cytokine signals at the same 

time (41). 

2.3.4. COX and LOX pathways: Eicosanoid Signaling 

Cyclooxygenase (COX) as well as lipoxygenase (LOX) are two major enzymes involved in the 

production of arachidonic acid metabolites known as eicosanoids (35). These physiologically 

active lipid mediators have critical functions in controlling inflammatory responses, such as 

increasing vascular permeability, causing fever and discomfort, and attracting immune cells. COX 

pathway produces prostaglandins and thromboxanes while LOX pathway produces leukotrienes 

and lipoxins, which have both potent inflammatory or immunosuppressive activities. 

Prostaglandin E, a prominent mediator in the inflammatory response generated primarily by COX-

2, causes vasodilation, edema, fever and pain hypersensitivity. Leukotrienes stimulate the 

recruitment of leukocytes into inflammatory sites and play crucial role in allergic inflammatory 

responses and bronchoconstriction (42). 

2.4. Current therapies and limitations of anti-inflammatory medications. 

Inflammation is a fundamental defense mechanism that protects the organism against the bacterial 

infections, tissue injury, and other unwelcome stimuli (2). However, dysregulated or chronic 

inflammation contributes to the etiology of a various disorders, including RA, IBD, cardiovascular 
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disease, neurodegenerative diseases, asthma, and cancer. Significant improvements have been 

made in the treatment of inflammatory conditions over the last few decades, starting with 

traditional NSAIDs and progressing to increasingly specific and targeted biologic therapies and 

synthetic drugs. Anti-inflammatory therapies are currently used, but have several limitations, 

including adverse effects, lack of disease control, resistance, and the complexity of inflammatory 

signaling pathways. The currently available drugs are mostly directed towards only one mediator 

or pathway in a highly interconnected inflammatory network, with often limited long-term efficacy 

and a high risk of side effects. 

2.4.1. NSAIDs and Cyclooxygenase (COX) Inhibition 

NSAIDs are used worldwide and are frequently prescribed anti-inflammatory drugs because of 

their anti-inflammatory, analgesic and anti-pyretic effects. They block cyclooxygenase (COX) 

enzymes, which convert arachidonic acid into prostaglandins and thromboxanes. Prostaglandins 

are most known as mediators of pain and fever, vasodilation and inflammation; thromboxanes, as 

important players in the blood coagulation and vascular homeostasis (9). 

COX-2, on the other hand, is an inducing enzyme that is highly elevated in inflammation and 

contributes significantly to prostaglandin production, which is also implicated under inflammation 

(43). NSAIDs are mostly recognized because of their anti-inflammatory and neuropathic benefits, 

which are connected to their inhibitory action on COX-2. Many of their adverse effects originate 

from their capacity to inhibit COX-1 (44). 

Common non-selective NSAIDs include ibuprofen, aspirin, naproxen, as well as diclofenac, which 

inhibit both COX-1 as well as COX-2 enzymes (3). These drugs are effective in reducing pain and 

inflammation but have a strong association with gastrointestinal toxicity such as gastric irritation, 

peptic ulceration, gastrointestinal bleeding and perforation when used over a prolonged period. 

The inhibition of COX-1-derived protective prostaglandins results in impairment of the gastric 

mucosal barrier and increased sensitivity of the gastrointestinal tract to acid-induced damage (45). 

In addition, NSAIDs may also affect renal perfusion and electrolyte balance thus causing renal 

toxicity, hypertension, edema and acute kidney injury, especially for elderly patients or those with 

preexisting renal disease (46). 

Celecoxib and rofecoxib decrease COX-2's inflammatory activity while having little effect on 

COX-1's anti-gastric effects. While coxibs were proved to have less gastrointestinal side effects 

than regular NSAIDs, many studies have since showed a greater risk of cardiovascular events such 
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as heart attack, stroke, myocardial infarction, or thrombotic events (47). The withdrawal of 

rofecoxib from the market highlighted the significant cardiovascular hazards of selective COX-2 

medicines. These harmful effects on the heart and blood vessels are thought to be caused by the 

unbalanced regulation of prostacyclin and thromboxane, which stimulate blood platelets to clump 

together and cause blood vessels to constrict (48). 

Another drawback of NSAIDs is that they only relieve symptoms, rather than changing the 

underlying disease process. They work well to help relieve pain and inflammation, but don't stop 

the damage to tissues or the progression of the disease, as they can do in chronic inflammatory 

diseases like rheumatoid arthritis. For this reason, it is best to use these drugs at the lowest dose 

and duration possible to manage inflammation while reducing toxicity (49). 

2.4.2. Corticosteroids 

Corticosteroids, another significant family of anti-inflammatory medicines, are frequently utilized 

for treating acute and chronic inflammatory disorders. They have strong anti-inflammatory and 

immunosuppressive properties, which include lowering gene expression and down-regulating 

mediators of inflammation like as chemokines, cytokines, prostaglandins, and adhesion molecules 

(50). Corticosteroids reduce phospholipase A2 activity, which decreases arachidonic acid 

production along with prostaglandin and leukotriene production. They also inhibit the activation 

of nuclear factor-kappa B (NF-κB) signaling, a key pathway for inflammatory gene expression 

(51). 

Because of their wide spectrum of activity, corticosteroids are very effective in quickly controlling 

inflammation in diseases like asthma, autoimmune diseases, allergic reactions, inflammatory 

bowel disease, and rheumatoid arthritis. They are also known to have wide systemic effects, 

though, which can also lead to toxicity, especially with long-term therapy. Long-term 

corticosteroid usage can cause major adverse effects, including gaining weight, osteoporosis, high 

blood pressure, diabetes, adrenal gland suppression, cataracts, muscle atrophy, and more infections 

(35). Patients may also be at risk for opportunistic infections and delayed wound healing due to 

long-term immunosuppression. 

In addition, corticosteroids are not specific to any inflammatory pathway, and thus normal immune 

functions can also be impaired. Their widespread immunosuppressive activity is a primary reason 

for their lack of long-term usage, prompting the development of more selective along with targeted 

anti-inflammatory medicines with improved safety profiles. 
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2.4.3. Biologics and Targeted Therapies. 

In contrast to NSAIDs, which largely treat symptoms, biologics target immune system mediators 

in the illness process. Biologic drugs such as infliximab, adalimumab, and etanercept block TNF-

α, as well as interleukin, B cell, and T cell co-stimulation pathways.  

TNF-α inhibitors are highly efficient in treating RA, psoriasis, ankylosing spondylitis (AS), and 

IBD. They reduce inflammation, decrease tissue destruction, and improve patients' quality of life 

(47). These therapies have proven to be effective in the selective blockade of inflammatory 

cytokines in the hope that they could induce a marked change in disease outcome and prevent 

irreversible joint damage. 

However, there are still a number of key drawbacks to biologics. They are very specific to some 

of the cytokines, so that patients may have partial responses because the cytokines are activated in 

other inflammatory pathways. A large portion of patients don't respond at the first time, or, over 

time, they become unresponsive. Further, biologics are administered through injection, and can be 

costly to treat, which can cause difficulties in access to these medicines in many health care 

systems. 

Biologics have immunosuppressive characteristics, making the patient more susceptible to 

infections caused by bacteria, viruses, and fungi (52). Long-term biologic therapy has been 

associated with serious complications like tuberculosis, opportunistic infections and risk of 

malignancy (35). They are also complicated by infusion reactions, autoimmunity and immune 

related adverse events. However, biologics have been a significant step forward in treatment, but 

still do not offer a total, or always reliable cure for chronic inflammatory conditions. 

2.4.4. JAK Inhibitors and the Problem of Single-Target Therapy 

Another key advance in anti-inflammatory drug therapy is aimed at targeted synthetic drugs that 

inhibit Janus kinase (JAK) inhibitors. JAK inhibitors block cytokine-mediated intracellular 

signalling pathways that are related to immune activation and inflammation. These agents block 

the activation and phosphorylation of STAT proteins through blocking the JAK pathway thus 

blocking several cytokines that play a role in autoimmune diseases. 

JAK inhibitors are oral agents that are more effective at blocking multiple cytokines than biologics; 

however, there are concerns about infections, thromboembolic events, cardiovascular risks, and 

risks for malignancy. More significantly, the growth and development of their drug have raised a 



13 
 

fundamental issue in anti-inflammatory drug research: the redundancy and complexity of 

inflammatory networks. 

Cytokines, prostaglandins, leukotrienes, chemokines, transcription factors and immune cells are 

all involved in highly interconnected signaling pathways to regulate inflammation. As a single 

drug, inhibiting a single mediator (COX-2, for example, or TNF-α) does not always prevent 

inflammation from occurring, as the body develops other pathways to keep the disease going (53). 

This redundancy is what makes patients non-reseponsive to treatment and impedes complete 

eradication of the disease, while also causing therapeutic resistance and variation in patient 

responses. As a result, in many cases, patients still suffer from ongoing inflammation despite 

specific therapy. 

2.4.5. Emerging Multi-Target Strategies 

The disadvantages of single-target therapies have sparked the interest to develop multi-target anti-

inflammatory treatments. Researchers are now investigating multiple drugs that can be used to 

simultaneously modulate several pathways, without causing excessive toxicity. Double COX-2/5-

lipoxygenase (5-LOX) inhibitors, which prevent the formation of prostaglandins and leukotrienes, 

are one example. Leukotrienes are also frequently seen playing a important part in inflammation 

and tissue damage, thus dual inhibition would be predicted to be even more effective but less likely 

to produce gastrointestinal side effects than traditional NSAIDs (54). 

In the same way, nitric oxide-releasing NSAIDs (NO-NSAIDs) have also been studied to be safer 

alternatives to traditional NSAIDs. Such compounds are not only COX inhibitors but also also 

release nitric oxide, which could maintain integrity of gastric mucous layer and enhance the 

vascular function (55). Other studies involve personalized medicine strategies, drug delivery 

systems using nanotechnology and natural bioactive compounds with multiple effects on various 

inflammatory mediators. 

In conclusion, present anti-inflammatory drugs are still indispensable in medicine, and have 

contributed to the management of inflammatory diseases. There are however important restrictions 

in all therapeutic classes such as gastrointestinal, renal, cardiovascular and immunosuppressive 

toxicity, and under-dosing and therapeutic resistance. The complicated and redundant 

inflammatory signaling pathways make the development of completely effective treatments 

difficult. Thus, safer, multi-target therapies with fewer adverse reactions and anti-inflammatory 

benefits are increasingly being pursued as potential individual treatment methods. 
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2.5. The medicinal plants and phytochemicals  

Medicinal herbs have traditionally been recognized as key sources of bioactive compounds for the 

management and treatment of inflammatory disorders (56). As more research on medical benefits 

of plants have been performed, as phytochemicals are known to have significant anti-inflammatory 

activities and are typically less likely to induce side effects than nonsteroidal anti-inflammatory 

medicines (NSAIDs) or corticosteroids (57). The molecular targets and inflammatory mediators 

that they act upon are less likely to be one and the same, and are often multiple, as opposed to 

conventional synthetic drugs that target one specific molecule. These pathways include NF-κB, 

MAPK, PI3K/AKT, JAK/STAT, and Nrf2, in addition to inflammatory enzymes like COX and 

LOX, and pro-inflammatory cytokines (58). In reality, medicinal plants have several 

pharmacological effects, emphasizing their usefulness in chronic inflammatory and multifactorial 

disorders. 

2.5.1. Importance of herbal medicine 

Medicinal herbs have been utilized for centuries to prevent and heal illnesses in traditional 

therapeutic systems like Ayurveda, TCM, and Kampo medicine. The theory of herbal medicine is 

based on the medicinal qualities of plants that contain a range of active chemicals, including anti-

inflammatory, antioxidant, immunomodulatory, as well as antibacterial effects (59). According to 

worldwide health surveys, plant-based remedies continue to play a key role in many people's health 

care systems, particularly in developing countries, as their primary prescription. Apart from this, 

many modern drugs are directly extracted from plants or are based on plants derived lead(60). 

Herbal medicine is one such medicine which has a unique mode of action and contains a 

combination of multiple phytochemicals that produce the therapeutic effect instead of any single 

active molecule (61). The synergistic effect is particularly beneficial in cases of chronic diseases 

with multiple molecular mechanisms and complex inflammatory networks. 

2.5.2. Secondary metabolites anti-inflammatory properties. 

Secondary metabolites of plants are compounds that have biological activities, some of which are 

mainly defence mechanisms and adaptation, and others have strong pharmacological activities in 

humans. Some of these metabolites possess considerable anti-inflammatory and antioxidant effects 

(62). These substances regulate pro-inflammatory cytokines as that include TNF-α, IL-1β, and IL-

6, along with important signaling pathways like NF-κB, MAPK, PI3K/AKT, Nrf2, JAK/STAT, and 

the NLRP3 inflammasome (63). In addition, phytochemicals have the ability to inhibit 
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inflammatory enzymes such as COX-2, 5-LOX and inducible nitric oxide synthase (iNOS) and 

decrease oxidative stress, which could result in anti-inflammatory and cytoprotective effects. 

2.5.3. Major Classes: 

2.5.3.1. Polyphenols  

Anti-inflammatory and antioxidant activities are frequently stated as their key pharmacological 

effects (58). This category includes flavonoids, stilbenes, and phenolic acids, several of which 

have been shown to be potent regulators of inflammatory signaling pathways. Polyphenols also 

influence the activation of inflammasomes and oxidative stress pathways, that are responsible for 

the observed protective benefits in metabolic conditions, cardiovascular illnesses, and 

neurodegenerative disorders (64). 

2.5.3.2. Alkaloids 

They are nitrogenous secondary metabolites present in many medicinal plants, have been identified 

as promising candidates for anti-inflammatory drugs (65). Several alkaloids, such as colchicine, 

berberine, and mitraphylline, have anti-inflammatory properties, including the ability to inhibit 

nitric oxide production, inhibit pro-inflammatory cytokine production, modulate inflammasome 

activation, and regulate microtubule dynamics (65). Alkaloids can inhibit COX and LOX enzymes, 

as well as NF-κB signaling pathways, making them effective anti-inflammatory and 

immunomodulatory drugs (61). Because of their various modes of action and complexity, alkaloids 

are thought to be promising prospects for anti-inflammatory medication development. 

2.5.3.3. Terpenoids 

Terpenoids are one of the most significant and chemically varied groups of natural compounds, 

with several having strong anti-inflammatory activities (66). The monoterpenes, sesquiterpenes, 

diterpenes and triterpenes like borneol, escin, parthenolide and curcumol are included in this class 

(67). Terpenoids have anti-inflammatory properties via inhibiting NF-κB and MAPK signaling 

pathways, reducing COX-2 as well as iNOS production, suppressing FcεRI-dependent mast cell 

degranulation, and modulating cytokine levels (68). The class of terpenoids is full of possibilities 

for anti-inflammatory targets and experimental models because of the 281 terpenoids found in the 

systematic review. 

2.5.4. Multi-target Nature of Phytochemicals. 

One of the defining features of phytochemicals is that they have multiple 

targets/polypharmacological activity. Phytochemicals are likely to affect more than one molecular 



16 
 

pathway while single-target synthetic drugs are more likely to act on one pathway. Several 

flavonoids and phenolic acids, terpenoids and other phytochemicals from dietary plants have been 

shown to connect together in network pharmacology studies to form major inflammatory pathways 

including NF-κB, MAPK, PI3K/AKT, Nrf2, COX-2, TNF-α, and AKT1 (69). 

Plant extracts and phytochemicals affect immune cell signaling pathways such as NF-κB, MAPKs, 

AP-1, STAT1/6, IRFs, PPARγ, KLF4, and PI3K/AKT, polarizing macrophages towards pro-

inflammatory (M1) or anti-inflammatory (M2) phenotypes (63). Natural products target 

inflammatory cytokines, as well as important signalling pathways. These compounds also have 

anti-oxidative and rebalance the microbial balance in dysbiosis-associated inflammatory diseases 

(70). 

Another critical therapeutic approach is the dual COX/LOX inhibition exhibited by 

phytochemicals like tannins, flavonoids, alkaloids, terpenoids and plant steroids. Combining these 

routes may be more successful in lowering inflammation produced by eicosanoids and have fewer 

negative effects than using selective COX inhibitors alone (62). The multidimensional and 

polypharmacological nature of medicinal plants is their main reason for being a great potential 

source for the treatment of complex chronic inflammatory diseases. It also poses challenges of 

standardization, bioavailability, pharmacokinetics and mechanistic interpretations in the 

development of phytochemical-based therapeutics (58). 

 2.6. Columbin: Sources, Chemistry and Pharmacological Profile 

Columbin has a diterpenoid molecule who has recently been shown to have a number of 

pharmacological activities, including anti-inflammatory characteristics, and is gaining popularity 

as a naturally occurring chemical (71). It is classified as a furanolactone or cis-clerodane diterpene 

and is mainly associated with medicinal plants belonging to the genera Tinospora and Jateorhiza. 

Columbin has been identified as a significant bioactive element accountable for several of the 

medicinal benefits of these plants. It has long been used in conventional healthcare systems to 

manage inflammation, fever, infections, and other diseases (10,72–74). However, in recent years, 

the mechanisms of columbin's bioactivity, such as interactions with the cyclooxygenase (COX) 

enzyme and nitric oxide (NO) related inflammatory pathways, have been increasingly investigated. 

2.6.1. Botanical classification of plants and chemical classification. 

Columbin is obtained mostly from root tissue of Jateorhiza columba and a range of Tinospora 

species, including Tinospora capillipes and Tinospora sagittate (72). Moreover, for the first time 
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purified columbin was reported from Tinospora bakis, which further broadened the range of the 

phytochemistry of this diterpenoid in the Tinospora genus (12). The diterpenoid furanolactones 

and clerodane derivatives like columbin have been identified consistently in reviews on Tinospora 

species as the phytochemicals responsible for various medicinal effects like anti-inflammatory and 

antimicrobial activities (73,74). The occurrence of columbin derivatives in medicinal plants 

emphasizes the relevance of this family of chemicals in ethnopharmacology and natural medicine 

development. 

2.6.2. Structure and class 

Chemically, columbin is categorized as a furanolactone or cis-clerodane diterpene with a 

diterpenoid skeleton, including a furan ring and a lactone group, which are typical motifs found in 

bioactive compounds (72). It is a member of the larger class of diterpenoid lactones and 

neoclerodane diterpenoids found in other medicinal plants, such as Tinospora species (73). Each 

member of this family has a diverse set of pharmacological properties, comprising anti-

inflammatory, antibacterial, antioxidant, cytotoxic, and immunomodulatory activities. The 

structural properties of columbin also make it a significant lead compound in phytochemical and 

pharmacological studies because of its capacity to interact with inflammatory enzymes and 

signaling pathways. 

2.6.3. Pharmacological activities  

Columbin and columbin rich plant extracts have been reported to possess several pharmacological 

activities as derived from traditional medicine uses as well as experimental studies. It is one of the 

most commonly documented activities due to its anti-inflammatory properties and analgesic 

qualities. Traditionally, medicinal roots with columbin have been used as analgesics, antipyretic, 

anti-inflammatory, anti-bacterial, antiulcer, anti-tumour and anti-stress agents (72). Further 

experimental investigations have confirmed anti-inflammatory and cytotoxic activity of columbin 

alone, which is consistent with traditional use of Tinospora and Jateorhiza species, as mentioned 

above (74). 

Neoclerodane diterpenoids and furanolactones derived from Tinospora and Jateorhiza species have 

exhibited antimicrobial activity. The properties of these compounds indicate that they have 

inhibitory activity against different microorganisms, which suggests their possible use in plant 

protection and therapeutic antimicrobial applications (72). Furthermore, in various 

pharmacological studies, Tinospora species with diterpenoid lactones such as columbin have 
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exhibited antioxidant, hepatoprotective, immunomodulatory, and cardioprotective properties when 

tested as extracts(75,76). In the available literature however, the biological activities have been 

shown for whole plant extracts and diterpenoid rich fractions of the plant, but direct evidence of 

the antioxidant or hepatoprotective effect of isolated columbin has been limited in the evaluated 

studies. 

2.6.4. Evidence on COX Inhibition and Inflammatory Modulation 

Much study has been conducted on columbin's anti-inflammatory potential, specifically its impact 

on the enzyme cyclooxygenase and nitric oxide generation. Tinospora bakis pure form of columbin 

inhibits COX-1 and COX-2 enzymes in vitro around doses comprising 63.7% and 18.8%, 

correspondingly, at 100 μM. (10). Molecular docking studies also indicated that the COX-2 

enzyme showed more affinity toward columbin, due to the binding interactions between certain 

amino acid residues and columbin, such as Tyr385 and Arg120, which are essential for a binding 

interaction with arachidonic acid and for hydrogen abstraction during prostaglandin synthesis.  

Columbin reduces nitric oxide (NO) synthesis in LPS/IFN-γ activated RAW264.7 macrophage 

cells while avoiding cytotoxicity or cell death. Columbin's anti-inflammatory action may be 

mediated by COX and nitric oxide pathways, doesn’t prevent NF-κB nuclear translocation (10). 

Furthermore, in-vivo studies show anti-inflammatory potential of columbin in animal models, 

showing its effectiveness in decreasing carrageenan-induced paw edema, which is a significant 

activity under physiological conditions. Remarkably, there was no apparent toxicity in mice and 

human liver cell models, which confirmed the initial safety profile of columbin as an anti-

inflammatory lead compound (10).  

In addition to studies with isolated columbin, research carried out with extracts of Tinospora and 

its associated diterpenoids indicate that this phytochemical group have wider inflammatory 

pathway modulation properties. These compounds and extracts have been shown to reduce 

inflammatory mediators. They also affect signaling pathways including JAK/STAT pathway and 

the MAPK pathway (77). These results suggest that columbin-associated diterpenoids might 

possess immunomodulatory and anti-inflammatory effects in addition to COX inhibition. 

Hence, columbin is a biologically significant furanolactone/cis-clerodane diterpene mainly found 

in Tinospora and Jateorhiza sppAt the moment, data suggests that it has anti-inflammatory 

properties, which are connected to its ability to control nitric oxide synthesis, cyclooxygenase 

activity, and diminish acute inflammatory responses within in vivo studies all with little apparent 
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toxicity. Collectively, extract level studies on Tinospora species revealed additional antioxidant, 

antimicrobial, hepatoprotective, immunomodulatory, and cardioprotective properties, but there is 

limited direct evidence of these properties at the compound level and they warrant further detailed 

pharmacological investigation. 

2.7. Network Pharmacology in Drug Discovery 

The idea of network pharmacology has appeared as a major strategy in modern drug discovery 

from the perspective of systems biology, stepping away from the “one drug – one target” paradigm. 

This method can be especially useful for the investigation of diseases of multiple causes, such as 

herbal medicine, in which multiple biological pathways are involved at the same time (78–80). 

Network pharmacology differs from traditional pharmacology, which typically targets a specific 

molecule, by looking at disease as a disruption of a network of molecules and examining the effect 

that pharmaceutical compounds have on multiple molecules and pathways simultaneously. 

Therefore, it plays a more and more significant role in systems biology, precision medicine, 

phytopharmacology and natural product based therapeutic research. 

2.7.1. Concept and Principles of Network Pharmacology 

Based of the definition, network pharmacology is a multidisciplinary research topic that combines 

system biology, bioinformatics, computational biology, and pharmacology to create and evaluate 

drug-target-disease interaction networks. Its primary objective is to acquire understanding into the 

systems-level processes underlying the illness and to create treatment ways that address the 

underlying causal networks, as opposed to just suppressing symptoms (79,80). Similarly, complex 

illnesses such as cancer, cardiovascular disease, neurodegenerative disease, and metabolic 

syndromes are triggered by disruptions in entire biological networks rather than single molecular 

abnormalities. 

The basic principle of network pharmacology is to search for targets associated with the disease, 

connect the targets of the drug molecules to the biomolecular interaction network, and analyze the 

topology of the network to find important “network targets” that might be used for the treatment 

of the disease (81,82). Researchers usually combine information from genomics, transcriptomics, 

proteomics, metabolomics, and pharmacological databases to build protein–gene–signaling 

pathway–metabolome–drug interaction maps. These networks are then analyzed computationally 

to identify key nodes, hubs, pathways and interaction modules that are associated with disease 

progression or therapeutic response. Network pharmacology is used to explore the effects of 
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pharmaceuticals on several connected pathways, which may aid in better comprehending the drugs' 

mechanisms of action as well as potential synergies. 

2.7.2. Multi-target Therapeutic Approaches 

Multi-target therapeutic strategies is one of the main achievements of network pharmacology. 

While the study of single-target drugs has been successful for diseases where one molecular 

abnormality is largely responsible, it is more often than not unsuccessful for complex multigenic 

and multifactorial diseases. Network pharmacology thus facilitates multi-target drugs, 

combination therapies and synergistic cocktails for modulation of multiple disease pathways  (83–

85). 

Within this framework Hopkins suggested a number of strategies such as rational multidrug 

combinations, multi-component therapeutics, and single molecules specifically engineered to bind 

to multiple biological targets. Of these, single multi-target molecules have real-world benefits such 

as reduced drug burden and potentially better compliance (83). As part of the concept of 

polypharmacology, “designed promiscuity” is the intentional optimization of therapeutic 

compounds to interact with beneficial targets and to have minimal interaction with antitargets, and 

to have minimal off-target toxicity (86,87). These strategies are particularly applicable in diseases 

involving compensatory signaling pathways, drug resistance, and/or dysregulation at the network 

level. 

2.7.3. Application in Herbal Medicine and Natural Products 

Herbal medicines and natural product research are ideal applications for network pharmacology, 

due to the fact that herbal formulations are naturally multi-component, multi-target and multi-

pathway. Many bioactive compounds are present in traditional herbal medicines and Traditional 

Chinese Medicine (TCM) formulations and act synergistically to achieve therapeutic effects by 

modulating biological networks (88,89). Thus, network pharmacology notions are strikingly 

comparable to the holistic therapeutic conceptions of traditional medical systems. 

The most common network pharmacology research method is to collect and screen phytochemical 

constituents of medicinal plants or formulations. Pharmacological databases and computational 

techniques are then used to predict potential targets for these compounds. Then disease associated 

targets are identified from public databases and transcriptomic studies and then targets common to 

both compounds and disease are identified. These overlapping targets are then added together to 

create herb–compound–target networks (H–C–T), drug–ingredient–target–pathway–disease 
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networks (DITPDD), or compound–target–pathway networks (90,91). Afterward, functional 

enrichment analysis is conducted to find out the pathways that are biologically relevant, and in 

many cases the predicted interactions are validated by molecular docking, in vitro and in vivo 

assays. 

Network pharmacology is currently employed in numerous parts of TCM, including as molecular 

mechanisms, identifying active phytochemical components, herb compatibility, predicting toxicity 

and safety, and medicine repurposing (91). These approaches offer scientific basis for 

understanding the therapeutic complexity of the herbal formulations and help in evidence-based 

phytopharmacological studies. 

2.7.4. The identification of Compound–Target–Pathway Interactions 

One of the key goals of network pharmacology is to find and analyze compound–target–pathway 

interactions by combining bioinformatics databases and network analysis tools (88). This usually 

entails initial prediction of bioactive compound to molecular target, followed by target to 

biological pathway and target to disease phenotype. There are several types of biological 

interaction networks, with PPI networks, compound-target networks, compound-target-pathway 

networks, and compound-target-disease networks. Visualization and evaluation of these complex 

networks are frequently done using software platforms like Cytoscape (92). 

Many studies have employed the “drug–ingredient–target” (DIT) and “component–target–

pathway” (CTP) networks to reveal important active ingredients and signalling pathways of TCM 

formula. The interactions predicted are frequently confirmed by molecular docking studies and 

models to confirm target engagement and therapeutic activity (90). Moreover, transcriptomic 

response profiling has been combined with network pharmacology methods to model the 

modulation of global pathways and provide predictions of combination therapies that can target 

multiple pathways, thus enhancing the therapeutic efficacy of natural products (93). 

In general, network pharmacology can serve as a systems-level perspective of diseases as 

perturbations of networks and therapeutic agents (especially herbal medicine and natural products) 

as multi-target modulators of the networks. Network pharmacology can be used to design and 

validate more rational multitarget drugs, explain the mechanism of complex herbal medicines, and 

shorten the time and effort required to identify or re-purpose new drugs that can target multiple 

components of coordinated biological signaling modules. 

2.8. Application of molecular docking in pharmacological and phytochemical study. 
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Molecular docking is a critical computational tool for predicting at molecular level the interaction 

among a tiny molecule and biological target. It has emerged as a fundamental instrument for 

contemporary pharmacology and phytochemical research, aiding in the validation of therapeutic 

targets, virtual screening, lead optimization, and the study of mechanisms. Recently, combining 

docking methodologies with AI, molecular dynamics (MD) simulations, network pharmacology, 

and experimental assays has emerged as the preferred way for improving the dependability and 

efficacy of drug development pipelines. One important application of docking is of phytochemicals 

because medicinal plants may be rich in multiple bioactive compounds which act on more than 

one biological target, and computational screening is of great value to identify phytochemicals of 

therapeutic interest. 

2.8.1. Principles of molecular docking  

The fundamental purpose of molecular docking is to define the binding process and affinity of a 

given ligand for the active site of a target protein (94–96). Docking simulations try to replicate 

spatial and kinetic aspects of the interaction involving protein binding pocket with a ligand while 

also assessing stability of the resulting protein-ligand complex. The docking technique has two 

key components: the search algorithm along with the scoring function. Search algorithm is used to 

sample various ligand orientations, positions and conformations inside the target binding pocket 

until a conformation with an energetically favorable binding is found (94–96). Various methods 

for efficiently sampling conformational space are used in different docking software packages, 

including genetic algorithms, Monte Carlo and stochastic optimization methods. 

The second significant element is the scoring function, which is applied to predict the strength of 

protein-ligand interactions as well as score the resulting poses based on predicted binding affinity. 

There are different types of scoring functions, all of which try to approximate the binding free 

energy, based on different principles of computation: physics-based, empirical, knowledge-based, 

or machine learning algorithms (97,98). Docking simulations are affordable and fast, thus they are 

frequently employed in virtual screening procedures to study huge chemical libraries during the 

initial stages of drug development (99). 

2.8.2. Protein–Ligand Interaction Analysis and Target Binding Validation. 

Molecular docking is a typical method for investigating protein-ligand interactions and 

determining a target's probable binding processes. Docking poses can help researchers uncover 

probable binding sites, important residues of amino acids, and chemical reactions, including 
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hydrogen bonds, hydrophobic contact, electrostatic interaction, π-π stacking, and van der Waals 

forces, among others. The structural visualization and interaction profiling are typically carried out 

with the help of the tools PLIP and ProteinsPlus (100,101), which can provide detailed information 

on protein–ligand complexes. 

Docking tests also help determine the binding affinity along with estimate the position of the 

ligands in the protein's active site; however, orientation prediction is typically more exact than 

affinity ranking (102). To increase the precision of computational predictions, experimental 

techniques like surface plasmon resonance (SPR) are commonly utilized to directly examine the 

binding specificity, affinity, or kinetics of a protein-ligand interaction. A key strength of SPR is 

that it can be applied to screen even crude plant extracts for biologically active molecules that bind 

to proteins, making it useful to connect computational and experimental validation approaches 

(103).  

Another key element of docking workflows is protocol validation. A redocking experiment is often 

conducted on a set of crystal structures, in which the crystallographic ligands are re-docked into 

the native structure using the same docking method to see if the docking method can successfully 

re-dock the ligands in the correct orientation.RMSD is used to compare the predicted and actual 

poses, and is a common measure of the accuracy of docking (104).  

2.8.3. The importance and applications in Phytochemical Research. 

Molecular docking is an important tool in phytochemical and natural product research since it can 

provide molecular connections between phytochemicals and protein targets related to disease. 

Medicinal plants possess a variety of secondary metabolites that may show multiple targets, thus 

docking is a quick and effective method in order to identify the metabolites that may be used for 

medicinal role. 

An example of the latter is that several phytochemicals were found to bind cancer associated 

proteins and glycoenzymes when a combination of phytochemical–glycoprotein interaction 

networks was integrated with AutoDock Vina docking. The best compounds were then matched to 

the experimental cytotoxic activity of extracts from plants in lung cancer cells, thus linking 

computational predictions to experimental observations (104). In the same way, docking with the 

proteins serum albumin and plant antiplasmodial compounds was performed to identify the 

binding site, conformational change, type of forces involved in the interaction (hydrogen bond, 
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van der Waal interactions, etc), strength and stability of the interaction. These results provided the 

optimization of the phytochemical leads for the development of antimalarial drug (105). 

Experimental methods like SPR are also used in phytochemical studies to confirm the predictions 

of a docking. Computational docking and experimental assays can be used together to validate 

target engagement, and SPR can be applied to screen crude herbal extracts for protein binding 

molecules, highlighting the potential for computational tools in enhancing the reliability of natural 

product research results (103). 

Taking all of this into account, molecular docking is a rapid and affordable computer technique 

that can help anticipate protein-ligand interactions and perform virtual screenings of large chemical 

libraries. Docking studies are essential for understanding the process of binding to a target and 

discovering new therapeutic medications because they combine search algorithms, scoring 

functions, interaction analysis tools, and validation techniques like as redocking and SPR (106). 

Molecular docking is an important tool in the phytochemical research field, acting as a link 

between plant secondary metabolites and molecular pharmacology, which can be applied in multi-

target network pharmacology, finding biologically active phytochemicals, and designing plant 

extract and natural product studies to test for therapeutic uses. 

2.9. Transcriptomic Validation and Bioinformatics Approaches in Target Discovery 

The ability of transcriptomic and bioinformatics pipelines to convert high throughput gene 

expression information into biologically relevant markers and drug targets is key to the discovery 

of modern therapeutic targets. Transcriptomic data from public archives such as Gene Expression 

Omnibus (GEO) are widely regarded as main data sources for many disorders, that include cancer, 

autoimmune disorders, cardiovascular diseases, and neurodegenerative diseases. GEO not only 

includes the expression profile of miRNAs but also those of RNA-Seq from various tissues, disease 

stages, and experimental conditions, enabling the identification of disease-specific molecular 

signatures (107–111). In most studies, the datasets are carefully chosen and are compatible with 

particular platforms, they encompass samples of a specific tissue type (e.g. tumor vs. normal), and 

they have a sufficiently large sample size for the statistical power necessary for sound conclusions. 

To reduce the technical variation and enhance the reproducibility, the sample data is pre-treated by 

background correction, normalization and batch-effect correction before the downstream analysis 

(107,108,111). 

2.9.1. Gene Expression Datasets and GEO 
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One of the most important analytical components of these pipelines is Differential Gene 

Expression (DGE) analysis, which entails looking for genes that are highly up or down regulated 

in sick and healthy samples. DGE analysis can be used as a first cut approach to discover potential 

therapeutic targets and disease biomarkers (112–114). For RNA-seq and microarray data, popular 

bioinformatics tools are DESeq2, edgeR, and limma-voom, which typically use statistical 

correction methods like False Discovery Rate (FDR) adjustment to minimize false-positive results 

(107,112–114). More advanced approaches have also been developed, such as those that adjust 

fold changes for the natural variability in the dosages of genes, and focus on biologically relevant 

genes rather than genes that look significant merely on the basis of their dosage variability (113). 

GEO-based DGE analysis has been the initial step in hundreds of disease-focused investigations 

for identification of disease-associated genes and therapeutic candidates, including those for atrial 

fibrillation (AF), AD, RA, small-cell lung cancer (SCLC), NSCLC, ischemic stroke, GBM, and 

other cancers (69,108,111,115–120). In several processes, the detected DEGs are utilized to select 

clinically relevant genes by integrating machine learning methods, weighted gene co-expression 

network analysis (WGCNA), or PPI network analysis to get insight into hub genes. For instance, 

study of AF, AD and RA had combined GEO multi-cohort analyses with machine learning and 

WGCNA to identify critical disease-associated genes, while the study on NSCLC, GBM and SCLC 

used DEGs common to multiple GEO datasets and PPI analysis to determine hub genes involved 

in tumor progression (108,115,119). 

Following DGE analysis, functional enrichment analysis is commonly used to obtain 

understanding into functional importance of discovered genes. Enrichment studies, such as Gene 

Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), Reactome, and Disease 

Ontology (DO), have been widely utilized to characterize DEGs by their biological processes, 

molecular functions, signaling pathways, and disease correlations, respectively (114,115). 

Pathway enrichment and pathway impact are commonly used to assess pathways and several 

computational tools have been widely adopted such as SPIA, Enrichr, and ToppFUN. The analyses 

revealed certain pathways that were dysregulated in OA, including those related to inflammation, 

extracellular matrix remodeling, immune response, oxidative stress, metabolism, and cell 

signalling, which provide insights into the mechanism of disease (120,121). Importantly, 

enrichment analysis can also be used to determine potentially druggable pathways, allowing the 
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identification of potentially druggable pathways between transcriptomic analysis and translational 

therapeutic development. 

2.9.2. Validation of Predicted Therapeutic Targets 

Another crucial step in the transcriptomic target discovery pipelines is the validation of the targets 

that are predicted, usually done in silico. The in-silico validation is sometimes performed by cross-

dataset validation of candidate genes in other GEO datasets or in cancer data repositories like The 

Cancer Genome Atlas (TCGA). Also, online tools like TNMplot.com are used to compare 

expression of genes across normal, tumor, and metastatic tissue (118,122). In addition, researchers 

include PPI networks, WGCNA, survival analysis, and machine learning models to prioritize hub 

genes with prognostic and/or therapeutic importance (119,123). Moreover, an increasing number 

of druggable gene ranking and identification methods such as pathway to target (PITA) and 

pathway2targets (P2T) are used, as well as drug-to-gene interaction databases such as DrugBank, 

DGIdb, CMap, DSigDB, and OpenTargets.Also, pathway to target (PITA) and pathway2targets 

(P2T) are used to rank the druggable genes and identify the therapeutic drugs that may be 

repurposed, and drug to gene interaction databases such as DrugBank, DGIdb, CMap, DSigDB 

and OpenTargets are increasingly being used. 

Experimental validation verifies computationally predicted targets. A vast number of studies 

validated the candidate genes at transcript and protein using quantitative real-time PCR (qRT-

PCR), Western blotting, and immunohistochemistry in clinical tissues or disease models (120). A 

functional assay is also performed to assess the role of a specific gene in disease process, 

proliferation, apoptosis, migration, or in immune regulation. To explore the regulation of genes 

and therapeutic efficacy of drugs or natural products under physiological conditions, researchers 

sometimes validate in vivo animal models, such as ischemic stroke and cadmium-induced lung 

adenocarcinoma (LUAD) models (121). This integrated transcriptomic and bioinformatic 

workflow together offers a systematic approach that connects gene expression signatures identified 

in GEO with mechanistic pathway analysis, therapeutic target prioritization, and experimental 

validation, which ultimately helps to expedite biomarker identification and translational drug 

development. 

2.10. Research Gap and Rationale of the Present Study 

Despite tremendous advances in the identification of novel anti-inflammatory drugs, chronic 

inflammatory disorders continue to be an enormous burden on world health, owing to the disease's 
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complex biology and the limitations of current treatment strategies. Therapies used to treat 

inflammation generally target one inflammatory mediator or pathway at a time, such as NSAIDs, 

corticosteroid and biologics. These therapies are operative against inflammation, but may also 

have serious side effects, be very expensive, cause suppression of the immune system, or provide 

only partial relief (124,125). There is now compelling data to suggest that chronic inflammatory 

diseases are complex and mediated by multiple cytokines, transcription factors, signalling proteins 

and immune cells that may require a multifaceted therapeutic approach to control the disease long 

term (126). As a result, the identification of multi-target therapeutic agents that are able to 

modulate interconnected inflammatory pathways simultaneously, is growing in interest. 

The structural diversity and multiple molecular targets of natural products and phytochemicals 

have made them promising leads in anti-inflammatory drug discovery. Of these, columbin is a 

diterpenoid furanolactone compound found in medicinal plants of the Menispermaceae family 

such as Tinospora cordifolia and Jateorhiza palmata and it has shown anti-inflammatory properties 

in preliminary experimental studies (127,128). Some previous reports have demonstrated that 

columbin has inhibitory properties towards cyclooxygenase enzymes and may reduce 

inflammatory responses by inhibiting pro-inflammatory mediators(12). Besides its anti-

inflammatory activity, columbin has also been reported to have an antioxidant, antimicrobial, 

hepatoprotective, and anticancer effect, which further implies its pharmacological relevance (129). 

But, although these observations are encouraging, current research on columbin is confined mostly 

to individual biochemical assays and initial pharmacological studies. 

Practically all of the past studies have been on individual proteins or on specific pathways, rather 

than on network-level interactions that occur in inflammatory diseases. Inflammation is a very 

complex process, with multiple biological networks working together; therefore, a systems-level 

approach to study the multi-target mechanisms of phytochemicals is required that would allow the 

integration of protein interactions, pathway enrichment, and gene expression analysis (130).  

With the advancement of computational biology, particularly network pharmacology and 

molecular docking technologies, effective tools for investigating complicated processes of 

bioactive substances have emerged. Network pharmacology can help find compound-target-

pathway linkages and comprehend multi-target therapeutic processes in biological systems (131). 

The molecular docking confirms these findings by establishing the binding affinity and interaction 

of phytochemical as well as target protein. Furthermore, the use of publicly available 
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transcriptomic data sets to validate predicted targets by correlating with disease-related differential 

expression profiles provides an additional layer of biological validation (132). Combination of 

these computational methods has been increasingly valuable in the modern day of drug discovery, 

especially for plant-derived compounds that possess pleiotropic pharmacological effects. 

Thus, the current study attempted to completely investigate columbin's anti-inflammatory impact 

using network pharmacology, molecular docking, and transcriptome verification. This research 

aims to identify primary molecular targets, biological processes, along with interaction networks 

involved with columbin-mediated anti-inflammatory effects. This research will provide a systems-

level understanding of columbin's mechanism of action, potentially leading to its development as 

a multi-target therapeutic agent for chronic inflammatory diseases, as well as a computational 

approach that can be used to investigate other phytochemicals.  
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CHAPTER - 3 

MATERIALS AND METHODS 

 

 

Figure 1 depicts the overall study design and analytical workflow for this research. The workflow 

consists of target identification, network pharmacology analysis, molecular docking, validation, 

and ADMET prediction.  

3.1. Identifying columbin and inflammation-related targets. 

PubChem was used to gather chemical information on Columbin (PubChem ID: 188289)(75). 

SwissTargetPrediction (probability > 0.1), SuperPred (probability ≥ 50%), TargetNet (probability 

≥ 0.5), and PharmMapper (normalized fit score ≥ 0.7) were used to predict protein targets using 

default or recommended thresholds (133–136).  

To generate a unique list of targets, all anticipated targets from each resource were combined and 

duplicates were deleted (137,138). The microarray the data set GSE55235 was also downloaded 

from the Gene Expression Omnibus. The collection contains synovial tissue samples collected 

from RA individuals as well as healthy controls. The original data obtained through the Affymetrix 

Human Genome U133 Plus 2.0 Array was modified and normalized using the Robust Multi-array 

Average (RMA) approach (139). The differential expression analysis was carried out using limma 

program, with empirical Bayes moderation. P-values were corrected using the Benjamini-

Hochberg method. Genes having |log2 fold change| > 1 and FDR < 0.05 was considered as  

significantly differentially expressed. Such genes were incorporated to identify prospective 

columbin targets (140). They were further visualized using a volcano plot and combined with 

disease-related genes (139). 
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Fig. 1: --- Flow diagram for a network-based pharmacological research. 
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3.2. Target Overlap Identification and PPI Network Development 

Columbin targets (Set A) were predicted by four servers (SwissTargetPrediction, TargetNet, 

PharmMapper, and SuperPred), and the results were pooled to form a unique set (n=169). Genes 

related to inflammation (Set B) were sourced from GeneCards and DisGeNET, while genes with 

differential expression from GSE55235 (Set C) were identified with |log2FC| > 1 and FDR < 0.05. 

Potential therapeutic targets were discovered as the overlap A ∩ (B ∪ C) from Venny (v2.1) (141). 

The PPI networks was made with STRING (v12.0) database. To ensure accurate anticipated 

interactions and coverage of networks, a high confidence interaction value of ≥0.700 was used 

(142). All evidence sources were evaluated employing STRING's default integrative scoring 

system. PPI network has been visualised using Cytoscape (version 3.10.4). The CytoHubba plugin 

predicted hub genes in the static network using five criteria: degree, proximity, maximal clique 

central (MCC), betweenness, and density of maximum neighborhood components. Top 10 genes 

from the algorithm were picked, and those found in at least three of the five approaches were 

recognized as hub genes. In the end, eight hub genes have been identified (143). 

3.3. Biological Function and Pathway Enrichment Analysis 

Functional enrichment analysis was carried out with the DAVID 2025 database (144). To evaluate 

genes' functional roles, Gene Ontology (GO) analysis, which comprised Molecular Function 

(MF), Biological Processes (BP), and Cellular Components (CC), was paired with KEGG pathway 

enrichment analysis. The Benjamini-Hochberg test was utilized to determine statistical 

significance, using multiple testing adjustments. Terms having adjusted p-value (FDR) < 0.05 

showed substantial enrichment. 

3.4. Ligand and protein preparation  

To identify the binding location and quality for molecular docking, structures co-crystallized with 

the ligand (holo) with resolution ≤3.0 Å were selected. The protein was prepared using 

AutoDockTools, which removed water molecules, added polar hydrogens, and assigned Gasteiger 

charges. Columbin was extracted from PubChem, converted to PDB format, and the energy was 

reduced using the MMFF94 force field in Open Babel (145). Network study showed PIK3R1 as a 

hub gene. However, PIK3R1 (p85α regulatory subunit) forms a heterodimeric complex and 

PIK3CA (p110α catalytic subunit) to generate functional class I PI3K. Because PIK3R1 lacks 

intrinsic catalytic activity and there is no experimental evidence that it is a target of small molecule 

inhibitors, molecular docking was conducted using the PIK3CA-PIK3R1 heterodimer structure 
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(PDB: 7PG6) to assess columbin binding to the biologically relevant PI3K complex. This 

methodology aligns with existing PI3K inhibitor screening approaches, which assess drugs in 

contrast to the catalytic domain of the functional heterodimer (146).  

3.5. Protein–Ligand Binding Analysis Through Molecular Docking 

Docking was done using the AutoDock Vina program (v1.2.7). The grid box was positioned on 

coordinates of the crystallized ligand and designed to entirely surround the binding pocket with a 

appropriate margin (147). The grid box centred on the co-crystallized ligand and had a binding 

pocket size of 20×20×20 angstrom. An exhaustiveness value of 32 was chosen to increase accuracy 

and reliability of ligand conformational sampling at the site of binding. The optimum conformation 

was chosen determined by its lowest binding energies. The interactions were examined using 

PyMOL and Discovery Studio (148,149). The docking procedure was verified with redocking the 

co-crystallized ligand and calculating the RMSD values. The binding energy was verified by cross-

validation with SwissDock (150). 

3.6. Characterization of Immune Cell Infiltration  

The evaluation of relative abundance of immune cell types synovial tissue samples was done using 

CIBERSORT and LM22 signature matrix, which identifies 22 immune cell groups (151). We used 

CIBERSORT on the discovery dataset (GSE55235) with 1,000 permutations and only kept 

samples with p<0.05, suggesting reliable deconvolution. To prevent false positives resulting from 

excessive multiple tests, we concentrated our correlation analysis on four immune cell subsets with 

established roles in RA pathogenesis: neutrophils, macrophages,  dendritic cells (activated and 

resting), and NK cells.. Testing all 22 cell types against eight hub genes would have yielded 176 

correlations, the vast majority of which are physiologically meaningless. We computed Spearman 

correlation coefficients for hub gene expression levels and immune cell numbers in these groups. 

Correlations having |r|>0.45 and p<0.05 were displayed in a heatmap utilizing the corrplotR 

software. 

3.7. External Transcriptomics Validation  

3.7.1. Gene expression analysis    

The external validation cohort was selected and the independent dataset GSE55457 was utilized 

to confirm the expression values of hub genes. The study comprised 13 RA patients and 10 

controls, along with synovial samples (152). To minimize variations between different cohorts, 

appropriate data normalization and batch effect adjustment methods were applied. Differential 
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gene expression analysis was subsequently conducted using the limma package in the R 

programming environment, while multiple comparison corrections were carried out using the 

Benjamini–Hochberg procedure to maintain control over the false discovery rate (FDR) (153). The 

eight hub genes were chosen, and their expression was evaluated across the samples to determine 

their differential expression between RA and controls. Genes with adjusted p < 0.05 and 

comparable expression patterns to the discovery group were verified. Plots were created with 

ggplot2 and pheatmap. 

3.7.2. ROC curve analysis: 

For evaluation of diagnostic performance for primary targets, we conducted Receiver Operating 

Characteristic (ROC) curve assessment with independent dataset validation using GSE55457 and 

the pROC package in R (154). The expression levels of each hub gene were used as predictor 

variables, and disease status (rheumatoid arthritis vs control) being the binary outcome. Area under 

curve (AUC) having a confidence interval of 95% was determined over 2000 stratified 

bootstrapping rounds. An AUC value of more than 0.70 showed adequate diagnostic performance. 

3.8. ADMET Analysis 

The pharmacokinetics and toxicity of columbin were anticipated using multiple in silico ADMET 

prediction techniques. Physicochemical parameters were predicted using SwissADME, whereas 

permeability, metabolism, and toxicity endpoints were predicted with pkCSM (155,156). ProTox 

3.0  predicted additional toxicity indicators, including as hepatotoxicity, drug-induced liver 

damage (DILI), and carcinogenicity. 0 (157).  
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CHAPTER - 4 

RESULT AND DISCUSSION  

4.1. Columbin and Disease Targets Identification 

A total of 169 possible columbin targets were identified using SwissTargetPrediction, 

PharmMapper, TargetNet, and SuperPred. In parallel, 3,037 inflammation-related genes were 

discovered using GSE55235, DisGeNET, and GeneCards. Differential expression genes were 

analyzed using the GEO dataset, and significant up- and down-regulated genes were identified and 

shown using the volcano plot (fig. 2A).  

Venn diagram analysis revealed 107 genes at the intersection of columbin predicted targets (n=169) 

and inflammation-related genes (n=3,037), accounting for 63.3% of columbin targets with known 

inflammatory correlations (fig. 2B). These 107 genes underwent PPI network analysis. 

4.2. PPI Network and Hub Gene Identification 

Among the discovered genes, 90 (84.1%) were successfully mapped through STRING database, 

resulting in linked PPI network. The remaining 17 genes had no interactions at the chosen high-

confidence level (≥0.7) and were thus eliminated from further network analysis. Cytoscape 

displayed the PPI network (figs. 3A,3B), and the structure was investigated. The top regulatory 

genes in PPI network were identified using 4 methods from CytoHubba plugin to analyze their 

topological structure. CytoHubba identified eight core targets that rated in the top ten for all four 

centrality criteria (Degree, Betweenness, Closeness, and MCC). The following genes (ESR1, 

JAK2, PIK3R1, STAT3, HSP90AA1, JAK1, MAPK1, and PTPN11) were chosen for molecular 

docking and validation (Fig. 3B). 

4.3. Functional Enrichment Analysis 

DAVID functional enrichment study of overlapping genes revealed that the enhanced biological 

activities are mostly related to signal transmission, transcription, and cell proliferation. A Gene 

Ontology (GO) study identified 69 substantially enriched biological processes (FDR < 0.05) 

related to stimulus response and cell proliferation. The top keywords are "signal transduction" (n 

= 19 genes) and "positive regulation of transcription by RNA polymerase II" (n = 17 genes) (Figure 

4A). Analysis of cellular components (CC) revealed high enrichment in cytoplasm (47 genes) and 

cytosol (40 genes), consistent with role of targets in intracellular signaling pathways. Molecular 

function (MF) study found a high enrichment in protein binding (60 genes) and metal ion binding 

(34 genes). 
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KEGG pathway enrichment study recognized 57 highly enriched pathways (FDR < 5E-02), 

primarily associated with cancer processes and signal transduction. The most significantly 

enriched pathways were "Pathways in cancer" (n = 26 genes), "MicroRNAs in cancer" (n = 12 

genes), and "PI3K-Akt signalling pathway" (n = 12 genes) (Figure 4B). These findings 

demonstrate the importance of the identified targets in cancer control and key signal transduction 

pathways.

Fig. 2: --- Network building and gene identification. (A) A volcano map of DEGs from 

GSE55235. (B) Venn diagram depicting the overlapping targets of columbin and 

inflammation-associated genes. 
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Fig. 3: --- (A) PPI network with overlapping targets; (B) CytoHubba-identified hub gene 

network. 

 

 

Fig. 4: --- (A) GO enrichment analysis identifies BP, CC, and MF. (B) The KEGG pathway 

study reveals shared targets. 

4.4. Molecular Docking Analysis 

Columbin showed good binding for every targets, including auto-dock binding energies spanning 

-6.9 to -8.6 kcal/mol as well as Swiss Dock binding energy varying from -6.4 to -7.7 kcal/mol. 

Most effective targets are ESR1 (-8.6 kcal/mol), HSP90AA1 (-8.4 kcal/mol), and MAPK1 (-8.3 

kcal/mol) (Table 1). When compared to native ligands, it is clear that, although having somewhat 

lower binding energies, columbin persistently bound to the active binding site. A comprehensive 

investigation of columbin's interaction with targets revealed that it formed several hydrogen bonds 

having active site residues (fig. 5). Hydrogen bond interactions ranged from 1.87 to 3.42 Å. All 

docked complexes had RMSD values below 2 Å, indicating columbin's stable binding interactions. 
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Table 1 – Molecular docking results of columbin and native ligand with core targets 

 

Protein PDB 

IDs 

Autod

ock 

ΔG 

(kcal/

mol) 

SwissDo

ck ΔG 

(kcal/m

ol) 

Native 

Ligand 

Native 

ligand 

binding 

energy 

(kcal/mo

l) 

Residue 

involved in H 

bonding 

H-bond 

length (Å) 

RM

SD 

ESR1 1A52 

 

-8.615 -6.7564 EST -10.75 ARG394, 

LEU525, 

GLU353 

2.63, 3.09, 

2.92 

0.46

9 

JAK2 2B7A 

 

-7.306 -6.7427 IZA -11.11 ASP939, 

LYS857 

2.64, 2.22 0.89

3 

PIK3C

A-

PIK3R

1 

7PG6 

 

-7.892 -6.9448 1LT -10.02 TYR836, 

VAL851, 

ASP933, 

GLU849 

2.46, 1.94, 

2.25, 3.29 

1.65 

STAT3 6NJS 

 

-7.074 -7.663 KQV -7.221 ILE653, 

TYR640, 

GLU638, 

TYR657, 

VAL637 

1.87, 1.92, 

2.83, 2.63, 

2.79 

1.85

1 

HSP90

AA1 

3O0I  

 

-8.4 -7.2709 P54 -9.564 ASN51 2.25 1.77

4 

JAK1 3EY

G 

 

-6.957 -6.4467 MI1 -7.86 HIS885, 

ASN1008 

2.94, 3.42 0.40

2  

MAPK

1 

1WZ

Y 

 

-8.3 -7.6822 F29 -8.243 LYS54, 

GLU109,  

2.86, 1.96,  1.25 

PTPN1

1 

3B7O 

 

-8.072 -7.7772 MLT -4.814 GLU361, 

SER460, 

ALA461, 

ARG362  

3.01, 3.02, 

2.81, 3.35 

1.58

3 
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Fig. 5: ---3D visualization of the docked ligand with target protein, showing binding pocket 

interactions and ligand orientation obtained from molecular docking studies – A-ESR1, B-

JAK2, C-PIK3CA-PIK3R1, D- STAT3, E-HSP90AA1, F-JAK1, G-MAPK1 and H-PTPN11    

4.5. Immune cell infiltration analysis 

To further understand how hub genes influence immunological responses in rheumatoid arthritis, 

we looked at connections between gene expression and immune cell infiltration. Rather of 

evaluating all 22 cell types, which would result in more false positives, we concentrated on 

physiologically important populations known to cause RA pathology: neutrophils, macrophages, 

dendritic cells, and NK cells. Several hub genes were strongly associated with particular 

immunological populations (figure 6). MAPK1 substantially correlates with neutrophils (r=0.69, 

p<0.001), supporting its function in neutrophil activation and chemotaxis. JAK2 was also related 
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with neutrophils (r=0.49, p=0.03), which is consistent with JAK-STAT signaling in myeloid cell 

activity (fig. 6). 

HSP90AA1 has an unfavorable connection with neutrophils (r=−0.55, p=0.01), indicating that it 

may reduce rather than increase inflammatory responses. Resting NK cells revealed the largest 

negative correlations: PIK3R1 and PTPN11, presumably representing NK cell activation or 

redistribution during inflammation. STAT3, ESR1, and JAK1 exhibited lesser or non-significant 

associations with these cell types, indicating that their activities may be context-dependent or 

include other immune populations not studied here. These findings suggest that hub genes interact 

differentially with the immunological microenvironment: some promote neutrophil-induced 

inflammation (MAPK1, JAK2), while others may control innate immunity via NK cell pathways 

(PIK3R1, PTPN11).  

 

Fig. 6: --- CIBERSORT-based heatmap showing the relative proportions of immune cell 

infiltration across samples 

4.6. Bioinformatics Validation  

4.6.1. Gene Expression Analysis 

In the validation cohort (GSE55457, n=13 RA versus n=10 controls), two out of eight hub genes 

(JAK2 and HSP90AA1) were substantially differently expressed (adjusted p<0.05) (fig. 7A). 

Despite small fold variations (0.6 to 1.8-fold), hierarchical clustering using these 8 genes 

efficiently distinguished RA and control samples (fig. 7B), indicating that coordinated expression 

alterations across several genes contribute to disease pathophysiology. These findings indicate a 
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network-based mechanism in which columbin targets serve as regulatory nodes rather than 

severely dysregulated effectors. The diagnostic usefulness exhibited by ROC analysis despite 

minor expression variations shows that these genes display consistent directional changes that 

collectively differentiate disease states. 

 

Fig. 7: --- (A) Boxplot showing DEGs in the GEO dataset between disease and control 

samples. (B) Heatmap depicting expression patterns of DEGs between samples in the GEO 

dataset. 

4.7.2. ROC Curve Analysis 

ROC curve research found that 5 of 8 hub genes had an AUC greater than 0.70, indicating 

acceptable to exceptional discriminating capacity between RA and control samples (Fig. 8, Table 

2). The high AUC values achieved by JAK1, JAK2, and HSP90AA1 confirmed the potential for 

genes to further be used as diagnostic biomarkers to distinguish RA from controls, whereas ESR1, 

PTPN11, and MAPK1 have a poor predictive value among all core target genes, implying that its 

role in inflammation is more regulatory or context-dependent instead of consistently dysregulated 

in all RA patients. 

Table 2 --- AUC values from ROC analysis representing the diagnostic performance of core 

targets. 

Gene LogFC Average 

Expression 

t-

statistic 

P.Value Adjuste

d P-

value 

B-

statistic 

FoldChan

ge 

JAK2 0.8593 8.2601 5.0034 4.23E-05 0.0053 2.1921 1.8142 

JAK1 0.2468 11.8005 2.5915 1.61E-02 0.1073 -3.3007 1.1866 

MAPK1 0.0914 9.2762 0.6668 5.11E-01 0.7281 -6.0362 1.0654 

STAT3 -0.0804 11.8559 -0.6157 5.44E-01 0.7489 -6.0685 0.9458 

PTPN11 -0.1022 9.0631 -0.6190 5.42E-01 0.7474 -6.0665 0.9316 
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ESR1 -0.1028 6.5653 -0.7868 4.39E-01 0.6741 -5.9506 0.9312 

HSP90AA1 -0.4080 12.4630 -3.9637 5.86E-04 0.0186 -0.2642 0.7537 

PIK3R1 -0.7334 8.9157 -2.8821 8.24E-03 0.0744 -2.7002 0.6015 

 

Fig. 8: --- ROC curve depicting the diagnostic performance of key genes with corresponding 

AUC values.  
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4.7. ADMET Analysis 

Columbin has good pharmacokinetic features, including good intestinal absorption, permeability 

in the Caco-2 system (0.986), and great human intestine absorption (97.48%), indicating good oral 

bioavailability (table 3). The physicochemical properties showed moderate lipophilicity (LogP = 

2.13) and adequate solubility (LogS = -3.5), with no Lipinski rule violations, indicating its drug-

likeness. According to metabolism projections, columbin is a CYP3A4 substrate but does not 

inhibit key CYP isoforms (CYP3A4, 2D6, 2C9, 1A2), indicating a limited possibility for drug-

drug interactions. ADMET projected no carcinogenic potential (AMES negative), low hERG 

inhibition risk (IC50 > 10 μM expected), and low skin sensitization likelihood (0.12). However, 

worrisome toxicity signals were indicated, including a high DILI likelihood (0.85) and 

carcinogenicity potential (0.62), which require experimental confirmation (Table 3). 

The ADMET analysis of columbin (fig. 9) demonstrates that the molecule has high GI absorption 

because it is within the white area in the BOILED-Egg plot, suggesting good intestinal 

permeability. But columbin does not appear in the yolk region, indicating that it is not likely to 

cross BBB. Bioavailability radar enhances acceptable drug-likeness qualities in the optimal 

physicochemical space. 

 

Fig. 9: ((A) The BOILED-Egg model analysis illustrates the predicted intestinal uptake and 

potential ability of columbin to penetrate the BBB, determined using WLOGP and 

topological polar surface area (TPSA) parameters. In the plot, columbin is represented by a 

blue marker. (B) The bioavailability radar profile of columbin highlights its physicochemical 
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and pharmacokinetic characteristics associated with drug-likeness, such as molecular size, 

lipid affinity, polarity, aqueous solubility, structural flexibility, and degree of saturation. 

Table 3: --- ADMET properties of columbin predicted using in silico tools 

Pharmacokineti

c Class 

Property 

Evaluated 

Observed 

Outcome 

Drug Profile 

Class 

Property 

Evaluated 

Observe

d 

Outcome 

Absorption Gastrointestina

l Uptake 

High 

absorptio

n 

predicted 

Drug-

Likeness 

Lipinski’s Rule 

Assessment 

No rule 

violations 

detected 

 
Caco-2 Cell 

Permeability 

(log Papp, 10⁻⁶ 

cm/s) 

0.986 
 

Molecular 

Mass (Da) 

358.39 

 
Predicted 

Human 

Intestinal 

Absorption (%) 

97.485 
 

Partition 

Coefficient 

(Log P) 

2.13 

 
P-glycoprotein 

(P-gp) 

Substrate 

Status 

Non-

substrate 

 
Hydrogen 

Bond Donors 

1 

 
P-glycoprotein 

(P-gp) 

Inhibitory 

Activity 

No 

inhibitory 

effect 

 
Hydrogen 

Bond 

Acceptors 

6 

 
Aqueous 

Solubility (log 

S) 

−3.48 
 

Topological 

Polar Surface 

Area (TPSA, 

Å²) 

85.97 

Distribution Blood–Brain 

Barrier 

Penetration 

(log BB) 

−0.284 
 

Number of 

Rotatable 

Bonds 

1 

 
Volume of 

Distribution 

(log L/kg) 

0.137 
 

Predicted 

Bioavailability 

Score 

0.55 
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Fraction of 

Unbound 

Compound 

(Fu) 

0.205 
 

Synthetic 

Accessibility 

Index 

5.37 

Metabolism CYP3A4 

Metabolic 

Substrate 

Yes Toxicologica

l Profile 

AMES 

Mutagenicity 

Test 

Negative 

 
CYP3A4 

Inhibitory 

Potential 

Not 

detected 

 
Hepatotoxic 

Potential 

Positive 

 
CYP2D6 

Inhibition 

No 

inhibitory 

activity 

 
hERG Channel 

Inhibition 

Absent 

 
CYP2C9 

Inhibition 

Negative 
 

Median Lethal 

Dose (LD₅₀, 

mg/kg) 

2.946 

 
CYP1A2 

Inhibition 

Negative 
 

Skin 

Sensitization 

Risk 

Not 

predicted 

Excretion Total Body 

Clearance (log 

ml/min/kg) 

0.79 
 

Drug-Induced 

Liver Injury 

(DILI) Score 

0.85 

 
Renal OCT2 

Transporter 

Substrate 

Yes 
 

Carcinogenicit

y Probability 

0.62 
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CHAPTER - 6 

CONCLUSION AND FUTURE PERSPECTIVE 

      Columbin's multi-targeted anti-inflammatory mechanism was explained in detail utilizing a 

comprehensive computational framework that included network pharmacology, molecular 

docking, transcriptome validation, interactions between proteins, and immune infiltration 

profiling, and ADMET prediction. Using target prediction, disease-associated gene sets, and 

transcriptomics data, the researchers identified numerous physiologically relevant hub targets 

implicated in chronic inflammatory signaling. The findings show that, despite columbin's low 

molecular weight and structurally simple phytochemical architecture, it has a high binding 

affinity for several inflammatory proteins, implying its potential as a multi-target therapeutic 

scaffold capable of modulating interconnected inflammatory pathways rather than a single 

molecular mechanism. 

      The identified hub genes, including ESR1, JAK1, JAK2, MAPK1, STAT3, HSP90AA1, 

PIK3R1 and PTPN11, were shown to be involved in important inflammatory signalling 

pathways, all of them having crucial effect on development and maintenance of chronic 

inflammatory disorders. Interactions were validated by molecular docking analysis and 

showed favourable binding energies, interaction profiles, and docking protocol validation by 

co-crystal ligand redocking, further supporting the stability and specificity of these 

interactions. Moreover, several of the targets identified were shown to be relevant to 

rheumatoid arthritis using independent disease datasets of transcripts, suggesting their 

diagnostic relevance. Immune infiltration analysis also found critical associations between 

gene expression of hub genes specifically neutrophils and macrophages, further supporting the 

immunomodulatory potential of the predicted targets. Additionally, the study emphasises the 

significance and advancement of network pharmacology methods in modern phytochemical 

drug discovery. The current paradigm is different from the previous paradigm of single target-

based drug discovery in that it emphasizes complexity of inflammatory diseases and the 

importance of understanding process crosstalk and target interconnectivity, in addition to 

multi-level control of biological processes. This computational workflow set up in this 

investigation can hence be used as a powerful and repeatable tool for network-based screening 

and mechanistic characterization of other therapeutic potential bioactive natural products. 

While the results strongly indicate anti-inflammatory effects for columbin, there are a number 
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of caveats and future directions that should be explored. Experimental validation of the 

predicted targets and pathways using biochemical binding assays, gene expression and cell-

based inflammatory models should be explored in the future. Structure-activity relationship 

(SAR) studies and rational analogue design should also be considered to maximize the binding 

potency, binding selectivity and pharmacokinetic behaviour while minimizing the predicted 

hepatotoxicity found during ADMET evaluation. Additionally, molecular dynamic simulations 

and free-energy calculations may provide greater insight into steadiness and conformational 

behaviour of protein-ligand complexes under physiological settings. Finally, in vivo 

preclinical research of columbin as prospective of multi target as well as anti-inflammatory 

candidate will be required in relevant inflammatory disease models to assess its therapeutic 

potential, safety profile, and translatability. 
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