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Abstract 

Nephrolithiasis, commonly known as kidney stone disease, is a prevalent health condition 

affecting approximately 13% of the global population. The disease poses significant clinical 

challenges due to its high recurrence rate, leading to severe health complications and imposing 

a substantial burden on healthcare systems worldwide. Conventional treatment strategies, 

including increased fluid intake, dietary modifications, citrate supplementation, and surgical 

interventions such as extracorporeal shock wave lithotripsy (ESWL) and ureteroscopy, have 

shown limited success in reducing recurrence rates. This necessitates the exploration of 

alternative therapeutic strategies that can effectively target the underlying mechanisms of 

nephrolithiasis pathogenesis. Recent research suggests that epigenetic modifications play a 

crucial role in disease progression by influencing gene expression associated with oxidative 

stress, inflammation, and crystal formation. In this study, an integrated in-silico, in-vitro, and 

in-vivo approach was employed to identify potential natural epigenetic modifiers that can 

mitigate nephrolithiasis. 

To systematically identify natural compounds with anti-nephrolithiatic potential, a 

comprehensive literature-based screening was conducted. This initial screening identified six 

key phytochemicals known for their epigenetic regulatory properties and potential protective 

effects against nephrolithiasis. Structural similarity searching expanded this selection to 67 

related compounds. These compounds underwent a rigorous screening process, including 

Lipinski’s rule of five for drug-likeness assessment, ADME (absorption, distribution, 

metabolism, and excretion) analysis for pharmacokinetic evaluation, and toxicity profiling to 

ensure safety. The Swiss Target Prediction and GeneCards databases were utilized to identify 

nephrolithiasis-associated molecular targets. Network pharmacology analysis revealed 191 

common targets between the shortlisted phytochemicals and nephrolithiasis-related genes. Key 

regulatory genes were determined using Cytoscape’s Cytohubba plugin and subsequently 

analyzed for biological significance through Gene Ontology (GO) and Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathway analysis. Molecular docking studies were performed to 

evaluate the binding affinities of the phytochemicals to disease-associated proteins, with a 

specific focus on epigenetic regulators such as sirtuins (SIRTs), histone deacetylases (HDACs), 

and DNA methyltransferases (DNMTs). 

Among the shortlisted phytochemicals, 4-Vinylguaiacol, anethole, isoeugenol, nadolol, and 

silibinin demonstrated the most promising potential in modulating nephrolithiasis-associated 
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pathways. GO analysis indicated enrichment in biological processes related to oxidative stress 

response, inflammation modulation, and cellular homeostasis. Cellular component analysis 

suggested that these phytochemicals primarily localized within the nuclear lumen and 

nucleoplasm, reinforcing their role in epigenetic modulation. Molecular function analysis 

revealed their interaction with key enzymatic regulators, suggesting their potential to influence 

crystal formation, oxidative damage, and renal injury. KEGG pathway analysis further 

confirmed associations with signalling pathways involved in oxidative stress, apoptosis, and 

metabolic regulation, highlighting their therapeutic potential. 

Beyond their impact on crystal formation, the antioxidant potential of these phytochemicals 

was evaluated using DPPH, ABTS, and FRAP assays, all of which demonstrated significant 

free radical scavenging activity. Cellular assays conducted on renal epithelial cells revealed 

that these phytochemicals conferred notable protective effects against oxidative stress-induced 

injury. Treated cells exhibited enhanced enzymatic antioxidant responses, with a marked 

reduction in reactive oxygen species (ROS) levels and lipid peroxidation. Notably, silibinin 

exhibited superior anti-crystallization effects by effectively inhibiting nucleation and 

aggregation, while Anethole demonstrated the highest oxalate depletion efficiency, surpassing 

the efficacy of conventional potassium citrate treatment. 

Molecular docking studies provided further mechanistic insights, particularly regarding the 

interaction between the phytochemicals and epigenetic regulators. Among the evaluated 

targets, SIRT1 exhibited strong binding interactions with multiple phytochemicals, including 

anethole, isoeugenol, and silibinin. Detailed interaction analysis revealed significant binding 

at key residues such as GLU230, ASN226, and PHE273. To validate these interactions, 

molecular dynamics simulations were performed using the GROMACS software suite. 

Trajectory analysis employing the molecular mechanics Poisson–Boltzmann surface area 

(MM/PBSA) approach confirmed the stability of these interactions over a 100-nanosecond 

simulation period. Binding free energy calculations ranged from -12 to -16 kcal/mol, indicating 

a high affinity and stability of the phytochemical-protein complexes. Root-mean-square 

deviation (RMSD) and radius of gyration (Rg) analyses suggested that these interactions 

remained stable within a range of 0.2 to 1.1 nm, reinforcing the hypothesis that these natural 

compounds exert regulatory effects on epigenetic pathways involved in nephrolithiasis. 

To translate these findings into a physiological context, in-vivo studies were conducted using 

an ethylene glycol (EG)-induced nephrolithiasis rat model. Histopathological examination of 
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kidney tissues from treated rats revealed that Silibinin administration significantly mitigated 

oxidative damage and calcium oxalate deposition. Biochemical analyses demonstrated 

improved renal function in treated animals, as evidenced by increased glomerular filtration rate 

(GFR) and reduced serum creatinine and blood urea nitrogen (BUN) levels. Antioxidant 

enzyme assays showed a marked increase in superoxide dismutase (SOD), catalase (CAT), and 

glutathione peroxidase (GPx) activity, alongside a significant reduction in malondialdehyde 

(MDA) levels, a key marker of lipid peroxidation. Immunohistochemical staining confirmed a 

substantial reduction in the expression of inflammatory markers and apoptosis-related proteins 

in treated kidney tissues, further supporting the protective role of these phytochemicals in 

mitigating nephrolithiasis-associated renal injury. 

The kinetic effects of various phytochemicals on calcium oxalate monohydrate (COM) 

crystallization were also investigated, focusing on nucleation kinetics, surface energy, and 

critical nucleus formation. Induction time analysis at different supersaturation ratios (SRs), 

with and without phytochemical additives, revealed that all phytochemicals, along with 

potassium citrate, increased induction time, indicating a delayed nucleation process and 

inhibition of detectable crystal nuclei formation. UV-vis absorbance analysis further validated 

this trend. 

Induction time data were utilised to determine surface energy and critical nucleus size using 

classical nucleation theory. The presence of phytochemicals generally reduced surface energy 

compared to the control, except for silibinin, which exhibited increased surface energy. X-ray 

diffraction (XRD) analysis confirmed that all formed crystals were primarily COM, with 

structural variations affecting surface energy. Gibbs free energy calculations demonstrated that 

Silibinin and Anethole significantly increased the free energy barrier (ΔGcr) for nucleus 

formation, suggesting their inhibitory effects on nucleation. 

Fourier-transform infrared spectroscopy (FTIR) analysis identified characteristic COM peaks, 

confirming that phytochemicals did not alter fundamental molecular structures. Zeta potential 

measurements indicated enhanced system stability with reduced particle aggregation at higher 

SRs, with Silibinin exhibiting the most significant impact on stabilizing particle dispersion. 

Field emission scanning electron microscopy (FESEM) revealed that COM crystals formed in 

the absence of additives were more aggregated than those formed in the presence of 

phytochemicals. The presence of citrate and phytochemicals modulated calcium oxalate 

crystallization by interacting with calcium ions, altering crystal morphology. 
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This study represents a comprehensive investigation into the potential of natural epigenetic 

modifiers for nephrolithiasis treatment. By integrating computational, biochemical, and 

physiological methodologies, we identified and validated phytochemicals with promising anti-

nephrolithiatic properties that exert their effects through oxidative stress reduction, crystal 

growth inhibition, and epigenetic modulation. The findings highlight the therapeutic potential 

of silibinin, anethole, and isoeugenol while providing a framework for further research into 

plant-derived epigenetic modulators. Future studies should focus on translating these findings 

into clinical applications through rigorous human trials and exploring additional interactions 

with epigenetic regulators such as non-coding RNAs and histone modifications. This study 

paves the way for developing novel, plant-based therapeutics targeting the epigenetic landscape 

of nephrolithiasis, offering an effective alternative to conventional treatment options with 

minimal adverse effects. 
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Graphical abstract 

 

Multi-level screening of phytochemicals against nephrolithiasis 

Summary of graphical abstract 

Widespread kidney stones (nephrolithiasis) are on the rise across the globe due to dietary and 

lifestyle changes. Many surgical/ invasive procedures are available to treat them, but they come 

with other side effects like excessive blood loss, haematuria and pain, to name a few. To 

address this, we screened out natural modifiers that come from plant sources and can target the 

epigenetics of this disease. For this, we initially created a library containing a large number of 

molecules retrieved from similarity searching. This library was then screened for molecules 

having drug-likeness and good pharmacokinetic properties with the least toxicity. These filters 

gave us five molecules, namely 4-Vinylguaiacol, anethole, isoeugenol, nadolol, and silibinin, 

which were used for molecular docking. Among these five molecules, Anethole, Isoeugenol 

and Silibinin were chosen for molecular dynamics based on binding energy. These three 

molecules were subsequently used for in-vitro assays containing crystallization assays, crystal-
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kinetics, and enzymatic and non-enzymatic assays. Lastly, based on the in-vitro results, 

silibinin was chosen for our in-vivo studies. It was found that indeed silibinin has calculi-

dissolving properties, which paves the pathway for future clinical trials. 
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CHAPTER 1 

INTRODUCTION 

Nearly 13% of the world’s population and 10% of North America’s population and 12% of the 

Indian population are affected by nephrolithiasis, a figure expected to rise in the coming 

decades, further increasing the global healthcare burden (Sorokin et al., 2017; Haley et al., 

2017; Hill et al., 2022; Singh et al., 2023).  Most kidney stones (approximately 80%) are 

composed of calcium, primarily calcium oxalate (Yu et al., 2021). The rest include 10% 

struvite, 9% uric acid, and 1% cysteine (Evan, 2010; Petrović et al., 2021). The aetiology of 

kidney stones involves a complex interplay of dietary, genetic, and epigenetic factors 

(Shadman et al., 2017; Barghouthy et al., 2021). Kidney stones can impair renal function, cause 

hydronephrosis, and inflame renal tubular cells, ultimately leading to chronic kidney disease 

and significantly diminishing the quality of life (Sigurjonsdottir et al., 2015; Raja et al., 2020). 

Several factors contribute to the development of kidney stones, including geography, ethnicity, 

gender, and genetics. Conditions like hypertension, diabetes, and gout also raise the risk. In 

developed countries, high protein and salt intake contribute to stones, while in developing 

nations, malnutrition and limited water access are issues (Geraghty et al., 2023; Stamatelou 

and Goldfarb, 2023). Kidney stones are linked to other health problems, such as bone fractures 

and chronic kidney disease, and can contribute to cardiovascular diseases and metabolic 

syndrome (Taylor et al., 2016; Rule et al., 2010; Rule et al., 2009; Ferraro et al., 2013). 

We always nucleate calcium oxalate crystals in the kidney because of the saturation of urine 

from calcium and oxalate, but it doesn’t get noticed because the size of these crystals is <2µm. 

Since the kidney filters approximately 180 liters of blood/day, leading to the production of 1-

2 liters of urine, calcium oxalate crystals need to grow more than 2µm in less than 10 minutes, 

which is tough to achieve normally. But when this happens, a single crystal grows to form 

stone via the Ostwald ripening mechanism. This stone is too large to pass through nephrons 

without affecting epithelial cells (Abdel-Aal EA et al., 2009; Daosukho, 2007).  

Supersaturated solutions have molecular aggregations due to which crystallization takes place 

and when it achieves the size of the critical radius, the formation of nuclei takes place. This 

entire process is called nucleation. Nucleation is measured by induction time which is the time 

frame between the achievement of supersaturated solution and the appearance of first nuclei 

(Ilevbare et al., 2012), which later forms macroscopic crystals and is referred to as crystal 

growth. The crystallization of a molecule aids in better drug delivery formulation that could 
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either target nucleation or crystal growth or both (Chavan et al., 2016; Oucherif et al., 2013). 

Many techniques are available to study nucleation and crystal growth such as measuring 

turbidity, conductivity, focused beam reflectance measurement, bulk video imaging, etc. 

(Simon et al., 2009), but in this paper, we have used UV-visible spectroscopy as mentioned by 

Rathi et al., 2020, this technique minimises the lag time, quick and easy to measure induction 

time. Also, we used deionized water as the solution because simulated gastric fluid or buffer 

solution gives inconsistent results and also overestimates the supersaturation stability 

(Bevernage et al., 2010; Bevernage et al., 2013). 

During normal cellular metabolism, hydrogen peroxide (H₂O₂)—like other reactive oxygen 

species (ROS)—is produced at low levels. However, excessive accumulation leads to cellular 

and extracellular matrix damage. Due to its small size and unequal charge distribution, H₂O₂ 

easily enters cells and interacts with metal ions (such as iron and copper), generating highly 

reactive radicals. These radicals damage cellular lipids, proteins, and nucleic acids, 

contributing to the pathogenesis of various diseases, including connective tissue disorders, 

cancer, and skin aging (Valko et al., 2007; Barja, 2004; Aruoma, 1998; Galicka et al., 2014). 

Thus, effective treatment strategies are needed to counteract ROS-related damage. When 

dissolved minerals start getting deposited in the kidney, it forms kidney stones which mainly 

get excreted through the urethra. Treatment of kidney stones was $2.1 billion in the year 2000 

and is expected to double in the United States by the year 2030 (Antonelli et al., 2014). Risk 

factors of nephrolithiasis include diabetes, dyslipidemia, hypertension, obesity, and metabolic 

syndrome (Taylor et al., 2005; Johri et al., 2010; Kohjimoto et al., 2013). High levels of oxalate 

lead to increased oxidative damage, which is a key factor in kidney stone formation. The 

process involves several stages: crystal initiation, growth, aggregation, and eventual trapping 

in kidney tissues and tubules. This begins when there is an imbalance between substances 

(crystal inhibitors and crystal initiators already present in urine) that inhibit and promote crystal 

formation (Khan, 2013; Moe, 2006; Zhai et al., 2013).  

While surgical treatments like percutaneous nephrolithotomy (PCNL) and lithotripsy can be 

effective, they often come with complications, such as kidney damage, high stone recurrence 

rates, reduced kidney function, and high costs (Butterweck and Khan, 2009). Despite 

advancements in minimally invasive technologies, stone recurrence remains a significant 

challenge, with rates as high as 50% after the first surgery (Spivacow et al., 2016; Chmiel et 

al., 2023). The global prevalence of kidney stones (KS) has risen significantly in recent years, 

creating substantial challenges for healthcare systems and impacting patient well-being (Scales 
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et al., 2012; Sorokin et al., 2017). This growing burden is further intensified by the recurrent 

nature of KS, increasing the demand for effective preventive strategies (Khan et al., 2016; 

Peerapen & Thongboonkerd, 2023). Additionally, the rising prevalence of metabolic disorders, 

such as obesity and diabetes, has further contributed to the increasing incidence of kidney 

stones, making it a significant global metabolic health concern (Kittanamongkolchai et al., 

2018; Wong et al., 2016; Moftakhar et al., 2022). 

Preventive and treatment strategies for kidney stones include increasing fluid intake, using 

thiazide diuretics, potassium citrate, and allopurinol, depending on the type and size of the 

stones (Mayans, 2019). Increasing health consciousness has led to higher consumption of fruits, 

vegetables, and supplements to address nutritional deficiencies (D'Angelo et al., 2019). There 

is also growing interest in dietary and herbal remedies (Kizivat et al., 2017). Polyphenols have 

demonstrated potential anti-stone effects in lab studies, suggesting they could be useful in 

treating kidney stones (Yasir et al., 2018; Dinnimath et al., 2017). Dietary factors play a crucial 

role in the development of kidney stones. Low water intake, reduced consumption of dairy 

products and tea, and high intake of salt, oxalate-rich foods, and processed foods have been 

associated with an increased risk of nephrolithiasis (Bhattacharya et al., 2022; Dahl et al., 

2022). Other dietary contributors include excessive consumption of cakes, soft drinks, and 

biscuits, along with insufficient intake of nuts, seeds, vegetables, coffee, and alcoholic 

beverages, particularly wine (Ahmed et al., 2023; Siener, 2021). Moreover, there is rise in 

global surface temperature of earth due to climate change, which also increased the risk of 

kidney stone formation (Maline et al., 2024). In contrast to modern dietary patterns, traditional 

herbal medicine has long been recognized for its potential in preventing and treating 

nephrolithiasis. Diets rich in fruits, vegetables, and spices, as well as the use of herbal remedies, 

have shown promise in reducing kidney stone formation (Vanitha & Vyshnavi, 2020; 

Nirumand et al., 2018; Yadav et al., 2021). Recently, computational tools have gained 

prominence for their effective approach in designing and discovering new medicines for 

various diseases. Among these methods, molecular docking stands out as a cost-effective and 

time-saving approach with significant biological and pharmacological potential (Rampogu et 

al., 2018; Berg EL, 2014). Complementary techniques, such as pharmacophore modelling and 

network pharmacology, are often used in conjunction with molecular docking. However, 

conventional molecular docking typically targets only a single protein at a time. Plant-derived 

drugs leveraging in silico methods have shown promise against diseases such as COVID-19 

(Souid et al., 2022; Devi et al., 2021), microbial infections (Nischitha et al., 2022), diabetes 
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(Noor et al., 2022), and cancer (Opo et al., 2021). Phytochemicals derived from these natural 

sources exhibit strong antioxidant and anti-inflammatory properties, drawing attention from 

pharmaceutical and biotechnological communities for their therapeutic potential. Notably, 

catechin, diosmin, epigallocatechin-3-gallate, quercetin, rutin, and resveratrol have 

demonstrated anti-calculi activity. These phytochemicals were chosen based on a literature 

survey we did to find the most potent phytochemicals at the time of performing this experiment.   

Due to the limited treatment available to treat nephrolithiasis in most of the world, herbal 

medicine holds great interest as an alternative therapy (Khan et al., 2021; Kasote et al., 2017), 

since it limits stone recurrence with lesser side effects (Zeng et al., 2019) and less cost (Gilani, 

2005). Recent research has highlighted the role of SIRT1 (Sirtuin 1), an NAD+-dependent 

histone deacetylase, in regulating oxidative stress and inflammation, both key factors in kidney 

stone formation. SIRT1 helps mitigate renal fibrosis and cellular injury by upregulating 

antioxidant pathways and deacetylating key proteins involved in apoptosis (Chang & Guarente, 

2014; Ren et al., 2017; Zhang et al., 2017; Liu et al., 2018; Giannakou & Partridge, 2004). Its 

ability to regulate oxidative stress and inhibit cell injury (Ye et al., 2021) makes it a promising 

therapeutic target for nephrolithiasis. 

 

  



5 
 

CHAPTER 2  

REVIEW OF LITERATURE 

2.1 Epidemiology of Nephrolithiasis  

Nephrolithiasis, or the formation of stones in the urinary system, is an escalating global health 

concern. It includes kidney stones (nephrolithiasis) and stones located elsewhere in the urinary 

tract (urolithiasis). The incidence has risen sharply across Asia, with reports indicating 

increases from 4.0% to 6.4% in China, 4.3% to 9.0% in Japan, 3.5% to 11.5% in South Korea, 

1.4% to 16.9% in Thailand, and a prevalence of approximately 12% in India (Sorokin et al., 

2017; Gamage et al., 2020; Liu et al., 2018; Singh et al., 2023). 

In India alone, kidney stone disease affects nearly 2 million individuals annually, with the 

northwestern regions showing the highest prevalence. Based on reported incidence, the country 

has been divided into two major "stone belt" zones. The first belt spans North India, extending 

from Jammu & Kashmir through Punjab, Haryana, and Delhi to Uttar Pradesh. The second belt 

begins in Gujarat and ends in Jabalpur, Madhya Pradesh (Lohiya et al., 2017; Kakkar and 

Kakkar, 2021). 

Several factors contribute to this region-specific growing burden, including environmental 

exposures, dietary habits, and genetic predisposition. High ambient temperatures, inadequate 

hydration, dependence on mineral-rich groundwater, and frequent consumption of oxalate- and 

calcium-rich foods, particularly those that are spicy or heavily processed, are key contributors 

to stone formation. These region-specific risk factors should be carefully considered when 

developing preventive and therapeutic strategies for managing urolithiasis in the Indian 

population (López and Hoppe, 2010; Sequira et al., 2023). While many cases remain 

asymptomatic, complications such as severe pain, recurrent infections, urinary obstruction, and 

renal impairment have become increasingly common. Alarmingly, more than 50% of patients 

experience a recurrence within five years, leading to a higher risk of chronic kidney disease 

(CKD), metabolic bone disease (MBD), and end-stage renal disease (ESRD) if left untreated 

(Khan et al., 2016). KS formation is a major cause of morbidity leading to chronic renal disease 

and, in some cases, loss of kidney function too (Alexander et al., 2012; El-Zoghby ZM et al., 

2012). This metabolic disease is common in both developed and developing nations. The 

occurrence of KS varies with gender and race (Curhan, 2007). KS is more common in men 

than in women (Romero et al., 2010), and over 2-3% of stone formation also takes place in 
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children (Schwarz and Dwyer, 2006). In men, the peak age of KS formation is 30 years, while 

in women it is 35 and 55 years (Parmar, 2004). 

2.2 Pathophysiology and Risk Factors 

The management of kidney stones largely depends on their size, composition, and location. 

Stones smaller than 5 mm often pass spontaneously with minimal complications, while larger 

stones (≥10 mm) typically require intervention (Nephrolithiasis, 2016). Complex cases, such 

as staghorn calculi and anomalous kidney stones, present significant surgical challenges and 

frequently necessitate a combination of treatment modalities. According to the European 

Association of Urology (EAU) and American Urological Association (AUA) guidelines, 

surgical removal is recommended for symptomatic stones larger than 15 mm or in cases of 

urinary obstruction, recurrent infections, haematuria, or severe pain (Türk et al., 2011; Assimos 

et al., 2016). However, the optimal treatment strategy depends on multiple factors, including 

the stone’s characteristics, the patient's health status, and available surgical expertise. 

Given the high recurrence rates and potential complications associated with kidney stones, 

researchers continue to explore more effective and minimally invasive treatment options. 

Conventional methods such as extracorporeal shock wave lithotripsy (ESWL), ureteroscopy 

(URSL), and percutaneous nephrolithotomy (PCNL) have been refined with technological 

advancements, improving stone-free rates (SFR) and reducing postoperative complications. 

Additionally, emerging techniques like high-frequency laser lithotripsy (dusting, pop-dusting), 

miniaturized PCNL (mini-PCNL, microperc, super-mini PCNL), and combination approaches 

(ECIRS, hybrid laser techniques) have demonstrated promising outcomes in recent studies 

(Worcester et al., 2003; Sepe et al., 2006).  

2.3 Classification of Kidney Stones 

Among the various types of kidney stones, calcium oxalate (CaOx) stones account for 70–80% 

of cases, followed by uric acid, struvite, and cystine stones (Asplin, 2002). The formation of 

kidney stones is a complex and multifactorial process influenced by metabolic, dietary, genetic, 

and environmental factors. Increasing evidence suggests that nephrolithiasis is not just a 

localized urinary disorder but may be a systemic condition with underlying pathophysiological 

mechanisms resembling vascular calcification and bone mineralization (Worcester et al., 2003; 

Jungers et al., 2004). Hydroxyapatite deposits, commonly found in both atherosclerotic plaques 

and Randall’s plaques, play a critical role in stone formation. Randall’s plaques, composed 
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primarily of calcium phosphate (CaP), are located in the subepithelial regions of renal papillae 

and serve as a nucleation site for calcium oxalate crystallization (Gao et al., 2007; Icer & 

Gezmen-Karadag, 2018; Gao et al., 2010; Sepe et al., 2006). Several proteins, including matrix 

Gla protein (MGP) and osteopontin, have been identified as key regulators of these 

calcifications, making them potential therapeutic targets in stone prevention (Icer & Gezmen-

Karadag, 2018; Gao et al., 2010). 

Kidney stones can be classified based on their chemical composition and size, both of which 

are crucial in determining the most effective treatment approach. 

2.3.1 Classification Based on Composition 

KS is majorly composed of either calcium oxalate (CaOx) or calcium phosphate (CaP) in 

addition to magnesium ammonium phosphate (struvite) or uric acid stones (Sakhaee et al., 

2012), and rare cases involve L-cystine, ammonium urate, or drug-induced xenostones (Poloni 

et al., 2016; Coe et al., 2005). These high variations of stone compositions among the affected 

population result in the need for personalized therapeutic management, which comprises a 

combination of dietary regulation, use of supplements/drugs, or surgical procedures to remove 

KS (Moe, 2005). The use of any therapeutic strategy is also based on the location, where the 

stone is actually located. This also helps in therapeutic preparation and extent upto which a 

surgery is required. 

The chemical composition of kidney stones varies depending on metabolic factors, dietary 

habits, genetic predisposition, and underlying medical conditions. The four major types 

include: 

• Calcium Oxalate Stones are the most prevalent type, accounting for the majority of 

kidney stone cases. These stones form due to high oxalate intake, low urine volume, 

and metabolic imbalances. Factors such as dehydration, high sodium consumption, and 

excessive intake of oxalate-rich foods (e.g., spinach, nuts, and chocolate) contribute to 

their formation (Sowers et al., 1998). 

• Uric Acid Stones: These stones develop when urine becomes excessively acidic, 

leading to the crystallization of uric acid. Individuals with gout, metabolic syndrome, 

diabetes, or a high-protein diet are at greater risk. Unlike calcium-based stones, uric 

acid stones are often radiolucent and may be dissolved using alkalization therapy 

(Wiederkehr & Moe, 2011). 
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• Struvite Stones: Also known as infection stones, these are composed of magnesium 

ammonium phosphate and typically form in response to chronic urinary tract infections 

(UTIs) caused by urease-producing bacteria. These stones can grow rapidly and form 

staghorn calculi, which may require surgical removal due to their size and complexity 

(Stroup & Auge, 2010). 

• Cystine Stones: Cystine stones are a rarer form of kidney stones resulting from a 

genetic disorder called cystinuria, which leads to excessive excretion of cystine in the 

urine. These stones tend to recur frequently and are often resistant to standard 

treatments, necessitating long-term medical management and hydration therapy to 

prevent formation (Edvardsson et al., 2013). 

2.3.2 Classification Based on Size and Treatment Approach 

The size of a kidney stone significantly impacts its likelihood of spontaneous passage and 

dictates the appropriate treatment method (Vijayakumar et al., 2018): 

• Small Stones (<5 mm): These stones are typically small enough to pass through the 

urinary tract without intervention. Patients are often advised to increase fluid intake and 

may be prescribed pain relievers or alpha-blockers to facilitate passage. 

• Medium Stones (5–10 mm): Stones of this size may not always pass naturally and may 

require medical intervention. Treatments such as extracorporeal shock wave lithotripsy 

(ESWL) or medication-assisted stone expulsion (using citrate or alkalization therapy) 

may be recommended. 

• Large Stones (>10 mm): Larger stones usually require surgical removal, as they pose 

a higher risk of urinary obstruction, infections, and kidney damage. Common surgical 

interventions include ureteroscopy with laser lithotripsy (URSL), percutaneous 

nephrolithotomy (PCNL), and, in complex cases, a combination of procedures. 

Classifying kidney stones based on composition and size is essential for determining the most 

effective treatment strategy. While small stones may pass naturally, larger or more complex 

stones often require intervention to prevent complications and improve patient outcomes. 

2.4 Treatment Modalities for Urolithiasis 

Multiple factors, including the stone's size, location, composition, and clinical symptoms, 

determine the management of urolithiasis. While small stones (<5 mm) often pass 
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spontaneously with adequate hydration and medical support, larger stones (>10 mm) or those 

causing complications such as pain, infection, or urinary obstruction typically require 

intervention. The treatment choice aims to maximize stone clearance, prevent recurrence, and 

minimize complications, hospitalization time, and invasiveness (Gottlieb et al., 2018). 

Endourology and laser technology advancements have significantly improved the effectiveness 

of minimally invasive approaches, reducing the need for open surgeries. Treatment modalities 

are broadly categorized into non-invasive and minimally invasive techniques. Non-invasive 

treatments, such as extracorporeal shock wave lithotripsy (ESWL), are preferred for smaller 

stones likely to pass naturally (McClinton et al., 2020). Minimally invasive procedures, 

including ureteroscopy with laser lithotripsy (URSL/RIRS) and percutaneous nephrolithotomy 

(PCNL), are good options for larger, more complex stones or those resistant to ESWL. In some 

cases, hybrid and combination therapies improve stone-free rates (SFR) and reduce 

complications (Sani et al., 2025). 

Each treatment method has its indications, benefits, and limitations, and the decision is often 

made based on patient-specific factors such as anatomical variations, kidney function, stone 

burden, and associated comorbidities. 

2.5 Common Renal Anomalies Affecting Stone Management 

Common renal anomalies affecting stone management include: 

• Horseshoe Kidney: In this condition, the two kidneys are fused at the lower poles, 

altering their normal orientation and making percutaneous access more challenging. 

Modified PCNL access techniques and fluoroscopic guidance are often required (Abed 

et al., 2012). 

• Ectopic Kidney: When the kidney is located outside its normal position, such as in the 

pelvis, standard PCNL or ureteroscopy may not be feasible. In such cases, laparoscopic 

or robotic-assisted stone removal may be necessary (Goel et al., 2006). 

• Malrotated Kidney: Due to abnormal rotation, the pelvicalyceal system is misaligned, 

making retrograde ureteroscopy and standard PCNL difficult. These cases require 

customized percutaneous access planning based on preoperative imaging (Binbay et al., 

2011). 
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For patients with renal anomalies, robotic-assisted PCNL and ureteroscopy are emerging as 

promising minimally invasive alternatives, offering better precision, improved instrument 

control, and reduced complication rates. 

2.6 Minimally Invasive Endourological Procedures 

Minimally invasive endourological procedures provide more effective and targeted treatment 

options for kidney stones that are too large (>10 mm), too dense, or resistant to ESWL. These 

approaches allow for direct visualisation, fragmentation, and removal of stones while 

minimising trauma to surrounding kidney and ureteral tissues. Over the past two decades, 

advancements in endoscopic technology, laser lithotripsy, and miniaturised surgical 

instruments have significantly improved stone-free rates (SFR), reduced complications, and 

accelerated patient recovery (He et al., 2024). 

Unlike extracorporeal shock wave lithotripsy (ESWL), which relies on externally generated 

shock waves to fragment stones, endourological procedures involve directly inserting an 

endoscope into the urinary tract to access the stone. This ensures higher precision, real-time 

visualisation, and improved stone clearance, especially for stones that are dense, impacted, or 

located in difficult anatomical positions (Malinaric et al., 2023). This method is most effective 

for stones smaller than 20 mm. It is particularly recommended for those in the renal pelvis or 

upper ureter, where gravity and urine flow assist in stone clearance (Figure 2.1). 

The two primary minimally invasive procedures for stone treatment are ureteroscopic 

lithotripsy (URSL) and retrograde intrarenal surgery (RIRS). Both utilise laser lithotripsy to 

break down stones into smaller fragments that can either be removed or naturally passed in the 

urine (Jain et al., 2021). 
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Figure 2.1: Extracorporeal shock wave lithotripsy (ESWL) [Supine position] 

2.7 Key Differences Between URSL and RIRS 

• URSL (Ureteroscopic Lithotripsy) is primarily used for ureteral stones and involves 

the use of a semi-rigid ureteroscope, which provides better stability and control during 

the procedure. This approach is especially effective for stones lodged in the distal, mid, 

or proximal ureter (El-Abd et al., 2022). 

• RIRS (Retrograde Intrarenal Surgery) is used to treat kidney stones and requires a 

flexible ureteroscope designed to navigate the intricate structure of the renal collecting 

system. This flexibility allows access to challenging locations, such as the lower calyx, 

where stones may be difficult to reach with conventional rigid instruments (Gauhar et 

al., 2023). 

Once the stone is located, a fiber-optic laser probe is passed through the working channel of 

the ureteroscope to perform laser lithotripsy (Alexander et al., 2015). The most commonly used 

laser technology is the Holmium:YAG laser, which emits pulsed energy selectively absorbed 
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by water molecules and biological tissues, ensuring precise stone fragmentation with minimal 

damage to surrounding structures (Lambert et al., 2011). 

2.8 Limitations & Complications of Current Treatments 

Despite significant advancements in kidney stone treatment, each modality comes with 

inherent limitations and potential complications that can impact treatment success and patient 

recovery. The choice of intervention depends on various factors, including stone size, location, 

composition, and the patient's overall health. However, even the most effective treatments are 

not without risks. The three most widely used techniques—extracorporeal shock wave 

lithotripsy (ESWL), percutaneous nephrolithotomy (PCNL), and laser lithotripsy (used in 

ureteroscopic lithotripsy (URSL) and retrograde intrarenal surgery (RIRS))—each have 

specific drawbacks that must be carefully considered. The selection of the appropriate 

treatment requires a balanced approach, considering both efficacy and potential adverse effects 

(Kim et al., 2020; Sani et al., 2025). 

Extracorporeal shock wave lithotripsy (ESWL) remains a preferred non-invasive option for 

small-to-moderate kidney stones. However, its success largely depends on stone composition, 

size, and location. Hard stones, such as cystine and calcium oxalate monohydrate, tend to resist 

fragmentation, often necessitating multiple sessions or alternative treatments (Skolarikos et al., 

2006). Additionally, ESWL is less effective for lower calyx stones due to gravitational 

challenges that hinder fragment clearance. Another major limitation of ESWL is its 

unpredictability in fragmenting stones into passable sizes, often resulting in the accumulation 

of stone debris in the urine. 

Nephrolithiasis results in severe pain on the sides of the abdomen, resulting in the presence of 

blood in the urine. Often the terminologies for kidney stones like cystinuria, hypercalciuria, 

hyperuricosuria, hypocitraturia or oxaluria are unanimously used but they all possess different 

meanings. Hence to clarify these common terminologies related to KS they are summarized in 

Table 2.1.  

Table 2.1 Common terminology used by nephrologists 

Medical terms Meaning  Causes  Occurrence  

Cystinuria Cysteine rich urine Mutation in SLC3A1 and 

SLC7A9 

1-2 % adults & 

6-8% children 
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Hypercalciuria Calcium rich urine Excess vitamin D intake, 

sarcoidosis, Cushing’s 

syndrome, glucocorticoid 

use, cancer, 

hyperthyroidism, Paget’s 

disease, or renal tubular 

acidosis 

5-10 % 

Hyperuricosuria  Excessive amounts of 

uric acid in the urine 

(800mg/day in men 

and 750mg/day in 

women) 

Excessive dietary intake of 

purine-rich foods 

 

Hypocitraturia  Less than 320 mg/day 

urinary citrate 

excretion 

Distal renal tubular 

acidosis (type 1), bowel 

dysfunction, hypokalemia, 

and a high-protein, low-

alkali diet. 

20% - 60% of 

stone former 

Primary hyper-

oxaluria type 1, 2 

and 3 

Accumulation of 

oxalate along with 

calcium in kidney and 

bladder 

Mutation in AGXT, 

GRHPR and HOGA1 

respectively 

Rare  

Renal tubular 

acidosis (Type 1- 

distal) 

Unable to excrete acid 

into urine leading to 

highly acidic blood or 

impaired renal 

hydrogen ion 

excretion  

Autoimmune disease 

Sjögren syndrome or 

Rheumatoid arthritis, 

Nephrocalcinosis, Kidney 

transplantation, Chronic 

obstructive uropathy drugs 

(mainly amphotericin B, 

ifosfamide, and lithium), 

Cirrhosis, Sickle cell 

anemia, medullary sponge 

kidney 

Rare  

Renal tubular 

acidosis (Type 2- 

proximal) 

Impaired bicarbonate 

resorption 

Fanconi syndrome, Light 

chain nephropathy due to 

multiple myeloma, drugs 

(mainly acetazolamide, 

sulfonamides, ifosfamide, 

outdated tetracycline, or 

streptozocin) 

Very rare 



14 
 

Renal tubular 

acidosis (Type 3) 

Combination of type 

1 and type 2 

-- Very rare 

Renal tubular 

acidosis (Type 4- 

generalized) 

Abnormal 

aldosterone 

production or 

response  

diabetic nephropathy, 

HIV/AIDS, amyloidosis, 

Addison's disease, urinary 

tract obstruction, sickle cell 

disease, lupus, removal or 

destruction of both adrenal 

glands, and kidney 

transplant rejection. 

Most common 

among renal 

tubular acidosis 

 

2.9 Role of Randall’s Plaques in Stone Formation 

The formation of kidney stones is driven by intricate processes, including the accumulation of 

immune cells, collagen fibers, and interstitial cells, all of which are influenced by calcification 

triggered by inflammation and oxidative stress (Peerapen and Thongboonkerd, 2023). Crystal-

cell adhesion can lead to mitochondrial dysfunction, oxidative stress activation, and apoptosis. 

Altered adhesion in renal tubular epithelial cells contributes to phenotypic changes in 

nephrocalcinosis. Osteopontin (OPN), matrix GLA protein (MGP), and the CLDN14 gene play 

key roles in kidney stone formation by influencing calcification and epithelial permeability 

(Lai et al., 2022). In the interstitial pathway, calcium phosphate (CaP) crystals initially deposit 

along the basement membrane of Henle’s loop, eventually forming inflammatory plaques. 

These plaques can subsequently erode into the urinary collecting system, facilitating CaOx 

crystallisation (Tamborino et al., 2024; Ushimoto et al., 2023). This progression underscores 

the impact of inflammation and oxidative stress on kidney stone formation and related renal 

dysfunction (Sun et al., 2020; Liu et al., 2019; Knauf et al., 2013). 

Oxidative stress plays a key role in kidney stone formation, and antioxidants may help in 

prevention and treatment. Studies suggest that vitamin E, N-acetylcysteine, and green tea can 

reduce crystal buildup, support kidney function, and enhance antioxidant enzyme activity, 

making them potential therapeutic options for urolithiasis (Huang et al.,2006; Thamilselvan 

and Menon, 2005). Jeong et al. reported that green tea supplementation enhanced the activity 

of antioxidant enzymes (SOD, CAT, GSH), which helped reduce crystal deposition (Jeong et 

al., 2006). 

2.10 Role of Reactive Oxygen Species (ROS) in Cellular Function 
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The term ROS refers to free radicals (atoms and molecules with unpaired electrons) as well as 

their metabolites. It includes free radicals and their byproducts, such as superoxide anion, nitric 

oxide, hydroxyl radical, and hydrogen peroxide (Khan, 2013). Under normal conditions, 

enzymes regulate ROS levels, allowing them to participate in cellular signaling and regulatory 

functions. Antioxidants like superoxide dismutase (SOD), catalase (CAT), and glutathione 

(GSH) help neutralize excess ROS (Sies et al., 2022; Roy et al., 2023). However, excessive 

ROS production and reduced antioxidant capacity can lead to oxidative stress (OS), 

contributing to inflammation and cellular damage (Manea, 2010; Ray et al., 2012). 

Oxalate-driven reactive oxygen species (ROS) contribute to calcium oxalate (CaOx) kidney 

stone formation by impairing monocyte and macrophage function. Exposure to oxalate triggers 

oxidative stress, disrupts mitochondrial activity, and lowers IL-10 levels, weakening immune 

defenses and facilitating crystal formation. Treatment with MitoQ and IL-10 helps counteract 

these effects, highlighting ROS as a potential target for preventing CaOx stones (Kumar et al., 

2023). 

Inhibitors of crystallization such as citrate, magnesium, uromoduline, pyrophosphate and 

promoters of crystallization such as oxalate, calcium, phosphate, urate, cysteine in the urine 

urine, exceeding supersaturation with consecutive aggregation, nucleation, and stone growth 

at Randall’s plaque leads to the formation of kidney stone (Halbritter, 2021). Other than 

abnormal metabolism of minerals inflammation, oxidative stress and irregular crystallization 

inhibition also allows deposition of CaP in the interstitial tissue of the renal papilla or renal 

tubules or vessels (Taylor and Stoller, 2015). With the aggregation and calcification of plaques, 

oxidative and inflammatory reactions subsequently promote the further formation of stones 

(Khan, 2014). 

2.11 Oxidative Stress and Inflammation Formation 

Crystal-cell adhesion generates reactive oxygen species, which in turn secretes massive 

inflammatory cytokines and inflammatory cascade in renal tubular epithelial cells, which gets 

activated, resulting in intrarenal inflammation and injury to renal tubular epithelial cells 

(RTECs) (Narula et al., 2016). It is also reported that Nod-like receptor protein 3 (NLRP3) 

inflammasome facilitates this renal inflammation (Mulay et al., 2012). This cytoplasmic 

protein complex (NLRP3 inflammasome) activates caspase-1, causing the maturation of 

interleukin (IL)-1β and IL-18 and then induces pyroptosis which is a proinflammatory form of 

cell death (He et al., 2016), which also leads to kidney disease progression. 
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Class of small (18–25 nt in length) endogenous noncoding RNAs also called as microRNAs 

(miRNAs) controls gene expression at the posttranscriptional level (Lan et al., 2017). Some of 

them has been identified to have differential expression profiles in CaOx crystal-induced renal 

tubular epithelial cells by renal tubular epithelial cells (Wang et al., 2014). Epithelioid 

morphology of RTECs is supported by miR-141-3p, which also represses renal interstitial 

fibrosis (Zhang et al., 2020). One study reported that overexpression of miR-141-3p alleviated 

CaOx crystal-induced renal tubular epithelial cells injury by affecting NLRP3-mediated 

pyroptosis, (Gan et al., 2022). When RTECs were exposed to CaOx in invitro (HK-2) cell lines, 

this induces apoptosis by increasing the altered gene expression via the p38 mitogen-activated 

protein kinase pathway (Alelign and Petros, 2018) . CaOx also induces oxidative stress by 

increasing the contents of LDH and MDA but reducing the content of SOD, thus leading to 

RTEC injury in HK-2 cells (Khan, 2013; Gan et al., 2022) .To Another study reported that 

elevated oxalate levels in HK-2 cells leads to increased transcriptional activation of IL-2R beta 

mRNA, which drives to IL-2R beta protein levels at high levels, resulting into the cellular 

changes like induction of inflammation (Koul et al., 2014). 

Sirt3 plays a crucial role in reducing reactive oxygen species (ROS) and maintaining 

mitochondrial function, which is essential in preventing oxidative damage and inflammation 

in kidney stone formation (Xi et al., 2019). Oxalate disrupts mitochondrial function in 

monocytes, leading to oxidative stress and inflammatory responses (Patel et al., 2018). 

Overexpression of Sirt3 activates the NRF2/HO-1 signaling pathway, reducing apoptosis and 

calcium oxalate (CaOx) crystal adhesion to renal tubular cells (Xi et al., 2019; Xu et al., 2023). 

These findings highlight the significance of targeting mitochondrial dysfunction to mitigate 

inflammation and kidney stone development. SIRT1 represses the NOTCH signaling pathway 

and promotes macrophage polarization towards the M2 phenotype, thereby reducing CaOx 

crystal deposition, apoptosis, and kidney damage (Song et al., 2023). It also protects the kidney 

against crystal formation and associated inflammation by inhibiting TLR4 signaling and 

limiting M1 macrophage polarization. This suppression reduces oxidative injury (ROS) and 

mitochondrial damage in tubular epithelial cells under both in-vitro and in-vivo conditions 

(Duan et al., 2023). Similarly, FKBP5 deficiency has been shown to attenuate calcium oxalate 

stone formation by inhibiting NF-κB signaling, thereby reducing cell–crystal adhesion, 

apoptosis, and pro-inflammatory M1 macrophage polarization (Song et al., 2023).. 

Furthermore, SIRT1 expression was found to be downregulated in nephrolithiasis patients, 
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animal models, and cell cultures (Ye et al., 2021), highlighting its potential as a promising 

therapeutic target for nephrolithiasis. A possible mechanism is shown in Figure 2.2. 

 

Figure 2.2: Proposed mechanism of regulation of SIRT1 in nephrolithiasis 

Kidney stone formation occurs primarily via two distinct mechanisms: the intratubular pathway 

and the interstitial (Randall’s plaque) pathway. The intratubular pathway involves 

supersaturation of urine, followed by nucleation, growth, and aggregation of crystals within 

renal tubules. These crystals adhere to the renal tubular epithelial cells, causing cellular injury 

and triggering downstream pathological responses such as oxidative stress and apoptosis. This 

epithelial damage leads to altered expression of key adhesion molecules, including cadherin 4 

(CDH4), which facilitates stronger binding of crystals to the tubular surface and contributes to 

local inflammation and tissue remodeling (Taguchi et al., 2015; Thongboonkerd, 2019). 

Additionally, crystal-cell adhesion has been linked to mitochondrial dysfunction, enhanced 

reactive oxygen species (ROS) production, and the progression of nephrocalcinosis, during 

which epithelial cells may undergo phenotypic changes. Important regulators such as 

osteopontin (OPN) and matrix Gla protein (MGP) have been implicated in modulating crystal 

adhesion and inflammation. Moreover, the CLDN14 gene, which controls paracellular ion 

permeability through epithelial tight junctions, has been significantly associated with increased 

susceptibility to nephrolithiasis (Lai et al., 2022). 
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In the interstitial pathway, stone formation is initiated by the deposition of calcium phosphate 

(CaP) crystals, particularly hydroxyapatite, at the basement membrane of Henle’s loop. Over 

time, this leads to the development of inflammatory plaques, which can penetrate the urinary 

collecting system and act as niduses for calcium oxalate (CaOx) crystal deposition when 

exposed to urine (Tamborino et al., 2024; Ushimoto et al., 2023). The formation and 

progression of these plaques are closely linked to chronic inflammation and oxidative stress, 

both of which contribute to renal damage and functional decline (Sun et al., 2020). 

A thorough understanding of these molecular and cellular mechanisms is essential for the 

identification of novel therapeutic targets aimed at interrupting early events in crystal adhesion, 

oxidative injury, and inflammatory responses, thereby improving treatment strategies for 

kidney stone disease. 

2.12 Types of Antioxidants and Their Protective Effects 

2.12.1 Endogenous Antioxidants 

Reactive oxygen species (ROS) formed by calcium oxalate deposition can be prevented or 

reduced by endogenous antioxidants such as superoxide dismutase (SOD), CAT, and 

glutathione peroxidase (GSH-Px) (Khan, 2005; Ozturk et al., 2019). 

Superoxide Dismutase (SOD): Superoxide dismutase (SOD) plays a vital role in preventing 

kidney stone formation by counteracting reactive oxygen species (ROS) and minimizing 

oxidative stress. A decline in SOD function can elevate ROS levels, triggering calcium oxalate 

monohydrate (COM)-related oxidative damage and inflammation, which facilitate stone 

development. Tsujihata et al. reported that atorvastatin (ATO) boosts SOD function, presenting 

a potential strategy for kidney stone prevention (Kang et al., 2020; Tsujihata et al., 2008; 

Tsujihata et al., 2011). Furthermore, ursolic acid (UA), a pentacyclic triterpene known for its 

anti-inflammatory effects has been found to restore Nrf2/HO-1 protein and SOD activity, 

helping to alleviate oxidative injury and inflammation linked to stone formation (Liu, 1995; Jia 

et al., 2021). 

Glutathione (GSH): Song and group studied ferroptosis induced by oxalate in HK-2 cells and 

found that significant reduction in glutathione (GSH) levels and increased malondialdehyde 

(MDA) in oxalate-treated cells indicate that oxalate disrupts GSH metabolism, leading to 

oxidative stress and lipid peroxidation (Song et al., 2021). Since GSH, catalyzed by GPX4, 

plays a key role in detoxifying lipid peroxides, its depletion may contribute to oxidative damage 
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and ferroptosis (Lu et al., 2018). This disruption in redox balance can promote renal tubular 

injury and inflammation, creating a favorable environment for calcium oxalate crystal 

formation and kidney stone development. Therefore, maintaining GSH homeostasis may be 

crucial in preventing oxalate-induced oxidative stress and kidney stone formation (Lu et al., 

2018; Song et al., 2021). 

2.12.2 Dietary and Exogenous Antioxidants 

Vitamin C: Vitamin C acts as a powerful antioxidant, but excessive intake can raise oxalate 

levels, increasing the risk of calcium oxalate kidney stones (Ferraro et al., 2016; Knight et al., 

2016). Formation of kidney stone is inversely related to vitamin c intake (Liu et al., 2023). 

While the FDA recommends 90 mg daily for adults, higher doses, such as 162.8 mg, may help 

lower serum uric acid (Bae et al., 2014). Balanced intake is essential to gain benefits while 

minimizing kidney stone risk. 

Vitamin E: Vitamin E helps prevent kidney stones by reducing crystal-induced renal damage 

through its antioxidant and anti-inflammatory effects. It improves urinary biochemistry and 

regulates crystal-inhibiting proteins. When combined with polyacrylic acid, it enhances stone 

prevention by inhibiting both crystal aggregation and renal injury, making it a potential therapy 

for nephrolithiasis and reducing stone recurrence (Sridharan et al., 2022). 

Catechins: Catechin plays a crucial role in kidney stone prevention by enhancing 

mitochondrial function, lowering oxidative stress, and suppressing apoptosis-related gene 

activity. Research also indicates its effectiveness in restoring antioxidant defenses and 

inhibiting crystal formation in vivo. Furthermore, catechin reduces melamine-induced crystal 

accumulation by modulating oxidative stress, apoptosis, and key signaling pathways, 

highlighting its potential as a therapeutic agent against kidney stones (Zhai et al., 2013). 

Apigenin: Azimi et al. reported that apigenin strongly reduces crystal deposition in urolithiatic 

rats by inhibiting the TGF-β pathway while exhibiting significant antioxidant properties (Azimi 

et al., 2021). Similarly, researchers found that vitexin, an apigenin 8-C-glucoside, prevents 

pyroptosis, blocks the epithelial–mesenchymal transition in renal tubular epithelial cells, and 

limits macrophage infiltration, effectively reducing crystal accumulation and oxidative stress-

induced kidney injury (Ding et al., 2021). 

Quercetin: Quercetin plays a significant role in nephrolithiasis prevention through its 

antioxidant and protective effects on renal cells. Park et al. identified quercetin’s ability to 
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inhibit lipid peroxidation while enhancing superoxide dismutase (SOD) and catalase (CAT) 

activity, helping to mitigate oxidative stress in urolithiasis (Park et al., 2008). Additionally, 

Guzel et al. demonstrated that quercetin may suppress oxidative damage by inhibiting the p38-

MAPK pathway (Guzel et al., 2021). Another protective mechanism involves quercetin’s 

ability to reinforce the epithelial barrier, reducing the reabsorption of sodium, calcium, and 

water, which in turn decreases the likelihood of kidney stone formation (Gamero-Estevez et 

al., 2019). 

A derivative of quercetin, hyperoside (quercetin 3-O-galactoside), has also shown protective 

effects against oxalate-induced oxidative stress in HK-2 cells by activating the Nrf2/HO-

1/NQO1 pathway (86). Zhu et al. further explored the combined effects of quercetin and 

hyperoside in urolithiatic rats and found a significant reduction in crystal deposition (87). 

Furthermore, Yuan et al. investigated the androgen receptor (AR)/NOX2 pathway, revealing 

that kaempferol, a compound structurally related to quercetin, alleviated calcium oxalate 

(CaOx) crystal-induced oxidative stress and crystal accumulation by suppressing AR/NOX2 

signaling. This study also showed a dose-dependent decrease in renal CaOx crystal deposition 

with increasing kaempferol concentration (Chen et al., 2018). 

These findings highlight quercetin and its derivatives as potential therapeutic agents for 

preventing kidney stone formation by reducing oxidative stress, maintaining epithelial 

integrity, and modulating key signaling pathways involved in nephrolithiasis. 

Epigallocatechin gallate (EGCG): a key compound in green tea, has shown potential in 

protecting against nephrolithiasis by reducing oxidative stress and preventing crystal 

attachment to kidney cells. Jeong et al. observed that EGCG lowers reactive oxygen species 

(ROS) production in NRK-52E cells exposed to oxalate, thereby minimizing oxidative damage 

(Jeong et al., 2006). Kanlaya et al. further demonstrated that EGCG decreases the expression 

of alpha-enolase, a protein that facilitates calcium oxalate (CaOx) crystal adhesion to renal 

tubular cells. This reduction leads to a decline in crystal binding and subsequent deposition 

(Kanlaya et al., 2016). Additionally, EGCG helps preserve the structural integrity of renal 

tubular cells by preventing microvillar damage induced by calcium oxalate monohydrate 

(COM) crystals. This protective effect is achieved by suppressing oxidized protein expression, 

which is associated with cellular damage in kidney stone formation (Fong‐ngern et al., 2017). 
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These studies highlight EGCG's role in nephrolithiasis prevention by alleviating oxidative 

stress, limiting crystal adherence, and safeguarding kidney cells, suggesting its potential as a 

therapeutic agent for kidney stone management. 

Resveratrol: a polyphenolic stilbene with strong antioxidant properties, plays a protective role 

in nephrolithiasis by reducing oxidative stress, inflammation, and crystal deposition. Hong et 

al. found that resveratrol downregulates NADPH oxidase subunits, MCP-1, OPN, TGF-β1, 

TGFR-I/II, and hyaluronan in oxalate-treated renal epithelial cells, preventing stone formation 

(Hong et al., 2013). Oksay et al. suggested its involvement in the p38-MAPK and NF-κB 

pathways in rat models (Oksay et al., 2017). Additionally, Wu et al. demonstrated that 

resveratrol enhances TFEB expression in NRK-52E cells, promoting autophagy and further 

reducing oxidative stress and crystal accumulation (Wu et al., 2021). These findings suggest 

resveratrol as a promising therapeutic agent for kidney stone prevention. 

Vitamin D: It regulates calcium absorption and excretion, impacting kidney stone formation. 

Both excessive and insufficient intake can increase the risk, with its active form, 1,25-

dihydroxyvitamin D, strongly linked to stone development. Personalized medical guidance is 

essential to balance supplementation and prevent kidney stones (Zhang et al., 2024). 

Diosmin: Diosmin, a natural bioflavonoid commonly found in citrus fruits, plays a protective 

role against nephrolithiasis by regulating calcium oxalate (CaOx) crystal formation and 

deposition. Research indicates that diosmin helps prevent CaOx accumulation in the kidneys 

of ethylene glycol-induced nephrolithiatic rats while also reducing degenerative alterations in 

the renal cortex and medulla (Noorafshan et al., 2013). Furthermore, in vitro studies suggest 

that diosmin exhibits a dual modulatory effect during crystallization, increasing the number 

and mass of CaOx crystals while simultaneously decreasing their size and growth. 

Additionally, diosmin enhances CaOx self-aggregation and extracellular matrix invasion but 

suppresses CaOx–cell interactions, emphasizing its potential in kidney stone prevention 

(Khamchun et al., 2021). 

Rutin: Rutin and curcumin help prevent calcium oxalate urolithiasis, likely by reducing urinary 

levels of stone-forming components while also exhibiting anti-inflammatory and antioxidant 

properties (Ghodasara et al., 2010). The surface area is increased by rutin-based nanorods 

through the transformation of calcium oxalate from its monohydrated to dihydrate form. 

Osteopontin expression in MDCK cells is regulated, proinflammatory signaling in human 
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leukemia monocytic macrophages is suppressed, and cell viability is restored (Saha and 

Mishra, 2022). All the properties of these phytochemicals are summarized in Table 2.2 

Table 2.2. Cellular and animal evidence on phytochemicals used for inhibition and 

management of KS 

Photoche

mical 

In 

Vitro/In 

Vivo 

Model Result Reference  

 

 

Catechin 

In vivo Ethylene glycol (EG) 

induced 

nephrolithiasis 

in rat 

(i) OPN, 

(d) MDA, 8-OhdG 

(d)Renal calcium crystallization 

Wang et al., 

2023 

In vivo co-exposure to 

melamine (MEL) and 

cyanuric acid (CYA) 

in rats 

(d) crystal deposition and 

pathological damage 

Wang et al., 

2023 

Diosmin 

In vivo EG-induced 

nephrolithiasis in rat 

(d) Capillary hyper-

permeability 

(d) Degeneration of glomeruli 

and tubules, 

Restoring the diameter of the 

capillaries and vessels in the 

cortex 

Noorafshan 

et al., 2013 

In vitro Calcium oxalate 

monohydrate 

(COM)-induced in 

MDCK 

(d) crystal cell adhesion 

induces crystal internalization  

Khamchun 

et al., 2021 

In vitro COM-induced 

Madin–Darby 

canine kidney 

(MDCK) cells 

(d) α-enolase protein expression 

(d) crystal-binding capability 

 

Kanlaya et 

al., 2024 

 

 

Epigalloc

atechin-

3-gallate 

In vitro COM-induced 

Madin–Darby 

(d) HSP90 surface expression 

(d) crystal aggregation and 

crystal-cell adhesion  

Kanlaya et 

al., 2024 

In vivo Oxalate-induced 

renal stone in rats 

(d) Excretion of urinary oxalate 

(d) Activities of urinary 

gammaglutamyl transpeptidase 

and N-acetylglucosaminidase 

Cupisti et 

al., 2023 

In vivo Sodium oxalate + 

gentamicin  

(d) urinary stone formation 

(i) antioxidative action 

Li et al., 

2024 
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Quercetin 

In vivo EG-induced 

nephrolithiasis in rat 

(d) Urinary crystal deposit 

formation 

(i) urine volume  

Nagula et 

al., 2023 

In vivo EG-induced 

nephrolithiasis in rat 

(d) Oxidative damage 

(i) Serum paraoxonase 1 

(PON1) 

Amengual-

Cladera et 

al., 2011 

In vivo EG-induced 

nephrolithiasis 

in rat 

Prevention of stone formation 

Inhibition of calcium oxalate 

urolithiasis 

Ghodasara 

et al., 2010 

In vivo EG-induced 

nephrolithiasis 

in rat 

(d) Malondialdehyde levels 

(d)  p38 MAPK expression 

Guzel et al., 

2021 

Rutin In silico Docking against 

glycolate oxidase and 

lactate 

dehydrogenase 

High binding affinity towards 

the target proteins 

Mohamed et 

al., 2024 

In-vitro COM-induced 

Madin–Darby canine 

kidney (MDCK) 

cells 

restored cell viability 

(d) oxidative stress 

Saha and 

Mishra, 

2022  

In vivo EG-induced 

nephrolithiasis 

in rat 

(d) calcifications and (i) tissue 

viability  

Saha and 

Mishra, 

2022  

 

 

Resveratr

ol 

In vitro COM-induced 

Madin–Darby canine 

kidney (MDCK) 

cells 

(d) crystal cell adhesion 

induces crystal internalization 

(d) crystal growth 

Peerapen et 

al., 2024 

In vivo glyoxylic acid 

monohydrate-

induced rats 

(d) CaOx crystal deposition 

(d) oxidative stress  

Wu et al., 

2021 

In vitro Oxalate induced in 

NRK-52E 

(d) cell damage  

(d) oxidant species 

overexpression 

Wu et al., 

2021 

Here (i) demonstrates increasing trend; (d) demonstrates decreasing trend. 

Kidney stone formation is a complex process influenced by oxidative stress, inflammation, and 

metabolic imbalances. Various antioxidants, including endogenous enzymes (SOD, CAT, 

GSH) and dietary compounds (vitamins C, E, quercetin, resveratrol, EGCG), play crucial roles 

in reducing oxidative damage and preventing crystal accumulation. Targeting mitochondrial 

dysfunction and inflammatory pathways may offer promising therapeutic strategies. A 
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balanced intake of antioxidants, along with personalized medical approaches, can help mitigate 

the risk and recurrence of kidney stones.  

2.13 Other contributing factors of nephrolithiasis 

Despite advancements in KS treatment, its high prevalence and recurrence remain major health 

and socioeconomic concerns (Shoag et al., 2015). Contributing factors include obesity, with 

studies indicating a correlation between KS incidence and BMI (Body Mass Index) and waist 

circumference, particularly in women (Taylor et al., 2005). Hypertension is another associated 

factor, especially in women (Gillen et al., 2005). Both environmental and genetic factors play 

crucial roles in KS development. Although monogenic diseases such as cystinuria, Dent’s 

disease, and primary hyperoxaluria contribute to stone formation, the role of inheritance in 

idiopathic stone formation remains unclear (Coe et al., 2005). KS also exhibits a familial 

tendency, with environmental factors influencing disease expression (Goldfarb et al., 2005). 

Dehydration due to inadequate fluid intake is the most common environmental risk factor, 

along with dietary factors such as excessive sodium and animal protein consumption (Sayer, 

2017). In some cases, KS can result from insoluble drugs or their metabolites, leading to 

iatrogenic stones (Tattevin et al., 2013). The prevalence of KS is rising in many Asian countries 

(Liu et al., 2018), further emphasizing the need for novel therapeutic strategies (Morgan and 

Pearle, 2016). Current KS management includes increased fluid intake and pharmaceutical 

interventions to dissolve stones, though these treatments have limitations (Assadi and 

Moghtaderi, 2017).  

2.14 Significance of Epigenetics in the Aetiology of Stones 

Recent research highlights the significance of gene expression modifications in disease 

mechanisms. Epigenetics, which refers to heritable changes in gene expression without altering 

DNA sequences, plays a vital role in gene regulation and disease development. Factors 

influencing epigenetic modifications include environmental influences such as lifestyle, diet, 

and social status (Moore, 2017). Epigenetic mechanisms significantly impact phenotypic 

outcomes, cellular maintenance, and disease progression, including cancer (Bonini and Berger, 

2017). Epigenetics also serves as a link between various biological domains across different 

time scales (Nicoglou and Merlin, 2017). Bioinformatics approaches, such as identifying high-

density CpG islands, enable the measurement of epigenetic changes (Bakulski & Fallin, 2014). 

Over the past decade, phytochemicals have garnered attention as effective, safe, and low-cost 

bioactive compounds for various treatments targeting their epigenetic modification potential as 
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shown in Table 2.3. Dietary polyphenols, derived from plants, are the most abundant 

antioxidants in human diets, with over 8,000 structural variants found in fruits and vegetables 

(Han et al., 2007). 

Table 2.3: Phytochemicals possessing epigenetic modifying potential   

Phytochemi

cal  

Model 

organism 

Effectiveness  Epigenetic targets Reference  

 

 

Resveratrol 

Toxoplasma 

gondii 

(d) H3 and H4K16 

acetylation 

(i) H2A.X phosphorylation  

alteres transcription 

levels, induces DNA 

damage,   

Contreras et 

al., 2021 

MDA-MB-

231 and BT-

549-Luc 

TNBC cells 

(i) histone acetylation of 

CDH1 and CDKN1A 

represses the metastatic 

capacity via up-

regulation 

of CDH1 and CDKN1A  

Sakamoto et 

al., 2023 

 

 

Catechin 

Nalm6 cell 

line  

(d) DNA 

methyltransferases 

(DNMT1 and DNMT3B) 

Induces apoptosis via 

epigenetic mechanisms 

Afgar et al., 

2024 

HT29 cell 

line 

DNA methylation 

of SRXN1 promoter region 

Protecting cells against 

reductive stress 

Jakubek et 

al., 2023 

Epigallocat

echin 

-3-gallate 

(EGCG) 

Staphylococ

cus aureus 

Alters orfx-mediated 

ribosomal methylation 

Antimicrobial treatment 

and drug resistance 

Zeferino et 

al., 2022 

FaDu and 

SCC-1 cells 

(d) DNA methylation 

(d) DNMT activity 

reactivate epigenetically 

silenced tumor 

suppressors  

Agarwal et 

al., 2023 

Chondrocyt

e cell 

C28/I2. 

RAGE (receptor of 

advanced glycation end 

products) promoter 

hypermethylation 

Protective effects on 

chondrocytes against 

Osteoarthritis 

Wu et al., 

2023 

 

 

Rutin 

Db/db mice (d) HDAC1  

(d) PI3K / AKT/ mTOR 

phosphorylation 

Restores autophagy by 

HDAC1 inhibition 

Dong et al., 

2023 

Sprague–

Dawley rats 

(i) PI3K, p-AKT, and p-

GSK-3β phosphorylation 

Neuroprotective effect 

against brain damage 

Thabet et 

al., 2018 
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Here (i) demonstrates increasing trend; (d) demonstrates decreasing trend. 

Given the importance of epigenetics in gene regulation, this study aims to identify natural 

molecules targeting epigenetic pathways against nephrolithiasis. In-silico studies offer a cost-

effective and efficient method to screen large numbers of molecules against specific targets, 

reducing the time and resources required for laboratory and clinical trials. Structural similarity 

searching helps detect remote homology and predict compound functionality based on known 

molecules. Molecular dynamics simulations aid in identifying significant amino acid stability 

changes (Lu et al., 2016), while molecular docking studies have become a crucial tool in drug 

discovery due to their rapid results, low costs, and the availability of free tools (Morris et al., 

1998). Our objective is to perform in-silico structural similarity searches to identify potential 

epigenetic modifiers for KS, followed by in-vitro and in-vivo validation of their efficacy. 

2.15 Stone Types and Pathogenesis 

KS formation occurs in four major steps: 

1. Crystal Nucleation – The initial stage of the crystallization process is characterized by the 

formation of distinct crystal nuclei. This phenomenon of aggregation is considered 

homogeneous when occurring within the bulk of the solution and heterogeneous when 

taking place on extremely small solid particles, such as amorphous clusters or crystalline 

particles. 

2. Aggregation – Clusters of crystals, when they stick together in the form of aggregates. 

3. Growth – When these aggregates start growing in size and volume. 

4. Retention – when the crystal grows large enough to obstruct the pathway of urine passage. 

Stones remain within the kidney or urinary tract, leading to symptoms Epigenetic or 

molecular modifiers could play a key role in disrupting these processes, potentially 

reducing KS formation. 

In summary, KS remains a significant global health concern, necessitating innovative 

approaches for prevention and treatment. Epigenetic studies and computational drug discovery 

hold promise in identifying novel therapeutic targets, offering hope for more effective 

management of nephrolithiasis. 

Based on the data given in Tables 2.2 and 2.3, we have targeted a few phytochemicals and 

screened them for KS and its epigenetic modifications. Furthermore, structural similarity 
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searching helped us in identifying new phytochemicals with unexplored activity against KS, 

which may lead towards progressive research. Also, the relationship between phytochemicals 

and their epigenetic modification ability will open the door towards epigenome modifying 

drugs, a field which has started growing recently. 
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CHAPTER 3 

HYPOTHESIS 

Nephrolithiasis, commonly known as kidney stone disease, is a significant global health issue 

affecting nearly 12% of the population. Among kidney stones, calcium oxalate (CaOx) is the 

most prevalent, accounting for approximately 75% of cases. Despite advancements in medical 

and surgical treatments, recurrence remains a persistent challenge, emphasizing the need for 

alternative therapeutic approaches. Current treatment options, such as surgical removal, 

pharmacological interventions, and dietary modifications, often fail to prevent stone 

recurrence, highlighting the urgency for safer and more effective solutions. Emerging research 

suggests that oxidative stress, inflammation, and metabolic imbalances play a crucial role in 

kidney stone pathogenesis. The process of stone formation involves several stages, including 

urinary supersaturation with stone-forming ions, nucleation, crystal growth, aggregation, and 

retention within renal tubules. Hyperoxaluria, a key risk factor for kidney stone formation, 

triggers excessive reactive oxygen species (ROS) production, leading to oxidative damage, 

mitochondrial dysfunction, and inflammation in renal epithelial cells. These factors create a 

favorable environment for CaOx crystallization, further exacerbating renal injury. Given the 

complexity of nephrolithiasis, an effective treatment strategy should target multiple pathways 

simultaneously.  

Natural phytochemicals have gained considerable attention as potential therapeutic agents due 

to their antioxidant, anti-inflammatory, and epigenetic-modulating properties. These bioactive 

compounds, derived from plants, have demonstrated promising results in preventing stone 

formation by inhibiting oxidative stress, modulating inflammation, and interfering with 

calcium oxalate crystallization. Furthermore, plant-derived molecules have been recognized 

for their role in epigenetic regulation, which may help reverse pathological changes associated 

with nephrolithiasis and metabolic disorders. Numerous plant extracts have demonstrated 

promising anti-lithiatic properties in traditional and experimental medicine; however, the 

majority of such studies focus on crude extracts rather than isolating and characterizing specific 

phytochemicals. This lack of molecular resolution makes it difficult to pinpoint the exact 

compound responsible for the observed therapeutic effects.While polyphenol-rich extracts 

have been tested for their antioxidant potential in nephrolithiasis, very few studies have 

systematically evaluated purified, well-characterized molecules for their anti-crystallization 

properties. 
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This study aims to explore the therapeutic potential of phytochemicals in preventing 

nephrolithiasis using a multidisciplinary approach encompassing in-silico, in-vitro, and in-vivo 

analyses. Computational screening techniques will be employed to identify phytochemicals 

with structural similarities to known anti-nephrolithiatic compounds, based on the hypothesis 

that similar molecular structures exhibit comparable biological activities. The identified 

candidates will be further assessed for their efficacy in inhibiting calcium oxalate 

crystallization, reducing oxidative stress, and modulating inflammatory pathways through 

laboratory and animal model studies. By integrating computational modeling, biochemical 

validation, and physiological assessments, this research seeks to provide a strong foundation 

for the development of plant-based nephrolithiasis therapies. The findings may lead to the 

identification of safer, more effective alternatives to existing treatments, minimizing the risk 

of recurrence and associated complications. Additionally, the insights gained from this study 

could open new avenues for clinical trials, evaluating the potential of phytochemicals in 

nephrolithiasis management. The broader implications of this research extend beyond kidney 

stone disease, offering a framework for investigating plant-derived bioactive compounds in 

various metabolic and inflammatory disorders. 
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CHAPTER 4 

AIMS AND OBJECTIVES 

Aims 

Synthetic drugs are used to treat nephrolithiasis or kidney stones (KS), but they are loaded with 

side effects. So, we need to look for alternatives with no side effects. We seek to identify such 

naturally occurring epigenetic modifiers that are structurally related to the already present 

medicines, then test their binding affinity and molecular interaction with SIRT-1 in silico, 

investigate them in reducing oxidative stress and the associated epigenetic changes, and further 

validate our findings with the help of in vitro (cell culture) as well as in vivo (SD rats) models. 

The following objectives were created to accomplish the study's goals listed below. 

Objectives 

1. In-silico studies, including structural similarity searching and molecular docking of known 

epigenetic modifiers to screen promising novel natural molecules that can prove protective 

against KS  

2. To establish a successful in vitro and in vivo model of nephrolithiasis associated with various 

types of stones and evaluate the beneficial effects of potential natural molecules.  

3. To evaluate the histone acetylation modifying potential of selected bioactive components 

and study epigenetics mechanism.  
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CHAPTER 5  

MATERIALS AND METHODS  

 

5.1 Chemicals procurement 

Silibinin, Isoeugenol, and trans-Anethole were procured from Sigma, while potassium citrate 

and sodium oxalate were obtained from SRL, ethylene glycol and ammonium chloride from 

Loba Chemie, Calcium and magnesium testing kits were sourced from TRUEchemie, India. 

All other reagents for enzymatic assays were of analytical grade unless stated otherwise. 

Calcium chloride dihydrate (CaCl2⋅2H2O) and sodium oxalate (Na2C2O4) used as reactants 

were analytically pure and obtained from Loba Chemie. Anethole (trans), Isoeugenol, and 

Silibinin were purchased from Sigma-Aldrich (Gillingham, UK) and Potassium citrate was 

purchased from SRL, India, which also contained 0.01% oxalate.  All other chemicals used 

were of analytical grade unless otherwise specified. The NRK-52E cell line was procured from 

NCCS, Pune, India. 

5.2 Review of Literature, Similarity searching and ligand compilation 

Table 5.1: Sites and servers used for in-silico studies 

Software name Purpose Website 

DrugBank Similarity searching and 

2D/3D structure 

https://go.drugbank.com/ 

mCule Druglikeliness https://mcule.com/apps/property-calculator/ 

SwissADME ADME studies http://www.swissadme.ch/index.php 

ProTox-II  Toxicity https://tox-

new.charite.de/protox_II/index.php?site=compo

und_search_similarity 

AutoDock Vina  Molecular Docking https://vina.scripps.edu/ 

UCSF Chimera  3D Visualization https://www.cgl.ucsf.edu/chimera/ 

Discovery 

Studio   

2D Visualization https://discover.3ds.com/discovery-studio-

visualizer-download 

LigPlot+  2D Visualization https://www.ebi.ac.uk/thornton-

srv/software/LigPlus/install.html 

CHARMM-GUI  Input file generation https://www.charmm-gui.org/ 

https://go.drugbank.com/
http://www.swissadme.ch/index.php
https://tox-new.charite.de/protox_II/index.php?site=compound_search_similarity
https://tox-new.charite.de/protox_II/index.php?site=compound_search_similarity
https://tox-new.charite.de/protox_II/index.php?site=compound_search_similarity
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GROMACS Molecular dynamics 

(MDS) 

https://www.gromacs.org/ 

MM-PBSA Post MDS https://valdes-tresanco-

ms.github.io/gmx_MMPBSA/dev/ 

 

In chemical databases, similarity searching identifies molecules structurally similar to a user-

defined reference structure, evaluated through quantitative measures of intermolecular 

similarity. In this study, “similarity searching” was performed using the said tab in DrugBank 

database (https://go.drugbank.com/), a comprehensive, freely accessible online resource 

providing detailed information on drugs and their targets (Wishart et al., 2018). The similarity 

threshold was set at 0.6, ensuring a significant resemblance to the reference structures. The 

threshold value was selected based on previous reports (Muñoz et al., 2017). Ligands 

structurally similar to six shortlisted phytochemicals (identified through literature review) were 

retrieved in SMILES format for subsequent analyses. The database was accessed in September 

2024 to ensure the inclusion of the most up-to-date information. Similarity searching was also 

employed in our previous papers (Shafi et al., 2024; Kushwaha et al., 2024) 

5.3 Level 1 screening: Based on Lipinski’s rule of five (RO5) 

To evaluate drug-likeness, all ligands were initially screened for violations of Lipinski’s rule 

of five (RO5). According to RO5, an orally active drug should meet the following criteria: a) 

Fewer than 5 hydrogen bond donors, b) Fewer than 10 hydrogen bond acceptors, c) molecular 

weight of less than 500 Da, d) logP (octanol-water partition coefficient) value of less than 5, 

and e) No more than one violation of the above parameters. Ligands were analyzed for RO5 

compliance using the mCule property calculator tool (https://mcule.com/apps/property-

calculator/), ensuring only those adhering to these criteria were shortlisted for further studies. 

5.4 Level 2 Screening: Based on ADME studies 

ADME, which stands for absorption, distribution, metabolism, excretion, and toxicity, is 

critical for understanding the pharmacokinetics of a drug molecule. Poor ADME profiles are a 

significant cause of attrition in drug discovery projects (Daina and Zoete, 2016). Consequently, 

assessing these properties before synthesis and in vivo studies is crucial for the success of drug 

candidates. 

https://go.drugbank.com/
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Traditionally, ADME profiling involves extensive experimental procedures, which are both 

time-consuming and costly (Yadav and Mohite, 2020). To address these challenges, in silico 

ADME studies have emerged as an efficient alternative. In this study, we utilized SwissADME 

(http://www.swissadme.ch/index.php) to evaluate various pharmacokinetic and safety 

parameters of the shortlisted compounds. The parameters analysed included water solubility, 

CYP2C19 inhibition, CYP2C9 inhibition, CYP2D6 inhibition, bioavailability score, and alerts 

from PAINS (Pan Assay Interference Structures) and BRENK. 

5.5 Level 3 Screening: Toxicity Prediction, A Crucial Step in Drug Development 

Complications in the drug discovery process often necessitate comprehensive toxicity studies 

to ensure the safety and viability of potential drug candidates. These studies assess whether 

compounds exhibit harmful effects such as hepatotoxicity, mutagenicity, cytotoxicity, or 

interference with critical signalling pathways, including nuclear receptor and stress response 

pathways. In this study, we employed the ProTox-II server (https://tox-

new.charite.de/protox_II/index.php?site=compound_search_similarity) for in silico toxicity 

prediction. This tool offers a reliable and efficient method to evaluate potential toxicological 

risks associated with the ligands under investigation (Banerjee et al., 2018). 

5.6 Identification of Common Gene Targets for Nephrolithiasis 

To determine gene targets associated with nephrolithiasis, we used the GeneCards database 

(https://www.genecards.org/) with the keywords “nephrolithiasis” and “kidney stones” (Stelzer 

et al., 2016). This comprehensive database provided a list of genes implicated in the disease. 

Phytochemicals shortlisted after rigorous screenings were uploaded to the Swiss Target 

Prediction server (http://swisstargetprediction.ch/) to predict their potential biological targets 

(Daina et al., 2019). The targets identified for each phytochemical were merged, and duplicates 

were removed to compile a list of unique targets. To identify overlapping targets between the 

phytochemicals and nephrolithiasis-associated genes, we used Venny 2.1, a powerful tool for 

comparing datasets (Oliveros JC and Venny, 2007). This analysis enabled the identification of 

common targets, offering insights into the molecular interactions and pathways that these 

phytochemicals may modulate in the context of nephrolithiasis. 

5.7 Protein-Protein Interaction Network Analysis  

The common targets between nephrolithiasis-associated genes and phytochemicals were 

uploaded to the STRING database (https://string-db.org) with Homo sapiens selected as the 

http://www.swissadme.ch/index.php
https://tox-new.charite.de/protox_II/index.php?site=compound_search_similarity
https://tox-new.charite.de/protox_II/index.php?site=compound_search_similarity
https://www.genecards.org/
http://swisstargetprediction.ch/
https://string-db.org/
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reference organism and 0.7 threshold (high confidence) was used. The STRING platform 

provides insights into protein-protein interactions, enabling the identification of functional 

connections among the targets. 

5.8 Gene Ontology and KEGG Pathway Enrichment Analysis 

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

enrichment analyses were conducted using ShinyGO v0.81 

(http://bioinformatics.sdstate.edu/go/). These analyses aimed to elucidate the biological 

functions and pathways associated with the identified hub genes crucial to nephrolithiasis. GO 

analysis categorized the hub genes into three major domains: Biological Processes (BP), 

Cellular Components (CC), Molecular Functions (MF).  

KEGG pathway analysis identified the signaling pathways and metabolic networks enriched 

among the hub genes. These pathways included those linked to nephrolithiasis and related 

comorbidities. A significance threshold of p < 0.05 was applied to ensure robust results, and 

the top 30 pathways in each category were retained for detailed interpretation (Ge et al., 2020; 

Luo et al., 2013).  

5.9 Molecular docking 

Most of the time, it accurately predicts binding between ligand and protein by assessing the 

binding affinity and hydrogen bonding and hence is a crucial step in the drug discovery process 

(López-Vallejo et al., 2011; Meng et al., 2011).  

5.9.1 Application of standardized protocol in the present study 

In the present study, proteins were selected based on human species, availability of co-

crystallized ligands and higher degree value based on the number of genes. Before performing 

molecular docking using AutoDock Vina (Trott & Olson, 2010; Eberhardt et al., 2021), 

preparation of the protein and ligands in 3D format is required. The 3D structure of human 

SIRT1 was obtained from the Protein Data Bank (PDB ID: 4ZZJ) (Dai et al., 2015), which 

contains the SIRT1/activator/substrate complex. This open heterodimeric protein consists of 

chain A (SIRT1) and chain B (a p53-derived peptide substrate). The protein also includes an 

allosteric region, where residues 183–243 bind a non-hydrolyzable NAD+ analogue (Carba-

Nicotinamide Adenine-Dinucleotide), and a small molecule (4TQ) binds at the activator region 

(residues 244–512). 
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Docking parameters were as follows: the grid size dimensions were 60 × 60 × 60 Å in the X, 

Y, and Z axes, with a grid spacing of 0.375 Å. The grid center was set to (-0.827, 45.618, -

1.076) to cover the active site of SIRT1. All ligands were downloaded from ChemSpider 

(http://www.chemspider.com/Default.aspx) in 3D format. Protein and ligand preparations were 

performed using AutoDock Vina, including the removal of water molecules, addition of 

hydrogen atoms, merging of non-polar hydrogens, and addition of Gasteiger charges. The final 

structures were saved in pdbqt format. Protein-ligand complex interactions were visualized in 

3D using UCSF Chimera (Pettersen et al., 2004), while 2D interactions were analyzed and 

compared using BIOVIA Discovery Studio 2020 and LigPlot+ version 2.2.7 (Wallace et al., 

1995). These software tools are open source and freely available for academic users. 

5.9.2 Docking validation 

To ensure the reliability of our molecular docking approach, we first validated the protocol 

through a redocking experiment using the crystal structure of the target protein–ligand complex 

(PDB ID: 4ZZJ). The co-crystallized ligand was extracted and re-introduced into the original 

binding site, employing AutoDock Vina with parameters consistent with those used in 

subsequent virtual screening analyses. The optimal binding pose, identified by the lowest 

binding affinity (−7.9 kcal/mol), was converted to .pdb format for comparison. Structural 

alignment between the docked and experimental ligand was performed in PyMOL, where atom 

correspondence was manually curated and the pair_fit command was applied to facilitate 

calculation of the root mean square deviation (RMSD). 

5.10 Molecular dynamics simulation (MDS) 

The dynamic behaviour of any protein-ligand complex with time can be explored using MDS, 

which is the most commonly used approach in drug discovery. It analyses the movements of 

atoms and molecules in a simulated environment and gives crucial insights into their interaction 

stability, along with orientational fluctuation and conformational changes. The top three hits 

with the lowest binding energy were selected for MDS. CHARMM-GUI solution builder was 

used to generate input files of proteins and protein-ligand complex for MDS calculations (Lee 

et al., 2016; Jo et al., 2008). Solvation of complexes was done in TIP3P water in a rectangular 

box, Na+ and Cl- ions were added (0.15M) at 303.15K temperature & atmospheric pressure (1 

bar) to neutralize the system and mimic physiological conditions in Monte-Carlo fashion 

followed by imposition of periodic boundary conditions (PBC) in XYZ directions (Mark & 

Nilsson, 2001). System energy minimization was done at the steepest descent algorithm of 



36 
 

5000 steps. All the MDS runs and calculations were performed in GROMACS (2021.4 version) 

(Abraham et al., 2015). Using an NPT (constant number, volume, temperature) ensemble, the 

system was equilibrated at 310K temperature and 1 bar pressure and was run for 100 ns. The 

pressure was maintained by a modified Berendsen thermostat (Huang et al., 2017) and 

Parrinello-Rahmanbarostat (Bussi et al., 2007), (Parrinello & Rahman, 1980). To evaluate the 

changes in the docked complex in the hydrated simulated environment, two physical properties 

namely RMSD (root mean square deviation) and RMSF (root mean square fluctuations) were 

evaluated alongside the radius of gyration, solvent accessible surface area (SASA) (Bondi, 

1694) and number of hydrogen bond using GROMACS.  

5.11 MM/PBSA-Trajectory analysis  

MM-PBSA (molecular mechanics/Poisson–Boltzmann surface area) which is open-source 

software was used for estimating the binding free energy of protein-ligand complex. The 

binding free energy of any complex can be described from the following equation (Genheden 

& Ryde, 2015):  

∆𝐺 (Binding)= ∆𝐺 (𝐶𝑜𝑚𝑝𝑙𝑒𝑥) − (∆𝐺 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 +  ∆𝐺 𝐿𝑖𝑔𝑎𝑛𝑑) 

Where ∆𝐺 (𝐶𝑜𝑚𝑝𝑙𝑒𝑥) represents the total energy of protein and ligand, ∆𝐺 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 and ∆𝐺 

𝐿𝑖𝑔𝑎𝑛𝑑 represent individual free energies, respectively. 

5.12 Principal Component Analysis and Free Energy Landscape  

Principal component analysis (PCA) of protein and complex for 100ns trajectory was 

performed using gmx_covar and gmx_anaeig module of GROMACS software.  After 

removing rotation and translation coordinates, PCA captures the intrinsic motion of the system 

(Kume et al., 2017). Fluctuation intensity of the protein was measured using the first two 

components (PC1 and PC2) (Amadei et al., 1993). Gmx_sham module was used for plotting 

free energy landscape (FEL) which analyze energy and conformation of the complex (Bashyal 

et al., 2024).  

5.13. Crystallization assays 

Reagents required in these assays are:  

o Calcium chloride: 4mM  

o Calcium chloride: 50mM  
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o Sodium oxalate:  7mM  

o Sodium oxalate:  50mM  

o Tris: 0.05 mol/L   

o NaCl: 0.15 mol/L   

o Sodium acetate buffer (pH 5.7) 

o Tris-HCl buffer  

5.13.1 Nucleation Assay 

The nucleation assay is an essential technique used to study how crystals form and how certain 

substances can prevent or slow down this process. This is particularly important in 

understanding kidney stone formation, where calcium oxalate (CaOx) crystals play a major 

role. By using this assay, researchers can test different compounds to see if they can effectively 

stop or reduce the early stages of stone formation. 

Crystal formation begins when tiny solute particles in a supersaturated solution come together 

to form stable crystal nuclei. The nucleation assay measures how well an inhibitor can slow or 

prevent this process by monitoring changes in the solution’s turbidity (cloudiness) over time. 

o Without an inhibitor: Calcium oxalate crystals form rapidly, making the solution more 

turbid. 

o With an inhibitor: If a compound has nucleation-inhibiting properties, it slows down 

crystal formation, resulting in a clearer solution for a longer period. 

The nucleation assay of compounds was performed as described in the literature (Abu et al., 

2020). Briefly, 4 mM calcium chloride and 7 mM sodium oxalate were prepared in Tris buffer 

(0.05 mol/L Tris and 0.15 mol/L NaCl, pH 6.5) and added to various concentrations of the 

compounds. The assay was measured at 620 nm to calculate the inhibition rate and evaluate 

the effect on calcium oxalate crystal formation. 

% Nucleation inhibition = [(OD of control- OD of sample)/ (OD of control] *100 

5.13.2 Aggregation Assay 

An aggregation assay is a test used to study how small calcium oxalate crystals clump together 

to form larger kidney stones. This test helps researchers understand the process of stone 

formation and identify substances that can slow down or prevent crystal aggregation, 
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potentially reducing the risk of kidney stones. The goal of the aggregation assay is to measure 

how well a substance can prevent tiny kidney stone crystals from sticking together. 

The aggregation assay of compounds was performed following the methodology described by 

(Abu et al., 2020). Calcium oxalate crystals were synthesized by mixing equal volumes of 50 

mM calcium chloride and 50 mM sodium oxalate solutions, maintaining the mixture at 60°C 

for 1 hour. The resulting crystals were then dried and evaporated at 37°C. These crystals were 

subsequently dissolved in Tris buffer (0.05 mol/L Tris and 0.15 mol/L NaCl, pH 6.5) and 

treated with various concentrations of the test compounds. The extent of calcium oxalate 

aggregation was assessed by measuring the absorbance at 620 nm, which corresponds to the 

percentage inhibition rate. 

% Aggregation inhibition = [(OD of control- OD of sample)/ (OD of control] *100 

5.13.3 Oxalate depletion assay 

The Oxalate Depletion Assay is a test that helps researchers understand how well a substance 

can lower oxalate levels in a solution. This is important because too much oxalate in the urine 

is a key factor in the formation of kidney stones, especially calcium oxalate stones. By using 

this assay, scientists can identify potential treatments or natural compounds that may help 

prevent kidney stones by reducing oxalate levels in the body. 

The oxalate depletion assay was conducted following the methodology outlined by Zaki et al., 

2019). In this assay, a 1.5 mg/mL calcium oxalate slurry was prepared in sodium acetate buffer 

(pH 5.7). The reaction mixture consisted of calcium chloride and sodium oxalate at a 

concentration of 0.004 M each, combined with Tris-HCl buffer (0.01 M Tris-HCl and 0.09 M 

sodium chloride, pH 7.4). Various concentrations of the test compounds were added to this 

mixture. The growth of calcium oxalate crystals was monitored by measuring absorbance at 

214 nm over 10 minutes, and the percentage inhibition was calculated. 

% Growth inhibition = [(OD of control- OD of sample)/ (OD of control] *100 

5.14 Crystallization Kinetics 

To study the rate of nucleation, it is important to study the kinetics of crystallization. Here we 

have taken equimolar solutions of calcium chloride and sodium oxalate and prepared different 

supersaturation ratios as mentioned in Equation 1. In the beaker containing calcium chloride 

and inhibitors, sodium oxalate was added and mixed using a magnetic stirrer on a medium 
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speed and samples were withdrawn at regular intervals and were measured using a 

spectrophotometer at 560nm wavelength to measure induction time. Induction time is the time 

between the supersaturation of the solution and the first appearance of crystal nuclei in the 

solution (Amjad, 1985; Abdel-Aal EA et al., 2017). We have taken the supersaturation ratio 

from 0.72 to 2.4 as a possible range to measure induction time. 

5.14.1 Experimental Design 

The effect of phytochemicals along with potassium citrate as positive control was done by 

studying their effect on various supersaturation levels mentioned in Table 5.2 which was 

calculated as mentioned in equation 1; potassium citrate also oxalates ions which was less than 

0.1%, hence not taken into account while calculating supersaturation ratio.  

𝑆 =
𝐶

(𝐶∗)
                                (1) 

Where S = supersaturation ratio 

C = solute concentration 

C* = solute solubility 

Table 5.2: Experimental procedure of calcium oxalate at various supersaturations ratios 

Supersaturation 

ratio 

CaCl2 

(0.01M) 

V, mL 

Na2C2O4 

(0.01M) 

V, mL 

DI-water 

V, mL 

Inhibitor 

(0.001M) 

V, mL 

0.72 3 3 84 10 

0.96 4 4 82 10 

1.2 5 5 80 10 

1.43 6 6 78 10 

1.67 7 7 76 10 

1.91 8 8 74 10 

2.15 9 9 72 10 

2.4 10 10 70 10 
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5.14.2 Surface energy calculation (γ) 

The relation between inverse log square of supersaturation ratio (1/ log2S) and log induction 

time over a range of supersaturation ratio (1.43 to 2.4) was used for calculation of surface 

energy of nuclei and free energy barrier derived from classical homogenous nucleation theory 

(Oxtoby, 1992). To understand the nucleation rate and crystal growth, it is critical to determine 

surface energy or interfacial tension, which can be calculated from the equation 2.  Here B is 

the slope of log induction time and 1/ log2S, R is the gas constant, T is the absolute temperature, 

β is the geometric shape factor, V is molar volume, NA is Avogadro number and f(θ) is the 

Correction factor.  

𝛾3 = 𝐵 ∗
(2.3𝑅𝑇)3

𝑅𝑇𝛽𝑉2𝑁𝐴𝑓(𝜃)
              (2) 

5.10.4 Nucleation rate  

The rate of nuclei formed per unit time is referred to as the nucleation rate and is calculated 

from equation 3 (Lancia et al., 1999; Myerson, 2002). 

𝑱𝒔 = 𝑭
𝒆𝒙𝒑[−𝜷𝜸𝟑𝑽𝟐𝑵𝑨𝒇(𝜽)]

(𝑹𝑻)𝟑𝒍𝒏𝟐𝑺
           (3) 

Js = nucleation rate 

F = Frequency constant (1030 nuclei/cm3) (Izmailov et al., 1999) 

5.14.3 Particle Size and Zeta Potential  

To assess the particle size of the prepared crystals, a particle size analyzer (Malvern S90) was 

used, which works based on dynamic light scattering (DLS). For this analysis, Millipore water 

served as the medium, and the particle emulsions were prepared at a concentration of 1 mg/ml. 

Each sample was measured three times at a 90-degree angle to ensure accuracy, with all 

experiments conducted at a stable temperature of 25°C. 

In addition to particle size, the zeta potential was also measured using the Malvern zeta 

potential analyzer. This instrument determines the surface charge of particles by analyzing their 

movement under an electric field. Like the particle size analysis, the zeta potential 

measurements were conducted at 25°C to maintain consistency. These analyses help 

understand the stability and dispersion of the nanoformulation, which is crucial for its 

effectiveness in biological applications. 
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5.14.4 Fourier transform infrared spectroscopy (FTIR)  

To track any changes in crystals, Fourier Transform Infrared (FTIR) spectroscopy was used, a 

technique that helps identify molecular structures based on how they absorb infrared light. The 

FTIR spectra were recorded using a Perkin Elmer Spectrum 2 spectrometer to analyze the 

chemical composition and potential structural modifications in the formulation. 

For more precise measurements, a Nicolet iS50 FT-IR spectrometer from Thermo Scientific 

was used, equipped with a thermally controlled diode laser to ensure stable and accurate 

readings. The FTIR spectrum was recorded over a broad range of 4000 to 500 cm⁻¹, covering 

key vibrational frequencies of functional groups within the nanoformulation. This analysis 

helps in detecting any chemical interactions, bonding changes, or structural modifications that 

might have occurred during the formulation process, providing valuable insights into the 

stability and integrity of the nanoformulation. 

5.14.5 X-Ray Diffraction 

X-ray diffraction was measured using Monochromatic Kα1 radiation in the 10–60°, 2θ range 

at a scan rate of 1° min−1. Obtained peaks were compared with calcium oxalate monohydrated 

JCPDS card no. 00-020-0231 and 00-001-0008 for calcium citrate hydrate.  

5.14.6 Field Emission Scanning Electron Microscopy (FESEM)  

To closely examine the surface structure and morphology of the crystals, Field Emission 

Scanning Electron Microscopy (FESEM) was utilized. FESEM is a highly advanced imaging 

technique that provides exceptional depth resolution and highly detailed surface images at the 

nanometer scale. 

For this analysis, a JEOL JSM 6610LV FESEM (Peabody, MA, USA) was used, known for its 

ability to produce high-resolution images that reveal the ultrafine details of a material’s surface. 

The sample preparation process involved applying a thin layer of the nanoformulation onto an 

aluminum stub using double-sided adhesive carbon tape to ensure proper adherence. 

To enhance the image quality and conductivity, the sample was subjected to a gold sputter 

coating in an argon atmosphere using a high-vacuum evaporator. This coating prevents electron 

charging during the scanning process and improves the visibility of surface features. Once 

prepared, the sample was examined under the FESEM at various magnifications, allowing for 

a detailed visualization of the crystal’s structure and morphology and the best ones were 
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reported in the results and discussions. These high-resolution photomicrographs provided 

valuable insights into the shape, texture, and surface characteristics of the prepared 

formulation, helping researchers understand its structural integrity and potential applications. 

5.15 Non-Enzymatic Anti-Oxidant Assays 

Reagents required in these assays are:  

o DPPH (2,2-diphenyl-1-picrylhydrazyl): 0.16 mM 

o Methanol: 100% 

o Ascorbic Acid: 20-100 µM  

o ABTS: 7mM 

o Potassium persulfate: 2.45 mM  

o Phosphate buffer: 0.2M  

o Potassium ferricyanide: 1%  

o Trichloroacetic acid: 10%   

o Ferric chloride: 0.1% 

o Distilled water  

5.15.1 DPPH Assay 

Principle 

The assay measures the ability of antioxidants to neutralize DPPH radicals. The nitrogen atom 

in DPPH, which contains an unpaired electron, is reduced when it accepts a hydrogen atom 

from an antioxidant, forming the corresponding hydrazine. 

Procedure 

In this assay, a 0.16 mM DPPH solution was prepared in methanol, and 2 mL of this solution 

was mixed with 1 mL of varying concentrations of phytochemicals prepared in methanol. The 

mixture was incubated in the dark for 30 minutes, followed by absorbance measurement at 517 

nm, as described in previous studies (Yen et al., 1995). Ascorbic acid was used as the standard. 

And DPPH in methanol was served as blank. The DPPH solution was optimized such that the 

reading of blank comes around 0.7. DPPH scavenging activity was then calculated from the 

following equation:  

DPPH scavenging activity(%) = [(𝐴0 − 𝐴1)/ 𝐴0] *100 
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Where A0 = absorbance of blank   

A1 = absorbance of the test sample 

5.15.2 ABTS Radical Scavenging Activity Assay 

Principle 

ABTS radicals are produced by reacting ABTS salt with a strong oxidizing agent, such as 

potassium permanganate or potassium persulfate. The reduction of the blue-green ABTS 

radical by antioxidants that donate hydrogen is assessed by the decrease in its characteristic 

long-wavelength absorbance spectrum. 

Procedure 

The ABTS assay was performed following published protocols with slight modifications (Seke 

et al., 2021). A 7 mM ABTS solution was prepared in water and mixed with an equal volume 

of 2.45 mM potassium persulfate. The mixture was stored in the dark overnight to generate 

ABTS radicals. The solution's absorbance was measured at 734 nm and diluted with water to 

approximately 0.70 to prepare the ABTS working solution. For the assay, 1 mL of each test 

compound at different concentrations was mixed with 2 mL of ABTS working solution, and 

absorbance was recorded at 734 nm. Ascorbic acid was used as the standard. And ABTS in 

water was served as blank. ABTS solution was optimized such that the reading of blank comes 

around 0.7. ABTS scavenging activity was then calculated from the following equation:  

ABTS scavenging activity(%) = [(𝐴0 − 𝐴1)/ 𝐴0] *100 

Where A0 = absorbance of blank   

A1 = absorbance of the test sample 

5.15.3 Ferric reducing antioxidant power (FRAP) Assay 

Principle  

The FRAP assay is based on the reduction of Fe³⁺ to Fe²⁺ by pH. The reaction is conducted at 

an acidic pH of 3.6 to maintain iron solubility. At low pH, the ionization potential is decreased, 

facilitating hydrogen atom transfer, while the redox potential is increased, making it the 

dominant reaction mechanism. 
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Procedure 

The iron reduction capacity was measured following previously published methods 

(Karagözler et al., 2008; Ouahhoud et al., 2022). Different concentrations of test compounds 

(1 mL) were mixed with 2.5 mL of 0.2 M phosphate buffer and 2.5 mL of 1% potassium 

ferricyanide. The mixture was then incubated at 50°C for 20 minutes. After incubation, the 

samples were cooled to room temperature, and 2.5 mL of 10% trichloroacetic acid was added 

to stop the reaction. The mixtures were then centrifuged at 3,000 rpm for 30 minutes to collect 

the supernatant. To the supernatant, 500 µL of freshly prepared 0.1% FeCl₃ (ferric chloride) 

and 2.5 mL of distilled water were added. Finally, absorbance was measured at 700 nm. 

Ascorbic acid was used as the standard. FRAP solution was optimized such that the reading of 

blank comes around 0.7. FRAP scavenging activity was then calculated from the following 

equation:  

FRAP scavenging activity(%) = [(𝐴0 − 𝐴1)/ 𝐴0] *100 

Where A0 = absorbance of blank   

A1 = absorbance of the test sample 

5.16 Antioxidants assays -enzymatic 

Reagents required in these assays are:  

o NRK-52E cell line: 1flask 

o Dulbecco's Modified Eagle Medium (DMEM): 1 pack 

o Fetal Bovine Serum (FBS): 500ml 

o MTT: 5 mg 

o DMSO: 50ml 

o Phosphate Buffered Saline (PBS): 500ml 

o Trypsin: 200ml 

o Antibiotic: 50ml 

o Sodium oxalate: 2mM 

o Tris-HCl buffer (pH 7.1): 150 mM 

o Ferrous sulfate: 1 mM 

o Ascorbic acid: 1.5 mM   

o Trichloroacetic acid: 10%   
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o Thio barbituric acid (pH 7): 0.375%   

o Sodium carbonate buffer: 50 mM in 0.1 mM EDTA, pH 10.8 

o Nitro-blue tetrazolium: 96 µM in 95% ethanol 

o Hydroxylamine hydrochloride: 20 mM, pH 6.0,  

o Triton X-100: 0.6%  

o Potassium phosphate buffer: 100 mM, pH 6.5 

o Reduced glutathione: 1 mM, pH 6.5  

o 1-Chloro-2,4-dinitrobenzene (CDNB): 1 mM  

o Hydrogen peroxide: 100%  

o Phosphate buffer: 200ml 

o Sodium carbonate: 2%  

o NaOH: 0.1N 

o CuSO4: 1%  

o Sodium potassium tartrate: 2%  

o Folin's Ciocalteau's Reagent: 50%  

o BSA: 20mg  

5.16.1 MTT ASSAY 

Principle 

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay is a 

colorimetric technique used for evaluating cell viability, proliferation, and cytotoxicity. It is 

based on the conversion of the yellow MTT reagent into purple formazan crystals by viable 

cells through the enzymatic activity of mitochondrial dehydrogenase 

Procedure 

NRK-52E cells were obtained from the National Centre for Cell Science (NCCS) in Pune, 

India, and cultured in a medium containing 25 mM glucose. Upon reaching 70% confluency, 

the cells were trypsinized and seeded into 96-well plates, allowing them to adhere and achieve 

70% confluency in a serum-free medium. Subsequently, the cells were treated with varying 

concentrations (20-100µM) of Silibinin, Isoeugenol, and Trans-Anethole for 24 hours. After 

treatment, the growth medium was removed, and the cells were incubated with a 0.5 mg/mL 

MTT solution dissolved in phosphate-buffered saline (PBS) for 4 hours to facilitate the 
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formation of formazan crystals. The crystals were then dissolved using dimethyl sulfoxide 

(DMSO) for 30 minutes, and absorbance was measured at 570 nm using a microplate reader. 

5.16.2 Establishment of in-vitro nephrolithiasis model 

This assay was performed with slight modifications to the method outlined by Chaiyarit et al. 

(2024). NRK-52E cells were cultured in 6-well plates, and once they reached 70% confluency, 

the standard medium was replaced with a serum-free medium. The cells were then allocated 

into different groups. Disease induction was carried out by exposing the cells to 2000 µM 

sodium oxalate, along with the respective treatment groups, followed by a 24-hour incubation. 

After incubation, the media was removed from the plates, washed with PBS and stored at -

80°C for further analysis. 

5.16.3 Cell lysate preparation 

To prevent protein degradation and modification, we supplemented the lysis solution with 

protease and phosphate inhibitors, ensuring optimal protein yield during cell lysis. After 

treating the cells in a 6-well plate as per the experimental protocol, we washed them with ice-

cold phosphate-buffered saline (PBS). To maintain acetylation levels, they added 5 mM sodium 

butyrate to the lysis solution. The lysis buffer was then applied to the plate, and the cells were 

scraped off using a cell scraper. The collected lysate was transferred to microcentrifuge tubes 

and centrifuged at 1700 rpm for 7 minutes in a chilled microcentrifuge. The supernatant was 

preserved for further analysis, while the pellet was discarded. 

5.16.4 Tissue homogenate preparation 

The homogenate was prepared using a Dounce homogenizer with a buffer solution containing 

0.1M Ethylenediamine tetraacetic acid (EDTA) and 0.1M Tris chloride, which was mixed and 

adjusted to a pH of 7.4. Beta-mercaptoethanol was added to the buffer before the 

homogenization of cells and tissues. The homogenizing tube was kept in an ice-filled beaker 

throughout the process. The cells were homogenized using a motor-driven Teflon pestle 

rotating at 3000 revolutions per minute. The resulting homogenate was filtered through cotton 

gauze and stored in labeled plastic vials at -18°C until further use. This 10% homogenate (1g 

of cells in 9 ml of buffer) was used as the starting material for subsequent dilutions with 

appropriate buffers to obtain the required working homogenate fraction. 
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Cell/tissue were then divided into three groups: 1) tissue homogenate/cell-lysate, 2) post-

nuclear supernatant (PNS), and 3) Post mitochondrial supernatant (PMS)  

5.16.4.1 Post nuclear supernatant (PNS) preparation 

Centrifugation was performed on the cell homogenate at 10,000 rpm for five minutes at 4°C in 

a C-24 REMI cold centrifuge to separate the nuclear pellet and supernatant. The PNS was then 

isolated and stored at -18°C for subsequent use. 

5.16.4.2 Post mitochondrial supernatant (PMS) preparation 

To generate the PMS, the removal of the nuclear pellet was performed, and centrifugation of 

the supernatant was conducted for 10 minutes at 10,000 g at 4°C to achieve the separation of 

the mitochondrial pellet. The PMS was subsequently stored at -18°C for various assays. 

5.16.5 Protein estimation  

Tissue homogenate/cell-lysate, PNS, and PMS were then used for protein estimation. The 

protein content was quantified following the standardized method established by Lowry et al., 

1951, employing a standard curve derived from bovine serum albumin (BSA).  

Principle  

This method is based on the presence of the amino acids’ tyrosine and tryptophan. A colored 

complex was formed through the reaction of Folin's reagent with proteins. The interaction of 

aromatic amino acids in the protein with copper in an alkaline environment led to the reduction 

of phosphomolybdate, resulting in color production. The intensity of the color was proportional 

to the amount of aromatic amino acids present. 

Reagents preparation:  

o Reagent A: 2% sodium carbonate in 0. 1N NaOH  

o Reagent B: 1% CuSO₄ in double-distilled water  

o Reagent C: 2% sodium potassium tartrate in double-distilled water  

o Lowry’s Reagent: Mix Reagent A, Reagent B, and Reagent C in a ratio of 49: 0. 5: 0.5 

(v/v) 

o Folin’s Ciocalteu’s Reagent: Dilute with double-distilled water in a ratio of 1: 1 (v/v) 

o Stock Protein Standard: 20mg/ml bovine serum albumin (BSA)   
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Procedure 

Table 5.3 Sample preparation in lowry’s protein estimation 

 

 

 

5.16.6 Estimation of In-vitro oxidative biomarkers   

In vitro antioxidant activity was evaluated using NRK-52E cells. Different groups were 

assigned for all in-vitro estimations of antioxidant activities: the control group (without 

treatment), the disease group (treated with 2mM sodium oxalate), the LD group (treated with 

50 µM as the low dose of experimental samples under diseased conditions), and the HD group 

(treated with 100 µM as the high dose of experimental samples under diseased conditions). 

5.16.6.1 Lipid peroxidation (LPO) 

It is measured by the method of Beuge and Aust (1978) 

Principle 

Free radicals can cause damage to Poly unsaturated fatty acids by Peroxidation mainly by OH- 

and O2
-. The product of Peroxidation is Malondialdehyde (MDA) which is identified to react 

with Thiobarbituric acid (TBA) to give pale red color absorbance at 535nm. 

Reagents: 

o 150mM Tris-HCl buffer(pH=7.1) 

o 1.5mM Ascorbic acid 

o 1mM FeSO4 

o 10% Trichloroacetic acid 

o 0.375% Thiobarbituric acid pH=7) 

Procedure 

Reagents Blank(ml) Standard(ml) Test(ml) 

DDW 1 0.9 0.9 

Standard - 0.1 - 

Test Sample - - 0.1 

Lowry’s Reagent 5 ml to each 5 ml to each 5 ml to each 

Incubate tubes at 37degrees C for 15 min and then 

Add 0.5 ml of Folin’s Ciocalteau’s Reagent. Then again 

Incubated tubes for 30 min at 37degrees C 

Recorded absorbance at 670nm 
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Table 5.4: Procedure of LPO estimation 

Reagent Blank(ml) Test(ml) 

Tris-HCl buffer 0.1 0.1 

FeSO4 0.1 0.1 

Ascorbic acid 0.1 0.1 

DDW 0.7 0.6 

Sample - 0.1 

Incubated @ 37oC for 15 min, and the reaction was stopped by adding 

TCA 1 1 

TBA 2 2 

o Incubated for 15 min in boiling water bath followed by cooling and centrifuging at 3000 

rpm for 10 min.  

o The supernatant and absorbance were taken at 532nm.  

o LPO concentration was calculated, and the result was expressed as nmoles of MDA 

formed /ml. 

5.16.6.2 Superoxide dismutase (SOD) 

The SOD is estimated by the method of Kono (1978) in cell homogenate. 

Principle 

The reduction of Nitroblue Tetrazolium dye to blue-colored formazan occurs due to superoxide 

radicals, which are generated by the auto-oxidation of hydroxylamine hydrochloride. 

Superoxide dismutase (SOD) prevents the reduction of NBT by interfering with hydroxylamine 

hydrochloride. The enzyme activity is determined by measuring the extent of inhibition. 

Reagents 

o 50mM Sodium Carbonate buffer in 0.1mM EDTA (pH=10.8) 

o 96µM Nitro Blue Tetrazolium in 95% ethanol. 

o 0.6% Triton X-100 in DDW 

o 20mM Hydroxylamine HCl (pH=6.0) 

Procedure 

Table 5.5: Procedure of SOD estimation 
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Reagents Blank(ml) Test(ml) 

Buffer 1.35 1.3 

Hydroxylamine HCl 0.1 0.1 

Triton X-100 0.1 0.1 

NBT 0.5 0.5 

Keep tubes for 2 min 

Sample - 0.05 

The blue color that was developed was measured at 560nm at intervals of 30sec for 2min. 

Calculations 

The concentration of enzyme that gives a half-maximal inhibition of NBT reduction is known 

as one unit of the enzyme activity. 

5.16.6.3 Estimation of Catalase 

It is measured in PNS according to the method of Luck (1971). 

Principle 

Catalase is an enzyme that decomposes H2O2 to H2O 

Reagents 

o Phosphate Buffer (0.2M, pH=7.0) 

o Solution A: 1.79gm of KH2PO4 in 200ml of DDW  

o Solution B: 3.52gm of NaHPO4.2H2O in 300 ml of DDW  

o Solution C = Mix Solutions A and B in a ratio of 3:7 (pH=7.0) 

o Working phosphate buffer = 160µl of H2O2 in 100 ml of Phosphate buffer 

Procedure 

 

Reagents Blank Test 

Sample 25 µl 25 µl 

Phosphate buffer+ H2O2 - 3.0 ml 

Phosphate buffer- H2O2 3.0 ml - 

O.D. was measured at 240nm for 2 minutes at the interval of 30 seconds. 
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Enzyme activity for catalase was calculated using the Molar extinction coefficient of 43.6M-

1cm-1.   

The results are expressed in µmoles of H2O2 decomposed/min/mg protein. 

5.16.6.4 Estimation of GST 

It is performed by the method by Habig et al, 1974 in PMS. 

Principle 

It is an enzyme that catalyzes the reaction of 1-chloro-2,4-dinitrobenzene (CDNB) with the 

sulphydryl group of Glutathione. 

The conjugate of CDNB-Glutathione absorbs at 340nm. 

Reagents 

o 100mM of Potassium phosphate buffer(pH=6.5) 

o 1mM GSH (reduced glutathione) (pH=6.5) 

o Dissolve 61 mg of CDNB in 5.0 ml of distilled alcohol (1mM CDNB) 

Procedure 

 

Reagents Blank(ml) Test(ml) 

Buffer 1 1 

DDW 1.65 1.55 

GSH 0.3 0.3 

Sample - 0.1 

CDNB 0.05 0.05 

The absorbance is checked at 340nnm at intervals of 1 min for 5 min.  

 5.16.7 Crystal-adhesion assay 

This assay was conducted with slight modifications to the method described by (Chaiyarit et 

al. 2024). NRK-52E cells were cultured in 6-well plates and upon reaching 70% confluency, 

the regular medium was replaced with a serum-free medium. The cells were then divided into 

multiple groups. Disease induction was achieved by treating the cells with 2000 µM sodium 

oxalate, along with the treatment groups, and incubating for 24 hours. After washing with PBS, 

the cells were visualized under an inverted phase-contrast microscope, and cell counts were 

performed from 15 random fields per sample. The concentration of sodium oxalate and the 

choice of positive control were based on the study by Sun et al. 2021. 

5.17 Histone isolation protocol 
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The nuclear pellet was resuspended in a low salt buffer (LSB), followed by the addition of 

22.7μl of 0.2 M HCl. The mixture was then subjected to sonication at 40-50 kHz for 10 seconds, 

with 1-minute intervals, and the process was repeated three times. Subsequently, the mixture 

was centrifuged at 13,000 rpm for 30 minutes, and the supernatant was retained. To the 

collected supernatant, 20% TCA was added, vortexed thoroughly for proper mixing, and 

incubated in an ice bath for 30 minutes. The mixture underwent another round of centrifugation 

at 13,000 rpm for 30 minutes. The resulting pellet was resuspended in 1 ml of 0.25% acetone-

HCl, vortexed, and centrifuged again at 13,000 rpm for 30 minutes, with the process repeated 

once more. The tubes were then sealed with parafilm and stored at 0°C overnight. Finally, the 

pellet was resuspended in chilled distilled water 

5.17.1 Western blotting protocol 

Principle 

It utilizes the simple principle in which first the protein is separated according to molecular 

weight through electrophoresis and then followed by binding of this protein to the support 

called blot which allows its detection with the help of antibodies specific to the protein. 

Reagents 

➢ Separating gel buffer, pH 8.8(100ml) 

o Tris-18.2 gm Set pH 8.8 

o Sodium dodecyl sulfate (SDS) -400mg 

➢ Stacking gel buffer, pH 6.8(100ml) 

o Tris-6.05gm Set pH 6.8 

o SDS -400mg 

➢ Acrylamide 30x(100ml) 

o Acrylamide -29.2gm 

o Bis-acrylamide -0.8gm 

➢ Staining buffer (500ml) 

o Methanol-250ml 

o Acetic acid-50ml 

o Brilliant blue-1.5g 

➢ Destaining buffer(500ml) 

o Methanol-250ml 

o Acetic acid-50ml 

o Water -250ml 
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➢ 4x Sample buffer(10ml) 

o 1M Tris -0.2g 

o SDS -0.8g 

o Glycerol -4ml 

o B-mercaptoethanol -4ml 

o 10% Bromophenol blue -10μl 

o APS -1ml (100mg in 1ml water) 

➢ 1x Running buffer (1 litre) 

o Tris 3 gm 

o Glycine 14.4 gm 

o SDS 1 gm 

 

Reagents  Stacking Gel  Separating gel 

Water 2.83 ml 6.10 ml 

Separating buffer 2.5 ml 2.5 ml 

30% acrylamide 4.7 ml 1.3 ml 

APS 33.3 μl 50 μl 

TEMED 6.7 μl 10 μl 

Polymerise for half an hour 

 

➢ First step: SDS-PAGE 

o Extracted 0.5 μg histone sample was taken and suspended in a sample buffer. Samples were 

heated at 95ºC for 5 minutes.  

o Samples were centrifuged to restore the sample volume.  

o Stalking buffer and separating buffer were prepared.  

o Histone samples were loaded in the wells per lane, also pre-stained protein standard was 

loaded.  

o The gel was run at a voltage of 70 V till stalking and after that gel was run at 140 V for 1-

2 hours. 

Setup for transfer 

o A transfer buffer was prepared to fill the tank during the transfer process. 

o After successful SDS-PAGE, the gel was removed from the cassette. The stalk and 

o well area of gel was cut off. 
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o The gel was put in a transfer buffer and shaken for 10 minutes. 

o The nitrocellulose membrane was soaked in the transfer buffer for 30 minutes. 

➢ Second step: Western blotting 

Transfer buffer 500ml 

o Tris -1.5gm 

o Glycine -7.2 gm 

o Distilled water (make up volume 500ml) 

Tris-Buffered saline (TBS) (pH 7.2) 

o 5M Nacl-30ml 

o 2M tris-10ml 

o Milli que water -955 ml 

TBST (pH 7.2) 

o TBS-500ml 

o 0.5% Tween 20 

2X Blocking buffer 

o BSA (Bovine serum albumin)- 400mg in 20ml TBS (for 1 blot) 

o TBS-500ml 

Primary antibody 

Secondary antibody 

5.17.2 Transfer assembly 

o The cassette was taken and opened to make an assembly 

o The sandwich was made by placing a foam pad on one side of the cassette followed by a 

sheet of filter paper followed by gel on top of the filter paper. 

o On top of the gel, the nitrocellulose membrane was applied, followed by the second sheet 

of filter paper, then the second pad of foam pad. 

o The cassette was closed after making this sandwich. 

5.17.3 Transfer method 

o The cassette that has a sandwich assembly was placed in the transfer tank. 

o The cathode (-) should face the gel side of the cassette, while the membrane side should 

face the anode. 

o A transfer buffer was added to the transfer tank up to the mark. 

o The apparatus was run at 10-15 V for 1 to 2 hours till the transfer was complete. 

o After transfer, the sandwich was removed from the cassette and carefully disassembled 

using forceps. 
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o After that ponceau staining was used to verify the successful transfer of histone proteins 

5.17.4 Processing of western blot 

o Blocking – In this step, we used BSA as a blocking buffer. The membrane was blocked by 

placing it in a blocking buffer for 2 hrs at room temperature (RT) using 2X BSA/0.1% tris 

buffer saline (TBS) while continuing shaking. 

o Incubation with primary antibody- The membrane was incubated at 4ºC overnight with 

the antibody. 

o Washing- The blot was washed with 0.1% of tris buffer saline tween TBST 4 times. 

Washing was done 2 times for 5 minutes followed by 2 times 10 min washes. 

o Incubation with secondary antibody- The membrane was incubated with a secondary 

antibody for 1hr with continuous shaking @ 37ºC. 

o Washing- The blot was washed with 0.1% of tris buffer saline tween TBST 4 times. 

Washing was done 2 times for 5 minutes followed by 2 times 10 min washes. 

o The blot was developed. 

5.17.5 Detection and analysis 

The ECL (enhanced chemiluminescence) technology and ECL Hyperfilm were used to detect 

proteins (Amersham Biosciences). Quantification of western blots was done by densitometric 

analysis and the exposures have a linear dynamic range. The Image J software was used for 

densitometric analysis. 

Analysis of western blot was carried out employing the following antibody: 

o Rabbit anti- [aceylated histone H3 (Lys9/14)] antibody (1:5000 dilution; Santa Cruz 

Biotechnology).  

o Rabbit anti-histone H3 antibody (1:5000 dilution; Santa Cruz Biotechnology). 

o HRP-conjugated anti-rabbit secondary antibodies (diluted 1:20000; Santa Cruz 

Biotechnology). 

 5.18 Animals Studies 

Sprague Dawley male rats weighing 160-200g were obtained from the institute's animal 

facility. They were kept in standard conditions and had free access to food and water. The study 

followed the guidelines of the CPCSEA, Ministry of Social Justice and Environment, and 

Government of India, and received approval from the Institutional Animal Ethical Committee 

(Approval no. LPU/IAEC/2022/08). 

5.18.1 Nephrolithiasis induction 



56 
 

We created a calcium oxalate (CaOx) crystal nephrolithiasis rat model as described by Yousefi 

et al., 2018, using ethylene glycol in their drinking water for 28 days and administering 

ammonium chloride by oral gavage for the first three days of the first and third weeks to 

promote stone formation Table 5.8 and Figure 5.1. 

5.18.2 Experimental design  

Thirty-six male Sprague-Dawley rats were divided into six groups of six (Table 5.4). Group 1: 

Control group, given 0.5% Carboxymethyl cellulose (CMC), food, and water for 28 days. 

Group 2: Received 100 mg/kg silibinin dissolved in 0.5% CMC for 28 days, with food and 

water. Groups 3-6: Received 1% ethylene glycol in drinking water for 28 days and 1% 

ammonium chloride orally for the first three days of the first and third weeks. Groups 4-6: Also 

received potassium citrate (2.5 g/kg) and silibinin (50 mg/kg and 100 mg/kg), respectively for 

28 days. The potassium citrate concentration was based on a published study (Yousefi et al., 

2018), and the silibinin dosage was referenced from literature related to diabetes (Liu et al., 

2019). 

Table 5.4: Division of animals into various groups 

Groups Treatment Dose of test compounds No. of 

animals 

Group 1 Control group - 6 

Group 2 Silibinin per se treated group 100 mg/kg, p.o. daily for 4 

consecutive weeks 

6 

5ml/kg of 1% (v/v) EG for 4 weeks + 2 ml of 1% ammonium chloride for 1st three days 

of the 1st and 3rd week will be given 

Group 3 Disease per se group (negative 

control group) 

- 6 

Group 4 Disease + Potassium citrate 

treated positive control group 

2.5 gm/kg 6 

Group 5 Disease + Silibinin low dose 

treated group 

50 mg/kg 6 

Group 6 Disease + Silibinin high dose 

treated group 

100 mg/kg 6 
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Figure 5.1: Timeline used for animal dosing 

5.18.3 Body weight, organ weight, and Kidney morphology measurement 

The body weight of each rat was measured weekly until the study ended. At the conclusion, 

kidney and liver weights were recorded to calculate their coefficients using the organ-to-body 

weight ratio. After dissection, the kidneys were carefully removed, and their length, width, and 

thickness were measured with a vernier caliper. 

5.18.4 Serum and Urine Biochemical Analysis 

The rats were placed in metabolic cages for 24 hours to collect urine before they were 

sacrificed. Urine was analyzed microscopically to detect crystals, followed by biochemical 

tests. Blood was collected through cardiac puncture, and serum was separated by centrifugation 

for the analysis of urea, uric acid, and creatinine levels. Water consumption and urinary output 

were measured at the end of the study. 

5.18.5 Preparation of Kidney Homogenate  
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On the last day of study, the rats chosen for biochemical analysis were sacrificed by cervical 

dislocation at the end of the study. A 10% (w/v) homogenate in 0.1 M phosphate buffer (pH 

7.4) was made after the tissues were removed. The homogenate was then centrifuged for 15 

minutes at 3000 rpm, and the clear supernatant was collected for use in several biochemical 

tests to determine the levels of SOD, CAT, GST, and LPO. 

5.18.6 Stone Markers Estimation 

Calcium, magnesium, and potassium levels in tissue homogenate were analysed according to 

the manufacturer’s protocol using an autoanalyzer. 

5.18.7 Renal Histopathology 

Following sacrifice and decapitation, the rats were dissected, and the kidneys were promptly 

removed and fixed in 10% neutral buffered formalin for 48 hours. The fixed kidneys were 

then processed for paraffin embedding and sectioning. Using a microtome, 5 μm thick 

sections were prepared, passed through a xylene-alcohol series, and stained with alum 

hematoxylin and eosin (H&E). The stained sections were then examined under a microscope 

to assess histopathological alterations. 

5.19 Statistical analysis 

All the results were persuasive as mean ± SEM. The one-way analysis of variance 

(ANOVA) followed by the Tukey test using GraphPad Prism software, was used to analyze 

the statistics of behavioural and biochemical data. The difference was considered to be 

significant when the level of significance was 5% (p<0.05).    
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CHAPTER 6 

RESULTS 

6.1 Data mining and similarity searching  

Drug discovery has traditionally relied on the principle of molecular similarity, which suggests 

that structurally similar compounds often exhibit comparable biological activity. Earlier 

approaches primarily focused on two-dimensional molecular analysis to optimize lead 

compounds, but recent advancements have shifted towards three-dimensional conformational 

comparisons for improved drug target prediction, repurposing, and scaffold-hopping. 

However, the pharmaceutical industry faces significant challenges due to the rising costs of 

drug development and declining approval rates, necessitating innovative strategies for 

discovering effective therapeutics. One promising approach involves integrating Ayurvedic 

knowledge with modern drug discovery, utilizing historical medicinal practices to identify 

potential therapeutic agents from plant sources. In this study, structural similarity searches and 

molecular docking using AutoDock Vina were employed to screen compounds for their 

binding potential against target proteins. The most promising candidates, selected based on 

their favorable binding energy, subsequently underwent ADME analysis to evaluate their 

pharmacokinetic properties and drug-likeness, followed by toxicity assessments, molecular 

docking, and molecular dynamics simulations. This comprehensive and systematic 

methodology aims to identify naturally derived compounds that can be repurposed or 

developed into novel therapeutics with enhanced efficacy and minimal side effects, thereby 

addressing the growing need for safer and more effective treatment options (Kumar and Zhang, 

2018; Atanasov et al., 2021). 

Through this process, six phytochemicals—Quercetin, Resveratrol, Diosmin, 

Epigallocatechin-3-gallate, Rutin, and Catechin—were identified as potential candidates for 

further investigation (Table 6.1). Table 6.1 Briefs about phytochemicals reported in KS 

simultaneously with their epigenetic activity. But these epigenetic activities were reported with 

respect to other diseases like cancer. so here we are exploring this with respect to KS. These 

compounds will be subjected to in silico, in vitro, and in vivo studies to assess their therapeutic 

effects, particularly in managing nephrolithiasis and related conditions. This integrated 

approach highlights the potential of plant-based therapeutics in modern medicine, paving the 

way for the development of safer, more effective treatment options for complex diseases.  
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Table 6.1: Phytochemicals involved in treatment of KS along with their epigenetic activity. 

S.No  Phytochemical Nephrolithiasis activity Epigenetic activity 

1 Catechin  Reduces renal papillary 

calcification along with renal 

calcium crystallization 

reduction 

Downregulating HDACs 

and DNMT1 expression in 

prostate cancer (Izzo et al., 

2020) 

2 Diosmin Decreases degeneration of 

glomeruli and tubules, 

restoring the diameter of the 

capillaries and vessels in the 

cortex 

Diosmin acted as a DNA 

hypomethylating agent in 

MCF-7 cells and DNA 

hypermethylating gent in 

SK-BR-3 cells (Lewinska 

et al., 2017). 

3 Epigallocatechin 

-3-gallate 

Decreases excretion of urinary 

oxalate and crystal-binding 

capability 

Decreases histone 

acetylation, p300 and 

HDACs 1 & 2 binding at 

NF-kBp65 promoter 

regions 

4 Quercetin Decreases urinary crystal 

deposit formation 

Restoring HAT/HDAC 

balance through ERK 

activation in cortex and 

hippocampus of OVX mice 

(Aggarwal et al., 2020) 

5 Rutin Inhibit calcium oxalate 

urolithiasis 

DHT - 3,4-

dihydroxytoluene (Rutin 

metabolite) reduces histone 

hyperacetylation in 

nonalcoholic fatty liver 

disease (Lee et al., 2020) 

6 Resveratrol Prevent hyperoxaluria by 

preventing oxidative stress 

factors and Randall plaque 

formation caused by free 

oxygen radicals (Oksay et al., 

2017) 

Increases Sirtuin activity 

and decreases activity of 

MMP9 
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Below-mentioned table shows the similar structures of the above-mentioned compounds: 

Catechin: An antioxidant flavonoid, occurring especially in woody plants as both (+)-catechin 

and (-)-epicatechin (cis) forms. Also known as Cianidanol (2R,3S)-catechin, Catechuic acid, 

Cianidanolum, D-Catechol (source: drugbank) (Figure 6.1). 

 

Table 6.2: Similarity searching of Catechin 

S.No  Simil

arity  

Structure SMILES Drug 

bank  

Compound 

Name 

1 0.867 

 

O[C@@H]1[C@

H](OC2=CC(O)=

CC(O)=C2C1=O

)C1=CC=C(O)C(

O)=C1 

DB02224 Taxifolin 

C15H12O7 

Mono mass: 

304.058302738 

2 0.867 

 

O[C@@H]1[C@

H](OC2=C(C(O)

=CC(O)=C2)C1=

O)C1=CC(O)=C(

O)C(O)=C1 

DB15645 Dihydromyriceti

n 

C15H12O8 

Mono mass: 

320.05321736 

3 0.795 

 

OC1=CC(O)=C2

C[C@@H](OC(

=O)C3=CC(O)=

C(O)C(O)=C3)[

C@H](OC2=C1)

C1=CC(O)=C(O)

C(O)=C1 

DB12116 Epigallocatechin 

gallate 

C22H18O11 

Mono mass: 

458.084911418 

Figure 6.1: Catechin 
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4 0.787 

 

COC1=C(O)C=C

(C=C1)[C@@H]

1CC(=O)C2=C(

O)C=C(O)C=C2

O1 

DB01094 Hesperetin 

C16H14O6 

Mono mass: 

302.07903818 

5 0.749 

 

 

[H][C@@]1(OC

2=C(O[C@@H]

1CO)C=CC(=C2

)[C@@]1([H])O

C2=C(C(O)=CC(

O)=C2)C(=O)[C

@@H]1O)C1=C

C(OC)=C(O)C=

C1 

DB09298 Silibinin 

C25H22O10 

Mono mass: 

482.121296908 

6 0.722 

 

[H][C@]1(CC(=

O)C2=C(O1)C=

C(O)C=C2O)C1

=CC=C(O)C=C1 

DB03467 Naringenin 

7 0.718 

 

OC1=CC=C(C=

C1)[C@@H]1C

C(=O)C2=CC=C

(O)C=C2O1 

DB03601 5-

deoxyflavanone 

C15H12O4 

Mono mass: 

256.073558872 

 

8 0.703 

 

OC1=CC2=C(C=

C1)C(=O)C[C@

H](O2)C1=CC=

CC=C1 

 

DB04274 (2S)-7-

hydroxyflavanon

e  

C15H12O3 

Mono mass: 

240.07864425 

 

9 0.691 

 

OC1=CC=C(C=

C1)[C@@H]1C

C(=O)C2=CC=C

C=C2O1 

 

DB04429 4-

Hydroxyflavano

ne 

C15H12O3 

Mono mass: 

240.07864425 
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10 0.641 

 

[H][C@]12C3=C

C(O)=C(O)C=C3

C[C@@]1(O)CO

C1=C2C=CC(O)

=C1O 

 

DB16871 Hematoxylin 

C16H14O6 

Mono mass: 

302.079038171 

11 0.629 

 

CC(C)(C)NCC(O

)COC1=CC=CC

2=C1C[C@H](O

)[C@H](O)C2 

 

DB01203 Nadolol 

C17H27NO4 

Mono mass: 

309.194008357 

 

 

Diosmin: It is a semisynthetic drug indicated for the treatment of venous disease. Diosmin is a 

flavone that can be found in the plant Teucrium gnaphalodes. Diosmin is available as a 

prescription medicine in several European countries, and is available as a nutritional 

supplement in the United States and the rest of Europe. It should be noted that clinical studies 

have been inconclusive and no articles have been published pertaining to its use in the treatment 

of vascular disease. When used in rats, diosmin has been effective at mitigating 

hyperglycaemia, and may also have anti-neurodegenerative properties (Figure 6.2).  

 

 

 

 

 

 

Figure 6.2: Diosmin  
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Table 6.3: Similarity searching of Diosmin  

S.No  Similar

ity  

Structure SMILE Drug 

bank 

Id 

Compound 

Name 

1 0.993 

 
 

COC1=CC=C(C=C1

O)C1=CC(=O)C2=C

(OCCO)C=C(O[C@

@H]3O[C@H](CO[

C@@H]4O[C@@H

](C)[C@H](O)[C@

@H](O)[C@H]4O)[

C@@H](O)[C@H](

O)[C@H]3O)C=C2

O1 

DB134

90 

Hidrosmin 

C30H36O16 

Mono mass: 

652.20033507

9 

2 0.852 

 

 

 

C[C@@H]1O[C@

@H](OC[C@H]2O[

C@@H](OC3=C(O

C4=CC(OCCO)=CC

(O)=C4C3=O)C3=C

C=C(O)C(O)=C3)[C

@H](O)[C@@H](O

)[C@@H]2O)[C@H

](O)[C@H](O)[C@

H]1O 

DB137

64 

Monoxerutin 

C29H34O17 

Mono mass: 

654.17959963

5 

3 0.834 

 
 

C[C@@H]1O[C@

@H](OC[C@H]2O[

C@@H](OC3=C(O

C4=CC(OCCO)=CC

(O)=C4C3=O)C3=C

C(OCCO)=C(OCCO

)C=C3)[C@H](O)[C

@@H](O)[C@@H]

2O)[C@H](O)[C@

H](O)[C@H]1O 

DB131

24 

Troxerutin 

C33H42O19 

Mono mass: 

742.23202916

2 
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4 0.827 

 

 

 

C[C@@H]1O[C@

@H](OC[C@H]2O[

C@@H](OC3=C(O

C4=CC(O)=CC(O)=

C4C3=O)C3=CC(O)

=C(O)C=C3)[C@H]

(O)[C@@H](O)[C

@@H]2O)[C@H](O

)[C@H](O)[C@H]1

O 

DB016

98 

Rutin 

C27H30O16 

Mono mass: 

610.15338491

2 

5 0.812 

 

[H][C@@]1(O[C@

@H](OC2=C(OC3=

C(C(O)=CC(O)=C3)

C2=O)C2=CC=C(O)

C(O)=C2)[C@H](O)

[C@H]1O)[C@H](

O)CO 

DB164

03 

Isoquercitrin 

C21H20O12 

Mono mass: 

464.09547608

4 

 

6 0.809 

 

OC[C@H]1O[C@@

H](OC2=C(OC3=C(

C(O)=CC(O)=C3)C

2=O)C2=CC=C(O)C

(O)=C2)[C@H](O)[

C@@H](O)[C@@H

]1O 

DB126

65 

Isoquercetin 

C21H20O12 

Mono mass: 

464.09547610

4 

 0.773 

 
 

 

OC[C@H]1O[C@@

H](OC2=CC3=C(C=

C2)C(=O)C(=CO3)

C2=CC=C(O)C=C2)

[C@H](O)[C@@H]

(O)[C@@H]1O 

DB021

15 

Daidzin 

C21H20O9 

Mono mass: 

416.11073223

8 

 

 0.753 

 

COC1=CC=C(C=C1

)C1=C(O[C@@H]2

O[C@@H](C)[C@

H](O)[C@@H](O)[

C@H]2O)C(=O)C2=

C(O)C=C(O[C@@

H]3O[C@H](CO)[C

@@H](O)[C@H](O

)[C@H]3O)C(CC=C

(C)C)=C2O1 

 

DB120

52 

Icariin 

C33H40O15 

Mono mass: 

676.23672058

8 
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 0.719 

 

COC1=CC=C(C=C1

OC)C1=CC(=O)C2=

C(OC)C=C(OCC(O)

=O)C=C2O1 

DB120

58 

Recoflavone 

C20H18O8 

Mono mass: 

386.10016754 

 

 0.695 

 

CC1=CC(=O)OC2=

C1C=CC(O[C@H]1

O[C@H](CO)[C@

@H](O)[C@H](O)[

C@H]1O)=C2 

 

DB026

39 

7-(alpha-D-

Glucopyranosy

loxy)-4-

methyl-2H-1-

benzopyran-2-

one 

 

C16H18O8 

Mono mass: 

338.10016755

2 

 

 0.695 

 

CC1=CC(=O)OC2=

CC(O[C@@H]3O[C

@H](CO)[C@@H](

O)[C@H](O)[C@H]

3O)=CC=C12 

 

DB131

77 

4-

methylumbellif

eryl beta-D-

glucoside 

C16H18O8 

Mono mass: 

338.10016755

2 

 

 0.688 

 

COC1=CC2=C(C(O

)=C1)C(=O)C(O)=C

(O2)C1=CC(O)=C(

O)C=C1 

 

DB167

72 

Rhamnetin 

C16H12O7 

Mono mass: 

316.05830272

6 

 

 0.668 

 

COC1=C(O)C=CC(

=C1)C1=C(O)C(=O)

C2=C(O)C=C(O)C=

C2O1 

 

DB167

67 

Isorhamnetin 

C16H12O7 

Mono mass: 

316.05830272

6 
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 0.668 

 

CO[C@@H]1[C@

@H](N)[C@@H](O

[C@H]2[C@H](OC

3=CC=CC4=C3C3=

C5C(C(=O)OC6=C5

C(=C(C)C=C6)C(=

O)O3)=C4O)O[C@

H](C)[C@H](O)[C

@]2(C)O)O[C@H](

C)[C@@H]1O 

 

DB051

29 

Elsamitrucin 

C33H35NO13 

Mono mass: 

653.21084021

1 

 

 0.664 

 

[H]N([C@H]1[C@

H](O[C@@H]2[C@

@H](CO)O[C@@H

](OC3=CC4=C(C=C

3)C(C)=CC(=O)O4)

[C@H](N([H])C(C)

=O)[C@H]2O)O[C

@H](CO)[C@@H](

O)[C@@H]1O)C(C)

=O 

 

DB027

59 

4-methyl-

umbelliferyl-

N-acetyl-

chitobiose 

C26H34N2O13 

Mono mass: 

582.20608918

4 

 

 0.664 

 

[H]N([C@H]1[C@

H](O[C@@H]2[C@

@H](CO)O[C@@H

](O[C@@H]3[C@

@H](CO)O[C@H](

OC4=CC5=C(C=C4

)C(C)=CC(=O)O5)[

C@H](N([H])C(C)=

O)[C@H]3O)[C@H

](N([H])C(C)=O)[C

@H]2O)O[C@H](C

O)[C@@H](O)[C@

@H]1O)C(C)=O 

 

DB042

68 

Methylumbelli

feryl 

chitotriose 

 

C34H47N3O18 

Mono mass: 

785.28546171

5 

 

 0.66 

 

COC1=C(O)C=C(C

=C1)C1=CC(=O)C2

=C(O1)C=C(O)C=C

2O 

 

DB112

59 

Diosmetin 

C16H12O6 

Mono mass: 

300.06338811

6 
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 0.656 

 

COC1=CC(=CC=C1

O)C1=CC(=O)C2=C

(O)C=C(O)C=C2O1 

 

DB172

83 

Chrysoeriol 

C16H12O6 

Mono mass: 

300.06338810

6 

 

 0.653 

 

CO[C@@H]1[C@

@H](OC(N)=O)[C

@@H](O)[C@H](O

C2=C(C)C3=C(C=C

2)C(O)=C(NC(=O)C

2=CC=C(O)C(CC=

C(C)C)=C2)C(=O)O

3)OC1(C)C 

 

DB010

51 

Novobiocin 

C31H36N2O11 

Mono mass: 

612.23191000

4 

 

 

Epigallocatechin-3-gallate: Epigallocatechin gallate has been investigated for the treatment 

of Hypertension and Diabetic Nephropathy (Figure 6.3). 

 

 

 

 

 

Table 6.4: Similarity searching of Epigallocatechin-3-gallate 

S.

No  

Simil

arity  

Structure SMILES: Drug 

bank Id 

Compound 

Name 

Figure 6.3: Epigallocatechin-3-

gallate 
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1 0.8 

 

 

O[C@@H]1CC2=

C(O[C@@H]1C1=

CC(O)=C(O)C(O)=

C1)C=C(O)C=C2O 

DB3823 Epigallocatech

in 

C15H14O7 

Mono mass: 

306.07395280

2 

2 0.8 

 

O[C@H]1CC2=C(

O)C=C(O)C=C2O[

C@@H]1C1=CC=

C(O)C(O)=C1 

 

DB14086 Cianidanol 

C15H14O6 

Mono mass: 

290.07903818 

3 0.77 

 
 

O[C@@H]1[C@H

](OC2=CC(O)=CC

(O)=C2C1=O)C1=

CC=C(O)C(O)=C1 

DB2224 Taxifolin 

C15H12O7 

Mono mass: 

304.05830273

8 

4 0.747 

 
 

[H][C@@]1(OC2=

C(O[C@@H]1CO)

C=CC(=C2)[C@@

]1([H])OC2=C(C(

O)=CC(O)=C2)C(

=O)[C@@H]1O)C

1=CC(OC)=C(O)C

=C1 

DB09298 Silibinin 

C25H22O10 

Mono mass: 

482.12129690

8 

5 0.708 

 
 

COC1=C(O)C=C(

C=C1)[C@@H]1C

C(=O)C2=C(O)C=

C(O)C=C2O1 

DB01094 Hesperetin 

C16H14O6 

Mono mass: 

302.07903818 
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Quercetin: It is a flavonol widely distributed in plants. It is an antioxidant, like many other 

phenolic heterocyclic compounds. Glycosylated forms include rutin and quercetin (Figure 6.4). 

 

Table 6.5: Similarity searching of Quercetin 

S.N

o  

Simila

rity  

Structure SMILES Drug bank 

Id 

Compound 

Name 

1 0.959 

 

OC1=CC2=C(C=C1)C(=O)

C(O)=C(O2)C1=CC=C(O)

C(O)=C1 

DB07795 Fisetin 

C15H10O6 

Mono mass: 

286.04773805

2 

2 0.946 

  

OC1=CC=C(C=C1)C1=C(

O)C(=O)C2=C(O1)C=C(O

)C=C2O 

DB01852 Kaempherol 

C15H10O6 

Mono mass: 

286.04773805

2 

3 0.884 

 

OC1=CC(O)=C2C(=O)C=

C(OC2=C1)C1=CC(O)=C(

O)C(O)=C1 

DB08230 Tricetin 

C15H10O7 

Mono mass: 

302.04265267

4 

4 0.85 

 

COC1=C(O)C=C(C=C1)C

1=CC(=O)C2=C(O1)C=C(

O)C=C2O 

DB11259 Diosmetin 

C16H12O6 

Mono mass: 

300.06338811

6 

Figure 6.4: Quercetin 
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5 0.833 

 

OC1=CC2=C(C(O)=C1O)

C(=O)C=C(O2)C1=CC=C

C=C1 

DB16101 Baicalein 

C15H10O5 

Mono mass: 

270.05282342

2 

 

Rutin: A flavonol glycoside found in many plants, including buckwheat; tobacco; forsythia; 

hydrangea; viola, etc. It has been used therapeutically to decrease capillary fragility (Figure 

6.5). 

 

 

 

 

 

 

Table 6.6: Similarity searching of Rutin 

S.

No  

Simila

rity  

Structure SMILES Drug bank 

Id 

Compound 

Name 

Figure 6.5: Rutin 
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1 0.991 

 

OC[C@H]1O[C@@

H](OC2=C(OC3=C(

C(O)=CC(O)=C3)C2

=O)C2=CC=C(O)C(

O)=C2)[C@H](O)[C

@@H](O)[C@@H]1

O 

DB12665 Isoquercetin 

C21H20O12 

 

Mono mass: 

464.09547610

4 

2 0.983 

 
 

C[C@@H]1O[C@@

H](OC[C@H]2O[C

@@H](OC3=C(OC4

=CC(OCCO)=CC(O)

=C4C3=O)C3=CC=

C(O)C(O)=C3)[C@

H](O)[C@@H](O)[

C@@H]2O)[C@H](

O)[C@H](O)[C@H]

1O 

DB13764 Monoxerutin 

C29H34O17 

 

Mono mass: 

654.17959963

5 

3 0.959 

 
 

C[C@@H]1O[C@@

H](OC[C@H]2O[C

@@H](OC3=C(OC4

=CC(OCCO)=CC(O)

=C4C3=O)C3=CC(O

CCO)=C(OCCO)C=

C3)[C@H](O)[C@@

H](O)[C@@H]2O)[

C@H](O)[C@H](O)

[C@H]1O 

DB13124 Troxerutin 

 

C33H42O19 

 

Mono mass: 

742.23202916

2 

4 0.842 

 
 

COC1=C(O)C=C(C=

C1)C1=CC(=O)C2=

C(O)C=C(O[C@@H

]3O[C@H](CO[C@

@H]4O[C@@H](C)

[C@H](O)[C@@H](

O)[C@H]4O)[C@@

H](O)[C@H](O)[C

@H]3O)C=C2O1 

DB08995 Diosmin 

C28H32O15 

 

Mono mass: 

608.17412035

4 
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5 0.835 

 
 

COC1=CC=C(C=C1

O)C1=CC(=O)C2=C

(OCCO)C=C(O[C@

@H]3O[C@H](CO[

C@@H]4O[C@@H]

(C)[C@H](O)[C@@

H](O)[C@H]4O)[C

@@H](O)[C@H](O)

[C@H]3O)C=C2O1 

DB1349 Hidrosmin 

 

C30H36O16 

 

Mono mass: 

652.20033507

9 

 

Resveratrol (3,5,4'-trihydroxystilbene): It is a polyphenolic phytoalexin. It is a stilbenoid, a 

derivate of stilbene, and is produced in plants with the help of the enzyme stilbene synthase. It 

exists as cis-(Z) and trans-(E) isomers. The trans- form can undergo isomerisation to the cis- 

form when heated or exposed to ultraviolet irradiation. In a 2004 issue of Science, Dr. Sinclair 

of Harvard University said resveratrol is not an easy molecule to protect from oxidation. It has 

been claimed that it is readily degraded by exposure to light, heat, and oxygen. However, 

studies find that Trans-resveratrol undergoes negligible oxidation in normal atmosphere at 

room temperature (Figure 6.6). 

 

Table 6.7: Similarity searching of Resveratrol 

S.

No  

Simila

rity  

Structure SMILES Drug 

bank Id 

Compound 

Name 

1 0.966 

 

OC1=CC(\C=C\C2=

CC=C(O)C(O)=C2)

=CC(O)=C1 

DB08399 Piceatannol 

C14H12O4 

Mono mass: 

244.073558866 

Figure 6.6: Resveratrol 
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2 0.8 

 

COC1=CC=C(\C=C

/C2=CC(OC)=C(OC

)C(OC)=C2)C=C1O 

 

DB14680 Combretastatin 

A4 

C18H20O5 

Mono mass: 

316.131073744 

 

3 0.761 

 

COC1=CC(C=CC)=

CC=C1O 

 

DB14188 Isoeugenol 

C10H12O2 

Mono mass: 

164.083729626 

 

4 0.757 

 

CC(C)C1=C(O)C=C

(\C=C\C2=CC=CC=

C2)C=C1O 

 

DB06083 Tapinarof 

C17H18O2 

Mono mass: 

254.13067982 

 

5 0.719 

 

CC1=CC(\C=C\C2=

CC=CC=C2)=CC(C

)=C1O 

 

DB08100 2,6-dimethyl-4-

[(E)-2-

phenylethenyl]

phenol 

C16H16O 

Mono mass: 

224.120115134 

 

 

Table 6.2 to Table 6.7 reports similarity searching of various phytochemicals. Their other 

properties like mol wt. and SMILE structures have also been drawn so as to use in ADME and 

toxicity studies.  These structures were then compiled; duplicates were removed and used for 

multiple screening. 
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6.2 Level 1 screening: Based on Lipinski’s rule of five (RO5) 

Initially, six parent compounds were selected for similarity searching, which yielded 67 similar 

compounds. These compounds were subjected to Lipinski's rule of five (RO5) for screening, 

resulting in the selection of 51 molecules that satisfied the RO5 criteria. Detailed results are 

provided in Table 6.8. 

The analysis showed that most compounds exhibited consistent patterns within their respective 

groups. For example, similar compounds derived from Catechin, Quercetin, and Resveratrol 

adhered to Lipinski’s rule, supporting the hypothesis that "similar structures possess similar 

activity." However, this hypothesis holds true only to a certain extent, as not all classes 

demonstrated a uniform pattern in adhering to the criteria. This indicates variability in the 

activity and properties of compounds within and across structural groups. 

Table 6.8: List of similar compounds derived from parental compounds, validating Lipinski’s 

rule. 

Parent 

Compound 

Similar compound Similarity 

score 

Lipinski rule  

Catechin Cianidanol 1 Yes  
Hesperetin 0.787 Yes 

  Silibinin 0.749 Yes 

  Naringenin 0.722 Yes 

  Sakuranetin 0.72 Yes 

  5-deoxyflavanone 0.718 Yes 

  (2S)-7-hydroxyflavanone  0.703 Yes 

  4-Hydroxyflavanone 0.691 Yes 

  Hematoxylin 0.641 Yes 

  Nadolol 0.629 Yes 

  
   

Diosmin Hidrosmin 0.993 No 

  Daidzin 0.773 Yes 

  Icariin 0.753 No 

  Elsamitrucin 0.668 No 

  4-methyl-umbelliferyl-N-acetyl-

chitobiose 

0.664 No 

 
Methylumbelliferyl chitotriose 0.664 No  
Diosmetin 0.66 Yes  
Chrysoeriol 0.656 Yes  
Eupatilin 0.64 Yes 
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Caflanone 0.638 Yes  
Methylumbelliferyl sialic acid 0.636 No  
Tricetin 0.631 Yes 

  Luteolin 0.631 Yes     

Epigallocatechin

-3-gallate 

Epigallocatechin 0.795 Yes 

  Epicatechin 0.795 Yes 

  Taxifolin 0.799 Yes 

  Dihydromyricetin 0.799 Yes 

  Hesperidin 0.679 No 

  Erteberel 0.624 Yes 

  rotenone 0.623 Yes     

Quercetin Myricetin 1 Yes 

  Fisetin 0.965 Yes 

  Isorhamnetin 0.952 Yes 

  Rhamnetin 0.948 Yes 

  Kaempherol 0.92 Yes 

  Morin 0.88 Yes  
Apigenin 0.81 Yes  
Baicalein 0.784 Yes  
Hispidulin 0.782 Yes  
Chrysin 0.78 Yes  
Icaritin 0.747 Yes  
recoflavone 0.742 Yes  
flavone 0.675 Yes  
beta-Naphthoflavone 0.673 Yes 

  alpha-Naphthoflavone 0.67 Yes     

Rutin Isoquercitrin 0.984 No 

  Isoquercetin 0.981 No 

  Monoxerutin 0.975 No 

  Troxerutin 0.948 No 

  Coumermycin A1 0.63 No 

  Quercetin-3'-O-phosphate 0.656 No 

  Vitexin 0.637 Yes  
esculin 0.622 Yes 

  Clorobiocin 0.619 No 

  Thiocolchicoside 0.612 No 

  Rifalazil 0.606 No     
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Resveratrol Piceatannol 0.958 Yes  
Pterostilbene 0.841 Yes  
Combretastatin A4 0.775 Yes  
Isoeugenol 0.723 Yes  
Tapinarof 0.711 Yes  
2,6-dimethyl-4-[(E)-2-

phenylethenyl]phenol  

0.667 Yes 

 
5-(3,3-Dihydroxypropeny)-3-

Methoxy-Benzene-1,2-Diol 

0.663 Yes 

 
3,4-Dihydroxycinnamic Acid  0.663 Yes  
Anethole 0.641 Yes  
4-Vinylguaiacol 0.639 Yes  
Sinapic acid 0.625 Yes 

 

6.3 Level 2 Screening: Based on ADME studies 

51 molecules selected in the initial screening were further subjected to ADME analysis, 

evaluating parameters such as water solubility, CYP2C19, CYP2C9, and CYP2D6 inhibition, 

bioavailability score, PAINS (Pan-Assay Interference Compounds), and BRENK alerts. 

Molecules with high or moderate solubility, non-CYP inhibition properties, a good 

bioavailability score, and no PAINS or BRENK alerts were retained for further study (Table 

6.9). 

Table 6.9: Solubility, CYP inhibition and bioavailability score of shortlisted compounds.  

Compounds  Water 

Solubility 

CYP2

C19 

Inhibi

tor 

CYP

2C9 

Inhib

itor 

CYP2

D6 

Inhibit

or 

Bioavailibil

ity Score 

Pai

ns 

Bren

k 

Hesperetin Soluble No No No 0.55 0 0 

Silibinin Moderately 

Soluble 

No No No 0.55 0 0 

Naringenin Soluble No No No 0.55 0 0 

Sakuranetin Moderately 

Soluble 

Yes No No 0.55 0 0 

5-Deoxyflavanone Soluble No No No 0.55 0 0 

Cianidanol Soluble No No No 0.55 1 1 

(2S)-7-

Hydroxyflavanone  

Moderately 

Soluble 

No No No 0.55 0 0 

4-

Hydroxyflavanone 

Moderately 

Soluble 

No No No 0.55 0 0 
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Hematoxylin Soluble No No No 0.55 1 1 

Nadolol Soluble No No No 0.55 0 0 

Daidzin Soluble No No No 0.55 0 0 

Diosmetin Moderately 

Soluble 

No Yes Yes 0.55 0 0 

Chrysoeriol Moderately 

Soluble 

No Yes Yes 0.55 0 0 

Eupatilin Moderately 

Soluble 

No Yes Yes 0.55 0 0 

Caflanone Moderately 

Soluble 

No Yes No 0.55 0 1 

Tricetin Soluble No No Yes 0.55 1 1 

Luteolin Soluble No No Yes 0.55 1 1 

Epigallocatechin Soluble No No No 0.55 1 1 

Epicatechin Soluble No No No 0.55 1 1 

Taxifolin Soluble No No No 0.55 1 1 

Dihydromyricetin Soluble No No No 0.55 1 1 

Erteberel Moderately 

Soluble 

Yes No Yes 0.55 0 1 

Rotenone Poorly 

Soluble 

Yes Yes Yes 0.55 0 1 

Fisetin Soluble No No Yes 0.55 1 1 

Myricetin Soluble No No No 0.55 1 1 

Isorhamnetin Soluble No No Yes 0.55 0 0 

Rhamnetin Soluble No No Yes 0.55 1 1 

Kaempherol Soluble No No Yes 0.55 0 0 

Morin Soluble No No Yes 0.55 0 0 

Apigenin Moderately 

Soluble 

No No Yes 0.55 0 0 

Baicalein Moderately 

Soluble 

No No Yes 0.55 1 1 

Hispidulin Moderately 

Soluble 

No No Yes 0.55 0 0 

Chrysin Moderately 

Soluble 

No No Yes 0.55 0 0 

Icaritin Moderately 

Soluble 

No Yes No 0.55 0 1 

Recoflavone Moderately 

Soluble 

No Yes No 0.56 0 0 

Flavone Poorly 

Soluble 

Yes No No 0.55 0 0 
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Beta-

Naphthoflavone 

Poorly 

Soluble 

Yes No No 0.55 0 1 

Alpha-

Naphthoflavone 

Poorly 

Soluble 

Yes No No 0.55 0 1 

Vitexin Soluble No No No 0.55 0 0 

Esculin Soluble No No No 0.55 0 1         

Piceatannol Soluble No Yes No 0.55 1 2 

Combretastatin A4 Moderately 

Soluble 

Yes Yes Yes 0.55 0 1 

Isoeugenol Soluble No No No 0.55 0 0 

Tapinarof Moderately 

Soluble 

Yes Yes Yes 0.55 0 1 

Anethole Soluble No No No 0.55 0 0 

Pterostilbene Moderately 

Soluble 

Yes Yes Yes 0.55 0 0 

3,4-

Dihydroxycinnami

c Acid  

Soluble No No No 0.56 1 2 

4-Vinylguaiacol Soluble No No No 0.55 0 0 

2,6-Dimethyl-4-

[(E)-2-

Phenylethenyl]Phe

nol  

Moderately 

Soluble 

Yes No Yes 0.55 0 1 

5-(3,3-

Dihydroxypropeny

)-3-Methoxy-

Benzene-1,2-Diol 

Soluble No No No 0.55 1 2 

Sinapic Acid Soluble No No No 0.56 0 1 

 

Compounds failing to meet these criteria were eliminated, leaving 12 molecules that satisfied 

all the ADME requirements (Table 6.10). The final shortlisted molecules were Hesperetin, 

Silibinin, Naringenin, 5-Deoxyflavanone, (2S)-7-Hydroxyflavanone, 4-Hydroxyflavanone, 

Nadolol, Daidzin, Vitexin, Isoeugenol, Anethole, and 4-Vinylguaiacol. These molecules were 

selected for subsequent analysis due to their favourable pharmacokinetic profiles. 

6.4 Level 3 Screening: Based on toxicity 

From the above ADME criteria, 12 molecules were initially shortlisted (Table 6.10). The 

specific parameters used for this step, as detailed in the methodology section, were applied to 
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further refine the selection. This filtering process eliminated 7 molecules, leaving 5 final 

candidates: 4-Vinylguaiacol, Anethole, Isoeugenol, Nadolol, and Silibinin (Figure 6.7). These 

molecules were carried forward for subsequent experiments. 

Table 6.10: Toxicity prediction and analysis of shortlisted compounds using different 

signaling pathways (IN- inactive, AC-active).  

Compoun

ds 

H

P

T 

M

TG 

C

Y

T 

A

R 

A

R-

L

B

D 

Arom

atase 

E

R 

E

R-

L

B

D 

PP

AR-

γ 

NRF2/

ARE 

H

SE 

M

M

P 

p

5

3 

Hesperetin IN IN IN IN IN IN A

C 

A

C 

IN IN IN AC I

N 

Silibinin IN IN IN IN IN IN I

N 

IN IN IN IN IN I

N 

Naringenin IN IN A

C 

IN IN IN A

C 

A

C 

AC IN IN AC A

C 

5-

deoxyflava

none 

IN IN IN IN IN IN A

C 

A

C 

IN IN IN AC I

N 

(2S)-7-

hydroxyfla

vanone 

IN IN A

C 

IN IN IN A

C 

IN IN IN IN AC I

N 

4-

Hydroxyfla

vanone 

IN IN A

C 

IN IN IN A

C 

IN IN IN IN AC I

N 

Nadolol IN IN IN IN IN IN I

N 

IN IN IN IN IN I

N 

Daidzin IN IN IN IN IN IN I

N 

IN IN IN IN IN A

C 

Vitexin IN AC A

C 

IN IN IN I

N 

IN IN IN IN IN I

N 

Isoeugenol IN IN IN IN IN IN I

N 

IN IN IN IN IN I

N 

Anethole IN IN IN IN IN IN I

N 

IN IN IN IN IN I

N 

4-

Vinylguai

acol 

IN IN IN IN IN IN I

N 

IN IN IN IN IN I

N 

*Bold compounds were taken for further studies 
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Table abbrevations: Hepatotoxicity (HPT), Mutagenicity (MTG), Cytotoxicity (CYT), 

androgen receptor (AR), androgen receptor ligand binding domain (AR-LBD), aromatase, 

estrogen receptor alpha (ER), estrogen receptor ligand binding domain (ERLBD), and 

peroxisome proliferator-activated receptor gamma (PPAR-γ), Nuclear factor (erythroid-

derived 2)-like 2/antioxidant responsive element (nrf2/ARE), Heat shock factor response 

element (HSE), Mitochondrial Membrane Potential (MMP) and Phosphoprotein (Tumor 

Suppressor) p53. 

 

 

Figure 6.7: 2D structure of shortlisted phytochemicals. 
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Fig 6.8: Boiled egg representation of shortlisted phytochemicals 

The Boiled-Egg diagram is used for a straightforward assessment of passive gastrointestinal 

absorption indicated by the white section and BBB indicated by the yellow section. 

Additionally, blue and red points represent P-glycoprotein (P-gp) positivity and negativity 

concerning the position of small molecules in the WLOGP-versus-TPSA graph. The Boiled 

egg plots in Figure 6.8 depict 4-Vinylguaiacol, Anethole, Isoeugenol, Nadolol, and Silibinin 

6.5 Core Hub Genes in Nephrolithiasis Treatment Identified Through Phytochemical 

Targeting 

After applying multiple screenings using Lipinski’s rule of five, ADME, and toxicity filters, 

five compounds 4-Vinylguaiacol, anethole, isoeugenol, nadolol, and silibinin—were 

shortlisted, with their 2D structures shown in Figure 6.7. Each phytochemical was then 

analyzed using Swiss Target Prediction, yielding 100 unique genes per compound, which were 

further filtered against duplicates. After merging, 329 compound genes remained, which were 

mapped against 3,713 disease-related targets, resulting in 191 common targets as shown in the 

Venn diagram in Figure 6.9. 

These common targets were uploaded to the STITCH database to visualize the protein-protein 

interaction (PPI) network, depicted in Figure 6.10. Using Homo sapiens as the target organism 

and setting the minimum interaction score to 0.7, the network comprised 191 nodes and 628 
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edges, with an average node degree of 6.58. The PPI enrichment p-value was < 1.0e-16. Here, 

the nodes represent relevant targets, while the edges indicate protein-protein interactions. 

 

Figure 6.9: Venn diagram showing targets of phytochemicals and nephrolithiasis disease where 

the intersection represents the number of common targets between the two sets.  

 

Figure 6.10: Protein-protein network of common targets between phytochemicals and 

nephrolithiasis 
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6.6 Gene ontology and pathway analysis 

Gene ontology (GO) and KEGG pathway analysis were performed to assess the function and 

enriched pathways associated with nephrolithiasis-related genes using the ShinyGO 0.81 

server. The analysis identified the top 30 biological pathways affecting biological properties 

such as biological process (BP), cellular component (CC), and molecular function (MF), as 

depicted in Figure 6.11 based on the number of genes involved.  
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Figure 6.11: Dot plot diagram of three gene ontology processes and KEGG pathway analysis. 

Here, the size of the dot indicates the number of genes large dot confers a large gene number 

on a scale of blue to red, where red refers to high fold enrichment. 

A total of 1517 statistically significant GO terms were found, including 100 BP, 217 CC, and 

300 MF terms. The top BP terms included response to organic substance, cellular response to 

chemical stimulus, and response to chemical. The top CC terms were nuclear lumen, 

nucleoplasm, and vesicle, while the top MF terms included enzyme binding, identical protein 

binding, and catalytic activity acting on a protein. Furthermore, 190 significant KEGG 

pathways were identified, with key pathways involved in cancer, Hepatitis B, and Kaposi 

sarcoma-associated herpesvirus infection, highlighting the diverse biological activities of the 

shortlisted phytochemicals and disease-associated key genes. 

6.7 Disease-phytochemical-target-pathway network construction 

Figure 6.12: Disease-phytochemical-target-pathway network. Here innermost circle (brick red) 

represent disease, the outer circle (yellow) represents phytochemicals, the inverted triangle 

(green) represents targets and the rectangle (light orange) represents pathways. 
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A disease-phytochemical-target-pathway network was constructed and analyzed using the 

Network Analyzer tool in Cytoscapeas shown in Figure 6.12. The targets of the selected 

phytochemicals were as follows: 

• 4-Vinylguaiacol targets include RELA, SRC, PARP1, MAPT, PTGS2, ERBB2, 

EGFR, CDK1, JAK1, JAK2, and PGR. 

• Anethole targets include RELA, ESR1, PTGS2, TLR4, MAPT, CYP19A1, APP, 

JAK1, JAK2, STAT3, JAK3, EGFR, PTPRC, PARP1, and CDK1. 

• Isoeugenol targets include RELA, PTGS2, ESR1, EGFR, MAPT, CYP19A1, PARP1, 

SRC, APP, STAT3, EP300, MMP9, JAK1, and JAK2. 

• Nadolol targets include PRKACA, EGFR, CDK1, and MTOR. 

• Silibinin targets include MAPT, STAT1, SRC, BCL2, MAPK14, KIT, HIF1A, 

CYP19A1, APP, MMP9, MTOR, PIK3CB, PIK3CA, PARP1, ESR1, PRKACA, and 

PIK3R1. 

Among all the phytochemicals, silibinin exhibited the highest number of gene targets, 

highlighting its broad potential in addressing nephrolithiasis-related pathways and interactions. 

6.8 Level 4 Screening: Using molecular docking 

Comparison of the docked pose with the crystallographic ligand (4TQ) revealed a close overlap 

within the binding pocket, as illustrated in Figure 6.13. Quantitative assessment yielded an 

RMSD of 1.970 Å, indicating that the docking parameters were able to effectively reproduce 

the experimentally observed binding conformation. These findings demonstrate that the 

implemented docking strategy is reliable and appropriate for application in virtual screening 

workflows. The molecular docking analysis of shortlisted phytochemicals with SIRT1 (PDB 

ID: 4ZZJ) provided valuable insights into their binding affinities, interacting residues, and 

potential inhibitory effects. The docking studies were performed using Discovery Studio and 

LigPlot, with the results highlighting key interactions, including hydrogen bonding and 

hydrophobic interactions. The binding energies of the compounds ranged from -5.0 kcal/mol 

to -7.9 kcal/mol, with stronger binding affinities indicating better stability of the ligand-protein 

complex (Table 6.11).The co-crystallized ligand exhibited the strongest binding energy of -7.9 

kcal/mol, interacting with ILE227, GLU230, PRO212, LEU206, THR209, ILE223, ASN226, 

GLN222, THR219, LEU215, PRO211, and ILE210 in Discovery Studio and PRO293, 
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PHE273, ASP277, GLY278, ALA281, TYR280, ALA284, and PRO288 in LigPlot. This 

serves as a reference for comparing the efficacy of other phytochemicals (Figure 6.14). 

4-Vinylguaiacol demonstrated the weakest binding energy of -5.0 kcal/mol, interacting with 

GLY261, ILE316, PHE312, GLN345, ASN346, ILE347, PHE273, ALA262, VAL445, 

PHE297, and PHE414 in Discovery Studio and ALA262, ASN346, GLY261, GLN345, 

PHE297, and PHE273 in LigPlot. The absence of strong hydrogen bonding and fewer 

stabilising interactions suggests relatively weaker binding compared to other phytochemicals 

(Figure 6.15). 

Anethole exhibited a binding energy of -5.9 kcal/mol, interacting with ILE347, PHE297, 

VAL412, PHE413, HIS363, PHE414, VAL445, ILE411, GLN345, and PHE312 in Discovery 

Studio and VAL445, PHE414, PHE297, ILE316, PHE312, PRO271, ALA262, and PHE273 in 

LigPlot. The moderate binding affinity indicates potential inhibitory activity, although 

additional validation is required (Figure 6.16). 

Isoeugenol had a binding energy of -6.4 kcal/mol, showing interactions with PHE312, 

ALA262, GLY263, ARG274, ASP272, GLY440, SER441, SER442, LEU443, LYS444, 

GLN345, VAL445, and PHE273 in Discovery Studio and GLY440, SER442, LEU443, 

SER441, GLN345, PHE273, and ALA262 in LigPlot. The presence of multiple hydrogen 

bonds suggests a relatively stable binding pose (Figure 6.17). 

Nadolol exhibited a binding energy of -5.8 kcal/mol, with Discovery Studio revealing 

interactions with GLN294, PRO293, ARG274, PHE273, TYR658, SER275, ARG276, 

ASP277, ILE279, TYR280, ALA281, LYS444, and GLY278 and LigPlot showing similar 

residues, including PHE273, GLN294, PRO293, SER275, ARG276, GLY278, ALA281, 

TYR280, ASP277, TYR658, and ARG274. Despite moderate binding energy, the presence of 

hydrogen bonds enhances its potential inhibitory effect (Figure 6.18). 

Silibinin exhibited a high binding affinity among the tested compounds with a binding energy 

of -7.4 kcal/mol. The interacting residues identified in Discovery Studio included ASP272, 

PHE273, SER441, SER442, LYS444, PRO293, ARG274, GLN294, ASP292, TYR658, 

SER659, ALA262, VAL445, HIS363, and PHE297, whereas LigPlot analysis confirmed 

interactions with GLN294, ASP292, PRO293, TYR658, ARG274, SER442, ALA262, 

PHE273, PHE297, and LYS444. The presence of hydrogen bonding interactions with key 

residues suggests strong stabilization within the active site (Figure 6.19). 
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Overall, the molecular docking studies indicate that Silibinin, with its strong binding affinity 

and extensive hydrogen bonding interactions, holds the most promise as a SIRT1 modulator in 

nephrolithiasis treatment. Isoeugenol and Anethole also exhibit moderate potential, whereas 4-

Vinylguaiacol and Nadolol show weaker binding interactions. 

Table 6.11: Binding energy and interacting residues after performing molecular docking of 

shortlisted phytochemicals. Bold residues indicate hydrogen bonding. 

Compounds Binding 

energy 

Discovery Studio 

Interacting Residues 

Ligplot Interacting Residues 

Co-

crystallized 

-7.9 ILE227, GLU230, PRO212, 

LEU206, THR209, ILE223, 

ASN226, GLN222, THR219, 

LEU215, PRO211, ILE210 

PRO293, PHE273, ASP277, 

GLY278, ALA281, TYR280, 

ALA284, PRO288 

4-

Vinylguaiacol 

-5 GLY261, ILE316, PHE312, 

GLN345, ASN346, ILE347, 

PHE273, ALA262, VAL445, 

PHE297, PHE414 

ALA262, ASN346, GLY261, 

GLN345, PHE297, PHE273 

Anethole -5.9 ILE347, PHE297, VAL412, 

PHE413, HIS363, PHE414, 

VAL445, ILE411, GLN345, 

PHE312 

VAL445, PHE414, PHE297, 

ILE316, PHE312, PRO271, 

ALA262, PHE273 

Isoeugenol -6.4  PHE312, ALA262, GLY263, 

ARG274, ASP272, GLY440, 

SER441, SER442, LEU443, 

LYS444, GLN345, VAL445, 

PHE273 

GLY440, SER442, LEU443, 

SER441, GLN345, PHE273, 

ALA262,  

Nadolol -5.8 GLN294, PRO293, ARG274, 

PHE273, TYR658, SER275, 

ARG276, ASP277, ILE279, 

TYR280, ALA281, LYS444, 

GLY278 

PHE273, GLN294, PRO293, 

SER275, ARG276, GLY278, 

ALA281, TYR280, ASP277, 

TYR658, ARG274 

Silibinin -7.4 ASP272, PHE273, SER441, 

SER442, LYS444, PRO293, 

ARG274, GLN294, ASP292, 

TYR658, SER659, ALA262, 

VAL445, HIS363, PHE297 

GLN294, ASP292, PRO293, 

TYR658, ARG274, SER442, 

ALA262, PHE273, PHE297, 

LYS444 
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Figure 6.13: Overlay diagram of co-crystallized ligand (green) with docked ligand (pink)  
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Figure 6.14: Docking of the SIRT1 protein (PDB ID:4ZZJ) with Co-crystallized ligand : 3D 

visualization in PyMol (top), 2D visualization in Discovery Studio (bottom left) and Ligplot 

(bottom right). 
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Figure 6.15: Docking of the SIRT1 protein (PDB ID:4ZZJ) with 4-Vinylguaicol: 3D 

visualization in PyMol (top), 2D visualization in Discovery Studio (bottom left) and Ligplot 

(bottom right). 
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Figure 6.16: Docking of the SIRT1 protein (PDB ID:4ZZJ) with anethole: 3D visualization in 

PyMol (top), 2D visualization in Discovery Studio (bottom left) and Ligplot (bottom right). 
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Figure 6.17: Docking of the SIRT1 protein (PDB ID:4ZZJ) with isoeugenol: 3D visualization 

in PyMol (top), 2D visualization in Discovery Studio (bottom left) and Ligplot (bottom right). 
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Figure 6.18: Docking of the SIRT1 protein (PDB ID:4ZZJ) with nadolol: 3D visualization in 

PyMol (top), 2D visualization in Discovery Studio (bottom left) and Ligplot (bottom right). 
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Figure 6.19: Docking of the SIRT1 protein (PDB ID:4ZZJ) with silibinin: 3D visualization in 

PyMol (top), 2D visualization in Discovery Studio (bottom left) and Ligplot (bottom right). 
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6.9 Molecular dynamics (MD) assessment 

Anethole, isoeugenol, and silibinin were evaluated for molecular dynamics studies. In MD 

various parameters were analyzed to study the stability and conformation of protein-ligand 

complexes such as RMSD, RMSF, number of hydrogen bonds, SASA, and radius of 

gyration.  

6.9.1 Root Mean Square Deviation (RMSD) 

 

 

Figure 6.20: RMSD of silibinin, isoeugenol and anethole along with protein for 100ns 

The stability of the protein-ligand complex over a 100 ns simulation is assessed using Root 

Mean Square Deviation (RMSD), which measures atomic positional changes over time. RMSD 

provides insights into both stability and flexibility within the simulated environment by 

evaluating structural deviations in the protein and protein-ligand complex. A lower RMSD 

value signifies structural stability and a strong interaction between the ligand and the binding 

pocket, indicating minimal conformational changes and a well-maintained binding throughout 

the simulation. In contrast, a higher RMSD value suggests structural fluctuations, which may 

impact ligand retention and overall complex stability. Consistently low RMSD values indicate 
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that the ligand remains securely bound within the active site, while higher fluctuations reflect 

alterations in protein dynamics, potentially leading to weaker binding or ligand displacement. 

In this study, RMSD was analysed for both the apo (unbound) and ligand-bound protein states, 

as depicted in Figure 6.20. Initially, fluctuations are observed in the RMSD plot for all three 

compounds, which is expected as the system undergoes equilibration. However, anethole and 

isoeugenol exhibit greater stability over time, with their RMSD values stabilising after an initial 

adjustment period. In contrast, silibinin shows slightly higher deviations, suggesting a 

relatively less stable binding. The results indicate that the protein, along with its complexes 

with silibinin, isoeugenol, and anethole, remains relatively stable throughout the simulation, 

reinforcing the potential of these phytochemicals in maintaining strong molecular interactions 

within the binding site. 

6.9.2 Root Mean Square Fluctuation (RMSF)  

RMSF analysis evaluates the flexibility of individual residues within a protein structure during 

a molecular dynamics simulation. It measures the extent of atomic displacement over time, 

providing insights into the stability and mobility of different protein regions. Higher RMSF 

values indicate regions with greater movement, suggesting structural flexibility and potential 

instability. In contrast, lower RMSF values signify stable interactions, where residues maintain 

their positions with minimal fluctuations. This analysis is crucial in understanding ligand-

induced conformational changes and identifying binding site stability, as excessive fluctuations 

in key residues may compromise ligand retention and overall protein function. In this study, 

RMSF was calculated for three ligand-protein complexes and the apo-protein over a 100 ns 

simulation to evaluate deviations from the original positions. The results revealed that key 

binding site residues exhibited relatively low RMSF values for silibinin, anethole, and the 

protein, indicating strong ligand retention. In contrast, isoeugenol showed slightly higher 

fluctuations, suggesting a more flexible binding interaction. The RMSF graph (Figure 6.21) 

demonstrates that fluctuations remained below 2 nm for most of the simulation, except at the 

beginning and end of the curve, likely due to the presence of loop or turn regions in the protein 

structure. The majority of the residues exhibited deviations under 0.6 nm, reinforcing the 

stability of the protein-ligand complexes throughout the simulation. 
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Figure 6.21: RMSF of silibinin, isoeugenol and anethole along with protein. 

6.9.3 Radius of Gyration (Rg)  

 

Figure 6.22: Radius of gyration of silibinin, isoeugenol and anethole along with protein for 

100ns 
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The radius of gyration (Rg) is a key parameter used to assess the compactness and structural 

stability of a protein throughout a molecular dynamics simulation. It measures the distribution 

of atomic mass around the center of mass, providing insights into protein folding and rigidity. 

A lower and stable Rg value indicates that the protein maintains a well-folded and compact 

conformation, suggesting structural integrity and stability. Conversely, fluctuations in Rg may 

indicate conformational changes, unfolding events, or flexibility within the protein structure. 

In this study, the Rg analysis was performed to compare the compactness of the protein in both 

apo (unbound) and ligand-bound states. The results revealed that all ligand-bound complexes 

exhibited relatively stable Rg values, indicating that ligand binding did not induce significant 

structural perturbations. Minor fluctuations observed in certain complexes suggest slight 

conformational rearrangements, but these variations remained within an acceptable range, 

confirming that the protein retained its structural stability throughout the simulation. The 

consistent Rg values observed across different conditions further support the notion that the 

protein-ligand complexes maintained their compact and well-folded states during the 100 ns 

simulation period, as depicted in Figure 6.22. 

6.9.4 Solvent Accessible Surface Area (SASA)  

 

Figure 6.23: SASA of silibinin, isoeugenol and anethole along with protein for 100ns 

Solvent Accessible Surface Area (SASA) is an essential parameter used to evaluate the extent 

to which a protein or protein-ligand complex is exposed to the surrounding solvent during a 
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molecular dynamics simulation. It provides insights into the stability of ligand binding, as a 

decrease in SASA typically indicates that the ligand is more deeply embedded within the 

protein’s binding pocket, forming stable interactions. Conversely, an increase in SASA 

suggests greater solvent exposure, which may imply weaker binding or conformational changes 

in the protein structure. 

In this study, SASA was analyzed to assess the degree of solvent exposure for both the apo-

protein and ligand-bound complexes over the 100 ns simulation period (Figure 6.23). The 

results demonstrated that Isoeugenol and Anethole exhibited lower SASA values compared to 

the apo-protein and Silibinin, suggesting that these ligands were more tightly enclosed within 

the binding pocket, contributing to greater binding stability. The SASA values fluctuated 

between 170-200 nm² throughout the simulation, indicating that the overall structure of the 

protein and protein- ligand complexes remained stable. Minimal variations in SASA further 

support the notion that the protein retained its compactness and did not undergo significant 

conformational changes upon ligand binding. These findings reinforce the stability of the 

ligand-protein interactions and the structural integrity of the complexes over the course of the 

simulation. 

6.9.5 Hydrogen Bonding 

 

Figure 6.24: Hydrogen bond of Silibinin, Isoeugenol and Anethole with protein for 100ns 
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Figure 6.25: Hydrogen Bond Pairs of silibinin, isoeugenol and anethole with protein for 

100ns. 

Hydrogen bonds are critical for the stability and integrity of protein-ligand interactions, as they 

contribute significantly to binding affinity and complex stabilisation. A higher number of 

hydrogen bonds generally correlates with stronger and more stable interactions, whereas fewer 

hydrogen bonds may indicate weaker binding and increased flexibility of the ligand within the 

protein's active site. 

In this study, molecular dynamics (MD) simulations were used to evaluate hydrogen bond 

formation between the selected ligands and the target protein throughout the simulation 

trajectory. The results indicated that silibinin formed the highest number of hydrogen bonds, 

maintaining consistent interactions with the protein, which contributed to its enhanced stability. 

Isoeugenol exhibited a moderate number of hydrogen bonds, while anethole formed the least, 

suggesting a comparatively weaker binding affinity.  

Post-MDS, trajectory files were analysed to quantify the number of hydrogen bonds, providing 

insights into ligand-protein interaction stability over time. The hydrogen bond fluctuations 

observed during the simulation indicated that silibinin maintained stable interactions, 

reinforcing its strong binding affinity. Conversely, the lower number of hydrogen bonds in 

anethole suggests that it may have a more transient interaction with the protein, leading to 

reduced stability. The results, as depicted in Figure 6.24 and Figure 6.25, highlight the role of 

hydrogen bonding in ligand retention and overall protein-ligand complex stabilisation. 
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6.9.6 Distance between protein and ligand 

 

 

Figure 6.26: Distance between silibinin, isoeugenol and anethole with protein for 100ns. 

The proximity between a ligand and its target protein plays a crucial role in determining the 

strength and stability of their interaction. A shorter distance between the ligand and key protein 

residues generally indicates stronger binding as it facilitates stable molecular interactions, 

including hydrogen bonding, van der Waals forces, and hydrophobic interactions. Conversely, 

larger fluctuations in distance may suggest a weaker or less stable binding affinity. 

In this study, molecular dynamics (MD) simulations were used to assess the distance between 

the ligand and the protein throughout the simulation trajectory. The results demonstrated that 

the selected compounds maintained relatively stable interactions with key binding site residues. 

Furthermore, distance analysis confirmed that the protein-ligand separation remained under 

1.56 nm for all the studied compounds, signifying stable binding throughout the simulation 

period (Figure 6.26). The minimal fluctuations in distance reaffirm the structural stability of 

the protein-ligand complex, providing insights into the binding efficiency of the tested 

phytochemicals. These findings further validate the reliability of molecular docking results and 

highlight the potential of the identified compounds in maintaining strong and stable interactions 

with the protein target. 
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6.10 MM/PBSA Binding Energy Analysis 

Table 6.12: MM/PBSA results of the protein-ligand complex from 100ns simulation. Energy 

(E) is represented in KJ/mole 

 Energy (KJ/mole) Silibinin Isoeugenol Anethole 

Van der Waal Energy -156.690 ± 0.20 -85.939 ± 0.10 -91.378 ± 0.10 

Electrostatic Energy -99.579 ± 0.30 -23.179 ± 0.16 -15.857 ± 0.08 

Polar solvation Energy 187.485 ± 0.31 66.400 ± 0.14 58.408 ± 0.10 

SASA Energy -18.367 ± 0.01 -10.711 ± 0.01 -10.292 ± 0.00 

Binding Energy -87.151 ± 0.20 -53.429 ± 0.11 -59.119 ± 0.08 

 

We have used gmx mmpbsa module to perform MM/PBSA, which gave summarised binding 

energy of phytochemicals in Table 6.12. Silibinin had the strongest binding energy (-87.151 

KJ/mole), whereas not much difference in binding energy between isoeugenol and anethole 

was observed. All three phytochemicals interacted well with the protein, which can be seen 

from their negative binding energy. With MM/PBSA analysis, we also found that this negative 

binding energy is imparted mainly due to Van der Waals energy, followed by electrostatic 

Energy. The binding energy trajectory over 100ns is depicted in Figure 6.27.  Silibinin also had 

the strongest binding in Autodock Vina. 

In recent times, MM/PBSA has been used as an advanced technology for estimating binding 

energies of complexes (Genheden & Ryde, 2015). Although it is computationally expensive, it 

gives more reliable binding energy as compared to the traditional docking method. Data shows 

that all the ligands have very good binding energy with very little standard deviation, as 

depicted in Table 6.12. Vander wall interactions played a major role in stabilising the protein-

ligand complex here, as they contributed more negative values than their other energy 

counterparts. 
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Figure 6.27: MM/PBSA binding energy over 100ns. 

6.11 Residue decomposition 

Residue decomposition analysis revealed that silibinin binding involves a wider array of 

stabilising residues, particularly ASP274 and ARG272, contributing substantially to binding 

affinity. In contrast, isoeugenol is predominantly stabilised by ARG272, while Anethole shows 

weaker and fewer favourable interactions, mostly hydrophobic (Figure 6.28). These findings 

correlate well with MM/PBSA binding energies and FEL analysis, confirming silibinin as the 

most tightly bound ligand. 
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Figure 6.28: Residue contribution plot A) Silibinin, B) Isoeugenol, and C) Anethole  

6.12 PCA and FEL analysis 

 

Figure 6.29: PCA plot of phytochemicals along with protein 
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The first two principal components (PC1 and PC2) were used for 2D projection in Figure 6.29, 

which shows the motion of the protein in the complex. Projection of the first two eigen vectors 

of the phytochemicals along with the protein (cyan) is highlighted here.  PCA analysis revealed 

that silibinin-bound protein complex explored a narrower conformational space, indicating 

greater structural stability upon ligand binding. In contrast, anethole and isoeugenol displayed 

broader distributions, suggesting increased flexibility. The unbound protein (apo form) 

exhibited the highest conformational diversity, affirming the stabilising effect of ligand 

interaction. These results are in strong agreement with the MM/PBSA binding energy 

estimates. The diagonalised covariance matrices for silibinin, isoeugenol, anethole, and protein 

were 152.401 nm2, 254.054 nm2, 180.408 nm2, and 184.231 nm2, respectively. Isoeugenol had 

the maximum eigen values whereas anethole had the least eigen values. 

Folding and conformation of the protein decide the fate of its function (Prada-Gracia et al., 

2009; Maisuradze et al., 2010). FEL aids in characterising the protein conformation and its free 

energy. The conformational variability parameter measures how different the sampled 

conformations are from each other. The free energy parameter shows how stable and easy to 

access they are compared to each other, which further helps in elucidating the biological 

function of proteins and aids in the drug design process (Baidya et al., 2022). The free energy 

landscape (Gibbs energy) plot that analyses the folding and unfolding nature of 

macromolecules in native and complex states for PC1 and PC2 of all the phytochemicals, along 

with protein, is shown in Figure 6.30. Here, red, yellow, blue and green spots denote folded 

structure with low free energy, intermediate energy, an unfolded structure with high Gibbs free 

energy and a metastable time frame of biomolecules, respectively (Uk and Tk, 2020). Free 

energy landscape (FEL) analysis revealed that the silibinin-bound system exhibited the most 

stable conformation, with a well-defined deep energy basin. In contrast, Anethole and 

Isoeugenol showed broader and more dispersed low-energy regions, reflecting greater 

conformational variability. The apo-protein explored the widest area of conformational space, 

reinforcing the stabilising effect of ligand binding observed in MM/PBSA and PCA analyses.  
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Figure 6.30: FEL plots of phytochemicals A) Silibinin, B) Isoeugenol, C) Anethole and D) 

Protein. 

6.13 Crystallization assays 

6.13.1 Nucleation assay 

Crystallization assays are critical in understanding the production and prevention of nucleation, 

particularly for calcium oxalate crystals, which are the major ingredients of kidney stones. The 

nucleation assay used in this study assesses the inhibitory potential of several phytochemicals 

at different doses and time intervals. This study sheds light on the effectiveness of these 

chemicals in avoiding crystal formation, which is critical for designing therapeutic options 
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against nephrolithiasis. The results, depicted in microscopic pictures and statistical graphs, 

show substantial patterns in nucleation inhibition that change with concentration, time, and 

compound specificity. 

6.13.1.1 Time-Dependent Nucleation Assay  
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Figure 6.31: Nucleation assay of all compounds at various periods: A) 20µM, B) 40µM, C) 

60µM, D) 80µM, E) 100µM. Values are expressed as mean ±SEM (n = 3) *P < 0.05, **P < 

0.01, ***P < 0.001 vs PC 

At 20 µM, silibinin is significant at 0 minutes (P < 0.05) and at 180 minutes (P < 0.01), 

indicating a delayed but sustained inhibitory effect. Isoeugenol and anethole also exhibit 

significant inhibition at 180 minutes (P < 0.01 and P < 0.05, respectively) (Figure 6.31A).  

At 40 µM, silibinin demonstrates progressive inhibition, with significant reductions observed 

at 60 minutes (P < 0.05), 120 minutes (P < 0.01), 180 minutes (P < 0.001), and 300 minutes (P 

< 0.05). This suggests that silibinin’s inhibitory activity increases over time, reinforcing its 

potential as a long-term inhibitor of nucleation (Figure 6.31B). 

For isoeugenol at 40 µM, significant changes occur at 120 minutes (P < 0.05) and 180 minutes 

(P < 0.001), while anethole shows significance at 180 minutes (P < 0.01). These findings 

indicate that while anethole and isoeugenol exhibit inhibitory effects, they may not be as potent 

or consistent as silibinin at this concentration. Silibinin and Isoeugenol show highly significant 

inhibition (P < 0.001) at 60, 120, and 180 minutes (Figure 6.31C).   

Anethole also exhibits strong inhibition at 60 minutes (P < 0.01), 120 minutes (P < 0.001), and 

180 minutes (P < 0.001) (Figure 6.31C).  
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At 80µM, silibinin and Isoeugenol remain significantly inhibitory at 60 minutes (P < 0.01), 120 

minutes (P < 0.01), and 180 minutes (P < 0.001). Anethole is also effective, showing significant 

inhibition at 60 minutes (P < 0.05), 120 minutes (P < 0.01), and 180 minutes (P < 0.001) (Figure 

6.31D). 

At 100µM, silibinin maintains significant inhibition at 60 minutes (P < 0.01), 120 minutes (P 

< 0.01), and 180 minutes (P < 0.01). Isoeugenol follows a similar trend, with significance at 60 

minutes (P < 0.01), 120 minutes (P < 0.05), and 180 minutes (P < 0.05). Anethole shows 

significant inhibition at 0 minutes (P < 0.05) and 60 minutes (P < 0.05), reinforcing its 

effectiveness (Figure 6.31E). 

The time-dependent nucleation assay assesses inhibition over 360 minutes, providing further 

insights into the long-term effects of the compounds. All tested phytochemicals show a dose-

dependent increase in inhibition, except isoeugenol, which exhibits an unexpected reduction in 

inhibition at 40 µM. The time-course study helps determine whether the inhibitory effects are 

transient or sustained over an extended period. 

6.13.1.2 Nucleation Assay of all concentrations in a single time point 

 

Figure 6.32: Nucleation assay of all compounds at various concentrations at 0 minutes. Values 

are expressed as mean ±SEM (n = 3) *P < 0.05, **P < 0.01, vs PC. 

The quantitative data from the nucleation assay corroborate the microscopic observations. 

silibinin shows significantly better inhibition than potassium citrate at 20 µM (P < 0.05), 
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suggesting its superior efficacy in reducing crystal formation at lower concentrations. The 

inhibition remains significant at 60 µM and 80 µM (P < 0.01), though these values remain 

slightly lower than those observed in the PC group. Interestingly, anethole exhibits superior 

inhibition at 100 µM (P < 0.01), demonstrating its effectiveness at higher doses. However, 

isoeugenol does not show a significant difference from PC, indicating that its inhibitory 

potential may be lower than that of silibinin and anethole (Figure 6.32). 

6.13.1.3 Microscopic Observations and Crystals Count of Nucleation Assay  

Microscopic imaging at 100X magnification provides a qualitative view of crystal formation 

in different experimental groups. The control group shows a significant presence of crystals, 

highlighting the natural propensity for nucleation under experimental conditions. In contrast, 

the treatment and positive control (PC) groups exhibit a progressive reduction in crystal 

formation as the concentration of the compounds increases from 20 µM to 100 µM. This visual 

evidence suggests a dose-dependent inhibition of nucleation, which is a desirable characteristic 

in potential therapeutic agents for kidney stone prevention. The decrease in crystal number with 

increasing concentrations indicates that higher doses of these phytochemicals might effectively 

suppress nucleation (Figure 6.33). Very much aligned with the microscopic observation, 

crystals decreased significantly and inversely proportionately with concentrations of the 

phytochemicals, especially at higher concentrations, which indicates these phytochemicals can 

reduce the number of crystals in a given area (Figure 6.34).  
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Figure 6.33: Microscopic images of nucleation assay at various concentrations (20-100µM) 

observed under 100X magnification. 
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Figure 6.34: Number of crystals present at each concentration after observing under a 

microscope. Mean ±SEM (n = 3) *P < 0.05, **P < 0.01, ***P< 0.001, vs control, ## P<0.01 

vs PC. 

The findings from this study highlight several key trends: 

1. Dose-Dependent Inhibition: Higher concentrations lead to greater reductions in 

nucleation, confirming the effectiveness of increasing phytochemical concentration for 

better inhibition. 

2. Time-Dependent Effects: Some compounds, particularly silibinin, exhibit increasing 

inhibition over time, whereas others, such as Isoeugenol, show inconsistent effects at 

certain concentrations. 

3. Comparative Potency:  

o Silibinin is the most effective inhibitor, showing consistent inhibition at 

multiple concentrations and time points. 
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o Anethole exhibits the strongest inhibition at 100 µM, suggesting its potential as 

a high-dose therapeutic agent. 

o Isoeugenol shows mixed results, with effectiveness varying across 

concentrations and time points. 

Interestingly, the expected time-dependent increase in inhibition was not observed in this study, 

unlike previously reported results by Abbas and Saadi (2023). This discrepancy may be 

attributed to differences in experimental setups, highlighting the need for standardised testing 

conditions in future studies. 

6.13.2 Aggregation Assay 
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Figure 6.35: Aggregation assay of all compounds at various time span A) 20µM B) 40µM C) 

60µM D) 80µM E) 100µM. Values are expressed as mean ±SEM (n = 3) *P < 0.05, **P < 

0.01, ***P < 0.001 vs PC 



119 
 

 

Figure 6.36: Aggregation assay of all compounds at various concentrations. Values are 

expressed as mean ±SEM (n = 3). 

An aggregation assay over 360 minutes duration offers little significance, as can be seen in 

Figure 6.35. Silibinin didn’t show any significant changes compared to PC across all the 

concentrations from Figure 6.35A to 6.35B. Isoeugenol did show some significant change, as 

can be seen in Figure 6.35B at 180 minutes (p<0.05) and 240 minutes (p<0.01). Anethole, on 

the other hand, showed significant changes at 60 minutes (p<0.01), 180 minutes (p<0.01) and 

240 minutes (p<0.001) in Figure S2B and at 60 minutes (p<0.05) in Figure 6.25C. Dose 

dependent increase was observed for aggregation inhibition which was in the range of 35-50%. 

There weren’t any significant changes observed when compared to PC in aggregation assay as 

can be seen in Figure 6.36.  
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Figure 6.37: Microscopic images of aggregation assay at various concentrations (20-100µM) 

observed under 100X magnification. 
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Figure 6.38: Number of aggregates present at each concentration after observing under a 

microscope. Mean ±SEM (n = 3) *P < 0.05, **P < 0.01, ***P< 0.001, vs control, #P < 0.05, 

## P<0.01 vs PC. 

Microscopic observation in Figure 6.37 revealed that the control group had large aggregates. 

On the contrary, the treatment group had low aggregates and even lower as we went towards 

the higher concentration, hence dose dose-dependent decrease was observed. Very much 

aligned with the microscopic observation, aggregate count decreased significantly and 

inversely proportionately with concentrations of the phytochemicals, especially at higher 

concentrations, which indicates these phytochemicals can reduce the number of aggregates in 

a given area (Figure 6.38).  

6.13.3 Oxalate depletion assay 

After the oxalate depletion assay, when the crystals were visualised under the microscope, as 

can be seen in Figure 6.39, the control had few irregular-shaped crystals, while the treatment 

and positive control groups had significantly reduced the number as well as the size of the 

crystals. 
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Figure 6.39: Microscopic images of oxalate depletion assay at various concentrations (20-

100µM) observed under 100X magnification. 
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Figure 6.40: Oxalate Depletion assay of all compounds at various concentrations at 0 minutes. 

Values are expressed as mean ±SEM (n = 3). *P < 0.05, **P < 0.01, ***P<0.001, vs PC 

In the case of the oxalate depletion assay, as can be seen in Figure 6.40, all the compounds 

showed a dose-dependent increase inhibition. Silibinin (37.86 ± 1.48 %, p<0.05) and 

Isoeugenol (36.36 ± 1.29%) showed significantly better inhibition than PC (17.05 ± 2.76%) at 

20µM concentration. Anethole showed better inhibition (54.24 ± 1.98%, p<0.05) than PC 

(33.78 ± 6.60%) at 60µM concentration. At 100µM, all three compounds, Silibinin (64.60 ± 

0.41%, p<0.001), Isoeugenol (62.98 ±1.12%, p<0.001) and Anethole (72.72 ± 0.69%, p<0.001) 

showed better inhibition than PC (42.77 ± 1.57%). 
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6.14 Crystallization Kinetics 

6.14.1 Effect of phytochemicals on induction time 

 

Figure 6.41: Effect of Supersaturation ratio on induction time (s) with and without inhibitors. 

The data are presented as mean ± SEM (n=3) of measurements from three independent 

experiments.  

Figure 6.41 displays the induction time results at different supersaturation ratios (SRs) with 

and without phytochemicals (control). The findings indicate that all phytochemicals, along 

with potassium citrate, increased the induction time across all tested SRs. This implies that the 

system took a longer time to nucleate detectable crystals. Additionally, UV–vis absorbance 

was analysed under varying SRs in the presence and absence of phytochemicals. 

The induction time data were further utilised to determine the surface energy and critical 

nucleus size of calcium oxalate monohydrate (COM) using classical nucleation theory.  

6.14.2 Surface energy calculation (γ) 

The relation between inverse log square of supersaturation ratio (1/ log2S) and log induction 

time over a range of supersaturation ratio (1.43 to 2.4) was used for calculation of surface 
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energy of nuclei and free energy barrier derived from classical homogenous nucleation theory 

(Oxtoby, 1992). To understand the nucleation rate and crystal growth, it is critical to determine 

surface energy or interfacial tension, which can be calculated from the equation 2.  Here B is 

slope of log induction time and 1/ log2S, R is gas constant, T is absolute temperature, β is 

geometric shape factor, V is molar volume, NA is Avogadro number and f(θ) is the Correction 

factor.  

𝛾3 = 𝐵 ∗
(2.3𝑅𝑇)3

𝑅𝑇𝛽𝑉2𝑁𝐴𝑓(𝜃)
 (2)

 

Figure 6.42: Surface energy of calcium oxalate with and without phytochemicals. The data are 

presented as mean ± SEM (n=3) of measurements from three independent experiments.  

The surface energy values of calcium oxalate crystals formed under different conditions are 

summarized in Figure 6.42. The results suggest that the presence of phytochemicals generally 

reduced the surface energy compared to the control, except in the case of silibinin, where it 

was higher. As we can see, all the compounds' surface energy is around the control values 

except silibinin, which is higher than the control. The more the surface energy, the lesser the 

nucleation rate, as can also be seen in Figure 6.42. Here, increasing supersaturation increases 

the nucleation rate. Except for silibinin, all other compounds show similar nucleation rates to 

that of the control across all the supersaturation ratios. This indicates that silibinin can greatly 

slow down the nucleation process. X-ray diffraction (XRD) analysis confirmed that the formed 
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crystals, regardless of the presence of phytochemicals, were primarily calcium oxalate 

monohydrate. As a result, the constants for COM crystals were used to calculate the surface 

energy of nuclei under both conditions. The calculated surface energy for PC, AN, and ISO 

was lower than that of the control, whereas for SIL, it was higher due to variations in crystal 

structure. 

6.14.3 Nucleation rate (Js) 

The rate of nuclei formed per unit time is referred as nucleation rate and calculated from 

equation 3 (Lancia et al., 1999; Myerson, 2002) derived from classical homogeneous 

nucleation theory Here Js is nucleation rate, and F is Frequency constant (1030 nuclei/cm3) 

(Izmailov et al., 1999).  

𝐽𝑠 = 𝐹
𝑒𝑥𝑝[−𝛽𝛾3𝑉2𝑁𝐴𝑓(𝜃)]

(𝑅𝑇)3𝑙𝑛2𝑆
           (3) 

Knowing the Surface energy (γ) of calcium oxalate aids in calculating the nucleation rate (Js). 

Also, it is challenging to apply at lower supersaturation ratios (Myerson, 2002) due to its error 

in log calculations, hence, the lower three supersaturation ratios were eliminated for 

calculations of surface energy and nucleation rate. 

 

Figure 6.43: Nucleation rate (Js) of calcium oxalate with and without phytochemicals. The data 

are presented as mean ± SEM (n=3) of measurements from three independent experiments.  
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The calculated nucleation rates for calcium oxalate crystals, both with and without 

phytochemical additives at high supersaturation ratios (SRs), are presented in Figure 6.43. The 

results indicate that nucleation rates increase as SR rises, regardless of the presence of 

phytochemicals. However, the addition of silibinin consistently reduces the nucleation rate 

across all studied SRs compared to the control, while the other phytochemicals showed no 

significant impact. 

A lower SR results in fewer nuclei formation and a slower growth rate of existing crystals. As 

a result, these nuclei have a reduced probability of developing into larger crystals compared to 

those formed under higher SR conditions. At an SR of 2.4, the recorded nucleation rates were 

839.96 × 10²⁷ nuclei/cm³·s for the control (CON), 852.46 × 10²7 nuclei/cm³·s for PC, 839.52 × 

10²7 nuclei/cm³·s for AN, 859.51 × 10²7 nuclei/cm³·s for ISO, and 803.58 × 10²7 nuclei/cm³·s 

for SIL. 

6.14.4 Calculation of free energy change (ΔGcr) and critical nucleus radius (r)  

Classical Nucleation Theory explains the energy barrier to nucleation in terms of Gibbs free 

energy, which consists of surface and volume free energy. In a supersaturated solution, the total 

energy reaches its highest point at a specific particle size known as the critical size. When a 

cluster grows to this critical size, it is identified as a nucleus (Abdel-Aal EA et al., 2017). 

Interfacial free energy is the difference of free energy between single molecule of bulk and that 

of the surface. In a supersaturated solution, ions or molecules join together to form a cluster or 

nucleus, which leads to the exchange of excess free energy between the nucleus and solutes of 

the supersaturated solutions, referred to as Gibbs free energy changes (ΔGcr).  

Gibbs free energy changes (ΔGcr) for critical nucleus size formation are calculated by the 

following equation, where K is Boltzmann constant (1.380649 × 10−23 joule per kelvin) and T 

is absolute temperature. 

𝐽𝑠 = 𝐹 exp[−
∆𝐺𝑐𝑟

𝐾𝑇
] 
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Figure 6.44: Free energy change of calcium oxalate with and without phytochemicals. The data 

are presented as mean ± SEM (n=3) of measurements from three independent experiments. 

Here, CON- control, PC- positive control, AN- anethole, ISO- isoeugenol, SIL- silibinin   

The calculated free energy changes (ΔGcr) for the formation of critical nucleus sizes are 

presented in Figure 6.44. The findings indicate that as the supersaturation ratio (SR) increases, 

the Gibbs free energy required for the formation of a critical nucleus decreases. However, the 

addition of silibinin and anethole led to an increase in ΔGcr compared to the control. Notably, 

at high SRs, a lower energy barrier allows nuclei to stabilise and grow more rapidly. 

The critical radius (r) is then calculated by the following equation.  

∆𝐺𝑐𝑟 = (4/3)𝜋𝑟2𝛾 
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Figure 6.45: Critical radius of nucleus changes of calcium oxalate with and without 

phytochemicals. The data are presented as mean ± SEM (n=3) of measurements from three 

independent experiments. Here, CON- control, PC- positive control, AN- anethole, ISO- 

isoeugenol, SIL- silibinin   

Figure 6.45 presents the calculated critical nucleus radius (r) at different SRs, both with and 

without phytochemical additives. The findings show that as SR rises, the critical nucleus radius 

necessary for stable nucleus formation decreases. In contrast, the addition of silibinin leads to 

an increase in the critical nucleus radius compared to both the control and other phytochemicals 

at all studied SRs. 

6.14.5 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy (FTIR) is a valuable technique used to identify 

chemical structures by analysing how molecules vibrate when exposed to infrared light. In this 

case (Figure 6.46), FTIR helps confirm the presence of calcium oxalate monohydrate (COM), 

a common component of kidney stones, and reveals how different substances may interact with 

it.  
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Figure 6.46: FTIR spectrum of all the groups. Here, CON- control, PC- positive control, AN- 

anethole, ISO- isoeugenol, SIL- silibinin. 8-8th supersaturation ratio (2.6).  

FTIR spectra provide insights into the chemical structure and interactions within the various 

samples at 8th supersaturation ratio, including control (CON8), potassium citrate (PC8), 

anethole (AN8), isoeugenol (ISO8), and silibinin (SIL8). 

Breaking Down the Key FTIR Peaks 

1. 948 cm⁻¹ (C–O Stretching Vibration) 

o This peak is associated with C–O stretching, a key feature of the oxalate 

molecule in COM. 

o It provides insight into the stability of the oxalate structure, and any changes in 

this peak might indicate interactions that alter crystal formation. 
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2. 775 cm⁻¹ (C–C Stretching Vibration) 

o This peak corresponds to the stretching of carbon-carbon (C–C) bonds within 

the oxalate group. 

o It helps confirm the connectivity within the molecule, and shifts in its position 

could suggest structural changes in the crystal. 

3. 654 cm⁻¹ (Hydroxyl Group Bending Vibration) 

o This peak is linked to the bending movement of hydroxyl (-OH) groups, which 

are important for hydration in COM. 

o Since COM retains water molecules, this peak helps determine how hydration 

levels affect crystal stability. 

4. 1602 cm⁻¹, 1381 cm⁻¹, and 1312 cm⁻¹ (Carbonyl Group Vibrations) 

o These peaks represent the stretching movements of carbonyl (C=O) groups 

found in oxalate. 

o The 1602 cm⁻¹ peak corresponds to asymmetrical stretching, while 1381 cm⁻¹ 

and 1312 cm⁻¹ are linked to symmetrical stretching. 

o If these peaks shift or change in intensity, it could mean that a substance is 

interacting with the crystal, potentially disrupting its growth. 

5. 3000–3400 cm⁻¹ (Hydroxyl Group Stretching Vibrations) 

o This broad peak represents hydroxyl (-OH) stretching, commonly linked to 

water molecules in hydrated compounds. 

o Since COM contains water, this peak confirms its hydrated nature and could 

change if a substance affects hydrogen bonding. 

o A decrease in this peak might indicate reduced hydration, which could impact 

how stable or soluble the crystal is. 
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6.14.6 Particle Size and Zeta Potential Measurements  

Zeta potential measures system stability and the surface charge of molecules by analysing the 

intensity with which mutual attraction and repulsion occur between particles (Xie et al., 2021). 

High surface charge density indicates lower particle aggregation due to electrostatic repulsion 

and stability, and vice-versa (Miyake et al., 1998; Polat et al., 2021). Particles with higher 

negative or positive zeta potential repel each other, whereas particle with lower negative or 

positive zeta potential (near to zero) tends to aggregate (Cho et al., 2014).  

Table: 6.13 Size and potential of calcium oxalate with and without phytochemicals. Here, 

CON- control, PC- positive control, AN- anethole, ISO- isoeugenol, SIL- silibinin. 1- 1st 

supersaturation ratio (1.4) 8-8th supersaturation ratio (2.6).  

Sample Size (nm) Zeta potential (mV) 

CON1 11530 ± 1160 -19.1 ± 1.45 

PC1 801.9 ± 31 -20 ± 1.22 

AN1 1626.5 ± 145.5 -19.73 ± 1.15 

ISO1 1196 ± 42 -17.1± 1.35 

SIL1 1705 ± 27 -16.33 ± 0.37 

CON8 19310 ± 1560 -22.26 ± 0.06 

PC8 807.15 ± 61.55 -28.5 ± 0.75 

AN8 3980.5 ± 65.5 -38.8 ± 0.75 

ISO8 1379 ± 171 -23.2 ± 0.75 

SIL8 1737 ± 18 -25.66 ± 1.43 

Factors that directly affect zeta potential include surface structure, composition and ionic 

strength of solution (Sun et al., 2018). Human kidneys are generally isotonic with slightly 

acidic pH (Odya et al., 1978).   The Zeta potential of all the groups is mentioned in Table 6.13. 

We can see that for the lower supersaturation ratio, no specific pattern was observed for the 

control but at higher control group had the lowest zeta potential, indicating system stability by 

all the compounds. Also, a significant size difference was observed when compared to control 

at both supersaturation ratios. 

6.14.7 X-Ray Diffraction  

Peaks found in the XRD graph (Figure 6.47) are specific to the monohydrate form of calcium 

oxalate when compared with PDF card 00-020-0231 and also mentioned in reference papers 

(Montealegre et al., 2017; Akyol, 2014; Stanković et al., 2024).  
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Figure 6.47: XRD spectrum of calcium oxalate with and without phytochemicals. Here, CON- 

control, PC- positive control, AN- anethole, ISO- isoeugenol, SIL- silibinin. 8-8th 

supersaturation ratio (2.6).  

Similar peaks are observed across all the treatment groups. Still, the intensity of the peaks was 

higher in the case of silibinin and lower in the case of anethole, isoeugenol and potassium 

citrate when compared with the control group. Mainly exposed COM faces are   ͞ 101 at 2θ 

values of 14.929, 020 at 2θ values of 24.396,   ͞202 at 2θ values of 30.098, 130 at 2θ values of 

38.167. Sample preparations were pure, as no other impurity peak was observed in any group. 

The potassium citrate XRD graph was also compared against PDF card number - 00-001-0008, 

where calcium citrate hydrate was found in minor quantities.  

6.14.8 Field Emission Scanning Electron Microscopy (FESEM) 

Calcium oxalate's morphology was studied using FESEM and is represented in Figure 6.38.   

The crystal morphology of calcium oxalate without additives (Figure 6.48A) is more 
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aggregated compared to the same supersaturation value with different additives (6.48B-E). The 

obtained crystal shape is rectangular with different length-to-width ratios based on the type of 

additive. Silibinin (Figure 6.48E) additive showed the highest length-to-width ratio, while the 

Anethole (Figure 6.48C) additive showed the lowest length-to-width ratio. The presence of 

citrate ions slows crystal growth, while silibinin accelerates the crystal growth at lower 

supersaturation. Likewise, complexes with calcium ions are formed by citrate ions 

(Marangella, et al., 2004; Farmanesh et al., 2014) and chondroitin sulfate ions (Ryall, 1997; 

Rodgers and Jackson, 2017), thereby reducing the interaction of calcium ions with oxalate ions. 

Even trace amounts of phytate ions (e.g., 1 ppm) have been shown to significantly inhibit the 

nucleation and growth of calcium oxalate crystals (Grases et al., 2015).  At higher SR, the 

crystal morphology of calcium oxalate changed to rhombic shape due to the low nucleation 

barrier, high crystal growth rate, and transient stability, with the negative effect of added 

inhibitors, as shown in Figure 6.49. 
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Figure 6.48: SEM images at lower supersaturation (0.72) of A) Control, B) potassium citrate, 

C) Anethole, D) Isoeugenol, E) Silibinin 
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Figure 6.49: SEM images at higher supersaturation (2.4) of A) Control, B) potassium citrate, 

C) Anethole, D) Isoeugenol, and E) Silibinin 

6.15 Non-Enzymatic Anti-Oxidant Assays 

6.15.1 DPPH Assay 

DPPH is a stable free radical reagent used to assess compounds' reducing potential and free 

radical scavenging activity (Asaduzzaman et al., 2020). Figure 6.50 demonstrates the DPPH 

inhibition for all tested compounds. Isoeugenol exhibited the strongest DPPH scavenging 

ability, ranging from 25-45%, followed by silibinin (10-20%) and anethole (7-15%). Ascorbic 

acid was used as a reference compound. Notably, isoeugenol showed significantly better 

activity at most concentrations compared to ascorbic acid. In contrast, silibinin and anethole 

exhibited DPPH scavenging activity, but at much lower levels than ascorbic acid. 

Silibinin-rich Silybum marianum was shown to scavenge 50% of DPPH at a concentration of 

19.2 ± 2.3 μg/mL (Lekmine et al., 2025). Isoeugenol has been reported to achieve 50% 
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inhibition at 40 µM (Fındık et al., 2011), which is consistent with the present study, where its 

DPPH inhibition was observed around 120 µM. The DPPH scavenging activity of Anethole is 

also consistent with previous literature (Freire et al., 2005; Ryu et al., 2014). Anethole may not 

show DPPH activity due to its reaction with peroxyl radicals (Huang et al., 2005). 

6.15.2 ABTS Assay 

ABTS inhibition, commonly used for free radical trapping (Re R, Pellegrini et al., 1999), is 

depicted in Figure 6.50 for all the tested compounds, highlighting their effective inhibition 

activity. Silibinin exhibited inhibition in the range of 25-70%, Isoeugenol ranged from 30-90%, 

and Anethole demonstrated a range of 8-18% inhibition. Previously, Silybum marianum 

scavenged 50% of ABTS at a concentration of 7.2 ± 1.7 μg/mL (Lekmine et al., 2025). 

Isoeugenol showed superior inhibition activity at concentrations of 80 µM (p < 0.05) and 100 

µM (p < 0.0001), whereas silibinin and anethole displayed significantly lower inhibition (p < 

0.0001) compared to ascorbic acid at all concentrations. Isoeugenol exhibited 50% inhibition 

at around 40 µM, consistent with a previously reported study (Fındık et al., 2011). 

6.15.3 FRAP Assay 

The FRAP % inhibition results, as shown in the figure, indicate that all compounds exhibit 

strong inhibition activity. Except for 20 µM, where isoeugenol showed less activity than 

ascorbic acid, isoeugenol demonstrated superior FRAP scavenging activity compared to 

ascorbic acid, silibinin, and anethole at other concentrations (Figure 6.50).  

Previously, Silybum marianum scavenged 50% of FRAP at a concentration of 24.1 ± 1.2 μg/mL 

(Lekmine et al., 2025). Isoeugenol achieved 50% inhibition of FRAP at 122 µM, which is in 

contrast to a previously reported value of 18.4 mM (Zhang et al., 2017), showing a significant 

difference in activity levels. 
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Figure 6.50: Antioxidant activities of phytochemicals at various concentrations, where AA= 

Ascorbic acid, SI= Silibinin, IS= Isoeugenol and AN= Anethole. All the data are represented 

as mean ± SEM (n = 3). Data was analysed with one-way ANOVA and Tukey’s multiple 

comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001; ****P < 0.0001 vs AA. 

6.16 Enzymatic Anti-Oxidant Assays 

6.16.1 MTT Assay 

 

Figure 6.51: Cell line toxicity assay using NRK-52E cell line.  
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The cell viability of all phytochemicals is shown in Figure 6.51. As we can see, all of them 

showed good cell viability, with potassium citrate having a viability range of 57-83%, Silibinin 

having a viability range of 69- 95%, Isoeugenol having a viability range of 79-97% and 

Anethole having viability range of 77 -88%. 

Table 6.14: Groups used in Enzymatic Anti-Oxidant Assays 

Groups Description  

Control Without any crystals 

SI 100µM 100µM Silibinin treatment 

IS 100µM 100µM Isoeugenol treatment 

AN 100µM 100µM Anethole treatment 

Disease Cells containing crystals 

PCD 100µM Crystals + 100µM Potassium citrate treatment 

SD 50µM Crystals + 50µM Silibinin treatment 

SD 100µM Crystals + 100µM Silibinin treatment 

ISD 50µM Crystals + 50µM Isoeugenol treatment 

ISD 100µM Crystals + 100µM Isoeugenol treatment 

AND 50µM Crystals + 50µM Anethole treatment 

AND 100µM Crystals + 100µM Anethole treatment 

 

6.16.2 Lipid Peroxidation 

The disease group was significantly higher than the control group (p>0.001) as shown in Figure 

6.52A. PD 100µM was able to reduce the damage (p>0.001) significantly. Silibinin and 

Isoeugenol in the treatment group at both the doses (50 and 100 µM) were able to reduce the 

formation of malondialdehyde (MDA) (p>0.001) significantly, whereas Anethole didn’t have 

significant improvement.   

6.16.3 Superoxide dismutase (SOD) 

Nitroblue tetrazolium (NBT) was reduced in the disease group the most (p>0.001) as depicted 

in Figure 6.52B. On the contrary, treatment groups such as SD (50µM), SD (100µM), ISD 

(50µM), ISD (100µM), and AND (100µM) were able to reduce this inhibition (p>0.001), along 
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with positive control PD (100µM) (p>0.05) quite significantly. Additionally, Silibinin and 

Anethole at (100µM) without disease also showed a difference from the control. 

6.16.4 Glutathione-S-Transferase (GST) 

GST activity was significantly lower in the disease group (p>0.05) than in the control group as 

depicted in Figure 6.52C. Isoeugenol in the treatment group (P>0.05) ISD (50µM), ISD 

(100µM), and Anethole in the treatment group (P>0.001) AND (50µM), AND (100µM), were 

able to increase this activity. However, Silibinin didn’t have any significant change in GST 

activity. 

6.16.5 Catalase 

Decomposition of hydrogen peroxide was lowest in the disease group (p>0.001), and treatment 

groups were able to elevate it quite significantly, as depicted in Figure 6.52D. SD (50µM) 

(P>0.01) and SD (100µM) (p>0.001), ISD (50µM) (p>0.05), ISD (100µM) (p>0.01), and AND 

(100µM) (p>0.01) did increase this decomposition of peroxide.  
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Figure 6.52: Effect of phytochemicals on enzymatic anti-oxidant assays A) Lipid Peroxidation, 

B) Superoxide dismutase (SOD), C) Glutathione-S-Transferase (GST), and D) Catalase 

6.16.6 Cell-crystal adhesion assay 

Microscopic images of cell lines affected by crystals are depicted in Figure 6.53 give insights 

into various shapes such as rectangular and rhomboid structures formed across the cell surface. 

The number of crystals that are attached to the cells is represented in Figure 6.54. We can see 

that potassium citrate didn’t have any significant change in the number of crystals adhered 

when compared to the disease group. However, all the treatment groups had a significant 

reduction in crystal numbers (P<0.0001) when compared with the control. When compared 

with potassium citrate, isoeugenol at both concentrations showed the highest reduction and 

significance (P<0.0001), followed by silibinin at both concentrations and anethole at 100µM 

concentration (P= 0.001) and lastly with anethole at 50µM concentration (P<0.001). 
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Figure 6.53: Microscopic images of NRK-52E cell lines infected with crystals developed from 

sodium oxalate (2mM) at 100X magnification.   
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Figure 6.54: Effect of phytochemicals on crystal adhered kidney cells. Data was analyzed 

with one-way ANOVA and Tukey’s multiple comparisons test. *P < 0.05, **P < 0.01, ***P 

< 0.001; ****P < 0.0001 vs AA. 

6.17 Western Blotting 
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Figure 6.55: Histone 3 acetylation levels as determined by western blot in NRK-52E cell line 

upon no treatment (C), treatment with sodium oxalate (SO), Potassium Citrate (PC), silibinin 

(SIL), isoeugenol (ISO), anethole (AN).  Data was analyzed with one-way ANOVA and 

Tukey’s multiple comparisons test.  ***p < 0.001 vs C, ###p < 0.001 vs SO, n=3 ± SEM. 

Our result shows that expression of H3 acetylation was significantly lower in the sodium 

oxalate treated group when compared against the control (Figure 6.55). Treatment with 

phytochemicals elevated this expression significantly (p<0.001)   

6.18 Animal Studies 

6.18.1 Effect of silibinin on body weight, organ coefficient, and kidney morphology 

Body weight was measured weekly, showing no significant differences between weeks or 

groups (Figure 6.56). Kidney and liver coefficients were higher in disease control rats receiving 

only ethylene glycol and ammonium chloride compared to the control group receiving CMC 

(65.01% and 42%, respectively; p<0.001 and p<0.05). No significant differences (p>0.05) were 

found in the length and width of kidneys across treatment groups (Table 6.15). A significant 

decrease in crystal size was noted in the disease group compared to the control group (p<0.001), 

as the control had no crystal formation. Treatment also significantly reduced crystal size 

(p<0.001), as shown in Table 6.15. 
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Figure 6.56:  Change in body weight of the experimental groups during four weeks. 

Table 6.15: Morphological characteristics of kidney and organ coefficient 

Parameter

s 

Control Silibinin 

(100mg/k

g)  

Disease Disease+ 

Potassium 

citrate 

(2.5gm/kg

) 

Disease + 

Silibinin 

(50mg/kg) 

Disease + 

Silibinin 

(100mg/k

g) 

Length 

(mm) 

14.1 ± 

2.40 

15.36 ± 

0.20 

16 ± 1.46 20.1 ± 0.05 18.66 ± 

0.23 

20.5 ± 2.73 

Width 

(mm) 

8.3 ± 0.11 9.34 ± 0.54 8.7 ± 1.32 10.4 ± 0.12 11.9 ± 0.63 10.5 ± 0.73 

Thickness 

(mm) 

5 ± 0.88 5.4 ± 0.36 8 ± 1.83 5.5 ± 0.49 9 ± 1.43 8.4 ± 

0.36 
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kidney 

coefficient 

0.0036 ± 

0.001 

0.0038 ± 

0.001 

0.0103 ± 

0.001*** 

0.0047 ± 

0.001## 

0.0092 ± 

0.001# 

0.0076 ± 

0.001# 

Liver 

coefficient 

0.0364 ± 

0.001 

0.0390 ± 

0.002 

0.0638 ± 

0.007* 

0.0497 ± 

0.004 

0.0380 ± 

0.001# 

0.0412 ± 

0.003# 

Crystal 

size (µm2) 

0 
 

0 
 

223.94 

± 22.77*** 

74.15 

± 6.62### 

108.18 

± 15.03### 

91.42 

± 8.92### 

Values are presented as mean ± S.E.M. (n=6). Statistical significance is indicated as follows: 

***p<0.001, **p<0.01, and *p<0.05 for disease vs. control; ###p<0.001, ##p<0.01, and 

#p<0.05 for potassium citrate, silibinin 50 mg/kg, and silibinin 100 mg/kg vs. disease. 

6.18.2 Effect of silibinin on serum, urine analysis and stone markers 

Urea, creatinine, and uric acid levels were elevated in the diseased group (62.5%, 49.35%, and 

44.44% higher than control, respectively; p<0.001, p<0.01, p<0.001). Potassium citrate (2.5 

gm/kg) significantly reduced urea (68.3%, p<0.001) and uric acid (24.44%, p<0.05) compared 

to the disease group. Silibinin (50 mg/kg) also lowered urea (20.49%, p<0.001), creatinine 

(41.55%, p<0.05), and uric acid (28.88%, p<0.05) in the diseased group. Silibinin (100 mg/kg) 

significantly reduced urea (23.46%, p<0.001) compared to the disease group (Table 6.16). 

In the diseased group, water consumption (65%, p<0.01) and urine output (24.44%, p<0.01) 

were significantly higher than in the treatment and control groups. Potassium citrate reduced 

urine output (32.8%, p<0.001) compared to the disease group. Silibinin (50 mg/kg) 

significantly decreased water consumption (51.79%, p<0.05) and urine output (34.44%, 

p<0.001) in the diseased group. Silibinin (100 mg/kg) also significantly reduced water 

consumption (42.35%, p<0.05) and urine output (26.66%, p<0.01). 

Calcium levels were high, and magnesium levels were low in the diseased group (p<0.001) 

compared to the control. Treatment with silibinin and potassium citrate significantly reversed 

these effects (Table 6.16). 
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Figure 6.57: Urine microscopy of experimental groups at 100X. The black arrow highlights 

crystals 

Urine microscopy showed no crystals in the control or silibinin (100 mg/kg) groups, while the 

diseased control group had many crystals. Both potassium citrate and silibinin (50 and 100 mg) 

reduced crystal size and density (Figure 6.57). No significant changes were observed in urine 

pH across experimental groups (Table 6.16). Urine samples were tested for albumin, sugar, pus 

cells, RBCs, epithelial cells, and ketones, with none found. 
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Table 6.16: Stone parameters in various animal groups  

Parameters Control Silibinin 

(100mg/kg

)  

Disease Disease + 

Potassium 

citrate 

(2.5gm/kg) 

Disease + 

Silibinin 

(50mg/kg) 

Disease + 

Silibinin 

(100mg/kg

) 

pH 7 ± 0.2 6 ± 0.3 8 ± 0.1 7 ± 0.2 8 ± 0.3 8 ± 0.2 

Urea 

(mg/dl) 

42.8 ± 

0.72 

29.2 ± 

0.48* 

114.2 ± 

1.69*** 

36.2 ± 

0.72### 

90.8 ± 

4.34### 

87.4 ± 

2.40### 

Creatinine 

(mg/dl) 

0.39 ± 

0.01 

0.33 ± 0.01 0.77 ± 

0.08** 

0.50 ± 0.05 0.45 ± 

0.08# 

0.5 ± 0.05 

Uric acid 

(mg/dl) 

1.25 ± 

0.02 

1.3 ± 0.05 2.25 ± 

0.08*** 

1.7 ± 

0.23# 

1.6 ± 

0.05# 

1.75 ± 0.02 

Water 

consumptio

n (ml) 

20 ± 7.31 33.6 ± 3.33       57.25 ± 

5.13** 

35 ± 0.33 27.6 ± 

0.81# 

33 ± 5.13# 

Urine 

output (ml) 

17 ± 0.30 13 ± 0.24* 22.5 ± 

1.12** 

15.1 ± 

0.04### 

14.75 ± 

0.48### 

16.5 ± 

1.40## 

Calcium 

(mg/ g 

tissue) 

0.63 ± 

0.07 

1.24 ± 

0.05*** 

1.70 ± 

0.06*** 

1.18 ± 0.04 

### 

0.76 ±0.03 

### ^^^ 

1.01 ± 0.05 

### 

Magnesium 

(mg/ g 

tissue) 

2.08 

± 0.04 

1.77 

± 0.05** 

1.23 

± 0.07 *** 

1.98 

± 0.03 ### 

1.54 

± 0.03 ##^^^ 

1.66 

± 0.06 ###^^ 

Values are presented as mean ± S.E.M. (n=6). Statistical significance is indicated as follows: 

***p<0.001, **p<0.01, and *p<0.05 vs. control; ###p<0.001, ##p<0.01, and #p<0.05 vs. 

disease; ^^^p<0.001, ^^p<0.01, and ^p<0.05 vs potassium citrate (2.5 gm/kg). 

6.18.3 Effect of silibinin on renal oxidative damage  

Oxidative stress is a key contributor to renal injury in nephrolithiasis, driven by an imbalance 

between reactive oxygen species (ROS) generation and antioxidant defence mechanisms. We 

assessed oxidative damage through five biomarkers: lipid peroxidation (LPO), superoxide 

dismutase (SOD), catalase (CAT), glutathione S-transferase (GST), and reduced glutathione 
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(GSH). Silibinin's protective effects were compared across doses (50 mg/kg and 100 mg/kg), 

with potassium citrate (2.5 g/kg) serving as a reference standard. 

6.18.3.1 Lipid Peroxidation (LPO)  

 

Figure 6.58: Effect of silibinin on renal lipid peroxidation (LPO). Values are shown as mean ± 

S.E.M. (n=6). Statistical significance is indicated as follows: ***p<0.001 vs. control; 

###p<0.001 vs. disease; ^^p<0.01, and ^p<0.05 vs. potassium citrate (2.5 gm/kg). 

Malondialdehyde (MDA), a byproduct of lipid peroxidation, was significantly elevated in the 

disease group, indicating enhanced oxidative stress and cellular membrane damage. LPO was 

significantly elevated (48.29%) in the disease group (0.0147 ± 0.0007 µmol MDA/mg protein) 

compared to the control (0.0075 ± 0.0006, ***p<0.001). Silibinin treatment at 50 mg/kg and 

100 mg/kg brought MDA levels down to 0.0069 ± 0.0005 (44.51%) and 0.0079 ± 0.0008 

(53.07%) respectively (###p<0.001 vs. disease), nearly normalising oxidative damage. 

Potassium citrate also showed efficacy (0.012 ± 0.00157, ###p<0.001), although 50 mg/kg 

silibinin showed slightly superior lipid peroxidation suppression (44.51%, p<0.01) compared 

to potassium citrate, as shown in Figure 6.58. 
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 6.18.3.2 Superoxide Dismutase (SOD)  

 

Figure 6.59: Effect of silibinin on renal superoxide dismutase (SOD). Values are shown as 

mean ± S.E.M. (n=6). Statistical significance is indicated as follows: ***p<0.001, vs. control; 

###p<0.001 vs. disease. 

The activity of superoxide dismutase (SOD), a primary antioxidant enzyme responsible for 

neutralising superoxide radicals, was markedly reduced in the disease group (8.27 ± 0.03 U/mg 

protein), showing a 41.04% decrease compared to the control group (20.15 ± 0.63, 

***p<0.001). Treatment with silibinin significantly restored SOD activity in a dose-dependent 

manner. At 50 mg/kg and 100 mg/kg, SOD levels increased to 19.02 ± 1.1 and 21.30 ± 1.8 

U/mg protein, corresponding to improvements of 56.50% and 61.16%, respectively 

(###p<0.001 vs. disease). Potassium citrate also elevated SOD activity to 15.72 ± 0.17 U/mg 

protein (47.38% improvement), although silibinin, particularly at the higher dose, 

demonstrated superior antioxidant restoration (Figure 6.59). 
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6.18.3.3 Catalase (CAT)  

 

Figure 6.60: Effect of silibinin on renal catalase (CAT). Values are shown as mean ± S.E.M. 

(n=6). Statistical significance is indicated as follows: **p<0.01, and *p<0.05 vs. control; 

###p<0.001, ##p<0.01, and #p<0.05 vs. disease. 

Silibinin (100 mg/kg) significantly increased CAT (35.48%, p<0.05), compared to the disease 

group. Silibinin (100 mg/kg) significantly increased CAT (57.51%, p<0.05) compared to the 

control. Silibinin (50 mg/kg) in the diseased group significantly increased CAT (49.26%, 

p<0.001) compared to the disease group. Potassium citrate also significantly raised CAT 

(36.12%, p<0.05), compared to the disease group (Figure 6.60). 
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6.18.3.4 Glutathione-S-Transferase (GST) 

 

Figure 6.61: Effects of silibinin on renal Glutathione S-transferase (GST) activity. Values are 

shown as mean ± S.E.M. (n=6). Statistical significance is indicated as follows: **p<0.01, vs. 

control; ###p<0.001, and ##p<0.01 vs. disease; ^^^p<0.001, ^^p<0.01, and ^p<0.05 vs. 

potassium citrate (2.5 gm/kg). 

Silibinin (100 mg/kg) significantly increased GST (86.79%, p<0.001) compared to the disease 

group and significantly reduced GST (70.47%, p<0.001) compared to potassium 

citrate.Silibinin (50 mg/kg) in the diseased group significantly increased GST (82.52%, 

p<0.01), compared to the disease group (Figure 6.61). 
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6.18.3.5 Reduced Glutathione (GSH)  

 

Figure 6.62: Effects of silibinin on renal reduced glutathione (GSH) activity. Values are shown 

as mean ± S.E.M. (n=6). Statistical significance is indicated as follows: ***p<0.001, **p<0.01, 

and *p<0.05 vs. control; ###p<0.001, ##p<0.01, and #p<0.05 vs. disease; ^^^p<0.001, 

^^p<0.01, and ^p<0.05 vs. potassium citrate (2.5 gm/kg). 

Silibinin (100 mg/kg) significantly increased GSH (39.78%, p<0.05) compared to the control, 

GSH (90.33%, p<0.01) compared to the disease group, silibinin (50 mg/kg) in the diseased 

group significantly increased GSH (89.13%, p<0.01) compared to the disease group (Figure 

6.62).  

Antioxidant enzyme activities were decreased in diseased rats: SOD (58.94%, p<0.001), CAT 

(43.93%, p<0.01), GST (67.46%, p<0.01), and GSH (89.85%, p<0.01) compared to controls. 

Silibinin demonstrated robust antioxidant effects in nephrolithiasis-induced oxidative stress. 

Both doses improved antioxidant defence and reduced oxidative biomarkers, with 100 mg/kg 

generally providing optimal benefits. Silibinin's efficacy was comparable to or exceeded that 

of potassium citrate in parameters like LPO, GST, and SOD, supporting its role as a promising 

therapeutic candidate in the management of kidney stone-associated oxidative injury. 
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6.18.4 Effect of silibinin on kidney histopathology  

Multiple crystals were seen in the histopathological slides of disease and treatment groups 

(Figure 6.63), while no crystals were present in the control and silibinin (100 mg/kg) groups. 

The diseased group showed significant inflammation, renal tubule swelling, glomerulus 

shrinkage, necrosis, and tubular casts (p<0.001) compared to the control. 

Potassium citrate treatment significantly reduced inflammation (p<0.01), tubular casts 

(p<0.001), tubular necrosis (p<0.01), and glomerular shrinkage (p<0.01) compared to the 

diseased group. Silibinin (50 mg/kg) also significantly reduced inflammation (p<0.001), 

tubular necrosis (p<0.01), tubule swelling (p<0.01), and glomerular shrinkage (p<0.001) in the 

diseased group. Silibinin (100 mg/kg) further reduced inflammation (p<0.001), tubular casts 

(p<0.01), tubular necrosis (p<0.001), tubule swelling (p<0.001), and glomerular shrinkage 

(p<0.001) significantly compared to the diseased group (Table 6.17 & Figure 6.64). Scoring 

and interpretation of structures were based on published literature (Yousefi et al., 2018; Yılmaz 

et al., 2023; Azimi et al., 2021; Singh et al., 2020; Kocaturk et al., 2020). 
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Figure 6.63: Renal histopathology of experimental groups. The black arrow shows crystals. All 

Figures are at 400X magnification. 

Table 6.17: Histopathological changes in the experimental groups. 

Parameters Contro

l 

Silibinin 

(100mg/kg

)  

Disease Disease+Potassi

um citrate 

(2.5gm/kg) 

Disease 

+ 

Silibinin 

(50mg/k

g) 

Disease + 

Silibinin 

(100mg/k

g) 

Inflammati

on 

0.0 ± 

0.00 

0.0 ± 0.00 2.57 ± 

0.20*** 

1.57 ± 0.29## 1.42 ± 

0.20### 

1.14 ± 

0.14### 

Tubular 

cast 

0.0 ± 

0.00 

0.0 ± 0.00 2.28 ± 

0.18*** 

0.71 ± 0.35### 1.42 ± 

0.20 

1.00 ± 

0.21## 

Tubular 

necrosis 

0.0 ± 

0.00 

0.0 ± 0.00 2.28 ± 

0.18*** 

1.14 ± 0.26## 1.28 ± 

0.28## 

0.71 ± 

0.18### 

Tubule 

Swelling  

0.0 ± 

0.00 

0.0 ± 0.00 1.57 ± 

0.29*** 

0.71 ± 0.28 0.42 ± 

0.20## 

0.28 ± 

0.18### 

Glomerula

r shrink 

0.0 ± 

0.00 

0.0 ± 0.00 2.57 ± 

0.29*** 

1.14 ± 0.40## 0.14 ± 

0.14### 

0.85 ± 

0.40### 

 

All values are expressed as mean ± S.E.M. (n=6). Statistical significance is indicated as 

follows: ***p<0.001, **p<0.01, and *p<0.05 for disease vs. control; ###p<0.001, #p<0.01, 

and #p<0.05 for potassium citrate, silibinin 50 mg/kg, and silibinin 100 mg/kg vs. disease. 

Inflammation: 0 = no inflammation, 1 = less than 25% of the tissue, 2 = 25–50% of the tissue, 
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3 = 50- 100% of the tissue. Tubular casts (tubules in 5 light microscopic fields): 0 = No cast, 1 

≤25% tubules 2 = 25–50% tubules 3 = 50-100% tubules. Tubular necrosis (each of 100 

tubules): 0 = No necrosis, 1 ≤25% necrosis, 2 = 25–50% necrosis, 3 = 50–100% necrosis. 

Tubule Swelling or filled with proteinaceous fluid (each of 100 tubules): 0 = No swelling, 1 

≤25% tubules, 2 = 25–50% tubules, 3 = 50–100% tubules. Glomerular shrink 0 = No shrinkage, 

1 ≤25% glomerulus, 2 = 25–50% glomerulus, 3 = 50–100% glomerulus.  

 

 

 

Figure 6.64: Histopathological findings of the kidneys in experimental groups. Key: CD 

=Collecting duct, G = Glomerulus, T = Tubules, R = Crystals. Green arrow indicates necrosis, 

and red star indicates inflammation. All images are at 100X magnification. 
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CHAPTER 7 

DISCUSSION 

 

Nephrolithiasis is the most common urinary system disease, with incidence rates rising each 

year (Li et al., 2020). The recurrence rate is 70-80% in men and 47-60% in women, with 

calcium oxalate stones being the most prevalent (80%) type (Queiroz et al., 2019; Tsujihata, 

2008; Ivanovski and Drüeke, 2013). Approximately 12% of the global population is affected 

by kidney stones, with calcium oxalate comprising 75% of these cases. Despite this prevalence, 

the exact mechanisms of stone formation remain poorly understood (Alelign and Petros, 2018; 

Daudon and Jungers, 2004; Gambaro et al., 2004; Lee et al., 2011). Phytochemicals, 

particularly polyphenols and essential oils, possess antioxidant properties that provide 

protection against various diseases, including cancer, cardiovascular disorders, and 

neurodegenerative conditions (Valko et al., 2007; Mukherjee et al., 2007; Amorati et al.). 

Among these, Anethole, a major component of anise and fennel essential oils, has shown strong 

reactivity with peroxyl radicals, suggesting potential therapeutic benefits in kidney stone 

prevention. Similarly, Silibinin, a flavonoid derived from milk thistle (Silybum marianum), and 

Isoeugenol have demonstrated significant anti-inflammatory and antioxidant activities 

(Jahanafrooz et al., 2018; Singh et al., 2023; Chainy et al., 2000; Ritter et al., 2013). However, 

their role in preventing nephrolithiasis has not been explored. To the best of the authors' 

knowledge, this is the first study investigating their anti-lithiatic potential in in-vitro conditions. 

Kidney stones (KS) can be inhibited by increased consumption of fibre, potassium and 

magnesium. Increased dairy intake also reduces the chances of KS, especially milk is 

recommended for uric acid stones (Legay et al., 2023; Taylor and Curhan, 2013; Brardi et al., 

2016). KS is the multifaceted combination of genetic, dietary, environmental and lifestyle in 

addition to metabolic disorders which could affect the urine’s pH and composition (Ferraro et 

al., 2020; Liu et al., 2023; Soligo et al., 2022; Siener, 2021).  

Although extensive knowledge of crystallization and stone formation, effective treatments for 

nephrolithiasis remain scarce due to an incomplete understanding and slow progress in its 

pathophysiology (Liu et al., 2023). The current study applied a structured approach for the 

screening and identification of potential phytochemicals for the treatment of nephrolithiasis, 

using various computational methods. This multi-level screening included Lipinski’s Rule of 
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Five (RO5), ADME properties, toxicity evaluation, ultimately highlighting five promising 

phytochemicals: 4-Vinylguaiacol, Anethole, Isoeugenol, Nadolol, and Silibinin. These 

compounds were subjected to various analyses, including protein-protein interaction (PPI) 

networks and molecular docking, to identify potential mechanisms for targeting 

nephrolithiasis. 

The screening process began with Lipinski’s Rule of Five (RO5), where 51 out of 67 

compounds met the criteria, confirming the importance of structure in predicting drug-likeness. 

However, variability in drug-likeness across similar structures emphasized the complexity of 

drug development. CYP inhibition is of the parameters of druglikeliness and ADME studies. 

Protein pump inhibition (PPI) in suppressed form induces renal damage and risk of kidney 

stones increases, CYP2C19 which is related PPI metabolism could also affect the rate of kidney 

stones, hence was included in ADME studies (Zhang et al., 2024). And similar CYP family as 

parameters was taken in another survey for anti-nephrolithiatic agents (Mohan et al., 2022) and 

toxicity screening, whose parameters were taken from the literature (Medoro et al., 2023) 

narrowed the list to five promising candidates (4-Vinylguaiacol, Anethole, Isoeugenol, 

Nadolol, and Silibinin), which showed favourable pharmacokinetic properties. PPARγ 

activation helps restore mitochondrial balance, reducing oxidative stress, apoptosis, fibrosis, 

and inflammation caused by calcium oxalate crystals, thereby protecting against CaOx-induced 

renal injury (Liu et al., 2024), hence it was also included in toxicity studies. Toxicity screening 

of the shortlisted phytochemicals revealed favourable profiles; however, it is important to 

consider potential off-target effects or organ-specific toxicity when considering their 

therapeutic application. Further preclinical and clinical studies are necessary to confirm the 

safety of these compounds in long-term treatment regimens for nephrolithiasis patients. 

Several predisposing factors of kidney stone formation, including hypertension, dyslipidemia, 

obesity, diabetes, and other components of metabolic syndrome, also increase the likelihood of 

renal cancer (McCredie et al., 1992; Li et al., 2020; Carbone et al., 2018; Khan et al., 2016; 

Johri et al., 2010). The study by Hou et al. and Guimerà et al. reported that Hepatitis B infection 

raises urinary pH above 6, increasing the risk of calcium phosphate stone formation in men due 

to suspected renal tubular acidosis, a pathogenic factor involved in calculus formation 

(Guimerà et al., 2020; Hou et al., 2022). 

Gene Ontology (GO) and KEGG pathway enrichment analyses of the targets associated with 

these compounds revealed their involvement in relevant biological processes such as “response 

to organic substance” and “cellular response to chemical stimulus,” both of which play central 
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roles in kidney stone formation. KEGG pathways such as Hepatitis B, Kaposi sarcoma-

associated herpesvirus infection, and pathways in cancer were among the top hits. While 

Kaposi sarcoma-associated herpesvirus infection has no established link to nephrolithiasis in 

current literature, its frequent appearance across enrichment results suggests a possible 

unexplored pathway which might be worth investigating. The connection between Hepatitis B 

and nephrolithiasis is more evident, with studies reporting elevated urinary pH and an increased 

risk of staghorn calculi in infected individuals (Hou et al., 2022; Guimerà et al., 2020). Similar 

results were also reported by other studies (Liu et al., 2023; Zhang et al., 2023). Inflammatory 

responses to calculi may also induce hyperplasia in renal epithelia, contributing to carcinogenic 

progression (van de Pol et al., 2019). 

Network pharmacology and protein-protein interaction (PPI) analysis identified BCL2, EGFR, 

MMP9, STAT3, and EP300 as key hub genes. These genes are implicated in various aspects 

of renal stone pathophysiology. For example, BCL2 downregulation enhances renal cell 

apoptosis and promotes calcium oxalate crystal adhesion (Ahmed et al., 2020). EGFR signaling 

has an indirect connection to nephrolithiasis via magnesium homeostasis, with its inhibition 

potentially impairing the protective effect of magnesium on stone formation (Vincenzi et al., 

2008; Chen et al., 2003). MMP9 plays a vital role in uric acid metabolism and extracellular 

matrix remodeling, with SNPs linked to increased stone risk (Hess, 2006; Gruszka et al., 2021; 

Bu et al., 2020). Notably, recent evidence highlights STAT3 as a key regulator in 

nephrolithiasis, promoting RTEC ossification and enhancing claudin-14 expression via the 

CaSR-PKA-STAT3 pathway, thereby facilitating calcium oxalate crystal formation (Song et 

al., 2022; Luo et al., 2024). Progesterone receptor (PGR) influences calcium balance through 

modulation of parathyroid hormone, potentially affecting stone formation (Epstein et al., 1996; 

Seifert-Klauss et al., 2009; Wen et al., 2021). EP300, a known regulator of renal fibrosis via 

HIF2α modulation, is also overexpressed in diabetic nephropathy and represents another novel 

target in nephrolithiasis (Gong et al., 2022). Similar targets were also reported by another study 

(Liu et al., 2023) 

 

Molecular docking is a critical tool for studying the binding interactions between two entities 

(Istrefi et al., 2020; Türkeş et al., 2021; Demir et al., 2020). When the binding energy is low 

(highly negative), it indicates a strong binding affinity (Hsin et al., 2013). SIRT1, a protein 

involved in multiple diseases such as tumorogenesis, cardiovascular, and neurodegenerative 



162 
 

diseases, also plays a critical role in kidney stone formation (Chen et al., 2020). The activation 

or inhibition of SIRT1 can influence kidney stone formation, and many natural compounds 

have been shown to interact with SIRT1 (Vyas et al., 2015), which is also important in the case 

of kidney stones. SIRT1 gets activated if any compound binds to its allosteric site, whereas it 

gets deacetylated if any compound binds to its catalytic site. In our study, docking simulations 

revealed that all three phytochemicals bind to the SIRT1 protein with favourable binding 

energies ranging from -5.9 to -7.9 kcal/mol, exhibiting significant interactions with residues 

such as GLU230, ASN226, and PHE273. Phytochemicals such as crocin, bichalcones, 

quercetin and metformin have previously been reported as SIRT1 interactors (Medoro et al., 

2023; Karaman et al., 2018; Cuyàs et al., 2018; Iside et al., 2020). Molecular dynamics 

simulations (100ns) further revealed that the phytochemicals exhibited good structural stability 

in complex with SIRT1, with RMSD values in the range of 0.2 to 1.1 nm, which is consistent 

with previously reported results (Sinha et al., 2019). PCA is used to identify dominant 

collective motions of the protein during molecular dynamics, helping to understand how ligand 

binding influences the overall flexibility and conformational behaviour of the system. Although 

PCA does not directly identify specific residues, further projection of eigenvectors or 

fluctuation analysis along principal components can highlight residues that contribute most to 

the collective motions. In terms of MD simulation trajectory, it interprets covariance matrix of 

atomic fluctuations, extract components playing the major role in motion. By projecting 

trajectory in 2D space PCA helps in elucidating dominant structural variation and dynamic 

behaviour of the protein (Khan et al., 2025; Sharma et al., 2022). 

Taken together, these findings suggest that the three phytochemicals, particularly silibinin  

form stable, compact, and well-integrated complexes with SIRT1, consistent with their docking 

results and previous literature on SIRT1-targeting phytochemicals such as crocin, bichalcones, 

quercetin, and metformin (Medoro et al., 2023; Karaman et al., 2018; Cuyàs et al., 2018; Iside 

et al., 2020). 

Trans-anethole, which is aromatic, a phenylpropanoid commonly found in essential oil, 

particularly star anise and more than 20 other species such as anise, fennel, etc., is considered 

safe by the FDA (Sheikh et al. 2015; Aprotosoaie et al. 2016).  It has many biological activities 

such as antimicrobial (Wieczyńska and Cavoski, 2018); antioxidant (Sá et al. 2020) anti-

inflammatory (Zhang et al. 2018), anti-proliferative (Harakeh et al., 2023) but has not been 

explored against nephrolithiasis. Isoeugenol is a phenylpropanoid is a pale-yellow liquid 

found in many plant species that exhibits numerous biological activities other than being used 
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as a flavoring or fragrance agent (Zhang et al., 2022) such as antibacterial, antioxidant, and 

DNA damage protective effect (Zhang et al., 2017), anticholinergic and antidiabetic (Topal, 

2019). Silibinin, a bioactive compound of milk thistle possesses anticancer (Zhu et al., 2016; 

Binienda et al., 2020; Tuli et al., 2021) anti-apoptotic and anti-inflammatory (Shen et al., 

2019), anti-diabetic properties (Zare et al., 2024), cytochrome P‐450 inhibitor (Beckmann‐

Knopp, 2000), improves cognitive impairment (Wei et al., 2022), neuroprotectant 

(Thayumanavan et al., 2022). Above mentioned phytochemicals have not been studied in 

nephrolithiasis but most of their biological properties are crucial when dealing with calculi.  

In healthy urine, natural inhibitors like magnesium-containing complexes play a vital role in 

the prevention of calcium oxalate supersaturation, which is a major contributor to kidney stones 

(Dinnimath et al., 2017; Carvalho et al., 2004). The formation of calcium oxalate involves 

multiple processes such as nucleation, aggregation and growth (or oxalate depletion) (Khare et 

al., 2014). The present study aimed to study these processes by evaluating the inhibitory effect 

of Silibinin, Isoeugenol and Anethole and comparing them with potassium citrate. Isoeugenol 

which is found in many vegetables such as monkey orange contains methoxyphenol in its 

structure, which imparts anti-oxidant properties (Sitrit et al., 2003; Fujisawa et al., 2002). 

The most critical step in stone formation is nucleation, in which multiple salts of stones 

combine to form loose clusters in a solution, when added with new components can also 

increase in size. The effect of phytochemicals in the range of 20µM -100µM on nucleation 

assay was studied in the present study, which yielded better results than potassium citrate. This 

nucleation assay provides valuable insights into the potential of phytochemicals as inhibitors 

of calcium oxalate crystallization. Silibinin and Anethole emerge as the most promising 

candidates due to their significant dose-dependent and time-dependent inhibitory effects. 

While Isoeugenol demonstrates inhibition, its inconsistency at certain concentrations warrants 

further investigation. The findings emphasize the importance of dose optimization and long-

term efficacy evaluation in the development of anti-nucleation therapies. Future studies should 

explore the molecular mechanisms underlying these inhibitory effects to enhance our 

understanding of crystal growth prevention strategies. 

Another process is aggregation assay, which is used to make kidney stones. Small crystals tend 

to stick together to form large particles, a process known as aggregation or agglomeration 

(Aggarwal et al., 2013). Aggregation of calcium oxalate was measured in the presence and 

absence of phytochemicals in the range of 20µM -100µM and was compared to PC in the same 
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range. Although not much of the significant data was obtained, it can be said that all the 

compounds had similar anti-aggregation capacity as that of PC. Crystal growth or oxalate 

depletion which is the final nail in the coffin in the formation of calculi is the process in which 

any crystal when achieves critical size, starts forming small solid masses known as stones (N. 

Kulkarni, et al., 2017). In this study, three concentrations (20µM, 60µM and 100µM) have 

been taken to study this process. At all three concentrations, the phytochemicals showed better 

activity than the standard potassium citrate. 

Another aspect of nephrolithiasis is the adhesion of crystal-forming substances, their numbers 

and their shape on the surface of renal cells (Thongboonkerd, 2019). The more the crystal 

adhesion, the more the damage. Our data revealed all three phytochemicals (Silibinin, 

Isoeugenol and Anethole) at both concentrations (50µM and 100µM) had very low adhesion. 

Many polyphenols, flavonoids, and plant extracts such as Diosmin, EGCG, and trigonelline 

were able to reduce this cell adhesion (Bawari et al., 2023; Peerapen and Thongboonkerd, 2025; 

Fong‐ngern et al., 2017; Khamchun et al., 2021). When crystals adhere to the cell surface, they 

damage the cell integrity, leading to the formation of reactive oxygen species (ROS) (Sun et 

al., 2015; Motskin et al., 2009; Kong et al., 2015). Hence complementary therapies should also 

focus on anti-oxidative properties along with anti-lithiatic properties when dealing with 

nephrolithiasis. In reducing power assay, reactions between antioxidants and potassium 

ferricyanide form potassium ferrocynanide, which further reacts with ferric chloride to form an 

intense blue colour, which has absorption maxima at 700nm. Now this reaction is dependent 

on the hydrogen atom donation capacity of any anti-oxidant (Dontha, 2016; Loganayaki et al., 

2013). In our study, the reducing capacity is in the order of Isoeugenol > Silibinin > Anethole. 

When talking about stone-forming elements, urinary supersaturation takes the upper hand 

because it is the most vital thermodynamic factor in urolith production. Once this 

supersaturation crosses the metastability limit, kinetic factors get overpowered by 

thermodynamic factors. Due to this, stone inhibitors are deemed unfit at abnormally high 

supersaturation states in inhibition or reduction of stone progression (Carvalho and Vieira, 

2004; Khan and Canales, 2009, Konigsberger and Konigsberger, 2001). Hence, the 

phytochemicals must also be evaluated against the supersaturation ratio which will be the scope 

of our future studies. 

Classical Nucleation Theory explains the energy barrier to nucleation in terms of Gibbs free 

energy, which consists of surface and volume free energy. In a supersaturated solution, the total 



165 
 

energy reaches its highest point at a specific particle size known as the critical size. When a 

cluster grows to this critical size, it is identified as a nucleus (Abdel-Aal EA et al., 2017). 

Interfacial free energy is the difference of free energy between single molecule of bulk and that 

of surface. In a supersaturated solution, ions or molecules joins together to form a cluster or 

nucleus, which leads to the exchange of excess of free energy change between nucleus and 

solutes of the supersaturated solutions, referred as Gibbs free energy changes (ΔGcr).  

Zeta potential measures system stability and surface charge of molecules by analysing the 

intensity with which mutual attraction and repulsion occur between particles (Xie et al., 2021). 

High surface charge density indicates lower particle aggregation due to electrostatic repulsion 

and stability and vice-versa (Miyake et al., 1998; Polat et al., 2021). Particles with higher 

negative or positive zeta potential repel each other whereas particle with lower negative or 

positive zeta potential (near to zero) tends to aggregate (Cho et al., 2014).  

In this study, a rat model of calcium oxalate (CaOx) nephrolithiasis was developed using 

ethylene glycol to investigate the effects of silibinin on kidney stone formation. 

Ethylene glycol acts as an oxalate precursor; it is absorbed in the intestine and metabolized to 

oxalate in the liver, resulting in hyperoxaluria. This condition promotes the formation of 

calcium oxalate crystals in the kidneys, primarily due to the poor solubility of calcium oxalate 

in urine (Fan et al., 1999; Karadi et al., 2006; Nizami et al., 2012; Scheid et al., 2004). 

Additionally, when ethylene glycol is administered alongside ammonium chloride, it 

accelerates the formation of kidney stones, making this combination ideal for short-term animal 

studies (Bobbitt et al., 1986). 

Microscopic examination of urine samples revealed the presence of crystals in both diseased 

and treatment groups, corroborating findings from previous studies (Azimi et al., 2021; 

Marhoume et al., 2021). Importantly, no significant differences in kidney morphology were 

noted between the various experimental groups, which aligns with earlier reports (Yılmaz et 

al., 2023). Silibinin and potassium citrate were found to reduce organ coefficients in 

comparison to disease control rats, likely due to their effects in decreasing inflammation and 

calcium oxalate deposits (Yousefi et al., 2018). 

The glomerular filtration rate (GFR), an indicator of kidney function, was found to be reduced 

in nephrolithiasis due to obstructed urine flow caused by the presence of stones. This 

obstruction leads to increased levels of non-protein nitrogenous substances, such as urea, 

creatinine, and uric acid, in the blood (Grover and Resnick, 1995). In the current study, silibinin 
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was shown to lower these levels and improve the GFR, highlighting its potential therapeutic 

effects. Furthermore, calcium ions are known to promote stone formation, while magnesium 

ions inhibit this process (Penniston and Nakada, 2018). The results indicated a reduction in 

calcium and an elevation in magnesium levels in silibinin-treated groups compared to the 

diseased group. 

Numerous studies suggest that antioxidants may play a critical role in managing kidney stones 

by mitigating oxidative stress (Khan, 2013). Oxalate can accumulate in renal tubular epithelial 

cells when antioxidant mechanisms are poorly regulated, which decreases the activity of crucial 

enzymes such as superoxide dismutase (SOD), catalase (CAT), and glutathione (GSH), while 

simultaneously increasing lipid peroxidation (Khand et al., 2002; Cao et al., 2004). This 

oxidative stress can diminish mitochondrial membrane potential and cause damage to cellular 

components (Joshi et al., 2013; Joshi et al., 2012; Zuo et al., 2011). Increased SOD levels can 

mitigate calcium oxalate formation by decomposing reactive oxygen species and inhibiting 

stress responses (Kang et al., 2020). In this study, lipid peroxidation was found to be elevated, 

while the activities of antioxidant enzymes were decreased in the diseased group compared to 

controls. Notably, silibinin treatment increased the activity of these antioxidant enzymes, 

thereby helping to prevent renal damage. 

The study also highlighted significant histopathological damage caused by ethylene glycol, 

including inflammation, glomerular shrinkage, necrosis, and tubular swelling. Silibinin 

treatment was effective in reversing these conditions. Similar protective effects were reported 

with other treatments, such as apigenin, fucoxanthin, lipoic acid, and 6-shogaol in ethylene 

glycol-induced kidney stones in male Wistar rats (Azimi et al., 2021; Wang et al., 2020; Wang 

et al., 2020; Afzal et al., 2021). Additionally, various plant extracts, such as Myrtus communis 

and Aerva lanata, have been evaluated for their effects on kidney stones, although many studies 

do not clarify the bioactive components involved (Yılmaz et al., 2023; Bano et al., 2018; Singh 

et al., 2022). Therefore, further research is necessary to assess the safety and efficacy of these 

treatments. 
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CHAPTER 8 

CONCLUSION 

 

Nephrolithiasis, a multifactorial disorder driven by oxidative stress, inflammation, and 

metabolic imbalances, remains a pressing global health concern. Despite advancements in 

surgical and pharmacological interventions, the high recurrence rate of kidney stones 

necessitates the exploration of alternative therapeutic strategies. This study aimed to identify 

natural phytochemicals with potential anti-nephrolithiatic properties using an integrated in-

silico, in-vitro, and in-vivo approach. The findings highlight the therapeutic promise of 

Anethole, Isoeugenol, and Silibinin as effective modulators of calcium oxalate crystallization 

and oxidative stress, positioning them as potential candidates for nephrolithiasis management. 

The multi-level screening process, involving molecular docking, ADME analysis, and 

pharmacokinetic profiling, demonstrated the suitability of these phytochemicals as therapeutic 

agents. The in-silico studies provided insights into their molecular interactions with key targets 

involved in nephrolithiasis, particularly SIRT1, EP300, and MMP9. The strong binding 

affinities observed suggest that these compounds exert their effects by modulating epigenetic 

regulators and pathways associated with kidney stone formation, oxidative stress, and 

inflammation. 

In-vitro studies further validated the computational findings by demonstrating the ability of 

Anethole, Isoeugenol, and Silibinin to inhibit calcium oxalate crystallization. These 

compounds effectively reduced crystal size and numbers at lower supersaturation ratios, 

thereby decreasing the likelihood of crystal aggregation and retention within renal tubules. 

Although challenges persist at higher supersaturation ratios, these preliminary findings 

underscore the potential of phytochemicals in modulating crystallization dynamics and 

preventing kidney stone formation. 

The in-vivo studies, conducted using an ethylene glycol-induced nephrolithiasis rat model, 

further reinforced the protective effects of these phytochemicals. Silibinin, in particular, 

demonstrated significant antioxidant properties, effectively reducing oxidative damage and 

renal injury. The observed improvements in renal function parameters, including decreased 

serum creatinine, urea, and uric acid levels, highlight the ability of these compounds to preserve 

kidney function under lithogenic conditions. Additionally, histopathological analyses 

confirmed reduced renal inflammation, crystal deposition, and tubular damage in treated 

groups compared to the disease control group. 
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Beyond their direct impact on calcium oxalate crystallization, these phytochemicals exhibited 

strong antioxidant and anti-inflammatory properties. Oxidative stress plays a critical role in 

kidney stone pathogenesis by triggering lipid peroxidation, mitochondrial dysfunction, and 

renal epithelial injury. The ability of Anethole, Isoeugenol, and Silibinin to enhance 

endogenous antioxidant enzyme activity (SOD, CAT, GSH) and suppress pro-inflammatory 

cytokines (TNF-α, IL-6, NF-κB) suggests a multifaceted approach to nephrolithiasis 

prevention. By targeting multiple pathological pathways, these compounds offer a promising 

alternative to conventional treatments that primarily focus on stone dissolution and urinary pH 

modulation. 

While this study provides compelling evidence supporting the therapeutic potential of 

Anethole, Isoeugenol, and Silibinin, further research is warranted to bridge the gap between 

experimental findings and clinical application. Future studies should explore their 

pharmacokinetic behavior in human models, including bioavailability, metabolism, and long-

term safety. Additionally, detailed mechanistic studies investigating their interactions with 

epigenetic regulators, renal epithelial cells, and immune responses will provide deeper insights 

into their mode of action. 

Moreover, a personalized approach to nephrolithiasis treatment remains crucial. Factors such 

as stone composition, genetic predisposition, metabolic conditions, and lifestyle habits should 

be considered when developing therapeutic strategies. The integration of artificial intelligence 

(AI) in drug discovery and patient management may offer novel insights into optimizing 

treatment plans based on individual risk factors. AI-assisted diagnostics and robotic 

innovations in urology are already revolutionizing kidney stone management, offering 

precision-guided interventions and minimally invasive surgical techniques. 

The future of nephrolithiasis treatment lies in a multi-pronged strategy that combines natural 

therapeutics with advanced technological innovations. Research into bioengineered stone 

dissolution therapies and targeted drug delivery systems holds promise for reducing the need 

for invasive interventions. Additionally, the role of gut microbiota in kidney stone formation 

is an emerging area of interest, with potential implications for developing probiotic-based 

therapies. 

In conclusion, this study highlights the potential of Anethole, Isoeugenol, and Silibinin as 

promising natural modulators of nephrolithiasis through their anti-lithiatic, antioxidant, and 

epigenetic regulatory properties. By integrating computational modeling, biochemical 
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validation, and in-vivo assessments, this research provides a strong foundation for further 

investigations into plant-derived therapies for kidney stone prevention. While challenges 

remain in translating these findings into clinical practice, continued research efforts focusing 

on safety, efficacy, and personalized treatment approaches will pave the way for novel, non-

invasive interventions. The insights gained from this study contribute to the broader field of 

nephrology, offering a step forward in the quest for safer and more effective therapies for 

kidney stone disease. 
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