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ABSTRACT 

BACKGROUND 

Nimbolide (NBL), a naturally occurring tetranortriterpenoid compound belonging to the Meliaceae family, possesses wide-

ranging pharmacological action, including anticancer activities. 

METHODS 

This study summarizes the potential of NBL against various cancer cell lines and targeting molecular pathways. This 

assessment was conducted using PubMed, ScienceDirect, Google Scholar, and the online library. 

RESULTS 

This study indicates that NBL exerts anticancer effects against bladder, breast, colon, colorectal, gastric, liver, lung, prostate, 

and renal cancers by inducing apoptosis, cell cycle arrest, autophagy, and cytotoxicity, while suppressing proliferation, 

invasion, and migration. It also targets key signaling pathways, including nuclear factor kappa-light-chain-enhancer of activated 

B cells (NF-κB), phosphoinositide 3-kinase/protein kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR), and janus 

kinase/signal transducer and activator of transcription (JAK/STAT). Additionally, NBL exhibits several favorable 

pharmacokinetic properties, including 100% human intestinal absorption, and shows no inhibition of key cytochrome P450 

enzymes (CYP1A2, CYP2C19, CYP2C9, CYP2D6) or P-glycoprotein. Besides exhibiting anticancer properties, NBL also 

shows pharmacological relevance, including anti-inflammatory, anti-arthritic, and anti-obesity effects, mediated through 
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pathways such as NF-κB, MAPK, and mTOR. Furthermore, toxicological studies indicate that NBL shows a promising safety 

profile with low toxicity risks in preclinical models. 

CONCLUSION 

While clinical evidence on NBL remains confined, the data analysis throughout this study suggests that NBL has potential 

properties to be considered a viable candidate in the treatment of cancer. Consequently, more clinical trials are suggested to 

evaluate its efficacy, safety, and right human dosage. 
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INRODUCTION 

A condition known as cancer occurs when some body cells proliferate out of control and spread to other bodily organs [1]. 

Cancer is a complex illness brought on by a confluence of environmental and hereditary variables. Diet, alcohol use, smoking, 

lifestyle, and infectious agents are examples of non-genetic environmental risk factors [2]. According to the latest world health 

organization (WHO) report, there are around 1.5 million cancer patients in Bangladesh, with 150,000 dying each year [3]. The 

most common types of cancer are breast, lung, colon, rectal, and prostate. When cancer cells are present, several risk factors 

have been found that encourage their growth or worsen the condition. These risk factors are mostly associated with bad lifestyle 

practices, such as physical inactivity [4]. Other causes for the development of cancer in patients are Down’s syndrome, 

Parkinson’s disease, schizophrenia, diabetes, anorexia nervosa, Alzheimer’s disease, allergy-related diseases, and multiple 

sclerosis [5]. If any chromosomal aberration affects a protein that plays a crucial role in the cell cycle, quantitatively or 

qualitatively, it may result in cancer [6]. 

Treating cancer has been a highly complex process. Cancer treatment methods vary by type and grade [7]. There are different 

conventional treatment modalities that are available to treat and manage cancer. However, new cancer treatment options are 

being explored continuously, as over 60% of all current experimental trials worldwide are focusing on tumor cures. Surgery, 

radiation-based surgical knives, chemotherapy, and radiotherapy are some of the traditional and most widely used treatment 

methods. Some of the modern modalities include hormone-based therapy, anti-angiogenic modalities, stem cell therapies, 

immunotherapy, and dendritic cell-based immunotherapy [6]. Even though chemotherapy and radiotherapy are the mainstays 

of cancer treatment, their efficacies and applications are often hampered by their severe side effects, including cardio-

cytotoxicity, nephrotoxicity, myelosuppression, neurotoxicity, hepatotoxicity, gastrointestinal toxicity, mucositis, and alopecia, 

which directly reduce the quality of life of patients [8]. Fatigue, nausea and vomiting, sleep disturbances, changes in bowel 

function, and an altered sense of taste are common problems [9]. In addition, physical consequences of specific treatments to 

identify include cardiac dysfunction, metabolic syndrome, lymphedema, peripheral neuropathy, and osteoporosis [10]. 

Natural products (NPDs), broadly defined as chemicals produced by living organisms including microbes, marine organisms, 

animals, fungi, and plants, are widely used as therapeutic agents for treating diseases and maintaining health and “wellness” 

[11,12]. NPDs provide a sustainable source with considerable efficacy to treat and overcome several disorders and fatal 

diseases, including cancer [13-15]. In addition, antihypertensive and antimigraine medications have benefited greatly from 

NPDs [16]. Some plant-derived compounds such as vincristine [17], irinotecan [18], etoposide [19], paclitaxel [20], 
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actinomycin D, mitomycin C, bleomycin, doxorubicin, and L-asparaginase were established drugs that came from microbial 

sources, and citarabine is the first drug originating from a marine source. In addition, curcumin is one of the most studied 

chemopreventive agents that allows suppression, retardation, or inversion of carcinogenesis [21]. Several bioactive compound 

classes, including flavonoids, polyphenols, alkaloids, terpenes, and saponins, have shown significant anti-tumor properties [22]. 

Nimbolide (NBL) (C27H30O7) is a tetranortriterpenoid compound that was isolated from the leaves and flowers of Azadirachta 

indica (A. indica) [23]. It is also known as limonoids with a δ lactone ring and an α, β unsaturated ketone [24], which is a 

traditional medicinal plant of the Meliaceae family [25] and widely distributed in Asia, Africa, and other tropical parts of the 

world [26]. Recent studies have shown that NBL has various pharmacological activities, including anti-inflammatory [27], 

antipyretic [26], antihistamine [28,29], antioxidant [23], and anticancer effects [27]. NBL induces apoptosis and inhibits cell 

proliferation and metastasis in a variety of cancer cells, including prostate, breast cancer, and choriocarcinoma cell lines [25]. 

In addition, NBL inhibits the expression of Bcl-2, Akt, pAkt, and NF-κB and suppresses the IκBα phosphorylation and the 

inhibition of p65 nuclear translocation [30,31]. However, there is no review on the anticancer activity of NBL with the botanical 

sources, molecular mechanisms, pharmacological relevance, pharmacokinetics, toxicological and clinical profile. 

So, this review explores the anti-cancer activity of NBL with the botanical sources, molecular mechanisms, pharmacological 

relevance, pharmacokinetics, toxicological and clinical profiles based on the previous studies. 

METHODOLOGY 

Literature Search Strategy 

An extensive literature search was carried out as of August 02, 2025, using a variety of scholarly databases, such as Web of 

Science, Springer Link, Wiley Online, ScienceDirect, PubMed, Google Scholar, and the online library. The literature search 

was conducted using the phrase “Nimbolide” along with several other keywords to locate relevant papers. The following search 

terms were used to find anticancer activity: “neoplasm,” “malignancy,” “anti-oncogenic effects,” “cellular cytotoxicity,” 

“tumor suppression,” “programmed cell death,” “mitotic arrest,” “PI3K-AKT-mTOR signalling,” “growth inhibition,” “in vitro 

cancer studies,” “in vivo cancer studies,” and “preclinical cancer models.” Other pharmacological effects were examined using 

the following terms: “antiviral activity,” “cardioprotective,” “antioxidant,” “anti-inflammatory,” “neuroprotective,” “anti-

cancer,” “antibacterial,” “antimicrobial,” “anti-fibrotic,” “anti-allergic,” and “antinociceptive.” Terms including “plant 

sources,” “natural origins,” and “extraction methods” were included in searches pertaining to the botanical origins of 

“Nimbolide.” The toxicological evaluation was carried out with the use of search terms like “toxicity” and “acute toxicity.” 

Finally, the utilization of “efficacy,” “human studies,” and “clinical trials” yielded clinical evidence. 

Inclusion Criteria 

The selection of studies was based on the following criteria: 

1. Research that identified natural plant sources of NBL, along with studies focusing on its phytochemical 

characterization, was considered. 

2. Studies on the anticancer effects of NBL from a variety of botanical sources. 

3. Studies carried out in vitro, in vivo, or ex vivo, whether or not experimental animals are used. 

4. Research that either provides or withholds information about the possible anticancer mechanism of action. 



Cancer Med J | April-2026 

4 

 

5. Studies examining the pharmacokinetics, absorption, distribution, metabolism, and bioavailability of NBL were also 

included. 

Exclusion Criteria 

1. Titles and/or abstracts that didn’t follow the guideline for requirements of inclusion and duplication of data. 

2. Other studies have not found that NBL solves the current issue. 

3. Duplicate publications, abstracts, or datasets were excluded. 

4. Literature published in languages other than English was not considered. 

5. Research that is not available in full text. 

6. Studies on anticancer activity, during which the current study's focus is ambiguous by other investigations. 

RESULTS AND DISCUSSION 

Botanical Sources of Nimbolide 

Traditional medicine is still recognized as the preferred primary health care system in many communities, with over 60% of 

the world’s population and about 80% in developing countries [32]. It has been estimated that these medicines derived from 

plants constitute about 25 percent of modern pharmacopeia [33]. The era of using plant material as anticancer agents started 

with the isolation of two alkaloids, vinblastine and vincristine, from the Madagascar periwinkle [34]. The most common herbal 

medicinal component identified from T. chinensis is paclitaxel, a well-known first-line chemotherapy treatment/therapy for 

cancer diseases such as ovarian and breast cancer [35]. Camptothecin (CPT) is a natural product first isolated from the bark of 

the Chinese tree Camptotheca acuminate (Nyssaceae), from which the semisynthetic analogues topotecan and irinotecan are 

derived. These compounds are potent anticancer agents widely used clinically throughout the world [36]. The bioactive 

compounds of Zingiber officinale roscoe (rhizome) are phenolic and terpene, used in colon cancer, ovarian cancer, and breast 

cancer, and in Curcuma longa L. (C. longa), the main active ingredient is curcumin, a polyphenol, which has displayed potent 

anticancer effects [35]. By using the root of the plant of Peganum harmala, the main bioactive phytochemical harmine was 

used in breast cancer, and another bioactive compound, kaempferol galactoside, from Bauhinia variegata, was used in the 

treatment of breast, lung, and liver cancer [37]. However, NBL is a potent bioactive compound primarily found in the plant of 

the A. indica family. It is present in the leaves and flowers of A. indica L [26], leaf [38], and seed [39]. NBL has also been 

isolated from aqueous extract of A. indica var. Siamensis [40]. Moreover, different botanical sources of NBL are provided in 

Table 1. 

Table 1: The botanical sources and plant parts of nimbolide. 
Plant name Plant’s part References 

A. Indica L 
 

Leaves and flowers 

 

Bodduluru et al., 2014 [26] 

Elumalai et al., 2014 [28] 

Siddiqui et al., 1942 [41] 

Ekong et al., 1967 [42] 

Subramani et al., 2016 [43] 

Ram et al., 2020 [25] 

Lin et al., 2017 [44] 

Pooladanda et al., 2018 [45] 

Jaiswara et al., 2021 [46] 

Tree Rajendran et al., 2024 [27] 

Wylie et al., 2022 [47] 

Priyadarsini et al., 2010 [48] 

Patra et al., 2019 [49] 

Leaf Wang et al., 2016 [38] 

Shaheen et al., 2024 [50] 
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Chitta et al., 2014 [51] 

Aqueous extract Rochanakij et al., 1985 [40] 

Plant Katola et al., 2023 [52] 

Flowers Roy et al., 2007 [53] 

Cui et al., 2019 [54] 

Seed Sengupta et al., 2017 [55] 

Cohen et al., 1996 [39] 

Seeds and leaves Mahmoud et al., 2022 [56] 

Priyadarsini et al., 2009 [57] 

Anticancer Activity of Nimbolide against Several Cancers: Underlying Mechanisms 

Bladder cancer 

Bladder cancer is a prevalent malignancy with considerable morbidity, mortality, and economic burden [58], primarily affecting 

the bladder urothelium [59]. The WHO reported around 573,278 new global cases in 2020, a number projected to double by 

2040, underscoring its growing health impact [60]. Over 90% of urothelial tumors arise in the bladder, while 8% occur in the 

renal pelvis and 2% in the ureter and urethra [61].  

A study showed that NBL inhibited bladder cancer EJ and 5637 cells by inducing G2/M cell cycle arrest and JNK 

phosphorylation while reducing p38, MAPK, AKT phosphorylation, MMP-9 activity, migration, and invasion [62]. These 

findings highlight NBL’s potential as a therapeutic agent for bladder cancer; however, further in-depth studies are needed to 

validate its efficacy and elucidate its mechanisms in bladder cancer treatment. 

Breast cancer 

Breast cancer, mainly arising from milk ducts or lobules, is the most common cancer in women [63,64]. In 2020, it caused over 

2.3 million cases and 685,000 deaths, with numbers expected to rise to 3 million cases and 1 million deaths by 2040. High 

oestrogen exposure and BRCA1/BRCA2 gene mutations significantly increase the risk of breast cancer [65,66]. Current 

treatments of breast cancer, such as endocrine, anti-HER2 therapy, chemotherapy, and radiation, often lead to resistance and 

serious side effects [67,68]. However, emerging targeted and combination therapies, along with natural compounds that trigger 

apoptosis through various mechanisms, show promise in managing especially metastatic cases [69,70]. 

Several studies suggest that NBL has significant anti-breast cancer activity. Elumalai and his teammates demonstrated that 

NBL induces apoptosis in human breast cancer cells via activation of both extrinsic (death receptor-mediated) and intrinsic 

(mitochondrial) pathways, involving caspase activation, mitochondrial membrane depolarisation, and cytochrome c release 

[28,29]. Further, in 2014, they found that NBL inhibits invasion and migration of breast cancer cells by downregulating uPAR 

and chemokine gene expression, thereby suppressing metastatic potential in both MCF-7 and MDA-MB-231 cell lines [28,29]. 

In another study, our data demonstrate that NBL inhibits TNBC by altering the integrin and FAK signalling pathway and 

significantly reduced the metastatic colony formation [71]. NBL also significantly reduced the protein expression of IKKα, 

IKKβ, and NFκB in breast cancer cell lines, indicating a clear downregulation of the nuclear factor kappa B signalling pathway 

[72]. Another finding implies that NBL induced autophagy signalling by increasing Beclin 1 and LC3B along with decreased 

p62 and mTOR protein expression in breast cancer with epigenetic modifications [45]. NBL (0-100 µM) inhibits AR and blocks 

IGF-1/PI3K/Akt and HIF-1α/VEGF signalling, downregulating DNMT-1, HDAC-6, miR-21, HOTAIR, and H19, while 

upregulating miR-148a/miR-152, with IC₅₀ values of 10.6, 5, 5, and 7 µM, respectively [73]. In another study, in vivo results 

demonstrated that NBL showed enhanced anti-tumour and anti-metastatic effects and inhibited BCSCs by epigenetic 
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reprogramming of the DNMTs-SFRP1-Wnt/β-catenin signalling [74]. In addition, NBL enhanced cytotoxicity in breast cancer 

[49]. NBL is a crucial therapeutic strategy for breast cancer treatment, as it inhibits invasion and migration, and it targets critical 

pathways like IGF-1/PI3K/Akt and HIF-1α/VEGF. 

Overall, these findings highlight NBL’s strong potential as a multi-targeted therapeutic agent against breast cancer, capable of 

inducing apoptosis, autophagy, and epigenetic modulation while suppressing proliferation, invasion, and metastasis. Its ability 

to act on diverse signalling pathways suggests promise for overcoming resistance and improving breast cancer management. 

Colon cancer 

Colon cancer, primarily an adenocarcinoma, can progress to malignancy if untreated. It ranks as the third most common cancer 

in men and the fifth leading cause of cancer-related deaths globally [75,76]. Dysregulated Wnt/β-catenin signalling and PPAR 

involvement contribute to its development [77]. Colon cancer often begins as benign polyps and is managed with surgery, 

chemo, radiation, and targeted therapies, though these can cause side effects, resistance, and relapse [78,79]. Emerging 

approaches like immunotherapy, precision medicine, and traditional remedies offer safer, more effective alternatives [80]. 

Our findings demonstrate that NBL (10 µM) enhances TNF-α and increases cell apoptosis of HT-29 cells by up-regulation of 

DR5 expression via the JNK pathway [81]. Another study suggests that NBL induces G0/G1 cell cycle arrest by upregulating 

p21, cyclin D2, and Chk2, and downregulating cyclin A, cyclin E, Cdk2, and Rad17 [82]. These studies indicate that NBL 

holds significant potential against colon cancer by promoting apoptosis through DR5-JNK signalling and inducing G0/G1 cell 

cycle arrest via modulation of key cell cycle regulators, suggesting its promise as a targeted therapeutic candidate. 

Colorectal cancer 

Colorectal cancer is the third most common cancer and the fourth leading cause of cancer-related deaths worldwide. Key 

signalling pathways like Wnt/β-catenin, EGFR/Ras, and p53 are often disrupted in colorectal cancer [83]. In addition, cytokines 

and growth factors, including EGFR, IGF-1R, and VEGF-A, are frequently overexpressed, promoting CRC cell growth, 

survival, and invasion [84]. Recent advances in immunotherapy show potential, particularly in pMMR-MSI-L colorectal cancer 

cases. Various natural compounds inhibit tumour growth by inducing cell cycle arrest or triggering apoptosis in CRC cells [85]. 

A study revealed that in colorectal cancer cell lines (HCT-116, HT-29, Caco-2), 10 μmol/L of the compound increased 

apoptosis and IκBα/p65 levels, while reducing NF-κB activity, proliferation markers, metastasis, angiogenesis factors, and 

STAT3 phosphorylation [30]. Another study suggests that NBL induced apoptosis and suppressed pro-inflammatory pathways, 

STAT3, NF-κB, proliferation, COX-1, and IL-6 in HCT116 and HT29 colorectal cancer cell lines in vitro [86]. These insights 

highlight that NBL has strong anticancer potential in colorectal cancer by inducing apoptosis, inhibiting proliferation, and 

targeting key pathways like NF-κB and STAT3. 

Gastric cancer 

Gastric cancer (GC) remains one of the leading causes of cancer-related mortality globally, primarily driven by early genetic 

alterations such as microsatellite or chromosomal instability [87,88]. Its treatment typically requires a multidisciplinary 

approach, with chemotherapy being the mainstay. However, while chemotherapy is effective, it often leads to considerable 

toxicity [89,90]. In recent years, natural compounds like curcumin and resveratrol have shown significant anti-cancer potential 
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in GC, as they inhibit tumor growth and metastasis with fewer side effects, suggesting their value as safer therapeutic 

alternatives [91-93]. 

A study result showed that NBL administered orally (10-40 mg/kg) in male Swiss albino Wistar rats significantly reduced 

gastric tumor weight by enhancing apoptosis and antioxidant enzymes and suppressing inflammatory markers and liver 

enzymes [94]. NBL may serve as a promising therapeutic candidate for gastric cancer by reducing tumor burden through 

apoptosis induction, antioxidant enhancement, and suppression of inflammation, offering potential benefits with fewer side 

effects. 

Hepatic cancer/Liver cancer 

Hepatocellular carcinoma (HCC) accounts for 7% of all the cancers worldwide and is the most common primary liver 

malignancy [95] and ranks third in the annual cancer mortality rate with an overall 6-20 months of median survival after 

diagnosis [25]. The receptor tyrosine kinase pathways, Ras mitogen-activated protein kinase (Ras/Raf/MAPK), 

phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR), Wnt/β-catenin signaling pathway, 

ubiquitin/proteasome degradation, and the hedgehog signaling pathway are responsible for initiating and promoting HCC [95]. 

We found that NBL (6 mg/kg) treatment to HCC mice reduced hepatic tumor size and tumor volume and delayed tumor growth. 

In addition, NBL increased tight junction proteins and reduced ZO-1-associated nucleic acid binding protein expression and 

inhibited cell proliferation and suppressed cell cycle progression, cyclin-dependent kinase, and cyclin D1 expression. 

Furthermore, NBL treatment reduced NF-κB, interleukin 1 beta, and TNF-α expression and abrogated oxidative stress [25]. In 

another study, treatment with NBL (6 mg/kg) significantly increased hepatic expression of miR-21a-3p, miR-21a-5p, miR-

221-5p, and miR-221-3p while decreasing miR-145a-5p. NBL treatment substantially reduced the miR-21a-5p and miR-221-

3p and improved miR-145a-5p gene expression, and hepatic tight junction (TJ)-associated proteins such as claudins 1 & 5 

mRNA and protein were increased, whilst hepatic claudin 2 mRNA was significantly decreased. Moreover, NBL also regulates 

cadherins, ROCK 1, MMP 9, cyclin D1, CDK4, NF κB, and TNFα mRNA expression in HCC mice [96]. These findings 

demonstrate that NBL exerts strong anti-HCC effects by reducing tumor size and growth, enhancing tight junction integrity, 

modulating key miRNAs, and suppressing proliferation, inflammation, and oxidative stress. Its multi-targeted regulation of cell 

cycle, adhesion, and signaling pathways underscores its potential as a therapeutic candidate for HCC. 

Lung cancer 

Lung cancer, a leading cause of cancer-related deaths globally, accounts for approximately 2.2 million new cases and 1.79 

million deaths annually [97]. It primarily includes small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), 

with smoking being a major risk factor [98]. Its development involves dysregulation of multiple signaling pathways related to 

apoptosis, tumor suppression, and growth promotion [99]. Drug discovery has always benefited greatly from the use of NPDs 

[100]. Paclitaxel, a plant-derived anticancer drug, acts as an antimicrotubular agent by stabilizing microtubules, promoting their 

assembly, and preventing disassembly, thereby inhibiting cell division [101]. 

A study suggests that NBL (3.1-100 μg/ml) induced apoptosis and suppressed proliferation in lung cancer cells by upregulating 

TNF-α, DR4, and DR5, while downregulating IκB [98]; similarly, another study revealed NBL increased ROS, ER stress, DNA 

damage, and apoptosis in A549 cells [102]. Furthermore, an in vivo study also demonstrates that NBL triggered apoptosis via 
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caspase activation and reduced proliferation in lung and prostate cancer xenograft models [24]. Studies indicate that NBL 

induces apoptosis and inhibits proliferation in lung cancer cells by upregulating TNF-α, DR4, and DR5, and downregulating 

IκB, while also increasing ROS, ER stress, and DNA damage. Additionally, in vivo research shows NBL triggers caspase-

mediated apoptosis and suppresses tumor growth in lung cancer models, highlighting its therapeutic potential. 

Oral cancer 

Oral cancer, a subtype of head and neck cancers, arises within the mouth, affecting areas such as the tongue, gingiva, lips, 

cheeks, and hard palate [103]. Oral squamous cell carcinoma (OSCC) is the sixth most common cancer globally, with over 

300,000 new cases annually, and is increasingly affecting younger populations [104]. Genetic factors, including mutations in 

tumor suppressor genes (APC, p53), oncogenes (Myc, Ras), and disruptions in cell-cycle regulation, DNA repair, and signaling 

pathways, contribute to its development [105]. According to "Oral Oncology Reports," pharmacologically active substances 

that are isolated from microbial and plant sources have outstanding anticancer properties against oral cancer [106]. 

An in vivo study on male Syrian hamsters showed that NBL induced apoptosis by upregulating GSK-3β, miR-126, let-7, and 

pro-apoptotic proteins, while inhibiting cell cycle progression (S and G2/M phases) and suppressing PI3K/Akt signaling and 

proliferation [107]. Similarly, another study revealed that in vitro studies using SCC-4 and SCC-9 cell lines demonstrated that 

NBL enhanced DNA damage response (DDR) and apoptosis via activation of p-p53S15 and p-ATM, while reducing markers 

of oxidative DNA damage and tumor proliferation [108]. Further studies showed that treatment with NBL increased ROS, 

apoptosis, endoplasmic reticulum stress, caspase activation, and mitochondrial dysfunction while decreasing cell proliferation 

[109]. These insights suggest that NBL shows strong potential as a natural therapeutic agent against oral cancer due to its ability 

to induce apoptosis, modulate key signaling pathways like PI3K/Akt, and suppress tumor growth both in vitro and in vivo, 

which makes it a novel, promising candidate for investigation in the future. 

Pancreatic cancer 

Pancreatic cancer (PC) remains a major cause of cancer-related mortality globally, characterized by challenges in early 

diagnosis and poor outcomes despite surgical and chemotherapeutic interventions [110]. PDAC originates from exocrine cells 

and is influenced by genetic factors, as 10-15% of cases carry mutations in genes like BRCA1/2, CDKN2A, and PALB2. Major 

risk factors include smoking, diabetes, chronic pancreatitis, and obesity. The K-Ras mutation plays a key role in the progression 

of precursor lesions to PDAC. Additionally, the tumor microenvironment promotes immune evasion, posing challenges to 

effective therapy [111]. In pancreatic cancer research, naturally occurring small molecule compounds have long been 

emphasized as possible treatments to stop the spread of the disease and make chemo resistant tumors more sensitive [112]. 

Several studies of NBL have shown significant anticancer potential against pancreatic cancer in various in vitro studies. NBL 

(0.78-12.5 µM) showed anticancer activity in AsPC-1 cells with an IC50 value of 2.30 µM and induced cytotoxicity [49]. 

Treatment with NBL, ranging from 1 to 50 μM concentrations, significantly reduced the expression levels of the phosphorylated 

forms of AKT, PI3K, ERK, mTOR, and p70S6 kinase with the IC50 values of 5, 3, and 5 μM, respectively. In addition, NBL 

suppresses migration, invasion, EMT, and anchorage-independent growth of pancreatic cancer cells and induces reactive 

oxygen species generation, autophagy, and apoptosis [43]. Another study highlights that the anticancer efficacy of NBL is 

associated with reduced mutant p53 as well as increased mitochondrial activity in the form of increased mitochondrial reactive 

oxygen species (ROS) and mitochondrial mass. NBL induces higher levels of caspase activation. Moreover, the CD44+ 
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population of MIA PaCa-2 cells decreased with NBL exposure [113]. Treatment with NBL effectively induced anticancer 

activity, reduced the growth of PDACs, and induced high levels of ROS generation with an IC50 value of 5 µM. Finally, NBL 

(5 mg/kg) treatment to SOD2-overexpressing PDAC xenografts resulted in significant inhibition of tumor growth and 

metastasis [114]. NBL demonstrates strong anticancer potential against pancreatic cancer by inhibiting key signaling pathways 

such as AKT, PI3K, ERK, and mTOR, while suppressing migration, invasion, and EMT. It also induces ROS generation, 

autophagy, and apoptosis and reduces mutant p53 levels, effectively inhibiting tumor growth and metastasis in both in vitro 

and in vivo models. 

Placental cancer 

Placental cancer involves tumor invasion into placental tissue, affecting its vital role in foetal support [115,116]. 

NBL inhibited BeWo cell growth (IC₅₀: 2.01 and 1.19 μM), increased ROS, Apaf-1, caspase-3, and PARP cleavage, and 

reduced PCNA and the Bcl-2/Bax ratio [117]. Another study found that NBL showed potent cytotoxicity against placental 

cancer with IC₅₀ values of 2.01 and 1.19 μM and increased glutathione, ROS, Apaf-1, caspase-3, and ADP-ribose, while 

reducing proliferation and the Bcl-2/Bax ratio, indicating strong pro-apoptotic effects [117]. This study highlights NBL's 

promising natural therapeutic potential against placental cancer by promoting apoptosis and oxidative stress. 

Prostate cancer 

Prostate cancer originates in the gland cells of the prostate, and it stands second in terms of occurrence in men [92,93]. PCa 

development and progression are dependent on androgen receptor signaling [56]. Age, ethnicity, family history, obesity, Lynch 

syndrome, and mutation in genes (BRCA1 or BRCA2) are the prominent risk factors associated with the initiation of prostate 

cancer [92,93]. 

Several studies showed that NBL has shown potent anticancer activity against prostate cancer across various in vitro and in 

vivo models. Studies using cell lines such as PC-3, DU145, LNCaP, U2OS, and PC-3 D12 have demonstrated that NBL induces 

significant apoptosis and inhibits proliferation, metastasis, and cell survival through modulation of key molecular pathways. 

Specifically, it activates pro-apoptotic markers including Fas ligand, FADD, Bax, Bad, caspases (3, 8, 9, 10), IGFBP3, and 

cytochrome c, while downregulating the PI3K/Akt/mTOR, NF-κB, IGF1/IGF1R, XIAP, Bcl-2, cleaved PARP, and MAPK (B-

RAF/p.ERK) signaling cascades [56,72,92,93,118,119]. Concentration-dependent cytotoxicity has been observed with IC₅₀ 

values ranging from 0.5 to 6 µM, indicating its strong therapeutic potential. Kashif et al. (2017) [120] further confirmed NBL’s 

efficacy in DU-145, PC-3, and A-549 cells with increased apoptosis and reduced viability. Additionally, in vivo experiments 

on male SCID mice demonstrated its safety and tumor-reducing effects. Collectively, these findings suggest NBL as a 

promising multitargeted agent for prostate cancer therapy. These studies highlight that NBL is a promising natural compound 

with strong anticancer potential against prostate cancer through its multi-pathway targeting, like PI3K/Akt/mTOR, NF-κB, 

IGF1/IGF1R, and pro-apoptotic effects. 

Nasopharyngeal cancer 

Nasopharyngeal carcinoma (NPC), a tumor arising from epithelial cells that cover the surface and line the nasopharynx, is a 

rare malignancy worldwide [121]. On a global scale, NPC is a rare form of cancer, with a typical incidence rate of less than 

one case per 100,000 person-years, and causes over 65,000 deaths annually worldwide [122]. JNK and p38 MAPK activities 
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are found upregulated in nasopharyngeal carcinoma [123]. Several genomic alterations in NPC, such as mutations in NF-κB-

negative regulators, loss of CDKN2A/CDKN2B, amplification of CCND1, mutations in TP53, and aberrations in the 

PI3K/MAPK pathways [122]. 

A study revealed that NBL induces cell cycle arrest and apoptosis in epithelial cancer HONE-1 and NPC-039 cells in vitro (0-

8 µM) by activating caspase-3, -8, -9, PARP, Bik, Bax, and t-Bid, leading to decreased cell viability [121]. NBL effectively 

induces cell cycle arrest and apoptosis in nasopharyngeal carcinoma cells by activating caspases and pro-apoptotic proteins, 

resulting in reduced cell viability. These findings highlight its potential as a therapeutic agent against NPC. 

Renal cancer 

Renal cell carcinoma (RCC) is among the most fatal genitourinary cancers, with the highest mortality rate [124]. In 2020, it 

accounted for approximately 431,000 new cases and 179,000 deaths worldwide. RCC progression is mainly driven by 

alterations in key signaling pathways, including VHL/HIF, PI3K/AKT/mTOR, p53, cAMP, and TGF-β. Common genetic 

mutations in RCC involve genes like SETD2, PBRM1, BAP1, MTOR, and KDM5C [125]. NPDs show promise in RCC by 

inducing apoptosis and autophagy and inhibiting angiogenesis, tumor metabolism, and cell motility via multiple pathways 

[126]. 

A study explored that NBL exhibits potent anticancer effects against renal cancer by inducing G2/M cell cycle arrest, 

upregulating p53 and caspases, and downregulating Bcl-2, Mcl-1, and pro-caspase-8 in 786-O and A-498 cells [23]. NBL can 

be a strong anticancer agent, as it effectively induces apoptosis, arrests the cell cycle, and suppresses Bcl-2 and Mcl-1 in renal 

cancer. 

In conclusion, NBL shows broad anticancer potential by targeting multiple cancer types through mechanisms like apoptosis 

induction, cell cycle arrest, autophagy, and inhibition of proliferation, invasion, and metastasis. It modulates critical signaling 

pathways such as NF-κB, PI3K/Akt/mTOR, and JAK/STAT, and also affects epigenetic regulation and oxidative stress. While 

preclinical studies highlight its therapeutic promise, further research is needed to clarify its pharmacokinetics, optimize delivery 

methods, and assess safety. Future directions include exploring NBL’s synergy with existing treatments and conducting clinical 

trials to confirm its efficacy. Overall, NBL represents a promising natural compound for developing novel, multi-targeted 

anticancer therapies. The anticancer mechanisms of NBL are depicted in Table 2 and the anticancer mechanism of NBL is 

shown in Figure 1. 

Table 2: Mechanism of anticancer activity of nimbolide. 

Cancer 

Type 

Experimental Model/Cell 

Lines 

Tested 

Concentr

ations, 

(R/A)/ 

Dose 

IC50 Mechanisms/ Results Referenc

es 

Bladder 

Cancer 

EJ and 5637 cell lines, in 

vitro 

0–12µM 3 µM ↑G2/M, cell cycle arrest, JNK phosphorylation,  

↓p38MAPK and AKT phosphorylation, MMP-9 activity, 
migration, invasion 

Shin et 

al., 2019 
[62] 

Breast 

Cancer 

MCF-7, MDA-MB-231 cell 

line, in vitro 

2–6 

μM/ml 

4 and 6 μM/ml ↑Apoptosis, proapoptotic proteins Bax, Bad, Fas-L, TRAIL, 

FADDR, cytochrome c, Cleavage of pro-caspase-8, pro-
caspase-3 and PARP 

↓Anti-apoptotic proteins Bcl-2, Bcl-xL, Mcl-1 and XIAP-1, 

growth of MCF-7 and MDA-MB-231 cells, cell 
proliferation, viability  

Elumalai 

et al., 
2012 [64] 
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Breast 

Cancer 

MDA-MB-231 and MCF-7 

cells, in vitro 

1–5 μM 1.97 and 5.04 μM ↑Autophagy, Beclin 1, LC3B, apoptotic cell death, caspase 

3 and 9, H3K27Ac,  

↓cell Proliferation, Bcl-2, HDAC-2, p62, mTOR  

Pooladan

da et al., 

2018 [45] 

Breast 
Cancer 

MCF-7 cells, MDA-MB-
231, EAhy926 cell lines, in 

vitro 

0–100µM 10.6, 5, 5, and 
7µM 

↑ miR-148a/miR-152 
↓AR, IGF-1/PI3K/Akt and /HIF-1alpha/VEGF, DNMT-1, 

HDAC-6, miR-21, HOTAIR, and H19, miR-148a/miR-152 

Nivetha et 
al., 2022 

[73] 

Athymic nude mice, in-vivo 10 mg/kg - 
  

Breast 

Cancer 

MCF-7, MDA-MB-231 cell 

lines, in vitro 

2–6µM 4.0 and 2.7, 6.0 

µM and 3.2 µM  

↑TIMP-2 

↓Invasion, migration, uPAR chemokine, 
pEGFR, VEGFR, IKKa, IKKb, NF- κB 

Elumalai 

et al., 
2014 

[28,29] 

Breast 
Cancer 

MDA-MB-231 and MDA-
MB-468 cells, in vitro 

2.5–10 
μM  

7.5 μM and 8.5 μM 
 

Mice, in vivo 20 mg/ 

kg 

- ↑Cyclin E, γH2AX and 14-3-3σ levels,   

↓Cell proliferation, migratory, and invasive, αV and β3, 

ILK, FAK, and PAK levels, filopodial structures, pPAK, S 
phase, CDK2 phosphorylation, AKT and mTOR  

Arumuga

m et al., 

2021 [71] 

Breast 

Cancer 

MCF 7 and MDA MB 231 

cell lines, in vitro 

2–6 μM 2.7 µM, 6.0 µM 

and 3.2 µM, 

respectively 

↓PI3K, Akt phosphorylation, proliferation and survival, 

IKKα, IKKβ, and NFκB 

Arunakar

an et al., 

2013 [72] 

Breast 

Cancer 

MDA-MB-231 cell line, in 

vitro 

5–20 µM 16.28 and 9.32 μM, 10.64 and 5.68 μM 

BALB/c mice, in vivo 20 mg/kg - ↑Hypomethylation of SFRP1, Apoptosis 
↓Sphere formation, drug resistance, EMT, and metastasis, 

DNMTs, Wnt/β-catenin signaling 

Mohapatr
a et al., 

2023 [74] 

Pancreat
ic and 

Breast 

Cancer 

MCF-7, MDA-MB-231 and 
AsPC-1 cells, in vitro 

0.39–12.5 
µM 

4.02, 2.24, and 
2.30 µM 

respectively 

↑Cytotoxicity Patra et 
al., 2019 

[49] 

Colon 
Adenoca

rcinoma 

HT-29 cell line, in vitro 10 µm - ↑JNK phosphorylation, Bid, DR5 level, TNF-α, apoptosis,  
↓Proliferation 

Boonyara
t et al., 

2016 [81] 

Colon 
Cancer 

HT-29 cell line, in vitro 2.5 –10 
μM 

- ↑p21, cyclin D2, Chk2 
↓cyclin A, cyclin E, Cdk2, Rad17.cell cycle arrest G0/G1 

Roy et al., 
2006 [82] 

Colorect

al 

Cancer  

HCT116 and HT29 cell 

lines, in vitro 

- - ↑Apoptosis  

↓pro-inflammatory pathways, STAT3 and NF-Κb, 

proliferation, COX1, IL-6 

Patel et 

al., 2018 

[86] 

Colorect

al 

Cancer  

HCT-116, HT-29, and 

Caco-2 cell lines, in vitro 

10 

μmol/L 

- ↑Apoptosis, IκBα, p65 

↓NF-κB, proliferation, Bcl-2, Bcl-xL, c-IAP-1, and 

surviving cyclin D1 and c-Myc MMP-9, ICAM-1, CXCR4, 
metastasis, angiogenesis, VEGF, STAT3, phosphorylation 

Gupta et 

al., 2013 

[30] 

Nude mice model, n=4, in 

vivo 

5–20 

mg/kg 

i.p. 

- 
  

Gastric 

Cancer 

Male Swiss albino Wistar 

rats, in vivo (n=6) 

10–40 

mg/kg, 

orally 

- ↑Apoptosis, SOD, GPx, CAT, MDA, TNF-α, (IL)-1β, IL-2, 

IL-6, COX-2, PGE2, VEGF, NF-Κb 

↓Tumor weight, level of phase I enzymes, LDH, HDAC, 
AST, ALP, ALT 

Gu et al., 

2025 [94] 

Hepatic 

Cancer 

Swiss albino mice, in vivo 

(n = 48) 

6 mg/kg 

b. wt. 

orally  

- ↑miR-21a-3p, miR-21a-5p, miR-221-5p and miR-221-3p, 

claudins 1&5 mRNA and protein 

↓ miR-21a-5p and miR-221-3p, claudin 2 mRNA, hepatic 
claudin 2 mRNA and protein expression tumor growth, 

cadherins, ROCK 1, MMP 9, cyclin D1, CDK4, NF κB and 
TNFα mRNA expression 

Vairappa

n et al., 

2025 [96] 

Liver 

Cancer 

Male Swiss albino mice 

(CD-1 strain), in vivo 

6 mg/kg, 

i.p. 

- ↑ZO-1 protein, occludin expression, TJ 

↓Cell proliferation, cell cycle progression, NF-κB, 

interleukin 1 beta and TNF-α, tumor growth, cyclin 
dependent kinase, CyclinD1, DEN/NMOR, AFP levels, 

plasma levels of AST, ALT, and ALP, PCNA-positive 

nuclei, IL-1β 

Ram et 

al., 2020 

[25] 

Lung 

Cancer 

A549 cell line, in vitro 3.1–100 

μg/ml 

31.55μg/ml ↑TNF-α, DR5 and DR4, apoptosis 

↓Proliferation, IκB 

Kumar et 

al., 2017 

[98] 

Lung 
Cancer 

A549 cell line, in vitro - - ↑ROS, Apoptosis, ER stress, DNA damage  
↓Colony formation 

Chen et 
al., 2024 

[102] 

Lung 
Cancer, 

Prostate 

Cancer 

Xenograft mice model, in 
vivo 

200–400 
mg/kg 

- ↑Apoptosis, caspase 3, 8, and 9  
↓Proliferation 

Kashif et 
al., 2019 

[24] 
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Oral 

Cancer 

SCC-4, SCC-9 cell lines, in 

vitro 

- - ↑p-p53S15, DDR and apoptosis, p-ATM  

 

↓8-oxodG levels, MRN, ATMS1891, and γ-H2AX, KU-
55933, tumor formation, cell proliferation 

Arvindh 

et al., 

2025 
[108] 

Nasopha

ryngeal 

Cancer 

HONE-1 and NPC-039 

cells, in vitro 

0–8 µM - ↑Cell cycle arrest, caspase-3, −8, and −9 and poly (ADP-

ribose) polymerase, Bik, Bax, and t-Bid, apoptosis, 

↓Cell viability 

Chien et 

al., 2017 

[121] 

Oral 

Cancer 

Male Syrian hamsters, in 

vivo 

0–

1000µM 

- ↑ GSK-3β, miR-126 and let-7, p-cyclin D1Thr286 and pro-

apoptotic proteins, subG0/G1, apoptosis, 

↓S and G2/M, PI3K/Akt, proliferation 

Sophia et 

al., 2016 

[107] 

Oral 
Squamo

us Cell 

Carcino
ma 

- - - ↑ROS, apoptosis, ER stress 
↓Tumor growth 

Peng et 
al., 2025 

[109] 

Pancreat

ic 
Cancer 

HPAC, MIAPaCa-2 and 

PANC-1 cells, in vitro 

1–50 μM 5, 3 and 5 μM 

respectively 

↑Apoptosis, autophagy 

↓Cancer growth, metastasis, proliferation, invasion, 
migration, ↓AKT, PI3K, ERK, mTOR and p70S6 kinase, 

↑ROS 

Subraman

i et al., 
2016 [43] 

Pancreat

ic 
Cancer 

MIA PaCa-2, BX-PC3 cell 

lines, in vitro 

- - ↑ Apoptosis, mitochondrial activity 

↓ p53, sphere formation, CD44+ 

Kumar et 

al., 2018 
[113] 

Pancreat

ic 
Cancer 

hTERT-HPNE, HPAC, 

AsPC-1, Capan-1, Capan-2, 
PANC-1, MIAPaCa-2, and 

BxPC-3 cell lines, in vitro 

- 5 µM ↑ ROS, apoptosis  

↓Metastasis of PDACs, SOD2, epithelial-to-mesenchymal 
transition, invasion, migration, and colony-forming, pPI3K, 

pAkt, pERK, pp70s6k, and pmTOR 

Mehmeto

glu-
Gurbuz et 

al., 2023 

[114] 

Placenta

l Cancer 

BeWo cells line, in vitro - 2.01 and 1.19 μM  ↑ Glutathione, ROS, apoptosis, Apaf-1 and caspase-3, ADP-

ribose, 

↓Proliferation, Bcl-2/Bax 

 Harish 

Kumar et 

al., 2009 
[117] 

Prostate 

Cancer  

U2OS cells and DU145 

cells, in vitro  

- 1.26 µM, 4.00 

Μm 

↑Apoptosis, PI3K/Akt/GSK-3, mTOR and p62, E-cadherin, 

HDAC6 protein 

↓NF-κB, cells migration, B-RAF/p.ERK 

Mahmoud 

et al., 

2022 [56] 

Prostate 

Cancer 

and 

Lung 

Cancer 

Du-145, PC-3, A-549 cells, 

in vitro 

0.625–10 

µM 

6.86 and 4.97 µM, 

8.01 and 5.83 µM, 

11.16 and 7.59 

µM respectively  

↑Cytotoxicity, apoptosis 

↓Stained cancer cells 

Kashif et 

al., 2017 

[120] 

Male SCID mice, in vivo  10 μL 
   

Prostate 

Cancer  

PC-3 cells, in vitro 2µM - ↑Apoptosis, mTOR, altered the PI3K-Akt 

↓Proliferation, cell survival 

Raja 

Singh et 

al., 2017 
[119] 

Prostate 

Cancer  

PC-3 cell line, in vitro 0.5–2 μM 2 μM ↑Apoptosis, mRNA of Fas ligand, FADDR, Bax, Bad and 

IGF binding protein 3, caspases 8, 3, 10, 9, Bax and 

cytochrome c 
↓PI3K, Akt, IGF1 and IGF1R, XIAP, Bcl2, cleaved PARP, 

p-Akt and IGF1R PI3K/Akt, proliferation 

Raja 

Singh et 

al., 2014 
[118] 

Prostate 
Cancer  

LNCaP and PC-3, PC-3 
D12 cell lines, in vitro 

0.5 μM - ↑Apoptosis, cytotoxicity 
↓Metastases, NF-κB, proliferation 

Zhang et 
al., 2022 

[92,93] 

Prostate 
Cancer  

PC3 cell lines, in vitro 2–6 μM 4.0 µM ↓PI3K, Akt phosphorylation, proliferation and survival, 
IKKα, IKKβ, and NFκB 

Arunakar
an et al., 

2013 [72] 

Renal 

Cancer 

786-O and A-498 RCC cell 

line, in vitro 

1–4 µM - ↑cdc2, cdc25c, caspase-3, -9, poly ADP-ribose polymerase 

(PARP), p53, cdc2, cdc25c 
↓Pro-caspase-8 in 786-O and A-498 cells, Bcl-2 and Mcl-1, 

cell cycle growth, G2/M arrest, cyclin A, cyclin B, cdc2, 

and cdc25c 

Hsieh et 

al., 2015 
[23] 

↑: Increase /activation /upregulation/stimulation, ↓:Decrease /inhibition /downregulation,  MOMP: Mitochondrial outer membrane permeability, ROS: 

Reactive oxygen species, PI3K:  Phosphatidyl Inositol-3 Kinase, GSK-3β: Glycogen Synthase Kinase-3β, MMP-9: Matrix metalloproteinase-9, JNK: c-

Jun N-terminal kinase, Bid: BH3 interacting-domain death agonist, DR5: Death receptor 5, TNF-α: Tumor necrosis factor, pPAK :Phosphorylated p21 

activated kinase SOD2: Superoxide dismutase 2, VEGF: Vascular endothelial growth factor; s.c. :subcutaneously, OSCC: Human oral squamous cell 

carcinoma,), PARP:Poly (ADP-ribose) Polymerase, EMT:Epithelial to Mesenchymal Transition, DNMTs :DNA Methyltransferases, HDAC :Histone 
Deacetylase, ICAM-1 :Intercellular Adhesion Molecule-1, CXCR4 :C-X-C Chemokine Receptor Type 4, IL-6 : Interleukin 6, COX-2 : Cyclooxygenase-2,  

i.p. : intraperitoneal, GPx : Glutathione Peroxidase, CAT:Catalase, AST : Aspartate Aminotransferase), ALT :Alanine Aminotransferase, ALP : Alkaline 

Phosphatase, PCNA : Proliferating Cell Nuclear Antigen, AFP : Alpha-Fetoprotein, FAK : Focal Adhesion Kinase, PGE2 : Prostaglandin E2, DDR : DNA 
Damage Response, ATM : Ataxia Telangiectasia Mutated Kinase, ZO-1 :Zonula Occludens-1, IGF :Insulin-like Growth Factor, and CDK : Cyclin-

Dependent Kinase 



Cancer Med J | April-2026 

13 

 

 
Figure 1: The anticancer mechanism of nimbolide. [Nimbolide (NBL) exerts anticancer activity by inducing cell cycle arrest through 

upregulation of p21 and p27 and downregulation of cyclins and CDKs, leading to reduced proliferation. It inhibits angiogenesis and 

metastasis by decreasing VEGF and matrix metalloproteinases (MMP-2 and MMP-9), thereby reducing migration and invasion. NBL also 

increases reactive oxygen species (ROS), causing DNA damage and oxidative stress, which trigger apoptosis via mitochondrial cytochrome 

c release and activation of caspases. Additionally, it promotes autophagy by inhibiting the PI3K/AKT/mTOR and NF-κB signaling 

pathways]. 

Biopharmaceutical’s Profile 

The word “biopharmaceuticals” has long been used to refer to drugs made from biological materials, such as tissues, cells, and 

whole organisms [127]. Biopharmaceuticals have many advantages. For instance, they rarely cause the side effects associated 

with conventional small-molecule drugs and solely target certain molecules [128]. Pharmacokinetics (PK) play a vital role in 

drug discovery as they aid in assessing and refining a compound's ADME (absorption, distribution, metabolism, and excretion) 

characteristics, facilitating the selection of a clinical candidate that ensures optimal safety and efficacy. NBL (C27H30O7) is a 

limonoid-type natural compound with a molecular mass of 466.52 g/mol, and it’s a water-soluble compound. 

In our computational ADME prediction, NBL exhibited several favorable ADME properties, including compliance with 

Lipinski’s Rule of 5, a molar refractivity of 120.99, moderate lipophilicity (log Po/w of 2.17), and water solubility (Log S of -

3.94), indicating it is soluble. NBL exhibits 100% human intestinal absorption and shows no inhibition of key cytochrome P450 

enzymes (CYP1A2, CYP2C19, CYP2C9, CYP2D6) or P-glycoprotein. However, it acts as a CYP3A4 inhibitor, which suggests 

a potential for drug-drug interactions involving CYP3A4 substrates. NBL also showed low to moderate total clearance (log 

ml/min/kg = 0.249) and is not a substrate for the renal OCT2 transporter, suggesting limited renal excretion via this pathway. 

Based on Lipinski’s Rule and the overall ADME profile, NBL demonstrates strong potential as an orally bioavailable 

therapeutic candidate. However, parameters such as skin permeability, blood-brain barrier penetration, CNS accessibility, and 

volume of distribution were less favorable, which may limit its use in certain delivery routes or CNS-targeted applications, as 

detailed in Table 3. 

Table 3: Various pharmacokinetic parameters of nimbolide, including its ADME profile and related characteristics. 
Properties Factors Nimbolide 

Physicochemical Properties Formula C27H30O7 

Molecular weight (g/mol) 466.52 

Number of heavy atoms 34 

Number of aromatic heavy atoms 5 

Number of H-bond donors o 

Number of H-bond acceptors 7 
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Molar refractivity 120.99 

Lipophilicity Log Po/w (XLOGP3) 2.17 

Drug-likeness Lipinski Yes; 0 violation 

Bioavailability score 0.55 

Water Solubility Log S (ESOL) -3.94 

Class Soluble 

Caco2 permeability (log Papp in 10-6 cm/s) 0.92 

Absorption Intestinal absorption (human) numeric (% Absorbed) 100 

Skin permeability (log Kp cm/h) −3.599 

P-glycoprotein I inhibitor Yes 

P-glycoprotein II inhibitor Yes 

Distribution BBB permeability (log BB) −0.675 

CNS permeability (log PS) −2.658 

VDss (human) (log L/kg) 0.028 

Metabolism CYP1A2 inhibitor No 

CYP2C19 inhibitor No 

CYP2C9 inhibitor No 

CYP2D6 inhibitor No 

CYP3A4 inhibitor Yes 

Excretion Total clearance (log ml/min/kg) 0.249 

Renal OCT2 substrate No 

Pharmacological Relevance 

Pharmacology plays a vital role in the discovery and application of drugs as therapeutic tools, aiming to benefit individuals by 

alleviating symptoms, minimizing impairments, enhancing outcomes, prolonging life, or preventing illness [129]. Recent 

studies have shown that NBL has a variety of pharmacological qualities, including anti-inflammatory [27], antipyretic [26], 

antihistamine [28], antioxidants [23], and anticancer actions [27]. NBL shows strong anticancer potential by inducing apoptosis, 

arresting the cell cycle, and inhibiting proliferation, inflammation, and metastasis. It acts through key pathways such as 

PI3K/Akt/mTOR, NF-κB, and STAT3, while modulating apoptotic proteins, cyclins, and microRNAs. NBL also enhances 

oxidative stress and epigenetic regulation, contributing to tumor suppression. In vivo studies support its efficacy with minimal 

toxicity, highlighting its promise as a natural anticancer agent. 

NBL is a promising natural anticancer agent due to its multi-targeted action and low toxicity. NBL at 125-500 nM showed a 

significant reduction in the levels of TNFα, IL-6, IFNγ, NO/iNOS, and PGE2/COX-2 in LPS-activated BV-2 cells and increased 

expression of phospho-p65 and phospho-IκBα [52]. In an in vivo study, treatment with NBL 1 mg/kg and 3 mg/kg, respectively, 

decreases LOXL2, TNF-α, IL-1β, pNF-κB, TGF-β1, α-SMA, N-cadherin, and extracellular matrix [130]. In another 

investigation, NBL 0.5-10 µM and 3 mg/kg were used both in vitro and in vivo, and the results showed that NBL increased 

GSH, Nrf-2, SOD-1, and HO-1 protein expression and concomitantly abrogated the LPS-triggered TNF-α, p38 MAPK, mTOR, 

and GSK-3β protein expression, and TNF-α-regulated NF-κB and HDAC-3 crosstalk was ameliorated by NBL with promising 

anti-nitrosative, antioxidant, and anti-inflammatory properties in LPS-induced ARDS [131]. NBL suppressed the body weight 

and significantly reduced the hepatic parameters and altered the antioxidant parameters and also decreased the level of 

inflammatory cytokines. Additionally, NBL suppressed the mRNA expression of glucose-6-phosphatase HO-1 and nuclear 

factor erythroid-2-related factor-2 (Nrf2) [92,93]. Another investigation demonstrated that NBL (0.5-2 mM) elicits depletion 

of the antioxidant defense system in sperm and induces oxidative stress in the epididymal sperm of rats [132]. Treatment with 

NBL the formation of bioflim was greatly reduced [133]. Treatment of cells with 0.5-5.0 μm concentrations of NBL resulted 

in moderate to very strong growth inhibition in U937, HL-60, THP1, and B16 cell lines and decreased the number of cells in 

the G0/G1 phase, with initial increases in S and G2/M phases, enhancing the effectiveness of cell cycle disruption [53]. NBL 

(20 mg/kg) was reduced in arthritic score, organ indices, volume of paw, and edema formation, along with substantial 
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enhancement in body weight, and also showed that there was a significant reduction in destruction of joints and inflammation 

and a markedly enhanced health and reduced inflammation via lessening the pro-inflammatory cytokine expression in arthritic 

rats [54]. NBL has a broad pharmacological application in various diseases and has ability to target various key signaling 

pathways, which makes it a promising candidate for further study. The pharmacological activities of NBL are shown in Table 

4. 

Table 4: The pharmacological activities of nimbolide. 
Diseases/ Effect Name Dose/ 

Concentration 

Mechanism References 

Neuroinflammation 125–500 nM, in 

vitro 

↑Phospho-p65, phospho-IκBα 

↓TNFα, IL-6, IFNγ, iNOS, COX-2, p38, ROS, Nrf2 

Katola and 

Olajide., 2023 

[52] 

Anti-Inflammatory 1 mg/kg and 3 
mg/kg (i.p.), in vivo 

↓Extracellular matrix, LOXL2, TNF-α, IL-1β, pNF-κB, TGF-β1, α-SMA, 
N-cadherin 

Diddi et al., 2019 
[130] 

Acute Respiratory Distress 

Syndrome (ARDS) 

0.5–10 µM, in vitro 

3 mg/kg (i.p.), in 

vivo 

↑GSH, Nrf-2, SOD-1, HO-1 

↓Nitrosative-oxidative stress, iNOS, myeloperoxidase, NF-κB, HDAC-3, 

TNF-α, p38 MAPK, mTOR, GSK-3β 

Pooladanda et al., 

2019 [131] 

Obesity 5, 10, 15 mg/kg, in 

vivo 

↑LDL, AST, ALT, ALP, MDA 

↓IL-1β, IL-6, TNF-α, HO-1, Nrf2, HDL, HFABP, CAT, SOD, GPx, GSH, 

TAC 

Zhang et al., 2022 

[92,93] 

Antioxidant 0.5-2 mM, in vitro ↓SOD, GR, GPx, H2O2, LPO, α-Glucosidase Kumbar et al., 

2012 [132] 

Antibacterial 2 and 4 μg ml–1, in 

vitro 

↑PI uptake, 

↓biofilm formation, cell number, intracellular activity 

Sarkar et al., 

2016 [133] 

Antiproliferative 0.5-5.0 µM, in vitro ↑G2/M phases, number of cells, apoptosis 

↓G0/G1 phase, cell growth, cell proliferation ↓G0/G1 phase, cell growth, 

cell proliferation 

Roy et al., 2007 

[53] 

Antiarthritic 20 mg/kg, in vivo ↓Arthritic score, organ indices, volume of paw, edema formation, 
inflammation, TNF-a, IL-6, IL-1b, IL-10, iNOS, P-IkBa, Nf-kb 

Cui et al., 2019 
[54] 

↑: Increased / Upregulated; ↓: Decreased / Downregulated; p65: Subunit of NF-κB (Nuclear factor kappa-light-chain-enhancer of activated 

B cells); IκBα: Inhibitor of kappa B alpha; TNF-α: Tumor Necrosis Factor-alpha; IL-1β: Interleukin-1 beta; IL-6: Interleukin-6; IFNγ: 

Interferon-gamma; iNOS: Inducible Nitric Oxide Synthase; COX-2: Cyclooxygenase-2; LOXL2: Lysyl oxidase-like 2; TGF-β1: 

Transforming Growth Factor beta 1; α-SMA: Alpha-Smooth Muscle Actin; N-cadherin: Neural cadherin; GSH: Glutathione; Nrf2: Nuclear 

factor erythroid 2–related factor 2; SOD-1: Superoxide Dismutase 1; HO-1: Heme oxygenase 1; HDAC-3: Histone Deacetylase 3; mTOR: 

Mammalian Target of Rapamycin; GSK-3β: Glycogen Synthase Kinase 3 beta; LDL: Low-Density Lipoprotein; HDL: High-Density 

Lipoprotein; AST: Aspartate Aminotransferase; ALT: Alanine Aminotransferase; ALP: Alkaline Phosphatase; MDA: Malondialdehyde; 

HFABP: Heart Fatty Acid-Binding Protein; CAT: Catalase; SOD: Superoxide Dismutase; GPx: Glutathione Peroxidase; GR: Glutathione 

Reductase; TAC: Total Antioxidant Capacity; H₂O₂: Hydrogen Peroxide; LPO: Lipid Peroxidation; JNK: c-Jun N-terminal Kinase; Bid: 

BH3-interacting domain death agonist; DR5: Death Receptor 5; PI3K: Phosphoinositide 3-kinase; Akt: Protein Kinase B; IKKα: IκB kinase 

alpha; IKKβ: IκB kinase beta; PI: Propidium Iodide; NF-κB: Nuclear Factor kappa-light-chain-enhancer of activated B cells; P-IkBα: 

Phosphorylated inhibitor of NF-κB alpha; i.p.: Intraperitoneal; G0/G1 phase: Resting and initial growth phase of the cell cycle; G2/M 

phase: Pre-mitotic and mitotic phase of the cell cycle 

Toxicological Profile 

While preclinical safety and toxicity testing is crucial for the development of new medications, particularly anticancer 

treatments, since efficacy does not equate to non-toxicity, PK is an essential component of drug development [38]. The primary 

aim of toxicological assessments during drug development is to ensure the safety profile of potential therapeutic agents [134]. 

Since toxicity and clinical safety significantly influence the success of drug development, integrating toxicology studies early 

in the research and development process helps eliminate candidates with unfavorable safety profiles before entering clinical 

trials [135]. NBL, a limonoid from A. indica, exhibits a favorable toxicological profile in preclinical studies. It shows low acute 

toxicity with an intraperitoneal LD50 of ~225 mg/kg in mice, while oral and subcutaneous routes are better tolerated [131]. 

Genotoxicity studies, including the Ames assay, indicate no mutagenic potential [38]. Oral administration up to 2000 μg/kg 

caused no mortality but minor hematological changes. Interestingly, NBL also demonstrated hepatoprotective effects in liver 

injury models. Despite promising safety indicators, more comprehensive toxicological evaluations, including chronic and 
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reproductive studies, are needed. NBL shows a promising safety profile with low toxicity risks, though further long-term studies 

are essential to confirm its clinical safety. 

Clinical Evidence 

Clinical studies, often known as studies or trials, are an essential component of the research process used to develop a novel 

medication [136]. As developers plan the clinical study, they will define their objectives for each phase of clinical research and 

initiate the Investigational New Drug (IND) process, which is a required step before starting clinical trials [137]. NPDs have 

traditionally been used since ancient times and in folk medicine for treating various diseases and health conditions [138]. NBL 

currently lacks clinical studies in humans and remains supported solely by preclinical evidence. Several animal studies have 

demonstrated the anticancer and cancer-preventive properties of NBL, offering substantial support for its continued 

development as a potential cancer treatment [76]. NBL exhibits significant potential as an anticancer and chemopreventive 

agent; however, comprehensive preclinical studies on its pharmacokinetics and toxicity are still required [50]. NBL shows 

strong anticancer effects through apoptosis and cell cycle arrest in various cancers. It holds great potential for future clinical 

application, though more human studies are needed. 

CONCLUSION 

In conclusion, NBL demonstrates remarkable anticancer potential by modulating diverse molecular mechanisms, including the 

induction of apoptosis, cell cycle arrest, autophagy, and suppression of tumor cell proliferation, invasion, and metastasis. This 

study and numerous others highlight NBL’s ability to target and regulate critical signaling pathways such as PI3K/Akt/mTOR, 

NF-κB, STAT3, JAK/STAT, and Wnt/β-catenin, which play pivotal roles in cancer progression and resistance. Toxicological 

studies reveal a relatively safe profile, with an LD₅₀ of approximately 225 mg/kg in mice, suggesting low acute toxicity and 

good tolerability in preclinical models. Despite these promising findings, clinical translation is hindered by the lack of 

comprehensive pharmacokinetic data, detailed toxicity profiling, and, importantly, human clinical trials to establish efficacy 

and safety in patients. Moreover, challenges such as bioavailability, optimal dosing, and delivery methods remain to be 

addressed. Future research should focus on thorough preclinical evaluations, including chronic toxicity and pharmacodynamics; 

the development of novel drug delivery systems to improve bioavailability; and well-designed clinical trials to confirm 

therapeutic benefits. Additionally, exploring synergistic effects of NBL with existing chemotherapeutics and targeted therapies 

may enhance its anticancer efficacy and help overcome drug resistance. Collectively, NBL represents a promising natural 

compound with multifaceted anticancer properties, warranting further investigation to translate its preclinical success into 

effective clinical applications. 
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