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Abstract
Alkaloids exhibit a wide range of anticancer activities, including the induction of apoptosis, regulation of autophagy, arrest 
of the cell cycle, inhibition of angiogenesis, and disruption of oncogenic signaling pathways. Among these compounds, 
piperine, a piperidine alkaloid derived from black pepper, demonstrates multifaceted activity against colorectal cancer 
(CRC). Preclinical studies indicate that piperine induces apoptosis through mitochondrial and reactive oxygen species 
(ROS)-mediated mechanisms, arrests the cell cycle at the G0/G1 and S phases, and suppresses oncogenic signaling pathways, 
such as Wnt/β-catenin, STAT3/Snail-EMT, and PI3K/Akt/mTOR pathways. Furthermore, it modulates inflammatory and 
oxidative stress responses by inhibiting NF-κB and activating Nrf2/Keap1 signaling while reducing angiogenesis via Src/
EGFR-IL-8 regulation. These multi-targeted actions result in decreased proliferation, migration, invasion, and metastasis of 
CRC cells. In addition to its intrinsic anticancer properties, piperine serves as a potent natural bio-enhancer. Combination 
studies revealed synergistic effects with chemotherapeutics (celecoxib, apatinib), radiotherapy, and nutraceuticals (curcumin, 
resveratrol, and cannabinoids), significantly enhancing therapeutic efficacy and overcoming drug resistance. However, its 
pharmacokinetic limitations—poor aqueous solubility, rapid metabolism, and low oral bioavailability—pose challenges to 
its clinical application. Pharmacokinetic analyses reveal high lipophilicity, extensive distribution, and rapid elimination, 
necessitating innovative strategies to improve systemic stability. Recent advancements include nano-formulations (liposomal, 
polymeric, and lipid–polymer hybrids) and structural analogs, which increase solubility, stability, bioavailability, and targeted 
delivery, thereby increasing anticancer efficacy. A comparative evaluation with other alkaloids indicates that while piperine 
exhibits moderate direct cytotoxicity relative to agents such as camptothecin or berberine, its unique value lies in its broad 
pathway modulation ability and synergistic potential as an adjuvant. Collectively, mechanistic insights, pharmacologic evalu-
ations, and combinational strategies establish piperine as a promising multifunctional agent for CRC prevention and therapy. 
Nonetheless, standardized preclinical methodologies, detailed pharmacokinetic profiling, and well-structured early-phase 
clinical trials are critical to validate its translational potential and facilitate its integration into colorectal cancer management.

Keywords  Piperidine alkaloid · Alkaloids · Piperine · Black pepper · Colorectal cancer · Combination therapy · 
Nutraceuticals

Introduction

Colorectal cancer (CRC) is one of the third most diagnosed 
cancers, accounting for ten percent of all cases worldwide. In 
terms of mortality, it stands in second place, causing 9.4% of 
total cancer deaths after lung cancer, as represented in Fig. 1. 
Among men, it ranks as the third most frequently identified 
cancer after lung and prostate cancer and second in terms of 

cancer-related mortality following liver cancer. In women, 
CRC is the second most commonly diagnosed cancer after 
breast cancer, and it is the second leading cause of cancer-
related mortality after lung cancer and breast cancer (Sung 
et al. 2021).

In recent decades, CRC treatment has evolved predomi-
nantly through the use of a multimodal approach with tra-
ditional and emerging targeted therapies. The current treat-
ment comprises a combination of surgical interventions, 
systematic therapies, and localized treatments tailored to the 
stage of the disease and patient-specific traits, consequently Extended author information available on the last page of the article
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contributing to improved prognosis and extended lifespan 
(Benson et al. 2018). Regardless of these treatment advance-
ments, each therapy has its limitations. The overall manage-
ment of CRC remains a significant clinical challenge, with 
complications emerging from surgery and toxicity induced 
by chemotherapy to the limited applicability of targeted 
therapies (Schirrmacher 2019). Despite advancements in 
screening and treatment modalities, CRC presents substan-
tial challenges to healthcare systems (Khan And Lengyel 
2023).

Therapeutic agents extracted from natural sources have 
gained importance in the management of various diseases 
(Chaachouay And Zidane 2024). The incorporation of natu-
ral compounds to treat cancer has attracted increasing inter-
est in recent years (Asma et al. 2022). The limitations of 
existing treatments include alternative methods, specifically 
the use of natural compounds and ameliorated biomolecules 
for treatment, aiming to increase bioavailability, stability, 
and therapeutic efficacy while retaining their inherent phar-
macologic benefits (Rodrigues et al. 2021a, b; Rodrigues 
et al. 2019). These compounds can mitigate adverse effects 
by efficiently targeting cancer cells while sparing healthy 
cells (Chartier et al. 2019; Drețcanu et al. 2021). Among 
many existing natural sources, research on many plants 
worldwide has revealed the effects of various categories of 
compounds, including polyphenols, flavonoids, terpenoids, 
and alkaloids, on their activity via many signaling pathways 
against CRC (Wang et al. 2022).

A cyclic ring comprising one or more basic nitrogen 
atoms structurally represents  alkaloids (Heinrich et  al. 
2021). Carl F. W. Meissner, a German scientist, first used 
the term “alkaloid” in 1819. The Arabic word al-qali, 

which describes the plant from which soda was initially 
extracted, is the origin of this term (Croteau et al. 2000). 
Alkaloids have therapeutic applications in human medicine 
as anesthetics, cardio-protective agents, anti-inflammatory 
substances, and anticancer agents (Kurek 2019). Approxi-
mately 20% of alkaloids occur as secondary metabolites 
in plants (Kaur and Arora 2015). As of October 25, 2020, 
the Dictionary of Natural Products (DNP) recorded 27,683 
alkaloids. Between 2014 and 2020, 990 entries were added, 
representing either newly discovered alkaloids or those that 
were reexamined from natural sources (Heinrich et al. 2021). 
This review outlines and further investigates the anticancer 
potential of alkaloids, particularly focusing on piperine and 
its role in the treatment of CRC, both alone and in combina-
tion with other nutraceuticals and drug molecules.

Anticancer potential of alkaloids from plant 
sources

Alkaloids can be classified on the basis of their chemical 
structure as imidazole, indole, isoquinoline, piperidine, 
purine, pyrrolidine, pyrrolizidine, quinoline, steroidal, 
or tropane alkaloids. These nitrogen-containing second-
ary metabolites exhibit major antineoplastic potential 
through multiple mechanisms, including the modulation 
of critical signaling pathways, cell cycle arrest, and angio-
genesis inhibition (Olofinsan et al. 2023). Several bioac-
tive alkaloids produced from natural sources have dem-
onstrated significant anticancer activity, acting through 
mechanisms, such as inducing apoptosis and inhibiting 
tumor proliferation, highlighting their potential as novel 

Fig. 1   Distribution of Cases 
and Deaths for the Top 10 Most 
Common Cancers in 2020 
Globally. The image eluci-
dates colorectal cancer (CRC) 
as a significant global health 
concern, accounting for 10.0% 
of new cancer cases and 9.4% 
of cancer-related mortalities. 
Despite its classification as the 
third most prevalent malig-
nancy, the high mortality rate 
associated with CRC empha-
sizes the imperative for early 
screening protocols, advanced 
therapeutic interventions, and 
preventive strategies. (Repro-
duced from [1] Sung et al. 2021, 
CA: A Cancer Journal for Clini-
cians, under Creative Commons 
Attribution License CC-BY)
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therapeutic agents (Prajapati et al. 2025). Table 1 provides 
a comprehensive overview of various alkaloid types, their 
natural sources, representative compounds, chemical 
structures, cancer types studied, mechanisms of action, 
and relevant references. Alkaloids can be categorized into 
different classes, including proto-alkaloids, indole alka-
loids, quinoline derivatives, carbazole alkaloids, etc. This 
table highlights their cytotoxic effects on various cancers, 
such as breast, colon, lung, and prostate cancer, through 
mechanisms, such as apoptosis induction, mitochondrial 
dysfunction, ROS generation, and the inhibition of key 
signaling pathways.

Piperine: piperidine alkaloid

Piperine is a piperidine alkaloid isolated primar-
ily from black pepper with the molecular formula 
C17H19NO3 (Table 2). Black pepper is the primary source 
of piperine, accounting for approximately 5–10% by weight, 
with variations depending on the variety, climate, and drying 
processes (Ashokkumar et al. 2021). Long pepper (Piper 
longum) has a relatively low piperine concentration, rang-
ing from 1 to 2%, but remains a notable source. Other spe-
cies within the Piper genus, such as cubeb pepper (Piper 
cubeba), are present in much smaller amounts, with cubeb 
pepper having only approximately 0.1% piperine. Addition-
ally, related peppers, such as Sichuan pepper (Zanthoxylum 
simulans) and paradise grains (Aframomum melegueta), con-
tain minimal piperine compared with black pepper (Salehi 
et al. 2019). This alkaloid functions as an inhibitor of NF-κB 
(nuclear factor kappa-light-chain-enhancer of activated B 
cells), exists as a metabolite in plants and human blood 
serum, and serves as a component of food. It belongs to sev-
eral chemical categories, including benzodioxoles, N-acyl-
piperidines, piperidine alkaloids, and tertiary carboxamides 
(National Center for Biotechnology Information, 2025).

Piperine has crucial anticancer effects, especially in CRC, 
by inhibiting cell proliferation and inducing apoptosis in 
various cancer cell lines without impairing healthy cells. 
It regulates critical signaling pathways, notably the Wnt/β-
catenin pathway, which is often dysregulated in CRC and 
reduces cell migration and invasion (explained in detail in 
the coming section and Fig. 6). In addition, piperine has 
been shown to enhance conventional cancer treatments, such 
as celecoxib, and nutraceuticals, such as curcumin, suggest-
ing its efficacy as a synergistic agent in cancer therapy. Over-
all, the multifaceted mechanisms of piperine and its ability 
to improve existing treatment strategies make it a promising 
candidate for cancer treatment (Benayad et al. 2023; Bolat 
et al. 2020; de Almeida et al. 2020; Srivastava et al. 2021).

Physicochemical properties, 
pharmacokinetic profiles and molecular 
docking insights of piperine

The physicochemical properties of piperine, along with its 
chemical structure, are shown in Table 2. The molar mass 
of piperine is 285.35 g/mol, and its chemical composition 
is C17H19NO3. While it has remarkable medicinal proper-
ties, it is insoluble in aqueous buffers at 18 °C (approxi-
mately 40 mg/l). It is soluble in carbon-based compounds, 
i.e., organic solvents, such as ethanol, methanol, Transc-
utol, dimethyl sulfoxide (DMSO), and dimethyl formamide, 
at a concentration of approximately 10 mg/ml. Owing to its 
difficulty in water solubility, it has low oral bioavailabil-
ity and is limited to targeting organs and tissues (Ren et al. 
2019; Stasiłowicz et al. 2021).

Absorption

Piperine is highly lipophilic and follows non-saturable 
passive absorption kinetics. Studies have revealed limited 
absorption when piperine is administered intraperitoneally 
in mice, with a 1–2.5% concentration in the liver and 15% 
in the spleen, kidney, and serum (Bhat And Chandrasekhara 
1986; Quijia et al. 2021). Another study by Suresh and Srini-
vasan (2010) administered piperine (170 mg kg−1) to rats 
orally, which resulted in a maximum level of 8% of the total 
amount reaching the intestine after 6 h. In rats, piperine is 
primarily absorbed in the intestinal tract, with absorption 
efficiency on the mucosal side of the rat intestine rang-
ing from 40 to 60%. Absorption was noted at higher rates 
in duodenal segments than in jejunal and ileal segments 
(Suresh And Srinivasan 2007). Another study in which 
alkaloids from Piper longum L. were orally administered to 
rats revealed that piperine exhibited rapid absorption, with 
a mean maximum plasma time (Tmax) of 2.45 h, suggesting 
its effective uptake from the intestinal tract (Liu et al. 2011).

Distribution

After absorption, piperine is widely distributed throughout 
the body. Upon oral administration, the concentration of pip-
erine in serum, blood, kidneys, liver, and intestine peaked at 
10.8% at the 6-h mark. This concentration decreased to 0.5% 
after 24 h and further decreased to 0.3% after 48 h. By 96 h, 
piperine was no longer detectable in any of these tissues 
(Suresh And Srinivasan 2010). Piperine also restricts hepatic 
metabolism and effectively enters the brain because of its 
high binding capacity to brain tissues and plasma proteins 
(Ren et al. 2018; Yeggoni et al. 2015). In terms of tissue 
distribution, the liver presented the highest concentration 
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two hours after injection, at approximately 456 ± 291 ng/g 
(Liu et al. 2013).

Metabolism

Piperine undergoes extensive metabolism in the body 
through various reactions, including dehydrogenation, 
hydrogenation, methylation, glucuronic conjugation, ring 
cleavage, demethylation, hydroxylation, methoxylation, 
sulfate conjugation, oxidation, and glucuronidation. These 
processes result in several metabolites being detected in 
urine, including piperic acid, piperonylic acid, piperonyl 
alcohol, piperonal, and vanillic acid. Research has identified 
148 metabolites of piperine in mice, indicating the intricate 
metabolic reactions it undergoes (Shang et al. 2017).

Excretion

Piperine and its metabolites are essentially excreted 
through feces and urine. Within the first four days of inges-
tion, approximately 3.64% of the administered piperine is 
excreted through feces. After five days, it is no longer detect-
able in either feces or urine. In particular, approximately 
96% of orally administered piperine is absorbed in rats, 
reflecting its high absorption rate (Suresh And Srinivasan 
2010). Piperine has a half-life (t1/2) of 4.10 h in a rodent 
model with an administration dose of 54.4 mg/kg (J. Liu 
et al. 2011), whereas in humans, piperine administration has 

a t1/2 of 13.2–15.8 h, implying a relatively slow elimination 
process (Itharat et al. 2020; Tripathi et al. 2022).

Bioavailability

Piperine has high lipophilicity and weak basicity, reveal-
ing its non-saturable passive absorption kinetics. In 1979, 
it was also recognized as the first bio-enhancer in the world 
by Indian scientists at the Regional Research Laboratory in 
Jammu (Db et al. 2018). Despite its potential, the inability of 
piperine to dissolve limits both its availability at the site of 
action and its bioavailability in the body (Quijia et al. 2021). 
Another study on the oral administration of piperine in rats 
reported a bioavailability of approximately 37.7% upon the 
administration of alkaloids from Piper longum L. This find-
ing indicates that over one-third of ingested piperine reaches 
the systemic circulation unaltered, suggesting a moderate 
value of absorption and metabolism (Liu et al. 2013). A 
recent study revealed notable increases in the peak plasma 
concentration (Cmax), area under the curve (AUC), and 
half-life of traditional drugs when used in conjunction with 
piperine. These results indicate that piperine might increase 
drug bioavailability by inhibiting crucial enzymes, such as 
CYP2 C9, CYP2E1, and CYP3 A4. This holds clinical 
promise, particularly in boosting the effectiveness of drugs 
that typically have low bioavailability (Pradeepa et al. 2023).

Table 2   Physicochemical properties of piperine

Physico-chemical properties Description/value References

Molecular formula C₁₇H₁₉NO₃
IUPAC name (2E,4E)-5-(1,3-benzodioxol-5-yl)-1-PIPeridin-1yl-penta-2,4-dien-1-one
Molecular structure

 
Molecular weight 285.343 g/mol (Arora et al. 2023)
Solubility 0.04 mg/mL at 18 °C (poor aqueous solubility in water)
Log P 2.78
pKa 1.42 at 550C (Arnall 1920)
Binding affinity (ΔG) Human Serum Albumin (HSA): − 7.8 kcal/mol

α-1-Acid Glycoprotein (AGP): − 6.71 kcal/mol
Brain Tissue Binding: 98.4%–98.5%
Plasma protein (96.2–97.8%)
Brain-to-Plasma AUC Ratio: 0.95–1.10

(Ren et al. 2018; 
Yeggoni et al. 
2015)

Density 1.193 g/cm3 (Arora et al. 2023)
Appearance Yellow crystalline compound
Stability Stable to thermal, neutral and photolytic stress condition
Half life Less than 1.5 h
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Toxicity

As a dietary supplement, piperine generally has relatively 
low levels of acute and chronic toxicity. When piperine is 
administered intravenously, it is more toxic than when it is 
administered intragastrically, subcutaneously, or intramuscu-
larly. The insoluble nature or chemical instability of piperine 
in the stomach is believed to be the cause of the decreased 
toxicity observed via the intragastric route. Thus, a greater 
dosage of piperine results in histopathological lesions in the 
gastrointestinal tract, mild-to-moderate enteritis in the small 
intestine, and hemorrhagic ulcers in the stomach, suggest-
ing that piperine has direct and local effects on the gastro-
intestinal lumen. The LD50 values of piperine are listed in 
Table 3 and are based on the various administration routes 
used (Piyachaturawat et al. 1983; Zhang et al. 2021). Piper-
ine has not shown genotoxicity in either in vitro or in vivo 
models (Thiel et al. 2014). It also inhibits spermatogenesis 
and reduces reproductive capacity in rats at a dosage of 
10 mg/kg body weight, highlighting its potential reproduc-
tive effect on the administration of higher doses (Chen et al. 
2018; Daware et al 2000).

The European Food Safety Authority (EFSA) developed a 
no-observed adverse-effect level (NOAEL) of 5 mg/kg body 
weight/day from a 90-day rat study, which was used in the 
Norwegian Scientific Committee for Food Safety’s (VKM) 
evaluation, which was based on toxicity studies and previous 
risk assessments. Values of 145 for children, 204 for ado-
lescents, and 234 for adults were obtained via the margin of 
exposure (MOE) technique; these values were significantly 
greater than the tolerable cutoff of 100. VKM concluded 
that there is little chance of pharmacologic or phytochemical 
interactions at typical dietary levels and that a daily dosage 
of 1.5 mg of piperine from supplements is unlikely to have 
a negative effect on the health of children, adolescents, or 
adults (Rohloff et al. 2018). In human studies, supplemental 
doses ranging from 4 to 40 mg/day are generally considered 
safe although reports of mild gastrointestinal discomfort and 
skin rashes are rare, highlighting the need for ongoing moni-
toring and further safety evaluations for clinical applications 
(Ziegenhagen et al. 2021).

Molecular docking insights into piperine

Molecular docking can be used to virtually screen vast num-
bers of natural compounds to predict their binding interac-
tions and affinities with a target protein, thereby accelerat-
ing the discovery of new therapeutic agents and providing 
insights into their mechanisms of action (Mishra et al. 2023). 
These computational studies revealed the significant bind-
ing affinity of piperine for various target proteins. Studies 
have shown that BAX, Cox-2, Caspase 3, and Caspase 9 
docked with piperine exhibit binding scores of 3824, 5042, 
4174, and 4988  kcal/mol, respectively, suggesting the 
potential of piperine in colon cancer research (Kirubhanand 
et al. 2020). Additionally, docking with the EGFR tyrosine 
kinase exhibited an inhibitory ability with a binding energy 
of − 7.6 kJ mol−1, forming two hydrogen bonds with the 
PRO699 and ARG831 residues. The docking energy was 
7.06, with an inhibitory constant of 2.69e-006 and an inter-
molecular energy of − 8.22 (Paarakh et al. 2015). These 
structural characteristics contribute to the ability of piper-
ine to modulate various cellular pathways and increase the 
bioavailability of co-administered drugs or phytochemicals. 
These findings align with other molecular modeling studies 
of natural compounds that target colon cancer via curcumin 
derivatives as Abl-kinase inhibitors, suggesting that phy-
tochemicals such as piperine warrant further investigation 
as potential anticancer agents through computational and 
in vitro validation approaches (Rodrigues et al. 2021a, b).

The effect of the mTOR protein, which is essential 
for the development of cancer, was further investigated 
in a computational study. The molecular docking results 
revealed that piperine had a binding affinity of − 8.3 kcal/
mol for the mTOR protein, which is very similar to the 
binding affinity of rapamycin, a well-known mTOR inhibi-
tor, which is − 8.8 kcal/mol. Piperine binds to the mTOR 
active site in an ATP-competitive way and remains stable 
and firm, according to molecular dynamics simulations run 
over 100 ns. According to the MTT assay results, piperine 
dramatically reduced the viability of cancer cells, with 
IC50 values of 19.73 ± 0.25 µM at 72 h, 46.3 ± 0.26 µM at 
48 h, and 84.5 ± 0.5 µM at 24 h. Although more research 
is needed, these results imply that piperine is a promising 
mTOR inhibitor with potential uses in the treatment of 
cancer (Jan et al. 2025).

Table 3   LD50 values based on 
the route of administration

Mode of administration LD50 in mg/kg body 
weight

References

Intravenous administration in adult 
mice

15.1 (Piyachaturawat et al. 1983; Zhang et al. 2021)

Oral administration in mice 330
Oral administration in rats 514
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Therapeutic potential of piperine

In Indian and Chinese medicines, piperine is a significant 
bioactive substance that has a variety of therapeutic uses, 
including antibacterial, anticonvulsant, anticancer, and 
neuroprotective properties (Fig. 2) (Tiwari et al. 2020). 
As an antioxidant, it effectively reduces reactive sub-
stances while maintaining key enzyme activities, such as 
glutathione and superoxide dismutase (Vijayakumar et al. 
2004). Piperine, as an anticonvulsant, delays tonic‒clonic 
seizures (Mishra et al. 2015), and it is also effective against 
Gram-positive and Gram-negative bacteria because of its 

antimicrobial properties (Zarai et al. 2013). As a neuro-
protective agent, it reduces cytokine IL-1b expression and 
improves motor coordination (Chonpathompikunlert et al. 
2010), and as a hepato-protective agent, it decreases lipid 
peroxidation in cells (Gurumurthy et al. 2012). It is also 
known for its significant anticancer properties, demonstrat-
ing its potential to reverse drug resistance in cervical cells 
(Han et al. 2017). Piperine also has potential in the man-
agement of pain, rheumatic arthritis, fever, and influenza 
(Parthasarathy et al. 2008) but has anti-parasitic properties 
(Kumar et al. 2012) and larvicidal effects against disease 
vectors (Samuel et al. 2016). In addition to these traits, it 
enhances the bioavailability of several drugs, including 
rifampicin, ibuprofen, and omeprazole (Khatri And Awasti 
2016; Khatri et al. 2015), making it valuable in combina-
tion therapies.

Anticancer mechanisms of piperine

Piperine exhibits effective anti-inflammatory and apoptotic 
properties through multiple mechanisms as explained in 
Fig. 3. It suppresses pro-inflammatory cytokines, such as 
TNF-α, IL-6, and IL-1β; inhibits inflammatory factors; 
triggers both intrinsic and extrinsic apoptotic pathways; 
and exhibits traits, such as nuclear condensation and DNA 
breakage (Tawani et al. 2016; Wang-Sheng et al. 2017). It 
increases ROS production by altering the mitochondrial 
membrane potential and activating caspase-3 (Jafri et al. 
2019). Studies have also shown that piperine can trigger 
autophagy by inhibiting mTORC kinase and controlling 

Fig. 2   Schematic illustration of Piperine with therapeutic interven-
tions. This image was created under a Creative Commons license 
using BioRender

Fig. 3   Schematic illustration of anticancer mechanisms of piperine. 
The figure elucidates piperine’s anticancer mechanisms, encom-
passing apoptosis (ROS generation, mitochondrial disruption, and 
caspase-3 activation) and autophagy (mTORC inhibition, protein 
regulation). It induces G1 and G2/M cell cycle arrest, inhibits Wnt/β-

catenin and PI3K/Akt/mTOR pathways, and regulates metastasis and 
angiogenesis by impeding tubule formation, reducing MMPs, increas-
ing E-cadherin, and inhibiting IL-6. This image was created under a 
Creative Commons license using BioRender
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proteins linked to autophagy (Kaur et al. 2018; Ouyang 
et al. 2013). Moreover, altering cyclin and cyclin-depend-
ent kinases induces cell cycle arrest at the G1 and G2/M 
phases (Fofaria et al. 2014; Greenshields et al. 2015).

The anticancer action of piperine involves several sign-
aling pathways and anti-metastatic properties. It inhibits 
the PI3K/Akt/mTOR pathway in oral cancer cells (Han 
et al. 2023) and suppresses the Wnt/β-catenin pathway in 
CRC cells (de Almeida et al. 2020). By preventing tubule 
formation and Akt activation in breast cancer cells, this 
alkaloid has strong antiangiogenic effects (Doucette et al. 
2013). The decrease in tumor nodules in lung metastasis 
models and the suppression of IL-6 expression in gas-
tric cancer cells are proof of its anti-metastatic action 
(Greenshields et al. 2015; Lin et al. 2007). By increasing 
E-cadherin levels and decreasing MMP-9 and MMP-13 
expression, piperine also decreases cancer cell invasion 
while preserving the integrity of the extracellular matrix 
(Zare et al. 2021). These diverse mechanisms collectively 
contribute to the potential of piperine as a therapeutic 
agent in cancer treatment.

Role of piperine in colorectal cancer (CRC)

Piperine can potentially treat CRC through its anti-inflam-
matory, antioxidant, anti-apoptotic, and many other mech-
anisms of action by which it can act as an anticancer agent. 
Studies have shown that it can influence several crucial 
cellular functions, such as apoptosis activation, cell cycle 
arrest, and cancer stem cell manipulation, to inhibit tumor 
development and survival. Focusing on these mechanisms, 
piperine has the potential to overcome the limitations of 
conventional treatments and offers a feasible strategy for 
enhancing the management of CRC. Table 4 highlights 
the preclinical studies performed on the use of piperine 
against CRC in various cell lines and animal models. A 
comprehensive method of cancer treatment involves the 
molecular mechanisms of piperine in colorectal cancer. 
Piperine shows great promise as a multifunctional anti-
cancer drug that targets several cellular processes, such 
as apoptosis, autophagy, oncogenic signaling, and inflam-
matory responses. Figure 4 highlights the multi-targeted 
therapeutic approach of piperine studied thus far in pre-
clinical CRC models.

Molecular mechanisms of piperine in the treatment 
of CRC​

Induction of apoptosis

Inducing apoptosis in cancer cells is a crucial action in 
which piperine works as an anticancer agent. Yaffe et al. 
(2013) reported that reactive oxygen species (ROS) produc-
tion is the primary cause of the complex initiation of cell 
death mechanisms in HRT-18 cells, which are derived from 
human colorectal adenocarcinoma of the ileocecal region 
and are used for studying the anticancer effects of piperine. 
Significant cellular changes, such as cell growth suppres-
sion, cell cycle arrest at the G0/G1 phase, and the produc-
tion of damaging hydroxyl radicals, are the main attributes 
of this mechanism. In colorectal cancer (CRC), the mito-
chondrial apoptotic pathway eliminates cancer cells by 
releasing cytochrome c from the mitochondria. This release 
triggers the activation of caspase-9, followed by caspase-3, 
ultimately resulting in cell death. This sequence of events 
effectively overcomes the defense systems of cells, including 
anti-apoptotic proteins such as survivin, which is upregu-
lated by the phosphoinositide 3-kinase (PI3K)/AKT signal-
ing pathway to increase cell survival and resistance to treat-
ment (Abraha And Ketema 2016; Leiphrakpam And Are 
2024). The PI3K/AKT/mTOR pathway is a crucial signaling 
network that, when disrupted, promotes increased cellular 
growth, survival, and metabolism, thereby giving cancer 
cells a proliferative edge (Li et al. 2024). A study revealed 
that piperine triggered the mitochondrial apoptotic pathway, 
which is characterized by the release of cytochrome c, the 
activation of caspase-9 and caspase-3, and the suppression 
of survival pathways. This multistep process efficiently 
removes the cancer cell’s defense mechanisms by decreas-
ing the expression of survivin and disrupting the PI3K/Akt 
signaling pathway (Yaffe et al. 2015).

Recent research has revealed that piperine can lead to 
autophagy-dependent cell death in CRC cells in addition 
to conventional apoptosis. These alternate methods include 
auto-phagosome accumulation, AKT/mTOR signaling path-
way suppression, and increased reactive oxygen species gen-
eration. These mechanisms have minimal effects on healthy 
colonic epithelial cells and exhibit exceptional selectivity 
toward cancer cells (Xia et al. 2024). These findings are 
further supported by (Shao and Wu 2021), who reported 
that piperine upregulates the p53 signaling pathway and 
alters the equilibrium of Bcl-2 family proteins by activating 
caspases. Figure 5 summarizes the mechanism of apoptosis 
identified in these studies in detail.
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Fig. 4   Schematic illustration of multitargeted therapeutic approach 
of piperine in CRC management. Piperine modulates oxidative stress 
(↑ROS), suppresses pro-inflammatory (NF-κB, IL-8) and proliferative 
signals (Wnt/β-catenin, STAT3/Snail), and activates Nrf2-mediated 

antioxidant response by disrupting Keap1 binding. These actions col-
lectively lead to increased caspase activation and apoptosis, while 
inhibiting cell migration, invasion, and tumor progression

Fig. 5   Apoptosis Induction by 
Piperine in CRC Cells. The 
figure demonstrates piperine-
induced apoptosis in colorectal 
cancer (CRC) cells through four 
primary pathways: a reactive 
oxygen species (ROS)-depend-
ent mechanism (characterized 
by increased ROS, hydroxyl 
radical formation, and G0/G1 
arrest), a mitochondrial pathway 
(involving cytochrome c release, 
caspase activation, and PI3K/
Akt inhibition), autophagy-
dependent mechanisms (includ-
ing autophagosome accumula-
tion, Akt/mTOR inhibition, and 
ROS production), and a p53 
signaling pathway (encompass-
ing p53 upregulation, Bcl-2 
modulation, and caspase activa-
tion), all of which culminate in 
CRC cell death. This image was 
created under a Creative Com-
mons license using BioRender



3 Biotech (2025) 15:403	 Page 15 of 29  403

Oncogenic pathway inhibition

CRC is driven by various oncologic signaling pathways, 
including the Wnt/β-catenin, RAS/RAF/MEK/ERK, trans-
forming growth factor-beta (TGF-β) circuits and signal 
transducer and activator of transcription 3 (STAT3/Snail 
pathway) (Li et al. 2024). The Wnt/β-catenin signaling 
pathway is the central mechanism involved in the devel-
opment and progression of CRC because it is involved 
in cellular growth, stem cell renewal, angiogenesis, epi-
thelial‒mesenchymal transition (EMT), metastasis, and 
chemo-resistance (He And Gan 2023). Mutations in path-
way components, specifically tumor suppressor adeno-
matous polyposis coli (APC), lead to the nuclear accu-
mulation of β-catenin and the activation of target genes 
that further support the proliferation and survival of CRC 
cells. Mutation or loss of APC function leads to uncon-
trolled cell growth and is strongly associated with the 
development of colorectal cancer (Noe et al. 2021). The 
epithelial‒mesenchymal transition (EMT) is a process that 
converts polarized epithelial cells into mesenchymal cells, 
which are known for their increased mobility and invasive 
capabilities. EMT plays a crucial role in the metastasis 
and progression of colorectal cancer (CRC), particularly 
in terms of invasion, internal infiltration, and colonization. 
In addition to promoting metastasis, EMT aids cancer cells 
in adapting to various microenvironments, acquiring stem 
cell-like traits, undergoing metabolic changes, and evading 
treatments (Nie et al. 2025). The STAT3/Snail pathway 
is a significant regulator of EMT in CRC, with STAT3 

enhancing the expression and stabilization of Snail, a 
key transcription factor that suppresses epithelial mark-
ers and promotes mesenchymal characteristics (Hashemi 
et al. 2023). This STAT3/Snail pathway contributes to 
tumor invasion and metastasis and is also associated with 
the development of cancer stem cell properties, further 
increasing CRC aggressiveness and resistance to therapy 
(Gargalionis et al. 2021).

The anticancer potential of piperine includes the inhi-
bition of significant oncogenic signaling pathways, which 
are illustrated in detail in Fig. 6. According to de Almeida 
et al. (2020), piperine can block the Wnt/β-catenin sign-
aling pathway, which is a major growth factor in cancer 
cells. It also selectively inhibits CRC proliferation by 
inducing cell cycle arrest and hindering cellular migration 
by blocking β-catenin nuclear translocation. Another study 
focused on the impact of piperine on epithelial‒mesenchy-
mal transition (EMT), a key step in cancer metastasis. It 
inhibits the invasion and migration of cells via the STAT3/
Snail pathway. This is accomplished by impeding STAT3 
phosphorylation, decreasing the production of mesenchy-
mal markers such as vimentin, and increasing the expres-
sion of E-cadherin (Song et al. 2020).

Inflammatory and stress response modulation

Inflammatory and stress response pathways play crucial 
roles in the development and progression of CRC through 
signaling modules such as the Nrf2/Keap1 pathway; the 
NF-κB and lithocholic acid (LCA)-induced Src/epidermal 

Fig. 6   Oncogenic Pathway 
Inhibition by Piperine in 
CRC Cells. Piperine inhibits 
oncogenic pathways through 
the targeting of Wnt/β-catenin 
and STAT3/Snail signaling. 
It impedes β-catenin nuclear 
translocation, thereby reduc-
ing cancer cell proliferation, 
inducing cell cycle arrest, and 
decreasing migration. Further-
more, piperine inhibits STAT3 
phosphorylation, thus suppress-
ing epithelial–mesenchymal 
transition (EMT) by increasing 
E-cadherin expression and 
reducing Vimentin expression, 
ultimately limiting colorectal 
cancer (CRC) cell migration 
and invasion. This image was 
created under a Creative Com-
mons license using BioRender
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growth factor receptor (EGFR) signaling pathways; and the 
JAK/STAT and COX2/PGE2 pathways. These factors affect 
tumor microenvironment, metabolism, and immune system 
(Mariani et al. 2014; Wei et al. 2022; Li And Huang 2024). 
The Nrf2/Keap1 pathway in colorectal cancer has dual func-
tions: it typically shields colon cells from oxidative stress 
and inflammation by enhancing antioxidant and detoxifica-
tion enzymes, thereby lowering cancer risk. However, when 
it is overexpressed, it can aid in tumor survival, metastasis, 
and resistance to chemotherapy, making its balanced regula-
tion essential for both cancer prevention and treatment strat-
egies (Lee et al. 2021). The NF-κB pathway is crucial in 
CRC as it regulates inflammation, cell proliferation, apopto-
sis, angiogenesis, metastasis, and drug resistance. It is often 
persistently activated in CRC cells, fostering tumor growth 
and survival while enabling cancer cells to evade cell death. 
NF-κB functions by increasing the levels of pro-inflam-
matory cytokines (e.g., TNF-α, IL-1β, and IL-6) and anti-
apoptotic proteins, contributing to a pro-tumorigenic micro-
environment. Its activation is associated with chemotherapy 
resistance, making NF-κB a potential therapeutic target in 
CRC (Bahrami et al. 2024). Additionally, pathogen-induced 
activation of NF-κB (such as by Fusobacterium nucleatum) 
can further drive CRC progression through inflammation 
and cell invasion mechanisms (Galasso et al. 2025).

Lithocholic acid (LCA), a secondary bile acid, induces 
interleukin-8 (IL-8) expression in CRC cells, particularly 
through the activation of the Src/epidermal growth factor 
receptor (EGFR) signaling pathway. LCA-induced activa-
tion of Src and EGFR triggers downstream signaling via the 
ERK1/2 and AKT pathways, which increase IL-8 expres-
sion. This upregulation of IL-8 promotes angiogenesis and 
tumor progression in CRC. Notably, inhibiting EGFR and 
Src activity, such as with compounds such as piperine, can 
suppress LCA-stimulated IL-8 expression, reducing CRC 
cell angiogenesis and invasiveness. Thus, LCA promotes 
CRC progression through Src/EGFR-driven IL-8 expression, 
and targeting these pathways may reduce tumor growth and 
metastasis (Li et al. 2022; Nguyen et al. 2017).

The influence of piperine on inflammatory pathways and 
cellular stress responses (Fig. 7) highlights that it enhances 
cellular defense mechanisms and the activity of antioxidant 
enzymes through the Nrf-2/Keap-1 pathway. Moreover, it 
inhibits NF-κB activation, further decreasing the expression 
of mediators and pro-inflammatory cytokines that aid in can-
cer development (Rehman et al. 2020). Piperine also inhib-
its lithocholic acid (LCA)-stimulated interleukin-8 (IL-8) 
expression by suppressing epidermal growth factor receptor 
(EGFR) and Scr in HCT-116 cells (Li et al. 2022). Figure 8 
summarizes the mechanism underlying the inhibitory effect 

Fig. 7   Inflammatory and stress response modulation by piperine in 
CRC cells. Piperine modulates inflammatory and stress responses to 
inhibit colorectal cancer (CRC) progression. It exerts anti-inflamma-
tory effects by suppressing nuclear factor kappa B (NF-κB), inhibit-
ing interleukin-8 (IL-8), and downregulating Src/epidermal growth 
factor receptor (EGFR) signaling, resulting in reduced cytokine 
production, inflammatory response, and cancer progression signals. 

Furthermore, it regulates stress response by activating the nuclear 
factor erythroid 2-related factor 2/Kelch-like ECH-associated protein 
1 (Nrf-2/Keap-1) pathway, upregulating antioxidant enzymes and 
enhancing cellular defense mechanisms, thereby further contributing 
to CRC inhibition. This image was created under a Creative Com-
mons license using BioRender
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of piperine on LCA-induced IL-8 expression in HCT-116 
cells and its effect on CRC-derived angiogenesis in the 
tumor microenvironment.

Potential of piperine in combinatorial therapies

As discussed earlier, piperine is considered a natural bio-
enhancer for exploring this property, and many preclinical 
studies have been conducted over the years with a wide 
range of compounds, including chemotherapeutic drugs, 
radiation, and nutraceuticals. Table 5 summarizes the key 
research examining the synergistic role of piperine in com-
bination therapy in CRC models.

Conventional therapies

Over the last decade, administering anticancer medications 
to cancer patients with stage III and IV CRC, either alone or 
in combination with other drugs, has significantly improved 
their chances of living longer (Anand et al. 2023). Research 

has shown that piperine can reduce the therapeutic dose of 
chemotherapeutic medications, making them less hazard-
ous because of additive or synergistic effects. Through the 
control of several signaling pathways, piperine has been 
acknowledged for its substantial contributions to the treat-
ment and management of a variety of malignancies, thereby 
addressing the issue of chemo-resistance (Manickasamy 
et al. 2024). In one study, piperine increased the oral bio-
availability of celecoxib both in vitro and in vivo by act-
ing as a bio-enhancer. In HT-29 cells, this combination 
decreased the expression of stemness markers and increased 
cytotoxicity, ROS generation, caspase activation, apoptosis, 
and mitochondrial dysfunction. A mechanism involving the 
suppression of COX-2 activity mediated this synergistic 
effect. The reduction in HT-29 cell tumorosphere-forming 
ability and the expression of stemness markers suggest other 
mechanisms by which this synergism prevents tumor forma-
tion. Additionally, in vivo research has shown that induced 
β-catenin degradation and Axin stabilization adversely regu-
late Wnt/β-catenin signaling molecules and simultaneously 
halt the cell cycle at the G1 phase by lowering cyclin D1 
(Srivastava et al. 2021).

The effectiveness of piperine in increasing the radio-sen-
sitivity of colorectal cancer cells (HT-29) was examined in 
another study. Following treatment with piperine, the HT-29 
cells were exposed to 1.25 Gy of gamma radiation. To clar-
ify the mechanisms of this combined treatment in contrast 
to each treatment given separately, researchers have inves-
tigated a number of pathways via flow cytometry, immu-
nofluorescence, and immunoblot assays. The combination 
treatment halted HT-29 cells in the G2/M phase 2.8 times 
more efficiently than did radiation alone, causing cell death 
via a mitochondria-dependent route. There was a noticeable 
increase in key cell death mechanisms, such as caspase-3 
activation and poly(ADP‒ribose) polymerase-1 cleavage. 
The activation of estrogen receptor beta (ERβ), which aids 
in tumor suppression, represents a recent advancement in the 
treatment and prevention of cancer. Overall, by preventing 
DNA damage, apoptosis, and cancer cell line proliferation, 
piperine increases the radio-sensitization of colon cancer 
cell lines (Shaheer et al. 2020).

In a different study, scientists reported that when apat-
inib and piperine were administered together, HCT-116 
cells presented reduced glutathione peroxidase activity, 
decreased MDM2 gene expression, decreased cell viability, 
and increased nitric oxide levels. By examining the MDM-2 
gene expression ratio, the possible harmful mechanisms of 
these substances were investigated. As either the piperine 
or apatinib concentration increased, the rate of CRC cell 
growth decreased. Synergistic effects were observed when 
HCT-116 cells were treated with different doses of piperine 
and apatinib. Compared with those in untreated control cells 
and those subjected to individual treatments, MDM-2 gene 

Fig. 8   Diagram Illustrating the Inhibitory Mechanism of Piperine 
on LCA-Triggered IL-8 Production in CRC Cells and Its Impact on 
CRC-Derived Angiogenesis in the Surrounding Environment. In 
human colorectal HCT-116 cells, LCA stimulated IL-8 expression 
by enhancing the transcriptional activity of AP-1 and NF-κB through 
Src/EGFR-mediated ROS signaling pathways. Piperine inhibited 
LCA-induced IL-8 expression by suppressing the transcriptional 
activity of AP-1 and NF-κB and attenuating the Src/EGFR-mediated 
ROS-activated ERK1/2 and AKT signaling pathways. (Reproduced 
from [64] Li et  al. 2022, antioxidants, under Creative Commons 
Attribution License CC-BY)
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expression was downregulated, and nitric oxide (NO) levels 
were increased in cells treated with both apatinib and piper-
ine. Furthermore, compared with that in the individual treat-
ments, the glutathione peroxidase activity was considerably 
lower in the combined treatment. The proliferation of CRC 
cells was strongly inhibited by the combination of piperine 
and apatinib. The inhibition of antioxidant indicators and the 
control of MDM-2 gene expression caused these harmful 
effects (Mohammadian et al. 2022).

With other natural compounds

Piperine exhibits synergistic potential when combined with 
other natural compounds for CRC treatment, particularly 
in strengthening its anticancer potential by increasing cell 
death, inhibiting proliferation, and modulating key signaling 
pathways. Using human HT29 and HCT116 colon cancer 
cell lines, piperine was combined with curcumin and can-
nabis derivatives (cannabidiol/cannabigerol) to show thera-
peutic potential in colon carcinoma. This triple combination 
activated the Hippo/YAP signaling system, which caused 
apoptosis and decreased cell viability (Yüksel et al. 2023). 
Curcumin and piperine were combined to create emulsomes 
to increase their limited bioavailability and produce a syner-
gistic anticancer effect in an in vitro colon cancer model. By 
analyzing cell shape, viability, uptake, apoptotic cell death, 
the cell cycle, and caspase-3 gene expression levels, the 
effects of the combined therapy were evaluated, and insights 
into the molecular interactions of these active chemicals 
with HCT116 cancer cells were obtained. Aggregation, a 
spherical form, and shrinking are morphological alterations 
that suggest the activation of apoptosis. Further evidence of 
apoptosis induced by the combined therapy was provided by 
the observation of cell cycle arrest at the G2/M phase and 
an increase in the number of Annexin V-positive cells. The 
anticancer activity of curcumin and piperine emulsomes is 
enhanced by a six-fold increase in caspase-3 gene expression 
levels (Bolat et al. 2020).

Researchers have shown that the combined use of piper-
ine and curcumin can decrease the activity of tumor necro-
sis factor α (TNF-α) signaling and mammalian target of 
rapamycin complex 1 (mTORC1) in the intestinal lining, 
suggesting that it has great potential to address inflamma-
tion and cancer development in patients with colorectal 
cancer. Whether taken independently or in combination, 
CUR and PIP can inhibit intestinal lining mTORC1 signal-
ing, which may have consequences for the development of 
cancer and inflammatory diseases. Compared with CUR, 
PIP was found to be a less effective inhibitor of mTORC1 
in HT-29 and Caco-2 cells, except in differentiated Caco-2 
cells. Compared with CUR alone, the combination of 
CUR and PIP resulted in more pronounced inhibition of 
mTORC1, indicating an additive effect. Given that PIP 

independently suppresses mTORC1 and may also increase 
the effectiveness of CUR by increasing its bioavailability, 
the interaction between PIP and CUR appears to be more 
intricate (Kaur et al. 2018). Piperine has the potential to 
increase the bioavailability of EGCG, a compound found 
in green tea. Mechanistically, piperine seems to inhibit 
the glucuronidation of EGCG in the small intestine, which 
could lead to increased absorption. Additionally, piper-
ine slows the gastrointestinal transit of EGCG, thereby 
extending its residence time in the intestine and facilitating 
greater absorption. The increased plasma bioavailability of 
EGCG and piperine could increase their cancer-preventive 
effects in vivo (Lambert et al. 2004).

Piperine and resveratrol exhibit anticancer effects on 
B16F10 melanoma and CT26 colon carcinoma cell lines 
by facilitating apoptosis and suppressing cell proliferation. 
An increase in cellular damage, which leads to cell cycle 
arrest and the activation of apoptosis-related proteins such 
as caspase-3, increases the effectiveness of cancer treatments 
such as γ-irradiation. Furthermore, both substances have the 
ability to alter mitochondrial activity and produce reactive 
oxygen species (ROS), which help destroy cancer cells (Tak 
et al. 2012). Piperine, when combined with PGV-1, a cur-
cumin analog, enhances anti-colon cancer activity. These 
findings demonstrate that piperine significantly synergizes 
with PGV-1 at low concentrations, leading to increased sup-
pression of colon cancer cell viability. Piperine’s targeting 
of particular proteins that are overexpressed in colon cancer 
cells—particularly AURKA (Aurora kinase A) and CDK1, 
which are important regulators of cell cycle progression—is 
what causes this synergy. According to protein prediction 
analyses, piperine and PGV-1 share overlapping targets, 
especially CDK1, which suggests that piperine may block 
cell cycle regulators and thus promote apoptosis and cell 
cycle arrest. Additionally, the overexpression of other tar-
get proteins, such as AURKA and CDK1, is correlated with 
poorer patient survival, indicating that disrupting these path-
ways with combination therapies can be effective (Ikawati 
et al. 2023). In future, it will be necessary to conduct more 
preclinical and clinical studies using piperine in combina-
tion with other available therapeutic regimens to evaluate 
its pharmacodynamic and pharmacokinetic interactions with 
standard chemotherapeutic agents and other natural com-
pounds, such as nutraceuticals.

Comparison of the roles of piperine 
with those of other alkaloids

Comparing the activity of piperine with that of other 
well-known alkaloids is necessary because alkaloids are 
among the most diverse and extensively studied classes 
of phytochemicals. By producing reactive oxygen species 
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(ROS), inhibiting the Wnt/β-catenin and STAT3 pathways, 
reversing the epithelial–mesenchymal transition (EMT), 
and other mechanisms, piperine has anticancer effects 
on colorectal cancer (CRC) models (Song et al. 2020; de 
Almeida et al. 2020). The IC₅₀ values are approximately 
84.5 µM at 24 h and approximately 46.3 µM with longer 
exposure in HCT116 cells, and its direct cytotoxicity is 
comparatively mild despite these complex mechanisms 
(Jan et al. 2025). Piperine is essential not only for its direct 
anti-proliferative effects but also because it can be used as 
an adjuvant to increase the bioavailability and efficacy of 
other medications.

Colchicine, an alkaloid from Colchicum pusillum, has 
strong anti-proliferative effects through the modulation of 
the Wnt/β-catenin pathway. In metastatic Colo-741 cells, 
colchicine treatment increased β-catenin and LGR-5 while 
suppressing Wnt7a and activating caspase-3-mediated 
apoptosis. However, the IC50 value of ~ 20 μg/mL at 48 h 
was accompanied by high toxicity in non-metastatic cells, 
reflecting poor selectivity (Becer et al. 2019). Compared 
with piperine, colchicine is more potently cytotoxic but 
lacks a chemopreventive safety profile. Reflexin A, which 
is isolated from Rauvolfia reflexa, has demonstrated sig-
nificant anticancer potential with selectivity for malignant 
cells. In HCT-116 and HT-29 CRC models, Reflexin A 
triggered apoptosis via caspase-3/7, 8 and 9 activation, 
induced G1 phase arrest, and inhibited cell migration and 
invasion, with IC50 values decreasing from ~ 30 μM at 24 h 
to ~ 16 μM at 72 h (Fadaeinasab et al. 2020). This pro-
file suggests stronger direct apoptotic and antimetastatic 
effects than piperine does although the latter results in 
broader multi-pathway modulation.

Fungal metabolites such as Chaetocochin J from 
Chaetomium represent another class of highly potent alka-
loids. With sub-micro-molar IC50 values (0.56–0.65 μM), 
chaetocochin J induces both apoptosis and autophagy by 
activating AMPK while inhibiting the PI3K/AKT/mTOR 
pathway, thereby disrupting central metabolic and survival 
signaling (Hu et al. 2021). While markedly more potent 
than piperine is, its cytotoxic profile suggests potential 
therapeutic applications in aggressive CRC contexts, in 
contrast to piperine’s suitability for long-term chemopre-
vention owing to its lower toxicity and wider mechanistic 
range. Caulerpin offers a structurally novel framework 
with IC50 values of 10–30 μM in HCT116 cells (Mert-
Ozupek et al. 2022). Although mechanistic studies remain 
limited, related compounds indicate that mitochondria-
mediated apoptosis involves ROS generation and caspase 
activation. Compared with piperine, these marine alka-
loids are more directly cytotoxic but lack detailed phar-
macologic characterization. Piperine, by contrast, benefits 
from extensive mechanistic evidence across multiple onco-
genic pathways.

Unlike these direct cytotoxic agents, berberine, which is 
derived from Coptis chinensis, has a microbiome-centered 
chemo-preventive mechanism. In an AOM/DSS-induced 
murine model of colitis-associated CRC, oral berberine 
(50–100 mg/kg) significantly reduced the tumor burden 
by remodeling the gut flora. This was associated with 
elevated short-chain fatty acids, restoration of intestinal 
barrier proteins (Occludin, ZO-1), reduced lipopolysac-
charide levels, and inhibition of the TLR4/NF-κB/IL-6/p-
STAT3 axis (Yan et al. 2022). Unlike piperine, which pri-
marily acts within cancer cells by modulating intracellular 
oncogenic signaling, berberine represents an alternative 
approach through host–microbiota–immune regulation. 
In addition to these alkaloids, dentatin, which is isolated 
from Clausena excavata, has shown promising antican-
cer effects in CRC. In vitro studies using HCT116 and 
HT29 cells demonstrated that ROS-mediated apoptosis is 
characterized by the activation of caspase-3/7, 8 and 9, 
along with the modulation of apoptotic regulators (Bcl-2, 
Bax). Dentatin also induced G0/G1 cell cycle arrest and, 
importantly, triggered the release of Th1-related cytokines, 
such as IFN-γ, IL-2, and TNF-α, suggesting dual roles 
in both apoptosis and immunomodulation. With an IC50 
of ~ 19 μM in HCT116 cells, dentatin is more potent than 
piperine in terms of direct cytotoxicity and offers the addi-
tional advantage of enhancing antitumor immunity (Zulpa 
et al. 2023). In contrast, piperine, although less cytotoxic, 
influences a wider network of signaling pathways relevant 
to chemoprevention. To provide a consolidated overview, 
a summary table (Table 6) has been included highlighting 
representative alkaloids, their experimental models, sign-
aling pathways, potencies, and comparisons with piperine.

These findings highlight the spectrum of alkaloid activ-
ity in CRC. Colchicine, Reflexin A, Chaetocochin J, and 
Caulerpin act as direct cytotoxic agents with varying 
potencies and selectivities, whereas berberine exerts its 
anticancer effects by altering the tumor microenvironment 
via microbiota remodeling. Piperine falls in between—its 
direct cytotoxicity is modest compared with that of potent 
alkaloids such as chaetocochin J, but its strength lies in 
multi-pathway modulation and chemo-preventive poten-
tial with a favorable safety profile. These findings position 
piperine as a complementary nutraceutical candidate that 
may be especially valuable in long-term CRC prevention 
or in synergistic regimens.

Strategies to improve the therapeutic 
efficacy of piperine

Despite the wide range of pharmacologic characteristics of 
piperine, its poor water solubility, low bioavailability, and 
quick metabolic breakdown limit its application in clinical 
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settings (Mitra et al. 2022). Recent developments in nano-
technology have made it easier for researchers to develop 
delivery methods based on piperine, which are intended to 
circumvent these restrictions. Piperine’s solubility, cellular 
uptake, and controlled release have all been improved by 
the development of a variety of nanoparticles, including 
polymeric, liposomal, micellar, metallic, and solid lipid-
based forms. By facilitating targeted drug distribution and 
enhancing the ability of piperine to cross biologic mem-
branes, these nano-carriers reduce systemic toxicity (Bose 
et al. 2023; de Oliveira et al. 2022; Imam et al. 2021; 
Kiranmayee et al. 2023; Raghunath et al. 2024).

Compared with pure piperine, piperine nanoemulsions 
have been demonstrated to increase intestinal permea-
tion and improve drug release over those of pure piperine 
(Alshehri et al. 2023). Compared with conventional sus-
pensions, piperine-loaded lipid‒polymer hybrid nanopar-
ticles (PPN‒LPHNPs) exhibit excellent colloidal stabil-
ity, sustained drug release for up to 24 h, and a 6.02-fold 
increase in intestinal permeation. These attributes result in 
more than a fourfold increase in oral bioavailability and, 
importantly, superior cytotoxic effects against the breast 
cancer cell lines MDA-MB-231 and MCF-7 (Kazmi et al. 
2022). Similarly, hydroxyapatite nanoparticle-based sys-
tems provide targeted delivery to colon cancer cells, with 
slow release kinetics, functionalization for folic acid tar-
geting, and notably enhanced tumor cell inhibition while 
minimizing toxicity to normal cells (AbouAitah et  al. 
2020). Combination nano-formulations that incorporate 
curcumin and piperine have demonstrated the selective 
suppression of prostate cancer cell migration and prolif-
eration, reducing off-target toxicity in healthy cells. These 
nanocarrier systems enhance cellular uptake, stability, and 
tumor targeting and allow for lower doses with sustained 
anticancer activity (Yakubu et al. 2025).

Piperine analogs, which are structural modifications 
of piperine, have also been studied to enhance its phar-
macologic profile and bioavailability and reduce toxicity 
(Joshi et al. 2023). Various piperine analogs have been 
designed to improve water solubility, metabolic stability, 
and biologic activity by altering their functional groups 
or isomeric forms. Some analogs aim to retain the bio-
enhancing properties of piperine while minimizing off-
target effects, thereby providing better therapeutic indices. 
These analogs, combined with advanced delivery systems, 
represent a promising approach to increase the clinical 
potential of piperine-derived compounds (Joshi et  al. 
2023; Tripathi et al. 2022). Research on piperine analogs 
has focused on improving their anticancer properties and 
managing drug resistance. Low-molecular-weight analogs, 
such as Pip1 and Pip2, have been engineered to potently 
inhibit P-glycoprotein (P-gp), an efflux transporter impli-
cated in multidrug resistance in cancers. These analogs 

significantly enhanced the accumulation and efficacy of 
chemotherapeutic agents (vincristine, colchicine, and 
paclitaxel) in P-gp-overexpressing cervical and colon 
cancer cells, resulting in up to a ninefold reversal of drug 
resistance, comparable to that of standard P-gp inhibi-
tors such as verapamil. Molecular docking and simulation 
studies further confirmed that these analogs outcompeted 
piperine in terms of binding affinity for P-gp. In prostate 
cancer investigations, the piperine analog Pip2 displayed 
the strongest inhibition of the Akt1 pathway, with a high 
predicted binding affinity and potentially enhanced chemo-
therapeutic impact compared with native piperine. These 
analogs either retain or enhance cytotoxic activity while 
potentially reducing off-target effects or toxicity (Prakash 
2023; Syed et al. 2017).

Conclusion and future perspectives

Alkaloids are a structurally diverse class of natural com-
pounds with notable anticancer potential. Piperine has 
emerged as a promising candidate for colorectal cancer 
(CRC) therapy owing to its anti-inflammatory, antioxidant, 
and multi-target mechanisms. Preclinical evidence high-
lights its ability to induce apoptosis; regulate autophagy; 
suppress oncogenic signaling pathways, such as Wnt/β-
catenin, STAT3/Snail-EMT, and PI3K/Akt/mTOR path-
ways; and modulate inflammatory and oxidative stress 
responses, collectively resulting in reduced cell prolifera-
tion, angiogenesis, invasion, and metastasis. In addition, 
piperine functions as a natural bio-enhancer, enhancing 
the bioavailability and therapeutic efficacy of chemother-
apeutics, radiotherapy, and nutraceuticals, positioning it 
as a valuable adjuvant in cancer therapy. Despite these 
promising findings, several gaps remain that hinder trans-
lational progress. However, its poor aqueous solubility, 
rapid metabolism, low oral bioavailability, and short half-
life limit its systemic stability. Safety concerns regarding 
higher doses, particularly reproductive toxicity and gastro-
intestinal irritation, necessitate careful dose optimization. 
Moreover, most studies remain confined to in vitro and 
a few rodent models, with a lack of standardized dosing 
protocols, validated CRC models, and detailed pharma-
cokinetic and pharmacodynamic profiles. The absence of 
well-structured clinical trials is one of the most significant 
barriers to clinical translation, with potential challenges 
of resistance and reduced efficacy with long-term piperine 
treatment.

Therefore, future research should focus on overcoming 
these challenges via a multipronged approach. Standard-
ized preclinical investigations using validated CRC mod-
els are essential for establishing reproducibility, defining 
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dose‒response relationships, and confirming safety. Com-
prehensive pharmacokinetic and pharmacodynamic studies 
are needed to better understand absorption, metabolism, 
drug–drug interactions, and drug–nutrient interactions. 
Pharmaceutical innovations, such as nanotechnology-based 
formulations, including liposomes, polymeric nanoparticles, 
micelles, and lipid-based carriers, offer practical solutions 
for improving solubility, stability, and bioavailability. In par-
allel, structural analogs and derivatives of piperine should 
be explored to increase its potency, specificity, and resist-
ance-modulating capacity. Given its role as a bio-enhancer, 
systematic evaluations of piperine in combination with 
chemotherapeutics, radiotherapy, immunotherapy, and nutra-
ceuticals, such as curcumin, resveratrol, and cannabinoids, 
are warranted to harness its synergistic potential. Impor-
tantly, combination studies with other alkaloids should also 
be prioritized as multi-alkaloid formulations may offer addi-
tive or synergistic modulation of oncogenic pathways while 
reducing resistance. Early-phase clinical trials (Phase I/II) 
are needed to establish the safety, tolerability, and prelimi-
nary efficacy of this combination therapy in CRC patients, 
which will pave the way for larger multicenter studies. By 
integrating molecular insights, advanced delivery systems, 
and rigorous clinical validation, piperine can move beyond 
its current preclinical promise and be developed as a safe 
and effective adjunct for colorectal cancer management.

Acknowledgements  The authors sincerely acknowledge Dr Reena 
Verma for her initial support and guidance in this work. We also extend 
our gratitude to colleagues and researchers whose insights have con-
tributed to the development of this review.

Author contributions  The authors confirm contribution to the paper as 
follows: Study conception and design: GT and CC; draft manuscript 
preparation: CC, GT, DD, and KP. Critical revision and editing: DD 
and KP. All authors reviewed and approved the final version of the 
manuscript.

Funding  Open access funding provided by Manipal Academy of 
Higher Education, Manipal. This research received no specific grant 
from any funding agency.

Data availability  This review article analyses data from previously 
published studies. All data supporting the findings of this review are 
available within the cited references. All the figures have been acquired 
from the respective journals.

Declarations 

Conflict of interest  The authors declare no conflicts of interest related 
to this work.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 

otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

AbouAitah K, Stefanek A, Higazy IM, Janczewska M, Swiderska-
Sroda A, Chodara A, Wojnarowicz J, Szałaj U, Shahein SA, 
Aboul-Enein AM, Elella FA, Gierlotka S, Ciach T, Lojkowski 
W (2020) Effective targeting of colon cancer cells with a pip-
erine natural anticancer prodrug via functionalized clusters of 
hydroxyapatite nanoparticles. Pharmaceutics. https://​doi.​org/​
10.​3390/​pharm​aceut​ics12​010070

Abraha AM, Ketema EB (2016) Apoptotic pathways as a therapeu-
tic target for colorectal cancer treatment. World J Gastrointest 
Oncol 8:583–591. https://​doi.​org/​10.​4251/​wjgo.​v8.​i8.​583

Alanazi J, Unnisa A, Alanazi M, Alharby TN, Moin A, Rizvi SMD 
et al (2022) 3-methoxy carbazole impedes the growth of human 
breast cancer cells by suppressing NF-κB signaling pathway. 
Pharmaceuticals (Basel) 15(11):1410. https://​doi.​org/​10.​3390/​
ph151​11410

Al-Ghazzawi AM (2019) Anticancer activity of new benzyl isoquino-
line alkaloid from Saudi plant Annona squamosa. BMC Chem 
13(1):13. https://​doi.​org/​10.​1186/​s13065-​019-​0536-4

Alshehri S, Bukhari SI, Imam SS, Hussain A, Alghaith AF, Altamimi 
MA, AlAbdulkarim AS, Almurshedi A (2023) Formulation 
of piperine-loaded nanoemulsion: in vitro characterization, 
ex vivo evaluation, and cell viability assessment. ACS Omega 
8:22406–22413. https://​doi.​org/​10.​1021/​acsom​ega.​2c081​87

Anand U, Dey A, Chandel AKS, Sanyal R, Mishra A, Pandey DK, De 
Falco V, Upadhyay A, Kandimalla R, Chaudhary A, Dhanjal 
JK, Dewanjee S, Vallamkondu J, Pérez de la Lastra JM (2023) 
Cancer chemotherapy and beyond: current status, drug candi-
dates, associated risks and progress in targeted therapeutics. 
Genes Dis 10:1367–1401. https://​doi.​org/​10.​1016/j.​gendis.​
2022.​02.​007

Andas AR, Abdul AB, Rahman HS, Sukari MA, Abdelwahab SI, 
Samad NA et  al (2015) Dentatin from Clausena excavata 
induces apoptosis in HepG2 cells via mitochondrial-mediated 
signaling. Asian Pac J Cancer Prev 16(10):4311–4316. https://​
doi.​org/​10.​7314/​apjcp.​2015.​16.​10.​4311

Arnall F (1920) XCII. The determination of the relative strengths 
of some nitrogen bases of the aromatic series and of some 
alkaloids. J Chem Soc Trans 117:1171–1177. https://​doi.​org/​
10.​1039/​CT920​17011​71

Arora S, Singh B, Kumar S, Kumar A, Singh A, Singh C (2023) 
Piperine-loaded drug delivery systems for improved biomedi-
cal applications: current status and future directions. Health 
Sci Rev 9:100138. https://​doi.​org/​10.​1016/j.​hsr.​2023.​100138

Ashokkumar K, Murugan M, Dhanya MK et al (2021) Phytochem-
istry and therapeutic potential of black pepper (Piper nigrum 
(L.)) essential oil and piperine: a review. Clin Phytosci 7:52. 
https://​doi.​org/​10.​1186/​s40816-​021-​00292-2

Asma ST, Acaroz U, Imre K, Morar A, Shah SRA, Hussain SZ et al 
(2022) Natural products/bioactive compounds as a source of 
anticancer drugs. Cancers (Basel) 14(24):6203. https://​doi.​org/​
10.​3390/​cance​rs142​46203

Awasthee N, Shekher A, Rai V, Verma SS, Mishra S, Dhasmana 
A et al (2022) Piperlongumine, a piper alkaloid, enhances 
the efficacy of doxorubicin in breast cancer: involvement of 
glucose import, ROS, NF-κB, and lncRNAs. Apoptosis 27(3–
4):261–282. https://​doi.​org/​10.​1007/​s10495-​022-​01711-6

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pharmaceutics12010070
https://doi.org/10.3390/pharmaceutics12010070
https://doi.org/10.4251/wjgo.v8.i8.583
https://doi.org/10.3390/ph15111410
https://doi.org/10.3390/ph15111410
https://doi.org/10.1186/s13065-019-0536-4
https://doi.org/10.1021/acsomega.2c08187
https://doi.org/10.1016/j.gendis.2022.02.007
https://doi.org/10.1016/j.gendis.2022.02.007
https://doi.org/10.7314/apjcp.2015.16.10.4311
https://doi.org/10.7314/apjcp.2015.16.10.4311
https://doi.org/10.1039/CT9201701171
https://doi.org/10.1039/CT9201701171
https://doi.org/10.1016/j.hsr.2023.100138
https://doi.org/10.1186/s40816-021-00292-2
https://doi.org/10.3390/cancers14246203
https://doi.org/10.3390/cancers14246203
https://doi.org/10.1007/s10495-022-01711-6


	 3 Biotech (2025) 15:403403  Page 24 of 29

Bahrami A, Khalaji A, Bahri Najafi M, Sadati S, Raisi A, Abolhas-
sani A, Eshraghi R, Khaksary Mahabady M, Rahimian N, Mir-
zaei H (2024) NF-κB pathway and angiogenesis: insights into 
colorectal cancer development and therapeutic targets. Eur J 
Med Res 29:610. https://​doi.​org/​10.​1186/​s40001-​024-​02168-w

Becer E, Hanoğlu DY, Kabadayı H, Hanoğlu A, Vatansever S, Yavuz 
DÖ et al (2019) The effect of Colchicum pusillum in human 
colon cancer cells via Wnt/β-catenin pathway. Gene 686:213–
219. https://​doi.​org/​10.​1016/j.​gene.​2018.​11.​047

Benayad S, Wahnou H, El Kebbaj R, Liagre B, Sol V, Oudghiri M 
et al (2023) The promise of piperine in cancer chemopreven-
tion. Cancers (Basel) 15(22):5488. https://​doi.​org/​10.​3390/​
cance​rs152​25488

Benson AB, Venook AP, Al-Hawary MM, Cederquist L, Chen YJ, 
Ciombor KK et al (2018) NCCN guidelines insights: colon 
cancer, version 2.2018. J Natl Compr Canc Netw 16(4):359–
369. https://​doi.​org/​10.​6004/​jnccn.​2018.​0021

Bhat BG, Chandrasekhara N (1986) Studies on the metabolism of 
piperine: absorption, tissue distribution, and excretion of uri-
nary conjugates in rats. Toxicology 40(1):83–92. https://​doi.​
org/​10.​1016/​0300-​483x(86)​90048-x

Bolat ZB, Islek Z, Demir BN, Yilmaz EN, Sahin F, Ucisik MH 
(2020) Curcumin- and piperine-loaded emulsomes as a com-
binational treatment approach enhance the anticancer activity 
of curcumin on HCT116 colorectal cancer model. Front Bioeng 
Biotechnol 8:50. https://​doi.​org/​10.​3389/​fbioe.​2020.​00050

Bose S, Sarkar N, Majumdar U (2023) Micelle encapsulated cur-
cumin and piperine-laden 3D printed calcium phosphate scaf-
folds enhance in vitro biological properties. Colloids Surf B 
Biointerfaces 231:113563. https://​doi.​org/​10.​1016/j.​colsu​rfb.​
2023.​113563

Burger T, Mokoka T, Fouché G, Steenkamp P, Steenkamp V, Cordier 
W (2018) Solamargine, a bioactive steroidal alkaloid isolated 
from Solanum aculeastrum induces non-selective cytotoxicity 
and P-glycoprotein inhibition. BMC Complement Altern Med 
18(1):137. https://​doi.​org/​10.​1186/​s12906-​018-​2208-7

Chaachouay N, Zidane L (2024) Plant-derived natural products: a 
source for drug discovery and development. Drugs Drug Can-
didates 3(1):184–207. https://​doi.​org/​10.​3390/​ddc30​10011

Chai F, Zhou J, Chen C, Xie S, Chen X, Su P et al (2013) The 
hedgehog inhibitor cyclopamine antagonizes chemoresistance 
of breast cancer cells. Onco Targets Ther 6:1643–1647. https://​
doi.​org/​10.​2147/​OTT.​S51914

Chartier LC, Howarth GS, Mashtoub S (2019) Combined nutraceu-
ticals: a novel approach to colitis-associated colorectal cancer? 
Nutr Cancer 71(2):199–206. https://​doi.​org/​10.​1080/​01635​581.​
2019.​15783​91

Chen Y, Tang C, Wu Y, Mo S, Wang S, Yang G et al (2015) Glycos-
misines A and B: isolation of two new carbazole-indole-type 
dimeric alkaloids from Glycosmis pentaphylla and an evalu-
ation of their antiproliferative activities. Org Biomol Chem 
13(24):6773–6781. https://​doi.​org/​10.​1039/​c5ob0​0695c

Chen X, Ge F, Liu J, Bao S, Chen Y, Li D et al (2018) Diverged 
effects of piperine on testicular development: stimulating Ley-
dig cell development but inhibiting spermatogenesis in rats. 
Front Pharmacol 9:244. https://​doi.​org/​10.​3389/​fphar.​2018.​
00244

Chonpathompikunlert P, Wattanathorn J, Muchimapura S (2010) Pip-
erine, the main alkaloid of Thai black pepper, protects against 
neurodegeneration and cognitive impairment in an animal 
model of cognitive deficit-like condition of Alzheimer’s dis-
ease. Food Chem Toxicol 48(3):798–802. https://​doi.​org/​10.​
1016/j.​fct.​2009.​12.​009

Croteau R, Kutchan TM, Lewis NG (2000) Natural products (sec-
ondary metabolites). In: Buchanan BB, Gruissem W, Jones RL 

(eds) Biochemistry and molecular biology of plants. American 
Society of Plant Physiologists, Rockville, MD, pp 1250–1319

Dasari S, Bakthavachalam V, Chinnapaka S, Venkatesan R, Samy 
ALPA, Munirathinam G (2020) Neferine, an alkaloid from 
lotus seed embryo, targets HeLa and SiHa cervical cancer 
cells via pro-oxidant anticancer mechanism. Phytother Res 
34(9):2366–2384. https://​doi.​org/​10.​1002/​ptr.​6687

Daware MB, Mujumdar AM, Ghaskadbi S (2000) Reproductive toxic-
ity of piperine in Swiss albino mice. Planta Med 66(3):231–236. 
https://​doi.​org/​10.​1055/s-​2000-​8560

Db M, Sreedharan S, Mahadik KR (2018) Role of piperine as an effec-
tive bioenhancer in drug absorption. Pharm Anal Acta. https://​
doi.​org/​10.​4172/​2153-​2435.​10005​91

de Almeida GC, Oliveira LFS, Predes D, Fokoue HH, Kuster RM, 
Oliveira FL et al (2020) Piperine suppresses the Wnt/β-catenin 
pathway and has anticancer effects on colorectal cancer cells. Sci 
Rep 10(1):11681. https://​doi.​org/​10.​1038/​s41598-​020-​68574-2

de Oliveira JG, Pilz-Júnior HL, de Lemos AB, Silva da Costa FA, 
Fernandes M, Gonçalves DZ, Variza PF, de Moraes FM, Morisso 
FDP, Magnago RF, Zepon KM, Kanis LA, da Silva OS, Prophiro 
JS (2022) Polymer-based nanostructures loaded with piperine 
as a platform to improve the larvicidal activity against Aedes 
aegypti. Acta Trop 230:106395. https://​doi.​org/​10.​1016/j.​actat​
ropica.​2022.​106395

Dini I, Soekamto NH, Firdaus SU, Latip J (2021) Alkaloid cauler-
pin and cytotoxic activity against NCL-H460 lung cancer cells 
isolated along with β-sitosterol from Halimeda cylindracea 
Decaisne. Sains Malays 50(9):2663–2674. https://​doi.​org/​10.​
17576/​jsm-​2021-​5009-​14

Doucette CD, Hilchie AL, Liwski R, Hoskin DW (2013) Piperine, a 
dietary phytochemical, inhibits angiogenesis. J Nutr Biochem 
24(1):231–239. https://​doi.​org/​10.​1016/j.​jnutb​io.​2012.​05.​009

Drețcanu G, Iuhas CI, Diaconeasa Z (2021) The involvement of natural 
polyphenols in the chemoprevention of cervical cancer. Int J Mol 
Sci 22(16):8812. https://​doi.​org/​10.​3390/​ijms2​21688​12

Dyshlovoy SA, Kaune M, Hauschild J, Kriegs M, Hoffer K, Busen-
bender T et al (2020) Efficacy and mechanism of action of marine 
alkaloid 3,10-dibromofascaplysin in drug-resistant prostate can-
cer cells. Mar Drugs 18(12):609. https://​doi.​org/​10.​3390/​md181​
20609

Fadaeinasab M, Karimian H, Omar H, Taha H, Khorasani A, Ban-
isalam B et al (2020) Reflexin A, a new indole alkaloid from 
Rauvolfia reflexa induces apoptosis against colon cancer cells. 
J Asian Nat Prod Res 22(5):474–488. https://​doi.​org/​10.​1080/​
10286​020.​2019.​15888​88

Fofaria NM, Kim SH, Srivastava SK (2014) Piperine causes G1 phase 
cell cycle arrest and apoptosis in melanoma cells through check-
point kinase-1 activation. PLoS ONE 9(5):e94298. https://​doi.​
org/​10.​1371/​journ​al.​pone.​00942​98

Foumani EA, Irani S, Shokoohinia Y, Mostafaie A (2022) Colchicine of 
Colchicum autumnale, a traditional anti-inflammatory medicine, 
induces apoptosis by activation of apoptotic genes and proteins 
expression in human breast (MCF-7) and mouse breast (4T1) 
cell lines. Cell J (Yakhteh) 24(11):647–656. https://​doi.​org/​10.​
22074/​cellj.​2022.​8290

Fu R, Wang X, Hu Y, Du H, Dong B, Ao S et al (2019) Solamargine 
inhibits gastric cancer progression by regulating the expression 
of lncNEAT1_2 via the MAPK signaling pathway. Int J Oncol 
54(5):1545–1554. https://​doi.​org/​10.​3892/​ijo.​2019.​4744

Galasso L, Termite F, Mignini I, Esposto G, Borriello R, Vitale F, 
Nicoletti A, Paratore M, Ainora ME, Gasbarrini A, Zocco MA 
(2025) Unraveling the role of Fusobacterium nucleatum in colo-
rectal cancer: molecular mechanisms and pathogenic insights. 
Cancers 17:368. https://​doi.​org/​10.​3390/​cance​rs170​30368

https://doi.org/10.1186/s40001-024-02168-w
https://doi.org/10.1016/j.gene.2018.11.047
https://doi.org/10.3390/cancers15225488
https://doi.org/10.3390/cancers15225488
https://doi.org/10.6004/jnccn.2018.0021
https://doi.org/10.1016/0300-483x(86)90048-x
https://doi.org/10.1016/0300-483x(86)90048-x
https://doi.org/10.3389/fbioe.2020.00050
https://doi.org/10.1016/j.colsurfb.2023.113563
https://doi.org/10.1016/j.colsurfb.2023.113563
https://doi.org/10.1186/s12906-018-2208-7
https://doi.org/10.3390/ddc3010011
https://doi.org/10.2147/OTT.S51914
https://doi.org/10.2147/OTT.S51914
https://doi.org/10.1080/01635581.2019.1578391
https://doi.org/10.1080/01635581.2019.1578391
https://doi.org/10.1039/c5ob00695c
https://doi.org/10.3389/fphar.2018.00244
https://doi.org/10.3389/fphar.2018.00244
https://doi.org/10.1016/j.fct.2009.12.009
https://doi.org/10.1016/j.fct.2009.12.009
https://doi.org/10.1002/ptr.6687
https://doi.org/10.1055/s-2000-8560
https://doi.org/10.4172/2153-2435.1000591
https://doi.org/10.4172/2153-2435.1000591
https://doi.org/10.1038/s41598-020-68574-2
https://doi.org/10.1016/j.actatropica.2022.106395
https://doi.org/10.1016/j.actatropica.2022.106395
https://doi.org/10.17576/jsm-2021-5009-14
https://doi.org/10.17576/jsm-2021-5009-14
https://doi.org/10.1016/j.jnutbio.2012.05.009
https://doi.org/10.3390/ijms22168812
https://doi.org/10.3390/md18120609
https://doi.org/10.3390/md18120609
https://doi.org/10.1080/10286020.2019.1588888
https://doi.org/10.1080/10286020.2019.1588888
https://doi.org/10.1371/journal.pone.0094298
https://doi.org/10.1371/journal.pone.0094298
https://doi.org/10.22074/cellj.2022.8290
https://doi.org/10.22074/cellj.2022.8290
https://doi.org/10.3892/ijo.2019.4744
https://doi.org/10.3390/cancers17030368


3 Biotech (2025) 15:403	 Page 25 of 29  403

Gargalionis AN, Papavassiliou KA, Papavassiliou AG (2021) Target-
ing STAT3 signaling pathway in colorectal cancer. Biomedicines 
9:1016. https://​doi.​org/​10.​3390/​biome​dicin​es908​1016

Ge J, Wang P, Ma H, Zhang J (2022) Solamargine inhibits prostate 
cancer cell growth and enhances the therapeutic efficacy of doc-
etaxel via Akt signaling. J Oncol 2022:9055954. https://​doi.​org/​
10.​1155/​2022/​90559​54

Grabarska A, Wróblewska-Łuczka P, Kukula-Koch W, Łuszczki JJ, 
Kalpoutzakis E, Adamczuk G et al (2021) Palmatine, a bioactive 
protoberberine alkaloid isolated from Berberis cretica, inhibits 
the growth of human estrogen receptor-positive breast cancer 
cells and acts synergistically and additively with doxorubicin. 
Molecules 26(20):6253. https://​doi.​org/​10.​3390/​molec​ules2​
62062​53

Greenshields AL, Doucette CD, Sutton KM, Madera L, Annan H, Yaffe 
PB et al (2015) Piperine inhibits the growth and motility of tri-
ple-negative breast cancer cells. Cancer Lett 357(1):129–140. 
https://​doi.​org/​10.​1016/j.​canlet.​2014.​11.​017

Gurumurthy P, Vijayalatha S, Sumathy A, Asokan M, Naseema M 
(2012) Hepatoprotective effect of aqueous extract of Piper 
longum and piperine when administered with anti-tubercular 
drugs. Bioscan 7:661–663

Han SZ, Liu HX, Yang LQ, Cui LD, Xu Y (2017) Piperine (PP) 
enhanced mitomycin-C (MMC) therapy of human cervical can-
cer through suppressing Bcl-2 signaling pathway by inactivating 
STAT3/NF-κB. Biomed Pharmacother 96:1403–1410. https://​
doi.​org/​10.​1016/j.​biopha.​2017.​11.​022

Han EJ, Choi EY, Jeon SJ, Lee SW, Moon JM, Jung SH et al (2023) 
Piperine induces apoptosis and autophagy in HSC-3 human oral 
cancer cells by regulating the PI3K signaling pathway. Int J Mol 
Sci 24(18):13949. https://​doi.​org/​10.​3390/​ijms2​41813​949

Hashemi M, Abbaszadeh S, Rashidi M, Amini N, Talebi Anaraki K, Mot-
ahhary M, Khalilipouya E, Harif Nashtifani A, Shafiei S, Ramezani 
Farani M, Nabavi N, Salimimoghadam S, Aref AR, Raesi R, Taheri-
azam A, Entezari M, Zha W (2023) STAT3 as a newly emerging tar-
get in colorectal cancer therapy: tumorigenesis, therapy response, and 
pharmacological/nanoplatform strategies. Environ Res 233:116458. 
https://​doi.​org/​10.​1016/j.​envres.​2023.​116458

He K, Gan WJ (2023) Wnt/β-catenin signaling pathway in the develop-
ment and progression of colorectal cancer. Cancer Manag Res 
15:435–448. https://​doi.​org/​10.​2147/​CMAR.​S4111​68

Heinrich M, Mah J, Amirkia V (2021) Alkaloids used as medicines: 
structural phytochemistry meets biodiversity—an update and 
forward look. Molecules 26(7):1836. https://​doi.​org/​10.​3390/​
molec​ules2​60718​36

Hu S, Yin J, Yan S, Hu P, Huang J, Zhang G et al (2021) Chaetocochin 
J, an epipolythiodioxopiperazine alkaloid, induces apoptosis 
and autophagy in colorectal cancer via AMPK and PI3K/AKT/
mTOR pathways. Bioorg Chem 109:104693. https://​doi.​org/​10.​
1016/j.​bioorg.​2021.​104693

Ikawati M, Musyayyadah H, Putri YM, Zulfin UM, Wulandari F, Putri 
DD et al (2023) The synergistic effect of combination of pent-
agamavunone-1 with diosmin, galangin, and piperine in WiDr 
colon cancer cells: in vitro and target protein prediction. J Trop 
Biodivers Biotechnol. https://​doi.​org/​10.​22146/​jtbb.​80975

Imam SS, Alshehri S, Altamimi MA, Hussain A, Qamar W, Gilani SJ, 
Zafar A, Alruwaili NK, Alanazi S, Almutairy BK (2021) For-
mulation of piperine-chitosan-coated liposomes: characterization 
and in vitro cytotoxic evaluation. Molecules 26:3281. https://​doi.​
org/​10.​3390/​molec​ules2​61132​81

Itharat A, Kanokkangsadal P, Khemawoot P, Wanichsetakul P, Davies 
NM (2020) Pharmacokinetics of piperine after oral administration 
of Sahastara remedy capsules in healthy volunteers. Res Pharm Sci 
15:410–417. https://​doi.​org/​10.​4103/​1735-​5362.​297843

Jafri A, Siddiqui S, Rais J, Ahmad MS, Kumar S, Jafar T et al (2019) Induc-
tion of apoptosis by piperine in human cervical adenocarcinoma via 

ROS-mediated mitochondrial pathway and caspase-3 activation. 
EXCLI J 18:154–164. https://​doi.​org/​10.​17179/​excli​2018-​1928

Jan I, Ali T, Ali R, Khan NJ, Andrabi KI, Bader GN (2025) Molecular 
dynamics and experimental evaluation of piperine as a potential 
mTOR inhibitor in colon cancer cells. In Silico Pharmacol 13:52. 
https://​doi.​org/​10.​1007/​s40203-​025-​00339-z

Joshi S, Salahuddin MA, Kumar R, Shabana K, Tyagi S, Rana K, Ahsan 
MJ, Yar MS, Arya A, Khurana N (2023) Significant advancement in 
various synthetic strategies and pharmacotherapy of piperine deriva-
tives: a review. Curr Top Med Chem 23:25. https://​doi.​org/​10.​2174/​
01156​80266​25625​52310​09075​303

Kaur R, Arora S (2015) Alkaloids—Important therapeutic secondary 
metabolites of plant origin. J Crit Rev 2(3):1–8

Kaur H, He B, Zhang C, Rodriguez E, Hage DS, Moreau R (2018) Piperine 
potentiates curcumin-mediated repression of mTORC1 signaling in 
human intestinal epithelial cells: implications for the inhibition of 
protein synthesis and TNFα signaling. J Nutr Biochem 57:276–286. 
https://​doi.​org/​10.​1016/j.​jnutb​io.​2018.​04.​010

Kazmi I, Al-Abbasi FA, Imam SS, Afzal M, Nadeem MS, Altayb HN, 
Alshehri S (2022) Formulation of piperine nanoparticles: in vitro 
breast cancer cell line and in vivo evaluation. Polymers 14:1349. 
https://​doi.​org/​10.​3390/​polym​14071​349

Khan SZ, Lengyel CG (2023) Challenges in the management of colorectal 
cancer in low- and middle-income countries. Cancer Treat Res Com-
mun 35:100705. https://​doi.​org/​10.​1016/j.​ctarc.​2023.​100705

Khatri S, Awasthi R (2016) Piperine-containing floating microspheres: 
an approach for drug targeting to the upper gastrointestinal tract. 
Drug Deliv Transl Res 6(3):299–307. https://​doi.​org/​10.​1007/​
s13346-​016-​0285-z

Khatri S, Ahmed FJ, Rai P (2015) Formulation and evaluation of float-
ing gastroretentive capsules of acyclovir with piperine as a bioen-
hancer. Pharma Innov J 3(11):78–81

Kiranmayee M, Rajesh N, Vidya Vani M, Khadri H, Mohammed A, 
Chinni SV, Ramachawolran G, Riazunnisa K, Moussa AY (2023) 
Green synthesis of Piper nigrum copper-based nanoparticles: in 
silico study and ADMET analysis to assess their antioxidant, 
antibacterial, and cytotoxic effects. Front Chem 11:1218588. 
https://​doi.​org/​10.​3389/​fchem.​2023.​12185​88

Kirubhanand C, Selvaraj J, Rekha UV, Vishnupriya V, Nalini D, Mohan 
SK et al (2020) Molecular docking data of piperine with Bax, 
Caspase 3, Cox 2, and Caspase 9. Bioinformation 16(6):458–461. 
https://​doi.​org/​10.​6026/​97320​63001​6458

Kumar S, Agnihotri N (2019) Piperlongumine, a piper alkaloid, targets 
Ras/PI3K/Akt/mTOR signaling axis to inhibit tumor cell growth 
and proliferation in DMH/DSS-induced experimental colon can-
cer. Biomed Pharmacother 109:1462–1477. https://​doi.​org/​10.​
1016/j.​biopha.​2018.​10.​182

Kumar A, Raman RP, Kumar K, Pandey PK, Kumar V, Mohanty S 
et al (2012) Antiparasitic efficacy of piperine against Argulus 
spp. on Carassius auratus (Linn. 1758): in vitro and in vivo 
study. Parasitol Res 111(5):2071–2076. https://​doi.​org/​10.​1007/​
s00436-​012-​3054-z

Kurek J (2019) Introductory chapter: alkaloids—their importance in 
nature and for human life. Alkaloids—their importance in nature 
and human life. IntechOpen, London. https://​doi.​org/​10.​5772/​
intec​hopen.​85400

Lai Q, Yang CJ, Zhang Q, Zhuang M, Ma YH, Lin CY et al (2023) 
Alkaloid from Alstonia yunnanensis Diels root against gastroin-
testinal cancer: Acetoxytabernosine inhibits apoptosis in hepa-
tocellular carcinoma cells. Front Pharmacol 13:1085309. https://​
doi.​org/​10.​3389/​fphar.​2022.​10853​09

Lambert JD, Hong J, Kim DH, Mishin VM, Yang CS (2004) Piperine 
enhances the bioavailability of the tea polyphenol (-)-epigallo-
catechin-3-gallate in mice. J Nutr 134(8):1948–1952. https://​doi.​
org/​10.​1093/​jn/​134.8.​1948

https://doi.org/10.3390/biomedicines9081016
https://doi.org/10.1155/2022/9055954
https://doi.org/10.1155/2022/9055954
https://doi.org/10.3390/molecules26206253
https://doi.org/10.3390/molecules26206253
https://doi.org/10.1016/j.canlet.2014.11.017
https://doi.org/10.1016/j.biopha.2017.11.022
https://doi.org/10.1016/j.biopha.2017.11.022
https://doi.org/10.3390/ijms241813949
https://doi.org/10.1016/j.envres.2023.116458
https://doi.org/10.2147/CMAR.S411168
https://doi.org/10.3390/molecules26071836
https://doi.org/10.3390/molecules26071836
https://doi.org/10.1016/j.bioorg.2021.104693
https://doi.org/10.1016/j.bioorg.2021.104693
https://doi.org/10.22146/jtbb.80975
https://doi.org/10.3390/molecules26113281
https://doi.org/10.3390/molecules26113281
https://doi.org/10.4103/1735-5362.297843
https://doi.org/10.17179/excli2018-1928
https://doi.org/10.1007/s40203-025-00339-z
https://doi.org/10.2174/0115680266256255231009075303
https://doi.org/10.2174/0115680266256255231009075303
https://doi.org/10.1016/j.jnutbio.2018.04.010
https://doi.org/10.3390/polym14071349
https://doi.org/10.1016/j.ctarc.2023.100705
https://doi.org/10.1007/s13346-016-0285-z
https://doi.org/10.1007/s13346-016-0285-z
https://doi.org/10.3389/fchem.2023.1218588
https://doi.org/10.6026/97320630016458
https://doi.org/10.1016/j.biopha.2018.10.182
https://doi.org/10.1016/j.biopha.2018.10.182
https://doi.org/10.1007/s00436-012-3054-z
https://doi.org/10.1007/s00436-012-3054-z
https://doi.org/10.5772/intechopen.85400
https://doi.org/10.5772/intechopen.85400
https://doi.org/10.3389/fphar.2022.1085309
https://doi.org/10.3389/fphar.2022.1085309
https://doi.org/10.1093/jn/134.8.1948
https://doi.org/10.1093/jn/134.8.1948


	 3 Biotech (2025) 15:403403  Page 26 of 29

Lee DY, Song MY, Kim EH (2021) Role of oxidative stress and Nrf2/
KEAP1 signaling in colorectal cancer: mechanisms and thera-
peutic perspectives with phytochemicals. Antioxidants 10:743. 
https://​doi.​org/​10.​3390/​antio​x1005​0743

Leiphrakpam PD, Are C (2024) PI3K/Akt/mTOR signaling pathway 
as a target for colorectal cancer treatment. Int J Mol Sci 25:3178. 
https://​doi.​org/​10.​3390/​ijms2​50631​78

Li P, Huang D (2024) Targeting the JAK-STAT pathway in colorec-
tal cancer: mechanisms, clinical implications, and therapeutic 
potential. Front Cell Dev Biol 12:1507621. https://​doi.​org/​10.​
3389/​fcell.​2024.​15076​21

Li S, Nguyen TT, Ung TT, Sah DK, Park SY, Lakshmanan VK et al 
(2022) Piperine attenuates lithocholic acid-stimulated interleu-
kin-8 by suppressing Src/EGFR and reactive oxygen species in 
human colorectal cancer cells. Antioxidants 11(3):530. https://​
doi.​org/​10.​3390/​antio​x1103​0530

Li Q, Geng S, Luo H, Wang W, Mo YQ, Luo Q, Wang L, Song GB, 
Sheng JP, Xu B (2024) Signaling pathways involved in colorec-
tal cancer: pathogenesis and targeted therapy. Signal Transduct 
Target Ther 9:266. https://​doi.​org/​10.​1038/​s41392-​024-​01953-7

Lin MT, Lin BR, Chang CC, Chu CY, Su HJ, Chen ST et al (2007) 
IL-6 induces AGS gastric cancer cell invasion via activation 
of the c-Src/RhoA/ROCK signaling pathway. Int J Cancer 
120(12):2600–2608. https://​doi.​org/​10.​1002/​ijc.​22599

Liu J, Bi Y, Luo R, Wu X (2011) Simultaneous UFLC-ESI-MS/MS 
determination of piperine and piperlonguminine in rat plasma 
after oral administration of alkaloids from Piper longum L.: 
application to pharmacokinetic studies in rats. J Chromatogr B 
879:2885–2890. https://​doi.​org/​10.​1016/j.​jchro​mb.​2011.​08.​018

Liu H, Luo R, Chen X, Liu J, Bi Y, Zheng L et al (2013) Tissue dis-
tribution profiles of three antiparkinsonian alkaloids from Piper 
longum L. in rats determined by liquid chromatography–tandem 
mass spectrometry. J Chromatogr B Analyt Technol Biomed Life 
Sci 928:78–82. https://​doi.​org/​10.​1016/j.​jchro​mb.​2013.​03.​021

Lu J, Sun D, Gao S, Gao Y, Ye J, Liu P (2014) Cyclovirobuxine D 
induces autophagy-associated cell death via the Akt/mTOR 
pathway in MCF-7 human breast cancer cells. J Pharmacol Sci 
125(1):74–82. https://​doi.​org/​10.​1254/​jphs.​14013​fp

Ma N, Shangguan F, Zhou H, Huang H, Lei J, An J et al (2022) 6-meth-
oxydihydroavicine, the alkaloid extracted from Macleaya cor-
data (Willd.) R. Br. (Papaveraceae), triggers RIPK1/caspase-
dependent cell death in pancreatic cancer cells through the 
disruption of oxaloacetic acid metabolism and accumulation of 
reactive oxygen species. Phytomedicine 102:154164. https://​doi.​
org/​10.​1016/j.​phymed.​2022.​154164

Manickasamy MK, Kumar A, BharathwajChetty B, Alqahtani MS, 
Abbas M, Alqahtani A, Unnikrishnan J, Bishayee A, Sethi G, 
Kunnumakkara AB (2024) Synergistic enhancement: exploring 
the potential of piperine in cancer therapeutics through chemo-
sensitization and combination therapies. Life Sci 354:122943. 
https://​doi.​org/​10.​1016/j.​lfs.​2024.​122943

Mariani F, Sena P, Roncucci L (2014) Inflammatory pathways in the 
early steps of colorectal cancer development. World J Gastroen-
terol 20:9716–9731. https://​doi.​org/​10.​3748/​wjg.​v20.​i29.​9716

Mert-Ozupek N, Calibasi-Kocal G, Olgun N, Basbinar Y, Cavas L, 
Ellidokuz H (2022) An efficient and quick analytical method 
for the quantification of an algal alkaloid caulerpin showed in-
vitro anticancer activity against colorectal cancer. Mar Drugs 
20(12):757. https://​doi.​org/​10.​3390/​md201​20757

Mishra A, Punia JK, Bladen C, Zamponi GW, Goel RK (2015) Anti-
convulsant mechanisms of piperine, a piperidine alkaloid. Chan-
nels (Austin) 9(5):317–323. https://​doi.​org/​10.​1080/​19336​950.​
2015.​10928​36

Mishra D, Mishra A, Rai SN, Singh SK, Vamanu E, Singh MP (2023) 
In silico insight to identify potential inhibitors of BUB1B 
from mushroom bioactive compounds to prevent breast cancer 

metastasis. Front Biosci 28:151. https://​doi.​org/​10.​31083/j.​fbl28​
07151

Mitra S, Anand U, Jha NK, Shekhawat MS, Saha SC, Nongdam P, 
Rengasamy KRR, Proćków J, Dey A (2022) Anticancer appli-
cations and pharmacological properties of piperidine and pip-
erine: a comprehensive review on molecular mechanisms and 
therapeutic perspectives. Front Pharmacol 12:772418. https://​
doi.​org/​10.​3389/​fphar.​2021.​772418

Mohammadian M, Rostamzadeh Khameneh Z, Emamgholizadeh 
Minaei S, Ebrahimifar M, Esgandari K (2022) Regulatory 
effects of apatinib in combination with piperine on MDM-2 
gene expression, glutathione peroxidase activity, and nitric 
oxide level as mechanisms of cytotoxicity in colorectal can-
cer cells. Adv Pharm Bull 12(2):404–409. https://​doi.​org/​10.​
34172/​apb.​2022.​040

National Center for Biotechnology Information (NCBI) (2025) 
PubChem Compound Summary for CID 638024, Piperine. Avail-
able from: https://​pubch​em.​ncbi.​nlm.​nih.​gov/​compo​und/​Piper​ine 
Accessed 27 Jan 2025).

Nguyen TT, Lian S, Ung TT, Xia Y, Han JY, Jung YD (2017) Lithocholic 
acid stimulates IL-8 expression in human colorectal cancer cells via 
activation of Erk1/2 MAPK and suppression of STAT3 activity. J 
Cell Biochem 118:2958–2967. https://​doi.​org/​10.​1002/​jcb.​25955

Nie F, Sun X, Sun J, Zhang J, Wang Y (2025) Epithelial–mesenchymal 
transition in colorectal cancer metastasis and progression: molec-
ular mechanisms and therapeutic strategies. Cell Death Discov 
11:336. https://​doi.​org/​10.​1038/​s41420-​025-​02593-8

Noe O, Filipiak L, Royfman R, Campbell A, Lin L, Hamouda D, Stan-
bery L, Nemunaitis J (2021) Adenomatous polyposis coli in can-
cer and therapeutic implications. Oncol Rev 15:534. https://​doi.​
org/​10.​4081/​oncol.​2021.​534

Noulala CGT, Fotso GW, Rennert R, Lenta BN, Sewald N, Arnold N 
et al (2020) Mesomeric form of quaternary indoloquinazoline 
alkaloid and other constituents from the Cameroonian Rutaceae 
Araliopsis soyauxii Engl. Biochem Syst Ecol 91:104050. https://​
doi.​org/​10.​1016/j.​bse.​2020.​104050

Noulala CGT, Ouete JLN, Atangana AF, Mbahbou GTB, Fotso GW, 
Stammler HG et al (2022) Soyauxinine, a new indolopyrido-
quinazoline alkaloid from the stem bark of Araliopsis soyauxii 
Engl. (Rutaceae). Molecules 27(3):1104. https://​doi.​org/​10.​3390/​
molec​ules2​70311​04

Olofinsan K, Abrahamse H, George BP (2023) Therapeutic role of 
alkaloids and alkaloid derivatives in cancer management. Mol-
ecules 28(14):5578. https://​doi.​org/​10.​3390/​molec​ules2​81455​78

Ouyang DY, Zeng LH, Pan H, Xu LH, Wang Y, Liu KP et al (2013) 
Piperine inhibits the proliferation of human prostate cancer cells 
via induction of cell cycle arrest and autophagy. Food Chem 
Toxicol 60:424–430. https://​doi.​org/​10.​1016/j.​fct.​2013.​08.​007

Paarakh PM, Sreeram DC, D SS, Ganapathy SP (2015) In vitro cyto-
toxic and in silico activity of piperine isolated from Piper nigrum 
fruits Linn. In Silico Pharmacol 3(1):9. https://​doi.​org/​10.​1186/​
s40203-​015-​0013-2

Parthasarathy VA, Chempakam B, Zachariah TJ (2008) Chemistry of 
spices. Chem Spices. https://​doi.​org/​10.​1079/​97818​45934​057.​0021

Piyachaturawat P, Glinsukon T, Toskulkao C (1983) Acute and subacute 
toxicity of piperine in mice, rats, and hamsters. Toxicol Lett 16(3–
4):351–359. https://​doi.​org/​10.​1016/​0378-​4274(83)​90198-4

Pradeepa BR, Vijayakumar TM, Manikandan K, Kammala AK (2023) 
Cytochrome P450-mediated alterations in clinical pharmacoki-
netic parameters of conventional drugs coadministered with 
piperine: a systematic review and meta-analysis. J Herb Med 
41:100713. https://​doi.​org/​10.​1016/j.​hermed.​2023.​100713

Prajapati C, Rai SN, Singh AK, Chopade BA, Singh Y, Singh SK, Haque 
S, Prieto MA, Ashraf GM (2025) An update of fungal endophyte 
diversity and strategies for augmenting therapeutic potential of their 

https://doi.org/10.3390/antiox10050743
https://doi.org/10.3390/ijms25063178
https://doi.org/10.3389/fcell.2024.1507621
https://doi.org/10.3389/fcell.2024.1507621
https://doi.org/10.3390/antiox11030530
https://doi.org/10.3390/antiox11030530
https://doi.org/10.1038/s41392-024-01953-7
https://doi.org/10.1002/ijc.22599
https://doi.org/10.1016/j.jchromb.2011.08.018
https://doi.org/10.1016/j.jchromb.2013.03.021
https://doi.org/10.1254/jphs.14013fp
https://doi.org/10.1016/j.phymed.2022.154164
https://doi.org/10.1016/j.phymed.2022.154164
https://doi.org/10.1016/j.lfs.2024.122943
https://doi.org/10.3748/wjg.v20.i29.9716
https://doi.org/10.3390/md20120757
https://doi.org/10.1080/19336950.2015.1092836
https://doi.org/10.1080/19336950.2015.1092836
https://doi.org/10.31083/j.fbl2807151
https://doi.org/10.31083/j.fbl2807151
https://doi.org/10.3389/fphar.2021.772418
https://doi.org/10.3389/fphar.2021.772418
https://doi.org/10.34172/apb.2022.040
https://doi.org/10.34172/apb.2022.040
https://pubchem.ncbi.nlm.nih.gov/compound/Piperine
https://doi.org/10.1002/jcb.25955
https://doi.org/10.1038/s41420-025-02593-8
https://doi.org/10.4081/oncol.2021.534
https://doi.org/10.4081/oncol.2021.534
https://doi.org/10.1016/j.bse.2020.104050
https://doi.org/10.1016/j.bse.2020.104050
https://doi.org/10.3390/molecules27031104
https://doi.org/10.3390/molecules27031104
https://doi.org/10.3390/molecules28145578
https://doi.org/10.1016/j.fct.2013.08.007
https://doi.org/10.1186/s40203-015-0013-2
https://doi.org/10.1186/s40203-015-0013-2
https://doi.org/10.1079/9781845934057.0021
https://doi.org/10.1016/0378-4274(83)90198-4
https://doi.org/10.1016/j.hermed.2023.100713


3 Biotech (2025) 15:403	 Page 27 of 29  403

potent metabolites: recent advancement. Appl Biochem Biotechnol 
197:2799–2866. https://​doi.​org/​10.​1007/​s12010-​024-​05098-9

Prakash N (2023) Evaluation of piperine analogs against prostate 
cancer targeting AKT1 kinase domain through network phar-
macological analysis. In Silico Pharmacol 11:1. https://​doi.​org/​
10.​1007/​s40203-​023-​00145-5

Quijia CR, Araujo VH, Chorilli M (2021) Piperine: chemical, 
biological, and nanotechnological applications. Acta Pharm 
71(2):185–213. https://​doi.​org/​10.​2478/​acph-​2021-​0015

Raghunath I, Koland M, Sarathchandran C, Saoji S, Rarokar N 
(2024) Design and optimization of chitosan-coated solid lipid 
nanoparticles containing insulin for improved intestinal per-
meability using piperine. Int J Biol Macromol 280:135849. 
https://​doi.​org/​10.​1016/j.​ijbio​mac.​2024.​135849

Rehman MU, Rashid S, Arafah A, Qamar W, Alsaffar RM, Ahmad 
A et al (2020) Piperine regulates Nrf-2/Keap-1 signaling and 
exhibits anticancer effect in experimental colon carcinogenesis 
in Wistar rats. Biology (Basel) 9(9):302. https://​doi.​org/​10.​
3390/​biolo​gy909​0302

Ren T, Wang Q, Li C, Yang M, Zuo Z (2018) Efficient brain uptake 
of piperine and its pharmacokinetics characterization after oral 
administration. Xenobiotica 48(12):1249–1257. https://​doi.​org/​
10.​1080/​00498​254.​2017.​14052​93

Ren T, Hu M, Cheng Y, Shek TL, Xiao M, Ho NJ et  al (2019) 
Piperine-loaded nanoparticles with enhanced dissolution 
and oral bioavailability for epilepsy control. Eur J Pharm Sci 
137:104988. https://​doi.​org/​10.​1016/j.​ejps.​2019.​104988

Rodrigues FC, Anil Kumar NV, Thakur G (2019) Developments in 
the anticancer activity of structurally modified curcumin: an 
up-to-date review. Eur J Med Chem 177:76–104. https://​doi.​
org/​10.​1016/j.​ejmech.​2019.​04.​058

Rodrigues FC, Hari G, Pai KSR, Suresh A, Nayak UY, Anilkumar 
NV et  al (2021a) Molecular modeling piloted analysis for 
semicarbazone derivative of curcumin as a potent Abl-kinase 
inhibitor targeting colon cancer. 3 Biotech 11(12):506. https://​
doi.​org/​10.​1007/​s13205-​021-​03051-9

Rodrigues FC, Kumar NVA, Hari G et al (2021b) The inhibitory 
potency of isoxazole-curcumin analogue for the management 
of breast cancer: a comparative in vitro and molecular mod-
eling investigation. Chem Pap 75:5995–6008. https://​doi.​org/​
10.​1007/​s11696-​021-​01775-9

Rohloff J, Husøy T, Bruzell E, Granum B, Hetland R, Wicklund T, 
Steffensen I-L (2018) Risk assessment of “other substances”—
piperine. Eur J Nutr Food Safety 8:4. https://​doi.​org/​10.​9734/​
ejnfs/​2018/​42116

Salehi B, Zakaria ZA, Gyawali R, Ibrahim SA, Rajkovic J, Shinwari 
ZK et al (2019) Piper species: a comprehensive review on their 
phytochemistry, biological activities, and applications. Mol-
ecules 24(7):1364. https://​doi.​org/​10.​3390/​molec​ules2​40713​64

Samuel M, Oliver SV, Coetzee M, Brooke BD (2016) The larvicidal 
effects of black pepper (Piper nigrum L.) and piperine against 
insecticide-resistant and susceptible strains of Anopheles 
malaria vector mosquitoes. Parasit Vectors 9:238. https://​doi.​
org/​10.​1186/​s13071-​016-​1521-6

Satyavarapu EM, Sinha PK, Mandal C (2020) Influence of geograph-
ical and seasonal variations on carbazole alkaloids distribution 
in Murraya koenigii: Deciding factor of its in vitro and in vivo 
efficacies against cancer cells. Biomed Res Int 2020:7821913. 
https://​doi.​org/​10.​1155/​2020/​78219​13

Schirrmacher V (2019) From chemotherapy to biological therapy: a 
review of novel concepts to reduce the side effects of systemic 
cancer treatment. Int J Oncol 54(2):407–419. https://​doi.​org/​
10.​3892/​ijo.​2018.​4661

Shaheer K, Somashekarappa HM, Lakshmanan MD (2020) Piper-
ine sensitizes radiation-resistant cancer cells toward radiation 

and promotes the intrinsic pathway of apoptosis. J Food Sci 
85(11):4070–4079. https://​doi.​org/​10.​1111/​1750-​3841.​15496

Shang Z, Cai W, Cao Y, Wang F, Wang Z, Lu J et al (2017) An inte-
grated strategy for rapid discovery and identification of the 
sequential piperine metabolites in rats using ultra high-perfor-
mance liquid chromatography/high-resolution mass spectrom-
etry. J Pharm Biomed Anal 146:387–401. https://​doi.​org/​10.​
1016/j.​jpba.​2017.​09.​012

Shao YM, Wu Y (2021) Inhibitory effects of piperine on proliferation, 
migration, and invasion of human colon cancer SW480 cells. 
World Chin J Dig 29(12):639–646. https://​doi.​org/​10.​11569/​
wcjd.​v29.​i12.​639

Slika L, Moubarak A, Borjac J, Baydoun E, Patra D (2020) Preparation 
of curcumin-poly (allyl amine) hydrochloride-based nanocap-
sules: Piperine in nanocapsules accelerates encapsulation and 
release of curcumin and effectiveness against colon cancer cells. 
Mater Sci Eng C Mater Biol Appl 109:110550. https://​doi.​org/​
10.​1016/j.​msec.​2019.​110550

Song L, Wang Y, Zhen Y, Li D, He X, Yang H et al (2020) Piperine 
inhibits colorectal cancer migration and invasion by regulat-
ing STAT3/snail-mediated epithelial–mesenchymal transition. 
Biotechnol Lett 42(10):2049–2058. https://​doi.​org/​10.​1007/​
s10529-​020-​02923-z

Srivastava S, Dewangan J, Mishra S, Divakar A, Chaturvedi S, 
Wahajuddin M et al (2021) Piperine and celecoxib synergisti-
cally inhibit colon cancer cell proliferation by modulating Wnt/β-
catenin signaling pathway. Phytomedicine 84:153484. https://​doi.​
org/​10.​1016/j.​phymed.​2021.​153484

Stasiłowicz A, Rosiak N, Tykarska E, Kozak M, Jenczyk J, Szulc 
P et al (2021) Combinations of piperine with hydroxypropyl-
β-cyclodextrin as a multifunctional system. Int J Mol Sci 
22(8):4195. https://​doi.​org/​10.​3390/​ijms2​20841​95

Still PC, Yi B, González-Cestari TF, Pan L, Pavlovicz RE, Chai HB 
et al (2013) Alkaloids from Microcos paniculata with cyto-
toxic and nicotinic receptor antagonistic activities. J Nat Prod 
76(2):243–249. https://​doi.​org/​10.​1021/​np300​7414

Sun GC, Chen HH, Liang WZ, Jan CR (2019) Exploration of the effect 
of the alkaloid colchicine on Ca2⁺ handling and its related physi-
ology in human oral cancer cells. Arch Oral Biol 102:179–185. 
https://​doi.​org/​10.​1016/j.​archo​ralbio.​2019.​04.​017

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal 
A et al (2021) Global cancer statistics 2020: GLOBOCAN esti-
mates of incidence and mortality worldwide for 36 cancers in 
185 countries. CA Cancer J Clin 71(3):209–249. https://​doi.​org/​
10.​3322/​caac.​21660

Suresh D, Srinivasan K (2007) Studies on the in vitro absorption of 
spice principles—Curcumin, capsaicin, and piperine in rat intes-
tines. Food Chem Toxicol 45(8):1437–1442. https://​doi.​org/​10.​
1016/j.​fct.​2007.​02.​002

Suresh D, Srinivasan K (2010) Tissue distribution and elimination of 
capsaicin, piperine, and curcumin following oral intake in rats. 
Indian J Med Res 131:682–691

Syed SB, Arya H, Fu IH, Yeh TK, Periyasamy L, Hsieh HP, Coumar 
MS (2017) Targeting P-glycoprotein: investigation of piper-
ine analogs for overcoming drug resistance in cancer. Sci Rep 
7:7972. https://​doi.​org/​10.​1038/​s41598-​017-​08062-2

Tak JK, Lee JH, Park JW (2012) Resveratrol and piperine enhance 
radiosensitivity of tumor cells. BMB Rep 45(4):242–246. https://​
doi.​org/​10.​5483/​bmbrep.​2012.​45.4.​242

Tawani A, Amanullah A, Mishra A et al (2016) Evidences for piper-
ine inhibiting cancer by targeting human G-quadruplex DNA 
sequences. Sci Rep 6:39239. https://​doi.​org/​10.​1038/​srep3​9239

Thiel A, Buskens C, Woehrle T, Etheve S, Schoenmakers A, Fehr M 
et al (2014) Black pepper constituent piperine: genotoxicity stud-
ies in vitro and in vivo. Food Chem Toxicol 66:350–357. https://​
doi.​org/​10.​1016/j.​fct.​2014.​01.​056

https://doi.org/10.1007/s12010-024-05098-9
https://doi.org/10.1007/s40203-023-00145-5
https://doi.org/10.1007/s40203-023-00145-5
https://doi.org/10.2478/acph-2021-0015
https://doi.org/10.1016/j.ijbiomac.2024.135849
https://doi.org/10.3390/biology9090302
https://doi.org/10.3390/biology9090302
https://doi.org/10.1080/00498254.2017.1405293
https://doi.org/10.1080/00498254.2017.1405293
https://doi.org/10.1016/j.ejps.2019.104988
https://doi.org/10.1016/j.ejmech.2019.04.058
https://doi.org/10.1016/j.ejmech.2019.04.058
https://doi.org/10.1007/s13205-021-03051-9
https://doi.org/10.1007/s13205-021-03051-9
https://doi.org/10.1007/s11696-021-01775-9
https://doi.org/10.1007/s11696-021-01775-9
https://doi.org/10.9734/ejnfs/2018/42116
https://doi.org/10.9734/ejnfs/2018/42116
https://doi.org/10.3390/molecules24071364
https://doi.org/10.1186/s13071-016-1521-6
https://doi.org/10.1186/s13071-016-1521-6
https://doi.org/10.1155/2020/7821913
https://doi.org/10.3892/ijo.2018.4661
https://doi.org/10.3892/ijo.2018.4661
https://doi.org/10.1111/1750-3841.15496
https://doi.org/10.1016/j.jpba.2017.09.012
https://doi.org/10.1016/j.jpba.2017.09.012
https://doi.org/10.11569/wcjd.v29.i12.639
https://doi.org/10.11569/wcjd.v29.i12.639
https://doi.org/10.1016/j.msec.2019.110550
https://doi.org/10.1016/j.msec.2019.110550
https://doi.org/10.1007/s10529-020-02923-z
https://doi.org/10.1007/s10529-020-02923-z
https://doi.org/10.1016/j.phymed.2021.153484
https://doi.org/10.1016/j.phymed.2021.153484
https://doi.org/10.3390/ijms22084195
https://doi.org/10.1021/np3007414
https://doi.org/10.1016/j.archoralbio.2019.04.017
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1016/j.fct.2007.02.002
https://doi.org/10.1016/j.fct.2007.02.002
https://doi.org/10.1038/s41598-017-08062-2
https://doi.org/10.5483/bmbrep.2012.45.4.242
https://doi.org/10.5483/bmbrep.2012.45.4.242
https://doi.org/10.1038/srep39239
https://doi.org/10.1016/j.fct.2014.01.056
https://doi.org/10.1016/j.fct.2014.01.056


	 3 Biotech (2025) 15:403403  Page 28 of 29

Tiwari A, Mahadik KR, Gabhe SY (2020) Piperine: a comprehensive 
review of methods of isolation, purification, and biological prop-
erties. Med Drug Discov 7:100027. https://​doi.​org/​10.​1016/j.​
medidd.​2020.​100027

Tosun F, Mıhoğlugil F, Beutler JA, Eroğlu Özkan E, Miski M (2020) 
Neopapillarine, an unusual coumarino-alkaloid from the root 
extract of Neocryptodiscus papillaris with cytotoxic activity on 
renal cancer cells. Molecules 25(13):3040. https://​doi.​org/​10.​
3390/​molec​ules2​51330​40

Tripathi AK, Ray AK, Mishra SK (2022) Molecular and pharmaco-
logical aspects of piperine as a potential molecule for disease 
prevention and management: evidence from clinical trials. 
Beni-Suef Univ J Basic Appl Sci 11:16. https://​doi.​org/​10.​1186/​
s43088-​022-​00196-1

Turner MW, Cruz R, Mattos J, Baughman N, Elwell J, Fothergill J 
et al (2016) Cyclopamine bioactivity by extraction method from 
Veratrum californicum. Bioorg Med Chem 24(16):3752–3757. 
https://​doi.​org/​10.​1016/j.​bmc.​2016.​06.​017

Vijayakumar RS, Surya D, Nalini N (2004) Antioxidant efficacy of 
black pepper (Piper nigrum L.) and piperine in rats with high-fat 
diet-induced oxidative stress. Redox Rep 9(2):105–110. https://​
doi.​org/​10.​1179/​13510​00042​25004​742

Wang ZW, Liu H, Ye GT, Sheng ZY, Hu YF, Tan YF et al (2020) 
Crebanine n-oxide, a natural aporphine alkaloid isolated from 
Stephania hainanensis, induces apoptosis and autophagy in 
human gastric cancer SGC-7901 cells. Asian Pac J Trop Biomed 
10(5):224–231. https://​doi.​org/​10.​4103/​2221-​1691.​281466

Wang M, Liu X, Chen T, Cheng X, Xiao H, Meng X et al (2022) Inhibi-
tion and potential treatment of colorectal cancer by natural com-
pounds via various signaling pathways. Front Oncol 12:956793. 
https://​doi.​org/​10.​3389/​fonc.​2022.​956793

Wang-Sheng C, Jie A, Jian-Jun L, Lan H, Zeng-Bao X, Chang-Qing 
L (2017) Piperine attenuates lipopolysaccharide (LPS)-induced 
inflammatory responses in BV2 microglia. Int Immunopharmacol 
42:44–48. https://​doi.​org/​10.​1016/j.​intimp.​2016.​11.​001

Wei J, Zhang J, Wang D, Cen B, Lang JD, DuBois RN (2022) The 
COX-2-PGE2 pathway promotes tumor evasion in colorectal 
adenomas. Cancer Prev Res 15:285–296. https://​doi.​org/​10.​1158/​
1940-​6207.​CAPR-​21-​0572

Wu C, Qian Y, Jiang J, Li D, Feng L (2025) Piperine inhibits the prolif-
eration of colorectal adenocarcinoma by regulating ARL3-medi-
ated endoplasmic reticulum stress. Biomol Biomed 25(2):391–
405. https://​doi.​org/​10.​17305/​bb.​2024.​10525

Xia J, Guo P, Yang J, Zhang T, Pan K, Wei H (2024) Piperine induces 
autophagy of colon cancer cells: dual modulation of AKT/mTOR 
signaling pathway and ROS production. Biochem Biophys Res Com-
mun 728:150340. https://​doi.​org/​10.​1016/j.​bbrc.​2024.​150340

Xie H, Zhang T, Yang N, Li Z, Liu Y (2020) Anticancer effects of 
mahanimbine alkaloid on human bladder cancer cells are due 
to the induction of G0/G1 cell cycle arrest, apoptosis, and 
autophagy. J BUON 25(2):1166–1171

Yaffe PB, Doucette CD, Walsh M, Hoskin DW (2013) Piperine 
impairs cell cycle progression and causes reactive oxygen spe-
cies-dependent apoptosis in rectal cancer cells. Exp Mol Pathol 
94(1):109–114. https://​doi.​org/​10.​1016/j.​yexmp.​2012.​10.​008

Yaffe PB, Power Coombs MR, Doucette CD, Walsh M, Hoskin DW 
(2015) Piperine, an alkaloid from black pepper, inhibits growth 
of human colon cancer cells via G1 arrest and apoptosis triggered 
by endoplasmic reticulum stress. Mol Carcinog 54(10):1070–
1085. https://​doi.​org/​10.​1002/​mc.​22176

Yakubu J, Natsaridis E, du Toit T, Barata IS, Tagit O, Pandey AV 
(2025) Nanoparticles with curcumin and piperine modulate ster-
oid biosynthesis in prostate cancer. Sci Rep 15:13613. https://​doi.​
org/​10.​1038/​s41598-​025-​98102-z

Yan S, Chang J, Hao X, Liu J, Tan X, Geng Z, Wang Z (2022) Berber-
ine regulates short-chain fatty acid metabolism and alleviates the 
colitis-associated colorectal tumorigenesis through remodeling 
intestinal flora. Phytomedicine 102:154217. https://​doi.​org/​10.​
1016/j.​phymed.​2022.​154217

Yang L, Yu X (2021) Naturally occurring girinimbine alkaloid inhibits 
the proliferation, migration, and invasion of human breast cancer 
cells via induction of apoptosis and inhibition of MEK/ERK and 
STAT3 signaling pathways. Acta Biochim Pol 68(4):647–652. 
https://​doi.​org/​10.​18388/​abp.​2020_​5531

Yeggoni DP, Rachamallu A, Kallubai M, Subramanyam R (2015) Cytotox-
icity and comparative binding mechanism of piperine with human 
serum albumin and α-1-acid glycoprotein. J Biomol Struct Dyn 
33(6):1336–1351. https://​doi.​org/​10.​1080/​07391​102.​2014.​947326

Yüksel B, Hızlı Deniz AA, Şahin F, Sahin K, Türkel N (2023) Cannabinoid 
compounds in combination with curcumin and piperine display an 
anti-tumorigenic effect against colon cancer cells. Front Pharmacol 
14:1145666. https://​doi.​org/​10.​3389/​fphar.​2023.​11456​66

Zarai Z, Boujelbene E, Ben Salem N, Gargouri Y, Sayari A (2013) Anti-
oxidant and antimicrobial activities of various solvent extracts, pip-
erine, and piperic acid from Piper nigrum. LWT Food Sci Technol 
50(2):634–641. https://​doi.​org/​10.​1016/j.​lwt.​2012.​07.​036

Zare Z, Nayerpour Dizaj T, Lohrasbi A, Sheikhalishahi ZS, Panji M, 
Hosseinabadi F et al (2021) The effect of piperine on MMP-9, 
VEGF, and E-cadherin expression in breast cancer MCF-7 cell 
line. Basic Clin Cancer Res 12(3):112–119

Zhang W, Zheng Q, Song M, Xiao J, Cao Y, Huang Q et al (2021) A 
review on the bioavailability, bioefficacies, and novel delivery 
systems for piperine. Food Funct 12(19):8867–8881. https://​doi.​
org/​10.​1039/​d1fo0​1971f

Zhang H, Shangguan F, Zhang L, Ma N, Song S, Ma L et al (2023) 
A novel mechanism of 6-methoxydihydroavicine in suppress-
ing ovarian carcinoma by disrupting mitochondrial homeostasis 
and triggering ROS/MAPK-mediated apoptosis. Front Pharmacol 
14:1093650. https://​doi.​org/​10.​3389/​fphar.​2023.​10936​50

Ziegenhagen R, Heimberg K, Lampen A, Hirsch-Ernst KI (2021) 
Safety aspects of the use of isolated piperine ingested as a bolus. 
Foods 10:2121. https://​doi.​org/​10.​3390/​foods​10092​121

Zulpa AK, Muttiah B, Vellasamy KM, Mariappan V, Vadivelu J (2023) 
Dentatin triggers ROS-mediated apoptosis, G0/G1 cell cycle arrest, 
and release of Th1-related cytokines in colorectal carcinoma cells. J 
Taibah Univ Sci. https://​doi.​org/​10.​1080/​16583​655.​2023.​21942​31

Authors and Affiliations

Chinthana Chidananda1 · Goutam Thakur1   · Deepanjan Datta2 · Ketul Popat3

 *	 Goutam Thakur 
	 goutam.thakur@manipal.edu

	 Chinthana Chidananda 
	 chinthana.mitmpl2023@learner.manipal.edu

	 Deepanjan Datta 
	 deepanjan.datta@manipal.edu

	 Ketul Popat 
	 kpopat@gmu.edu

https://doi.org/10.1016/j.medidd.2020.100027
https://doi.org/10.1016/j.medidd.2020.100027
https://doi.org/10.3390/molecules25133040
https://doi.org/10.3390/molecules25133040
https://doi.org/10.1186/s43088-022-00196-1
https://doi.org/10.1186/s43088-022-00196-1
https://doi.org/10.1016/j.bmc.2016.06.017
https://doi.org/10.1179/135100004225004742
https://doi.org/10.1179/135100004225004742
https://doi.org/10.4103/2221-1691.281466
https://doi.org/10.3389/fonc.2022.956793
https://doi.org/10.1016/j.intimp.2016.11.001
https://doi.org/10.1158/1940-6207.CAPR-21-0572
https://doi.org/10.1158/1940-6207.CAPR-21-0572
https://doi.org/10.17305/bb.2024.10525
https://doi.org/10.1016/j.bbrc.2024.150340
https://doi.org/10.1016/j.yexmp.2012.10.008
https://doi.org/10.1002/mc.22176
https://doi.org/10.1038/s41598-025-98102-z
https://doi.org/10.1038/s41598-025-98102-z
https://doi.org/10.1016/j.phymed.2022.154217
https://doi.org/10.1016/j.phymed.2022.154217
https://doi.org/10.18388/abp.2020_5531
https://doi.org/10.1080/07391102.2014.947326
https://doi.org/10.3389/fphar.2023.1145666
https://doi.org/10.1016/j.lwt.2012.07.036
https://doi.org/10.1039/d1fo01971f
https://doi.org/10.1039/d1fo01971f
https://doi.org/10.3389/fphar.2023.1093650
https://doi.org/10.3390/foods10092121
https://doi.org/10.1080/16583655.2023.2194231
http://orcid.org/0000-0002-1449-9581


3 Biotech (2025) 15:403	 Page 29 of 29  403

1	 Department of Biomedical Engineering, Manipal Institute 
of Technology, Manipal Academy of Higher Education, 
Manipal, Udupi, Karnataka 576104, India

2	 Department of Pharmaceutics, Manipal College 
of Pharmaceutical Sciences, Manipal Academy of Higher 
Education, Manipal, Udupi, Karnataka 576104, India

3	 Department of Bioengineering, College of Engineering 
and Computing, George Mason University, Fairfax, 
VA 22030, USA


	A comprehensive review of alkaloids in cancer therapy: focusing on molecular mechanisms and synergistic potential of piperine in colorectal cancer
	Abstract
	Introduction
	Anticancer potential of alkaloids from plant sources
	Piperine: piperidine alkaloid
	Physicochemical properties, pharmacokinetic profiles and molecular docking insights of piperine
	Absorption
	Distribution
	Metabolism
	Excretion
	Bioavailability
	Toxicity
	Molecular docking insights into piperine
	Therapeutic potential of piperine

	Anticancer mechanisms of piperine
	Role of piperine in colorectal cancer (CRC)
	Molecular mechanisms of piperine in the treatment of CRC​
	Induction of apoptosis
	Oncogenic pathway inhibition
	Inflammatory and stress response modulation

	Potential of piperine in combinatorial therapies
	Conventional therapies
	With other natural compounds


	Comparison of the roles of piperine with those of other alkaloids
	Strategies to improve the therapeutic efficacy of piperine
	Conclusion and future perspectives
	Acknowledgements 
	References




