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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
(CRCQ). Preclinical studies indicate that piperine induces apoptosis through mitochondrial and reactive oxygen species
(ROS)-mediated mechanisms, arrests the cell cycle at the Gy/G, and S phases, and suppresses oncogenic signaling pathways,
such as Wnt/p-catenin, STAT3/Snail-EMT, and PI3K/Akt/mTOR pathways. Furthermore, it modulates inflammatory and
oxidative stress responses by inhibiting NF-kB 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

Extended author information available on the last page of the article

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
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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; Dretcanu 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,
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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
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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
C,;,H,oNO; (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-xB
(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/f-
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).

ielue cllal ayao .
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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 C;;H,yNO;. While it has remarkable medicinal proper-
ties, it is insoluble in aqueous buffers at 18 °C (approxi-
mately 40 mg/1). 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; Stasitowicz 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™') 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 (T,,) 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



3 Biotech (2025) 15:403

Page90f29 403

Table 2 Physicochemical properties of piperine

Physico-chemical properties Description/value

References

Molecular formula C17HisNOs
IUPAC name

Molecular structure

Molecular weight 285.343 g/mol

(2E,4E)-5-(1,3-benzodioxol-5-yl)-1-PIPeridin-1yl-penta-2,4-dien-1-one

YYD

(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 55°C (Arnall 1920)
Binding affinity (AG) Human Serum Albumin (HSA): — 7.8 kcal/mol (Ren et al. 2018;
a-1-Acid Glycoprotein (AGP): — 6.71 kcal/mol Yeggoni et al.
Brain Tissue Binding: 98.4%-98.5% 2015)
Plasma protein (96.2-97.8%)
Brain-to-Plasma AUC Ratio: 0.95-1.10
Density 1.193 g/cm? (Arora et al. 2023)
Appearance Yellow crystalline compound
Stability Stable to thermal, neutral and photolytic stress condition
Half life Less than 1.5 h

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 (¢,,,) 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

at, 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).
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Table 3 LDj, values based on
the route of administration

Mode of administration LDy, in mg/kg body  References
weight
Intravenous administration in adult 15.1 (Piyachaturawat et al. 1983; Zhang et al. 2021)
mice
Oral administration in mice 330
Oral administration in rats 514

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 LDs 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).
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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™!, 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
ICs, values of 19.73 +£0.25 uM at 72 h, 46.3 +0.26 uM at
48 h, and 84.5+0.5 uM 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).
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Fig.2 Schematic illustration of Piperine with therapeutic interven-
tions. This image was created under a Creative Commons license
using BioRender

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-a, IL-6, and IL-1p; 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
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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/f-
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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 G, and G,/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/p-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.
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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 Gy/G, 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
(TROS), suppresses pro-inflammatory (NF-kB, IL-8) and proliferative
signals (Wnt/p-catenin, STAT3/Snail), and activates Nrf2-mediated

Fig.5 Apoptosis Induction by
Piperine in CRC Cells. The
figure demonstrates piperine-
induced apoptosis in colorectal
cancer (CRC) cells through four

antioxidant response by disrupting Keap! binding. These actions col-
lectively lead to increased caspase activation and apoptosis, while
inhibiting cell migration, invasion, and tumor progression
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Fig.6 Oncogenic Pathway

Inhibition by Piperine in

CRC Cells. Piperine inhibits

oncogenic pathways through

the targeting of Wnt/p-catenin

and STAT3/Snail signaling. ——
It impedes p-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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Oncogenic pathway inhibition

CRC is driven by various oncologic signaling pathways,
including the Wnt/B-catenin, RAS/RAF/MEK/ERK, trans-
forming growth factor-beta (TGF-f) circuits and signal
transducer and activator of transcription 3 (STAT3/Snail
pathway) (Li et al. 2024). The Wnt/B-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 B-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
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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/B-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 f-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/Keapl pathway; the
NF-xB and lithocholic acid (LCA)-induced Src/epidermal
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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-«xB), 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.

growth factor receptor (EGFR) signaling pathways; and the
JAK/STAT and COX2/PGE, pathways. These factors affect
tumor microenvironment, metabolism, and immune system
(Mariani et al. 2014; Wei et al. 2022; Li And Huang 2024).
The Nrf2/Keapl 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-kB 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-xB functions by increasing the levels of pro-inflam-
matory cytokines (e.g., TNF-a, IL-1f, and IL-6) and anti-
apoptotic proteins, contributing to a pro-tumorigenic micro-
environment. Its activation is associated with chemotherapy
resistance, making NF-kB a potential therapeutic target in
CRC (Bahrami et al. 2024). Additionally, pathogen-induced
activation of NF-kB (such as by Fusobacterium nucleatum)
can further drive CRC progression through inflammation
and cell invasion mechanisms (Galasso et al. 2025).
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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

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-kB 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
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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-xB through
Src/EGFR-mediated ROS signaling pathways. Piperine inhibited
LCA-induced IL-8 expression by suppressing the transcriptional
activity of AP-1 and NF-xB 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)

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
B-catenin degradation and Axin stabilization adversely regu-
late Wnt/B-catenin signaling molecules and simultaneously
halt the cell cycle at the G, 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 G,/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 (ERf), 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 MDM?2 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

Jaac cllod
:(JA}CQJSTJ;Lmlqu mw@ Springer



3 Biotech (2025) 15:403

403 Page 18 0f 29

(€20T T8 19 neamex])

(z10T T8 1@ 3BL)

(#00T "Te 10 12qure )

(020T T8 12 B1S)

(0z0T 'Te 10 1RI09)

(ZZ0T "Te 39 UBIpRUIIBYOIA))

(0T0T 'Te 10 193Yeys)

(120T 'Te 12 BAR)SBALIS)

(€20T T8 19 [9s3DK)

JI9JUBD UOJ0D Ul
surojoId passaIdXaIoA0 YIIm SUOTIORIAIUT
1191 uo 3ursnoog ‘eurradid pue ‘urdueres

‘UIWSOIP IA [-ADJ JO UoHBUIqUIOd

a1} JO 30942 onsISIouAs [enuajod pue
$1091J9 J1X0J0)K0 Q) PajeTIIseAur Apmis oy ],

S[190 10ued ur sisoydode Jo uononpur oYy

pue (SOY) seroads uagAxo 9A1IOBAI JO UON

-onpoid pasearour y3no1y) AJNADISUISOIPRI
JO JUSWIdOURYUS 9} PajeSnsoaur Apnjs oy,

JIsueI) [eunsajuronses jo

uonjeIo)[e PULR SOWOSOIONW [BUNSAUI [[eWS
£q DDDHH Jo uonepruomIN(s Jo uonIqryuy

uonIiqyur SON! pue 2-X0D
S[100 100Ued 9T T LDH
ym joeroyut suriadid pue urunoInd moy
puejsIopun 03 S[9AJ[ uoIssaIdxo ouad
¢-osedsed pue ‘sIsA[eue 9[0A9 [0 ‘yreop
1190 onojdode ‘oxeidn rern[[oo ‘Afiqera
[190 ‘A3oroydIow [[90 paurwrexa Apnjs Sy,
S[OAQ] 9PIXO
oiu pue ‘A1Anoe aseprxoirad suoryiein(3
‘uorssa1dxa aua3 Z-INJIA UO $101H
uorssaxdxs gyq Jur
-SBAIOUI pue 9salre /gD ‘Aemyied [erip
-uoyooyw Ay y3noayy sisoydode Juronpur
‘UoneIPEI 0} S[[99 JOJUBD SAZNISUAS durradid
(SOY) se1oads ua3Ax0 9A1OBAI JO UOTIRID
-uag pue ‘srsojdode jo uononpur ‘Kemyyed
SurTeudIS UTUSIBd-g/IUA\ JO UONIB[NPOJA!
spunodwod [enprarpur 0} paredwod s309jo
IooueonuE paroxdwr smoys (DG pue
dgD) SprouIqeuued Yim uoneuIquiod Y],
urwunoInd jo Aoeoyje onnaderay)
pue AJI[Iqe[TreArolq 2y sadueyud Auriadig

QuI[ [[99 J9OUBD UOJOD IQIM

SIUI [[99 19oued 9T LD PUe 014919

o1 -4 RN
[opour 201w
DYD padnpul-HINQ pue aulf [[95 ¢-09e])

QUI] [[99 J90UED [830210[00 91 | LOH

QUIT [[99 91 1-LOH

(U] [[99 195UEBD UO[0d UewWNyY) 6Z-LH
A[snoauenoqns paje[noour dIom

S99 (901 X §) LM '9TLD YoMy Ut 201
J/d 1V e[ewf J[NPY pue saul[ [[99 6Z-LH

SOUI [[99 6CLH PUe 91 .LOH

OIIA U

OI)IA U]

OATA U]

OAIA UI pUe OI)IA U]

onIA Uy

ONIA U]

ONIA U]

OAIA UI pUe OJ)IA U]

ONIA U]

urdueren
‘UTWISOL(] YIIM T-OUOUNABWRSLIUSJ

[O1)BIOASYY

are[es-¢-umyoeoo[esdg-(—)

urunoIn)

urunaIny

qunedy

uoneIpey

(dXD) qIx09913)

spunodwod prourqeuued pue urndIny)

SAOUAIYY

paajoaur skemyjed Sureusrg

pasn [apow aul| [[Qo/fewiuy  Apms [eorur(oaxd jo adAg,

aunadid yim Suore parpnis spunodwo)

sorderoy) uoneurquiod ut durradid Jo asn ay) uo SaIpn)s [eOIUIOAI] § d|qel

\

ol @ Springer

KACSTa,061lg roglel)

Pielase &



3 Biotech (2025) 15:403

Page 190f29 403

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 (Yiiksel 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 G,/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 o (TNF-a) 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 mTORCI1
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
mTORCI, 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 y-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/p-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 ICs( values are approximately
84.5 uM at 24 h and approximately 46.3 pM 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/B-catenin pathway. In metastatic Colo-741 cells,
colchicine treatment increased p-catenin and LGR-5 while
suppressing Wnt7a and activating caspase-3-mediated
apoptosis. However, the IC50 value of ~20 pg/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 G, phase arrest, and inhibited cell migration and
invasion, with ICs;, values decreasing from ~30 pM at 24 h
to~16 pM 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 ICy, values (0.56-0.65 pM),
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 pM 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.
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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-«xB/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 G,/G, cell cycle arrest and,
importantly, triggered the release of Thl-related cytokines,
such as IFN-y, IL-2, and TNF-a, suggesting dual roles
in both apoptosis and immunomodulation. With an IC50
of ~19 uM 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 Pipl and Pip2, have been engineered to potently
inhibit P-glycoprotein (P-gp), an efflux transporter impli-
cated in multidrug resistance in cancers. These analogs
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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 Aktl 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 autophagys;
suppress oncogenic signaling pathways, such as Wnt/f-
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/IT)
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.
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