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Abstract

Glioblastoma is an aggressive brain tumour with 5-year survival rates of just 6.8%, while neuroblastoma 
accounts for 15% of pediatric cancer deaths. Standard treatment options have limited effectiveness and 
lack specificity, resulting in severe adverse effects and diminished quality of life. Alternatively, natural 
health products, used in traditional medicines and safe for long-term consumption, may possess anti-
cancer activity. Specifically, whole extracts of Piper longum (LPE) and Camellia sinensis (STE) have 
demonstrated selective antineoplastic activity in cancer. This study investigates their potential as novel 
therapeutics for glioblastoma and neuroblastoma which may be used alongside standard treatments. 
We posit these extracts exhibit both selective standalone anti-cancer activity and interact positively 
with chemotherapeutics, targeting the bulk tumour and cancer stem cells. Indeed, in-vitro experiments 
demonstrated LPE- and STE-induced apoptosis in glioblastoma and neuroblastoma, mediated by 
oxidative stress and mitochondrial destabilization respectively. Importantly, our extracts did not impede 
chemotherapeutic efficacy in combination treatments. These findings indicate the potential of STE and 
LPE as safe and effective adjuvant therapeutics in both glioblastoma and neuroblastoma. Their use may 
enable reduced chemotherapy dosages, minimizing adverse effects and providing a promising avenue for 
preventing cancer relapse. Further investigation, including clinical studies, is warranted to validate these 
therapeutic benefits.
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Abbreviations: AV: Annexin V; BBB: Blood-Brain-Barrier; CSC: Cancer Stem Cell; DCF: 
2,7-Dichlorofluorescein; DMSO: Dimethyl Sulfoxide; GBM: Glioblastoma; GSC: Glial Cancer Stem Cell; 
JNK: Jun N-terminal Kinase; LPE: Long Pepper Extract; MMP: Mitochondrial Membrane Potential; NAC: 
N-Acetyl Cysteine; NB: Neuroblastoma; NHP: Natural Health Product; PBS: Phosphate-Buffered Saline; PI: 
Propidium Iodide; ROS: Reactive Oxygen Species; STE: Synthite Tea Extract; TBST: Tris-Buffered Saline, 
0.1% Tween 20 Detergent; TMRM: Tetramethylrhodamine, Methyl ester; TMZ: Temozolomide; WST: 
Water-Soluble Tetrazolium Salt
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Introduction
Neuroblastoma (NB) is responsible for 15% of pediatric cancer deaths as it remains a 

highly prevalent infancy cancer [1]. Despite recent therapeutic advancements in patients with 
high-risk NB, 5-year survival rates remain approximately 50% [2]. Furthermore, standard 
therapeutic options for NB have significant drawbacks including many adverse effects. One 
clinical study reported grade 3 or 4 hematologic effects in all patients as well as serious 
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infection or sepsis in 53% of patients receiving continuous cisplatin 
treatment, a standard chemotherapy used in the treatment of NB [3]. 
Thus, significant advancements in our current treatment strategies 
are required to improve prognosis, ameliorate the negative impacts 
of current therapies, and enhance long-term safety. Another cancer 
of the neural tissue, Glioblastoma (GBM), is the most prevalent 
primary brain tumour, accounting for 48.6% of malignant central 
nervous system tumours and 14.5% of all nervous system tumours 
[4]. Since GBM typically affects older individuals, with a median 
diagnosis of 64 years, prevalence rates are expected to increase 
with the growing and aging population [5,6].

Despite advancements in diagnostic imaging, the prognosis 
associated with GBM remains extremely poor with a 5-year survival 
rates around 5% [5,7]. As with most cancers, maximal surgical 
resection is the primary treatment option for all GBM patients, 
followed by combinations of chemotherapy and radiotherapy [8]. 
Radiation therapies are effective at inducing apoptosis in GBM 
tumours through significant DNA damage. However, the increased 
efficiency of DNA double-stranded break repair machinery in many 
tumours promotes the development of radiotherapy resistance 
[9]. Temozolomide (TMZ) is the standard chemotherapy utilized 
in GBM treatment, functioning as a DNA alkylating agent to induce 
apoptosis [10]. Similar to radiotherapy, TMZ is a genotoxic therapy 
and, therefore, poses significant risk due to the severity of DNA 
damage incurred on normal healthy cells [11]. Treatment resistance 
and the negative side-effects of these drugs support the notion that 
improved therapeutic options are necessary. A primary reason for 
poor survival rates in many cancers, including GBM, is the presence 
of Cancer Stem Cells (CSCs), a small subpopulation of carcinogenic 
cells with self-renewal capabilities [12]. 

Current anti-cancer treatments that do not explicitly target 
CSCs may shrink tumours without preventing tumour regrowth, 
leading to relapse. Specifically, treatment options in GBM are limited 
by the presence of self-renewing, Glial Cancer Stem Cells (GSCs) 
[12,13]. GSCs are responsible for several tumorigenic features 
including angiogenesis, apoptotic evasion, genomic instability, 
and uncontrolled cellular proliferation, promoting overall disease 
progression [14,15]. CSCs are often distinguished from other tumor 
cells through single and combinatory cell surface biomarkers. 
Commonly used as a GSC marker, CD44 isn’t strictly found in 
CSCs, but elevated expression levels in GBM are associated with 
enhanced tumour proliferation and invasiveness [16]. Adjuvant 
therapeutics alongside chemotherapy that can target these cells 
could reduce tumorigenesis associated with CSCs. Natural Health 
Products (NHPs) provide promise as a potentially effective and 
tolerable option for long-term cancer treatment. With many NHPs 
used in traditional Indian and Chinese medicines, and various 
chemotherapies including vinblastine and paclitaxel derived from 
plants, it is possible that other plant-derived extracts may possess 
anti-cancer activity with limited adverse effects [17-19]. 

Specifically, our lab has demonstrated the selective anti-cancer 
capabilities of NHPs including long pepper, white/green tea, 
dandelion root, lemongrass, and hibiscus in a variety of cancers 

[20-26]. Despite previous work demonstrating the anti-cancer 
activity of Piper longum (long pepper) on colon, ovarian, pancreatic, 
leukemia, and melanoma cancers, and Camellia sinensis (tea) on 
lymphoma and breast cancer, their specific effects both alone and 
combined with standard chemotherapeutics has not been analyzed 
in models of NB or GBM. Furthermore, their relapse-prevention 
potential by targeting CSCs has not been investigated. Long Pepper 
Extract (LPE) contains bioactive compounds including piperine 
and piperlongumine, which possess anti-cancer activity through 
the elevation of oxidative stress [27,28]. Green tea from the 
Camellia sinensis plant is known to contain polyphenols, including 
several types of catechins like epigallocatechin 3-gallate [29,30]. 
Contrary to LPE, this compound possesses strong antioxidative 
properties, but displays anti-cancer activity and can sensitize CSCs 
to chemotherapy [29-33]. 

Despite this knowledge, the effect of these whole extracts 
on cancers of the neural tissue, including NB and GBM, remains 
largely unknown. This project sought to investigate the anti-cancer 
capabilities of LPE and Synthite Tea Extract (STE), in NB and GBM 
models, including CD44-positive (CD44+) cells. Importantly, we 
investigated their interactions with standard chemotherapeutics 
to ensure their safety for clinical trials as an adjuvant therapy. We 
demonstrate the significant anti-cancer capabilities of ethanolic 
LPE and aqueous STE, inducing apoptosis in both NB and GBM 
models in a dose-dependent manner. Critically, we have shown that, 
LPE, and to a greater extent STE, interact positively with standard 
chemotherapeutics cisplatin and TMZ. Due to their safe long-term 
usage, we have also showed the prospect of both LPE and STE in 
the prevention of cancer relapse, by minimizing the CD44+ GSC-
like population in GBM cancer models. As a result, both LPE and 
STE possess great therapeutic potential to be utilized as alternate 
therapeutics to current treatments or alongside them as an adjuvant 
in both GBM and NB patients.

Results
LPE and STE possess anti-cancer activity against 
neuroblastoma and glioblastoma

To determine whether our whole extract of Piper longum (LPE) 
possessed significant anti-cancer activity, we performed AV and 
PI staining with image-based cytometry to measure early-stage 
apoptosis and late-stage apoptosis/necrosis respectively in SH-
SY5Y neuroblastoma and U-87 Mg glioblastoma cells (Figure 1a). 
LPE induced apoptosis in both cell lines at the 24-hour timepoint 
(p<0.0001 at 0.05mg/mL) following treatment compared to the 
Dimethyl Sulfoxide (DMSO) control. Similarly, we demonstrated 
the potent, dose-dependent anti-cancer activity of STE in SH-SY5Y 
cells after 24 hours (p=0.0002 at 0.15mg/mL-Figure 1b). In GBM 
however, STE showed time-dependence, only inducing significant 
apoptosis following 48-hour treatments (p=0.0063 at 0.1mg/mL-
Figure 1c). As a proof of concept in a more architecturally accurate 
context, U-87 Mg cells were seeded on 8-chamber slides coated 
with Matrigel basement membrane, allowing for intracellular 
scaffolding that guided three-dimensional structures. Spheroid 
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formation was monitored for 96 hours, followed by treatment with 
LPE or STE and subsequent observation for 96 hours. We observed 

morphological signs of apoptosis and spheroid disruption through 
brightfield micrographs (Figure 1d).

Figure 1: Dose and time-dependent apoptotic induction in NB and GBM. (a) LPE induced apoptosis in NB and GBM 
after a 24-hour treatment. (b) STE induced apoptosis in SH-SY5Y cells and (c) U-87Mg cells in a time-dependent 

manner. Cells were treated with LPE or STE for 24- or 48-hours using AV and PI staining with image-based 
cytometry to quantify percentages of apoptotic cells compared to the DMSO control. Blue bars indicate viable cells, 
green bars indicate AV staining, red bars indicate PI staining, and orange bars indicate both AV and PI. Values are 
expressed as mean±SD from 3 independent experiments. (d) LPE and STE disrupt 3D GBM spheroids after 96-hour 
treatment. 3D spheroids were imaged with brightfield microscopy to observe morphological changes after 96-hour 

treatment. Micrographs were taken at 200x magnification.
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LPE and STE target GSCs and reduce metastatic 
behaviour in NB

Immunofluorescent analysis was conducted to assess changes 
in the glial cancer stem-like cell population following treatment with 
LPE and STE. CD44 expression, a commonly used marker for GBM 
stem-like cells, was used to visualize and quantify this population 
in U-87 Mg cultures. After 48hours of treatment, both LPE and STE 
resulted in a visibly reduced proportion of CD44+ cells relative to 

the DMSO control, with the effect being more pronounced in STE-
treated samples (Figure 2). Treatment with TMZ, by contrast, had 
limited effects on the CD44+ population. These qualitative findings 
suggest that both extracts-particularly STE-may reduce the stem-
like cancer cell subpopulation, which could contribute to their 
overall therapeutic potential against treatment-resistant GBM. To 
examine whether these extracts limit cancer cell motility, a wound 
healing assay was conducted. 

Figure 2: STE and LPE reduce the proportion of CD44+ U-87 Mg cells. Cells were probed for CD44 (green) following 
48-hour treatment with DMSO, LPE, STE, or TMZ and imaged with fluorescent microscopy. We observed a reduced 
proportion of CD44+ positive in cells treated with STE and to a lesser extent, LPE. TMZ did not appear to influence 

the proportion of CD44+ cells relative to DMSO control. Images are representative of a minimum of 6 randomly 
selected independent fields. Nuclei were counterstained with 10µM Hoechst. Micrographs were taken at 200x 

magnification.

Figure 3: LPE and STE limit SH-SY5Y cell motility. Cells were mechanically scraped in the centre of each well and 
imaged with phase contrast microscopy at 0-, 24-, and 48-hour timepoints. The gap between cells on either side 
(wound size) was measured at each time point. Treatment of cells with LPE or STE inhibited gap distance closure 

and cell migration. Simple linear regression was conducted on each group with only the DMSO control have a slope 
significantly non-zero (p=0.001). Micrographs were taken at 40x.
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SH-SY5Y neuroblastoma cells were pre-treated for 18-hours 
with thymidine to halt cell proliferation and subsequently 
scratched with a sterile P200 pipet tip. Cells were treated with 
sub-lethal doses of LPE or STE and imaged through phase contrast 
microscopy at the 0-, 24-, and 48-hour timepoints. The gap-width 
of the wound was measured at each time point and compared to an 
untreated control. Results are expressed as proportional distance 
to account for differences in initial gap width between samples with 
each initial distance set to a value of 1. Using a linear regression 
model, we observed a significant reduction in the gap width in the 
control group (p=0.001) which was prevented by the addition of 
LPE or STE (Figure 3).

LPE and STE enhance the anti-cancer activity of standard 
chemotherapeutics cisplatin and TMZ

After demonstrating the apoptosis-inducing ability of both 
LPE and STE alone, we sought to examine their interactions with 
standard chemotherapeutics cisplatin and TMZ. Image-based 
cytometry and epifluorescence microscopy coupled with AV and 

PI staining were utilized in SH-SY5Y cells (Figure 4) to determine 
the interactions between LPE, STE, and cisplatin. No statistical 
differences were observed between cisplatin treatment alone 
and cisplatin with LPE at any tested dose (Figure 4a). Although, 
under fluorescent microscopy, it appeared that there may be some 
beneficial effect to the addition of LPE (Figure 4b). Alternatively, 
STE significantly increased apoptotic levels when combined with 
cisplatin at doses of 1µM (p=0.0493) or 5µM cisplatin (p=0.0002). 
In U-87 Mg GBM cells, a high-throughput WST-1 assay was used 
alongside AV/PI fluorescent microscopy to examine interactions 
between these extracts and the commonly used chemotherapy 
TMZ (Figure 5). At TMZ doses of 4µg/mL or 25µg/mL, we observed 
a reduction in cell viability with the addition of 0.1mg/mL LPE 
(p=0.0209 at 4µg/mL; p=0.0265 at 25µg/mL). Once again, STE was 
able to significantly reduce cell viability at all tested doses of TMZ 
(p<0.0001 at 4µg/mL TMZ, p=0.0005 at 25µg/mL TMZ, p=0.0229 
at 50µg/mL and p=0.0229 at 75µg/mL TMZ). Interestingly, the 
combination of LPE and STE appears more effective at diminishing 
cell viability than any combination containing TMZ.

Figure 4: STE enhances the anti-cancer activity of cisplatin while LPE has no significant effect in SH-SY5Y 
neuroblastoma cells. AV (green) and PI (red) staining on SH-SY5Y followed by (a) quantifiable image-based 

cytometry or (b) epifluorescence microscopy was performed to analyze the combinatorial effect of LPE and STE 
with the standard chemotherapeutic cisplatin. 0.1mg/mL LPE had no significant impact on cisplatin-induced 

cell death at any dose while 0.1mg/mL STE enhanced apoptotic levels at doses of 1µM and 5µM cisplatin. Nuclei 
were counterstained with 10µM Hoechst. Values are expressed as mean±SD from 3 independent experiments. 

Micrographs were taken at 200x magnification.
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Figure 5: LPE and STE reduce the number of viable U-87 Mg cells in combination with the standard chemotherapy 
TMZ. (a) WST-1 assay and (b) AV (green) and PI (red) staining on U-87 Mg followed by epifluorescence microscopy 

was used to examine the combinatorial effect of LPE and STE with the standard chemotherapeutic TMZ. LPE 
reduced cell viability alongside TMZ at lower doses of 4µg/mL and 25µg/mL compared to TMZ alone while STE 

enhanced cell death at all doses of TMZ. Nuclei were counterstained with 10µM Hoechst. Values are expressed as 
mean±SD from 3 independent experiments. Micrographs were taken at 200x magnification.

LPE and STE target multiple mechanisms in cancer cells

U-87 Mg and SH-SY5Y cells were subjected to TMRM staining to 
analyze their MMP following treatment with LPE or STE. 24-hour 
treatment of the U-87 Mg cells followed by image-based cytometry 
showed diminished MMP in cells treated with either extract 
(p=0.0034 for LPE, p=0.0016 for STE-Figure 6a). A prolonged 48-
hour treatment of the SH-SY5Y cells imaged with epifluorescence 
microscopy showed slightly reduced TMRM staining in LPE-treated 
cells and drastically decreased fluorescence in cells treated with 
STE (Figure 6b). Next, 2,7-Dichlorofluorescein (DCF) fluorescent 
staining followed by image-based cytometry or epifluorescence 
microscopy allowed for the visualization and quantification of ROS 
following 3-hour (Figure 7a) and 24-hour (Figure 7b) treatments 

with LPE and STE. We observed a significant induction of ROS in 
cells treated with LPE alone compared to DMSO control (p=0.0003 
in SH-SY5Y; p<0.0001 in U-87 Mg) or with LPE-chemotherapy 
combinations compared to chemotherapy alone (p<0.0001 for SH-
SY5Y; p=0.0031 for U-87 Mg). STE treatment alone had no significant 
effect on oxidative stress but did reduce the ROS induction caused 
by TMZ treatment alone (p=0.0036). To determine whether LPE-
induced oxidative stress was critical to its anti-cancer activity, we 
treated SH-SY5Y and U-87 Mg cells with LPE alone and LPE with 
N-Acetyl Cysteine (NAC), a known antioxidant. These cells were 
then subjected to AV and PI staining followed by epifluorescence 
microscopy to examine cell death (Figure 7c-d). Indeed, there was a 
diminished apoptotic response in the presence of NAC implicating 
the dependence on ROS for LPE-induced apoptosis.
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Figure 6: LPE and STE reduce mitochondrial stability in both U-87 Mg and SH-SY5Y cells. TMRM (red) live cell 
mitochondrial staining was performed on (a) U-87 Mg after 24-hour treatments and analyzed via flow cytometry and 
(b) SH-SY5Y after 48-hour treatments and visualized with epifluorescence microscopy. LPE and STE diminished the 
MMP in NB and GBM cell lines alone and in combination with TMZ. Nuclei were counterstained with 10µM Hoechst. 
Values are expressed as mean ±SD from 3 independent experiments. Micrographs were taken at 200x magnification.
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Figure 7: LPE-induced apoptosis is dependent on the generation of oxidative stress in SH-SY5Y and U-87 Mg cells. 
H2DCFDA (green) staining was performed on (a) SH-SY5Y and U-87 Mg cells following 3-hour treatments with LPE 

and STE and quantified with image-based cytometry, and on (b) SH-SY5Y after 24-hours followed by epifluorescence 
microscopy. AV (green) and PI (red) staining followed by epifluorescence microscopy was done on (c) SH-SY5Y and 
(d) U-87 Mg cells treated with LPE and the antioxidant NAC. LPE significantly elevated oxidative stress in NB and 
GBM cells when used alone or in combination with STE, cisplatin, or TMZ. LPE-induced apoptosis was reduced 

when combined with the antioxidant NAC. STE reduced oxidative stress levels when combined with TMZ but had 
no significant impact on its own. Nuclei were counterstained with 10µM Hoechst. Values are expressed as mean±SD 

from 3 independent experiments. Micrographs were taken at 200x magnification.

LPE-induced apoptosis specific to cancerous cells

To examine the previously untested specificity of our LPE, we 
treated normal colon epithelial cells (NCM-460) for 48hours and 

performed AV/PI staining with image-based cytometry (Figure 
8a). LPE treatment resulted in no significant apoptotic induction 
at doses up to and including 0.5mg/mL indicating a high specificity 
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towards cancer cells. To mechanistically assess LPE’s specificity, 
we examined its influence on ROS levels in NCM-460 through 
DCF fluorescent staining and image-based cytometry (Figure 
8b). Indeed, no significant induction of ROS was seen in these 
normal cells as it was in both SH-SY5Y and U-87 Mg cell lines. 
Previously, our lab showed no significant apoptotic induction with 
STE treatment in NCM-460 at doses up to and including 0.25mg/
mL [26]. To confirm these results in-vivo, we gave male Foxn1nu/
Foxn1nu immunocompromised mice, aged 5 weeks, 0.4mg/mL 
STE (approximately 95mg/kg/day) supplemented in their drinking 
water ad libitum or 50mg/kg/injection LPE through intraperitoneal 
injection 3x/week (n=4) for one month. Liver, heart, and kidney 

tissues were extracted post-mortem and sent to the University of 
Guelph Animal Health Laboratory for histopathological analysis. 
The pathological report can be found in the supplemental data 
with groups C1 (control), T5 (LPE), and T6 (STE) relevant to 
this project. ¼ sections from LPE-injected animals showed mild 
mononuclear cell clustering in the liver while no effects on heart 
of kidney sections were observed. Liver sections of STE-treated 
animals showed no additional pathology compared to control while 
kidney (1/6) and heart (2/6) displayed minimal to mild histological 
lesions (supplemental pathology report). We also found no changes 
in mouse weight over a month period compared to the untreated 
control (p=0.9397) (Supplemental Figure 1).

Figure 8: LPE is non-toxic to normal colon epithelial cells after 48-hour treatment. (a) AV and PI staining were 
used alongside image-based cytometry to examine cell death in NCM-460 cells after 48-hour treatment with LPE. 
LPE did not induce apoptosis at doses up to and including 0.5mg/mL in these non-cancerous cells. (b) Cells were 
stained with H2DCFDA and examined for ROS levels via image-based cytometry after 3-hour treatment with LPE. 

No significant oxidative stress occurred following LPE. Values are expressed as mean±SD from 3 independent 
experiments.

Supplemental Figure 1: STE supplementation does not affect mouse weight gain over a month treatment period. 
Mice were given 0.4mg/mL STE in their drinking water for 1 month and weight gain was monitored. No difference 

was observed between treatment groups (p=0.9397, 2-way ANOVA). n=4/group. Values are expressed as mean±SD.
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Discussion
We have examined two novel therapeutics in LPE and STE 

for the treatment of both glioblastoma and neuroblastoma. Using 
U-87 Mg and SH-SY5Y cell lines, we demonstrated the anti-cancer 
capabilities of these extracts in-vitro where they induced apoptotic 
cell death, including diminishing CD44+ cell populations, and limited 
cancer cell motility. LPE treatment resulted in ROS production and 
mitochondrial destabilization with overall apoptosis onset. STE 
diminished MMP and significantly reduced cell viability in both 
GBM and NB. In combination with standard chemotherapeutics, 
STE exhibited positive interactions while LPE had no significant 
interaction with cisplatin, but enhanced cell death in combination 
with TMZ. In support of prior data, these extracts had minimal 
histological impact in-vivo highlighting their selectivity and safety 
for long-term consumption. Overall, these NHPs are capable of 
inducing apoptosis in GBM and NB through multiple mechanisms 
both alone and combined with standard chemotherapeutics with 
limited toxic effects.

To begin, we determined whether the Piper longum extract 
possessed apoptosis-inducing capabilities in cellular models of 
GBM and NB. Active components of Long Pepper, including piperine 
and piperlongumine, are known to possess anti-cancer effects 
[28,34-41]. In particular, extensive work with piperlongumine 
has highlighted its capability to trigger oxidative stress selectively 
in cancer cells [41]. As a result, we hypothesized that whole 
extracts of Long Pepper may possess multiple compounds acting 
synergistically with one another to enhance the anti-cancer effect. 
Indeed, LPE induced dose-dependent apoptosis in both SH-SY5Y 
and U-87 Mg cell lines after just a 24-hours treatment (Figure 1a). 
Similarly, previous research has shown that catechins found in 
Camellia sinensis possess anti-cancer activity in both prostate and 
breast cancer [32,33]. With STE treatment, we observed dose- and 
time-dependent cell death in both NB and GBM cell models (Figure 
1b-c). Compared to 2D monolayers, 3D tumor spheroids more 
accurately reflect tumors, developing natural gradients of oxygen 
and nutrients that create zones of proliferation, quiescence, and 
necrosis [42,43]. 

As a proof of concept, we sought to validate our 2D findings 
in a more physiologically relevant context. We cultured U-87 Mg 
glioblastoma cells in Matrigel-coated chamber slides to induce 3D 
spheroid formation. Following a 96-hour treatment with LPE or STE, 
we observed morphological signs of apoptosis and varying degrees 
of spheroid disruption, with LPE inducing partial disintegration 
and STE leading to extensive fragmentation (Figure 1d). These 
observations support their cytotoxic effects in a more physiologically 
relevant context. While the targeting of primary tumors is essential, 
other factors including tumor heterogeneity, treatment resistance, 
and metastasis are crucial for patient prognosis. GBM stem-like 
cells have garnered significant attention due to their proposed 
role in tumor recurrence and heterogeneity [44]. Therapeutic 
resistance through quiescence, DNA repair mechanisms, and drug 
efflux promote survival and drive tumor relapse [45]. CD44, a cell 
surface glycoprotein associated with stemness and invasiveness, 
is variably expressed across glioblastoma models. In our study, we 

examined the sensitivity of this CD44+ subpopulation of U-87 Mg 
cells to LPE and STE treatment. 

Following treatment, we observed a reduction in the proportion 
of CD44+ cells, particularly in response to STE (Figure 2), suggesting 
these extracts may diminish stem-cell-like GBM and be crucial to 
overcoming chemoresistance. Future research should explore 
whether combinations with chemotherapy limit chemoresistance, 
reducing tumor relapse and improving patient outcomes. Although 
extracranial metastasis is a rare occurrence in GBM patients [46], 
it commonly spreads through the direct invasion of adjacent 
brain tissues [47]. Conversely, NB frequently metastasizes from 
the primary tumour site to bone marrow, lymph nodes, the liver, 
intracranial sites, lungs, and skin [48]. Therefore, we examined the 
motility of SH-SY5Y neuroblastoma cells treated with low doses 
of LPE or STE, and thymidine to inhibit cell proliferation, with a 
Wound Healing assay (Figure 3). Importantly, cell migration was 
inhibited in LPE and STE treated groups, where the intracellular 
gap began to close in the untreated group. This concurs with 
previously published data on STE showing reduced cell motility in 
MDA-MB-231 breast cancer cells [26].

Despite prior research highlighting the potential therapeutic 
value of NHPs in cancer treatment, many oncologists are hesitant 
to allow patients to take these as supplemental treatments due to 
their unknown interactions with standard chemotherapies. Rightly 
so, there have been NHPs shown to negatively impact the efficacy 
of drugs including St. John’s Wort which induces hepatic CYP3A4 
enhancing drug clearance [49]. Conversely, an active compound in 
milk thistle has demonstrated hepatoprotective effects in cancer 
patients when utilized alongside chemotherapeutics [50]. As a 
result, we sought to determine the in-vitro interaction between 
LPE and STE and the commonly used chemotherapies TMZ and 
cisplatin. For the first time, we report that LPE does not negatively 
impact cancer cell death induced by cisplatin (Figure 4) or TMZ 
(Figure 5). In fact, LPE and TMZ interact positively at lower 
doses of TMZ diminishing cell viability compared to TMZ alone. 
Furthermore, STE significantly enhanced the apoptotic effect of 
this chemotherapeutics in both SH-SY5Y and U-87 Mg cell lines, 
indicative of positive interactions.

After observing the clear anti-cancer activity of LPE and STE, 
we aimed to determine their mechanism(s) of action for inducing 
apoptosis in NB and GBM. Piperlongumine, a major compound in 
Piper longum, has been shown previously to target cancerous cells 
through the induction of ROS [41,51]. Due to the elevated metabolic 
rates of cancer cells, they produce higher levels of ROS and can 
be targeted through oxidative stress [52]. In particular, hypoxia 
contributes to NB progression by maintaining immature, stem-like 
tumour cells [53], implicating their potential vulnerability to ROS 
induction. Indeed, we observed a drastic uptick in ROS production 
in both SH-SY5Y and U-87 Mg cells after treatment with LPE alone 
or in combination with chemotherapy (Figure 7). Furthermore, 
we observed that LPE-induced apoptosis was dependent on the 
generation of ROS as supplementation with a known antioxidant 
NAC blocked cancer cell death. Alternatively, mitochondrial 
vulnerabilities often arise due to changes in the MMP as a result 
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of the Warburg Effect. This states that the cellular metabolism of 
cancerous cells favours lactic fermentation rather than aerobic 
respiration resulting in the generation of an acidic cytoplasm [54]. 
Examining the MMP, LPE was able to diminish it significantly in 
U-87 Mg cells (Figure 6), likely an outcome of significant oxidative 
stress [55].

Conversely, EGCG, a polyphenol found in Camellia sinensis, 
has been shown to target receptor tyrosine kinases to inhibit cell 
proliferation and disrupt the MMP through the Jun N-Terminal 
Kinase (JNK) pathway, whereby JNK phosphorylates the pro-
apoptotic protein BAX triggering its migration and disruption 
of the MMP [56-59]. Interestingly, these same catechins are 
responsible for the known anti-oxidative capabilities of green tea 
[29,30]. In support of this, we observed STE significantly diminish 
MMP (Figure 6) while having little effect on ROS when used alone 
(Figure 7). In combination with LPE, STE did not reduce oxidative 
stress levels, suggesting that LPE will still induce ROS-dependent 
apoptosis. Though STE did reduce ROS levels produced by TMZ in 
U-87 Mg cells, TMZ’s main mechanism is that of a DNA alkylating 
agent causing eventual cell cycle arrest [60]. Furthermore, it has 
been suggested that antioxidants may enhance chemotherapy 
effects by blocking the generation of oxidative-stress induced 
aldehydes which can inhibit death receptors and caspases [61]. 
As a result, STE enhances rather than preventing GBM cell death 
following TMZ treatment.

Despite regular green tea consumption worldwide, and its many 
known health benefits, there have been reports of toxicological 
effects ranging from acute to chronic associated with tea extracts and 
EGCG [62]. Conversely, in a human brain microvascular endothelial 
cell model of Alzheimer’s Disease, a green tea extract provided 
overall brain protection through its antioxidant capabilities [63]. As 
our lab has previously shown a lack of toxicity in-vitro for STE [26], 
we wanted to confirm tolerability using an immunocompromised 
mouse model. Limited toxicity was observed in-vivo as ad libitum 
STE supplementation resulted in mild myocardial necrosis in 2/6 
heart tissue sections, minimal epithelial cell hypertrophy in the 
kidney, and no negative hepatic effects (supplemental pathology 
report). Furthermore, all mice receiving STE in their drinking 
water gained weight in a similar fashion to the untreated control 
mice (Supplemental Figure 1). Therefore, we conclude that STE is 
relatively safe for consumption with the possibility of mild side-
effects.

Though limited toxicological data exists on whole extracts of 
Piper longum, previous research has examined potential toxicity 
associated with its main constituents piperlongumine and piperine. 
Piperlongumine treatment in mice resulted in no change to mouse 
or organ weight with no irreversible toxicological effects to the liver, 
spleen, or kidney [64,65]. Crucially, piperlongumine ameliorated 
5-flourouracil induced leukocytopenia inciting protective effects 
as well. Piperine has shown high selectivity to cancer cells in-vitro 
with no toxicity to human lung fibroblasts or human intestinal 
cells [66,67]. In concurrence, we showed that LPE did not induce 
apoptosis in NCM-460 cells with doses up to 20x larger than those 
lethal to SH-SY5Y or U-87 Mg cells (Figure 8a). Coinciding with 

this, LPE did not promote ROS formation in these cells (Figure 8b). 
Certain genes like Sirtuin1 that are critical in aging and survival and 
senescence could play a role in the glioblastoma and neuroblastoma 
development, and could be investigated in future [68], Limited in-
vivo toxicity occurred with histopathological analysis indicating 
mild centrilobular perivascular clustering of mononuclear cells in 
1 out of 4 livers, with no effects on the heart or kidneys following IP 
LPE injections (Supplemental Method).

Supplemental Methods
Male Foxn1nu/Foxn1nu immunocompromised mice, aged 

5 weeks, were obtained from The Jackson Laboratory (Cat. No. 
007850, Bar Harbor, ME, USA). The authors adhered to ARRIVE 
guidelines and all protocols were followed using appropriate 
guidelines and regulations approved by the University of Windsor 
Animal Care Committee (AUPP #20-02) in accordance with the 
Canadian Animal Care Committee in a laboratory setting with 
12-hour light/dark cycles. Mice were placed into 1 of 3 groups: 
Untreated Control (n=4), STE drinking water (n=4), or LPE IP 
injected (n=4). Following a 1-week acclimatization period, the 
treatment group had 0.4mg/mL STE (approximately 95mg/kg/
day) supplemented in their drinking water ad libitum or 50mg/kg 
LPE in PBS injected intraperitoneally 3x per week. After a 4-week 
time period, mice were sacrificed using a CO2 chamber and cervical 
dislocation, and organ tissues (liver, heart, kidney) were harvested 
for analysis. Organs were sent to the University of Guelph Animal 
Health Laboratory for histopathological analysis. Note that groups 
C1 (control), T5 (LPE), and T6 (STE) in the attached pathology 
report are relevant for this project.

Conclusion
In this study, we analyzed the overall implications of Long Pepper 

extract and Synthite Tea extract alone and in combination with 
standard chemotherapeutics cisplatin and TMZ on neuroblastoma 
and glioblastoma. We observed dose-dependent cell death following 
LPE or STE treatment alone, with STE enhancing the effects of 
cisplatin and TMZ in-vitro and LPE having no negative influence. 
LPE functions through multiple mechanisms to induce apoptosis 
including the overproduction of ROS and associated mitochondrial 
destabilization. Alternatively, STE functions primarily through the 
diminishment of the MMP. Though we did not analyze the ability 
of these extracts to cross the Blood Brain Barrier (BBB), previous 
research has shown piperlongumine and its analogues can cross 
the BBB [68,69], as can piperine and its closely related compounds 
[70,71]. Similarly, both green tea and its bioactive polyphenols have 
been shown to cross the BBB in prior works [72,73]. Importantly, 
our extracts display high tolerability to normal healthy cells with 
limited to no adverse effects in-vivo. Notably, in highly resistant 
GBM, CSCs were more sensitive to treatment with both STE and 
LPE compared to TMZ, demonstrating potential to reduce tumor 
relapse rate and treatment resistance. Therefore, STE and LPE 
should be investigated through additional in-vivo studies and 
clinical trials as potential therapeutics for both neuroblastoma and 
glioblastoma. Alongside standard chemotherapies, these extracts 
could drastically improve both quality of life and patient prognosis, 
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allowing for reduced dosages of chemotherapy and limited adverse 
effects [74].

Materials and Methods
2D cell culture

Human glioblastoma cells (U-87 Mg) derived from malignant 
glioma (ATCC, Cat. No. HTB-14, Manassas, VA, USA), human 
neuroblastoma cells (SH-SY5Y) derived from a metastatic bone 
tumour (ATCC, Cat. No. CRL-2266, Manassas, VA, USA), and normal 
human colon epithelial cells (NCM-460) (ATCC, Cat. No. CRL-1831, 
Manassas, VA, USA) were used throughout this study. U-87 Mg, SH-
SY5Y, and NCM-460 cells were cultured in Eagle’s Minimum Essential 
Medium with Earle’s salts and nonessential amino acids, Dulbecco’s 
Modified Eagle’s Medium F-12 HAM, and Dulbecco’s Modified Eagle 
Medium (Sigma-Aldrich, Mississauga, ON, Canada) respectively, all 
supplemented with 10% fetal bovine serum (Thermo Scientific, 
Waltham, MA, USA) and 10mg/mL gentamicin (Gibco BRL, VWR, 
Mississauga, ON, Canada). All cells were maintained at 37 °C and 
5% CO2.

Chemicals and cell treatment

a) Long Pepper Extract provided by Synthite Industries, India 
was dissolved in Dimethylsulfoxide (DMSO), and stock solutions 
were stored at -20 °C for no more than 2 weeks until use. Cells 
were treated at concentrations ranging from 0.025mg/mL to 
0.5mg/mL.

b) Synthite Green Tea Extract provided by Synthite Industries, 
India was dissolved in double distilled milliQ water and stored 
at -20 °C until use. Cells were treated at concentrations ranging 
from 0.0125mg/mL to 0.2mg/mL.

c) Cisplatin (Sigma-Aldrich Canada, Cat. No. PHR1624) was 
dissolved in a 0.9% NaCl solution and stored at -20 °C until use. 
Cells were treated at doses ranging from 0.5µM to 5µM.

d) Temozolomide (Ontario Chemicals Inc., Cat. No. T1062) was 
dissolved in DMSO and stored at -20 °C until use. Cells were 
treated at concentrations ranging from 4µg/mL to 75µg/mL.

e) N-Acetyl-L-Cysteine (Sigma-Aldrich Canada, Cat. No. A7250) 
was dissolved in double distilled milliQ water and stored at 
-20 °C until use. Cells were treated at doses of 3mM for all 
experiments.

Analysis of cell death through annexin v and propidium 
iodide staining

Annexin V (AV) and Propidium Iodide (PI) fluorescent stains 
were used to visualize and quantify apoptotic and necrotic cells. 
Cells were seeded on 6-well plates 24 hours prior to treatment. 
Following treatment for 24 or 48hours, cells were collected, washed 
with Phosphate-Buffered Saline (PBS), and resuspended in Annexin 
V Binding Buffer (10mM HEPES, 140mM NaCl, 2.5mM CaCl2, pH 
7.4). Annexin V Alexa Fluor™ 488 dye (1:20; Life Technologies Inc., 
Cat. No. A13201, Burlington, ON, Canada) and 0.01 mg/mL PI dye 
(Life Technologies Inc., Cat. No. P3566, Burlington, ON, Canada) 
were added and cells were incubated for 15 minutes at 37 °C 

and 5% CO2 in the absence of light. Cells were quantified through 
flow cytometry using a Countess TM 3 Automated Cell Counter or 
imaged using epifluorescence microscopy following the addition 
of 10µM Hoechst nuclear stain with a Leica DMI6000 B inverted 
microscope and quantified with ImageJ software.

3D spheroid cell culture

Matrigel 3D tissue culturing was used to establish physiologically 
relevant cell environments with strong cell proliferation. Three-
dimensional spheroid cultures were generated on tissue culture 
plates coated with Matrigel, a solubilized basement membrane 
matrix extract (Corning Life Sciences, Bedford, MA, USA). Matrigel 
quickly polymerizes into an irreversible gel form at 6-8 °C, therefore 
Matrigel aliquots were stored at -20 °C and thawed overnight on 
ice at 4 °C prior to use. For optimal spheroid formation conditions, 
96-well tissue culture plates and pipette tips were chilled at -20 
°C overnight. Chilled 96-well plates were coated with 35μL of 
liquid Matrigel using chilled pipette tips and incubated 37 °C for 
30 minutes to achieve a solidified matrix. 4000-6000 U-87 Mg 
cells were seeded on coated 96-well plates and grown in media 
supplemented with 2% (v/v) Matrigel for 96 h with 5% CO2 at 37 
°C. Following incubation, media was replaced and replenished with 
2% (v/v) Matrigel and spheroids were treated with LPE or STE for 
96h. Spheroids were imaged using brightfield microscopy at 200x 
magnification using LAS AF6000 software and a Leica DMI600 
florescent microscope.

Immunofluorescent staining for CD44 expression in 
GBM

To qualitatively identify and analyze glial cancer stem cells, 
U-87 Mg cells were seeded on 8-chamber slides, treated, and 
examined with immunofluorescent staining. Cells were treated 
for 48hours with TMZ, LPE, and STE prior to staining. Cells were 
fixed with 4% formaldehyde for 15minutes at room temperature 
and permeabilized with 0.15% Triton X-100 for 2minutes. Next, 
cells were blocked with 5% bovine serum albumin in PBS for 
1hour, washed with Tris-buffered saline, 0.1% Tween 20 detergent 
(TBST), and incubated for 1 hour at room temperature with a CD44 
primary antibody (mouse IgG, 1:100, No. ab6124) (Abcam Inc.). 
Cells were subsequently washed 5 times with TBST and incubated 
for 1 hour at room temperature with donkey anti-mouse Alexa 
FluorTM 488 (1:1000, Thermo Scientific Canada, Cat. No. A21202). 
Next, we performed five TBST washes and incubated cells with 
10μM Hoechst 3342 (Molecular Probes, Cat. No. H3570, Eugene, 
OR, USA) for 2minutes. Finally, cells were washed with PBS and 
imaged using epifluorescence microscopy with a Leica DMI6000 
B inverted microscope. Cells from at least 6 random fields were 
examined for each treatment.

Analysis of cellular motility using a wound-healing 
migration assay

In accordance with a previously published protocol,[23] cells 
were seeded on 6-well tissue culture plates and washed with PBS to 
remove any loosely bound cells. A sterile P200µL pipet tip was used 
to mechanically remove cells on a vertical line through each well. 
Pre-treatment with thymidine for 18 hours halted cell proliferation 
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and was followed by the addition of LPE or STE. Migration of the 
cells was monitored with light microscopy at 0-, 24-, and 48-hour 
timepoints. The wound closure by the migrating cells was measured 
at each time point.

WST-1 assay for cell viability

The WST-1 based colorimetric assay was conducted according to 
the manufacturer’s protocol (Roche Applied Sciences, Indianapolis, 
IN, USA) to quantify cell viability through its correlation with active 
metabolism. Cells were seeded on 96-well cell culture plates and 
treated for the indicated time periods. Cells were then incubated 
with WST-1 reagent for 3hours at 37 °C and 5% CO2 in the absence 
of light. WST-1 is cleaved by metabolically active cells to formazan 
which was detected through absorbance readings at 450nm on a 
Wallac Victor3 1420 Multilabel Counter.

Tetramethylrhodamine, methyl ester (TMRM) staining 
to analyze mitochondrial health

Intact mitochondrial membrane potentials were determined 
with the cell permeant dye TMRM (Gibco BRL, VWR, Mississauga, 
ON, Canada) which accumulates in healthy mitochondria. Cells 
were seeded on 6-well tissue culture plates and treated for 24 or 
48hours. 100nM TMRM was added, and cells were incubated for 
45 minutes at 37 °C. Cells were then washed, resuspended in PBS, 
and subjected to flow cytometric analysis using a CountessTM 3 
Automated Cell Counter. Alternatively, cells were resuspended 
in PBS and counterstained with 10µM Hoechst 3342 (Molecular 
Probes, Cat. No. H3570, Eugene, OR, USA) before undergoing 
epifluorescence microscopy with a Leica DMI6000 B inverted 
microscope (Leica Microsystems, Concord, ON, Canada). ImageJ 
software was used to quantify fluorescence.

Measurement of reactive oxygen species via 
2,7-Dichlorofluorescein (DCF) live cell fluorescent staining. 
Reactive Oxygen Species (ROS) levels were determined through 
H2DCFDA (Life Technologies Inc., Cat. No. D-399, Burlington, ON, 
Canada) staining which is oxidized to the fluorescent molecule DCF 
following cleavage in the presence of ROS. Cells were seeded in 
6-well plates 24hours prior to treatment. Cells were treated for 3 
or 24 hours before the addition of 10 µM H2DCFDA for 30minutes. 
Cells were incubated in the absence of light at 37 °C and 5% CO2. 
Cells were washed and resuspended in PBS prior to flow cytometry 
analysis on a CountessTM 3 Automated Cell Counter. Alternatively, 
10µM Hoechst 3342 (Molecular Probes, Cat. No. H3570, Eugene, 
OR, USA) was added and cells were imaged through epifluorescence 
microscopy with a Leica DMI6000 B inverted microscope. ImageJ 
software was utilized for fluorescent quantification.

Statistical analysis

All statistical analysis was performed using GraphPad Prism 6 
statistical software where statistically significant values of p<0.05 
are indicated by *, p<0.01 are indicated by **, p<0.001 are indicated 
by ***, and p<0.0001 are indicated by ****. Experiments involving 
the measurement of a single variable including analysis of ROS, 
Mitochondrial Membrane Potential (MMP), or GSCs were analyzed 
using 1-way analysis of variance (ANOVA) with Dunnett’s test with 

each sample’s mean compared to the negative DMSO control unless 
otherwise stated. In experiments involving multiple variables such 
as the quantification of living and dead cells, 2-way ANOVA with 
Dunnett’s test was utilized and sample means were compared to 
the negative DMSO control unless otherwise specified. For the 
wound healing assay, simple linear regression was used to assess 
whether the slopes were significantly non-zero.
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