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A B S T R A C T

Colorectal cancer (CRC) is a malignant tumor with a high incidence, ranking first among 
gastrointestinal malignancies. We investigated the impact of polyphyllin I (PPI), a natural com-
pound found in Paris polyphylla, on CRC. PPI has been documented to exhibit anticancer activity 
against various tumors. This study aimed to assess the effects of PPI on colorectal cancer and 
explore its potential mechanisms. Our research demonstrated that PPI inhibited proliferation, 
promoted apoptosis, and induced G2 cell-cycle arrest in a dose-dependent manner. Additionally, 
our results indicated that PPI suppressed Notch signaling by downregulating the Notch1 receptor, 
its ligand Jagged1, and the downstream target Hes1 expression. Furthermore, we confirmed the 
antitumor effect of PPI on patient-derived organoids. In conclusion, our study indicates that PPI 
impedes the growth of colon cancer by suppressing the Notch signaling pathway.

1. Introduction

Colorectal cancer (CRC) is one of the most frequent tumors of the gastrointestinal tract and is one of the leading causes of cancer- 
related deaths [1,2]. Globally, the incidence of CRC is rapidly increasing due to abnormal lifestyles and unhealthy diets such as 
smoking, excessive alcohol consumption, and too much animal fats [3]. People in the family who have been diagnosed with CRC have a 
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high risk of developing CRC [4]. In 2020, there were 1.93 million newly diagnosed cases of CRC and 935,000 fatalities globally [5]. 
The current CRC treatments usually include multiple combinations of tumor resection, chemotherapy, targeted therapy, and immu-
notherapy [6]. However, such therapies often have only partial success in most cancer patients due to chemotherapy resistance and 
severe side effects, highlighting the need for the new economic and effective anti-cancer agents [7,8].

Polyphyllin I (PPI) is a basic active ingredient isolated from the Chinese herbal medicine Paris polyphylla. Several independent 
studies have reported that PPI exhibits activity against cancer cells, such as non-small-cell lung cancer [9], human osteosarcoma [10] 
and melanoma [11]. Previous studies have showed that PPI also exerted chemosensitizing effects in many cancers [12,13]. Besides, 
Huang et al. found that PPI had a good protective effect on myocardial ischemia/reperfusion damage via controlling the inflammatory 
response and oxidative stress [14]. Wang et al. reported that Polyphyllin I could obviously improve ankle synovitis in 
Collagen-Induced Arthritic mice [15]. However, studies about the role of PPI in CRC are limited and the potential bioactivities and 
mechanisms of PPI in CRC remain unclear.

The Notch signaling pathway is one of the important pathways that determine cell fate. It has a feature of conservation and affects 
multiple physiological or pathological functions of cells such as proliferation, apoptosis, differentiation, stem cell maintenance, and 
cancer metastasis [16,17]. The Notch signaling system is activated by ligand binding, resulting in a conformational change in the 
Notch receptor that initiates sequential signaling [18]. Abnormal Notch signaling has been found in many tumors and exerts a 
complicated tumor-promoting or tumor-suppressing role according to the tumor microenvironment [19]. In recent years, it had been 
confirmed that the Notch signaling played an extremely essential role in the progression of CRC. Notch1 and its target gene Hes1 were 
overexpressed in most advanced colon tumors, but rarely expressed in early-stage or benign tumors [20]. Therefore, selectively tar-
geting Notch ligands or receptors as an underlying therapeutic method is essential for the treatment of malignant tumors.

In this research, we investigated the influences of PPI on various biological behaviors such as proliferation and apoptosis of CRC 
cells or organoids, and the potential mechanism of PPI-mediated suppression of CRC was identified.

2. Materials and methods

2.1. Reagents and antibodies

Polyphyllin I (molecular formula: C44H70O16, purity ≥98 %) was obtained from Yuanye Bio-Technology Co., Ltd (Shanghai, 
China) and initially dissolved in DMSO (KeyGEN Biotech Corp., Ltd, Nanjing, China) to a final concentration of 80 mM and kept at 
− 20 ◦C. Antibodies against Bax (ab32503), Bcl-2 (ab196495), P53 (ab26), CDK2 (ab32147), Notch1 (ab52627), Jagged1 (ab7771) and 
Hes1 (ab108937) were acquired from Abcam (Cambridge, UK). β-Actin (JTM6921) was from Jinting Bio-Technology Co., Ltd (Nanjing, 
China). The dilution ratio for all antibodies was 1:1000.

2.2. Cell culture

HCT8 cells and HCT116 cells were provided by the central laboratory of Nanjing Hospital of Traditional Chinese Medicine (Jiangsu, 
China). Cells were cultured in RPMI-1640 complete medium (Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA) involving 10 
% FBS (Gibco) and 1 % penicillin/streptomycin in 37 ◦C humidified chambers with 5 % carbon dioxide and subcultured every 2–3 
days.

2.3. Cell viability assay

Cell counting kit 8 (CCK-8, Lianke Biotech Corp., Ltd, Hangzhou, China) was performed to detect changes in cell proliferation. 
Seeded and cultured HCT8 and HCT116 cells (1 × 105 cells/mL) in 96-well plates overnight. RPMI-1640 complete medium with 
various concentrations of PPI (0, 1.25, 2.5, 5, 10, 20 μM) were added into each well respectively. After 12 h, 24 h, and 48 h of 
intervention, the morphology changes of the cultured cells were examined and photographed under an inverted fluorescence mi-
croscope (Nikon, Tokyo, Japan). Then, the cells were added with 10 % CCK8 and incubated for 2 h in a 37 ◦C incubator. Employing a 
microplate reader (Biotek, Winooski, VT, USA) to test the absorbance at 450 nm. The cell survival rate was calculated as follows: cell 
survival rate (%) = (absorbance value of the treatment group)/(absorbance value of the untreated group) × 100 %.

2.4. Transmission electron microscopy (TEM) detection

The 2.5 % glutaraldehyde fixed the HCT8 cells treated with 5 μM PPI for 24 h. The cells were washed twice with PBS before the 
fixation with 2 % osmium tetroxide for 2 h. After being dehydrated with ethanol, they were embedded in resin which was then sliced 
into ultra-thin slices and stained with 3 % uranyl acetate and lead citrate for 5 min. Finally, the observation and recording of ultra-
structural changes in cell slices were performed under a TEM (Hitachi, Japan).

2.5. Cell apoptosis assay

Cell apoptosis was evaluated with Annexin V-PE/7-AAD apoptosis detection kit (Bestbio Technology Co., Ltd, Shanghai, China). 
Briefly, cells were placed and cultured in 60 mm dishes for 24 h and then intervened with PPI at different concentrations (0, 2.5, 5, and 
10 μM). Next, the cells were trypsinized, washed twice with ice-cold PBS, and stained using Annexin V-PE/7-AAD at 4 ◦C in the dark. 
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Flow cytometry (Beckman Coulter, CA, USA) was employed to perform the data acquisition and analysis of the cell apoptosis.

2.6. Cell cycle analysis

HCT8 cells in RPMI-1640 complete medium were seeded in 60 mm dishes at a concentration of 1 × 106 cells/dish overnight and 
treated with various concentration gradients of PPI for 24 h. After that, cells of each dish were collected by trypsinization and fixed 
with 75 % cold ethanol overnight. Cells were then incubated with 20 μL RNase in a 37 ◦C water bath and with 400 μL PI at 4 ◦C for half 
an hour respectively. The analysis of cell cycle distribution was completed by flow cytometry (Beckman Coulter) and Modfit LT 
software (Verity Software House, Topsham, USA).

2.7. Western blotting analysis

After treatment, the total protein from HCT8 cells was obtained by lysing the cells in RIPA buffer (Jinting Bio-Technology Co., Ltd, 
Nanjing, China). Using a BCA protein assay reagent kit (Pierce, Thermo Fisher Scientific, Inc.) to quantify the protein concentration. 
The protein extract was isolated by sodium dodecyl sulfate-polyacrylamide gel (SDS–PAGE) and then moved to the PVDF membrane, 
which was then blocked with 5 % nonfat milk in TBST for 1.5 h. This membrane was incubated with the primary antibodies containing 
Notch1, Jagged1, Hes1, Bax, Bcl-2, P53, CDK2, and β-actin at 4 ◦C overnight, and then incubated further with horseradish peroxidase- 
conjugated antibodies (Jinting Bio-Technology Co., Ltd) for 2 h. The protein expression was detected with chemiluminescence re-
agents (Millipore, Waltham, MA, USA).

2.8. Reverse transcription PCR (RT-PCR) analysis

HCT8 cells were treated with different concentrations of PPI (0–10 μM) at the exponential growth phase for 24 h. Trizol reagent 
(Life, Thermo Fisher Scientific, Inc.) was employed to lyse cells and acquire total RNA on the ice. Then, total RNA was reverse 
transcribed into cDNA through a PrimeScript™ 1st Strand cDNA Synthesis Kit (Takara Bio, Inc., Otsu, Japan). Bio-Rad PCR machine 
and SYBRGreen PCR kit (Takara Bio, Inc.) were utilized to execute PCR. The primer sequences for the genes used in this research were 
exhibited in Table 1. The thermocycling conditions were as follows: 94 ◦C for 5 min, followed by 40 cycles at 94 ◦C for 30 s, 55 ◦C for 
45 s, 72 ◦C for 30 s and 72 ◦C for 7 min. GAPDH was the internal control. Relative mRNA levels were analyzed using the 2− ΔΔCt method 
[21].

2.9. Patients and samples

Tumor tissues and healthy colorectal tissues of CRC patients were acquired from surgical resection in Nanjing Hospital of Tradi-
tional Chinese Medicine. Written informed consent was obtained from all patients before the collection of samples. All tissues were 
obtained from patients who did not receive chemotherapy or radiation before operation. The tumor tissues were all pathologically 
analyzed at the department of pathology and all were colorectal carcinoma. The Ethics Committee of Nanjing Hospital of Traditional 
Chinese Medicine had reviewed and passed the experimental research.

2.10. Colorectal cancer organoid culture and viability assay

Human intestinal crypts from either tumor tissue or adjacent healthy tissue were extracted with collagenase (Sigma-Aldrich, 
Shanghai, China) and embedded in Matrigel, as reported previously by Sato et al. [22]. Organoid pellets were seeded in 48-well plates 
and then incubated in a DMEM/F12 complete medium with A-8301 (Tocris Bioscience, Shanghai, China), EGF (Sino, Shanghai, China), 
R-spondin 1 (Sino), Noggin (Sino), Gentamicin/amphotericin B (Gibco), Glutamax (Gibco), HEPES (Gibco), Normocin (InvivoGen, CA, 
USA), Nicotinamide (Sigma-Aldrich), B27 (Invitrogen, Thermo Fisher Scientific), N2 (Invitrogen), N-Acetylcysteine (Invitrogen). The 
medium was refreshed every two days, and the organoids were passaged every 10–14 days by mechanical disruption with a pipette tip.

The experiment consisted of 7 groups. After the organoids were seeded in 96-well plates overnight, PPI (0 μM, 5 μM, 10 μM, 20 μM, 
40 μM, 80 μM, 160 μM) was added to each group of organoids for 24 h, respectively. Treated organoids were subjected to morpho-
logical analysis using an inverted fluorescence microscope (Nikon). Cell viability was measured utilizing a CCK8 kit (Lianke Biotech 
Corp., Ltd) on the basis of the instruction manual after PPI treatment.

Table 1 
Primer sequences in this research.

Name Forward primer 5′- 3′ Reverse primer 3′- 5′

Notch1 TACGTGTGCACCTGCCGGG CGTTTCTGCAGGGGCTGGGG
Jagged1 TCGCTGTATCTGTCCACCTG AGTCACTGGCACGGTTGTAG
Hes1 ATGACGGCTGCGCTGAGCAC TAACGCCCTCGCACGTGAC
GAPDH GTCGGAGTCAACGGATTTGG AAAAGCAGCCCTGGTGACC
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2.11. Statistical analysis

All data analysis came from GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA). The results were expressed as mean ±
standard deviation (mean ± SD). The One-way ANOVA test was used as a statistical method to evaluate the statistical differences 
between groups. Each experiment was repeated at least three times. A difference was considered to be significant when p < 0.05.

3. Results

3.1. Polyphyllin I inhibited the proliferation of the colorectal cancer cells

The chemical structure of PPI is presented in Fig. 1A. Two CRC cell lines, including HCT8 and HCT116, were originally used to 
investigate the suppressive effect on proliferation induced by PPI in vitro. After treatment with PPI for 12, 24, or 48 h, the IC50 values 
were 5.99, 3.33, or 2.02 μM in HCT8 cells and 10.17, 5.47, or 3.06 μM in HCT116 cells (Fig. 1B). The depressant effect of PPI on the 
proliferation of HCT8 and HCT116 cells gradually strengthened with the prolongation of time and the increase of dose. Under the same 
time and concentration of PPI intervention, the IC50 value of HCT8 cells was lower than that of HCT116 cells, indicating that the 
HCT116 cell line was less sensitive to PPI compared with the HCT8 (Fig. 1B). In summary, based on the IC50 values, the HCT8 cell line 
which was more sensitive to PPI was chosen for subsequent experiments. HCT8 cells were intervened with 0, 2.5, 5, 10, and 20 μM PPI 
for a day. We observed that with the increase of PPI dose, HCT8 cells gradually shed from the surface, lost the ability to attach, and the 
cell proliferation ability decreased (Fig. 1C). In cells intervened with PPI (concentration of 5 μM), the integrity of the cell membrane 
was destroyed and numerous vacuolar-like structures increased in the cytoplasm under the transmission electron microscopy. Other 
ultrastructure changes also included shrinkage of cell volume, margination of chromatin, and damage of organelles structure (Fig. 1D). 
Taken together, these above data intensively implied that PPI might exhibit profound inhibitory activity against human CRC cells.

3.2. Polyphyllin I promoted the apoptosis of HCT8 cells through the regulation of protein expression of Bax and Bcl-2 in HCT8 cells

To examine the role of PPI-induced cytotoxicity on apoptosis, HCT8 cells were identified via dual-staining with Annexin V-PE and 
7-AAD. As shown in Fig. 2A and B, apoptosis percentages in HCT8 cells after treatment with 0, 2.5, 5, and 10 μmol/L PPI for 24 h were 
4.93 % ± 1.14 %, 14.37 % ± 0.74 %, 34.43 % ± 3.45 %, and 42.37 % ± 4.91 %. The results demonstrated that the apoptotic ratio of 

Fig. 1. Anti-proliferative effect of Polyphyllin I on CRC cells. A. Chemical structure of PPI. B. Under PPI (0, 1.25, 2.5, 5, 10, and 20 μM) treatment 
for 12, 24, and 48 h, HCT8 and HCT116 cells viability was measured by CCK8 assay. C. Under PPI (0, 1.25, 2.5, 5, 10, and 20 μM) treatment for 24 h, 
the morphological changes of the HCT8 cells were observed at × 100 magnification. Scale bar, 50 μM. D. Under 5 μM PPI treatment for 24 h, the 
ultrastructure of HCT8 cells was observed with TEM. The white arrow indicates the margination of chromatin. The black arrows indicate cell 
vacuolization. The red arrow indicates mitochondrial edema and dissolution of cristae within the mitochondria. Scale bar, 1 μM. Data were pre-
sented as the means ± SD, n = 4, *P < 0.05, ***P < 0.001 vs Control.
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HCT8 cells was increased and the impact was dose-dependent. Moreover, to assess more exactly the role of PPI in the apoptotic 
pathway, Bcl-2 and Bax proteins were tested with Western blot analysis. Down-regulation of Bcl-2, as well as up-regulation of Bax, was 
observed following PPI treatment (Fig. 2C and D). Thus, it could be summarized that as the PPI dose increased, so did the total 
apoptosis ratio.

3.3. Polyphyllin I induced HCT8 cell cycle arrest at the G2 phase

We performed flow cytometry to analyze the HCT8 cell cycle. The percentage of HCT8 cells in the G2 phase increased from 16.56 % 
(without PPI) to 32.91 % (in the presence of 10 μM PPI), as shown in Fig. 3A and B. To study the mechanism of PPI-induced cell cycle 
arrest, we used Western blot analysis to detect cell cycle-related proteins. We found that P53 protein expression increased and CDK2 
protein expression decreased in the HCT8 cell line after treatment with different concentrations of PPI (2.5, 5, and 10 μM) for one day 
(Fig. 3C and D). Therefore, these data suggest that PPI can trigger cell cycle arrest at the G2 phase in HCT8 cells.

3.4. Polyphyllin I downregulated the expression of notch signaling pathway-related proteins in HCT8 cells

The above experiments demonstrated that PPI inhibited various vital biological processes, such as cell proliferation, cell cycle 
progression, and apoptosis. The Notch signaling pathway is crucial in various types of tumors. We speculated that the Notch signaling 
pathway might be the underlying target of PPI. To further elucidate whether the effects of PPI on cells were related to the Notch 
signaling pathway, we tested the expression changes of key proteins in this pathway via Western blot. We discovered that the protein 
expressions of Notch1, Jagged1, and Hes1 decreased in the 2.5 μM, 5 μM, and 10 μM groups compared to the 0 μM group (Fig. 4A–D). 

Fig. 2. Polyphyllin I induced apoptosis of HCT8 cells. A. HCT8 cells treated with 5 μM PPI for 24 h were analyzed by flow cytometry. B. The 
percentage of apoptotic HCT8 cells. C. HCT8 cells were treated with 5 μM PPI for 24 h, and the protein levels of Bax and Bcl-2 were detected by 
Western blot analysis. D. Quantification of Bax and Bcl-2 expression levels in HCT8 cells using Image-Pro Plus 6.0 software. Data were presented as 
the means ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 vs Control.
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These data indicate that PPI suppresses the Notch pathway in a dose-dependent manner in HCT8 cells.

3.5. Polyphyllin I downregulated the mRNA expression of Notch1, Jagged1, and Hes1 in HCT8 cells

Subsequently, to verify the influence of the Notch signaling pathway on colorectal cancer, we examined the mRNA expressions of 
Notch1, Jagged1, and Hes1 using polymerase chain reaction analysis. Consistent with the protein level results, upon treating colorectal 
cancer HCT8 cells with different doses of PPI, we found that the mRNA expressions of these three genes were significantly reduced 
(Fig. 5A–C). These results suggest that PPI may exert its antitumor activity by partially inhibiting the Notch signaling pathway in 
colorectal cancer.

3.6. Polyphyllin I inhibited CRC patient-derived organoids

Morphological analysis showed that the patient-derived organoids grown from intestinal crypts became gradually thin-walled 
cystic structures, thick-walled cystic structures, or compact organoids over time (Fig. 6A), as previously described [23]. Human 
organoid cultures from healthy and tumor tissues were treated with PPI concentrations ranging from 5 to 160 μM for 24 h. We found 
that membrane integrity was disrupted in the experimental group while the 3D organoids preserved intact structures of the membrane 
in the untreated group, and PPI progressively weakened organoid numbers and size (Fig. 6B). In fact, the dose-dependent cell death 
was confirmed by the CCK8 assay and these data supported the conclusion that the organoids from healthy tissue were significantly less 
sensitive than organoids from tumor tissue (Fig. 6C).

4. Discussion

CRC has become an important clinical issue that requires new treatment methods. Natural products from medicinal plants are 

Fig. 3. Polyphyllin I induced cell cycle arrest in HCT8 cells. A. Under 5 μM PPI treatment for 24 h, flow cytometry was used to analyze the dis-
tribution percentages of different phases of the HCT8 cell cycle. B. The percentage of cells at different phases of the cycle was displayed as a bar 
graph. C. Under 5 μM PPI treatment for 24 h, the expressions of cell cycle-regulated proteins were measured by Western blot. D. Quantification of 
P53 and CDK2 expression levels in HCT8 cells with Image-Pro Plus 6.0 software. Data were presented as the means ± SD, n = 3, ***P < 0.001 
vs Control.
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important resources for fighting tumors [24]. It has been recorded that the anti-cancer effects of PPI in tumors are mediated through 
different mechanisms that consist of autophagy, angiogenesis, and expression of malignant tumor-related genes [9,25–27]. In this 
study, we revealed that PPI reduced the viability of HCT8 and HCT116 cells in a time- and dose-dependent manner. By comparison 

Fig. 4. Polyphyllin I downregulated the expressions of Notch signaling pathway-related proteins in HCT-8 cells. A. After treating HCT8 cells with 5 
μM PPI for 24 h, the expression levels of Notch1, Jagged1, and Hes1 in cells were detected via Western blot. β-Actin was employed as an internal 
control. B-D. Protein expressions were evaluated via histogram analyses. Data were presented as the means ± SD, n = 3, *P < 0.05, **P < 0.01, 
***P < 0.001 vs Control.

Fig. 5. Polyphyllin I treatment downregulated the expressions of Notch signaling pathway-related genes in HCT8 cells. A. After treating HCT8 cells 
with 5 μM PPI for 24 h, mRNA expression of the Notch signaling receptor Notch1 was detected. B. After treating HCT8 cells with 5 μM PPI for 24 h, 
mRNA expression of the Notch signaling ligand Jagged1 was detected. C. After treating HCT8 cells with 5 μM PPI for 24 h, mRNA expression of the 
Notch signaling downstream target gene Hes1 was detected. Data were presented as the means ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 
vs Control.
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with the value of IC50, it was observed that PPI had a stronger inhibitory effect on the HCT8 cells than the HCT116 cells under the same 
time and concentration of PPI intervention. We speculate that this may be related to the differential expression of proteins or genes 
affected by PPI in the two cell lines. In the subsequent research, we used HCT8 cells as a representative for further research. Moreover, 
we investigated the effects of PPI on human CRC organoids. Organoids are three-dimensional culture models based on stem cells that 
reproduce the cell growth environment, preserve genetic characteristics, and better mimic patient tumors. Therefore, they are 
considered to be the best in vitro models [28]. Our research showed the influence of PPI on the suppression of organoid morphology 
cultured from cancer patients, which corroborated the inhibiting effect of PPI. In contrast, PPI did not affect the growth of organoids 
from healthy tissues with low toxicity. By flow cytometry analysis, we found that PPI could promote apoptosis in HCT8 cells. Higher 
organisms exhibit internal and external pathways of apoptosis. Bcl-2 family is involved in the internal or mitochondrial apoptotic 
pathway. The family proteins are divided into proapoptotic members containing Bax and Bak, and antiapoptotic members containing 
Bcl-2 and Bcl-xl, which play a vital part in the regulation of apoptosis [29]. Liu et al. found that PPI could trigger 
mitochondria-mediated apoptosis in glioma cells through increasing the expression of Bax and reducing Bcl-2 expression, indicating 
that PPI induced apoptosis through mitochondria-mediated pathways [30]. In line with these reports, our research results exhibited 
that the expression of Bax increased and the expression of Bcl-2 decreased in HCT8 cells treated with PPI. In addition, we determined 

Fig. 6. Polyphyllin I inhibited CRC organoid growth. A. Chronological development of CRC patient-derived organoids in Matrigel droplet. B. 
Organoids were treated with PPI (5, 10, 20, 40, 80, and 160 μM) for 24 h, and the morphology was assessed at × 100 magnification by light 
microscopy. Scale bar, 50 μm. C. Cells viability was quantified by CCK8 assay. Data were presented as the means ± SD, n = 3, **P < 0.01, ***P <
0.001 vs Control.
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that PPI also aroused cells to be blocked at the G2 phase. Previous studies had shown that PPI could induce cell cycle arrest at the G2/M 
phase in human gastric carcinoma cells and G0/G1 phase in prostate cancer cells [31,32].

The Notch signaling pathway is quite vital in the occurrence and development of tumors. Abnormal activation of the signaling 
pathway leads to a series of abnormal biological modifications, which eventually leads to cell malignancies [33]. In mammals, the 
Notch signaling system molecules consist of five ligands (Jagged1-2, Delta-like1, 3, and 4) and four transmembrane receptors 
(Notch1-4), as well as some downstream target genes that comprise Hey1, Hes1, Deltex [34]. The Notch receptors undergo an initial 
cleavage in the Golgi apparatus and are then transported to the plasma membrane. When the Notch ligands bind to the receptors, the 
receptors are cleavaged by the metalloprotease (ADAM) and γ-secretase protein complex. Then intracellular domain (NICD) trans-
locates into the nucleus and binds to the transcription factor CSL to form a complex. Then mastermind-like proteins (MAML), p300, and 
histone acetyltransferase (HAT) will be connected to CSL to form the MAML-CSL-HAT-P300 complex. Finally, the expression of the 
target genes is induced [34,35]. A variety of studies about colorectal cancer had shown that the Notch signaling was involved in the 
occurrence and development of CRC, and these researches highlighted the significant impact of the Notch signaling on tumor 
angiogenesis [36], cellular invasion and proliferation [37], stem cell function and phenotype [38], as well as the tumor immune 
microenvironment [37]. Animal experiments had demonstrated that the inhibition of the Notch pathway could reduce intestinal 
mucosal inflammation and maintain the stability of intestinal epithelial cells in GOLM1-deficient mice, thereby preventing the 
occurrence of colitis and CRC [39]. Liao et al. confirmed that Notch1 was overexpressed in cancer tissue and cell lines, and CRC cells 
were suppressed by genetic method to knock down Notch1 or Notch signaling pathway inhibitor, which hinted that activation of the 
Notch pathway was connected with the occurrence of CRC [40]. Therefore, targeting the Notch signaling pathway is potentially a valid 
mechanism for the treatment of CRC. Besides, the abnormally activated Notch signaling pathway was related to several other cancers 
including lung cancer [41] and gastric cancer [42]. However, in addition to carcinogenic effects related to cancer progression and 
metastasis, the Notch pathway also acted as a cancer inhibitor, depending on the context of cancer cells. Consistent with the results of 
our research, the expressions of Notch receptors, ligands, and target genes were decreased by PPI in HCT8 cells (RT-qPCR and WB). We 
observed that Notch signaling regulated the cell cycle and cell apoptosis via regulating Bax, Bcl-2, P53, and CDK2 proteins (Fig. 7).

5. Conclusion

In conclusion, the current research suggested that PPI restrained the growth of colorectal tumors in vitro and was the first to 
demonstrate that treatment with PPI was able to significantly inhibit patient-derived CRC organoids. PPI promoted cell apoptosis and 
arrested cell cycle progress via suppressing the expressions of Notch1, Jagged1, and Hes1. Altogether, PPI could be considered as a 
potential candidate for the management of CRC.
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