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With the sharp change in our diet and lifestyle, the incidence of colorectal cancer (CRC) is increasing among young people and has become the second most common malignant tumor worldwide. Although the current treatment of CRC is getting updated rapidly, recurrence and metastasis are still inevitable. Therefore, new anticancer drugs are needed to break existing limitations. In recent years, Hedyotis diffusa Willd (HDW) extracts have been proved to demonstrate excellent anti-colorectal cancer effects and have been widely used in clinical practices. In this review, we aim to explore the advantages, potential signaling pathways, and representative active ingredients of HDW in the treatment of CRC from the perspective of molecular mechanism, in order to provide new ideas for the future treatment of CRC.
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INTRODUCTION
Colorectal cancer (CRC) is one of the leading causes of cancer-related death in Western and developing countries, and it is the second most common cancer after lung cancer (Hemminki et al., 2021). Epidemiology results show that the global cases of CRC reached over 1.9 million in 2020 (Alyabsi et al., 2021). Global data indicate that although the incidence of CRC has declined significantly over the past few decades among people over the age of 50, an annual increase of about 1.8% has been observed in younger patients, and it is projected that the average incidence of CRC may increase by about 107.1% in patients aged 20–34 years by 2030 (Thanikachalam et al., 2019; Vidri et al., 2020). About 33% of CRC patients have distant metastasis at the time of diagnosis, although many advances in systematic approaches have occurred such as chemotherapy, targeted therapy, and immunotherapy, while about 86% of patients with advanced colorectal cancer still die within 5 years of diagnosis (Wrobel et al., 2019). These gloomy data present a challenging goal for clinicians and researchers, that is, to explore new anticancer drugs to overcome the limitations of existing therapies.
Hedyotis diffusa Willd (HDW) is a kind of Rubiaceae of Chinese herbal medicine, which is a famous Chinese herbal medicine with thousands of years of clinical practice history. HDW is an important ingredient of various anticancer formulations; it has been reported to inhibit tumor cell proliferation and metastasis and alleviate side effects after chemotherapy as well (Song et al., 2019). Early pharmacological studies have confirmed that HDW has medicinal properties like antitumor, anti-inflammatory, immunomodulatory, antioxidant, and other biological activities (Shen et al., 2016). As an antitumor herbal medicine, HDW and its extracts have been widely used in the treatment of CRC, breast cancer, prostate cancer, and so on (Wazir et al., 2021; Huang et al., 2021). In this review, we explore the advantages, potential signal pathways, and representative active ingredients of HDW in the treatment of CRC. To write this review, we tried to use the latest published articles in highly reputated journals.
ADVANTAGES OF HDW
HDW is a widely used clinical herbal medicine. Meng et al. (2013) found 199 anticancer herbs by searching PubMed and SciFinder databases; they then ranked each herb by frequency of occurrence and found that HDW was in the top five; subsequently, MTS cell viability assay was used to confirm that HDW, and its extracts showed good anticancer cell proliferation activity. HDW is also a representative of many heat-clearing and detoxifying anticancer herbs, whose anticancer activity is second only to yew and equivalent to matrine, especially in the treatment of CRC highlighted more advantages (Song et al., 2019).
Although there are a variety of treatments for colorectal cancer, chemotherapy is still one of the main therapies for most patients. However, the resistance of cancer cells to chemotherapy drugs limits its long-term application, which is also the primary reason for clinical chemotherapy failure. Lai et al. (2017) demonstrated that HDW can inhibit the activity, migration, and invasion of drug-resistant colorectal cancer cells of HCT-8/5-FU, and reverse multiple drug resistance (MDR) of colorectal cancer cells. Compared with oxaliplatin alone, combined use of HDW can reduce toxicity, increase efficacy, reduce the incidence of bone marrow suppression after chemotherapy, enhance immune response, improve the quality of life of cancer patients, and prolong their survival (Chen et al., 2016; Ho, 2018). In addition, HDW also has multiple pharmacological effects such as antioxidant, anti-inflammatory, anti-fibroblast, and immune regulation, and it also has a certain blocking effect on the transformation of colitis cancer (DanQing et al., 2021).
The role of HDW in CRC is quite important. Next, we will make a systematic, comprehensive, and detailed review framework for the molecular mechanism of HDW and its extracts in the treatment of CRC.
POTENTIAL SIGNALING PATHWAYS
To investigate the potential mechanism of HDW in inhibiting CRC cell growth, we will review the potential signaling pathways of HDW acting on CRC over the years, including the in vivo and in vitro experiments (Table 1).
TABLE 1 | Potential signaling pathways of HDW extracts against CRC.
[image: Table 1]Yan et al. (2017) suggested that the chloroform extract of HDW(CEHDW) may play an anticancer role by suppressing phosphorylation of PI3K/AKT and RAS/ERK signaling pathways: CEHDW could inhibit proliferation and promote apoptosis of the SW620 CRC cell lines, and in addition, it plays this role by decreasing the expression levels of B-cell lymphoma 2(Bcl-2), cyclin D1, cyclin-dependent kinase 4(CDK4), surviving and proliferating cell nuclear antigen (PCNA), and increasing the expression levels of Bcl-2-associated X (Bax) protein. CEHDW also inhibits the activation of protein kinase B (AKT) and extracellular signal-regulated kinase (ERK).
Multiple drug resistance (MDR) is one of the main causes of chemotherapy failure. Li et al. (2015); Li et al. (2018) proposed for the first time that the ethanol extract of HDW (EEHDW) may overcome drug resistance of HCT-8/5-FU cells by downregulating the expression of ABC subfamily G member 2 (ABCG2) and P-glycoprotein (P-gp), or via inhibiting the phosphorylation of the PI3K/AKT signaling pathway. It mainly suppresses the expression of PI3K and p-Akt key target genes; downregulates the expression of Bcl-2, cyclin D1, and CDK4; and upregulates the expression of Bax, p21, and phosphatase-tensin homolog (PTEN) to reduce the viability of cancer cells, inhibit cell colony formation, induce cell apoptosis and then reverse MDR.
Li et al. (2019) constructed a human lymphatic endothelial cell (HLEC) model stimulated by vascular endothelial growth factor C (VEGF-C) and found that EEHDW regulates PI3K/AKT, ERK, and signal transducer and activator of transcription 3(STAT3) signaling pathways to inhibit VEGF-C-mediated lymphatic formation of HCT-116 and HCT-8 cell lines, thus blocking the migration of cancer cells and lymphangiogenesis. These signaling pathways are interrelated and can occur in parallel; important downregulated molecules in this process include cyclin D1, CDK4, MMP2, MMP9, and VEGFR-3.
In 2012, a CRC mice xenograft (CMX) model was used by some researchers to demonstrate the anticancer activity of EEHDW in vivo (Cai et al., 2012); they found EEHDW reduced tumor weight and volume in model mice. This may be attributed to EEHDW hobbling the phosphorylation of STAT3 signaling pathway. Feng et al. (2017) further confirmed that EEHDW has strong anti-colorectal cancer activity both in vivo and in vitro, and also built a CMX model and some human CRC cell lines (HCT-8, HT-29, HCT-116, and SW620 cells). The results show that EEHDW could regulate various inflammatory (IL-1β, IL-6, IL-4, IL-10, TNF-α) and angiogenic factors (COX-2, iNOS, eNOS, HIF-1α) and downregulate the expression of various oncogenes (Bcl-2, Bax, Pim-1, p53), thus affecting the proliferation and apoptosis of cancer cells and tumor angiogenesis. The changes in these key molecules suggest that EEHDW may play an important role in decreasing the activation of multiple signaling pathways, such as ERK1/2, AKT, STAT3, JNK, and p38.
Lin et al. (2015) studied the activity of EEHDW in a carcinogenic inflammatory environment and demonstrated that EEHDW treatment significantly reduced IL-6-induced STAT3 pathway phosphorylation and induced activation of pro-apoptotic factors Bax, caspase-9, and caspase-3, and downregulated Bcl-2, cyclin D1, and CDK4, thereby enhancing the local inflammatory environment and promoting tumor progression. In addition, Lin et al. (2011); Lin et al. (2015) also confirmed that EEHDW could prevent G1 to S progression of HT-29 cells and inhibit the expression levels of VEGF-A, to counteract tumor angiogenesis. In the early years, Lin et al. (2013) verified that EEHDW can reduce intra-tumor microvascular density (MVD) in a CMX model by inhibiting the expression of VEGF-A and VEGFR2, the target gene of the Sonic hedgehog (SHH) signaling pathway. Lin et al. (2010) also observed that EEHDW treatment could break the DNA, decrease the mitochondrial membrane potential, and increase the ratio of Bax/Bcl-2 of HT-29 cells, suggesting that EEHDW inhibited the growth of HT-29 cells via the mitochondrion-dependent pathway.
Lin et al. (2012) also believed that EEHDW could block the cell cycle G1 to S progression by decreasing the expression of cyclin D1, PCNA, and CDK4 but increasing the p21, which was positively correlated with the treatment time and concentration of EEHDW. Sun et al. (2016) showed that HDW may inhibit CRC stem cells; EEHDW can significantly reduce the expression of Lgr5, PCNA, ABCB1, survivin, β-catenin, and c-Myc in HT-29 SP cells and reduce the proportion of SP in HT-29 cells. These are associated with the inhibition of the Wnt/β-catenin signaling pathway and the expression of ABC transporters. Both Lai et al. (2017) and Chen et al. (2018) found that EEHDW inhibited metastasis of HCT-8/5-FU cells by regulating the transforming growth factor-β (TGF-β) signaling pathway, which showed inhibition of cell adhesion, migration, and invasion.
In summary, PI3K/AKT, RAS/ERK, STAT3, and cell cycle arrest are the most common signaling pathways for HDW extracts to intervene in CRC. Other signaling pathways include TGF-β, Wnt/-β-catenin, SHH, ABC, and mitochondrion-dependent pathways, which are closely related to the anticancer activity of HDW. It exerts anti-colorectal cancer activity mainly by promoting cells apoptosis; inhibiting cell proliferation, migration, and invasion; and suppressing tumor and lymphangiogenesis. It can also reverse the drug resistance of CRC cells. A network pharmacology research shows that the main targets of HDW therapy for CRC are AKT, PIK, TP53, BRAF, CDK2, and RAF, Gene Ontology (GO) analysis suggested that HDW may exert anticancer activity through regulating tumor-related pathways, cell motility and cell community, which is consistent with the main molecular mechanisms reviewed in this article (Liu X et al., 2018). The following is a schematic diagram of the main signaling pathways that HDW acts on CRC (Figure 1).
[image: Figure 1]FIGURE 1 | Main signaling pathways and molecules of HDW act on CRC.
REPRESENTATIVE ANTITUMOR CONSTITUENTS
Modern technologies have helped us identify 58 kinds of antitumor active components in HDW (Han et al., 2020). We will review several representative chemical constituents.
Anthraquinones
Anthraquinones are one of the main anticancer components of HDW, and their anticancer activity is similar to that of paclitaxel. Meng et al. (2013) evaluated the effects of 10 active components of HDW on seven cancer cell lines and peripheral blood mononuclear cells (PBMCs). They found that anthraquinones inhibit cancer cell vitality in a dose-dependent manner within a certain concentration range, especially 2-hydroxymethyl-1-hydroxyanthraquinone (IC50 = 45.33 µM) could significantly inhibit the proliferation of the colorectal cancer cell line Caco-2, followed by 2-methyl-3-methoxyanthraquinone, 2-hydroxymethylanthraquinone, and 2-hydroxy-3-methylanthraquinone (IC50 = 93–155 µM). Meanwhile, anthraquinones have almost no effect on PBMCs. Li et al. (2016) confirmed that the active component of the 1, 3-dihydroxy-2-methylanthraquinone fraction from HDW with a much high inhibitory rate up to 48.9 ± 3.3% against HepG2 carcinoma cells at 125 µMol/L, mainly mediating by death receptor and mitochondrial apoptosis pathways. 2-Hydroxymethylanthraquinone found in HDW has been demonstrated to significantly reduce LPS-induced acute lung injury and suppress the level of inflammatory factors by regulating the TLR4/NF-κB pathway, thereby inhibiting inflammatory cancer transformation (Tan et al., 2018).
Iridoids
Iridoids are also one of the main components of HDW in their anticancer activities and are widely found in plants (Wang et al., 2020). Wang et al. (2017) isolated nine iridoids (1–3, 5–10) from HDW and measured the cytotoxic effects of all the compounds on various human tumor cell lines in vitro. Iridoid glycosides of Shecaoiridoidside C (compound 3) were found to be highly cytotoxic to HCT15 (human colon cancer cells) and other tumor cells (IC50 = 9.6–62.2 µM), and compounds 1, 7, 9(IC50 = 37.6–86.6 µM, 34.2–71.3 µM, 78.3–97.9 µM) also showed certain cytotoxicity to HCT15, A459, and HepG2 cells. In 2018, Wang et al. (2018) further confirmed that compounds 1 and 2 (IC50 = 9.5–28.2 µM, 15.8–26.2 µM) obvious cytotoxicity to HCT15 and all tumor cells. In addition, compound 8 (IC50 = 16.5–40.4 µM) also showed a significant inhibitory effect on HCT15, CNE-2, HL-60, A459, and HepG2 cancer cells.
Flavonoids
Flavonoids are a class of polyphenols with a wide range of biological activities, their anticancer and antioxidant effects have been the focus of research for many years. Epidemiological studies have confirmed that dietary intake of flavonoids can reduce the risk of cancer (Maleki et al., 2019; Selvakumar et al., 2020). Badar et al. (2021) found that flavonoids can target the PI3K/Akt/mTOR signaling pathway in the treatment of cancer. It could also modulate and regulate reactive oxygen species (ROS) of colorectal cancer HCT15, HCT116, and SW480 cell lines to activate caspases, thus o stimulating cell apoptosis (Kopustinskiene et al., 2020). Li Y. L et al. (2020) also suggested that the flavonoids from HDW may inhibit the upstream of the H2O2-induced pathway by lowering ROS and increasing the levels of Trx1 and TrxR1, thereby blocking the ASK1/P38 MAPK signaling pathway and reversing cellular malignant transformation. It is believed that flavonoids have the therapeutic potential of epigenetic regulation of cancer pathogenesis (Khan et al., 2021). Quercetin is a representative compound of flavonoids; it has many preventive effects in colorectal cancer, such as promoting apoptosis and antioxidant and inhibiting angiogenesis, and it is very sensitive to HCT116 cells (IC50 = 5.57–45.94 µM) (Ayoup et al., 2021).
Triterpenes
Triterpenes are essential for human health; they could suppress nuclear factor kappa B (NF-κB), STAT3, nuclear factor erythroid-2-related factor 2 (Nrf2), and other key signaling pathways to activate the antioxidant and anti-inflammatory ability, cell cycle regulation, and epigenetic to prevent tumor development (Li S et al., 2020). Four triterpenes have been isolated from HDW, namely, ursolic acid, oleanolic acid, isoarborinol, and arborinone (Chen et al., 2016). Studies have shown that ursolic acid has strong anti-inflammatory activity, via interfering with various biological processes such as free radical scavenging, pro-apoptotic and antiapoptotic protein expression, and G1/G2 cell cycle arrest, leading to apoptosis of cancer cells and inhibition of cell proliferation and angiogenesis (Yin et al., 2018; Alam et al., 2021). Meng et al. (2013) found that ursolic acid (IC50 = 71 µM) had the strongest inhibitory effect on Caco-2 cells among compounds isolated from HDW, and it also had a strong inhibitory effect on Hep G2, DU145, PC-3, LNCaP, and HeLa cancer cells (IC50 = 22.33–65.02 µM), which was close to the activity of paclitaxel. However, oleanolic acid has a less toxic effect on cancer cells than ursolic acid (IC50 = 65.18–198.10 µM).
Coumarins
The total coumarins of HDW, including scopoletin and esculetin, showed significant antiproliferative activity. Jiang et al. (2017) identified that HDW contains two kinds of coumarins, with a total content of 87.4% coumarins, which can activate caspases and inhibit PI3K/Akt pathway proteins, thus inducing SkM-1 cell apoptosis in a dose-dependent manner (IC50 = 104.48 μg/ml, 100.66 μg/ml). Yu et al. (2021) synthesized a new class of scopoletin derivatives and found that compound 18e exhibited antiproliferative activity against different cancer cells, especially MCF-7 cells (IC50 = 0.37 µM). A study proved that scopoletin could inhibit the proliferation of HCT-116 and A549 cells by reducing the level of RAS-Raf-MEK-ERK and PI3K/AKT pathways (IC50 = 32 μg/ml, 16 μg/ml) (Yuan et al., 2021). In addition, esculetin can target hnRNPa1 and downregulate the expression of Bcl-xl and Xiap, resulting in cell apoptosis and restricted proliferation of Ishikawa (IC50 = 95 µM) and HEC-1B (IC50 = 142.5 µM) (Jiang et al., 2021).
Alkaloids
Alkaloids can inhibit the proliferation of colorectal cancer cells by interfering with the cell cycle, which shows certain anticancer potential (Khan et al., 2022). Modern pharmacological studies show that steroidal alkaloids have anticancer, anti-inflammatory, bactericidal, analgesic, and other biological activities and showed strong cytotoxicity to HCT-116 (IC50 = 3.8 µM) and HepG2, HeLa, K562, McF-7, and A549 cells (IC50 = 2.1–8.0 µM); the application of this compound is promising (Dey et al., 2019; Jiang et al., 2016).
Sterols
Sterols are also common chemical constituents of HDW. Interestingly, the reduction of squalene epoxidase caused by sterol accumulation can activate the β-catenin oncogenic pathway and inhibit the p53 tumor suppressor pathway, leading to the progression of CRC (Jun et al., 2021). Gao et al. (2019) also observed that sterol regulatory element-binding protein-1 is overexpressed in HT29 cells, promoting the vascular endothelial generation, activating the NF-κB-P65 pathway, and thus causing uncontrolled proliferation of cancer cells. Meng et al. (2013) confirmed that stigmasterol showed very low anticancer activity (IC50 > 200 µM). This indicates that among many active ingredients, sterols may play a neutralizing or even opposite role.
Cyclotides
The unique ring structure of cyclotides shows great promise in the treatment of cancer as it is stable and difficult to be enzymatically hydrolyzed (Mehta et al., 2020). Gerlach et al. (2022) found that multiple cyclotides (CyO2, CyO13) were cytotoxic to SH-SY5Y and U-87 MG cells (IC50 = 2.15–7.92 µM), and combined application could enhance the efficacy of temozolomide (TMZ).
The representative antitumor constituents isolated from the HDW are organized and listed in Table 2, and their 3D structure is shown in Figure 2.
TABLE 2 | Representative antitumor constituents isolated from the HDW.
[image: Table 2][image: Figure 2]FIGURE 2 | Three-dimensional structures of representative antitumor constituents.
CONCLUSION AND DISCUSSION
Hedyotis diffusa Willd is a representative of heat-clearing and detoxifying herbs with strong anticancer activity and is widely used in clinical adjuvant therapy for postoperative patients with colorectal cancer. In many anticancer TCM formulations, its frequency is as high as 5.1% (Chao et al., 2014). In this study, we covered almost all relevant studies on the anti-colorectal cancer effects of HDW and its extracts in vitro and in vivo and summarized its advantages, potential signaling pathways, and representative active ingredients in the treatment of CRC as well. We found that the ethanol extract of HDW (EEHDW) had the best anticancer activity, and its anticancer ability was dose- and time-dependent, with a general study concentration of 0.5–2 mg/ml. HDW is less toxic to normal cells than chemotherapy, and it can also reverse MDR in colorectal cancer cells.
HDW exerts anti-colorectal cancer activity through multiple pathways and targets. PI3K/AKT, RAS/ERK, STAT3, NF-κB, Wnt/β-catenin, and cell cycle arrest are the most common signaling pathways for its intervention in colorectal cancer. The activation of the PI3K/AKT pathway is a very classic molecular event in the development process of colorectal cancer. Studies have found it plays an important role in regulating cell autophagy, inhibiting epithelial–mesenchymal transition (EMT), and promoting the G1/S-phase cell cycle (Duan et al., 2018; Wei et al., 2019). The RAS/ERK pathway also plays a vital role in the invasion and proliferation of CRC, and cyclin D1 secreted after its activation can cause the uncontrolled proliferation of colorectal cells (Zhu et al., 2019). Although these pathways are involved in the regulation of different oncogenic mechanisms, they contain common upstream and downstream effector factors and are linked at multiple levels. For example, the interaction of Wnt/β-catenin and PI3K/AKT/mTORC1 signaling pathways is one of the mechanisms of drug resistance in CRC patients (Prossomariti et al., 2020), and oncogene doublecortin-like kinase-1 (DCLK1) can activate NF-κBp65 and induce EMT through the PI3K/Akt/Iκα pathway (Liu W et al., 2018).
Up to 170 compounds have been isolated from HDW, these anthraquinones, iridoids, flavonoids, triterpenes, coumarins, alkaloids, and cyclotides are the main components of anticancer activity. Interestingly, the compound sterols could activate the Wnt/β-catenin pathway, which may play a neutralizing or even opposite role in many compounds. The IC50 of these constituents in colorectal cancer cell lines were close to chemical drugs such as paclitaxel and 5-FU and had no inhibitory effect on normal cell lines (IC50 > 200 µM). They upregulate pro-apoptotic proteins and downregulate antiapoptotic proteins by acting on these key signaling pathways, promote cell apoptosis, inhibit cell proliferation, and inhibit the formation of tumor blood vessels and lymphatics (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic diagram of anti-colorectal cancer components from HDW and their related mechanisms.
Modern research technology has provided much evidence for the anti-colorectal cancer effect and molecular mechanism of HDW, which has provided a scientific basis for its wide clinical application, and it is good news for colorectal cancer patients. However, most of the research objects are model mice or cancer cells, which are different from human physiological and pathological environments. On the other hand, traditional Chinese medicine prescription is a combination of several herbs, with the structure of monarch, minister, assistant, and guide. These studies only involve one HDW or one of its components, which obviously cannot fully reflect the anticancer thought of TCM. Moreover, many studies have shown that the combination of multiple components or extracts has more advantages in the intervention of tumor-related signaling pathways than a single herbal. Therefore, the clinical practice of HDW and its extract in the treatment of CRC needs to be further verified, and more suitable options should be explored in future studies.
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