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Abstract
Gastric cancer is considered a very deadly cancer, which is among the five deadliest cancers in the world. One of the main therapies for gastric cancer is chemotherapy, but treatment failure occurs when drug resistance reduces chemotherapy efficacy. One of the biggest obstacles to advanced therapeutics for various cancers is drug resistance. Chemotherapy resistance can arise during the treatment or can already be present intrinsically. Resistance to chemotherapy in gastric cancer is caused by intricate and multifaceted mechanisms. Numerous factors, including signaling pathways, have been found to play a role in chemoresistance. For a decade, researchers have been increasingly concerned about the rising prevalence of this resistance. Therefore, it's crucial to reassess the current cancer treatment approaches and research novel therapeutic approaches for the targeted destruction of cancer cells. 
[bookmark: _Hlk215566561]This review describes the various pathways that lead to resistance, such as drug efflux, drug influx, tumor microenvironment, and signaling interactions between cell adhesion receptors. Furthermore, a number of signaling pathways, including Wnt, Notch, TGF-β, PI3K/Akt/mTOR, Ras/Raf/MAPK, and EGFR, are explained in the context of drug resistance. Finally, the treatment of chemotherapy-resistant gastric cancer may benefit from reducing this resistance using modern therapeutic approaches, such as blocking certain signaling pathways. 
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Introduction
One significant illness in the world is gastric cancer (GC). GC is among the top five cancers diagnosed around the world, with approximately a million new cases expected each year (1). The five-year rate of survival for patients with advanced stomach cancer is about 10-15%, despite the fact that early detection and therapy greatly enhance prognosis (2).
Gastric cancer scores third in terms of cancer-related deaths. Males are twice as likely as females to develop stomach cancer. In addition to H pylori, other causes for non-cardia stomach cancer include elderly age, poor socioeconomic level, alcohol and cigarette use, familial susceptibility, past stomach surgery, pernicious anemia, and residing in a high-risk population. Consuming salted food may raise the chance of contracting an infection with H. pylori and may also work in concert to accelerate the growth of stomach cancer (1). Surgical resection is the primary therapeutic method for stomach cancer; however, since the cancer is usually detected at advanced stages, surgery is impossible in the majority of cases. The effectiveness of alternative therapies, such as chemotherapy and radiation therapy, is weak (3).
Resistance to numerous medications, either prior to treatment (primary) or as a consequence of drug exposure (secondary), is a feature of the multidrug resistance (MDR) phenotype that is common in many types of cancer. Pharmacological treatment is crucial for patient survival in cases where tumors like gastric adenocarcinoma are found in advanced stages and surgery is not a viable option (3).
Chemotherapy is the most commonly employed therapy for gastric cancer (4). Nevertheless, it can lead to serious adverse effects and contribute to the development of chemoresistance for many reasons, such as inadequate metabolism or chemical components degradation (5). It is noteworthy that numerous signaling pathways in gastric cancer can become resistant to drugs (6). Therefore, research in this field is necessary to gain a comprehensive understanding of the molecular aspects of cancer drug resistance to certain drugs. 
In this review, Main signaling pathways such as EGFR, PI3K/Akt, Ras/Raf/MAPK, Wnt/β-catenin, Notch, and TGF-β signaling pathways that lead to resistance to many cancer therapies were discussed. Suppression of these signaling pathways, which are resistant modulators, likely represent a clear and obvious outcome for eliminating resistance to drugs and enhancing the effectiveness and endurance of anticancer medications, since these signaling pathways exhibit abnormal behavior in gastric cancer.
Drug resistance in gastric cancer
Chemotherapy resistance remains a key issue in research of cancer today (7). According to research, there are three main ways that drugs become resistant to cells: first, through reduced absorption of medications that are soluble in water, like cisplatin, folate antagonists, and nucleoside analogues, which need transporters to get into the cells; next, through a variety of cellular changes that impact the ability of cytotoxic drugs to kill cells, such as modifications to the cell cycle, boosted repair of destructed DNA, decreased apoptosis, and changed drug metabolism; and finally, increasing the flow of energy-dependent hydrophobic medicine which are more readily absorbed by the cells through the membrane of plasma (8).
Cell signaling and drug resistance
There are numerous signaling pathways with different functions inside cells. While signaling pathways play a critical role in maintaining cellular homeostasis through metabolic regulation, there are notable differences between signaling in oncogenic and normal cells. This is because disruption of the pathway is known to contribute to drug resistance and cancer development (9). Reports indicate that chemotherapy affects an extensive variety of genes, leading to drug resistance development. Drug resistance plays an important role in several signaling pathways, including the Notch, Ras/Raf/MAPK, EGFR, PI3K/Akt, and Wnt/β-catenin pathways (Figure 1) (10).
Decreasing the medication absorption – influx of Drug
Anticancer drugs such as doxorubicin and vinblastine can enter tumor cells through passive transfer, while others, like nucleoside analogs, can enter via active transport. Additionally, some of them can enter through facilitated diffusion. The majority of transporters of membrane convey water-soluble medications that ‘piggyback’ on carriers, such as minerals and vitamins, and transporters. There are two primary methods to decrease medication absorption. Including decrease the transporters number and the inclination for medicines to bind together. Certain chemicals enter cells through particular transporters. Drug absorption is decreased when these transporters are mutated, inhibiting them. For instance, in patients who have acute lymphoblastic leukemia (ALL), mutation of gene in the human folate carrier (hRFC) typically results in methotrexate resistance (Figure 1) (11).
Enhancing the medication expulsion from the cell - drug efflux
To transport different molecules and substances, including nutrients across the membrane, a group of transporters that are dependent on ATP are involved. A pair of cytoplasmic domains has been used to construct ABC transporters that bind to two transmembrane domains (TMDs) and ATP, identified as the ATP-binding cassette (ABC). P-Glycoprotein (P-gp), a protein that transports multiple drugs across the cell membrane, belonging to the ABC family, is typically thought of as a pump that expels chloride ions from cells. It has the capability to attach to various types of chemotherapy medications, such as vinblastine, taxol, and doxorubicin, after which it hydrolyzes the binding ATP and changes the structure of P-gp (11). 
Chemotherapy resistance's mechanism is not well recognized. According to reports, chemotherapy affects a large number of genes that lead to the development of drug resistance. These genes play important roles in numerous signaling pathways, including EGFR, Ras/MAPK, Notch, PI3K/Akt, TGF-β/Integrin-ECM, and Wnt/β-catenin pathways (Figure 1). Various signaling pathways control many biological processes inside cells. Drug resistance and cancer progression can result from dysregulation of these pathways, which is frequently caused by mutations or abnormal expression. Targeting these pathways alongside oncogenic and tumor suppressive signaling pathways could lead to strategies to overcome drug resistance and enhancing the efficiency of anticancer treatments (10).
The signaling interaction between cell adhesion receptors within the tumor microenvironment
Cell interactions with their surroundings are facilitated by a variety of molecules of cell adhesion on the outside of cells. Additionally, these molecules function as receptors, starting signaling cascades that control drug resistance and cell viability (10). One class of cell adhesion molecule called integrin is important in developing treatment resistance in various malignancies, including lung, prostate, and breast cancer (12). Chemotherapy-induced apoptosis can be inhibited by integrin-mediated stimulation of survival pathways such as PI3K/Akt and MAPK/ERK. Moreover, integrin can stop cancer cells from undergoing apoptosis by attaching to extracellular matrix proteins including fibronectin and laminin (13, 14).  The DU145 cell line derived from prostate cancer also exhibits β1 integrin ligation with fibronectin, which reduces apoptosis triggered by docetaxel and ceramide (15). Additionally, pancreatic cancer stimulates L1CAM expression in response to chemotherapeutic drugs, which binds to α5β1 integrin to trigger transduction of signal, NF-κB activation, and the generation of IL-1β (16).
Tumor Microenvironment
The extracellular matrix (ECM), stroma, immune cells, lymphatic and neurological systems, and its own supply of blood make up the complicated and dynamic tumor microenvironment (TME). These intricate elements, which make use of both cancerous and benign cells, provide the severe, nutrient-poor, immunosuppression environment required for tumor cell proliferation, development, and phenotypic plasticity and diversity. Cell-to-ECM communication and crosstalk of cells are crucial components of the TME. Resistance to therapy is further increased by this interaction, which triggers the release of soluble molecules that are involved in immune evasion and remodeling of ECM. Treatment resistance has been linked to distinct features of TMEs, including metabolic disorders, hypoxic conditions, and aberrant mechanical pressures, alongside biochemical signaling (17). Current research indicates that the surrounding microenvironment, known as the "cancer stem cell niche," may regulate the properties of cancer stem cells (CSCs), particularly their capacity for self-renewal. In a variety of solid tumors, hypoxia is recognized to be essential for the preservation of CSC self-renewal and their undifferentiated status. Hypoxic conditions in microenvironments prompt EMT and enhance the stem-like characteristics of gastric cancer cells (18).
EGFR signaling in gastric cancer
Numerous biological processes, including cell proliferation, adhesion, differentiation, and migration, depend on normal EGFR signaling. Stimulation triggers EGFR signaling, leading to activation of either Ras/Erk signaling, PI3K/Akt signaling, or both pathways simultaneously (Figure 1). EGFR is normally bound by ligands, which then cause homodimerization or heterodimerization. Drug resistance arises from constitutive activation of EGFR signaling, which is caused by mutation, heterodimerization, and amplification of EGFR. However, a number of malignancies are linked to abnormal EGFR signaling (10). Elevated levels of EGFR expression are linked to a higher chance of metastasis in solid cancers. EGFR overexpression is frequently observed in stomach cancers in humans. Diminished survival for gastric cancer may be associated with elevated EGFR expression. A viable treatment option for gastric cancer, which is characterized by overexpression of EGFR, may involve using EGFR blockade, as EGFR inhibition has a role in the regulation of cell proliferation, angiogenesis, migration, and death in gastric cancer cells (19). Four main categories can be used to classify mechanisms of resistance to EGFR inhibitors or antibodies which have been confirmed in patients: First, EGFR mutation result in drug resistance; second, change in oncogenic state or starting an alternative signaling pathway to bypass normal pathway; third, disruption in a crucial pathway for apoptosis induced by EGFR-TKI; and fourth, change in tissue structure or transition from epithelial to mesenchymal state (20).
Ras/Raf/MAPK signaling in gastric cancer 
A mutation in Ras signaling is responsible for the genesis and progression of cancer in a number of malignancies. Nevertheless, it also contributes significantly to the resistance to cancer drugs. For example, non-small cell lung cancer (NSCLC) exhibits resistance against anaplastic lymphoma kinase (ALK) inhibitors because SHP2 activation triggers Ras and ERK1/2 (21). A crucial correlation exists between the stemness of CSCs and signaling pathways that rely on Ras activation, which include RAF/MEK/ERK/STAT3/AKT, as well as the recurrence and resistance of drugs (Figure 1). One of the most important signaling pathways that participate in the development of melanoma is the RAS–RAF–MEK–ERK pathway. The major treatment for melanoma, BRAF inhibitors, may become ineffective due to dysregulation or changes in this pathway (22). Furthermore, BRAF exhibits resistance to inhibitors of RAF in melanoma V600E/K mutants by triggering the PI3K/Akt and MAPK pathways (23). The improved stemness properties of cancer cells, resulting from increased expression of genes associated with stemness (e.g., SOX2 and CD24), which stimulated cell proliferation through STAT3 activation, are one of the main causes of the resistance to BRAF inhibitors. Additionally, it was determined that combining the usage of MAPK inhibitors with targeting for SOX2, CD24, and/or STAT3 may offer a breakthrough in the fight against drug resistance (24). According to an investigation, in a model of pancreatic ductal adenocarcinoma (PDAC), simultaneously targeting the RAS effector MEK/Signal Transducer and Activator of Transcription 3 (STAT3) eliminated treatment resistance of drugs and stemness (25). Thus, focusing on several pathways may be a useful strategy to get around the heterogeneity and complexity of tumor cells, as well as their stemness because of CSCs. Resistance to Tyrosine kinase inhibitor (TKI) is frequently the outcome of dysregulated RAS/MAPK signaling in CSCs with chronic myeloid leukemia (CML). However, it has been demonstrated that pharmacological inhibition of p21 (RAC1) stimulated kinase 6 (PAK6), a significant target of noncoding RNAs, can target the RAS/MAPK pathway and increase the sensitivity of resistant CML cells to TKIs (26). Furthermore, the reduction in activity of protein methyltransferase 6 (PRMT6) in hepatocellular carcinoma (HCC) activates the signaling pathway downstream of MEK/ERK, which in turn regulates cancer stemness. Therefore, targeted upregulation of PRMT6 in conjunction with MEK/ERK inhibitors may be an encouraging strategy to overcome resistance mediated by CSC through eliminating the CSC subpopulation (27). Furthermore, a study found that drug resistance and oncogenesis are closely related to the overexpression of Rabs, members belonging to the protein family associated with RAS signaling, in breast CSCs. It's interesting to note that reducing the stemness properties of CSCs involves targeting Rab27a, one of the Rabs proteins. Furthermore, it has been noted that eliminating CSCs by the combination strategy of RAS targeting is more successful in breaking through resistance (28). 
Notch signaling in gastric cancer
By controlling cell division, death, and proliferation, notch signaling plays a significant role in carcinogenesis (29). Delta-like ligands (DLL1, DLL3, and DLL4) and Jagged ligands (JAG1 and JAG2), which are present on the surface of cell, have the capability to activate signaling in cells of neighboring that express their cognate receptors, namely Notch1–4. In turn, genes of notch target control crucial decisions about cell fate, such as survival, progression of the cell cycle, and differentiation (30). Additionally, notch signaling contributes to resistance of drug in a variety of malignancies (10). CSCs use the Notch pathway to increase resistance to radiation and chemotherapy as well as inhibition of Notch signaling can make CSCs sensitive to radiation therapy (31, 32). The expression of various kinds of Notch in several cancers and their interaction with the Hh and Wnt pathways make targeting these pathways more complicated (33). Notch signaling has a role in drug resistance to a variety of medications, including melphalan, cisplatin, mitoxantrone, paclitaxel, oxaliplatin, tamoxifen, 5-fluorouracil, taxol, trastuzumab, and taxetere (Figure 1) (34). For example, blocking ADAM-17, a key element in the Notch signaling pathway, with Nectin-4, might partly reserve resistance to 5-FU (35). Notch signaling causes GC development by attaching the Notch1 receptor's intracellular domain to the promoter of Cox-2, which in turn causes the production of cyclooxygenase-2 (COX-2). Human GC has been shown to express Notch1, particularly in the well-differentiated intestinal form. Moreover, there is a substantial correlation between the GC intestinal form and the increased expression of Jagged1, Jagged2, Notch1, and Notch3 (29). Moreover, in gastric cancer, blocking the Notch signaling pathway activates PTEN, which consequently causes arrest of G2/M cell cycle (36). It has been observed that in Esophageal Squamous Cell Carcinoma (ESCC), increased activity of genes targeted by the Notch signaling pathway, including HEY1 and HEY2, significantly correlates with several indicators of a poor prognosis, such as metastasis of lymph node and tumor progression stage (37).
TGF-β signaling in gastric cancer
A family of cytokines known as transforming growth factor-β (TGF-β) regulates the survival, growth, migration, and differentiation of cells. It plays critical functions in the development of embryos as well as the maintenance of adult tissue homeostasis. Because it causes apoptosis and suppresses cell proliferation, it also suppresses the formation of tumors. TGF-β, on the other hand, promotes tumor growth in advanced cancers by inducing EMT, which increases invasiveness and metastasis. Furthermore, TGF-β promotes tumor growth in tumor-associated non-malignant cells by suppressing immune surveillance and promoting angiogenesis (38). One of the main factors promoting CSC stemness and chemotherapy resistance is TGF-β (39). According to numerous findings, TGF-β signaling demonstrates acquired resistance to chemotherapeutic and targeted medications (10). TGF-β induces EMT, which promotes CSC stemness (40). Simultaneous activation of both TGF-β and Notch signaling pathways results in CSCs that display a range of EMT phenotypes (phenotypic plasticity) and are found in various tumor locations, such as the invasive edge or tumor periphery (Figure 1) (41). In GC, there is dysregulation of the TGF-β pathway's constituent parts. While TGFβRI mutations are less common in GC and their downregulation is linked to a poor prognosis, TGFβ1 overexpression is found in GC (42, 43). Furthermore, tissues of GC have TGFβRII mutations, which are probably caused by the instability of microsatellites (44). One of the proteins targeted within the TGF signaling pathway is RUNX3, which is essential for inducing apoptosis in GC cells and has been shown to be inactivated in GC (45).
PI3k/Akt/mTOR signaling in gastric cancer
Human cancers, including GC, have been associated with abnormal triggering of the PI3K/AKT pathway, which is thought to be a major factor in chemotherapy resistance (46). Additionally, PIK3CA mutation has been associated with enhanced activity of PI3K in GC (47). Another research revealed that chemotherapeutic drugs can activate the PI3K/AKT signaling pathway, leading to the development of acquired chemoresistance in gastric cancer cells (48). It was observed that phosphorylation of AKT signifies activation of PI3K/Akt signaling (49). 5-FU chemoresistance is induced in colorectal cancer through activation of the PI3K/Akt pathway (50). According to a study, triggering the PI3K/Akt/mTOR signaling pathway causes gastric cancer to exhibit resistance to paclitaxel (Figure 1) (51). Another study found that suppressing the PI3K/Akt/mTOR pathway inhibited gastric cancer cells that were resistant to 5-FU (52).
Wnt/β‑catenin signaling in gastric cancer 
Chemoresistance in a variety of cancers is caused by dysregulation of the Wnt/ß-catenin signaling pathway. Several studies demonstrate that abnormal Wnt/ß-catenin signaling activation leads to the promotion of cancer development. Recent research has revealed that one of the main factors contributing to drug resistance in cancer is aberrant Wnt/ß-catenin expression. Drug resistance in a number of malignancies is caused by dysregulation of this signaling pathway (10, 53). The Wnt/β-catenin signaling pathway was engaged in the promotion of trastuzumab-resistant GC. Transistuzumab resistance in GC cells is largely dependent on the Wnt/β-catenin pathway (54). Furthermore, through the inactivation of the Wnt/β-catenin pathway, BATF2 may potentially reverse the MDR in gastric cancer cells (55). Furthermore, by inhibiting the Wnt/β-catenin pathway, FAM83H-AS1 inhibition increases the GC chemosensitivity (56).
Conclusion
The primary cause of chemotherapy failure is resistance to anticancer drugs. The process of drug resistance against cancer is extremely intricate. Therefore, a key component of drug development is identifying the mechanisms underlying drug resistance. Chemotherapeutic drug resistance can result from signaling pathway dysregulation. Therefore, focusing on these pathways, either together or individually, could represent a cutting-edge strategy to counteract drug resistance.
Furthermore, chemoresistance in gastric cancer is significantly influenced by the interactions between the tumor microenvironment and malignant cells. Recent findings significantly support new therapeutic approaches for reversing tumor chemoresistance and developing personalized therapies based on predicting malignant cell chemosensitivity. However, Chemoresistance mechanisms are complicated and multifaceted. Therefore, in order to fully understand the mechanisms underlying chemotherapy resistance in gastric cancer, more thorough investigations are required.
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Figure legend
Figure 1: Cell signaling pathways of drug resistance in gastric cancer.
[image: ]
image1.jpeg
Doxorubicin, Vinblastine

Trastuzumab




