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Abstract

:

Gastrointestinal diseases have been among the main concerns of medical and scientific societies for a long time. Several studies have emphasized the critical role of oxidative stress in the pathogenesis of the most common gastrointestinal diseases. To provide a comprehensive overview of gastrointestinal diseases caused by oxidative stress, their biological aspects, molecular mechanisms and specific pathways, the results of the most recent published articles from the online databases were studied considering both the upper and lower parts of the digestive tract. The results revealed that although the oxidative stress in each part of the digestive system manifests itself in a specific way, all these diseases arise from the imbalance between the generation of the reactive intermediates (especially reactive oxygen species) and the antioxidant defense system. Annual incidence and mortality statistics of gastrointestinal diseases worldwide emphasize the urgent need to find an effective and non-invasive treatment method to overcome these life-threatening problems. Therefore, in the next step, a variety of nanomedicurfines developed to treat these diseases and their effect mechanisms were investigated precisely. Furthermore, the most important nanomedicines responsive to endogenous and exogenous stimuli were evaluated in detail. This review could pave the way to open a new horizon in effectively treating gastrointestinal diseases.
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1. Introduction


Oxidative stress (OS) in living organisms occurs arising from the excessive generation of reactive intermediates such as reactive oxygen species (ROS), reactive nitrogen species (RNS) and reactive sulfur species (RSS) that cannot be neutralized by the endogenous antioxidant system [1]. ROS at appropriate physiological concentrations plays a prominent role in intracellular homeostasis, gene expression, cell proliferation and differentiation, signal transduction and apoptosis [2]. Various external triggers including trans-fatty acids and acrylamide in processed foods, radiation, alcohol, drugs, organic solvents, heavy metals, smoking and pollutants can induce OS [3]. Plasma membrane, cytosol, lysosomes, peroxisomes, endoplasmic reticulum and mitochondria are intracellular sources of chemical reactive intermediates. Chemical reactions for ROS generation are catalyzed by a variety of enzymes including the enzymes of the mitochondrial electron transport respiratory chain (the most important ones) and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (with homologs of dual oxidase (DUOX) 1-2 and NOX1-5), cyclooxygenases (COXs), lipoxygenases (LOXs), xanthine oxidase (XO), phospholipase A2, glucose oxidase, myeloperoxidase (MPO) and uncoupled nitric oxide synthase (NOS) [4]. Hydroxyl radical (•OH), superoxide anion radical (O2•−), hypochlorous acid (HOCl) and hydrogen peroxide (H2O2) are the major ROS, and nitric oxide (NO) and peroxynitrite radicals (ONOO−) are the main RNS. Amongst the RSS, GSSG•−, reactive sulfur substances (SO2, SO3) and reactive sulfane species (RSR) are the most important ones [5,6]. Endogenous antioxidants can counteract and remove the reactive species by oxidizing themselves, delaying/inhibiting the oxidation of other compounds, chelating metal ions and blocking radical formation. Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and glutathione reductase (GSR) are the major endogenic enzymatic antioxidants [7]. Glutathione (GSH) and thioredoxin (Trx) are the prominent non-enzymatic endogenous antioxidants [8]. GSR converts oxidized glutathione (GSSG) to GSH by transferring electrons from NADPH to GSSG [9]. The thioredoxin system is composed of Trx and thioredoxin reductase (TrxR) [10]. Figure 1 demonstrates the generation of reactive intermediates and the function of the antioxidant defense system under normal physiological conditions. The imbalance between ROS generation and the neutralizing ability of the antioxidant system can cause various diseases resulting from damage to the vital molecules and cellular structures including DNA, proteins and lipids [11].



ROS can activate the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway, which can contribute to regulating the generation of proinflammatory cytokines and the inflammatory response. ROS (especially H2O2) can stimulate the activation of NF-κB by promoting IkBα phosphorylation and its subsequent degradation, which causes the transrelocation of the dimerized NF-κB proteins into the nucleus to start the transcription of their target genes. It can promote the expression of proinflammatory cytokines including Interleukin-8 (IL-8), IL-1 and tumor necrosis factor-α (TNF-α), and lead to inflammation and carcinogenesis [12]. Another ROS-activated pathway is mitogen-activated protein kinase (MAPK). This pathway is activated by mitogen cascades including JNK (c-Jun N-terminal kinases), p38 (p38 kinase), ERK1/2 (offline cell-related kinases) and BMK1/ERK5 (significant MAP kinase 1 pathway). During the OS, H2O2 induces the oxidation of the cysteine residue of Trx, resulting in apoptosis signal-regulated kinase-1 (ASK-1) dissociation for activating JNK and p38 cascade-inducing apoptosis. Translocation of the activated MAPKs into the nucleus and phosphorylation of transcription factors can lead to the generation of pro-inflammatory mediators, enhancing the inflammatory response. Excessive ROS demonstrates a positive correlation with arresting the cell cycle, senescence and apoptotic condition through the signaling cascade of ASK1/JNK/p38 [13].



The gastrointestinal (GI) tract, as a passageway for delivering, swallowing, digesting and absorbing food and liquids and excreting waste from the body, consists of the oral cavity, esophagus, stomach, small and large intestines and rectum. The GI tract plays a prominent role in modulating energy homeostasis, providing vital nutrition, defending against infectious stimuli, secreting hormones and neurotransmitters and regulating body physiology [14]. All parts of the GI tract must be in normal condition to carry out their work. Otherwise, the food cannot be processed properly, and the health is adversely affected. OS-induced disease and inflammation in the GI tract can effectively influence the total homeostasis of the body, threatening life.



Conventional medical treatments including drug administration and clinical surgical solutions have possessed several shortcomings including the need to use high doses, poor bioavailability and the lack of effective targeted delivery of drugs, off-target toxicity and adverse side effects, drug resistance, low therapeutic efficacy and high recurrence rate. Nanomedicines with large surface-to-volume ratios, nanoscale dimensions and biocompatibilities have been developed to overcome the obstacles in treating OS-induced diseases. High drug loading capacity, providing synergistic effects of multi-loading, prolonging drug circulation time, specific targeting capability, improving bioavailability, promoting drug accumulation at diseased sites, controlled drug release and reducing drug resistance and systemic toxicity are some benefits of using nanomedicines in treating the GI diseases [15]. Furthermore, these nanomedicines can be designed and developed to respond to endogenous/exogenous stimuli for on-demand controlled release in the target tissues. Active targeting and passive targeting are two categories of targeting mechanisms. Active targeting provides selective drug delivery to the target area through affinity between nanomedicine ligands and the receptors of the target cells, which facilitates the internalization of nanomedicines and the selective release of the drugs into the target cells. Passive targeting exploits the differences between the tumor tissues and the normal ones. Blood vessels of the tumor tissue have large gaps between their endothelial cells, through which nanomedicines can leak and penetrate the tumor. Because of the poor lymphatic drainage, the accumulated nanomedicines are retained within the tumor microenvironment for a prolonged duration, providing sustained drug delivery. This is known as the enhanced permeability and retention (EPR) effect [16]. A wide range of nanomedicines has been developed to treat the GI disorders caused by OS, including nanovesicles, micelles, carbon nanotubes, polymeric nanoparticles (NPs), quantum dots, silica NPs, exosomes, dendrimers, lipid NPs and metallic (such as gold (Au), copper (Cu) and silver (Ag)) NPs. This study aimed to provide a comprehensive overview of how OS affects the biology and pathophysiology of each part of the GI tract from the mouth to the anus, involving specific molecular mechanisms and pathways and the nanomedicines developed to combat diseases. Some of the most common diseases caused by OS in the GI tract are illustrated in Figure 2, which will be discussed in detail in the following sections.




2. Methodology


English language articles published from 2016 to 2024 were selected from online databases, particularly PubMed, MEDLINE, Google Scholar and Scopus. Publications on OS-induced GI disease, the involved mechanisms and nanomedicines developed for the treatment of GI diseases were separately searched for each of the related diseases including oral lichen planus, oral cancer, periodontitis, gastroesophageal reflux disease, Barrett’s esophagus, esophageal cancer, H. pylori-induced gastric diseases, gastric ulcers, gastric cancer, celiac disease, inflammatory bowel disease and colorectal cancer. Each of the found articles was independently screened for quality, validity and eligibility, and finally, the best papers were precisely selected for the preparation of this review. The inclusion criteria were longitudinal studies, in vitro and in vivo studies, observational studies, book chapters, review articles, case reports and systematic reviews with special attention to more recent works published in high-impact international journals. The exclusion criteria included conferences, expert opinions, letters to the director, compendiums and symposia.




3. OS-Induced GI Diseases and Developed Nanomedicines


3.1. Oral Diseases


The mouth is the first part of the GI tract and is composed of the teeth (surrounded with the gums), tongue and salivary glands as the accessories. OS-induced oral diseases including oral cancer, lichen planus and periodontitis impose a significant economic burden on society and cause high mortality and morbidity worldwide [17,18]. In many cases, the colonization of bacteria in the oral cavity can stimulate the defense systems to combat pathogens by ROS generation. However, ROS targets both microorganisms and host cells [19]. In addition to salivary enzymes such as CAT, SOD and peroxidase, the non-enzymatic molecules including uric acid, glutathione, ascorbic acid and albumin play antioxidant roles. Among these molecules, most of the total antioxidant capacity is provided by uric acid as the main salivary antioxidant, which plays a crucial role in monitoring OS [20]. In a weakened antioxidant system, OS in the mouth results in various inflammatory diseases, which can affect mucosal, gingival and even underlying bone tissues. One of the relatively common chronic inflammatory diseases with unknown etiology is oral lichen planus (OLP), which can be developed by the activation of signaling pathways and autoimmune reactions caused by excessive OS products. Despite the unclear mechanism of OS in OLP incidence, various studies have revealed that ROS-induced OS can especially contribute to the inflammatory signaling and metabolic dysregulation of OLP [21]. The detection of a decreased level of total antioxidant activity and increased levels of salivary ROS, malondialdehyde (MDA) and NO in OLP patients compared to the healthy control group are the proofs for this claim [22,23]. Research demonstrated several possible pathomechanisms for ROS in OLP. The antigen-specific mechanism through lipid peroxidation and antigen-nonspecific mechanism via the Fas/FasL pathway, Bcl-2 family proteins, matrix metalloproteinase-9, TNF-α, granzyme B and p53 participate in OLP pathogenesis, leading to lymphocyte infiltration and keratinocyte apoptosis. On the other hand, ROS can cause tissue damage and the release of DAMPs (damp-associated molecular patterns), which can lead to inflammation and tissue dysfunction. OS in OLP exhibits a close correlation with the activation of NF-κB [21]. A current treatment strategy for OLPs is the local administration of corticosteroids, often for a long period and a subsequent increasing dose or systemic applications in recalcitrant cases, which cannot show necessary effectiveness many times and are followed by side effects [24]. Mucus as a strong barrier prevents the adherence and penetration of the topical corticosteroids prescribed in the forms of gel, lotion, cream and ointment to reach the epithelial surface and causes their rapid clearance during the first seconds of the application [25]. The use of nanoformulations has demonstrated promising results in this regard, possessing biodegradability and mucoadhesiveness. Sadeghian et al. revealed the effect of mucoadhesive nano-triamcinolone acetonide gel on the recovery acceleration of OLP, pain severity, lesion size and appearance compared to the conventional gel formulation. However, they reported statistically significant improvement just for ulcer appearance on the 6th and 14th days of treatment with the nanoformulation in comparison to the non-nano one [24]. Studies have shown the healing effects of nanoformulations containing curcumin on oral mucosal lesions. Curcumin exposes its antioxidant and anti-inflammatory activities by preventing free radical-induced damage and the downregulation of the pro-inflammatory cytokines (such as TNF-α, IL-8, IL-6 and IL-1), inflammatory transcription factors (like NF-κB) and some enzymes (such as LOX, COX-2 and COX-5) [26]. Kia et al. proposed oral nanomicellar soft gel capsules loaded with curcumin as an alternative strategy in treating OLP patients with contraindications on the use of corticosteroids and reoccurrence of the disease. They reported a reduction in lesion size, burning sensation and pain severity in OLP patients by oral administration of nano-curcumin with no significant differences with the prednisolone administration. [27]. Similar results were obtained by oral administration of the nanomicelle containing curcumin which significantly improved the clinical appearance of oral lesions and decreased pain intensity in OLP patients [28]. Combination therapy with 1% nanomicelle curcumin gel and 0.1% triamcinolone acetonide caused a higher reduction in the reticular-erosive-ulcerative clinical score and higher efficacy in reducing the extent of oral lesions than the triamcinolone acetonide alone in OLP patients [29]. Popovska et al. recommended the topical application of the nano-bio fusion gingival gel, a nanoemulsion form of propolis and vitamins E and C, as a substitute for the topical or systematic administration of steroids in the treatment of OLP. They reported significant clinical improvements during 5 weeks of treatment with stable achievements even after 3 months [30].



Dysbiosis in periodontal tissues results in periodontitis, destructing the supporting structures of teeth, chronic inflammation and tooth loss. OS plays a vital role in the pathogenesis of periodontitis. Gram-negative anaerobic bacteria on the dental plaque can activate neutrophils, which causes an excessive release of ROS through the NADPH oxidase pathway and subsequent damage of periodontal tissues, apoptosis of gingival fibroblasts, osteoclastogenesis and alveolar bone resorption [31]. ROS can lead to direct damage to periodontal tissues through damaging the nucleic acid (including base pair mutations or strand breaks), the denaturing of proteins, the deactivating of enzymes, the peroxidation of lipids, cell membrane destruction and mitochondrial damage. The analysis of the biological samples prepared from patients with chronic periodontitis showed higher levels of MDA and 8-isoprostane (as biomarkers of lipid peroxidation) and 7,8-dihydro-8-oxoguanine (as a biomarker of OS-mediated DNA damage) [32,33]. Furthermore, ROS can lead to periodontal pathogenesis by regulating the signaling pathways of the c-Jun N-terminal kinase (JNK), NOD-like receptor family, pyrin domain-containing protein 3 (NLRP3) inflammasomes and NF-κB. Activated JNK signaling can lead to the E-cadherin dissociation and disruption of the periodontal junctional epithelium. Furthermore, activation of this pathway can lead to the initiation of the apoptosis cascade through the caspase-3-dependent pathway. ROS-mediated NLRP3 inflammasome activation can result in IL-1β secretion and pyroptosis. Excessive levels of IL-1β can lead to periodontal destruction. ROS-induced activation of NF-κB can cause periodontal destruction by triggering inflammatory responses, the expression of pro-inflammatory cytokines and osteoclastic differentiation [34]. Various metal NPs have been developed to treat periodontitis, exhibiting anti-inflammatory, antibacterial and photothermal enhancement effects. ROS generated by metal NPs can damage the bacterial cell membranes and destroy their nucleic acids and proteins. Furthermore, these NPs can physically interact with bacterial cell walls, interrupting the electron transfer. The released positive ions from metal NPs adversely affect bacterial proteins and DNA [35]. Chlorhexidine/metronidazole-conjugated Ag NPs were evaluated for their effects on periodontal diseases. They showed an inhibitory effect on fungi and bacteria and also reduced the concentration of metalloproteinases MMP3 and MMP8 and the generation of the TNF-α, IL-1β, IL-6 and IL-8 [36]. Castangia et al. developed a mouthwash to counteract the OS-induced and bacterial damage in the oral cavity. This mouthwash formulation included quercetin and mint oil co-loaded liposomes improved with glycol and ethanol and demonstrated antioxidant activity against hydrogen peroxide-induced cell damage. The vesicles with 200 mg/mL mint oil in their formulations exerted an antibacterial effect on cariogenic bacteria (Lactobacillus acidophilus and Streptococcus mutans) [37]. Surfactin-loaded κ-carrageenan oligosaccharides linked cellulose nanofibers NPs diminished the generation of ROS and pro-inflammatory cytokines and exhibited an anti-inflammatory effect on lipopolysaccharide (LPS)-stimulated human gingival fibroblast cells. Furthermore, these NPs induced OS, reduced the viability of Pseudomonas aeruginosa and Fusobacterium nucleatum and prevented biofilm formation. However, these results were obtained from the in vitro studies and needed to be evaluated by the animal clinical ones [38]. Local injection of the curcumin-loaded NPs reduced the inflammatory infiltrate and osteoclast numbers and completely prevented bone resorption in the LPS-induced periodontal rat model. These NPs attenuated the activation of NF-κB and p38 mitogen-activated protein kinases in the gingival tissues [39].



Reduced antioxidants and increased lipid peroxidation have also been reported in oral cancers, indicating the OS contribution to this disease [32]. Furthermore, ROS-induced OS can damage DNA, proteins and lipids to develop oral cancer [40]. Oral squamous cell carcinoma (OSCC) is amongst the most common cancers worldwide, in which OS and the accumulation of ROS play key roles in carcinogenesis and progression. An overexpression of LOX, COX, NOX and NOS in oral cancer leads to an increase in the reactive intermediates (ROS and RNS) levels, which regulates the activity of NF-κB, p53 and STAT (signal transducer and activation of transcription), affecting cancer progression [41]. A variety of NPs have been developed to treat oral cancer. Shi et al. developed hyaluronic acid (HA)-based mesoporous silica NPs for the delivery of TH287 (protein MutT homolog 1 inhibitor) and P-glycoprotein 1 siRNA to treat OSCC. These NPs possessed a controlled release of the drug and uptake by CAL27 cells, an inhibitory effect on the function of P-glycoprotein 1 and a killing effect on oral cancer tissue. Treating the CAL27 xenograft model with NPs caused a significant reduction in the tumor burden in comparison to the free TH287 and control [42]. Arabic gum-encapsulated Au NPs demonstrated a reduction in cell viability, c-Myc antibody levels and the expression of hypoxia-regulating miRNAs (miR-21 and miR-210). They suppressed the expression of the hypoxia-inducible factor-1α protein, showed a dose-dependent inhibitory effect on hypoxia in CAL27 and caused death in tongue squamous carcinoma cells [43].




3.2. Esophageal Diseases


Gastroesophageal reflux disease (GERD), Barrett’s esophagus (BE), eosinophilic esophagitis and esophageal cancer are the most common diseases induced by OS in the esophagus. Repeated backflow of the stomach acid and other gastric contents into the esophagus causes esophagitis. This problem is called GERD, which is characterized by regurgitation and heartburn [44]. Studies have revealed the involvement of OS in the development and progression of GERD, which in turn plays a pivotal role in the induction of other OS-related esophageal diseases [45]. As shown in Figure 3, GERD can lead to BE and replacement of the normal esophageal squamous epithelium with metaplastic columnar epithelium that may develop into esophageal adenocarcinoma, a rare cancer [46].



Unconjugated bile acids as potent COX-2 inducers and acidic pH cause ROS increase and the stabilization of HIF-2α (hypoxia-inducible factor 2 alpha) in BE. The inflammatory response to reflux injury is regulated by HIF-2α in association with NF-κB signaling. The activation of NF-κB in the distal esophagus causes persistent inflammation. From esophagitis to BE and esophageal adenocarcinoma, the levels of IL-1β, IL-8 and NF-κB increase, which results in epithelial cell proliferation, apoptosis inhibition and carcinogenesis. IL-6 is another pivotal cytokine in the BE pathogenesis. The generation of IL-6 in the metaplastic epithelium activates and translocates STAT3 to the nucleus, which leads to the synthesis of Bcl-xL and Mcl-1 as antiapoptotic proteins in cancer cells. The activation and interaction of NF-κB and IL-6/STAT3 pathways results in persistent inflammation and cancer progression [47,48]. In BE, Rho kinase ROCK2 is activated in a calcium-dependent manner and causes the overexpression of NOX5 and NOX5-S, which leads to the overproduction of O2•− and H2O2, respectively. SOD inactivation and lipid peroxidation have been reported in BE. The production of ROS is enhanced by esophageal epithelial cells under high gastric acid, which activates macrophages, platelet-activating factor and proteinase-activated receptor 2 and causes OS, inflammation and mucosal damage [49]. Preventing the incidence of GERD has been evaluated as an effective treatment strategy for other OS-induced diseases in the esophagus. Dysfunction of the lower esophageal sphincter (LES) contractility is one of the contributors to GERD pathogenesis. The use of nano-based delivery systems for the controlled release of therapeutic agents to regulate the LES tone or neutralize gastric acid is one of the strategies for effectively treating GERD [50]. Hydrogen sulfide (H2S), a gastrotransmitter, has been reported as a probable key agent in the regulation of LES contractility [51]. The design and development of the NPs exploiting this regulatory role of H2S can be a promising approach for treating GERD. The oral delivery of therapeutics to the esophagus faces several challenges including rapid clearance and short transit time [52]. Hammad et al. proposed an alternative to the oral administration of drugs in GERD treatment. Intranasal administration of the surface-modified nanostructured lipid carriers loaded with mosapride citrate showed great potential in enhancing the bioavailability of the drug for treating GERD (4.54-fold more than oral marketed tablets and 2.44-fold more than drug suspension). A strong relationship between the in vivo absorption in rabbits and the in vitro permeation of the nanostructures across sheep nasal mucosa was shown by a point-to-point correlation [53]. GERD in advanced stages can lead to esophageal cancer. The combined administration of Cu–cysteamine NPs and disulfiram in xenograft nude mice showed a noticeable inhibitory effect on the growth of esophageal tumors. This strategy led to ROS accumulation, cell apoptosis and blocking of the translocation of NF-κB into the nucleus in esophageal squamous cell carcinoma [54]. Zhuang et al. synthesized Cu NPs via an eco-friendly method using the extract of Mentha piperita as a reducing/stabilizing agent to treat esophageal cancer and attributed their anticancer effects to their high antioxidant activity [55]. Exploiting the overexpression of PI3K in esophageal squamous cell carcinoma, a combination of the disulfide cross-linked micelle loaded with docetaxel and the disulfide cross-linked micelle loaded with AZD8186 (PI3K inhibitor) was developed for tumor-specific targeting. Evaluating these formulations in vitro and in KYSE 70 xenograft mouse models showed potent synergistic anticancer activity of the nanoformulations with reduced hemato-toxicity [56].




3.3. Gastric Diseases


Consumption of alcohol and nonsteroidal anti-inflammatory drugs, smoking, stress and especially Helicobacter pylori (H. pylori) infection are among the OS-causing factors in the stomach, which can result in gastric inflammation, ulcers and cancer [57]. H. pylori, a microaerophilic and Gram-negative bacterium, possesses antibiotic resistance and has been reported as the major inducer of gastric cancer [58]. The lack of an effective treatment and unsuccessful attempts of the host to eradicate the infection of H. pylori lead to bacterial colonization and generation of ROS and RNS by epithelial and immune cells. This condition results in continued OS, chronic inflammation, DNA damage and gastric carcinogenesis [59]. Activated gastric epithelial cells produce ROS to combat the H. pylori infection. Reactive species such as O2•− and H2O2 are produced by NOX and spermine oxidase, respectively. DUOX2 and NOX1 play vital roles in gastric inflammation caused by H. pylori, which can lead to peptic ulcers and gastric cancer [60]. H. pylori causes OS in gastric epithelial cells and the activation of several signaling pathways including NF-κB, AMPK (AMP-activated protein kinase), ERK, NF-κB-mediated NLRP3 inflammasomes, JAK/STAT3, PI3K/Akt/mTOR and PTEN/MAPK. NF-κB can result in angiogenesis and inflammation. AMPK and PI3K/Akt/mTOR are involved in cell survival and cell proliferation, respectively. The JAK/STAT3 pathway contributes to cell migration. ERK is involved in cell proliferation and gene expression. PTEN/MAPK can lead to inflammation and apoptosis [61].



Various nanomedicines have been developed to counteract this bacterial infection and its complications. Metal-based NPs have been studied as long-lasting antimicrobial agents to resolve the antibiotic resistance of H. pylori. Three main mechanisms have been proposed for this antibacterial activity of metal NPs including ROS generation, the release of metal ions and contribution to phototherapy [62]. Green synthesized zinc oxide NPs using Quercus infectoria gall extracts (as reducing/capping/stabilizing agents) demonstrated potent and dose-dependent antibacterial activity against H. pylori with a greater inhibitory effect than clarithromycin and amoxicillin (standard antibiotics). The combination of these nanoformulations with amoxicillin decreased MIC90, demonstrating the synergistic effect between NPs and antibiotics against H. pylori [63]. Nanovesicles with an outer lipid layer of rhamnolipid and loaded with cholesterol–PEG, calcitriol and clarithromycin showed antibacterial efficacy against H. pylori in the classical infected mice model. These vesicles could reach the infected region by rapidly penetration through the mucosal layer. They demonstrated their anti-H. pylori effect by destroying the bacterial biofilms, exposing the interior bacteria, killing dispersed bacteria, preventing residual bacteria from re-adhesion and blocking the regeneration of biofilms. These nanovesicles activated downstream immune responses by releasing cholesterol–PEG from collapsed vesicles, repairing lipid rafts and reconstructing cytokine receptors. Furthermore, they killed intracellular bacteria by contributing to the regulation of H+ and Ca2+ balance and restoring lysosomal acidification and degradation capabilities [64]. Activity of NOXs and especially infiltration of the neutrophils and leukocytes lead to the overproduction of O2•− and H2O2 in peptic ulcers. Damage in gastric mucosa is often followed by a decrease in H2S levels. Therefore, one of the therapeutic strategies for gastric ulcers could be the administration of H2S [65]. Studies have shown the antioxidative and anti-inflammatory effects of H2S. Chitosan NPs loaded with tetrathiomolybdate and omeprazole released H2S and molybdenum in a sustained manner and showed a healing effect on gastric ulcers in rat models, which was approved by the reduced gastric juice content, stimulated catalase activity and increased nitrite levels and histopathological evaluations [66]. The other member of the gasotransmitter family, carbon monoxide (CO), has also been proposed to treat gastric ulcers. Elsisi et al. reported the gastroprotective and healing effects of CO on gastric ulcers. CO released from its donor (CORM-2) activated the nuclear factor erythroid 2-related factor 2 (NRF2)/heme oxygenase-1 pathway and reduced OS, lipid peroxidation and COX-2 in indomethacin-induced gastric ulcer models. They highlighted that the PEGylated CORM-2 NPs could outperform CORM-2 in prophylaxis against gastric ulcers, indicating the promoted bioavailability of their payloads [67]. Chitosan–bilirubin conjugate NPs demonstrated a protective effect against OS and inflammatory-induced gastric injuries, an inhibitory effect on the secretion of TNF-α and IL-6 and improved cellular uptake. They accumulated in the stomach and provided long-lasting therapeutic effects and anti-ulcer activity in the ethanol-induced acute gastric ulcer model [68]. Metallic nanosystems such as Ag NPs exhibited a protective effect against gastric ulcers in rats, which could be attributed to the capability of NPs to scavenge free radicals and decrease lipid peroxidation and OS. These NPs were prepared using a combination of Melissa extract and Arabic gum and reduced ulcer index, MDA levels and Bax protein expression. An increase in the pH of stomach content, mucus secretion, CAT and SOD activities and HSP70 expression was observed upon using Ag NPs [69]. Studies revealed the effect of upregulated spermine oxidase and NOX1 activity in the oxidative damage of DNA and gastric oncogenesis induced by H. pylori infection [60,70]. In vitro and in vivo studies demonstrated the strong efficiency of glucosamine-decorated 7-ethyl-10-hydroxycamptothecin-poly lactic acid-loaded NPs in targeted gastric cancer therapy. Intravenous injection of these NPs into the MKN45 xenograft mouse model effectively prevented tumor growth. NPs possessed the capability of accumulation in the gastric tumor site through both EPR effect (passive targeting) and specific binding to the overexpressed glucose transporters on the tumor cells (active targeting) with no probable off-target effect and enhanced cytotoxicity against gastric cancer cells [71]. Poly (lactic-co-glycolic acid) (PLGA) NPs loaded with curcumin demonstrated strong anti-gastric cancer and anti-H. pylori activity with emphasis on the greater effectiveness of nanocurcumin than the native curcumin [72].




3.4. Intestinal and Rectal Diseases


OS in the lower part of the GI tract can lead to a variety of diseases such as colorectal cancer, inflammatory bowel disease (IBD) and celiac disease [73,74]. In celiac disease, gluten peptides can induce cytotoxic effects on the epithelial cells of the small intestine through OS induction, which causes total villous atrophy (a flat mucosa with no villi) [73,75]. An increase in the ROS level and inducible NOS (iNOS) and COX-2 expression and the activation of NF-κB signaling pathways and inflammatory cascade have been reported in celiac disease [75]. An injection of gliadin-encapsulated PLGA NPs into the celiac disease mouse models effectively caused immune tolerance to gliadin and decreased inflammatory markers and gluten-induced enteropathy [76]. Similar results were reported in another study where gliadin-encapsulated PLGA-antigen NPs inhibited gluten-induced immune activation in celiac patients [77]. These findings revealed that restoring T cell tolerance to gliadin could be used as a promising strategy to treat celiac disease. The administration of an NP-in-microsphere oral system encapsulating IL-15 and tissue transglutaminase-2 silencing siRNA sequences to the polyinosinic/polycytidylic acid-based celiac disease mouse model led to a decrease in the infiltration of neutrophils and expression of pro-inflammatory cytokines. These systems also improved the healing process and restored barrier function in the small intestine [78].



IBD is a complex and multifactorial disease manifesting in relapsing and chronic inflammation at different sites of the GI tract [79]. Despite the unknown exact etiopathology of IBD, the pivotal role of OS in the pathogenesis of IBD has been emphasized by both local and systemic detection of oxidative damages in the intestinal mucosa and peripheral blood leukocytes of the patients, respectively [80,81]. Based on the nature of the histological disorders and the location of the inflammation, IBD can be differentiated into two common types including ulcerative colitis (UC) and Crohn’s disease (CD) [82]. In most cases, ulceration and inflammation in UC are limited to the mucosal and submucosal layers of the colon and rectum, while CD can extensively affect the GI tract and lead to inflammation in all wall layers from mouth to anus in a discontinuous fashion. However, the incidence of CD mostly occurs in the perianal site or terminal ileum [83]. The genesis and progression of UC are affected by NOS, ROS, pro-inflammatory cytokines, an increased concentration of MPO and a loss of mucosal antioxidant defense. The iNOS increases the synthesis of NO and stimulates the expression of TNF-α, activates the generation of the intercellular adhesion molecule (ICAM) and P-selectin and causes neutrophil infiltration, leading to cellular damage in the colon [84]. An association has been observed between the elevated activity of Mn-SOD, XO, iNOS and TNF-α in CD patients and decreased antioxidant levels. Memory T cells and major histocompatibility complex class II molecules (MHC) are increased in CD [85]. Despite the similar properties of both types of IBD, O2•− and •OH plays a prominent role in CD occurrence, while HOCl and H2O2 have been reported as major players in the pathophysiology of UC [86]. The overproduction of ROS induced by mitochondrial dysfunction, a complicated balance between redox-sensitive pro-inflammatory pathways (NF-κB and NLRP3 inflammasome) and the adaptive upregulation of GPX2 and Mn-SOD determine the development of IBD [87]. Signaling pathways including extracellular signal-regulated kinase, RTKs, JNK and PKC (protein kinase-C) are activated by ROS, which can result in inflammation in IBD [88]. MAPK pathways have also been reported to be involved in initiating or developing IBD [89]. To overcome the obstacles of efficient IBD treatment, various nano-based strategies have been developed. Polymeric nanocarriers are amongst the most studied colonic delivery systems. Application of the PEGylated polyesterurethane NPs loaded with infliximab, an anti-TNF-α antibody, resulted in a higher cellular uptake and interaction in inflamed epithelial cells compared with polycaprolactone NPs and PLGA NPs. These NPs reduced the level of cytokines in inflamed monocytes, provided a rapid recovery of the epithelial barrier function and showed good potential to treat GI inflammation [90]. Tragacanth–whey liposomes loaded with gingerol possessed a high protective effect on intestinal cells against hydrogen peroxide-induced damage [91]. Biotechnological hyalonutriosomes fabricated by using the bioactive whey prepared by dark fermentation effectively internalized the colonic cells and showed great potential to counteract OS. The application of these nanoformulations proposed a strategy to promote intestinal health through their antioxidative effect on intestinal cells and proliferative effect on Streptococcus salivarius, a human commensal bacterium possessing an inhibitory effect on pathogen-induced inflammatory pathways [92]. Intrarectal administration of HA NPs loaded with budesonide, a second-generation glucocorticoid, diminished MPO activity and TNF-α concentration. These NPs targeted the inflamed tissues via interactions with overexpressed CD44 receptors, relieved inflammation, alleviated colitis and improved endoscopic appearance in an acetic acid-induced colitis rat model [93]. Oral delivery of tacrolimus by using cationic lipid-assisted NPs could alleviate lesions in dextran sodium sulfate (DSS)-induced colitis through the ability of NPs to accumulate in the colon, increase retention time and pass through the enterocytes [94]. Silencing and inhibiting the pro-inflammatory pathways is one of the strategies used to treat IBD and inhibit the development of colorectal cancer. Cationic liposomes loaded with NLRP3 siRNA efficiently delivered siNLRP3 into peritoneal macrophages and prevented activation of the NLRP3 inflammasome. They also exhibited an inhibitory effect on the secretion of IL-18 and IL-1β from macrophages and infiltration of the immune cells. Modulating the macrophage polarization, downregulating the CD4+ T cell production, proper anti-inflammatory effects and alleviating intestinal injury in DSS-induced UC mouse models were achieved by using these nanocarriers [95]. Inflammatory mediator S100A9 correlates with the severity of UC and can be used as a target molecule to treat UC. An evaluation of the macrophage membrane-coated PLGA NPs developed for oral delivery of tasquinimod demonstrated drug accumulation in the inflamed tissue, decreased S100A9 and other cytokines, attenuated the symptoms of UC and reduced systemic toxicity in chemically induced UC mouse models [96]. Immunomodulators and corticosteroids have been employed for the treatment of IBD. However, various systemic side effects and immunosuppression limit their long-term use. 5-aminosalicylate (5-ASA), as a nonsteroidal drug, is commonly prescribed to treat mild to moderate IBD, especially UC [97]. However, a small amount of this therapeutic agent can reach the colon because of its rapid absorption by the small intestine [98]. To overcome this obstacle, various nanocarriers have been developed to deliver the 5-ASAs into the colon. For instance, 5-ASA-loaded silicon dioxide NPs with lower drug dosage showed therapeutic effects similar to high dosages of free drug, improved colonic histopathology scores and disease activity index and decreased the severity of mucosal injury in DSS-induced UC mouse models. Furthermore, lower levels of TNF-α and IL-6 in serum and expression of the related mRNA in colonic mucosa were reported with the administration of these NPs [99]. It has been reported that a combination of ZnO NPs with 5-ASA could improve the therapeutic efficacy of 5-ASA in a DSS-induced colitis mouse model. Metal oxide NPs such as SiO2 and ZnO NPs have been used for treating IBD. ZnO NPs increased the length of the colon, decreased the histological lesion score and disease activity index and attenuated the colitis in the mouse model. Their therapeutic effect was attributed to their antioxidant and anti-inflammatory properties. They elevated the level of GSH, activated the NRF2 pathway and suppressed IL-1β, TNF-α, MPO, MDA and ROS generation. It was reported that released Zn2+ ions from the NPs likely possessed an attenuating effect on colonic injuries [100]. Another common OS-induced disease involving the colon and rectum is colorectal cancer. Activation of the NF-κB and MAPK pathways involves the expression of carcinogenesis-related genes, which increases the risk of colorectal cancer development [89]. 5-Fluorouracil is a standard chemotherapy drug for colorectal cancer. However, its treatment efficacy is hindered by its short half-life and rapid metabolism. The development of nanoformulations for loading this therapeutic agent has been proposed as a solution to overcome this limitation. Intragastric administration of bacteria bioinspired NPs composed of zinc gallogermanate mesoporous silica coated with Lactobacillus reuteri biofilm was carried out to target the colorectal tumor by 5-fluorouracil. Chemotherapy with these nanosystems diminished the number of tumors per mouse by one-half compared to the use of 5-fluorouracil alone. The targeted delivery of the drug to the colorectal site was supported by the ability of these NPs to withstand the gastric acid. These nanosystems localized to the colorectal tumor, prevented the tumor growth and systemic toxicity and increased the survival time of mice [101]. PEGylated solid lipid NPs loaded with 5-Fluorouracil caused high toxicity in HCT-116 cells. In subcutaneous xenograft mouse models, these NPs improved the pharmacokinetic parameters of the drug, prevented the growth of the tumor and downregulated the expression of human epidermal growth factor receptor 2, a key oncogenic driver in the progression of colorectal cancer [102].




3.5. Stimuli-Responsive Nanomedicines for Treatment of OS-Induced GI Diseases


In recent decades, a variety of nanomedicines have been developed and characterized for treating GI diseases, which can react to stimuli in a special predictable manner. This reaction can be in response to the exogenous (laser irradiation, ultrasound, magnetic field, changes in temperature) or endogenous (ROS, changes in pH values) stimulus or a combination of them. OS-induced diseases in the GI tract are characterized by an excessive level of ROS arising from an imbalance between ROS generation and the antioxidant system. Therefore, various ROS-responsive nanomedicines have been developed to treat GI diseases, especially for IBD. A prodrug as a pharmacologically inactive compound can be metabolized into a pharmacologically active drug by in vivo biotransformation through enzymatic or chemical cleavages [103]. NPs self-assembled from aromatized thioketal-linked budesonide and tempol prodrugs could be hydrolyzed via exposure to H2O2 in a time- and concentration-dependent manner. ROS-responsive NPs showed a simultaneous and almost complete release of drugs in inflammatory macrophages. These NPs accumulated in the inflamed colon and enhanced the maximum concentration of the drugs, preventing the expression of proinflammatory cytokines and oxidative mediators and relieving colitis in the IBD mouse model [104]. D-α-tocopherol polyethylene glycol succinate-b-poly(β-thioester) copolymer NPs loaded with luteolin alleviated the UC symptoms in the DSS-induced colitis murine model. They suppressed TNF-α, IL-6, IL-17A and interferon-γ and upregulated IL-4, IL-10 and GSH. A decrease in the numbers of T helper 1 (Th1) and Th17 cells and an increase in the numbers of Th2 and regulatory T cells were observed by the administration of these nanosystems, which regulated the inflammatory environment and accelerated intestinal wound healing. These NPs released the drug through size change in response to ROS due to the thioether bond in the polymer main chain [105].



Another endogenous stimulus for the targeted delivery of nanomedicines is changes in the pH value arising from a different condition in the specific tissues or cells or different parts of the GI tract. Administration of the clustered carbon dot NPs to dental biofilm rodent models reduced the viability of Streptococcus mutans without adverse effects on oral microbiota balance. Furthermore, these NPs showed an anti-biofilm activity that could be attributed to the interactions between NPs and bacterial membranes, the excessive production of ROS and the fragmentation of DNA [106]. Some pH-responsive nanodelivery systems have been developed to overcome the difficulties of drug delivery to the esophagus arising from short transit time and rapid clearance. Self-assembled chitosan–eggshell membrane NPs loaded with famotidine showed a controlled drug release up to 12 h at pH 1.2, indicating their great potential to treat GERD [107]. Curcumin and docetaxel co-loaded T7 peptide-modified targeted nanosystems exerted the pH-responsive drug release behavior. They promoted biodistribution to the esophageal tumor, increased the concentration of drugs in the tumor tissue and led to the synergistic therapeutic effect in the esophageal cancer cells of xenograft mice [108].



The harsh gastric environment leads to physiological obstacles for effectively treating H. pylori and the delivery of some therapeutic agents including antibiotics and proteins. The application of nanomotors, as a novel strategy for temporarily neutralizing the harsh acidic environment and adjusting the local physiological parameters, can inhibit decreasing the drug efficacy and avoid irreversible damage. Nanomotors can convert acid fuel into kinetic energy and propulsive force, and they can be an alternative to commonly used proton pump inhibitors. The application of a nanomotor composed of silica nanobottles loaded with Pt NPs, clarithromycin and nano-calcium peroxide in mouse models led to a reduction in H. pylori burden by 2.6 orders of magnitude compared with the negative control. The chemical reaction between CaO2 and gastric fluid led to the rapid consumption of protons, temporarily neutralizing gastric acid. Pt NPs catalytically decomposed the product of this reaction (hydrogen peroxide) to a huge amount of oxygen. The resulting gas efflux through the narrow opening of the nanobottles caused them to push forward, providing maximum prodrug release and efficacy [109]. The pH-responsive NPs composed of Zn-based zeolitic imidazolate frameworks loaded with hydrogen-absorbed palladium were encapsulated in ascorbate palmitate hydrogel and used for treating H. pylori infection. The outer hydrogel could target the inflammatory site, was hydrolyzed by matrix metalloproteinase and released NPs. Hydrogen and Zn2+ resulted from the decomposition of these NPs by gastric acid, which effectively killed H. pylori by disrupting the cell membrane permeability of bacteria by hydrogen, accelerating the entrance of Zn2+ into the cells, promoting the cell leakage, interfering with the metabolism of bacterial cells and preventing urease activity. In this nanosystem, gastric acid invasion of the bacteria was accelerated by Zn2+. Released hydrogen from NPs prevented hyperactive inflammatory response by regulating the secretion of inflammatory factors in macrophages, scavenging excessive oxygen free radicals and alleviating OS-induced damages to epithelial cells. It also restored the impaired gastric mucosa by upregulating the expression of mucosal repair protein. This anti-H. pylori treatment strategy had no adverse side effects on gut flora homeostasis [110].



Colon targeting via the oral route necessitates developing nanodelivery systems that can release therapeutic agents in a weak basic environment but not in acidic pHs. NPs coated with Eudragit L100, Eudragit S100, chitosan and other pH-responsive polymers can facilitate the delivery of the drug into the lower sites of the GI tract and increase the concentration of the drug in the colon with minimized side effects, which can be used in the effective treatment of IBD. One of the promising treatment strategies for IBD was loading the anti-miR-301a into an oral delivery system developed by using Eudragit S100, HA, PLGA and chitosan (Figure 4). These components ensured the targeted delivery of the payload without its degradation during its journey to the intestine. The epithelial cells and macrophages are the key factors in the progression of intestinal inflammation. Therefore, the CD44 receptor, which is overexpressed on the inflammatory epithelial cells and macrophages, was used as the target for this drug delivery. Eudragit S100 and HA endowed NPs with pH responsiveness and a high affinity to CD44 receptors. Coating the NPs with Eudragit S100 led to minimizing the release of the drug in the stomach. However, increasing the pH in the colon dissolved Eudragit S100 and led to the release of the payload. As shown in Figure 4, HA on the surface of the NPs promoted their cellular uptake through CD44 receptors at the inflamed site. NPs accumulated in the colon and improved the IBD symptoms in DSS-treated mice by relieving inflammation, restoring colon length, repairing the intestinal barrier and reducing the levels of IL-6, IL-1β, TNF-α and MPO [111].



Eudragit–nutriosomes co-loaded with tocopherol and ascorbic acid demonstrated great potential for intestinal-targeted delivery, treating OS-induced diseases and healing intestinal wounds [3]. In another study, hydroxypropyl methylcellulose phthalate was used as a cross-linker in synthesizing chitosan NPs loaded with 5-ASA and berberine to treat UC and inhibit drug release in the upper parts of the GI tract. These NPs exhibited a reduction in the wet weight of the colon and an increase in the length of the colon. They improved the ulcer index and disease activity parameters and led to a proper drug release in the simulated intestinal fluid without release in simulated gastric fluid. They were effective in treating the acetic acid-induced UC in rats [112]. The pH-responsive nanocomposites composed of poly (acrylic acid) brushes anchored on the pore channels of mesoporous silica SBA-15 were designed for the colon-targeted delivery of doxorubicin. In this nanodelivery system, poly (acrylic acid) brushes acted as gatekeepers, which capped the pore outlets and kept the drug encapsulated in acidic pH (gastric environment). In colonic conditions, these brushes were swelled to allow for the release of doxorubicin through the open outlet [113].



The application of responsive nanomedicines to external stimuli such as electromagnetic field, ultrasound and laser irradiation in the treatment of the OS-induced GI disease has brought promising therapeutic results. Magnetic sphingomyelin-containing liposomes encapsulated with cisplatin used a combination of an external magnetic field and an endogenous disease marker (sphingomyelinase enzyme) to release the drug only at the tumor site and at the correct time. They prolonged the survival of the OSCC mouse model [114]. The application of the magnetic microbot was proposed as an effective strategy for treating esophageal cancer, which facilitated targeted locoregional drug delivery in response to the external magnetic field. These magnetic soft microbots were composed of mussel adhesive protein microparticles embedded with iron oxide magnetic NPs and doxorubicin and possessed a potent underwater adhesive capability and long-lasting retention in the hydrodynamic fluid of the esophagus. A sustainable release of doxorubicin and an effective anticancer activity were achieved by these microbots [115].



Sonodynamic therapy (SDT) by combining low-intensity ultrasound irradiation with sonosensitizers to produce ROS can be used as a noninvasive strategy to treat deep target tissues [116]. Verteporfin-preloaded lecithin bilayer-coated PLGA NPs neutralized the secreted virulence factor by H. pylori, vacuolating cytotoxin A. Localized ultrasound (0.5 W/cm2 for 10 min) exposure of the skin over the stomach of the infected mouse models decreased the H. pylori infection by these NPs as strong as the triple therapy (Figure 5).



This effect was attributed to the generation of singlet oxygen (1O2) (neither O2•− nor •OH) as the ROS. This strategy revealed useful results in non-antibiotic-based therapy for the eradication of H. pylori, indicating not only no disruptive effect on the gut microbiota but also Lactobacillus upregulation. Stomach tissues in mouse models treated by this technique showed a similar appearance to the healthy ones. The results of the study revealed that cell apoptosis was increased due to the infection by H. pylori. The apoptotic condition became worse by triple therapy, while SDT by NPs decreased the relative ratio of TUNEL-positive cells in the H. pylori-infected stomach back to normal [117]. The combination effect of SDT and chemotherapy on the orthotopic colorectal cancer mouse model was evaluated by the oral administration of pH/ultrasonic dual-responsive enteric-coated granules produced via enwrapping the nanoprobes by carboxymethyl chitosan. Nanoprobes were fabricated by co-loading the chlorin e6 and doxorubicin hydrochloride into the mesoporous silicon-coated Au NPs and encapsulating the resulting structure in the folic acid-modified phospholipid. Carboxymethyl chitosan ensured the stability of granules in the gastric acidic environment and rapidly disintegrated in the colorectum, leading to the release of nanoprobes from the granules. Highly expressed folate receptors on the surface of the colon cancer cells facilitated tumor targeting by folic acid. Breaking down of the phospholipids could occur under ultrasound leading to the release of sonosensitizers and chemotherapy drug. Treatment guidance was provided by CT imaging using the Au NPs in mesoporous silicon, which showed the highest concentration of enteric-coated granules 7–9 h post-administration in the colorectum of the mouse model. The results revealed a better anticancer effect of combination therapy than the single treatment [118].



Phototherapy including photothermal therapy (PTT) and photodynamic therapy (PDT) is a light-induced therapeutic strategy using photothermal conversion agents and photosensitizers. In PTT, the energy of light is converted to heat and local hypothermia plays a pivotal role in the therapeutic effect [119]. PDT is used as an effective technique with minimal invasiveness for treating inflammatory and cancerous diseases, in which a photosensitizer is applied to a target site to be exposed to the light of a specific wavelength, preferentially in the red spectral region (λ ≥ 600 nm), and conducts photochemical reactions leading to the generation of singlet oxygen and other ROS [120]. Phototherapy has been studied for the treatment of different GI diseases. Various limitations hinder the in vivo application of a single phototherapy method, particularly for deep-targeted cells. Dendritic Au Ag NPs coated with procyanidin–Fe networks photothermally eradicated the biofilm of periodontal pathogens under NIR irradiation and reduced OS and inflammation. They activated the phosphoinositide 3-kinase/protein kinase B signaling pathway, enhanced the polarization of M2 macrophages, upregulated NRF2, scavenged ROS and prevented the NF-κB signaling pathway. The combination of these nanosystems with NIR irradiation was proposed as an effective therapeutic strategy against periodontitis, which could repair periodontal damage by modulating tissue regeneration [121]. The application of doxorubicin–Ag NPs under laser irradiation resulted in the chemo-PTT dual effect on esophagus cancer cells, downregulated the expression of antiapoptotic genes and increased the level of caspase-3 mRNA in nanocomposite-treated cancer cells compared to the control cells [122]. Under NIR laser irradiation, pH-sensitive Au nanostars conjugated with H. pylori-antibodies nanoprobes could photothermally eradicate H. pylori isolated from clinical patients possessing antibiotic resistance and also in mice models. These nanoprobes did not disturb the intestinal microbiome within therapeutic doses and caused the restoration of gastric lesions to normal status one month after PTT [123]. Intraluminal PDT treatment using fiber-covered esophageal stents prolonged the survival of orthotopic esophageal cancer rabbit models. The electrospun fibers were embedded with albumin-Chlorin e6-manganese dioxide NPs, which were gradually released and diffused into the tumor. Chlorin e6 acted as a photosensitizer, and manganese dioxide significantly increased the generation of the 1O2 by reacting with endogenous H+ and H2O2 at the tumor site to produce O2 and Mn2+, promoting the PDT efficacy [124]. Combination therapy (photothermal-, photodynamic- and chemo-therapy) using photonic nanoporphyrin micelles loaded with 7-ethyl-10-hydroxycamptothecin (SN-38) exhibited higher antitumor efficacy than single treatments in HT-29 colon cancer xenograft mouse models. The enhancement of in vitro antitumor activity of this trimodal therapy was 350 and 78 times more than single phototherapy and single chemotherapy with SN-38, respectively [125]. The combination of PDT and ROS-responsiveness has been extensively studied for OS-induced diseases of the GI tract. Platinum nanozyme-loaded prodrug NPs consisting of thioketal bond-linked camptothecin and 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a were developed for chemo-PDT of colon cancer. In these nanosystems, NIR irradiation (660 nm) in the presence of 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a as a photosensitizer led to ROS generation, which not only possessed a PDT effect but also caused the camptothecin release, providing chemotherapeutic effect. The catalyzing activity of platinum nanozymes decomposed hydrogen peroxide and produced oxygen, promoting PDT and the on-demand release of camptothecin [126]. A similar therapeutic strategy was used for the targeted treatment of oral tongue squamous cell carcinoma. The synthesized PEGlated doxorubicin prodrug through thioketal linkage and cyclo-arginine-glycine-aspartic acid- d-phenylalanine-cysteine peptide modification was used to produce NPs for encapsulating hematoporphyrin (a photosensitizer). NPs internalized cancer cells, and under laser irradiation, they induced ROS production for PDT and the ROS-responsive release of doxorubicin. They could target the tumor and diminish its growth in the mouse model [127].



A summarized list of nanomedicines developed and evaluated for the treatment of GI diseases is illustrated in Table 1.





4. Safety Issues of Nanomedicines


As mentioned previously, traditional pharmaceutical treatments require frequent administration and more drug dosages due to their non-selectivity, which can lead to severe side effects as well. The low solubility, poor biodistribution and disability to penetrate through different biological barriers adversely affect the efficacy of the traditional drug molecules. Targeted delivery, controlled release, reduced toxicity and the promoted solubility, lipophilicity, penetration proficiency, half-life and bioavailability of drugs achieved by the use of nanomedicines have overcome the obstacles of the traditional treatments and enhanced the efficacy of nanomedicine-based treatments [145]. For instance, in the treatment of tumor tissues where traditional pharmaceutical molecules face penetration difficulties, nanomedicines can provide effective penetration, prolonged circulation time and targeted accumulation in the tumor tissue with reduced off-target toxicity [146]. Despite these potent beneficial effects, our knowledge regarding the effects of long-term administration of nanomedicines, their probable toxicity and negative consequences is restricted. It is necessary to pay more attention to the pharmacodynamics and pharmacokinetics aspects of nanodrugs and nanomaterials used in the construction of nanomedicines. Prediction and inhibition of their potential toxicity may not be completely feasible because of their unknown interaction mechanisms with biological tissues, limited detection techniques and the difficulties of monitoring the nanomaterials’ metabolism and deposition in the body [147]. Long-term oral administration of nanomedicines even prepared with safe substances approved by the FDA (Food and Drug Administration) may adversely influence gut microbiome homeostasis [148]. Some studies have reported genotoxicity, immunogenicity and irreversible changes and malfunction of the intracellular organelles due to the administration of nanomedicines [149]. Some of the nanomaterials may damage DNA, break its strands, fragment chromosomes, cause point mutations and increase the risk of cancer. Nanomedicines may induce this genotoxicity directly through their interaction with chromosomes or DNA, inhibiting its transcription or replication. They can also act indirectly via releasing toxic ions or ROS generation, which interfere with involved proteins in the genetic functions or oxidize nitrogenous bases and cause their mispairing and mutation [150]. Nanomedicines may cause immunogenicity, regional inflammation or allergic-like responses. The immunogenicity potential of nanomedicines depends on their type, dose and exposure time. The biocompatibility of nanomaterials cannot eliminate the risk of immunotoxicity [151]. Homeostasis of intracellular organelles such as the mitochondria, endoplasmic reticulum and plasma membrane may be negatively affected by nanomedicines. Especially, negatively charged NPs can induce lysosome membrane permeabilization, cytosolic acidification, cellular component disintegration and apoptosis. Positively charged NPs may damage the intracellular organelles and cause cell death [152]. Extensive in vivo studies and the use of artificial intelligence can help evaluate and predict the pharmacotoxicological, pharmacokinetic and toxicological characteristics of nanoparticles [153]. In this regard, a multidisciplinary collaboration of scientists, regulatory bodies and clinicians along with efforts for the cost-effective and safe clinical transformation of nanomedicines are required as well. Despite the current activities of WHO (World Health Organization), FDA, EMA (European Medicines Agency) and ICH (International Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use), it seems more regulation, standards and supervision are needed to ensure the production of nanomedicines with long-term safety.




5. Concluding Remarks


Despite the critical role of ROS in various physiological processes in the GI tract, excessive generation of ROS that cannot be neutralized by the antioxidant defense system leads to OS and the incidence of different GI diseases. In this regard, the role of pro-oxidants, reactive intermediates and antioxidants in each part of the alimentary canal was elucidated in the current review paper. Mitochondrial dysfunction, lipid peroxidation and DNA and tissue damage are the consequences of OS in the GI tract. This review revealed the great strides made in the treatment of GI diseases by application of nanomedicines including targeted and stimuli-responsive NPs. The results of the studies showed that nanomedicines can treat GI diseases by inducing antioxidant activity, anti-inflammatory effects, antibacterial and anti-biofilm activity and tissue repair, and promoting immune tolerance according to the specific conditions of each disease and the related GI environment. However, there is still a long way to go to find a potent strategy for the comprehensive management of GI diseases caused by OS. Further studies are needed to gain more insight into the oxidative pathway involved in the pathogenesis of each GI disease, the therapeutic mechanisms of nanomedicines and their potential risks. Future perspectives for more effective treatment of GI diseases may include the design and development of bioinspired and biomimetic smart multifunctional nanomedicines including nanomotors and nanobots by exploiting the specific environment of different GI organs.
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Figure 1. Generation of the reactive intermediates and the mechanisms of their neutralization by the antioxidant defense system. The orange ovals illustrate the antioxidant enzymes, the rectangles demonstrate the reactive intermediates and the brown hexagons refer to some of the enzymes generating reactive oxygen species (ROS) and reactive nitrogen species (RNS): NOX: nicotinamide adenine dinucleotide phosphate oxidase, NOS: nitric oxide synthase, COX: cyclooxygenase, XO: xanthine oxidase and MPO: myeloperoxidase. The generated O2•− can be converted to H2O2 by superoxide dismutase (SOD). H2O2 can be converted to •OH through the Fenton reaction with Fe2+, which can initiate lipid peroxidation. Glutathione peroxidase (GPx) and vitamin E (Vit E) can neutralize the free radicals and result in ROH formation as the product. Nitric oxide (NO) can be generated from arginine by NOS, which results in ONOO− production through its reaction with H2O2. Catalase (CAT), peroxiredoxin (Prx) and GPx can convert H2O2 to water. Glutathione reductase (GSR) and thioredoxin reductase (TrxR) keep glutathione (GSH) and thioredoxin (Trx) in their reduced forms by transferring the electrons from NADPH to their oxidized forms. GSSG is the oxidized form of GSH and Trx(SH)2 and TrxS2 are the reduced and oxidized states of Trx, respectively. 
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Figure 2. The most common oxidative stress-induced gastrointestinal diseases. GERD and IBD are the abbreviations of gastroesophageal reflux disease and inflammatory bowel disease, respectively. 
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Figure 3. Gastroesophageal reflux disease (GERD) and its consequences as Barrett’s esophagus and esophageal adenocarcinoma. TNF-α: tumor necrosis factor-α, IL-1β: interleukin-1β, IL-6: interleukin-6, COX-2: cyclooxygenase-2 and iNOS: inducible nitric oxide synthase. Reproduced from [46]. 
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Figure 4. The pH-responsiveness and colon-targeting of anti-miR-301a-loaded nanoparticles with the high affinity of HA to the CD44 receptors at the inflamed site and ES100 dissolvability and releasing the payload in the colon. PLGA: poly (lactic-co-glycolic acid) copolymer, ES100: Eudragit S100, CS: chitosan, HA: hyaluronic acid. TJ: tight junction proteins. Reproduced from [111]. 
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Figure 5. The effect of sonodynamic therapy on gastric H. pylori infection: the effect of the Ver-PLGA@Lecithin (verteporfin-preloaded lecithin bilayer-coated PLGA NPs) on VacA (vacuolating cytotoxin A) and H. pylori in the absence and presence of US (ultrasound) (a); the superior effect of sonodynamic therapy in treating the H. pylori infection compared to triple therapy (b); H. pylori cells after sonodynamic therapy in comparison to the control (c); stomach tissues of H. pylori-infected mouse models treated with triple therapy or the combination of NPs and US (d). Healthy tissues were used as the references. Reproduced from [117]. 
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Table 1. Nanomedicines developed for treating oxidative stress-induced GI diseases.
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GI Diseases

	
Nanomedicines

	
Stimulus

	
Study Design/Experimental Cells/Animal Model

	
Results

	
Ref.






	
Oral lichen planus

	
Gliadin/Ethylcellulose-based nanofibrous mats loaded with mycophenolate mofetil, ZnO NPs and aloe vera

	
-

	
In vitro study: Inflamed human gingival fibroblasts, S. aureus and E. coli

Clinical study: RCT on patients suffering from OLP lesions

	
Nanofibrous mats showed antimicrobial activity and anti-inflammatory effects with a decrease in TNF-α, IL-6 and ROS of stimulated human gingival fibroblasts. The symptoms of patients were significantly improved with the mats compared to the treatment with commercial ointment.

	
[128]




	
0.1% triamcinolone acetonide with nanoliposomal carriers in Orabase

	
-

	
Clinical study: RCT on patients suffering from OLP lesions with treatment duration of 1 month (3 times a day)

	
Nanoformulation effectively reduced the lesion size and pain intensity with 33.3% fully resolved lesions after 4 weeks.

	
[129]




	
Periodontitis

	
0.02% Ag NPs gel

	
-

	
Clinical study: RCT study on patients with chronic periodontitis for 3 months

	
The effectiveness of silver NPs gel with SRP was the same as sub-gingival delivery of tetracycline gel in chronic periodontitis patients, proposing a non-toxic therapeutic strategy with no increase in bacterial resistance, no side effects and no need for complicated armamentarium with good acceptance by the patients. Differences in microbiological (colony forming units) and clinical parameters (Plaque Index, Gingival Index, Probing Pocket Depth and Clinical Attachment Level were statistically significant from baseline (just before gel placement) to 3 months of gel application.

	
[130]




	
Epigallocatechin gallate-modified Au NPs-loaded hydrogel

	
NIR (PTT)

	
In vitro study: S. aureus, E. coli, human umbilical vein endothelial cells and bone marrow mesenchymal stem cells

In vivo study: Periodontitis rat model

	
Application of the NIR light spectrum effectively regulated the release of epigallocatechin gallate, increased the antibacterial effect, stimulated angiogenesis and boosted bone and periodontal tissue regeneration. This strategy caused a preventive effect on E. coli and S. aureus and its biofilm. The combination of NIR light irradiation and these nanomedicines inhibited the dental plaque biofilm and repaired the alveolar bone in the rat periodontitis model.

	
[131]




	
Methylene blue-loaded PLGA NPs

	
NIR (PDT)

	
In vitro study: Human dental plaque microorganisms (in planktonic and biofilm phase)

In vivo study: Clinical pilot study on patients with chronic periodontitis

	
NP-mediated PDT showed a killing effect on the dental plaque bacteria and biofilms. The gingival bleeding index was more improved in the patients treated by NPs and ultrasonic scaling + SRP + PDT than in the cases just treated by ultrasonic scaling + SRP.

	
[132]




	
Glutathione-stabilized Ag NPs

	
-

	
In vitro study: Human gingival fibroblast cells (HGF-1) and oral pathogens (Porphyromonas gingivalis, Fusobacterium nucleatum, and Streptococcus mutans

	
NPs showed an inhibitory effect on the growth of periodontal pathogens, increased the generation of cytokines and activated the inflammatory response in the oral epithelial model.

	
[133]




	
Oral squamous cell carcinoma

	
AE105-decorated dendritic mesoporous silica NPs encapsulating Rose Bengal and ultrasmall Cu2xS NPs

	
NIR(PTT)/US(SDT)/pH

	
In vitro study: OSC-19 cells

In vivo study: OSCC xenografts mouse model

	
NPs targeted urokinase plasminogen activator receptors overexpressed in the tumor cell membrane and accumulated in the tumor site, and payloads were released by slowly biodegrading dendritic mesoporous silica NPs in the tumor acidic microenvironment and providing synergistic PTT/SDT nanotherapeutics and eradicated tumor cells/xenografts.

	
[134]




	
GERD and

peptic ulcer

	
Montmorillonite famotidine/chitosan bio-nanocomposite hydrogels

	
pH

	
In vitro study: Sheep gastric mucosal tissue

	
The optimized bio-nanocomposite hydrogel formulation exerted proper mucoadhesion, long-lasting gastric retention time and sustainable release of the famotidine with potential therapeutic effect on GERD and peptic ulcers.

	
[135]




	
Esophageal cancer

	
DOX/Au-coated nanoturf esophageal stent

	
NIR (PTT)

	
In vitro study: Human Caucasian esophageal carcinoma cell

In vivo study: Esophageal cancer mouse model

	
Nanoturfs provided a long-lasting DOX reservoir, sustained release and reproducible hyperthermia induced by localized surface plasmon resonances under NIR irradiation, promoting on-demand drug release (chemo-PTT). An in vivo application of thermo- and chemo-stents induced significant esophageal tumor apoptosis by the synergistic effect of the released drug and hyperthermia in response to NIR irradiation.

	
[136]




	
Trastuzumab-decorated cisplatin and fluoropyrimidine co-encapsulated lipid–polymer hybrid NPs

	
-

	
In vitro study: Human esophageal cancer cell line

In vivo study: Esophageal adenocarcinoma-bearing xenograft mouse model

	
Trastuzumab-decorated NPs showed higher uptake by the esophageal cancer cell lines and more cytotoxicity than the non-decorated NPs. Cisplatin and fluoropyrimidine dual-loaded NPs prevented the growth of tumor cells more effectively than the single drug-loaded NPs in vivo. The cisplatin to fluoropyrimidine ratio (w/w) of 1/1 in the preparation of NPs led to the best synergistic effect. This nanosystem caused a sustained drug release with no systemic toxicity or side effects.

	
[137]




	
Gastric H. pylori infection

	
Superparamagnetic iron oxide NPs and amoxicillin co-loaded chitosan–poly (acrylic acid) particles

	
Magnetic field

	
In vitro study: Human gastric adenocarcinoma cell line, mammalian mouse fibroblast cell line, H. pylori strains (127–4, 125–54 and 125–57)

In vivo study: Pathogen-free BALB/c mice, H. pylori-infected mouse model

	
The combination of these nanomedicines with the magnetic field caused an increase in mucopenetration and the residence time of the drug in the stomach for more effective H. pylori eradication therapy. Mucoadhesive properties, antibacterial and anti-biofilm activities and the sustained release of amoxicillin from the NPs were reported in this study.

	
[138]




	
Gastric cancer

	
GX1-modified nanostructured lipid carriers loaded with paclitaxel

	
-

	
In vitro study: Human umbilical vein endothelial cells (HUVEC cells), human gastric carcinoma cells (MKN45 cells), immortalized fetal gastric mucosal cells (GES-1)

In vivo study: Tumor-bearing nude mouse model

	
GX1-modified nanocarriers exhibited higher uptake rates in CoHUVEC cells and a greater inhibitory effect on these cells compared to the unmodified nanocarriers and free paclitaxel. The minimum cytotoxicity effect of GX1-modified nanocarriers was observed in GES-1 cells. A potent antitumor effect with lower side effects in the mouse model was achieved by using GX1-modified nanocarriers.

	
[139]




	
AuNPs modified with the AS1411 aptamer and hairpin DNA loaded with DOX

	
pH/NIR

	
In vitro study: AGS cells, L929 cells

	
The nanosystem targeted AGS cells through the interaction of AS1411 with nucleolin on the AGS cytomembrane and more selectively entered the AGS cells than the L929 cells. These NPs showed dual responsiveness for laser irradiation and pH (pH 5), indicating more drug release after the internalization of NPs into the lysosomes or tumor intracellular environment. NIR laser irradiation enhanced the anticancer activity of the NPs on AGS cells.

	
[140]




	
IBD

	
Ginger-derived lipid NPs loaded with siRNA-CD98

	
-

	
In vitro study: Caco-2BBE cells, RAW 264.7 cells, colon-26 cells

In vivo study: FVB mice

	
NPs possessed good biocompatibility and highly efficient cellular uptake, specifically targeting the colon and decreasing the expression of the colonic CD98 gene to treat ulcerative colitis.

	
[141]




	
Glycyrrhizic acid-loaded Eudragit S100/PLGA NPs

	
pH

	
In vivo study: Dextran sodium sulfate-induced colitis mouse model

	
These NPs possessed anti-inflammatory and antioxidant activity, diminished the colitis progression, improved the retention time of the drug and its accumulation in the inflamed area and alleviated the symptoms of the disease.

	
[142]




	
Colorectal cancer

	
PEGylated hyaluronic acid–DOX NPs

	
pH

	
In vitro study: CT26 cells

In vivo study: CT26 tumor-bearing mouse model

	
NPs increased the circulation time of DOX by 12.5 times and showed strong antitumor activity in the tumor-bearing mice model. They targeted CD44-positive cancer cells and accumulated in the tumor. The PEG shell of the NPs was dissolved in the acidic environment of the tumor and promoted the cellular endocytosis of NPs. The interaction of released DOX with the nucleus inhibited the growth and proliferation of CT26 cells.

	
[143]




	
DOX-loaded magnetic mesoporous silica core-shell nanocarrier modified with gold gatekeepers, PEG and EpCAM aptamer

	
pH

	
In vitro study: Human colon cancer cell line (HT-29), Chinese hamster ovary (CHO) cell line

In vivo study: C57BL/6 mice bearing HT-29 tumors

	
NPs specifically targeted cancer cells and released the drug at the acidic pH as a result of the functionality of aptamer and gold gatekeepers on their surfaces. EpCAM-positive HT-29 cells showed greater uptake of the NPs than EpCAM-negative CHO cells. These nanomedicines prevented tumor growth with a decrease in off-target toxicity in mouse models.

	
[144]








RCT: randomized clinical trial, SRP: scaling and root planing, US: ultrasound, NIR: near-infrared, PLGA: poly(lactic-co-glycolic acid), PDT: photodynamic therapy, PTT: photothermal therapy, SDT: sonodynamic therapy, GERD: gastroesophageal reflux disease, DOX: doxorubicin, PEG: polyethylene glycol, EpCAM: epithelial cell adhesion molecule.
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