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            Abstract
          
        

        
          Methicillin-resistant Staphylococcus aureus (MRSA) is a serious threat to the global healthcare system. Ineffective and resistance to antibiotic treatments have increased morbidity and mortality rates worldwide. New and effective antibiotics are needed to combat against bacterial resistance. Endophytic fungi are crucial reservoirs of novel bioactive metabolites. In particular, the secondary metabolites show promising therapeutic potential, notably, antibacterial. This review discussed the emerging potential of endophytic fungi as anti-MRSA agents. The ecological sources of endophytic fungi were discussed with the synthesis of bioactive metabolites. The mode of antibacterial actions was elucidated to give a better understanding of the mechanisms involved. This review may serve as an important reference for future discovery and developments of anti-MRSA agents from endophytic fungi.
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      Introduction
      Methicillin-resistant Staphylococcus aureus (MRSA) is an antibiotic-resistant pathogenic bacteria in the global healthcare system and community.1 According to the Global Antimicrobial Resistance Surveillance System report, bloodstream infections carried a 24.9% median resistance rate for MRSA.2 In Malaysia, 14.9% of MRSA isolates were identified from the total S. aureus clinical samples, based on the report of National Antibiotic Resistance Surveillance in 2020.3 First recorded in the 1960s, MRSA showed a high incidence rate in Asian countries, with more than 70% detected from clinical S. aureus isolates.4,5 MRSA encompasses minor skin irritation to chronic infections, such as bloodstream contamination and pneumonia.4,6 The rapid evolution of MRSA in response to antibiotics has posed therapeutic difficulties in the healthcare system.7 Besides, the overuse of antibiotics in infection control has exacerbated the development of antibiotic resistance, causing high mortality and morbidity worldwide.8 Thus, there is an urgent need to search for effective anti-MRSA agents.8 The endophytic fungi appear to be a crucial source of bioactive metabolites for anti-MRSA.9,10

      Endophytic fungi are diverse microorganisms that inhabit the host tissues symbiotically without harming the host.10 Endophytic fungi obtain nutrients and habitation from the host, while fungi produce bioactive metabolites to increase host’s tolerance against biotic and abiotic stresses.11 These metabolites are regarded as one of the primary bioactive natural products with various medicinal applications and potential.9,12 According to literature, approximately 75% of antibiotics are derived from the secondary metabolites of endophytic fungi.13 At least 499 new metabolites were discovered and recorded from 2017 to 2019.14 However, many endophytic fungi remain unexplored.15 Therefore, bioprospecting biologically active natural products from underexplored resources are vital for medicinal and therapeutic. Thus, this review highlighted the primary ecological sources and the bioactive metabolites produced by endophytic fungi (Table 1). Also, it discussed the mode of antibacterial actions of bioactive metabolites for a better understanding of the mechanisms involved.

      
        Table 1. 
				
        

        
          Anti-MRSA metabolites isolated from endophytic fungi
        
        

      

      
        
          
            	Endophytic Fungi
            	Ecological Source
            	Metabolites
            	Metabolite nature
            	MIC against MRSA
            	Reference
          

        
        
          	Alternaria sp.
          	Mangrove plant Sonneratia alba
          	Xanalteric acid I (1); xanalteric acid II (2); altenusin (3)
          	Polyketides; phenolic
          	MIC: 125 μg/mL
MIC: 250 μg/mL
MIC: 31.25 μg/mL
          	
            
              43
            
          
        

        
          	Alternaria sp.
          	Medicinal plant Schinus terebinthifolius
          	(E)-2-Hexyl-cinnamaldehyde (4); 3-benzylhexahydropyrrolo[1,2-a]pyrazine-1,4-dione (5); 3-isobutylhexahydropyrrolo[1,2-a]pyrazine-1,4-dione (6)
          	Aldehyde; alkaloid
          	MIC:18.52 μg/mL
MIC: 55.55 μg/mL
MIC: 55.55 μg/mL
          	
            
              71
            
          
        

        
          	Aspergillus fumigatus AF3-093A
          	Marine brown alga Fucus vesiculosus
          	Flavipin (7); Chaetoglobosin A (8); Chaetoglobosin B (9)
          	Phenolic; Polyketide
          	MIC: 510 μM
MIC: 95 μM
MIC: 378 μM
          	
            
              79
            
          
        

        
          	
            Aspergillus micronesiensis
          
          	Medicinal plant Phyllanthus glaucus
          	Cyschalasin A (10); Cyschalasin B (11)
          	Polyketide
          	MIC: 17.5 ± 0.3 μg/mL
MIC: 10.6 ± 0.1 μg/mL
          	
            
              28
            
          
        

        
          	
            Chaetomium globosum
          
          	Aquatic plant Nymphaea nouchali
          	Chaetoglobosin A (8); Chaetoglobosin C (12)
          	Polyketide
          	MIC: 32 μg/mL
MIC: >64 μg/mL
          	
            
              50
            
          
        

        
          	Dothideomycete sp.
          	Medicinal plant Tiliacora triandra
          	Dothideomycetide A (13)
          	Polyketide
          	MIC: 256 μg/mL
          	
            
              29
            
          
        

        
          	
            Fusarium oxysporum
          
          	Plant of Cinnamomum kanehirae
          	Beauvericin (14); (−)-4, 6′-anhydrooxysporidinone (15)
          	Peptide; alkaloid
          	MIC: 3.125 μg/mL
MIC: 100 μg/mL
          	
            
              75
            
          
        

        
          	
            Leucostoma persoonii
          
          	Mangrove plant Rhizophora mangle
          	Cytosporone B (16); cytosporone E (17)
          	Polyketides
          	MIC: 78 μM
MIC: 72 μM
          	
            
              62
            
          
        

        
          	Mycoleptodiscus sp.
          	Plant of Calamus thwaitesii Becc.
          	Mycoleptodiscin B (18)
          	Alkaloids
          	MIC: 32 μg/mL
          	
            
              76
            
          
        

        
          	
            Neofusicoccum australe
          
          	Grapevines in New Zealand
          	Neofusnaphthoquinone B (19); 6-(1-hydroxyethyl)-2,7-dimethoxyjugalone (20)
          	Phenolic
          	MIC: 16 μg/mL
MIC: 16 μg/mL
          	
            
              81
            
          
        

        
          	Nigrospora sp. MA75
          	Mangrove plant Pongamia pinnata
          	Tetrahydrobostrycin (21); Griseophenone C (22); 2,3-didehydro-19a-hydroxy-14-epicochlioquinone B (23)
          	Phenolic
          	MIC: 2 μg/mL
MIC: 0.5 μg/mL
MIC: 8 μg/mL
          	
            
              44
            
          
        

        
          	Penicillium chrysogenum QEN-24S
          	Marine red algal Laurencia sp.
          	Conidiogenone B (24)
          	Terpenoid
          	MIC: 8 μg/mL
          	
            
              86
            
          
        

        
          	Periconia siamensis CMUGE015
          	Plant of Thysanoleana latifolia
          	Modiolide A (25); 4-Chromanone, 6-hydroxy-2-methyl-(5Cl) (26)
          	Polyketide; Phenolic
          	MIC: 25 μg/mL
MIC: 50 μg/mL
          	
            
              63
            
          
        

        
          	Pestalotia sp.
          	Mangrove plant Heritiera fomes
          	Xylitol (27); Oxysporone (28)
          	Sugar alcohol; Polyketide
          	MIC: 64-128 μM
MIC: 32-128 μM
          	
            
              37
            
          
        

        
          	Pestalotiopsis sp.
          	Coral Sarcophyton sp.
          	Pestalone (29); pestalachloride B (30)
          	Phenolic
          	MIC: 6.25-12.50 μM
MIC: 25.00-50.00 μM
          	
            
              84
            
          
        

        
          	Phoma sp. SYSU-SK-7
          	Marine Kandelia candel
          	Colletotric A (31); colletotric B (32); orsellinic acid (33)
          	Polyketide; Phenolic acid
          	MIC: 6.28 μg/mL
MIC: 3.36 μg/mL
MIC: 8.40 μg/mL
          	
            
              66
            
          
        

        
          	Phomopsis sp. PSU-H188
          	Plant Hevea brasiliensis
          	Diaporthalasin (34); Cytosporone B (16); Cytosporone D (35)
          	Polyketide
          	MIC: 4 μg/mL
MIC: 16 μg/mL
MIC: 32 μg/mL
          	
            
              24
            
          
        

        
          	
            Rhizoctonia solani
          
          	Medicinal plant Cyperus rotundus
          	Solanioic acid (36)
          	Terpenoid
          	MIC: 1 μg/mL
          	
            
              88
            
          
        

      

      

    

    

  
    
      Ecological Sources of Endophytic Fungi
      Since the first isolation of endophytes from the ryegrass seed (Lolium temulentum L.) in 1898, endophytic fungi have been isolated from various sources.16,17 The following sections discuss the primary ecological sources of endophytic fungi, namely, terrestrial, marine, mangrove, desert, and freshwater ecosystems.18

      Terrestrial – Endophytic fungi synthesized bioactive metabolites to improve the defense of hosts against pests or pathogens attacks.19 Terrestrial endophytic fungi occur primarily in the tropical, subtropical and temperate regions.15 Tropical rainforests contain a high diversity of endophytic fungi.20 Endophytic fungal association occurs in over 300,000 terrestrial host-plant species, such as higher plants from the families Hypericacae, Guttiferae, and Gentianaceae, and wild species of cool-season grasses.21 Endophytic fungi are polyphyletic organisms. They occur in different healthy tissues, including foliage, xylem, bark, and root of living plants above or under the ground.22 Most of the endophytes inhabit the intracellular spaces without causing harm to the host plants.23 In general, endophytic fungi from terrestrial ecosystems belong to the phylum Ascomycota. For instance, Phomopsis sp. PSU-H188, an ascomycete fungus in the family of Valsaceae, was isolated from the midrib of the tropical rubber tree Hevea brasiliensis in Thailand.24

      Various parts of medicinal plants possess significant pharmacological properties. The synthesis of bioactive secondary metabolites was believed due to the long-term co-evolution between the host medicinal plants and endophytic fungi.25 Thus, many metabolites produced by endophytic fungi from terrestrial medicinal plants exhibit promising biological activities.26 Approximate 50% of new medications were developed from natural products since 1994.27 In this aspect, endophytic fungi can be cultured to produce natural products, relieving the need of depending on the host medicinal plants.22 Thus, the association between medicinal plants and endophytic fungi should be fully used to produce novel bioactive metabolites.23 For instance, endophytic Lasiodiplodia pseudotheobromae and Aspergillus micronesiensis were isolated from the medicinal herb Ocimum sanctum and the Chinese medicinal plant Phyllanthus glaucus, respectively, to produce antimicrobial metabolites.28,29

      Marine – Marine organisms are intrinsically tolerant to extreme conditions such as salinity, excessive competition, acidification, limited resource, pollution, and climate change owing to their distinctive morphological, physiological characteristics, and symbiotic relationship with fungal endophytes.30,31 Symbiotic relationships between marine organisms and endophytic fungi play a vital role in ecological adaptation.32 Numerous endophytic fungi were isolated from marine organisms, of which 17% were from algae (seaweeds), 12% from Porifera (sponges), and 10% from Cnidaria (corals).33,34 Marine algae are the largest source of marine fungal endophytes in producing bioactive metabolites for various medicinal purposes.31 Extracts from various marine genera, such as Alternaria, Fusarium, and Penicillium, exhibit a broad spectrum of antimicrobial activities.35 For instances, Aspergillus fumigatus AF3-093A was derived from brown alga Fucus vesiculosus, while Pestalotiopsis sp. was isolated from coral Sarcophyton sp.34 Both fungal endophytes produced metabolites with potent antibacterial activity against MRSA. Among the 700 metabolites isolated from 105 marine endophytic fungi, 40% of metabolites showed antimicrobial activity, and 15% of new antimicrobial structures were identified.33

      Mangrove – Mangrove forest is established in the estuary, delta, lagoon, and backwater areas in tropical and subtropical regions.36 The endophytic fungi are essential for mangrove plants to adapt and withstand harsh environmental conditions, such as changing tides, temperature and pH changes, high salt concentration, muddy, acidic, and anaerobic soils.37,38 Mangrove endophytic fungi are getting attention for their bioactive metabolites.39 Approximately 200 metabolites were isolated from mangrove plants, and the leaves possess the most diverse fungal endophyte community.36 For instance, 778 fungal isolates were reported from the leaves of Rhizophora mucronata grown at Matang Mangrove Forest Reserve of Malaysia.40 Genera of endophytic fungi commonly found in mangrove ecosystems are Alternaria, Aspergillus, Fusarium, Monochaetia, Pestalotia, Pestalotiopsis, Pithomyces, and Taxomyces.41 The majority of mangrove endophytic fungi possess chemical metabolites such as phenolics, steroids, tannins, triterpenes, alkaloids, saponins, and flavonoids with crucial impacts on therapeutic potency.36,42 For instance, polyketides (PKs) and phenolics isolated from endophytic Phoma sp. (host: Kandelia candel) and Nigrospora sp. MA75 (host: Pongamia pinnata) showed promising antibacterial activities against MRSA.43,44

      Desert – Desert plants can adapt to harsh environmental situations, such as infrequent precipitation, high temperature, deficiency of water and nutrient, and intense solar radiation.45,46 They have specialized morphology, physiology, metabolic pathway, fungal symbiont and gene regulation to allow them to survive. Desert plants do not function as autonomous organisms. They have unique niches for diverse communities of associated fungi as their resistance strategy.45 Desert endophytic fungi exhibit lower diversity but higher tissue colonization rates when compared to tropical endophytic fungi.47 A meta-analysis reported that 88.73% of culturable fungal endophyte isolated from desert plants belonged to the phylum Ascomycetes. The remainders consisted of the sterile forms of the phylum Zygomycota and Basidiomycota.47 The genera Alternaria, Phoma, and Aureobasidium have the highest number of fungal isolates in desert plants.47 For instance, Cytospora chrysosperma HYQZ-931 was isolated from the desert plant Hipophae rhamnoides.48,49

      Freshwater – Rivers, lakes, and streams are some of the freshwater ecosystems with crucial ecological roles and phylogenetically diverse fungal species.50 Aquatic plants, macrophytes, hydrophytes, and many riparian trees species are well-adapted to freshwater environments. They possess unique morphological and physiological features and fungal symbionts.51 Unfortunately, freshwater endophytic fungi and their mutualistic relationships with other aquatic plants are poorly known.22 Aquatic fungi often possess specialized structures, such as thin cuticles, stomata, aerenchymatous tissues, and roots. Likewise, aquatic plant contain tissues that are submerged and exposed to air.52 Submerged macrophytes genera, such as Apium, Potamogeton, and Ranunculus, usually host fungal endophytes.22 Meanwhile, arbuscular mycorrhizal fungi and dark septate endophytes are endophytic fungi often found in the roots of aquatic plants.22

    

    

  
    
      Anti-MRSA Metabolites from Endophytic Fungi
      Numerous metabolites produced by endophytic fungi possess biological activities in response to environmental stress or for plant defense mechanisms.53,54 The metabolites are categorised into PKs, alkaloids, phenolics, terpenoids, etc.53,55 PKs are the largest group, followed by alkaloids and other classes. The following section discusses the various anti-MRSA metabolites isolated from endophytic fungi (Fig. 1-2).

      
        
        

        Fig. 1. 
				
        

        
          Chemical structures of anti-MRSA metabolites (1-21).
        
        

        

      

      
        
        

        Fig. 2. 
				
        

        
          Chemical structures of anti-MRSA metabolites (22-36).
        
        

        

      

      PKs – PKs are the most abundant class of metabolites produced by endophytic fungi. They have multiple functional groups of β-hydroxy ketone or β-hydroxy aldehyde.56 PKs are synthesized through acetyl-CoA by polyketide synthases (PKS). In general, the biochemical pathway starts with incorporating acetyl-CoA units and is accompanied by a series of reactions to form different metabolites.57,58 In this context, PKS act as enzymes to catalyze the reactions of assembling PK carbon skeleton. Metabolites are modified enzymatically along the pathway via reduction and cyclization. Most PKs maintain the oxygen biosynthesis to form highly reactive poly-β-keto intermediates, and are crystalized into six-membered aromatic or 2-pyrone rings. There are also glycosylated PKs consisting of the acyl substituents on the sugar unit structure. A wide range of chemically diverse PKs may be produced, depending on the pathways that the PKS goes through. Occasionally, hybrid chemical structures may be obtained by incorporating non-ribosomal peptides into the PKs backbone.53,56,59

      Xanalteric acids I and II (1-2) were obtained from endophytic Alternaria sp. isolated from S. alba as new anti-MSRA natural products, with a minimum inhibitory concentration (MIC) value of 125 and 250 μg/mL, respectively.43 Cyschalasins are metabolites consisting of tetracyclic rings. Wu et al. (2019) isolated cyschalasins A and B (10-11) from the endophytic Aspergillus micronesiensis. Cyschalasins A and B, with a significant MIC value of 17.5 and 10.6 μg/mL, respectively, showed antibacterial activity against MRSA.28 In general, cyschalasins are formed by fusing an aspochalasin and a modified cysteine residue linked to C-20 with a sulfur atom. This chemical structure is uncommon, and it is rare for naturally occurring cyschalasins to contain sulfur.60 Cyschalasins can bind to actin filaments and exhibit various biological actions.55 Other cytochalasin derivatives, such as chaetoglobosins, also exhibited antimicrobial activity. Flewelling et al. (2015) found that chaetoglobosins A (8) and B (9) showed anti-MRSA activity, with a MIC value of 95 and 378 μM, respectively. It is worth to note that these metabolites exhibited median lethal concentration (LD50) of 30 and 85 μM, respectively.79 Dissanayake et al. (2016) isolated chaetoglobosins A (8) and C (12) from the endophytic Chaetomium globosum. Chaetoglobosin A displayed better anti-MRSA activity (MIC: 32 μg/mL) than those previously reported. By contrast, chaetoglobosin C showed weaker anti-MRSA activity (MIC: >64 μg/mL) than chaetoglobosin A.50 Diaporthalasin (34), a metabolite of the cytochalasin PKs displayed a significant MIC of 4 μg/mL against MRSA.24 A tricyclic PK, dothideomycetide A (13), consisting of a linear 6,6,6-ring system, was isolated from the endophytic Dothideomycete sp. It was active to MRSA ATCC 33591 strain with a MIC value of 256 μg/mL.29 Cytosporones of the PK family have attracted the attention of researchers due to their prominent biological potential.61 The representative metabolites, cytosporones B (16) and E (17), were isolated from the endophytic Leucostoma persoonii residing in the mangrove plant Rhizophora mangle. Cytosporone B showed a 4.2-fold reduction in bacterial viability at a MIC of 78 μM, while the complete killing of bacteria occurred at 2 × MIC. More importantly, a 2-fold reduction in biofilm formation was noticed at MIC and a 168-fold reduction was observed at 2 ×MIC. As for cytosporone E, it was potent against MRSA with a MIC value of 72 μM. It gave more than 5,000-fold reduction in bacterial viability at MIC, suggesting that it could be an excellent bactericide. Besides, the minimum bactericidal concentration (MBC) value (45 μM) of cytosporone E was lower than its MIC, suggesting that it could be a potential antibiotic.62 Kongprapan et al. (2017) investigated the endophytic Phomopsis sp. PSU-H188. They obtained cytosporones B (16) and D (35) from the mycelial extract and evaluated the antibacterial activity of these two metabolites against MRSA. Both metabolites showed significant anti-MRSA activity with a MIC value of 16 and 32 μg/mL, respectively.24 Modiolide A (25), a macrolide consisting of the lactone group, was isolated from the endophytic Periconia siamensis. It showed comparable anti-MRSA activity to the standard Penicillin G (MIC: 25 μg/mL).63,64 Oxysporone (28) was first isolated from Fusarium oxysporum, an Ascomycete fungal strain. It also occurred in other fungal genera, such as Diplodia, Pestalotia, and Pestalotiopsis.65 This metabolite possesses the structure of 4H-furo(2,3-b)pyran-2(3H)-one. It was patented as an antibiotic to treat dysentery.65 Nurunnabi et al. (2017) found that oxysporone exhibited potent antimicrobial properties against various MRSA strains (ATCC 25923, SA‐1199B, RN4220, XU212, EMRSA‐15 and EMRSA‐16), with MIC values ranging from 32 to 128 μM.37 PKs colletotrics A (31) and B (32) were isolated from the mangrove endophytic fungus Phoma sp. SYSU-SK-7. These tridepsides showed strong antibacterial activity against MRSA with MIC values of 6.28 and 3.36 μg/mL, respectively.66 In the same study, a simple aromatic PK orsellinic acid (33) was obtained. It was formed through the condensation between acetyl-CoA and malonyl-CoA.67 This metabolite showed weaker antibacterial activity (8.40 μg/mL) against MRSA than colletotrics A and B.66

      Alkaloids – Alkaloids are nitrogen-containing metabolites consisting of diverse chemical entities with more than 12,000 known structures.68 They are produced by various organisms such as plants, animals, bacteria, and fungi.69 Alkaloids are pharmacologically important metabolites with various properties, such as analgesic, anticancer, antibacterial, antiviral and antifungal.70 Alkaloids 3-benzylhexahydropyrrolo[1,2-a]pyrazine-1,4-dione (5) and 3-isobutylhexahydropyrrolo[1,2-a]pyrazine-1,4-dione (6) were obtained from the ethyl acetate extract of endophytic Alternaria sp. They exhibited antibacterial activity against MRSA with a MIC value of 55.55 μg/mL.71 In particular, 3-isobutylhexahydropyrrolo[1,2-a]pyrazine-1,4-dione showed anti-biofilm property that preventing bacterial adherence, and it can be used for extensive investigations against MRSA strains.72 Anhydrooxysporidinone (15) is a fungal alkaloid commonly isolated from Fusarium oxysporum, Fusarium lateritium SSF2 and Fusarium tricinctum SYPF 7082.73-75 It showed anti-MRSA activity with a MIC value of 100 μg/mL. Dissanayake and co-workers isolated an alkaloid mycoleptodiscin B (18) from the endophytic Mycoleptodiscus sp. via ethyl acetate extract of the fungal strain using column chromatography. Mycoleptodiscin B was evaluated for its action against MRSA (ATCC 33591) with a MIC value of 32 μg/mL.76

      Phenolics – Phenolics are metabolites containing an aromatic ring with one or more hydroxyl (-OH) groups. Among the fungal metabolites, phenolics are responsible for several biological actions, such as antimicrobial, antioxidant, anticancer, etc.77 Altenusin (3) was isolated from the endophytic Alternaria sp. of the mangrove plant S. alba.43 This metabolite is also produced by the fungal genus Penicillium.78 Altenusin displayed potent anti-MRSA activity with a MIC value of 31.25 μg/mL.43 Flavipin (7) was isolated from the endophytic Aspergillus fumigatus.79 The metabolite consists of three phenolic and two aldehyde groups. It was firstly isolated from Aspergillus flavipes with antimicrobial action against pathogenic bacteria, fungi, and nematodes. It showed MIC and IC50 of 510 and 250 μM, respectively, against MRSA.79,80 Neofusnaphthoquinone B (19) and 6-(1-hydroxyethyl)-2,7-dimethoxyjugalone (20) were isolated as anti-MRSA metabolites from the endophytic Neofusicoccum australe. They showed significant antibacterial activity (16 μg/mL) against MRSA (ATCC 43000).81 Shang et al. (2012) isolated bioactive metabolites from the endophytic Nigrospora sp. using three different culture media. Tetrahydrobostrycin (21) and griseophenone C (22) were isolated from a culture medium containing 3.5% NaCl, while 2,3-didehydro-19a-hydroxy-14-epicochlioquinone B (23) was obtained on a medium containing 3.5% NaI. These metabolites showed exceptional anti-MRSA activity MIC values of 2, 0.5 and 8 μg/mL, respectively, compared to ampicillin (MIC: 8 μg/mL).44 Pestalone (29) was first isolated from a marine endophytic fungus, with potent activity (MIC: 37 ng/mL) against MRSA. It was regarded as a new lead in antibiotics.82 Meanwhile, pestalachloride B (30), a pestalone derivative, is structurally similar to pestalone.83 These metabolites are mostly isolated from the endophytic fungus Pestalotiopsis sp., exhibiting strong antimicrobial activity against various strains of MRSA.82,83 Wang et al. (2017) isolated pestalone and pestalachloride B from Pestalotiopsis sp. through solid-medium cultivation. These metabolites were evaluated for anti-MRSA activity against various strains with MIC values of 6.25 - 12.50 μM and 25.00 - 50.00 μM, respectively.84

      Terpenoids – Terpenoids are a broad and diverse family of naturally occurring metabolites. They are derived from the 5-carbon isoprenes and categorized based on the number of isoprene units.85 Conidiogenone B (24), a tetracyclic diterpene, was isolated from a marine-derived endophytic Penicillium chrysogenum. This metabolite belonged to the class of cyclopiane with cytotoxic properties. It showed excellent anti-MRSA activity with a MIC value of 8 μg/mL.86 Solanioic acid (36) has a rare carbon structure and is rearranged from fungisterol, a steroidal precursor.87 It was isolated from Rhizoctonia solani, a fungus derived from the medicinal plant Cyperus rotundus. It exhibited significant inhibitory actions against MRSA with a MIC value of 1 μg/mL.88

      Others – Other metabolites exhibiting anti-MRSA activity were aldehyde, peptide, and sugar alcohol. Beauvericin (14), a depsipeptide, was isolated from the F. oxysporum. It is a cyclic (2R)-2-hydroxy-3-methylbutanoyl-N-methyl-L-phenylalanine trimer, displaying excellent antimicrobial, insecticidal, and cytotoxic activities. It showed strong anti-MRSA action with a MIC value of 3.125 μg/mL.75,89 Sugar alcohol, also known as a polyhydric alcohol, is composed of a sugar unit containing an alcohol group.90 An example is a xylitol (27) that has a molecular formula of C5H12O5. It was isolated from the endophytic Pestalotia sp. and assessed for its anti-MRSA activity against strains ATCC 25923, SA‐1199B, XU212, MRSA340702 and EMRSA‐15, with MIC values ranging between 64 and 128 μM.37

    

    

  
    
      Mode of Antibacterial Actions against MRSA
      MRSA is the resistance against penicillin-like antibiotics in S. aureus. These antibiotics include penicillin, amoxicillin, oxacillin, and methicillin. The occurrence of MRSA is often associated with the abuse of antibiotics, triggering the transformation of S. aureus into MRSA. Understanding the mode of antibacterial actions against MRSA is crucial to identifying the potential antibiotics for treating MRSA.6 S. aureus is a Gram-positive bacterium that possesses an intricate structure of cell walls consisting of peptidoglycan and polysaccharide units. The cell walls of S. aureus comprise teichoic acid integrated into the cell wall polymer covalently.91 Teichoic acids are anionic polymers consisting of polyglycerol phosphate units. Primarily, they play a role in regulating cell morphology and division.92 The cell wall structure of MRSA acts as a shield, protecting it against antibacterial agents.93

      Cell wall permeability plays a vital role in bacterial cellular function, metabolic maintenance, energy transmission, osmoregulation, and immune evasion. However, the permeability of the cell wall and cell membrane could be impaired by anti-MRSA metabolites. Active metabolites form complexes by attaching to different polysaccharide units of MRSA to diffuse through the cell wall. Besides, they inhibit the production of MRSA cell walls by binding the polypeptide monomers while preventing the formation of peptide cross-links. The cell walls may then be destructed, rupturing the cell membrane.26,94-96 Surface depressions, irregular shapes, and biconcave appearances occurred on MRSA cells when treated with anti-MRSA metabolites.26,97 The permeability of the MRSA cell wall changed when examined using crystal violet uptake assay after treatment with anti-MRSA metabolites. The cell membrane of the bacterial cell wall showed a considerable decrease in crystal violet uptake due to a defective cell wall.94 Another study showed that anti-MRSA metabolites might act on cytoplasmic bacterial membrane, inducing structural malformation of the bacterial phospholipids bilayer.98,99 Thus, targeting bacterial cell wall disruption and permeability appeared as an important approach in battling against MRSA as they exerted substantial bactericidal effect.100

      The integrity of bacterial cell walls and the cell membrane is vital for survival. Severe oxidation and modification of the cells could impact bacterial viability, causing a series of lipid peroxidation, protein and polysaccharide oxidation.101 A study reported the formation of cavities and tiny dents on the MRSA cell surface when treated with anti-MRSA metabolites. These observations suggested damage on the cell surface with subsequent rupture, thus producing a series of toxic products that influenced the stability of the cell membrane.96 The leakage of the cell electrolytes, intracellular organelles and ions, DNA, RNA, and proteins then occurred, impacting the metabolic pathways and enzyme activities in the MRSA cells. The osmoregulatory ability was then reduced, followed by the penetration of toxic products entering the cells, and subsequently, the loss of salt tolerance.97,101,102 Together, membrane-damaging bioactive metabolites could react to the bacterial membrane bilayer. They disrupted bacterial cell function and physical integrity, leading to the loss of membrane permeability. The bacterial membrane properties were then modified, thus, promoting the breakdown of the membrane potential.100

      Occasionally, MRSA could respond to bioactive metabolites and counter the neutrophils through leukocytic toxins. They may use regulators to tolerate stress or cell damage exerted by antibacterial agents.103 In general, the stress response is controlled by the sigma factor B (σB), giving protection against a broad spectrum of stresses, such as acidic and alkaline conditions, heat and oxidants. This σB controls the production of virulence factors, and hence, the biofilm formation and bacterial intracellular survival.104 For instance, cell-to-cell clumping is a distinct metabolic mechanism displayed by MRSA cells to prepare for stress conditions.26 Therefore, understanding the bacterial tolerance mechanism is vital for identifying new therapeutic agents against MRSA.

      MRSA strains are strong biofilm producers. They form surface-adherent communities for the cells to survive under harsh conditions, such as nutrient depletion, high pH change, and heat shock.105 Biofilms consist of bacterial cells attaching to a matrix of extracellular polymeric substance (EPS) composed of modified lipids, glycoproteins, extracellular DNA, and polysaccharides. Biofilm prevents antagonistic actions of the host cells and indirectly increases the resistance against antibacterial agents.106 Biofilm-forming is a significant virulence factor in the development of MRSA infections. MRSA pathogenicity is due to the adhesion and invasion actions that act as a barrier against antibacterial metabolites.105 The mode of actions of biofilm-forming is divisible into three different sections, i.e. physical tolerance, passive tolerance, and physiological tolerance (Fig. 3). In general, anti-MRSA metabolites eradicate biofilm by targeting different stages of formation. These stages are the attachment of bacterial cells, the development and maturation of biofilm structure, and dispersion.107 The inhibition of biofilm formation at the initial stage includes preventing the adhesion of bacterial cells and reducing the development and establishment of biofilm structure.105 Several anti-MRSA metabolites are anti-adhesive. They block adhesins, inhibit surface attachment, and eventually reduce the adhesion by modifying the surface physiochemical properties.107 Subsequently, biofilm maturation becomes irreversible with the occurrence of EPS secretion. The matured biofilm acts as a shelter and transfers nutrients to the bacterial cells, detaching and releasing these cells.108 Fig. 4 shows the general mode of actions of anti-MRSA metabolites against MRSA. Targeting the initial stage of biofilm formation is a viable anti-MRSA strategy as anti-MRSA metabolites could inhibit the biofilm more effectively than the preformed biofilm. Also, the biofilm matrix does not function as a barrier against the antibacterial agent at this juncture.107,108
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          Mode of antibacterial actions of anti-MRSA metabolites against MRSA.
        
        

        

      

    

    

  
    
      Conclusion and Future Perspectives
      MRSA infection has posed a serious threat to the public healthcare system by increasing morbidity and mortality worldwide. Thus, developing drugs against MRSA becomes intensive research. In this respect, endophytic fungi represent a primary component of unexplored biodiversity. They can be obtained from various ecological sources. Their bioactive metabolites show potent activity against MRSA and might serve as an alternative treatment. Future works concerning the drug discovery against MRSA may focus on extensive screening of anti-MRSA activity and bioassay-guided isolation of active metabolites from unexplored endophytic fungi. Improvement of the chemical and metabolic stability of the lead metabolites may increase their activity. In vivo experiments and clinical trials may then be conducted to examine the toxicity and the effective administration dose for developing clinically safe antibiotics.
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